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Abstract

The present work is concerned with a complete and consistent representation of structural
and sensitivity analysis for the primal and dual problems in structural mechanics. A complete
description means that besides classical changes in the physical space (displacement space)
also changes in the material space (geometry or design space) are allowed. This point of
view yield a complexity of eight problems in structural mechanics. Based on a variational
approach, these eight problems are completely derived in a continuous and finite element
formulation for the model problem of nonlinear elasticity.

The above mentioned formulations are applied to mesh optimization (r-adaptivity) and shape
optimization problems. First of all, in the framework of a complete primal problem, classical
global r-adaptive mesh optimization strategies are considered and different error measures
are introduced. Thereafter, a novel goal-oriented r-adaptive mesh optimization algorithm is
proposed, in which the finite element mesh is optimized in such a way, that a chosen quantity
of interest can be computed with high accuracy. Furthermore, shape optimization problems
are investigated and the coherence to configurational mechanics is demonstrated.

Moreover, error estimators and improvement algorithms for first-order sensitivity relations
are derived. Novel theorems for exact sensitivity relations for the state and a chosen quantity
of interest are presented. These results are the basis for error estimators and for any improve-
ment algorithms of design sensitivity relations. All of the required higher-order variations of
the weak form of equilibrium are explicitly derived for shape design sensitivities. The ef-
ficiency and reliability of the error estimators and improvement algorithms are verified by
means of numerical examples.



Kurzfassung

Die vorliegende Arbeit befasst sich mit der vollstindigen und konsistenten Darstellung der
Struktur- und Sensitivitidtsanalyse fiir die primalen und dualen Probleme in der Strukturmecha-
nik. Unter Vollstandigkeit wird hier verstanden, dass neben den klassischen Veridnderungen
im physikalischen Raum (Verschiebungsraum) auch Verdnderungen im materiellen Raum
(Geometrie- oder Designraum) zuléssig sind. Diese Betrachtungsweise fiihrt zu einer Kom-
plexitit von acht Problemen in der Strukturmechanik. Basierend auf einem variationellen
Zugang werden diese acht Probleme in der Arbeit vollstéindig kontinuierlich und diskret fiir
das Modellproblem der nichtlinearen Elastizititstheorie hergeleitet.

Die obigen Formulierungen werden anschlieBend auf Netzoptimierungsprobleme (r-Adapti-
vitdt) und Formoptimierungsprobleme angewendet. Zunichst werden im Rahmen eines voll-
standigen primalen Problems klassische globale r-adaptive Netzoptimierungsstrategien be-
trachtet und verschiedene Fehlermafle fiir r-Adaptivitét eingefiihrt. Anschieend wird ein
neuer zielorientierter r-adaptiver Netzoptimierungsalgorithmus entwickelt, mit dem ein gege-
benes FE-Netz derart verbessert wird, dass eine gewihlte Zielgroe moglichst genau berech-
net werden kann. Ferner werden Formoptimierungsprobleme betrachtetet und die Beziehung
zur Konfigurationsmechanik aufgezeigt.

Des Weiteren werden Fehlerschitzer und Verbesserungsalgorithmen fiir Sensitivitétsbezie-
hungen 1. Ordnung hergeleitet. Hierbei werden neue Theoreme fiir eine exakte Darstellung
von Design-Sensitivititsbeziehungen des Verschiebungsfeldes sowie fiir eine gewihlte lokale
ZielgroBe formuliert. Diese bilden den Ausgangspunkt fiir Fehlerschitzer und Verbesserungs-
algorithmen von Design-Sensitivitdten. Die hierfiir benoétigten hoheren Variationen der schwa-
chen Form des Gleichgewichts werden explizit fiir Forméanderungen des materiellen Korpers
bestimmt. Die Effizienz und Zuverléssigkeit der Fehlerschitzer und Verbesserungsalgorith-
men wird anhand numerischer Beispiele verifiziert.
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Chapter 1
Introduction
This chapter gives an introduction and motivation for the present work. The state

of the art in this topic as well as open problems are stated. Furthermore, the goals
as well as the structure of this work are presented.

1.1 State of the art and motivation

Physical problems are solved nowadays using numerical methods such as the finite element
method. For the most problems a fixed initial or reference configuration is assumed and the
considered problem is solved in order to find the corresponding state function, i.e. the de-
formed configuration under given prescribed loads. The solution of the problem with respect
to the state is termed as structural analysis. The finite element formulation is based on varia-
tional or weak formulations of the considered boundary value problem (BVP) or initial value
problem (IVP). The solution of a given nonlinear variational problem requires variations with
respect to the state function or generally speaking variations in the physical space.

In some problems the requirement of a fixed initial or reference configuration is abandoned,
i.e. the material configuration is allowed to change. A classical field is structural optimization
such as shape or topology optimization, in which the initial configuration is changed in order
to minimize a chosen objective functional under given constraints, see e.g. [13,29, 58] and
the references therein for an overview. The shape of the material configuration is described
in an abstract sense by a design function. The variation of objective functionals and PDE-
constraints due to variations in the design or material configuration is termed as variational
design sensitivity analysis. The variations are required in order to solve the optimization
problem using nonlinear programming algorithms. Proposed originally in [25], design sen-
sitivity analysis has been largely developed in the last decades, see e.g. [27, 28, 104] for a
widely overview with many references on this topic. The change in the state function and the
objective functional due to design variations or variations in the material configuration are
investigated. The solution of the sensitivity problems requires variations with respect to the
design function or generally speaking variations in the material space.
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Apart from structural optimization and sensitivity analysis other fields are concerned with
variations in the material configuration. Configurational changes are studied in the field of
configurational mechanics or mechanics in the material space and the so-called configura-
tional or material forces or material residuals are used in the context of material inhomo-
geneities as well as any kinds of material defects, see e.g. the monographs [48, 60, 74] for
an overview. Configurational mechanics as a branch of continuum mechanics is concerned
with processes in which simultaneous deformation and configurational changes of a body
take place. Configurational mechanics is also referred to as Eshelbian mechanics, which hon-
ors Eshelby’s work associating the concept of material or configurational force on a material
defect with the change of the overall energy of the system with respect to a displacement in
the material space of such defects [39,40].

Furthermore, the theory of configurational mechanics is used in computational mechanics.
An interesting application is the optimization of finite element meshes (r-adaptivity) based
on the minimization of the material residual or configurational forces on the mesh nodes, see
e.g. [2,20,66,77,80,101]. The resulting mesh is optimal with respect to the global energy of
the primal problem. The mesh optimization problem has a long tradition. First steps for the
optimization of finite element meshes based on a discrete formulation of energy minimization
were outlined for instance in [23,24,41,75]. The overall energy is minimized with respect to
the state and the position of the nodes. The best mesh is defined as the one associated with the
lowest potential energy. In fact, the authors obtained the same discrete indicators for mesh
optimization like the above mentioned approach from configurational mechanics, but they
have not called them material or configurational forces. In the context of sensitivity analysis
these error indicators can be termed as the sensitivity of the energy with respect to changes of
the nodal point positions. Hence, different communities use merely different designations for
the same quantities.

Therefore, both shape sensitivity analysis and configurational mechanics deal with changes
in the material configuration. Techniques known from shape sensitivity analysis can be used
to obtain the relations from configurational mechanics if the overall energy of the problem is
chosen as objective functional [6, 65, 66, 69]. For instance, in the particular case of fracture
mechanics, if crack propagation is understood as a shape change, the expression of the energy
release rate can be obtained through the shape derivative of the total potential energy [8, 100].
In the context of topological-shape sensitivity analysis this was investigated in [83].

Furthermore, changes in the material configuration are concerned in the context of the inverse
motion problem, in which the deformed configuration and Cauchy traction are given and
the undeformed configuration has to be calculated. Methods for formulating such inverse
deformation problems in elasticity were initially proposed in [26,93] and later on investigated
for instance in [44,45,57,61,96].

In many theoretical and practical situations only certain quantities of interest have to be com-
puted, such as pointwise stresses and displacements or average stresses at some given material
point. Well-known duality techniques can be used in order to compute such quantities. The
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original problem is referred to as the primal problem and the solution obtained from the struc-
tural analysis is termed as primal solution. A dual or adjoint problem has to be formulated for
a given primal problem with respect to the chosen quantities of interest. The solution of the
dual problem yields the corresponding dual or adjoint solution, which is the basis for duality
techniques. In the context of structural mechanics such duality techniques are well-known as
Betti’s principle or reciprocity relation [49,51]. The concept of duality is more general and
not restricted to mechanical problems and interpretations. Dual problems and dual solutions
are essential within goal-oriented error analysis and mesh optimization techniques in order
to minimize the discretization error within numerical methods, see e.g. [4, 11,37, 88]. Fur-
thermore, in recent years the goal-oriented techniques have been used for combined model
and discretization error analysis and adaptive algorithms, see e.g. [18,84,95] for an overview.
Modeling error is a part of the error due to the natural imperfections in abstract models of
actual physical phenomena. In the context of structural optimization and sensitivity analysis
such duality techniques are known as adjoint sensitivity method [27,28]. In fact, all those dif-
ferent terms are used synonymously for duality techniques. Hence, dual problems and dual
solutions play an important role within different fields.

In summary, it can be stated that different fields are concerned with changes in the physi-
cal and material spaces but they are usually disconnected from each other. For a complete
description of a variational problem with respect to possible changes in the physical and
material spaces both variations have to be considered. Furthermore, additional to the primal
problem also a dual problem corresponding to a chosen quantity should be considered. In the
context of the above mentioned changes in the material configuration and sensitivity analy-
sis it would be also of interest to study configurational changes for the dual problem itself.
Therefore, the goal is to establish a complete description of the primal and dual problems
with respect to structural analysis and sensitivity analysis in the physical and material spaces.

1.2 The goal and the structure of this work

In the present work a general framework for structural analysis and variational sensitivity
analysis of the primal and dual problems is presented. A complete description of the primal
and dual problems with respect to variations in the physical and material spaces is proposed.

A variational problem can be investigated with respect to changes in the physical space (varia-
tions in the state) and with respect to changes in the material space (variations in the design),
which yield the physical and material problems. The solution of both problems is part of
structural analysis. Furthermore, sensitivity analysis can be obtained for the physical and ma-
terial problems. The same can be performed for the dual problem corresponding to a quantity
of interest. Hence, a complete description has a complexity of eight problems, i.e.

structural & sensitivity X  primal & dual X  physical & material
analysis problems spaces
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All these problems will be considered in the present work and with this complexity in mind,
a problem formulation can be labeled as complete. Furthermore, in the context of sensitivity
analysis it is also of interest to study the error of design sensitivity relations.

The work can be divided into three parts. The following summary outlines the main goals.

1. The first main goal is to establish a general and complete framework for the primal and
dual problems in linear and nonlinear elasticity. The structural analysis and the variational
sensitivity analysis of the primal and dual problems are investigated.

e Structural and sensitivity analysis of the primal problem.
A complete and consistent continuous and finite element formulation for variations
in the physical and material spaces will be proposed, i.e. all variations are performed
with respect to the state and the design.

e Duality techniques in the physical and material spaces.
The concept of duality as well as a general framework for dual problems in the physi-
cal and material spaces will be presented. In addition to the classical dual physical
problem also a dual material as well as a dual formulation for the coupled physical
and material problem will be derived.

e Structural and sensitivity analysis of the dual problem.
In the same manner as for the primal problem, a complete and consistent continuous
and finite element formulation for variations in the physical and material spaces will
be proposed.

2. The second main goal is to apply the derived relations to representative problems which
are based on energy minimization principles.

e Development of global and goal-oriented r-adaptive mesh optimization algorithms
based on sensitivity relations in the physical and material spaces. Furthermore, error
measures in the context of r-adaptivity will be studied.

e The coherence of mechanics in the material space and structural optimization will be
presented. As a particular application, the shape optimization problem in the context
of configurational mechanics will be investigated.

3. The third main goal is to investigate the reliability and accuracy of design sensitivities.
In particular, error analysis and improvement of variational sensitivity relations are con-
sidered.

e Exact sensitivity relations for the state and a chosen quantity of interest based on
exact integral remainder representations will be derived. A theorem for error analysis
of sensitivity relations has to be developed.

e Based on the exact representation an improvement algorithm for sensitivity relations
is proposed, which yields an improved solution of the change in the state as well as
a quantity of interest due to changes in the design.
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The above summary reflects moreover the structure of the work. In particular, the work is
divided into eleven chapters. Chapter 2 is concerned with some fundamental mathematical
preliminaries and notations, which are used within this work. Subsequently, the underlying
mechanical relations as well as important variations in the physical and material spaces are
introduced in Chapter 3.

A complete framework for the primal problem is presented in Chapter 4. Firstly, an energy
functional is introduced and all variations are performed with respect to the state and the
design. Furthermore, the corresponding finite element formulations are derived. This yields a
complete description of the primal problem with respect to possible changes in the physical
and material spaces.

Chapter 5 is concerned with duality relations in the physical and material spaces. The general
concept of duality is introduced and applied to the physical and material problems. This is
based on an optimal control approach, which yields the framework for general variational
problems.

With these duality relations at hand, a novel complete framework for the dual problem is
proposed in Chapter 6. In the same manner as for the primal problem, an energy functional
of the dual problem is introduced and all variations are performed with respect to the dual
solution and the design. The resulting residuals and tangent forms are the basis for sensitivity
relations of the dual solution itself. Subsequently, the corresponding complete finite element
formulations are derived.

A direct application of the complete framework for the primal problem is r-adaptive mesh
optimization, which is presented in Chapter 7. The nodal coordinates in the domain and the
nodal coordinates in tangential direction on the boundaries are chosen as design variables and
the primal energy is minimized with respect to the state and the nodal coordinates. The lowest
potential energy of the primal problem yields the smallest discretization error on the current
mesh. Furthermore, different error measures in the context of r-adaptivity are introduced
and investigated. The potential of such r-adaptive algorithms is demonstrated by means of
selected examples. The mesh can be optimized with respect to the overall energy of the primal
problem.

Moreover, a novel goal-oriented r-adaptive mesh optimization algorithm is proposed in Chap-
ter 8, which is based on the variational framework of the dual problem. The goal is to optimize
the mesh in such a way, that a chosen quantity of interest can be computed with high accuracy.
The error in a quantity of interest depends on the error in the corresponding dual solution.
With this in mind, the mesh has to be optimized with respect to the dual solution. This is
based on the simultaneous minimization of the primal and dual energy functionals.

Chapter 9 deals with the coherence of configurational mechanics and structural optimization.
Both disciplines are concerned with changes in the material configuration but they use merely
different designations for the same quantities. In particular, the shape optimization problem is
considered and the relations to configurational mechanics are highlighted and demonstrated
by means of numerical examples.



6 Introduction

A novel error representation for sensitivity analysis is presented in Chapter 10. This is based
on an exact integral remainder within the Taylor expansion. The remainder can be computed
explicitly based on higher-order variations of the considered residual. With this at hand, an
improvement algorithm for the sensitivity of the state is proposed. Furthermore, an exact
sensitivity relation for quantities of interest is derived. This exact relation is the basis for an
estimator of the change in the quantity of interest due to changes in the design.

Finally, Chapter 11 summarizes and discusses the present work and gives an outlook on future
research topics.

A summary of important variations in the physical and material spaces, explicit formulations
for selective model problems as well as some details on the numerical implementation are
given in the appendices.

Some parts of this thesis are submitted or already published in peer-reviewed journals and
conference proceedings as part of this doctoral thesis, see [65—73]. These references are also
stated in the respective chapters.



Chapter 2
Preliminaries and notations
This chapter deals with some fundamental mathematical preliminaries and no-

tations. The general concepts of variation, linearization and derivation are intro-
duced, which are frequently used terms within this work.

2.1 Notation

In order to distinguish between vectors, tensors of different order and matrices the following
notation is introduced.

Scalars and scalar functions are represented by nonbold symbols in italic shape, e.g. A, S, a, s
or [, Y v,0.

Let {g;,9,---,9,} be the basis vectors of a given vector space. Then, we write vectors by
using boldface letters in italic shape, e.g. A = A'g, or @ = a’g, with the components A"
and a*, respectively.

Second-order tensors A = A%g, ® g;ora= ag, ® g; are written with bold-faced roman
letters with the components A% and a*/, respectively. Fourth-order tensors are indicated with
a hollowed Roman font, i.e. for instance A = Aklg. @ g ; @ gy, ® g,. Bold-face calligraphic
letters are used for sixth-order tensors, i.e.

A= Aijk'lmngi &® g; ®Ir DG QG @Gy

Furthermore, non-standard tensors of eighth-order are introduced and written using bold-
faced Fraktur font letters, e.g.

A=A 09, 09,09 0G9,09,29,29,
with the components (7+imnop,

Finally, matrices are symbolized by bold-faced sans-serif letters in italic shape, e.g. A = [A;;]
or a column matrix a = [a;].
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2.2 Directional derivative, variation and linearization

Within this work the concepts of variation and linearization are frequently used terms. The
notation and some important relations are briefly introduced. For details about the fundamen-
tals of variational calculus see the standard textbooks, e.g. [16,42,63].

2.2.1 Directional derivative and variation

Let a(v;n) be a semilinear form, i.e. nonlinear with respect to the variable v € V and
linear with respect to all arguments on the right of the semicolon, and let .J(v) be a possible
nonlinear functional. Both are defined on a Hilbert space V, i.e.

a:VxV-R,

J: V=R

We require that a(-; -) is at least twice continuously differentiable. Then, the first and second
directional derivatives with respect to v in directions {u, K} € V are introduced as

1 d
ay(vin, p) = lim =~ [a(v +epin) —alvin)] = ——a(v +epin) )

1
(ZZU(’U;’I']?[L,R) = lim — [a’;)(v +€K’;T’7IJ’) - a;(’“ﬂ%lﬁ)]

e—0 €

d al (v +er;m, @)

de v ERIT, X o
Remark 2.1 Note that for a fixed ¥ the operator a, (v;m, ) is a bilinear form, i.e. linear
with respect to M and p. Furthermore, the operator al), (0;m, p, K) is a trilinear form, i.e.
linear with respect to {n, p, K }.

Furthermore, if J(+) is a differentiable functional on V, the following notation is used for the
Gateaux derivatives

| d
Jo(vin) = lim — [J(v+en) = J(v)] = = J(v+en)

e=0

.1 d
Too(vin, p) o= lim = [ (v +epsm) = Jo(vim) | = = Ji(v +epin)
e=0

Remark 2.2 Note that for a fixed  the term J, (0;m) is a linear form, i.e. linear with respect
ton, and J/! (0;m, ) is a bilinear form, i.e. linear with respect to ) and p.
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Higher-order derivatives yield multilinear forms defined as above in a straightforward man-
"

ner, e.g. ay.,, (0;n, p, K, §) or J1, (v, p, K).

The directional derivative corresponds to the variation or sometimes called variational deriva-
tive of a functional J(-). In classical textbooks of mechanics and variational calculus this is
often written using the § symbol, i.e. the first variation of .J(-) with respect to v is written as
0y J(v; 0v) or §,,J(v)(dv), in which jv € V. In fact, it holds true that

8y (v;6v) = J) (v; 6v)

and both notations are used within this work.

2.2.2 Partial-, total partial and total variation

The semilinear form a(+;-) and the functional J(-) can also depend on a second nonlinear
function s € S, i.e. we consider the forms a(v, s;-) and J(v, s), respectively, in which S is
a Hilbert space.

The partial derivative or partial variational derivative with respect to v and s are written in
form of

d
ay (v, s;m, p) = P CRY L)

d
al(v,s;m, ) = —a(v,s+ep;n)
dg e=0

and Ji(v,59) = = J(w,s teyp)|

d
Ji(v,sim) = = J(v+em,s) dz -

de

e=0
in which {n, u} € V and ¢ € S. In the same manner, the second and mixed variations are
indicated as above by (-)7. . (-)7 or (-)7..

VU

The total directional derivative or total variation is written as

J' =T (v,8m) + Ji(v,s59p) or 6] =0, (v, 8m) + 05 (v, 839).

Furthermore, in many cases the function v depends directly on s, i.e. v = v(s). It is important
to distinguish between the total partial derivative D(-) and the explicit partial derivative
0s(+) = O(-)/0s of a quantity (-) with respect to a variable s [35]. The total partial derivative
of a function F(s) := F(v(s),s) with respect to s and the explicit partial derivative are
connected by the relation

_oF OF Ov

Ds]-'(s)-dS—as ds—i—a—v asds.
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By virtue of

ov
d'U = % dS
we have
oF oF ,
D;F(s)-ds = F ds + Do dv = F'(v, s,ds, dv).

Hence, the total partial derivative D F with respect to s can be transformed to the total
derivative F” and vice versa, i.e. DsF(s) - ds = F'(v, s,ds, dv). This is of interest in order
to eliminate dv and to obtain only a dependency on ds.

2.2.3 Increment, variation and linearization

Within this work, it is important to highlight the distinction between an increment A, J and
the variation 6,,.J of a functional J.

Definition 2.1 Let J(v) be a functional defined on some normed space. Then,
Ay J(v; Av) == J(v + Av) — J(v)

is the increment of J corresponding to the increment Av in the variable v.

In general A, J(v; Av) is a nonlinear functional. A Taylor expansion yields
Ay J(v; Av) = J(v + Av) — J(v) = J) (v; Av) + r(v, Av)
= 0, J (v; Av) + r(v, Av),

where the remainder r(v, Av) is quadratic in Av and given as
1
r(v; Av) = / J) (v + AAv; Av, Av) (1 — N) dA.
0

The increment can be separated in a linear part and a nonlinear integral remainder. The linear
part is the directional derivative J (v, Av) or variational derivative 6, J (v, Av), i.e.

= 0y J (v, Av).

d
J(v; Av) = — J(v + eAv)
de c—0

Definition 2.2 Let J(v) be a differentiable functional defined on some normed space. Then,
the variation 8, J is the principal linear part of the increment A, J(v; Av), i.e.

3y J (v; Av) == A, J(v; Av) — r(v; Av).
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In the limit case we have
r(v; Av) — 0 as [|Av|| — 0.
Hence, for small changes Av we have d,,J (v; Av) = A, J(v; Av).

The functional J can also depend on a second nonlinear function s. In this case the partial
increments due to Av and As are given in form of

Ay J (v, 8; Av) = J(v + Av, 8) — J(v,8) = J, (v, 8; Av) + 1, (v, 8; Av)
AsJ (v, 8;A8) := J(v,8+ As) — J(v,8) = J.(v,8; As) + r5(v, s; As)

where

1
ry(v, 8; Av) = / JI' (v + AAw, s; Av, Av) (1 — \) d),
0

1
rs(v, 8; As) = / J!(v,s+AAs; As, As) (1 — N) dA.
0

Finally, in case of infinitesimal changes are considered it is called variation §.J and if finite
changes are studied then it is called increment A.J. This distinction is important within error
analysis of sensitivity relations, see Chapter 10.

Furthermore, the linearization of a given functional J(v) in the direction Av is written in
form of

J(v+ Av) = J(v) + D, J(v) - Av + O.

The term O denotes the remainder which is usually neglected. Therefore, only the abstract
symbol O is used instead of an explicit expression of the remainder when linearization takes
place.

2.2.4 Linear and nonlinear arguments in functionals and tangent forms

Different kind of functionals and tangent forms are investigated within this work. In order to
distinguish between linear and nonlinear arguments the following notation with comma and
semicolon is used. In general, arguments on the right hand side of a semicolon are the linear
arguments. Let v and s be nonlinear arguments as well as 17 and p are linear functions. Then,
the semilinear form a(v, s; ) and its partial variation a! (v, s;m, p) are nonlinear in v and s
but linear in 1) and p, respectively.

The same holds true for functionals. Let J(v, 8) be a nonlinear functional in v and s. Then,
the partial variations J, (v, s;m) and J’ (v, s;m, p) are linear in n and g, respectively.

Furthermore, sometimes a third nonlinear function z can appear and a second semicolon
is used in order to indicate this. For instance, the functional G*(v, s; z;-) and its variation
G*'(v, s;z;-,-) are nonlinear is v, s and z but linear in all arguments on the right of the
second semicolon.






Chapter 3

Variations in the physical and material spaces

This chapter is concerned with some fundamental mechanical relations in the
physical and material spaces. In the present work, changes in the deformed con-
figuration as well as in the initial or reference configuration are investigated.
Therefore, important variations in the physical and material spaces of kinemat-
ical quantities, energy functionals and stresses are stated. These different kinds
of variations are required in the following chapters.

3.1 Kinematics

The present section represents a brief summary of fundamental relations of the underlying
geometrically exact kinematic framework. Further details can be found in the standard text-
books, for instance [17,55, 64, 87]. Moreover, a kinematic framework based on an intrinsic
Sformulation in local coordinates has been presented in [5,7,9]. Some parts of the kinematical
descriptions are based on this formulation.

3.1.1 The physical and material motion problems

We consider an open bounded material body with an undeformed reference configuration
Qr C E? with a piecewise smooth, polyhedral and Lipschitz-continuous boundary I' = 9Qp
such thatT' = T'p UT'y and I'p NT'y = B, where I'p denotes the Dirichlet boundary and I'y
the Neumann boundary, respectively. The corresponding deformed (current) configuration
is denoted by Q; C E®. The deformation of the material body from Qp into a deformed
configuration (2 is given by the nonlinear mapping

3
:{ QrxIl; — Q CE 3.1

(X,t) = z=¢(X,t)

13
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P(X) P(x)
‘ | @ ‘ | @
—_— B
(a) Physical or direct motion problem (b) Material or inverse motion problem

Figure 3.1: Physical and material motion problems

Here, ¢ maps the material particle X from the reference configuration Q2 to the spatial
coordinates x in the deformed configuration 2, for any fixed time ¢ € I, see Fig. 3.1a. We
use in this work for the gradient of a vector field () with respect to « and X the notation

grad(e) := V() and Grad(e) := Vx(e). (3.2)
In the same manner, we use for the divergence operators the notation
div(e) :=V, - (e) and Div(e) := Vx - (e). (3.3)

The deformation gradient, i.e. the tangent map of ¢ from the material tangent space Tx Qg
to the spatial tangent space T.{); as well as its Jacobian .J are given by

F:TxQr - T,Q; with F:=Gradey and J:=detF. (3.4)
The displacement at a time ¢ € I, is the vector field

u(X,t) = (X, t) — X. (3.5)
The corresponding displacement gradient is given as

H = Grad u. (3.6)
Furthermore, we assume that the deformation is bijective, sufficiently smooth and that J > 0,
such that there exists the inverse deformation mapping

. Qt X It — QR C E3
®: { (@) — X=&(1)’ 37
see Fig. 3.1b. The corresponding deformation gradient f and its Jacobian j are given by

f:7T.Q —TxQr with f:=grad® and j:=detf. (3.8)

The deformation gradients and Jacobians are related by

f=F! and j=JL (3.9)
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Figure 3.2: Enhanced kinematics

3.1.2 Enhanced kinematics

The above introduced kinematical settings in {2z and 2; can be enhanced by using the intrin-
sic formulation [82]. In the context of design sensitivity analysis this was proposed in [5,7,9].
Following the intrinsic concept, a given manifold can be described locally using an intrinsic
coordinate system defined on an independent continuous parameter space {2p with local co-
ordinates @. Without going into detail, this leads to two fundamental mappings, a design
dependent local reference placement mapping

. Qpx I, — QprC E3
: { ©,5) = X-=r(O,s) (3.10)
and a time dependent local current placement mapping
X QP X It — Qt C E3
& { @) — z=wo, GAD

for any fixed time ¢ € I, and any design s € I, see Fig. 3.2. Here, s is used as a general
scalar (time-like) design variable, which parameterizes in an abstract sense the material body
in the reference configuration 2y, i.e. 2 = Qg (s). The corresponding tangent maps

K: T@QP — TXQR and M: T@QP — Tth (3]2)
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as well as their Jacobians are given by
K :=GRAD&k Jg =detK (3.13)
M := GRAD p Jar = det M, (3.14)

where GRAD(e) := Vg(e). With these mappings, the deformation map ¢ (3.1) and its
tangent map can be written in the form

p=pok ! and F=Gradp=MK! (3.15)
and for the inverse mapping ¢ (3.7) follows
d=rop ! and f=grad®=KM !, (3.16)

respectively. The difference vector between the reference and current placements is the dis-
placement uw = o — X, which can be written in terms of the local mappings « and p as

u=pu(O,t)— k(O,s). (3.17)

Overall, K, M and F are used to perform pull back and push forward transformations be-
tween (g, 2; and Qp.

3.1.3 The generalized state and design functions

Within the above introduced kinematical framework different functions can be considered as
the state function, i.e. the primary unknown of the problem. This can be the deformation ¢
or the displacement field w. Furthermore, using the intrinsic formulation also the mapping g
can be chosen as primary unknown.

Therefore, the generalized state function v € V is introduced in an abstract sense. The space
V denotes a Hilbert space of states. The state function v can be the deformation ¢, the dis-
placement field w or the local current placement mapping o depending on what is chosen as
primary unknown.

The local reference placement mapping is parameterized by a time like design parameter s,
i,e. X = k(O,s). With this in mind, in an abstract sense a generalized design function or
control function s € S is introduced. The space S denotes a Hilbert space with all admissible
design or control functions. Hence, the design function specifies the current reference con-
figuration Qg, i.e. Qg = Qg(s). The design function s can be the inverse deformation P ()
for a given fixed §2; or it can be the local reference placement mapping k.

With these definitions, a quantity (-), which depends on the state variable v and the design
variable s is denoted by (+)(v, s). The partial variations of (-)(v, s) with respect to v and s are
denoted by (-)! and (-)%, respectively. In the same manner, the second and mixed variations
are indicated by ()2, ()7, or (-)., see Section 2.2.

VU vs?
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Remark 3.1 (Generalized state function vs. deformation and displacement) The general-
ized state function v can be the deformation  or the displacement field u depending on what
is chosen as primary unknown. For the classical spatial motion problem with a fixed refer-

ence configuration Qg this distinction is not necessary, because the variations with respect
to @ and u lead to the same results, i.e. we have ¢ = du for a fixed X. For instance,

the deformation gradient F can be written as a function of ¢ or u, i.e. F(¢) = Grad ¢ or
F(u) = I+ H. The variations of the deformation gradient ¥ with respect to @ and u yield
the same result, but the variations with respect to X are slightly different, see Section 3.2.1.

Therefore, it is important to distinguish between  and u for problems where variations of
the reference configuration Qg are allowed. It is necessary to introduce a generalized state v

in order to obtain a general description. Furthermore, the distinction is also important within
sensitivity analysis, see Section 4.3.4.

3.2 Variations of kinematical quantities

Variations of kinematical quantities with respect to changes in the physical and material
spaces are considered. The reference configuration depends in an abstract sense on a design
or control function s. Therefore, the variations with respect to the reference configuration are
indicated as (-)§. The state function can be ¢ or u and (-);, and (-);, is used, respectively.

Let ¥V and S be Sobolev spaces for the state and the design, which are defined as
Vi={nec[W"Qr)?: n=00nTp,}, (3.18)

S:={Yec W Q)]?: p=00nTp } (3.19)

with p > 2. Here, I'p, denotes the Dirichlet boundary for the state and I'p, is the corre-
sponding design boundary. Additionally, some other geometrical or side constraints may be
defined for the design function s.

3.2.1 Variations of gradients

The variations of the gradients can be easily obtained using the tangent mappings K and
M from Section 3.1.2. This is based on a multiplicative decomposition of the deformation
gradients F and f = F~! using the local mappings K and M, i.e. by using (3.15) and (3.16),
respectively. For instance, F = MK ~! and the total variation is given as

6F = MK ™! + MO[K™']. (3.20)
Using the relation' )[K~!] = ~ K !§KK~! we obtain
0F = SMK ! — MK KK ™! = Grad ¢ — F Grad 6, (3.21)

IThe variation of an inverse tensor A~' can be computed using the identity AA~! = 1I. The variation
S(AA™Y) =6AA"! + AS[A"1] =61 = Oyields [A~1] = —A~15AAL
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where the partial variations are identified as
0,F = Grad dp 6F = —F Grad 6. (3.22)

A complete list of variations and more details are given in Appendix A.

The deformation gradient F can be written as a function of ¢ or u, i.e. F(p) = Grad ¢ or
F(u) = I+ H, where H = Grad u. The total variation of the deformation gradient reads

F'(p,5¢p,0®) = Grad ¢ — F Grad §&
= Grad du — H Grad P (3.23)
= F'(u, du, 6®) = H' (u, du, 6P)

forall {5, du} € Vand 6@ € S, whereas the relation dz = 6 X +Ju has been used. Hence,
both formulations can be considered. The partial variations are given as F/so = Grad d¢p and
F, = —F Grad0® as well as F/, = Graddu = H/, and F, = —H Gradé® = H/,
respectively. The partial variations with respect to s are different but the total variations yield
the same results.

Finally, using the generalized state v we obtain
F'(v,dv,5®) = Grad v — Grad v Grad §& (3.24)
and hence the partial variations

F/ = Grad dv, (3.25)
F! = — Grad v Grad §®. (3.26)

3.2.2 Variations of strains

In the same manner, the variations of strain measures can be obtained by using the above
described technique. The Green-Lagrange strain tensor

E:= % (FTF — 1) (3.27)

is considered within this work. The strain tensor can be expressed in terms of ¢ or u. Let
{n, A} € Vand {¢, x} € S be admissible variations.
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Then, the partial variations of E with respect to v and s are obtained as
E/ (v,n) = sym{F’ Gradn}, (3.28)
E/(v,v) = —sym{F” Gradv Grad v}, (3.29)
E’ (v,n,%) = —sym{Grad " Gradv? Gradn + FT Gradn Grad«}, (3.30)
E”, (n,A) = sym{Grad A" Grad n}, (3.31)
E” (v,%,x) = sym{Grad x* Grad v" Grad v Grad v

+ FT Grad v Grad x Grad ¥

+ FT Grad v Grad 4 Grad x}. (3.32)
Note that due to symmetry, it holds true that E!/_(v,n, ) = E” (v, 4, n).

If the deformation ¢ is chosen as unknown, i.e. v = ¢, the strain tensor E is written in terms
of ¢ as E(p) = % (Grad 9T Grad ¢ — I). The partial variations are given as

E, (¢, n) = sym{F" Gradn}, (3.33)
E/(p,9) = —sym{F"F Grad ¢}, (3.34)
Egs (p,n,) = —sym{Grad ¢’ FT Gradn + F” Gradn Grad v}, (3.35)
E, (1, ) = sym{Grad A" Grad n}, (3.36)

E’ (¢, v, x) = sym{Grad x"FTF Grad ¢ + FTF Grad x Grad ¢

+ FTF Grad + Grad x }. (3.37)

On the other hand, if the displacement field u is chosen as unknown, i.e. v = u, the strain
tensor E is written in terms of w in form of E(u) = 3 (I + Gradw)” (I + Gradu) — I).
Finally, the corresponding partial variations are obtained as

E/ (u,n) = sym{F” Gradn}, (3.38)
E[(u, ) = —sym{F"H Grad ¢}, (3.39)
E’ (u,n,) = —sym{Grad " HT Gradn + F¥ Gradn Grad v}, (3.40)
E/ (n,A) = sym{Grad A" Grad n}, (3.41)

]:]'5’S (u, 1, x) = sym{Grad x” H'H Grad ¢ + FTH Grad x Grad +

+ FTH Grad ¢ Grad x}, (3.42)
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where H = Grad u. The partial variations with respect to u and ¢ yield the same results,
regardless of which is chosen as unknown, i.e.

AR NV /AR /4

E,=E, and E,, =E,,. (3.43)
But the partial variations with respect to s are different, i.e.

E,#E, ad E/#E/ ad E/ #E|,. (3.44)

In the formulations with respect to ¢, the displacement gradient H is replaced by F. But it
can be easily proved that the total variations of both descriptions are the same, i.e.

E =E,+E,=E,+E,=F. (3.45)

This is based on the same arguments as shown for the deformation gradient in (3.23). This
demonstrates that the introduction of the generalized state v is useful, because the description
in ¢ or u can be directly obtained from the formulation in v.

In same manner, higher-order variations of E can be derived. A complete list is given in
Appendix A.2.

3.3 Variations of energy terms

Variations of energy terms with respect to the state and the design are required within this
work. A hyperelastic material is considered, i.e. it is assumed that a strain energy function
W exists. Let C' be the internal energy of a hyperelastic body. The energy can be written in
terms of ¢ or the inverse deformation @, i.e.

Clp)= | Wgr(F)AQ or C(®)= | W(f)dQ, (3.46)
QR Qt
where Wg(F) and Wi (f) = j(f) Wg are the strain energy functions in {2 and €2, respec-

tively. Both functionals express the same physical quantity, i.e. C'(¢) = C(®). The partial
variations are given as

c, = / P : Graddp dQ = / o : grad dp dS), (3.47)
QR Qt
= / p: grad 6® dQ = 3 : Grad 64 dQ, (3.48)
Q4 Qr
where
p=r 4 pi= oW (3.49)

- IF of
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Here, P denotes the first Piola-Kirchhoff stress tensor and p is the counterpart of the inverse
motion problem. Furthermore, o = J~'PF7 is the Cauchy stress tensor and

> = Wil - F? = Wil -F'P (3.50)

OF

is the well-known energy momentum or Eshelby tensor [39,40], which is the Piola transfor-
mation of the two-point tensor p, i.e. ¥ = j~'pf” . For a detailed discussion about the direct
and inverse problems and their duality see e.g. [26,35,57,61,74,93,96].

The total variation of the internal energy can be written as
C':/ [P: Graddp + 2 : Grad 6@ ] dQ (3.51)
Qr
:/ [P : Grad du + 3 : Grad 6&]dQ, (3.52)
Qr

whereas 0x = 6 X + du has been used. Here, we inserted the displacement u in (3.50) and
obtained an energy momentum tensor in terms of the displacement field, i.e.

- = WrI-HTP, (3.53)

which is a modified version of the tensor 3. These tensors are related by
>=%-P. (3.54)

Both Eq. 3.51 and Eq. 3.52 express the same amount of energy change, i.e. the same total
change of the internal energy due to variations § X and dx or du. The formulation in w is
used in fracture mechanics and is called Newton-Eshelby tensor, see e.g. [90,96].

Therefore, in terms of the generalized state v we can introduce the generalized energy-
momentum tensor in form of

_ _ T
OF = WgrI — Gradv™ P. (3.55)

¥ (v) := WgRI — Grad v

Letn € Vand 4 € S be admissible variations. The variations of a functional F' = fQR (1) dQ
with respect to v € V and s € S in terms of the reference configuration are given as

Fi(w,m) = [ (9, (v, m) A,

Fiow) = [

Qr

(.0, ) + () Divap d2 = / (), (0,) + ()T : Grad 9 dQ.

Qr
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For the internal energy (3.46) we have

Cl(v,m) = /Q P : Gradnd(), (3.56)
R

Cl(v,v) :/Q 3 : Grad ¢ dQ
" (3.57)

= / — GradvTP : Grad ¢ + WrI : Grad ¢ dQ.
Qr

Hence, the partial variations of the strain energy Wr with respect to v and s are identified as

(Wr),(v,m) = agl/?R :F,(v,n) =P :F, (v,n) =P :Gradn
=FS:Gradn =S :F Gradn (3.58)
=S:E,(v,n)

, Wr /

(Wr)s(v, ) = F F.(v,¢) =P : F,(v,¢) = —P : Grad v Grad ¢
— _FS:CradvGradey = —S : FT Grad v Grad ¢ (3.59)
=S : E(v,9)

where
S:=F 'P=JF loF 7T (3.60)

is the symmetric second Piola-Kirchhoff stress tensor.

Finally, the variations of the internal energy in (3.56) and (3.57) can be equivalently expressed
in terms of S and the partial variations of E, i.e.

Cl(v,m) = S:E! (v,n)dQ, (3.61)
Qr

Cl (v, ) = / S : E.(v,p) + WgI : Gradp dQ. (3.62)
Qr

3.4 Variations of stresses

In the above section the first and second Piola-Kirchhoff stress tensors P and S have been
introduced. The variations of both stress tensors with respect to v and s are given by

P/ (v,m) = g—i :F(v,n)=A:F,(v,n) =A:Gradn, (3.63)

opP

P (v,¢) = 7F F.(v,7) =A:F,(v,9) = —A: Grad v Grad ¢, (3.64)
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af: E/(v,n) =C:E! (v,n) = C:F? Gradmn, (3.65)

S’ (v,7) = 8S :E.(v,9) = C: E,(v,%) = —C : F Grad v Grad 1, (3.66)

S, (v,m) =

where A and C are the so-called first and the second elasticity tensor, respectively, see e.g.
[64]. Both fourth-order tensors are given as usual in form of
oP  9’Whg S  *Wg

A=oF ~aror ™ C=3E " sEoE

Within this work also higher-order variations with respect to changes in the physical and
material spaces are considered. Furthermore, all variational formulations in the following
chapters are written in terms of the second Piola-Kirchhoff stress tensor S and the variations
of the strain tensor E instead of P and F. Therefore, only higher-order variations with respect
to S are considered. The same can be performed in a straightforward manner for higher-order
variations of P.

(3.67)

To achieve this, the variations of C with respect to v and s are required. These terms are
obtained in form of

! - E =D:E .
Ci(0,m) = o  Ei(v,m) = D Ej (v,1), (3.68)
! a(C ! !
Ci(v,¥) = = 1 E((v,9) =D : E(v,9), (3.69)
where the sixth-order tensor D is introduced as
oC
D= —. 3.70
OE ( )
Furthermore, the variation of D results in
D, (v,n) = oD E(v,n) = € Ej(v,7), (3.71)
OE
oD
’D’S(vﬂp) E (ElL(v,¢) = € E,(v,v), (3.72)
where the eighth-order tensor € is defined by
oD
= —. 7
(4 9B (3.73)

Finally, using the above variations of C the second and mixed variations of S are given by

St(v,m,A) =C:EJ,(n,A) + Ej(v,n) : D: Ey (v, ), (3.74)
Sis(v,¥,x) = C: E{(v,4,x) + E{(v,9) : D : E{(v, x), (3.75)
Ss(v,m. ) = C: Ej (v,n,%) + Ey(v,n) : D : E{(v,9), (3.76)
St (v, 9, m) = C: E, (v,¢,n) + E(v,%) : D : E|(v,n). (3.7
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Note that due to symmetry S (v,4,n) = S/ (v, n, ). Furthermore, variations of S up to

third-order are required. For instance, the variation S/ _ reads

+E/ (v,n,v) : D:E (v,\) +E,(v,n): D:E! (v, \ )
+E) (v,n): € :E (v,v): E (v,\), (3.78)

where E! _ is given in (A.34). Different other higher-order variations of S can be performed

in the same way.

Explicit specifications of P, S, C and A as well as the non-standard tensors D and & for a
Neo-Hookean material are given in Appendix B.1.



Chapter 4

Structural and sensitivity analysis of the primal
problem

The present chapter deals with variational balance laws and variational sensi-
tivity analysis in the physical and material spaces for the primal problem. The
balance laws are derived from an energy functional. Sensitivity relations for the
primal physical and material problems are investigated, which are based on an in-
variant requirement of the considered variational problem. Furthermore, explicit
formulations for the complete variational and discrete relations are derived.

4.1 Introduction

Variational methods are a common approach to derive balance laws in elasticity. The classical
physical residual is given as the first variation of the energy functional of the primal problem
with respect to the deformation, see e.g. [64]. The variation of the energy with respect to
configurational changes leads to the material residual or weak form of the configurational
or material force equilibrium, see for instance the monographs [48, 60, 74]. In the context
of Arbitrary Lagrangian-Eulerian (ALE) formulations this was investigated for instance in
[2,61].

The variational approach is an elegant way to express a mathematical physical theory, which
does not involve dissipative processes. But configurational variations are not restricted to
elastic problems and variational approaches. Inelastic problems play an important role in
many fields, e.g. elastic-plastic fracture mechanics, see e.g. [97] for an overview of different
approaches and applications. In this work a pure variational setting for elasticity is considered.
The extension to inelastic problems is addressed to future work.

In addition, the energy functional is an interesting objective functional in structural optimiza-
tion, e.g. shape and topology optimization [14,32]. The minimization of the energy is directly
related to the minimization of the compliance of the system or equivalently to the maximiza-
tion of the stiffness. In this context, it is of interest to study the sensitivities of the governing
variational equations.

Some parts of this chapter are published in [66,69].

25
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4.2 Energy minimization and variational balance laws

4.2.1 The energy functional

The model problem of nonlinear elasticity is considered and the attention is restricted to
hyperelastic materials. Let F (v, s) be the total potential energy of a homogeneous elastic
body. The energy depends on the generalized state function v € )V and on a generalized
design or control function s € S, which specifies in an abstract sense the current reference
configuration Qg, i.e. Qg = Qr(s). The state function v can be the deformation ¢ or the
displacement field © depending on what is chosen as primary unknown. The space V denotes
the usual Sobolev space of states and S a Sobolev space with all admissible design functions.
The total potential energy of the primal problem is given by

E(v,s) :=C(v,s) — F(s;v), 4.1)

where C'(v, s) denotes the internal energy (3.46) and F'(s; ) is a functional associated with
the external potential, i.e.

C(v,s8) := WgrdQ 4.2)

F(s;v) ::/Q bR~de+/F tg-vdl. 4.3)
R N

Here, by, are physical body forces per unit volume in the reference configuration and £x are
prescribed tractions imposed on the Neumann boundary I'y. Furthermore, we assume that
v=0onIp.

The functional F'(s;v) is linear in v but nonlinear in s. This is indicated by the semicolon,
i.e. all arguments right from the semicolon are linear. Furthermore, C'(v, s) is nonlinear in v
and s.

4.2.2 The primal physical and material residuals

We consider the minimization of the primal energy with respect to v and s. This ends in the
following minimization problem.

Problem 4.1 Find {v, s} € V x S such that the primal energy functional (4.1) is minimized,
ie.

E — in E . 4.4
(v,s) P L (p,r) (4.4)
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The first-order optimality condition reads
E' = E,(v,s)(n) + B (v, 5)(¥) = 0. 4.5)

We assume that € V and ¥ € S are independent variations. Then, we have to solve the
following variational problem. Find {v, s} € V x S such that

{ B (v, s)(n) } { R(v,s;m) }
- =0  V{ny¢}eVxS (4.6)
Ei(v,s)(1) G(v, s;v)

The partial variation of E' with respect to v leads to the primal physical residual R : V — R,
which is given by

R(v,s;m) = E,(v,8)(n) = a(v,s;1) — F(s;n). 4.7

In the same manner, variation with respect to changes in the design s yields the primal mate-
rial residual G : S — R, which is given as

G(v,8;9) = Ey(v,8) () = b(v, 8; ) — F(s;0,). (4.8)

The semilinear forms a(v, s;n) and b(v, 8; 1) contain the partial variations of the internal
energy with respect to v and s, i.e.

a(v, s;m) == Cy (v, s;m), 4.9)

b(v,s;9) = Cy(v, 8;9), (4.10)
where C} (v, s;m) and C’ (v, s;)) are given in (3.61) and (3.62), respectively.

Remark 4.1 The material residual is also referred to as the weak form of the material or
configurational force equilibrium as well as the weak form of the pseudo-momentum equation
[48, 60, 74]. In the case of a homogeneous elastic body the material residual is the weak form
of the inverse deformation problem. It should be noted, that the material residual can be
the weak form of the direct deformation problem when the role of the spatial and material
coordinates are interchanged. On the other hand, the inverse deformation problem and its
weak form can be obtained by a re-parametrization of the direct deformation problem in
terms of the inverse deformation ® [44,45]. For a detailed discussion about the direct and
inverse deformation problem and its duality see for instance [26, 57,61, 93, 96].

4.3 Variational sensitivity analysis

Variational design sensitivity analysis is a branch of structural optimization, e.g. shape or
topology optimization, see e.g. [27,28, 58, 104] and the reference therein for an overview.
Variational sensitivity analysis based on a formulation in local coordinates has been pre-
sented in [7,9]. In general, variations of the material configuration are considered and the
changes of the state variables and the objective functional due to these variations are investi-
gated. The variations are required in order to solve the optimization problem using nonlinear
programming algorithms.
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4.3.1 Sensitivity of the energy functional

The solution of structural optimization problems require the variations of the objective func-
tional and the constraints due to variations in the design. In the context of structural opti-
mization this is termed as design sensitivity analysis. The total variation of a given arbitrary
objective functional (v, s) is given by

0I = 6,1(v,s)(0v) + d:1(v,s)(ds). (4.11)

Within this chapter the primal energy F(v,s) is the objective functional which has to be
minimized with respect to v and s, i.e. the energy minimization problem (4.4) has to be
solved. Therefore, for I = E we have

O0F = §,E(v,8)(dv) + 6sE(v, s)(ds) = R(v, s;6v) + G(v, s;08). (4.12)

For a given solution v € V we have R(v, s;dv) = 0. With this, the first part of the above
sensitivity relation vanishes and it remains only the material residual, i.e.

0FE = 0:E(v,s)(ds) = G(v, s;0s). (4.13)

Therefore, in the context of structural optimization, the material residual or configurational
forces can be interpreted as the sensitivity of the energy with respect to variations in the
design.

Remark 4.2 (Energy release rate) The material residual or configurational forces are di-
rectly related to the well-known [J-integral, which is in linear fracture mechanics equal to
the energy release rate G and is defined as the negative variation of E with respect to config-
urational changes, i.e.

J =G =-05E(v,s)(ds) = —G(v, s;08). (4.14)

4.3.2 Sensitivity of the physical residual

The following sensitivity analysis is based on an invariant requirement of the physical residual
(4.7) with respect to variations dv and ds. For a given solution {v, s} € V x § of (4.6) we
have R(v, s;n) = 0 V7 € V. The total variation of the physical residual reads

R' = R} (v, s;m,0v) + R.(v,s;n,0s) =0, (4.15)
where the partial variations are given by
R;(/Uas;nv(sv) - ai)(vas;n7év) (4.16)

R, (v,s;m,0s) = a,(v,s;m,08) — Fi(s;m,ds). (4.17)
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Note, that R, = E!/ and R, = E/

v8?

respectively.
We introduce for the variations of the physical residual R with respect to v and s the operators
k(v,s;n,6v) := R, (v, s;n,0v), (4.18)

p(v,s;m,ds) = R.(v,8;n,68s), 4.19)

where k(v, s; -, -) is the well-known tangent physical stiffness operator and we call p(v, s; -, -)
the tangent pseudo load operator for the physical problem. Both terms are bilinear forms
E:VxV—->Randp: VxS —R.

With these notations the total variation yields the form
R' = k(v,s;m,6v) + p(v,s;1,68) = 0. (4.20)

After rearranging the above terms we can formulate the following sensitivity equation for the
physical problem.

Problem 4.2 Let 68 € S be a given fixed design variation. Find dv € V such that

k(v, s;m, 0v) = —Qp(v, s; 1) Vnev, 4.21)
where

Qp(v, 5;m) = p(v, 5;1,08) = R{(v, 5;,71,03) (4.22)
is the pseudo load of the physical problem for the variation J8.

This is a variational equation for the sensitivity of the state due to changes in the design. For
a given variation in the design 48, we can calculate the variation in the state dv.

Remark 4.3 (Pseudo load) In general, the pseudo load operator p(v, s;1,0s) is a bilinear
formp:V xS — R. For a chosen fixed 05 it becomes a linear functional Q, : V — R and
is called pseudo load because it plays the role of a load in the sensitivity equation (4.21) and
is denoted by Q,(v, s;-), i.e. Qp(v, s;-) = p(v, s;-,08).

4.3.3 Sensitivity of the material residual

In the same way we can perform the total variation of the material residual given in (4.8).
For a given solution {v, s} € V x § of (4.6) we have G(v, s;1) = 0 V4 € S. The total
variation reads

G =G (v,8;,0v) + GL(v,s;1,08) =0, (4.23)
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where the partial variations are given by
G (v, 831, 0v) = b (v, 859, 6v) — F.(s;6v,) (4.24)
G (v, 5;9,08) = b (v, 89, 05) — F (830, 05). (4.25)
Note, that G, = E, and G, = E”

XM

respectively.

We introduce for the variations of the material residual G with respect to v and s the operators
d(v, 8;1,88) = G(v, s;1,08s), (4.26)
t(v, s;7,6v) = G (v, 8; 9, 0v), 4.27)

where d(+; -) is the so-called tangent material stiffness in order to highlight the duality to the
tangent physical stiffness (4.18) and we call ¢(+; -) the tangent pseudo load operator for the
material problem, compare with Eq. 4.19. Both terms are bilinear forms d : S x S — R and
t:SxV—-R

As a result of the permutableness of variations, i.e.
G, =FE! =E! . =R., (4.28)
we obtain for the variation of G with respect to v
G;(’Uv S5 5”) = R’S(’U, S; 5”7 ) = p(”? S; 5’”7 )
(4.29)
= a;(’u7 S; 6’07 ) - Fs/(sv 6’05 ) .

Thus, due to symmetry, the partial variation G, leads to the tangent pseudo load operator of
the physical problem (4.19), i.e.

t(v, s; 1, 0v) = p(v, s; 0v, 7). (4.30)

Therefore, we have additional to specify only the material tangent operator d(v, s; -, -) = G~.
With these notations, the total variation yields the form

G’ = p(v, s;0v,%) + d(v, s;1,58) = 0. (4.31)

After rearranging the above terms we can formulate the following sensitivity equation for the
material problem.

Problem 4.3 Let 60 €V be a given fixed variation in the state. Find 6s € S such that

d(v, 8;1,08) = —Qm (v, 8;1) Vi €S, (4.32)

where

Qm(v,89) = p(v,8;00,9) = G, (v, 8;9,00) (4.33)

is the pseudo load of the material problem for the variation 6.
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This is a variational equation for the sensitivity of the design due to changes in the state. For
a given variation in the state jv, we can calculate the variation in the design Js.

Remark 4.4 It is interesting to note, that due to symmetry both the sensitivity of the state
and the sensitivity of the design depend on the pseudo load operator p(-,-). Therefore, this
operator plays an important role for the solution of the minimization problems for v and s.

4.3.4 Sensitivity relations in terms of deformation and displacement

For the classical spatial motion or physical problem with a fixed reference configuration Qg
the formulation in terms of the deformation ¢ or the displacement field u yield the same
results. But if we consider problems with changes in the material configuration, i.e. if the
reference configuration (2 is not fixed, we have to distinguish between ¢ and w. We consider
for instance the sensitivity equation (4.21). If the deformation ¢ is the unknown, the problem
reads: Find 6¢ € V such that

k(SO» sn, 5()0) = _Qp((pa 5;77) Vn S V? (434)

with Q, (e, s;m) = p(e, s;n,ds). This equation yields the change in the deformation d¢
due to changes in the design § X = ds. The corresponding change in displacement field is
obtained from the relation

ou=0dp—90X. (4.35)
On the other hand, if the displacement field w is the unknown, the problem reads: Find du €
V such that

k(u,s;im, du) = —Qp(u,s5m)  Vne, (4.36)

with Q,(u, s;m) = p(u, s;n, ds). This equation yields the change in the displacement field
du due to changes d X . The change in the deformation d¢ and the change in the displacement
du are related by

5 = bu + X 4.37)
Note that
k((P78;'7') :k(u78;','), (438)

A / 1 _ "
because E{, = E/, and E}, = E

e 1.€. all variations with respect to ¢ and u yield the same
results. But

p(9075§'753) #p(uas;U(SS) (439)
and therefore
Qp(SO»S#) 7é Q;D(uvs;')' (440)

Hence, if we have configurational changes X # 0, then we have ¢ # Jdu. This is the
reason why the distinction between d¢ and dw is important, if configurational variations are
concerned.
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4.4 Finite element approximation

The finite element formulation is based on a conforming Galerkin method defined on meshes
Tr, = { K} with a mesh parameter h consisting of closed cells K. The boundary 0K of each
element K is assumed to be Lipschitz-continuous. On the mesh 7}, we define finite dimen-
sional element spaces V;, C V and §j, C S consisting of cellwise polynomial functions, see
e.g. the standard textbooks [19, 56, 85].

4.4.1 The discrete energy minimization problem

The discrete state v, € V) C V and discrete design s, € S C S are determined by the
following discrete version of Problem 4.1.

Problem 4.4 Find {vy,s,} € Vp, X Sy, such that

E(vy,sp) = mi E(p;,rh). 4.41
(vn, sn) PO (Phs7h) (4.41)

The corresponding optimality condition is given as follows. Find {v, sp,} € V), X Sy, such
that

{R(Uh, Sh;nh)

} =0 V{m,, ¥y} € Vp x Sp. (4.42)
G(vn, sn; %)

4.4.2 Matrix representation of the residuals and tangent forms

For a matrix description of the derived residuals and tangent forms we introduce the discrete
approximations for the state and the design, i.e. the nodal vector v € R"™ and the vector of
design variables s € R™. Here, n and m are the dimensions of the introduced approximation
spaces, i.e. n denotes the number of the discrete state variables and m the number of the
discrete design variables. We introduce in the same manner the discrete approximations for
the corresponding variations and test functions, i.e. v € R"™ and n € R™ as well as js € R™
and P € R™.

For given {v},, 85, }, the discrete versions of the residuals and tangent forms are given as

R(%p, 8n;m,) =n" R, (4.43)
G(on, 8n3%,) =9 G, (4.44)
k(Dn, 8n;mp,, 6vs) = 0" Kév, (4.45)
p(Dn, 8n;my,081) = N’ Pds, (4.46)



4.4 Finite element approximation 33

t(Dn, 8n; ), 6vy) = YT Tév, (4.47)
d(n, 8n; 1Py, 0sp,) = P Dis, (4.48)

where the vectors and matrices associated to the functionals and bilinear forms are denoted
by

ReR" primal physical residual vector

GeR" primal material residual vector

K e R™™" primal tangent physical stiffness matrix

P e R™™ primal tangent physical pseudo load matrix
T e R™*" primal tangent material pseudo load matrix
D e R™*™ primal tangent material stiffness matrix.

Details on the formulation of the matrix representations are given in C.3 and C.4.

Note that due to (4.30) we have T = P7. Figure 4.2 summarizes the complete discrete
tangent forms in the physical and material spaces.

4.4.3 The discrete sensitivity equations

With the above definitions, the sensitivity of the primal energy (4.13) with respect to varia-
tions Js is given as

6sF = G'4s. (4.49)

Furthermore, the discrete versions of the sensitivity equations for the physical (4.20) and
material (4.31) residuals become

SR=Kév+Pés=0 or 6v=—K 'P$s, (4.50)
G =PTév+Dés=0 or d6s=-D'PTév. 4.51)

For chosen fixed variations §s and 0V the discrete versions of the sensitivity equations for the
physical (4.21) and material (4.32) problem are given by

Kév=-Q, with Q,:= P05, (4.52)

Dés = —Q,, with Q.. := PT6v. (4.53)

Here, Q, € R" is the pseudo load vector of the physical residual problem associated to the
functional Q,(vy, sp;-) and Q,, € R™ is the pseudo load vector of the material residual
problem associated to the functional Q,,, (v, Sp; -).
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Remark 4.5 (Sensitivity operator) It is important to note, that we obtain with the relations
from (4.50) directly a connection between the physical and the material spaces. Both spaces
are connected by the transformation

6v=S,0s with S,:=—-K'P, (4.54)

where S, € R"*™ denotes the sensitivity operator matrix of the physical problem. With the
knowledge of the pseudo load operator matrix P, we can evaluate the sensitivity equation for
arbitrary admissible variations 0s in the material space. In the same manner, we obtain from
(4.51) for the material problem the transformation

6s=S,0v  with S, :=-D"1PT, (4.55)

where S, € R™*" denotes the sensitivity operator matrix of the material problem. With this,
we can perform the sensitivity analysis for arbitrary admissible variations dv in the physical
space.

Remark 4.6 (Deformation vs. displacement) The importance of the distinction between sen-
sitivity relations in terms of the deformation  and the displacement u has been shown in

Section 4.3.4. We consider the discrete formulation in order to illustrate this important fact.

The discrete nodal vectors of p and u are introduced as @ € R"™ and u € R", respectively.

The nodal coordinates X; are chosen as the design variables, i.e. we set s = X € R".

Let P(yp) be the pseudo load operator matrix corresponding to p(p, s;; -) evaluated at the

current deformation . Furthermore, let P(u) be the same operator in terms of the actual

displacement field u, i.e. obtained from p(u, s; -; -). Then, by means of Grad ¢ = I+ Grad u

we have

de du

Ix — U+ o] =Sele)=—K'Pl¢)  and  dp=S)(p)dX,  (456)
du

X" Sy(p) —1=5S,(u) =—K'P(u) and du = S,(u)dX, (4.57)

where | € R™™" denotes the identity matrix. Finally, the pseudo load operator matrices
P () and P(w) as well as the sensitivity operator matrices Sp(p) and S,(u) are related by

P(¢) = P(u) — KI, (4.58)

S,(@) =1+ S,(u). (4.59)

Hence, P(p) # P(u) and S,,(¢) # Sp(u). As in the continuous case (4.37), the change in
the deformation dg and the change in the displacement du are related by

de = du + dX. (4.60)

This has to be taken into account by evaluating the sensitivity relation (4.54).
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Remark 4.7 (Sensitivity of the energy release rate) As mentioned in Remark 4.2 the mate-
rial residual G is directly related to the energy release rate G, i.e. G = —G. Therefore, the
sensitivity of the material residual (4.31) can be used to calculate the sensitivity of G, which
can be derived as

0G = —0G = -G’ = —[d(v, 8;1,98) + p(v, 8;0v,7)]. 4.61)

In order to obtain a dependency only from the variation in the design §s, we can substitute
the sensitivity of the state (4.21) to eliminate §v. With (4.50) and (4.51) we have

5gh = *G/('Uha Sh; ¢ha 6vha 5Sh) = 7¢T($G (462)
where
6G = Dés + PTsv =D — PTK~'P]és. (4.63)

Hence, for a given variation in the design ds we can calculate the variation in the energy
release rate or rather the variation in the material residual G.

4.5 Solution of the energy minimization problem

The energy minimization problem can be solved using different algorithms. It can be solved
simultaneously for {v, s}, i.e. by solving the coupled problem (4.6) or in a staggered way by
using gradient-based methods or Newton type methods.

4.5.1 Solution of the coupled problem

A Newton method on the continuous level is applied in order to get the solution of (4.6). Let
Y :=V x S be a product space and set y = {v,s} € J, Ay = {Av, As} € Y as well as
¢ = {n,v} € Y. Furthermore, we set

B(y; ¢) == R(v, s;m) + G(v, 5;9). (4.64)
Then, the optimality condition (4.6) reads
Bly;¢) =0 Voe). (4.65)

A Taylor expansion yields
B(y + Ay; ¢) = B(y; ¢) + B'(y; ¢, Ay) + O = 0. (4.66)

The remainder O contains higher order terms which can be usually neglected. Each Newton
step requires the solution of the linear system

h(y; ¢, Ay) = —B(y;¢) Vo e, (4.67)
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where h(y; ¢, Ay) := B'(y; ¢, Ay) denotes the Hessian. The Hessian contains the partial
variations of R and G, i.e.

h(y; ¢, Ay) = R, (v,s;n, Av) + R.(v, s;n, As)
+ G (v, 839, Av) + G (v, 539, As). (4.68)

The definitions of the sensitivities of the physical (4.20) and material residual (4.31) yield the
explicit form of the variations of R and G, respectively, and the Hessian takes the form

hy; ¢, Ay) = k(v, s;m, Av) + p(v, 537, As)
+ p(v, s; Av, ) + d(v, s; 1, As). (4.69)
Finally, the solution of problem (4.6) requires the solution of the linear system
k(v,s;m, Av) + p(v, s;m, As) = —R(v, s;m)
{ p(v,s; Av, ) +d(v, 539, As) = —G(v, s; 1/))}

(4.70)

in each Newton step.

After a standard finite element discretization by using the notations from Section 4.4.2, the
system (4.70) takes the form

ERI4ER am

Remark 4.8 (Coupling of the physical and material problem) The off-diagonal elements
of the above saddle point problem are the pseudo load operators of the physical (4.19) and
material residual (4.27). Hence, the physical and the material problems are coupled by the
pseudo load operator p(-, -).

Remark 4.9 (Schur complement) Ifwe substitute the first equation of (4.71) into the second
and vice versa, we can eliminate Av or As by using the Schur complement in order to solve
the problem one after the other and to minimize the size of the system. We obtain a formulation
for the state variables

[K-PD'PT)Av=PD'G - R (4.72)
or for the design variables
[D—-PTK'P|As=PTK'R-G. (4.73)

This requires well-conditioned matrices K and D in order to compute the corresponding
inverse matrices accurately and to obtain a stable solution algorithm.
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Remark 4.10 (Problems within the numerical solution) It seems, that the naturally best
way to find a solution of the energy minimization problem (4.4) is a full Newton method, i.e.
the simultaneous solution of the physical and material problem. The best convergence speed is
expected and hence, the lowest computational cost. This optimization problem is non-convex
in general and for real problems with a large number of design variables such an algorithm
is very sensitive and not stable. Furthermore, the system (4.71) has a typical saddle point
structure and we have to be careful by solving this system. Often a preconditioner is needed
in order to obtain a well-conditioned system matrix. See for instance [15] and the references
therein for preconditioners for this type of equations. Therefore, other solution algorithms
should be considered.

4.5.2 A staggered solution algorithm
The energy only in terms of s. In order to solve the energy minimization problem in a
staggered way, we introduce the functional

E(s) = E(v(s),s). (4.74)

A reformulation of Problem 4.1 only in terms of the design function s yields the following
problem.

Problem 4.5 Find s € S such that the energy £(8) is minimized, i.e.
€(s) = min E(v(r), 7). (4.75)
re

For a given solution v we have to solve G(v(s),s) = 0 within a Newton or gradient-based
algorithm. First, we have to solve the primal physical problem to provide a solution v.

Solution of the primal physical problem. The primal physical problem is solved for a
given fixed design s. The variational equation of the primal problem is given in Eq. 4.7 as

R(v,s;m) =0 VpeV.
The solution within a Newton scheme requires the linearization
R(v,s;n) + D,R(v,s;m) - Av+ O = 0. 4.76)

The tangent operator D, R(v, s;1) - Av = R, (u, s;n, Av) = k(v, s;n, Av) is the tan-
gent physical stiffness operator (4.18). The remainder O contains higher order terms and is
neglected. Hence, the solution of (4.7) requires the solution of the linear equation

k(v, s;n, Av) = —R(v, s;m) vney 4.77)

in every Newton step in order to compute the increment Av. The discrete version of (4.77) is
given by

KAv = —R. (4.78)
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Solution of the primal material problem. The variational equation of the material prob-
lem is given in Eq. 4.8 and reads G (v, s; ¢) = 0. In order to solve this nonlinear problem in
a staggered way, we use the linearization

G(v,s;v) + D,G(v(s),s;¢) - As+ 0O = 0. 4.79)
The material tangent operator is introduced as

m(v, s;9, As) := D;G(v(8), s;¢) - As

(4.80)

e [G(v,s+ecAs;9p) + G(v(s +eAs), s;1) |

de J

This is a bilinear form m : S x § — R, which has to be evaluated for the current {v, s}. The
remainder O is again neglected. Hence, we have to solve the linear equation

m(v, s;9, As) = —G(v, s; ) Vi eS (4.81)
in every Newton step in order to compute the increment As.
The discrete formulation of (4.80) for given {0y, 85} reads

0G 8G(§)V}As

m(On, 8p; 1y, Asy) = TI’T[ 6v s

(4.82)
=9" [D-PTK'P] As,

where the relations 9G /v = PT and Ov/ds = —K~!'P have been used. Finally, the
staggered Newton algorithm for the material problem (4.81) becomes the discrete form

MAs = -G with M:=D—-PTK 1P, (4.83)

where M € R™*™ denotes the discrete material tangent operator matrix corresponding to
the bilinear form m(-, -) from (4.80).

Alternatively, gradient based methods which are used in classical nonlinear programming can
be considered in order to solve (4.75). For instance, a simple steepest descent method is given
by the update rule

Si+1 = S; + ASi =85 —£&; G(U}L(Shﬂj), Shﬂ'), (484)

where ¢; denotes the step size parameter which controls the decrease in the energy. The
algorithm can be further improved by using quasi-Newton methods such as a BFGS method,
see e.g. [81] for such solution algorithms.

Remark 4.11 (Applications) The proposed full Newton and staggered solution algorithms
can be applied to problems which are concerned with energy minimization. Applications to
global and goal-oriented mesh optimization (r-adaptivity) are investigated in Chapter 7 and
Chapter 8, respectively. Furthermore, the shape optimization problem is studied in Chapter 9.
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Remark 4.12 (Stability within the numerical solution) As mentioned in Remark 4.10, the
full Newton algorithm is very sensitive and not stable for a large number of design variables.
The staggered solution method is more stable than the full Newton method but requires also a
well-conditioned tangent matrix M. In many cases, the tangent matrix is ill-conditioned and
becomes singular or close to singular during the iterations. Therefore, reasonable regular-
ization methods have to be used in order to regularize the problem. This is discussed in detail
in Section 7.5 for the mesh optimization problem.

Remark 4.13 (Staggered Newton method vs. gradient based method) The solution of the
linear equation (4.83) is part of a staggered Newton method. If the problem is well-posed
and the tangent matrix M is well-conditioned the algorithm converged very quickly to the
solution. As mentioned above in many cases M is ill-conditioned and the computed new
increment As results possibly not in a decrease of the energy. In contrast, a gradient based
method yields in the most cases accurate search directions and is very stable. Therefore, by
using quasi-Newton methods based on gradient information and an adequate and efficient
line search algorithm the gradient method can be superior to the staggered Newton method
because no regularization has to be taken into account.

4.6 Explicit formulations for shape sensitivity

Explicit variational and discrete formulations of the derived residuals and tangent forms are
stated in this section. In addition to the well-known classical physical residual R(v, s;-) and
tangent stiffness k(v, s; -, -), all variations of the primal energy are derived with respect to v
and s.

The formulations are obtained by using the variational framework in the physical and material
spaces introduced in Chapter 3. All residuals and tangent forms are expressed in terms of the
second Piola-Kirchhoff stress tensor S and the Green-Lagrange strain tensor E within this
work. Alternatively, they can be written in terms of the first Piola-Kirchhoff stress P and F.

Within this section the model problem of nonlinear elasticity is considered. The formulations
for linearized elasticity are given for completeness in Section B.2.4.

4.6.1 Variational formulations of the primal residuals and tangent forms

The partial variations of the primal physical and material residuals have been introduced as
k(v,8:m,0v) = R, (v, ;m,0v) t(v, 8;9,0v) = G, (v, 559, 0v)
p(v, s;m,6s) = Ry(v,s;7m,08) d(v, 819, 0s) = G (v, 839, 05).
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The residuals written in terms of S and E are given by

R(v,s;m) = S:E!l (v,n)dQ — F(s;n) (4.85)
Qr
G(v,s;7) = / [S:El(v,¢) + Wgl: Grady ] dQ — Fl(s;v,) (4.86)

and the explicit formulation of the tangent forms are obtained as

k(v, s;m, 6v) = {S:E/,(n,0v)+E (v,n):C:E (v,dv) }dQ, (4.87)
Qr

p(v, 5;m, 55) = / (S :E/,(v,0,65) + Ej(v,n) : C: (v, 55)
Qr

+S: E/(v,n)Divds } dQ (4.88)

—F{(s;n,0s),

t(v, s;1, 6v) = {S:E/ (v,¢,6v) + Ei(v,¢) : C: E,(v,év)
Qr

+S: E/(v,é6v)Divep } dQ (4.89)
_Fs/(s; 6”1 ’lvb)v

d(v, 8;1,88) = {S:E/ (v,%,0s) + E.(v,7) : C: E.(v,ds)
Qr

+S: [E.(v,v)Divis + E.(v,5s) Divy] 4.90)

+ Wg [Dive Divéds — I: Grad ¢ Grad ds] } d2
—F{(s;0,9,0s).
The explicit formulations of F'(s;n), F.(s;v,4), F.(s;n,8) and F..(s;v,1,ds) depend

on the form of the functional F'(-). We consider for instance the potential Vg(v) of physical

body forces by, per unit volume in the reference configuration, i.e. we choose the functional

F(s;v):—/Q Ve dQ) = A br-vdQ. 4.91)
R R

Then, we have

F(s;m) =/ br -ndQ, (4.92)
Qr

Fl(s;n,d8) = / br -1 DivisdQ, (4.93)
Qr
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Fl(s;v,9) = 7/9 Vr1: Grad dQ, (4.94)

F! (s;v,1,88) = — Vg [Divp Divds — I : Grad ¢ Grad §s] d2. (4.95)

S
Qr

The derived residuals and tangent forms have the same structure with different variations of
the Green-Lagrange strain tensor E. But the terms obtained from variations with respect to s
have additional terms as a result of the variation of the domain Q.

4.6.2 Discrete formulations of the primal residuals and tangent matrices

The above residuals and tangent forms are discretized using the isoparametric concept, i.e.
the state v, and the geometry X, are approximated by the same shape functions defined on a
fixed parameter space. Details about the numerical implementation are given in Appendix C.

The nodal contributions of the discrete residual vectors are given by

R¢ = / B},SdQ — F(s);, (4.96)
s,

Ge - / {BLS + WalL:}dQ — FE(s;v);, (4.97)
s,

and the tangent matrices are obtained as

K :/Q {BLCB,; + LISL;I1}dQ, (4.98)
R

pe = /Q {BT.CB,; — LTSL; Gradv — FSL;LT + FSL;LT } 40
R

(4.99)
— FS(8)iz,
D§; = /Q {BLCB,; + LTSL; Grad v’ Grad v + Grad v FSL;L}
R+ L;L]S"F" Gradv — Grad v FSL,L] — L;L] S"F" Gradv
+Wr([LiL] — L;L]]}dQ
—F2(s;v)5j. (4.100)

Here, S and F are the matrices corresponding to second Piola-Kirchhoff stress tensor S and
the deformation gradient F, respectively, as well as C is the matrix representation of the
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fourth-order elasticity tensor C. Due to the symmetry of S it is useful to use the Voigt notation
in order to compute the residuals. For this we introduce the column matrix S. Furthermore, /
denotes the identity matrix and L; the gradient of the shape function ¢,. For instance, in the
two-dimensional case these matrices are given by

511 512 T
S= S§=|S S S 4.101
l: 521 522 :| 9 = [ 11 22 12 ] ) ( )
_ 1 0 o ¢i,1
I_{O 1], LZ_[@Q]. (4.102)

The matrices B, and Bj are given in (C.8) and (C.12).

The quantities F¢(s); and F£(s; v); are the element nodal vectors on a node i corresponding
to the functionals F(s;-) and F(s;v,-). In the same manner, F¢(s);; and FS,(s;v);; are
the element nodal matrices corresponding to the bilinear forms F.(s;-,-) and F/.(s;v,-, ),
respectively. The residuals and tangent forms depend on the explicit form of the functional

F(s;-). We choose the particular form (4.91), i.e.
F(s;v) = — VRdQ:/ br - vdd

With this, the discrete version of (4.92), (4.93), (4.94) and (4.95) are obtained as

FC(S)i = ¢i bR dQ, (4103)
Q%

Fi(s;v)i=— [ VrlIL;dQ, (4.104)

0%

Fé(s)i; = ¢ibr L] dQ, (4.105)
0%

Fé(s;v)i; = _/Qe Vr[LiL] — L;LT]dq. (4.106)

R

Remark 4.14 (Control of the residuals and tangent forms) The discrete formulations are
directly obtained by discretization of the variational formulations from Section 4.6.1. The
correctness of the derived residual vectors and tangent matrices have been checked by using
a global finite difference method, see e.g. [81] for details about such methods.

4.7 Complete energy variations of the primal problem

4.7.1 Variational formulation

The starting point of the above sensitivity relations is an energy functional, which depends
on a state function and a design function. Different variations with respect to v and s can
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E(v,s)

E, = R(v,s;m) E,=G(v,s;9)

E!!, = Rl = k(v,s;n,0v)| |El;=R.=p(v,s;n,08)| |EY =G, =1t(v,s;¢y,év)| |El =G,=d(v,s;1p,ds)

p(v,8;0v,9) = R, = E], = E, = G, = t(v, 8;9, )

Figure 4.1: Summary of the complete energy variations and tangent forms for admissible
variations {7, dv} € Vand {¢,ds} € S

be performed. For the classical spatial motion or physical problem only the variations with
respect to the state are required, i.e. £, = R(v, s;-) and E!/, = k(v, s; -, 0v). In the context
of sensitivity analysis and structural optimization also the variation of the physical residual
R with respect to s is investigated, i.e. R, = E!/. = p(v, s;-,93).

If we also consider the material problem, we have to compute the variations of the energy
functional with respect to s, i.e. E, = G(v,s;-) and EY, = G, = d(v, s;-,08) as well as
the mixed variation Es, = G, = t(v, s;-, év). This yields a complete framework for the
physical and material problem. Due to symmetry and permutableness of variations, we have

p(v,s;0v,¢) =R, = E/. = E!! =G\ = t(v,s;9,v). (4.107)

Hence, it turns out that the physical and material problems are coupled by the pseudo load
operator p(v, 8; -, -). Figure 4.1 summarizes the complete variations in the physical and ma-
terial spaces.

4.7.2 Finite element formulation

The complete variations of the energy with respect to the state and the design yield the frame-
work for the complete description of the physical or direct and material or inverse motion
problem as well as corresponding sensitivity relations, see Fig. 4.1.

For classical problems with a fixed reference configuration {2 we can say that the finite
element formulation is complete if we supply the physical residual vector R and the tangent
physical stiffness matrix K. From this we can solve the linear equation KAv = —R in every
Newton step in order to compute the increment in the state Av.
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E(v,s)

R(v,s;m) =n"R G(v,s;9) =97G

k(v,s;m,0v) = nT Kdv p(v, s;m,68) = nT Pss t(v, s;,0v) = YT Tov d(v, s;,08) = T Dés

p(v, 8;6v,9) = VT P = T PTov = t(v, s;1, 6v)

Figure 4.2: Summary of the complete discrete operators of the primal problem

But for problems with configurational variations, we can say that the formulation is complete
if we supply additional the material residual G, the pseudo load operator matrix P and the
tangent material stiffness D. With all these operators the formulation is complete in the sense
that the energy depends on the state and the design and we allow changes in both variables,
see Fig. 4.2.

Using the variational formulations for k(-, -), p(+,-) and d(-, -) from (4.87), (4.88) and (4.90),
the tangent matrices P and D can be computed and assembled in the same routine as the
classical physical stiffness matrix K without considerable computational cost, because all of
these matrices have the same structure. The matrix formulations are given in (4.98), (4.99)
and (4.100), respectively.

The same holds true for the material residual G, which can be computed in the same way as
the classical physical residual vector R. By means of all these operators the finite element
formulation is complete. With this at hand, the physical and material problems can be solved
and sensitivity analysis in the physical and material spaces can be performed.

4.8 Summary and concluding remarks

Variational balance laws and sensitivity relations for the primal physical and material prob-
lems have been proposed within this chapter. Due to symmetry both problems are coupled by
the pseudo load operator p(v, s; -, -). The obtained residuals and tangent forms can be used
within different applications which are concerned with energy minimization. The proposed
approach yields a complete framework for the solution of the classical physical or direct
motion problem as well as for the material or inverse motion problem. Applications for the
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Table 4.1: Summary of important variational and discrete sensitivity relations

Variational formulation Discrete formulation

primal physical residual

R = k(v, s;-,6v) + p(v, s;-,68) OR = Kdv+ Pds
primal material residual

0G = p(v,s;6v,-) +d(v,s;-,08) 6G = PTSv + Dés

primal pseudo load tangent form

p(v,s;m,0s) n" Pés

primal pseudo load (physical)

Qp(v,s;m) = p(v,8;n,08) n7Q, = nT P&s
primal pseudo load (material)

Qm(v,s:9) = p(u, s;00,1) Y Q=" PV

sensitivity of v

k(v,s;-,0v) = —Qp(v, s;+) Kév =-Q,
sensitivity of s

d(v,s;-,08) = —Qm(v, s; ") Dés = —Q,,
sensitivity of £

§sF = G(v,s;0s) §sF =GTss

optimization of finite element meshes and shape optimization are studied in Chapter 7 and
Chapter 9, respectively.

For the classical physical problem with a fixed reference configuration {2 the formulation in
terms of the deformation ¢ or the displacement field w yield the same results. But if problems
with changes in the material configuration are considered, i.e. if the reference configuration
Qg is not fixed, we have to distinguish between ¢ and u within the sensitivity analysis.

Furthermore, a complete and consistent finite element formulation of the derived residuals
and tangent forms has been given. All residuals and tangent matrices can be computed in
the same routine as the usual physical residual vector and tangent stiffness matrix. The finite
element formulation is complete if all residuals, i.e. R and G, as well as all tangent matrices
K, P and D are supplied.

Finally, the most important variational and discrete sensitivity relations are summarized in
Table 4.1.






Chapter 5

Duality techniques in the physical and material
spaces

Duality relations in the physical and material spaces are investigated within this
chapter. Additionally to the well-known dual physical problem, the correspond-
ing dual material problem is introduced. Furthermore, a dual relation for the
coupled physical and material problem is proposed. The derivation of the dual
problems is based on a general optimal control approach, which yields the frame-
work for general variational problems.

5.1 Introduction

The concept of duality plays an important role in many fields which deal with local quantities
of interest, e.g. in structural mechanics, physics, optimization, control theory, computational
methods and goal-oriented error estimation, see e.g. [4,49,62,85].

In structural mechanics and mechanics in the physical space, duality relations are well-known
as Betti’s principle, also known as the reciprocity theorem. The quantities of interest are for
instance displacements and pointwise stresses or average stresses. The corresponding dual
solutions are Green’s functions or influence functions, see e.g. [49,51].

Green'’s functions play an important role in the solution of linear partial differential equations
[34,76]. Furthermore, they are a key component of boundary integral methods such as the
boundary element method [50].

In structural optimization the dual problems are termed as adjoint problems and the corre-
sponding solutions are referred to as adjoint solutions, see e.g. [27,28].

In the context of configurational mechanics or mechanics in the material space, a reciprocity
relation in the material space similar to the reciprocity relation for point loads in the physical
space was proposed in [53,54].

Within this work, a general variational approach for dual solutions in the physical and mate-
rial spaces is investigated. In addition to the classical dual problem of the physical problem,
also duality relations for the material problem as well as for the coupled physical and material
problem are proposed. Some parts of this chapter are published in [73].

47
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5.1.1 A linear model situation

The primal problem. For motivation a linear model problem is considered. Let for instance
u € ) be the solution of the so-called primal problem in the variational form

a(u,n) =F(n) Vnev, 5.1

where a(-,-) : YV — R denotes a bilinear form corresponding to the considered differential
operator and F'(-) : V — R is a linear functional associated with the given external loads in
a given space V.

The quantity of interest. In duality techniques we are concerned with a certain quantity of
interest or general output or cost functional J(u), which can be every functional value which
corresponds in some sense to the solution u. The quantities of interest can be represented as
linear or nonlinear functionals J(-) : V — R of the solution. This could be point values, e.g.
a component u; or the derivatives Jju; or the stress component o;;(u) at some given point
X, ie.

J(u) = u;(X) or J(u) = Ipui (X) or J(u) = 0;;(X). (5.2)

Furthermore, it could be some integral value over a certain region I';., e.g.
J(u) = / Oru; (X)dT. (5.3)
T,

In general, every quantity of interest can be associated with a functional J(-).

The dual problem. For a chosen quantity of interest J(u), the corresponding dual or ad-
Jjoint solution or generalized Green’s function z € V is determined by the dual or adjoint
problem

a(n,z)=J(n) VneV. (5.4

The duality relation. A duality relation is in the linear case easily obtained. Obviously, by
using (5.1) and (5.4) as well as the symmetry of a(-, -), we have

J(u) = a(u, z) = F(z). (5.5)

If the dual solution z is known, the quantity of interest J(w) can be computed for arbitrary
functionals F'(-), i.e. J(u) = F(2).
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For instance, let the displacement u; at some material point X be the quantity of interest, i.e.
J(u) = u;(X). Furthermore, let

F(n) :/ br - ndQ
Qr

be the explicit form of the functional. Then, we have
J(u) =u;(X) = / br - 2dQ = F(z).
Qr

Hence, J(u) is given by the scalar product between the dual solution z and the given data
br. In structural mechanics this is well-known as Betti’s principle and the dual solutions are
the Green'’s functions or influence functions for u;(X). In the discrete case we have

u;(X)=z"F,

in which z € R"™ is the discrete dual solution corresponding to u; and F € R"™ is the discrete
load vector corresponding to the functional F'(-).

Remark 5.1 (Computation of J(w)) In general, there are two ways to compute J(u). The
first or classical way is to solve the primal problem (5.1). We obtain J(u) directly from u
or by a postprocessing step. The second way is indirect. We solve the dual problem (5.4) and
obtain the dual solution z. Afterwards, we evaluate Eq. 5.5 and get J(u). The advantage of
the second approach is that for a given dual solution z the quantity of interest J(u) can be
computed for arbitrary functionals F (-), i.e. for arbitrary given data.

5.1.2 Regularized functionals for point values

From a mathematical point of view the energy of the dual problem a(z, z) is infinite for some
dual solutions, because they are caused by point loads, which are represented by Dirac delta
functions 8(Y — X)), see e.g. [49,51]. Hence, (5.4) may not be well-defined.

The quantity of interest can be written as
J(u(X)) = / 5(Y — X) - u(Y)dQy.
Q

In order to avoid such infinite energy terms, we use for point values regularized functionals,
e.g. for the point values from (5.2) we have

u; (X)) dQ or Je(u) = @ Orui (X)) dQ.
e Ja.
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This corresponds with the mean value of the displacement or the derivative of the point value
in a small domain

Qo ={YecQ: ||V - X|<e}

around the point X, see e.g. [4]. The corresponding dual solutions behave like regularized
Green'’s functions and Eq. 5.4 is well-defined. Alternatively, a mollifier function can be used,
in which the Dirac function (Y — X)) is approximated by mollifiers ¢ (Y — X) [88]. The
quantity of interest can be written as

J.(u(X)) = / .(Y — X) - u(Y)dQy,

where ¢, are infinitely smooth functions, see [85] for details.

With this in mind, we consider within this work always regularized functional for the quantity
of interest such that the corresponding dual problems are well-defined. The corresponding
dual solutions are regular and the dual energy a(z, z) has a finite value.

5.2 A general framework for duality techniques

The relation (5.5) holds in the exact form only for linear problems. Nevertheless, the duality
approach can be extended to general nonlinear variational problems. Furthermore, the concept
is more general and not restricted to mechanical problems and interpretations.

We consider an abstract optimal control approach, which yields a general framework for
duality relations of variational problems. Such an approach is also used for instance within a
posteriori error estimation techniques in finite element methods [4, 12].

Let x € X be the solution of a given (nonlinear) variational problem
Alx;m) =0 VnpeX (5.6)

in a space X'. Furthermore, let J(x) : X — R be the (possible nonlinear) quantity of interest
with respect to the solution x.

An optimal control approach ends in the following constraint optimization problem:

min J(x) subject to A(xz;n) =0 VneX. (5.7)

zrzeX

The constraint is nothing but the variational problem (5.6). The corresponding Lagrangian
functional reads

L(z,g) = J(z) — A(z; 9g) (5.8)
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and the first-order optimality condition follows in the form
L;(%g)(V)} { Jo(zv) — Al (z: g, V)}
= = 0

L, (x,g)(n) — A(z;m)

forall {v,n} € X x X.Here, g € X denotes the dual or adjoint variable. The first equation
in (5.9) is the dual or adjoint problem and reads: Find g € X such that

Al (z;9,v) = JL(z;v) Vv eX, (5.10)

L'(@,g)(v,n) = { (5.9)

with the tangent form A’ (x; -, -) and the linearized functional .J. (x;-), i.e.

, J(z;v) ::digJ(ac—i—El/) (5.11)

d
A (23 g,v) = — Az +evig)
de =0 e=0
The dual problem is a linear problem and is formulated at the current linearization point, i.e.

at a given solution .

The second equation in (5.9) is just the variational equation of the primal problem (5.6). In
the general nonlinear case, the solution of this equation within a Newton scheme requires the
linearization A(x;n) + D, A(x;n) - Az + O = 0. The tangent operator is given in (5.11)
and denoted by t(x;n, Ax) := D, A(z;n) - Ax = Al (x;n, Ax). The term O denotes a
remainder of higher-order and can usually be neglected. Hence, the solution of the nonlinear
primal problem (5.6) requires the solution of the linear equation

t(x;n, Ax) = —A(x;n) VneX (5.12)
in every Newton step in order to find the new increment Ax.

By using (5.10) and (5.12) as well as the symmetry of the bilinear form A, (x;-,-) = t(x;-,-),
ie. Al (x;n, Ax) = Al (x; Az, n), we have

J(z; Az) = t(x; 9, Ax) = —A(z; g). (5.13)

If the dual solution g is known, the change in the quantity of interest .J(x) can be computed
for arbitrary functionals A(x;-), i.e. J.(x; Ax) = —A(x; g).

In order to make this relation more transparent we consider a discrete formulation. Let
J(xy) = x; be the quantity of interest and let g € R™ be the discrete dual solution according
to x; as well as J,, € R"™ be a discrete vector which corresponds to J.,(xy; -). Furthermore,
let T € R™™ " be the tangent matrix and let A € R" be a discrete vector corresponding to
the bilinear form ¢(x,; -, -) and the functional A(xp; -), respectively. With these, the discrete
versions of (5.12) and (5.10), i.e. the discrete linearized primal problem and the discrete dual
problem are given as

TAx=-A and TTg=J, (5.14)

respectively. Due to the symmetry of the tangent form A’ (x;-, ), we have T = T7. Then,
the change in the quantity of interest J! (xp; Axy) = Awx; at the current linearization point
x is given from the discrete version of (5.13) in form of

Az, = AxTJ, = AxXTTTg = g"TAx = —gT A. (5.15)
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5.3 The physical problem

The above described approach is now applied to the physical problem. The primal physical
problem and the corresponding dual problem are introduced and a duality relation for physical
quantities is derived.

5.3.1 The primal physical problem

The variational equation of the primal problem is given in Eq. 4.7 as
R(v,s;m) =0 Vne.

This equation is solved for a given fixed design s. The solution within a Newton scheme
requires the solution of the linearized equation (4.77) given by

k(v,s;m, Av) = —R(v, s;1n) Vnev. (5.16)

5.3.2 The dual physical problem

Let J(-) : V — R be a (possible nonlinear) quantity of interest for a given fixed s. The
optimal control approach from Section 5.2 is used with & = v as the considered variable and
X = V. This ends in the following constraint optimization problem:

Inel{}l J(v) subject to R(v,s;m)=0 VneV. (5.17)

Then, the Lagrangian functional reads
L(v,z) = J(v) — R(v, s; 2) (5.18)
and the optimality condition becomes

J) (v;6v) — R, (v, s; 2, 6v)
—0  V{6v,6z} €V x V. (5.19)
— R(v, s;02)

The tangent form is the physical stiffness (4.87), i.e. R, (v, s;z,-) = k(v, s; 2, -). The first
equation is the dual physical problem. Hence, the corresponding dual physical solution z € V
is determined by

k(v,s;2,m) = Jy(vin)  VneV. (5.20)

The variation of J according to (5.11) is given from J),(v;n) = <% J(v+ ET[)‘E:O. The
explicit form of J} (v; -) depends on the chosen quantity of interest J.
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With (5.16) and (5.20) and by using the symmetry of k(v, s; -, ) we have
J! (v; Av) = k(v, s; 2, Av) = —R(v, s; 2). (5.21)

Finally, if the dual solution z is known, the change in the quantity of interest can be computed
for arbitrary functionals R(-), i.e.

J)(v; Av) = —R(v, s; 2). (5.22)
We consider the discrete case. Let J(v;,) = v; be the quantity of interest and let z € R"
be the vector with the discrete dual solution corresponding to v;. Then, the discrete form of
(5.22) for the change in the quantity of interest reads

Av; = —zT'R, (5.23)

where R € R" is the physical residual vector corresponding to R(v, s; -).

5.4 The material problem

In the same manner, a dual material problem can be introduced using the framework for dual-
ity techniques of variational equations. Furthermore, a duality relation for material quantities
is proposed.

5.4.1 The primal material problem

The variational equation of the material problem is given in Eq. 4.8 and reads
G(v,s;9) =0 Vi eS.

In order to solve this nonlinear problem in a staggered way, we use the linearized equation
(4.81) obtained in form of

m(v, s;¢, As) = —G(v, s;¢) Vi €S. (5.24)
The material tangent operator has been introduced as m(v, s; ¢, As) := D,G(v, s;1) - As,

which has to be evaluated for the current {v, s}. This equation has to be solved in every
Newton step in order to compute the increment As.
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5.4.2 The dual material problem

Let J(-) : & — R be a quantity of interest for a given v(s). The optimal control approach
from Sec. 5.2 with x = s and X = S ends in the following problem:

mig J(s) subject to G(v,s;9)=0 Vo es. (5.25)
sc

The corresponding Lagrangian functional reads
L(v,s,q) = J(s) — G(v(s), s; q) (5.26)
and the first-order optimality condition follows in the form
L'(v,s,q)(0v,0s,0q) = L, (v,s,q)(0v) + Ly (v, s,q)(ds) + L, (v, s,q)(0q)
= -G (v, s;q,0v) + J.(s;68) — G\ (v, 8;q,83)
— G(v,s;6q) = 0. (5.27)

By virtue of the relation between the total variation G’ and the total partial variation DG we
can eliminate §v and obtain only a dependency on Js, i.e.

G'(v,8;q)(0v,ds) = G, (v, 8;q,0v) + G(v, s;q,08)

(5.28)
= m(v7 s:q, 55) = DSG(U(S)v S q) -ds.
The optimality condition can be written as
L' = J(s;08) —m(v, s;q,ds8) — G(v, s;5q) = 0. (5.29)

Under the assumption that §s and dq are independent variations we obtain the system

Ji(s;98) —m(v, s;q,0s)
=0 V{ds,dq} € S x S. (5.30)
- G(Ua S; 6q)

The first equation is the dual material problem: Find the dual material solution q € S such
that

m(v,s;q,9) = J(s;9) VY eES. (5.31)
The second equation is just the primal material residual (4.8).

The variation of .J according to (5.11) is given from J/(s;%p) = £ J(s+ 5111)|6=0. By
using (5.24) and (5.31) as well as the symmetry of m(v, s; -, -) we have

Ji(s; As) = m(v, s;q, As) = —G(v, s;q). (5.32)
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If the dual solution q is known J/(s; As) can be computed for any functionals G(-).

We consider the discrete case. Let J(sp) = s; be the quantity of interest and let g € R™
be the vector with the discrete dual solution corresponding to s;. Then, the discrete form of
(5.32) for the change in the quantity of interest reads

As; = —qTG, (5.33)

where G € R™ is the material residual vector corresponding to G (v, s; -).

5.5 The coupled problem

As for the physical and material problems, a dual problem and a duality relation can be
also established for the coupled physical and material problem. We use the notation from
Section4.5.1,i.e. wesety = {v,s} € Y, Ay = {Av, As} € Yaswellas ¢ = {n, ¥} € ),
where ) :=V x S.

5.5.1 The primal coupled problem

The variational equation of the coupled primal physical (4.7) and material problem (4.8) is
given in (4.65) as

B(y;¢) = R(v,s;m) + G(v,8:9) =0 Vel
The solution of this problem ends in the linearized equation (4.67) given by
hy; ¢, Ay) = —B(y;¢) Ve, (5.34)

where the Hessian h(y; ¢, Ay) is given in (4.69). This equations has to be solved in each
Newton step in order to compute the increment Ay.

5.5.2 The dual coupled problem

Let J(-) : Y — R be a quantity of interest. Then, we have to solve the following optimization
problem:

min J(y)  subjectto  B(y:$) =0 Ve (5.35)
Yy

The corresponding Lagrangian functional is given by

L(y;y™) = J(y) — B(y;y") = J(v,8) — R(v, 8;2.) — G(v, 8;q,.). (5.36)
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Here, y* := {z.,q.} € Y is the dual or adjoint solution for the coupled problem, in which
z. €V is the dual solution for the physical problem and g, € S the corresponding dual so-
lution for the material problem. The index c indicates that the coupled problem is considered.
We seek for stationary points of L which are candidates for optimal solutions of

L'(y;y*)(dy, oy™) = 0.

This leads to the following problem. Find w := {v, s, z.,q,} € V X § x V x S such that

L (w)(dv) J) (v, 8;6v) — R, (v, 8; 2., 0v) — G (v, 8; q,., 0v)
L (w)(ds) Ji(v,8;08) — R.(v,8;2,08) — G.(v, s;q,,08)
_ —0 (537)
L (w)(dz.) — R(v,s;0z.)
L;(W)(éqc) - G('U, 83 (qu)

YV {dv,0s8,02.,0q.} € V xS xV x S. The last two equations are just the primal physical
and material problems given in (4.7) and (4.8).

The first two equations yield the dual coupled problem, which is given using the definition of
the Hessian (4.69) as

{ k(v,s;z¢,00) + p(v, s;6v,q.) = J,(v, s; 517)}

p(v, 8; 2¢,08) +d(v, s;q,,08) = J.(v,8;08)

(5.38)

compare with the linearized primal coupled problem (4.70). Let J'(y; dy) be the total varia-
tion of the functional J, i.e.

J'(y; 6y) := J (v, 8;0v) + J.(v, 8;8). (5.39)
Then, the dual coupled problem is given as follows. Find the dual solution y* € ) such that

h(y;y* @) =J'(y;¢) Voel. (5.40)

Finally, a duality relation for the coupled problem is obtained by using (5.34) and (5.40) as
well as the symmetry of h(y; -, -) in form of

J'(y; Ay) = h(y; y*, Ay) = —B(y; y*). (5.41)

This equation can be evaluated for arbitrary residuals B(y;-) if the corresponding dual so-
lutions y* = {z.,q.} are known. The result is the total change in the quantity of interest
with respect to v and s. The index c indicates that the dual solutions are obtained using the
coupled system. Note, that these dual solutions differ in general from the results which are
obtained with (5.20) and (5.31), respectively. Because the consecutive solution of (5.20) and
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(5.31) is part of a staggered solution scheme, i.e. a decoupled algorithm, and the increments
{Awv, As} differ from the results of (5.34).

We consider the discrete formulation in order to make the above relations more transparent.
Let J(y,,) = v; be the quantity of interest. Then, the discrete dual solution y* = [zI g]T
is the solution of the discrete version of (5.40) given as

K P Z. _ Jv
eoolla ] ln] 542
where J,, and J; are the discrete vectors corresponding to the functionals .J/ (y; -) and J.(y; -),
respectively.

The discrete version of the duality relation (5.41) reads
Ay = -y "'B=—[z2"R+q7G]. (5.43)

Finally, if the dual solution y* is known the total change in the quantity of interest can be
computed for arbitrary residuals B = [RT G7]7.

Remark 5.2 (Energy as quantity of interest) If we choose the overall primal potential en-
ergy E as quantity of interest, i.e. J(v,s) = E(v, s), the right hand side of (5.40) becomes

J' (y;6y) = J) (v, 8;6v) + J.(v,8;08) = R(v, s;6v) + G(v,8;08) =0.  (5.44)

Hence, the dual solution y* vanishes and the optimality condition (5.37) is reduced to the
optimality condition of the primal physical problem (4.6).

5.6 An illustrative example

A plate with a slit loaded by a body load by is considered as indicated in Fig. 5.1a. The
physical quantity of interest is the vertical component of the nodal displacement at a given
point P, i.e. J(vp,) = uz(P). The material quantity of interest is the vertical component of
the nodal coordinate at P, i.e. J(s) = Xo(P).

The approximate dual solutions zj and g, are computed using the finite element method
and the shown mesh by solving (5.20) and (5.31), respectively. The dual loads for the chosen
quantities of interest are just unit loads in vertical direction.

The vertical component of the dual physical solution z; and the dual material solution g,
are given in Fig. 5.1b and Fig. 5.1c, respectively. The dual solutions reflect the influence
of the considered residual on the change in the physical and material quantity of interest,
respectively. For instance, a large value of z in a certain domain €2; indicates that a physical
residual in 2; causes a large change in wus. In the same manner, a large value of q in €;
indicates that a material residual in §2; causes a large change in X5. Hence, the dual solutions
are the influence functions for the considered physical and material quantity, respectively.
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b ;
P 2
0 . 3 -~ > '
(a) primal problem (b) dual physical solution z2 for (c) dual material solution gg for

J(vp) = uz2(P) J(sp) = X2(P)

Figure 5.1: Plate with a slit loaded by a body force bg: the dual physical solution z;, and the
dual material solution g,, in vertical direction

5.7 Summary and concluding remarks

Duality techniques for the physical and material problems as well as for the coupled problem
based on variational principles have been proposed. This was based on an optimal control
approach, which yields the general framework for duality relations of variational equations.
The form of the dual problem and the corresponding dual solution depend on the kind of the
considered variational problem. The derived duality (sensitivity) relations are summarized in
Box 5.1.

The dual problems in the physical and material spaces are always linear problems and for-
mulated at the current linearization points {v, s}, i.e. at a given deformed state. If the dual
solutions are known, a quantity of interest can be computed for arbitrary physical and material
residuals, respectively.

The duality relations can be also interpreted as sensitivity relations, because they express the
sensitivity of the considered quantity of interest with respect changes in the corresponding
residual. For instance, for (5.22) we can write

dv; = —z1 SR, (5.45)

where R denotes the variation in the physical residual. The variation in the quantity of
interest dv; is coupled with the variation JR by the dual solution or influence function z.
With this in mind, z could also be termed as sensitivity function .
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physical problem
variational discrete
quantity of interest J(v) =vi J(vn) = vn,
primal physical problem R(v,s;m) =0 n"R(v,s) =0

linearized primal problem

k(v, s;n, Av) = —R(v, 5;m)

nTKAv = —nTR

dual physical problem k(v,s;2,m) = J,(v;n) n"Kz=n"J,
duality (sensitivity) relation Jy(v; Av) = —R(v, 8; 2) Av; = —z"R
material problem
variational discrete
quantity of interest J(8) = s J(sn) = sn,

primal material problem

G(v(s),s;) =0

PTG(v(s),s) =0

linearized primal problem

m(v7 S3 '¢7 AS) = —G(’U, S3 'l/))

P MAs = —97G

dual material problem

m(v, s;q,v9) = J.(s;9)

¢TMq = ¢TJS

duality (sensitivity) relation

Ji(s; As) = —G(v, 5;q)

As; = —qTG

coupled physical and material problem

variational discrete
quantity of interest J(y) = yi J(Yn) = yn,
primal coupled problem B(y;¢) =0 "B=n"R+9"G=0

linearized primal problem

h(y; ¢, Ay) = —B(y; ¢)

¢'HAy = —¢'B

dual coupled problem hy;y™ @) = J'(y; p) ¢"Hy  =¢"J
/ * Ayi = _y*TB
duality (sensitivity) relation J'(y; Ay) = —B(y; y") _ —[chR 4 qZG]

Box 5.1: Summary of variational and discrete duality relations






Chapter 6

Structural and sensitivity analysis of the dual problem

Variations in the physical and material spaces are considered for the dual pro-
blem. Based on an energy functional of the dual problem, balance laws and sen-
sitivity relations for the dual solution itself as well as for a chosen quantity of
interest are derived. The dual problem is embedded in the same framework as
the primal problem and novel complete variational and discrete formulations for
elasticity are proposed.

6.1 Introduction

As mentioned in Section 5.1, the dual physical problem plays an important role in struc-
tural mechanics as well as in computational methods for the computation of local quantities
of interest, such as pointwise stresses and displacements or average stresses, see e.g. [51].
Furthermore, the concept of duality is essential within goal-oriented error analysis and mesh
optimization techniques [4], see Section 8.1 and Section 8.2.1. But usually only variations
with respect to the state are considered. As far as the author knows, configurational variations
for the dual problem itself have not been studied so far.

The goal is now to embed the dual problem in the same framework as the primal problem. To
achieve this, we introduce in addition to the usual primal energy functional E(v, s) an energy
functional E* and a strain energy function W, for the dual problem. The variation of the dual
energy with respect to configurational changes yields a novel energy-momentum tensor for
the dual problem. In addition, a sensitivity relation for the dual solution itself is proposed,
i.e. we are interested in the change of the dual solution due to configurational changes. The
error in a chosen quantity of interest depends on the error in the corresponding dual solution.
In this context, it is of interest to study the sensitivity of the dual solution and the quantity of
interest. Some parts of this chapter are published in [71].

61
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6.2 Energy minimization and variational balance laws

6.2.1 The dual problem

The dual physical problem has been introduced in Section 5.3.2 in (5.20). The dual problem
corresponding to the chosen quantity of interest J (v, s) is formulated at the current lineariza-
tion point, i.e. on a given deformed state v. The dual solution z € V is determined by the
linear equation

k(v,s;z,m) = J,(v,s;m) VYpe. 6.1)

We introduce first an energy functional of the dual problem in order to use the same frame-
work as for the primal problem.

6.2.2 The dual energy functional

Let E*(v)(z, s) be the total potential energy of the dual problem. The energy depends on the
state function v € V because the problem is formulated on a given deformed configuration.
Furthermore, the energy depends on the same design function s € S as the state. We assume,
that J(v) is a regularized functional and well defined on V. Then, the dual solution z € V is
a minimizer of the corresponding energy functional of the dual problem

E*(v)(z,8) := C"(v)(z, 8) = J (v, 8; ), (6.2)

where C*(v)(z, s) denotes the internal energy of the dual problem. Furthermore, the func-
tional J/ (v, s; z) contains the external potential energy, in which the explicit form of .J;
depends on the chosen quantity of interest.

By means of k(v, s; -, -) given in (4.87), we introduce the strain energy function of the dual
problem

Wi(v,z) == [S(v) : Ell (2,2) + E| (v,2) : C: E| (v,2)] (6.3)

[N

such that the internal energy of the dual problem is given as
1
C*(v)(z,s) :== 3 k(v,s;2,2z) = Wg(v, z) dQ. (6.4)

The energy functional of the dual problem E*(v)(z, s) is constructed at a given deformed
state and describes an energy quantity due to the linear dual solution z at this point.

Remark 6.1 (Construction of the dual energy functional) The dual problem is formulated
at a given deformed state v and the dual energy functional E*(v)(z, 8) is chosen in such a
way that EX'(v)(z,8)(n) = k(v, 8; z,m) — J/ (v, 8;n), i.e. the partial variation of E* with
respect to z yields just the variational dual problem (6.1).
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6.2.3 The dual physical and material residuals

The minimization of the dual energy with respect to z and s ends in the following minimiza-
tion problem.

Problem 6.1 Find {z,s} € V x S such that the dual energy functional (6.2) is minimized,
ie.

E*(v)(z,s) = . glér\l}XsE* (v)(g,r). (6.5)

The first-order optimality condition results in the following problem. Find {z,s} € ¥V x S
such that

B (v)(2,5)(n) B {R*(vvs;zm)
B (v)(2,8) () G*(v,832;9)

The partial variation of E* with respect to z yields the dual physical residual R* : V — R
given as

}:0 V{n,p} eV xs. (6.6)

R*(v,8;2,m) := E% (v)(z,8)(n) = k(v, s;2,m) — J,, (v, s;m). (6.7)

This is just the variational equation (6.1) for the dual problem. A variation with respect to
changes in the design s leads to the dual material residual G* : S — R in the form

1
G* (Ua S5 23 Q/}) = E:/(’U)(Z7 S)(Q/J) = 5 k; (117 S5 z; 1/1) - J;)/s(v7 8%, ’l,b) (68)
The dual material residual G* represents the sensitivity of the energy functional E*(v)(z, s)
with respect to changes in the design s. The change in the design causes a change in the
gradients of the state v and therefore a change in the dual solution at this state. Finally, this
ends in a change of the energy functional of the dual problem.

Remark 6.2 (Linear vs. nonlinear arguments) The dual problem is a linear problem and
the bilinear form k(v, s; z,-) in the dual physical residual (6.7) is linear with respect to all
arguments right from the semicolon. The variables left from the semicolon are the current
evaluation points. In contrast, in the dual material residual (6.8), the dual solution z appears
as a quadratic term, because the variation of the strain energy of the dual problem (6.3) with
respect to s is still quadratic in z. This important fact is indicated by the second semicolon
inkl(v,s;z;), Le.

k;('v,s;z;~) = k;(’l),S;Z7Z,'), (69)

Hence, in this semilinear form only the arguments right from the second semicolon are linear.
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6.3 Variational sensitivity analysis

In the same manner as for the primal problem in Section 4.3, the sensitivities of the energy and
the residuals are investigated. Furthermore, a sensitivity relation for the quantitiy of interest
is considered.

6.3.1 Sensitivity of the energy functional

The sensitivity of the dual energy functional (6.2) is given as the total variation with respect
to z and s, i.e.
OE* =0, E*(v)(z,8)(0z) + 6 E*(v)(z, s)(ds)
(6.10)
= R*(v,s;2,0z) + G*(v, s; 2;d8).

For a given solution z € V of (6.1) we have R*(v, s; z,0z) = 0. Hence, the first contribution
vanishes and the sensitivity relation becomes

JE* = 6,E*(v)(z,5)(ds) = G*(v, s; z;ds). (6.11)

Therefore, the dual material residual G* can be interpreted as the sensitivity of the dual energy
E* with respect to configurational variations ds.

6.3.2 Sensitivity of the physical residual

The change in the design yields a change in the state and in the quantity of interest as well
as in the dual solution. In order to establish a sensitivity relation for the dual solution, we
consider the dual physical residual R* = 0 given in (6.7). The total variation reads

R* = R (v,s;0z,m) + R (v,s;2,7m,6s) = 0. (6.12)
The variation consists of two parts. Due to the fact that R* is linear in z we have
k*(v,s;0z,m) := R (v,s;02z,m) = k(v, s;0z,m). (6.13)

Hence, the first part is the tangent stiffness operator (-, -) from (4.87). The second part is the
dual tangent pseudo load operator

p*('U7 s;z,Mm, 58) = R:/(’U, s;z,1, 53)

(6.14)
=Fk.(v,8;,2,m,08) — J' (v,8;1m,08).
This is a bilinear form p* : V x § — R. With these, (6.12) becomes
R* = k(v,s;02,m) + p*(v,8;2,m,08) = 0. (6.15)

A rearrangement of (6.15) leads to the following variational problem.
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Problem 6.2 Let 65 € S be a given fixed design variation. Find §z € V such that
k(v,s;6z,m) = -Q,(v,s;2,m) YneV, (6.16)
where
Qy(v,8;2,-) :=p*(v,8;2,,08) (6.17)
is the dual pseudo load for a given fixed variation §§ at the current state {v, s, z}.
This is a variational equation for the sensitivity of the dual solution due to changes in the

design. For a given variation in the design 08, we can calculate the variation in the dual
solution §z.

6.3.3 Sensitivity of the material residual

The sensitivity of the dual material residual (6.8) is given from the total variation of G* = 0,
i.e. we have

G*' =G (v,8;2;1,02) + G (v, 8;2;9,68) = 0. (6.18)
The partial variations are introduced as

. (6.19)
= 5 k;(vﬂs;zvé'Z;dJ) - J’L/J/S(v7s;5z7¢)7

d* (v, 51 2;9,05) == G (v, 5,219, 6s)
. (6.20)
= 5 kgs(’u7 S Z; ’d)» 65) - Jql)/;s('ua Sz, "/)a 6S)a

where d* (v, s; z; 1, 0s) denotes the dual tangent material stiffness operator. For given fixed
{v, s, z} these are bilinear forms t* : SxV — Rand d* : SxS — R. Due to permutableness
of variations, i.e.

G = (E")! = (E")!, =R, (6.21)

1
we obtain for the variation of G* with respect to z

t* (v, s;2,%,02) = p* (v, s; 2,02, 9). (6.22)
Hence, (6.18) can be written as

G =p*(v,8;2,02,%) + d* (v, s; z;9,68) = 0. (6.23)

After rearranging the above terms we can formulate the following problem.
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Problem 6.3 Let 6z € V be a given fixed variation. Find 0s € S such that

d* (v, s;z;9,08) = —Qr, (v, 85 2,v) Vi eS, (6.24)
where

Qr.(v,8;2,-) :=p*(v,s8;2,0%,") (6.25)

is the dual pseudo load of the material problem for the variation §Z.

6.3.4 Sensitivity of the quantity of interest

The variation in the state Jv € V due to a variation in the design §s € S is given by the
variational equation (4.21) as

k‘('v,s;n,&'v) = _Qp('U, 5777) V”] € V

Furthermore, the dual solution z at the current linearization point is determined by (6.1),
which is given by

k(v,s;z,m) = J,(v,8;m)  VnpeV.

Due to the symmetry of k(-,-) we obtain a sensitivity relation for the quantity of interest in
the form

J (v, 8;0u) = k(v, 8;2,0v) = —Q,(v, s; 2). (6.26)

Hence, the variation in a quantity of interest is given by the scalar product between the dual
solution z and the pseudo load corresponding to the design variation ds, i.e.

J (v, 8;0v) = —Qp(v, s; 2). (6.27)
If the dual solution z is known, this equation can be evaluated for arbitrary pseudo loads

Qp(v,s;-) = p(v,s;-,08) = R,(v,s;-,08), i.e. for arbitrary admissible design variations
0s. The pseudo load operator of the primal problem p(v, s;-,08) is given in (4.88).

6.4 Finite element approximation

6.4.1 The discrete energy minimization problem

The finite element formulation is based on a conforming Galerkin method as for the primal
problem in Section 4.4.2. The discrete dual solution z;, € V}, C V and discrete design
sy € S C S are determined by the following discrete version of Problem 6.1.
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Problem 6.4 Find {z,,sn} € Vi, X Sy, such that

(vn)(zn, sh) e (vr)(@p;Th)

The optimality condition is given as follows. Find {zp, s} € V}, x S}, such that

{R*(vhasmzhanh)

}:O V{nh,wh}EVhXSh.
G™ (vn, 8n: zni¥y,)

6.4.2 Matrix representation of the residuals and tangent forms

(6.28)

(6.29)

For a matrix description of the approximate dual solution z, € V) C V we introduce the
discrete approximations for the dual solution, i.e. the nodal vector z € R™ and the variation

0z € R™.

For given {0}, 81, 21 }, the discrete versions of the residuals and tangent forms are given as

R*(¥n, 8n; 2n,mp,) = 0" R,
G*(Dn, 8n; 213 v),) = $1G*,

k(®n, 8n;0zn,m;) = 02" Kn =" Kbz,
P* (D, 813 2n, My, 08K) = 0’ P*ds,
t*(On, 8n; 2,1y, 021) = YT T 0z,

d*(On, 8n; 2n; Py, 08) = P’ D*ds,

(6.30)

(6.31)
(6.32)
(6.33)
(6.34)
(6.35)

where the vectors and matrices associated to the functionals and bilinear forms are denoted

by
R* e R" dual physical residual vector
G* e R™ dual material residual vector
P* ¢ R™™ dual tangent physical pseudo load matrix
T e R™*" dual tangent material pseudo load matrix
D* ¢ R™*™ dual tangent material stiffness matrix.

Note that due to symmetry we have T* = (P*)T. Details on the formulation of the matrix

representations are given in C.3 and C.4.
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6.4.3 The discrete sensitivity equations

The discrete sensitivity relation of the dual energy (6.11) with respect to variations Js reads
§,E* = G* Js. (6.36)

Furthermore, the total variations of the dual physical (6.15) and material (6.23) residuals
become

SR* =Kéz+P6s=0 or 0d0z=—-K 'P*fs, (6.37)
6G* =P T5z4+D*6s=0 or ds=-D"1P7Tsz. (6.38)

The discrete versions of the sensitivity equations for the dual physical (6.16) and material
(6.24) problem are given by

Kéz=-Q; with Q:= P*3s, (6.39)

D*§s = —-QF  with QF :=P*Tsz. (6.40)
Here, Q) € R™ is the dual pseudo load vector of the dual physical problem associated to the
functional Q;('u ks Sh; Zh, +) and QF, € R™ is the pseudo load vector of the material residual
problem associated to the functional Q7 (v, $p; zn, *)-

Remark 6.3 (Sensitivity operator) In Remark 4.5 we have proposed a sensitivity relation
for the state as v = Sy, ds. In the same manner, we obtain with (6.37) directly a connection
between the physical and the material spaces for the dual problem. Both spaces are connected
by the transformation

6z=S;6s  with S :=—K 'P*, (6.41)

where Sy € R"*™ denotes the dual sensitivity operator matrix of the dual physical problem.
With the knowledge of the pseudo load operator matrix P*, we can evaluate the sensitivity
equation for arbitrary admissible variations 0s in the material space. In the same manner,
we obtain from (6.38) for the material problem the transformation

6s =S80z with S} :=-D"1pPT (6.42)

where S¥, € R™*™ denotes the dual sensitivity operator matrix of the material problem.
With this, we can perform the sensitivity analysis for arbitrary admissible variations 6z in
the physical space.

Finally, the sensitivity relation of the quantity of interest (6.27) becomes

J(vn, sn;0vy) = —z7 Q,, (6.43)

where Q, = Pds denotes the pseudo load vector defined in (4.52). Let for instance v; be the
quantity of interest, i.e. J(vp, Sp) = v;. Then, we have J, (v}, Sp; 0vy) = dv; and hence

vy =~z Q. (6.44)

The dual solution has to be computed once and the sensitivity relation can be evaluated for
arbitrary pseudo loads, i.e. for any admissible design variation ¢s.
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6.4.4 Computation of the dual solution

The discrete dual solution z; € V), corresponding to (6.1) is determined by the variational
equation
k(vn, sninps zn) = Jy(vn, sniny) Y0y, € Vi, (6.45)

To solve this problem, we have to apply equivalent nodal forces jj defined by the right-hand
side J; (v, sp; +). For a certain interpolation function ¢, € V), we have

gk = Jo(Vn, Sh; dk). (6.46)

We consider for instance the stress component .S;; (X)) of the stress tensor S at some material
point X as quantity of interest, i.e. J(v,s) = S;;(X) and J) (v, s;n) = (Si;),(v,n)(X),
see also Example 6.1 in Section 6.5.2. The component (.S;;), =: AS;; is given from the
stress field S/ (v,m) = C : E/ (v,n) =: AS(v,n). We use as interpolation functions ¢; the
standard finite element shape functions. Hence, the equivalent nodal forces are given from

Jk = J,(Vn, sp; o) = ASyj (v, 1) (X). (6.47)

The force jy, is the stress AS;; at the point X, which is caused by applying the shape function
¢y, at the nodal coordinate k. The assembling of all element contributions yields the discrete
nodal vector J,, corresponding to the functional J, (vy, Sp; ).

The dual problem is formulated at a given linearization point, i.e. on a given deformed state
v},. The tangent form k(vy, sp; -, -) is just the tangent physical stiffness (4.87). Hence, in the
discrete case we have to solve

Kz = J,, (6.48)

where K is the same tangent stiffness matrix as used in the last iteration within the solution
process of the primal problem. Therefore, this matrix and its inverse are already known and
have not to be additionally computed.

6.5 Explicit formulations for shape sensitivity

6.5.1 The energy-momentum tensor of the dual problem

The dual material residual (6.8) contains the variation of the internal energy (6.4) with respect
to configurational changes, which is obtained as

CF'(0) (2, 9)() = 5 K., 5 21) = L K (v,5:%,2,9)

1 " " . i nY
B QR{ 5 [S : Evvs(zvzﬂdj) + Ew(z,z) :C: ES(U’dJ) (6.49)
+E! (v,2): D:E.(v,¢) : E (v,2)]

+E! (v,2,¢) : C: El (v,2) + Wj(v,2)I: Grad v } dQ
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Stress increments:

A,S®) .= C:E/ (z,2z)=C:Grad 2" Grad z, (6.52)
A.SM .= C:E/ (v,z) =C:FF Grad z, (6.53)
A.8% =D El (v,2):E,(v,z) =D : F  Grad z : FT Grad z. (6.54)

Elasticity tensor increments:

A.C® =D :E" (z,z)=D: Grad 2T Grad z, (6.55)
A.CY =D :E (v,2) =D:F Grad 2, (6.56)
A.C? = ¢ . E (v,2): E (v,z) = €: F' Gradz : F! Grad z, (6.57)
where
dS aC oD
(C.— 87E7 D.— ai’ e.— aiE. (658)

Box 6.1: Stress and elasticity tensor increments for the dual physical problem

where

E"” (n,v,¢) = —sym{ Grad ¢’ Grad v’ Gradn

VU8

(6.50)
+ Grad v’ Gradn Grad}.
A more compact notation is given by
CY(v)(2,8) (%) = {% [S:Ell(2,2,9) + A.S®) : E (v,9)
Qr
+24.50 B (v.2.9) + 48P B(w.y)] (@D

+Wg(v,2)I: Grad }dQ2

The stresses (increments) A,S®), A,SM and A,S@ are given in Box 6.1. For later use,
the increments of the elasticity tensor have been introduced in the same manner in Box 6.1.
The derivative of the fourth-order elasticity tensor C yields a sixth-order tensor D and the
second derivative leads to a eight-order tensor &. The explicit specifications of these tensors
for a classical compressible Neo-Hookean material are given in Appendix B.1.

The variation of the internal energy can be written in terms of an energy-momentum tensor.
A straightforward calculation and rearrangement of (6.51) yields

C*(v)(z, 8)(2) :/ >*(v, z) : Grad dQQ. (6.59)

Qr
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Here, a novel energy-momentum tensor of the dual problem 3* in form of

rOWE(v, 2) 7 OWE (v, 2)

N T - _ 6.60
¥*(v,z) := Wi(v,z)I — Grad z 5 Crnd 2 Grad v 5 Crnd o (6.60)
has been introduced, where
oWg(v,z) (1)
9Cradz GradzS +FA.,S (6.61)
OWg(v,2) _ 1 @) (=)
9Crade Gradz A,SY + 5 F[A, S + A% (6.62)

are just the derivatives of the strain energy W, with respect to the gradient of the primal and
dual solutions, compare with the energy-momentum tensor of the primal problem (3.55).

Remark 6.4 The above derived terms in X* are identified as the partial derivatives of W g,
with respect to v and z, respectively. The variation in s at a given deformed state causes a
change in v and hence a change in z and the dual energy E*. Therefore, two contributions
appear in 3* due to these changes.

Remark 6.5 For the initial problem, i.e. at the undeformed state with v = u = 0, we obtain
from (6.60) the energy-momentum or Eshelby tensor in terms of linear elasticity 3(z), i.e.

>*(u, z) = Wr(2)I - Grad 27 o(2) =: 3(2), (6.63)

with Wg(z) := 1 &(2) : C : €(2) and the linear Cauchy stress tensor o(z) = C : ¢(z),
where €(z) := sym{Grad z}.

Finally, the explicit form of the dual material residual (6.8) reads

G*(v,8;2z;%) = / Y*(v,z) : Grad ¥ dQ — J! (v, 8; 2, 1). (6.64)
QR

The explicit form of J/, (v, s; z, 1) depends on the chosen quantity of interest. An example
is given in Section 6.5.2.

6.5.2 Variational formulation of the residuals and tangent forms

The explicit forms of the dual residuals and tangent forms are stated in this section in the
same manner as for the primal problem in Section 4.6.1.



72 Structural and sensitivity analysis of the dual problem

The partial variations of the dual physical and material residuals R* and G* have been intro-

duced as
k*(v,s;0z,m) = R;'('u,s;éz,n) t*(v,s;2,1,02) = Gz’('u7 8;z;1,02)

p*(v,s;2,m,08) = R (v,8;2,m,65)  d*(v,s;2;9,68) = G2 (v, 829, 5).

The dual residuals written in terms of S and E are given by

R*(v,s;2,m) = {S:E" (2,mn)+ A, SV E (v,n)}dQ
Qg (6.65)

- le)(v7 S;3 77),

G (.5:59) = | (518 Bl (229) + A8 Bl(0,9)
QR
(1) . g/ 2) . g/
+2A, 8% E (v,z,¢) + A8 E(v,v)] (6.66)
+Wg(v,2)I: Grady } dQ

—J! (v, 8;2,7).

The stress increments A,S®), A,S(M) and A,S®?) are given in (6.52), (6.53) and (6.54),
respectively. Furthermore, the explicit formulation of the tangent forms are obtained as

k*(v,8;02,m) = k(v, 5;02,7)
(6.67)
= / {S:E! (6z,m) +E(v,0z): C: E,(v,n) }dQ,
Qr

p*(v,8;2,m,08) = A {S:E! (2,m,6s)+E] (2,m):C:E,(v,ds) (6.68)
R—i— E/ (v,z,08): C: E|(v,n)
+E) (v,2):C: El (v,n,0s)
+E (v,n) : D:E (v,2): E,(v,6s)
+[S:E! (2,m)+E (v,2) : C: E](v,n)]Divés } dQ

_Jql)/s(vv sn, 63)7
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t*(v,8;2,,02) = {S:EY (2,0z,%) +E! (2,62z) : C: E,(v,%) (6.69)
B (0,59 1€ Bl(0.69)
+E!(v,2): C: El (v,02,%)
+E,(v,6z) : D:E| (v,2): E(v,%)
+[S:E} (2,02) +E| (v,2): C: E(v,0z)]Divep } dQ

_J{)ls('va S; 6’271;[’);

d"(v, 5,29, 0s) = {é [S: Ella(z, 2,9, 08) (6.70)
Qr

(z,2,9) : C: E,(v,0s)

(2,2,08) : C: E,(v,v)

_|_ E//l

vUSs

+E,
+E! (2,2): C:E! (v,1,0s)
+E! (v,4,08) : D:E|(v,2): E (v,2)
+E.(v,¢) : D:E/ (2,2): E(v,0s)
+E.(v,¢): €:E! (v,2):El (v,2): E,(v,ds)]
+E! (v,2z,7,68) : C: El (v, 2)
+E! (v,z,9): C: E/ (v, 2,08)
+E!/ (v,2,08) : D:E,(v,2) : E,(v,v)
+E! (v,z,9) : D:E (v,2) : E\(v,08)
+ (W5)5(68) Divap + (W5)% () Div ds
+ W [Divey Divés —I: Grad ¢ Grad §s] } dQ
—Jes(v, 832, 05).
The bilinear form d*(v, s; z; 1, 0s) contains the variations of the strain energy function of
the dual problem Wj. These terms are given by
(Wi)L($) = 5 [8: B, (2.2, 9) + B, (2,2) : C: B (v.49)
+E.(v,¢):D:E (v,2): E,(v,2)] (6.71)
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1
(Wi).(95) =[S Bl (2.2): C: E(v,08)

+E(v,88): D:E|(v,2): E|(v,2)] (6.72)

(2,2,08) + E

Vv

+E/ (v,2,08) : C: E (v, 2).

Furthermore, the variation E!”  (z, z, ), §s) reads

VUSS

E! (2, 2,4,0s) = sym{ Gradds” Grad+” Grad 2z Grad z

vUSS

+ Grad¢T Grad §s” Grad 27 Grad z

+ Grad T Grad 2T Grad z Grad §s
(6.73)
+ Grad 0s” Grad zT Grad z Grad ¢

+ Grad 27 Grad z Grad §s Grad

+ Grad 2% Grad z Grad ¢ Grad ds }.

The explicit forms of the contributions J' (v, s;n,ds) and J/” (v, s; z,1, ds) depend on
the chosen quantity of interest.

Example 6.1 As an example of a nonlinear functional J, we consider for instance the stress
component S;;(X) of the stress tensor S at some material point X as quantity of interest,
i.e. J(v,s) = S;;(X). The linearized functional follows in the form

T (v, 85m) = (Si;), (v,m)(X). (6.74)
The variation of J} (v, s; z) with respect to s reads

Tis(vy s3m,9) = (Si3)1s (v, m, ) (X) (6.75)
and the second variation with respect to s is given as

Tss (0,830, 9,08) = (Si5)y5s (v, m, 9, 98)(X). (6.76)
The components (.S;;)%, (Sij)4s and (S;;)0. are given from the stress fields

S,(v,n) = C:E(v,n), 6.77)

Sys(v.m,9) =C:Ej (v,n,%) + E,(v,n) : D: E{(v, %), (6.78)

+E! (v,n,08) : D: E,(v,v)
+E2)(v’ n) : D : E;/S(v7¢’ 68)

(6.79)

+E! (v,n): €:E.(v,ds) : EL(v, ).
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6.5.3 Discrete formulations of the dual residuals and tangent matrices

In the same manner as for the primal problem, the above dual residuals and tangent forms are
discretized using the isoparametric concept as described in Appendix C.

The nodal contributions of the discrete residual vectors are given by

Re= [ {BLS+BLA,sW1d0— J(v,s);, (6.80)

vl
e
QR

VSt

1
G = | {5[BruS+BiA.8% +2B;A.5" + BjA.S?]
0% 6.81)

+WgIL; }dQ — J; (v, s; 2);,
where §S is given in (4.101) and AZ.S(Z), AZ.S(I) and AZS(Q) are the column matrix repre-

sentations of the symmetric stress increments A.S(*), A_S() and A,S®), respectively. For
instance, the first increment has in the two-dimensional case the form

T
A.89 =[ a5y asy asy | 6.82)
The stress increments are defined in Box 6.1.
Furthermore, the corresponding dual tangent matrices are obtained as
Kij = Ki
(6.83)
= / {B%LCB,; + LTSL;1}dQ,
Q%
P = / {BLCB,; — LTSL; Grad z — Grad zSL;L}
Q5
—LTA.SVL;Gradv — FA.SWL;LT
+BJ,CB,; + B,A.CB,; (6.84)

+ GradzSL;LT + FA.SWL;LT }dQ

—JSS(V, 5)2’]’7
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D;f = | { Gradz" GradzS"L;L] + L;L] S Grad z" Grad z
2%

+LTSL; Grad z" Grad z

+1/2[B,CBsj + B{,CBuus;]

+1/2[LT A, 8P L; Grad vT Gradv + L;LTA,S®FT Grad v
+ Grad v FA,SE ;LT

+1/2[LTA,SPL; Gradv” Gradv + L;LT A, S®FT Grad v

Grad vIFA,SP L LT
+ Grady stil (6.85)

+1/2[BLA.c®B,; + BLA.CPB,;]

+ Grad v" Grad zA, SWLLT + L;LTA,S™ Grad z” Grad v
+ LA, SWL; Grad 2" Grad v + LT A,SW L, Grad v! Grad z
+ L LT A SVFT Grad z + Grad 2P FA, SV L, LT

+BL,CB,,; +BLA.cYB,,; + BL,A.CYB,;

VSt
+Y.LiLT + LY + WiLL] — L;L] ]}dQ
_Jgss(v7 s;z)ij'

The quantities JS(v, s); and J (v, s; Z); are the element nodal vectors on a node ¢ corre-
sponding to the functionals J;, (v, s; -) and J/; (v, s; 2, -). In the same manner, J (v, s);; and
JSs (v, s; z),; are the element nodal matrices corresponding to the bilinear forms J)), (v, s; -, -)

and J!! (v,s;2,-,-).

The matrices B,,s;, Bysi and B,; are given in Appendix C in (C.20), (C.18) and (C.15),
respectively. Furthermore,

Y, := — Grad z' [Grad z§ + FAzs(l)]

(6.86)
— Grad v [Grad zA, 8™ + % F(A.5%®) +A,.53)]

aswellas A,5) A, S and A, 5@ are the matrix representation of the stress increments
(6.52), (6.53) and (6.54). The matrices A,C*), A,C™") and A,C® are the matrix represen-
tations of the fourth-order tensors (6.55), (6.56) and (6.57), respectively.
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E*(v)(z,s)

B} = R*(v,s;2,n) EY = G*(v,s;2;9)

(E*)!. = R =k*(0z,m)| |[(E")!, =R =p*'(n.0s)| |(E")]. =G =t"(y.0z)| |(E){, =G =d"(¢,0s)

P (02, 9) = Ry = (B")!, = (E"){, = G’ = t*(¢,02)

Figure 6.1: Summary of the complete energy variations of the dual problem for variations
{m,dz} € Vand {1, ds} € S. The tangent forms have to be evaluated for given

{v,s, z}.
6.6 Complete energy variations of the dual problem

The energy functional of the dual problem E*(v)(z, s) is formulated on a given deformed
state and depends on the dual solution z and a design function s. The problem is completely
described if both variables are considered. This is illustrated in Fig. 6.1.

In the same manner as mentioned for the primal problem in Section 4.7, the dual physical and
material problems are coupled by the dual pseudo load operator p* (v, s; z, -, ), i.e.

p*(v,s;2,0z,9) =R = (E*)!, = (B")!, =G =t*(v,s;2,9,62).

In the context of the finite element method we can say that the element formulation is com-
plete if the dual residuals R* and G* as well as dual tangent matrices P* and D* are supplied.
These residuals and tangent matrices can efficiently be computed and assembled in the same
routine as the quantities for the primal problem without considerable computational cost. By
means of all residuals and tangent forms not only the analysis of the dual problem can be
performed but also the sensitivity with respect to configurational changes.

6.7 Total change in the dual energy and the dual solution

The above derived sensitivity relations are obtained for a given fixed state v, i.e. the deformed
body can be associated with the reference configuration of the dual problem.
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The change in the dual energy 0 £* and the change in the dual solution §z from (6.11) and
(6.16) are just the parts of the change for a given fixed state. The total change in the dual
energy and the dual solution consist of additional parts due to the change in the state v itself.

Therefore, we assume in the following that v is not fixed. The total variations of the dual
energy functional and the dual physical residual are considered.

6.7.1 The dual energy functional

The total variation of the dual energy (6.2) with respect to z, s and v reads
SE* =6, E*(v)(2,8)(02) + I, E*(v)(2, 8)(08) + 6, E*(v)(2, 8)(0v)
= R*(v,s;2,02) + G*(v, 8;2;0s) + L* (v, s; 2; 6v), ©87
where

L* (v, 8; z;0v) := 6, E*(v)(z, s)(dv). (6.88)

For a given solution z € V of (6.1) we have R*(v, s;z,0z) = 0 and the first contribution
vanishes. Hence, we obtain

OE* = G* (v, s;2;08) + L*(v, s; z; 6v). (6.89)
The functional L* becomes in the discrete case

L*(Vn, 83 2p; 60) = v L* = L*T6v. (6.90)
The total variation of the dual energy can be written as

SE* =G*T6s 4+ L*sv =G*T'6s — L*"K'Pés = [G*T — L*"K~'P]js, (6.91)

where the sensitivity relation for the state (4.54) has been used in order to eliminate Jv, i.e.
dv = —K~1Pés. This sensitivity relation depends only on changes in s.

6.7.2 The dual physical residual

The total variation of the dual physical residual (6.7) becomes

R = R’Z‘,/(v, s;0z,m) + Rz/(v, s;z,m,08) + Rzl(m 8;2,m,0v)
(6.92)
= k(v,s;0z,m) +p"(v,8;2,m,98) + b" (v, 8;2,m,0v) = 0,
where

b*(v,s;2,m,0v) == R (v, s; 2,1, 6v). (6.93)
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Hence, the total change in the dual solution is given by

k(v,s;6z,m) = —Qfm(v,s;2,m) VneV, (6.94)
with the complete or full dual pseudo load

Qin(v,s;z,m) :=p*(v,s;2,m,08) + b* (v, s; z,m, Jv). (6.95)

We consider the discrete case. The bilinear form b*(v, s; z, 1, dv) becomes the matrix repre-
sentation

b*(Dn, 8n; 2n, My, 6vK) =N B*dv, (6.96)

with the tangent matrix B* € R™*". This is just the partial derivative of discrete dual residual
vector R* with respect to v, i.e. B* = 9R*/Ov. For given solutions {v},, S, 25 } the discrete
residual reads R*(v, s; z) = 0 and we have

OR* OR* OR

OR* = 0z + 0s + ov=Kdz+ P*ds + B*ov
0z 0s ov (6.97)

= Kéz+ P*6s — B*K~'1P§s = 0,

where Sv = —K~1Pds has been used. Hence, the total change in the dual solution due to
configurational variations §s is given by the discrete version of (6.94) in form of

Kéz=—-Qf,  with Qi =[P"—B*K 'P]és. (6.98)

This is a linear equation, in which K is the same primal tangent physical stiffness matrix as
used within the last solution iteration of the primal problem.

For linear problems the dual residual R* depends not on v and hence the second term in the
full pseudo load Qj,,, vanishes, i.e. B*K~!P = 0, because of B* = OR* /0v = 0.

Remark 6.6 (Sensitivity operator) A connection between the physical and material spaces
for the total change in the dual solution is directly obtained from (6.98), i.e. we have

6z=Siu0s  with  Sf,:=—-K '[P*—B*K'P], (6.99)

where S}, € R"™™ denotes the full dual sensitivity operator matrix of the dual problem.

6.7.3 Explicit formulations for shape sensitivity

In the same manner as in Section 6.5.2 and Section 6.5.3 the explicit variational and dis-
crete formulations of the functional L* (v, s; z; dv) and the tangent form b*(v, s; z, 1, dv)
are stated.
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The partial variation of the dual energy F* with respect to v reads

L*(v, 8;2;0v) = / %{AZS(Z) :E! (v, 6v) (6.100)

Qr
+2A,8SW  E" (z,0v) + A.S? : E! (v, 6v) } dQ

_J//

(v, 8;2,00).

The corresponding nodal vector contribution is obtained as

1
L = / 3 {BLA.§% +2BTA,5M + BT A, 5?1 d0
5, (6.101)

- ng(vv S;Z)Z‘.

Furthermore, the partial variation of the dual physical residual R* with respect to v is given
by

b (v, s;2,m,0v) = / {E!,(z,m): C: E| (v,dv) (6.102)

R
+EH

vU

+E!(v,n) : D:E/ (v,2): E (v,6v) } dQ

(n,6v) : C: El (v, 2)

—J{}Q)(’U, s;1, 5”)

The discrete tangent matrix representation is achieved in form of
B;f :/ (BT.cB,; + BICB.; + LTA.SYL;l+BLA.CVB,; }dQ
Q% (6.103)

7J51)(V7 S)ij

The stress increments A, S(®) and the elasticity tensor increment A,C(!) are given in Box 6.1.
Details on the numerical implementation are stated in Appendix C.

6.8 An illustrative example

System and model problem. A L-shaped plate as indicated in Figure 6.2a is investigated.
The plate is loaded by tractions £ = [0, —5]7. A compressible Neo-Hookean material with
the strain energy function given in (B.20) is considered. The Lamé parameters are chosen as
A = 5.769 x 102 and x = 3.846 x 102, which correspond to £ = 10% and v = 0.3. The
discrete design variables s are the nodal coordinates of the mesh.
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|
\
T m|
[
i —
VY|
.XP O;' TH
I 1 1 1 1 2 ]
(a) primal problem (b) primal solution uj, and material residual G

Figure 6.2: L-shaped plate: system of the primal problem and the primal material residual on
the mesh nodes for the given deformed state

The quantity of interest and the dual problem. The stress component Sy (X ) of the
second Piola-Kirchhoff stress S at the point X, is considered as quantity of interest, i.e.
J(u,s) = Sa2(X ). The explicit expressions of the variations are given in Example 6.1 in
Section 6.5.2.

Both the dual problem for the initial problem with u; = 0 and the dual problem formulated
at the given deformed state u;, due to the primal load case ¢ are taken into consideration. The
solution of the dual problem (6.45) for the chosen quantity of interest J(u,s) = Sa2(X,)
requires the computation of the dual load J!, given in (6.47). The corresponding discrete
equivalent nodal forces J, for the initial case (u;, = 0) and the deformed state are shown
in Fig. 6.3a and Fig. 6.3b, respectively. These loads cause the approximate dual solutions
zp, shown in Fig. 6.3c and Fig. 6.3d. These are very rough approximations of the exact dual
solutions, which have a discontinuity in the point X ,,. A good approximation of the dual
solution on a highly local refined mesh for u;, = 0 is given in Fig. 6.4. The figure shows a
3D plot of the vertical component z,,.

The change in the quantity of interest. If the dual solutions are known the change in the
quantity of interest J(u, s) can be computed for arbitrary residuals R, i.e. we have to evaluate
(5.22) for any changes in the physical loads. Furthermore, if we have configurational changes
ds we can compute the change in J(u, s) due to ds, i.e. we have to evaluate Eq. 6.27. The
discrete versions of (5.22) and (6.27) are given as

6992(X,) = —2z"R and  §992(X,) = -27Q,, (6.104)

where Q, = P05 is the pseudo load vector corresponding to configurational variations §5.
The new value of the quantity of interest is given by the update

Jnew = J(uh,sh) +J;(uh,sh;5uh). (6.105)

Hence, the stress component for the changed design is given by S35 = Sz + §.522.
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(a) dual load case J,, forup, =0 (b) dual load case J,, for given up,

\
a
\

(c) dual solution z, forup =0 (d) dual solution z, for given up

(e) dual material residual G* for u;, = 0 (f) dual material residual G* for given wp,

Figure 6.3: L-shaped plate: dual problems (equivalent nodal forces J,,), dual solutions and
dual material residuals for the undeformed and a given deformed state for

J(u,s) = S22(X,); (the dual solutions are scaled and the nodal forces are
normalized to unity)
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Figure 6.4: L-shaped plate: 3D plot of the approximate dual solution z,

The primal and dual material residuals. The primal solution wj as well as the corre-
sponding primal material residual G (uy,, sy, ) for the chosen mesh are given in Fig. 6.2b. The
nodal values of G are scaled to unity in order to guarantee the visibility. The material residual
does in general not vanish in the discrete case. The primal material residual G in Fig. 6.2b
can be interpreted as the sensitivity of the primal energy functional E(wy, s5,) with respect
to changes in the material configuration. In the same manner, the dual material residuals G*
shown in Fig. 6.3e and Fig. 6.3f, respectively, can be interpreted as the sensitivity of the dual
energy functional E*(uy,)(zr, sp,). Hence, the changes in the primal energy 0 E and the dual
energy 05 E* due to given changes in the discrete design variables ds are given by the discrete
sensitivity relations

6sE=GTss and  6,E* = G*T6s. (6.106)

A large material residual on a nodal coordinate s; indicates that a change in this design
variable causes a large change in the primal and dual energy, respectively, i.e. the residual
reflects the influence of the design variable s; on energy changes.

6.9 Summary and concluding remarks

In the present chapter a novel formulation for the dual problem with respect to configurational
variations has been presented. The dual problem can be formulated at a given deformed state.
In the same manner as for the primal problem the complete variational and discrete formu-
lations of the dual problem were proposed. Variations of a dual energy functional yield a
dual physical and material residual, respectively. The corresponding tangent forms have been
derived, which are the basis for sensitivity analysis of the dual solution itself. The most im-
portant sensitivity relations are summarized in Table 6.1.

The change in the dual solution dz due to changes in the design of the material body on a
given deformed state can be computed by solving the sensitivity relation (6.98) given as

Kéz = —Qpu;
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Table 6.1: Summary of important variational and discrete sensitivity relations

Variational formulation Discrete formulation

dual physical residual (fixed v)

SR* = k(v,s;0z,-) + p*(v,s; 2,-,08) 0R* = Kéz + P*{s
dual material residual (fixed v)

§G* = p*(v, s;2,02,-) +d*(v,s;2;-,68) 0G* = P*T6z + D*§s
dual pseudo load (fixed v)

Qy(v,8;2,-) =p*(v,8;2,-,08) Q; = P*ds
sensitivity of z (fixed v)
k(v,s;0z, ) = —Q5(v,s;2,-) Kiz = -Q;
sensitivity of E* (fixed v)
d0sE* = G*(v, s; 2;08) 8.E* =G*Tss
full dual pseudo load
Qi (v, 8:2,°) Qi =[P"—B*K"'P]ss
sensitivity of z
k(v,s;02,:) = —Qf (v, 82, ) Koz = —Qiy

sensitivity of E*
SE* = G*(v, 8;2;08) + L*(v, s; z; 0v) SE* = [G*T — L*TK=1P]és
sensitivity of J(v, s)

J) (v, s;0v) = —Qp(v, s;2) J! (vp, sp; o0vp) = —zTQp

where Qf,, is the total dual pseudo load for a given design variation 65. This can be used
within the error analysis of sensitivity relations or model adaptivity for local quantities of
interest, because the change in a chosen quantity of interest due to design or model changes
depends on the change in the dual solution dz, which is caused by the same design or model
changes. The change of the physical model can be interpreted as a change in the design. This
is discussed in Section 10.4 and Section 10.5. Therefore, the first-order approximation for the
change in the dual solution obtained from (6.98) can be used to estimate the change in the
quantity of interest, see Section 10.4.3.



Chapter 7

Global r-adaptive mesh optimization

A direct application of the proposed energy minimization problem is r-adaptive
mesh optimization. In this case the nodal coordinates in the domain and the nodal
coordinates in tangential direction on the boundaries are chosen as design vari-
ables. The lowest potential energy of the primal problem yields the smallest dis-
cretization error on the current mesh. The derived residuals and tangent forms of
the primal problem are the basis for global r-adaptive mesh optimization.

7.1 Introduction

The optimization of finite element meshes with a fixed number of nodes by relocating a subset
of nodes is well-known as r-adaptivity. This problem has a long tradition. First steps for the
optimization of finite element meshes based on a discrete formulation of energy minimization
date back to the nineteen seventies and were outlined for instance in [23,24,41,75,99]. The
energy is minimized with respect to the state and the position of the nodes. The best mesh is
defined as the one associated with the lowest potential energy.

Another approach is based on the well-known fact, that the mesh is optimal if the discretiza-
tion error is uniformly distributed on the mesh [33]. For computed error estimators on all
elements, the nodes are positioned such that the error is uniformly distributed, i.e. the error
in every element is the same.

Furthermore, r-adaptive techniques are also known as the so-called moving mesh algorithms,
see e.g. [22] for an overview. Local minimization problems with few degrees of freedom are
often solved instead of the global problem [103].

In recent years r-adaptivity became very popular in the context of configurational mechanics
or mechanics in the material space, see e.g. [2,20,77,80, 101].

Furthermore, in the context of structural optimization and sensitivity analysis this has been
investigated in [66, 69, 70]. The overall energy depends on the state function and on a design
function, which specifies in an abstract sense the material configuration. The partial variation

85
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with respect to the state variable leads to the classical physical residual and the partial vari-
ation with respect to the design function leads to the material residual. In the context of the
finite element method, we obtain a material residual due to the non-optimal numerical solu-
tion, which is a result of the non-optimal discretization in the sense of the minimization of
the overall energy. Hence, a non-vanishing material residual within the domain is an indicator
for a non-optimal finite element mesh.

Within r-adaptivity we can improve the finite element solution on the same mesh. Further-
more, the method is easy to implement in comparison to other adaptivity algorithms, e.g.
h-, p- or hp-adaptivity, because no new degrees of freedom have to be introduced and the
nodal connectivities are fixed. But there are also some disadvantages of the method. The 7-
adaptivity based on direct energy minimization requires the solution of a highly nonlinear op-
timization problem, because all the nodal coordinates or a large subset of nodal coordinates
are the design variables. In addition, some numerical difficulties arise during the solution
process, e.g. the system matrices are often ill-conditioned and we have to control the mesh
distortion. Due to the non-convexity of the energy functional the solution may not be unique,
but yields an improvement of the initial mesh.

Nevertheless, r-adaptive mesh optimization algorithms are useful in many cases, for instance:

e At the beginning of an adaptive process, i.e. for an initial coarse mesh before the appli-
cation of the h- or p-adaptive methods.

e For problems with changes in the reference configuration, e.g. shape optimization or
fracture mechanics, where the mesh may become distorted due to the change of the
shape.

e For problems, where moving and large local phenomena occur, e.g. shock waves or
moving interfaces.

In h- or p-adaptive algorithms the approximation spaces are enhanced in every iteration step,
i.e. new degrees of freedom are introduced by selectively subdividing elements or by selective
enrichment of elements. This leads to a minimization of the overall discretization error for
h — 0 or p — oo, respectively. In contrast, the r-adaptivity yields an improvement of the
solution on the same mesh, i.e. the approximation spaces are fixed and hence we may in
general not expect the minimization of the overall discretization error. But the discretization
error on the current mesh can be minimized. Therefore, the r-adaptive optimization can not
be seen as a real competitor to h- or p-adaptivity but rather a supplement. The combination
of r- and h- or p-adaptivity seems to be promising. A combined rh-adaption is more efficient
than a pure h-adaptive algorithm [89]. Therefore, a rhp-adaptive method seems to be the
most efficient strategy.
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7.2 The energy minimization problem

The discrete energy minimization problem which has been introduced in Section 4.4.1 is
considered. Within this chapter the displacement field w is chosen as primary unknown. The
discrete energy functional depends on the discrete state u;, € V5, C )V and discrete design
s, €8, CS.

In the context of the finite element method and r-adaptivity, the discrete design variables
are a subset of nodal coordinates which are allowed to vary and the current mesh is the
reference configuration. All inner nodes or a subset of nodes build up the design space Sj,.
Additional we can include nodal coordinates in tangential direction on the boundary. The
nodal coordinates in normal direction on the boundaries are fixed in order to keep the shape
of the body.

The minimization of the energy with respect to the state and the nodal coordinates yields a
r-adaptive mesh optimization algorithm. Hence, u;, and sj, are determined by problem (4.4),
i.e. the following optimization problem has to be solved: Find {w,, s, } € V), x S}, such that

E - i E . 7.1
(wn, sp) P (PpsTh) (7.1)

For the optimal solutions w;, € V), and s} € Sy, in the chosen approximation spaces V), and
Sy, it is required that

E(u},s;,) < E(un,sn) Y up,sp € Vi X S (7.2)

The error of the state e,, ;, and the design e, j in the chosen approximation spaces are intro-
duced by

eyn =up —up and egp =S — Sp. (7.3)

The optimal solution u;, depends on the optimal design, i.e. uj = wu(s}) and we can rewrite
the energy in the form E(u}) = E(uy(s}), s5). In the linear theory, we have a simple energy
representation of the form

E(u) = %a(u, u) — F(u). (7.4)

It can easily be proved that

E(uj) < E(up,) (7.5)
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because, using linearity and symmetry of bilinear form a(-, -), we have

E(up) = E(u} — eun)
1 * * *
=3 a(uy — ey n,up —eyn) — Fuy, —eypn)
1 1
5 a’(u;; u;kz) - a’(u;a eu,h) + 5 a(eu,h; eu,h) (7.6)

— F(uy) + F(eyun)
~ " 1
= FE(u;) + 3 a(ey,h, €un)-

Here, we have used a(u},ey.n) — F(eyn) = 0. Due to the fact that a(e, p,eun) > 0
follows the relation (7.5).

This is the motivation for r-adaptive mesh optimization. We reduce the energy with respect
to u and s in order to find the state with the lowest energy and hence the optimal solution u},
and s} in the chosen approximation spaces V), and S,.

7.3 Error measures in the context of r-adaptivity

Different error measures can be introduced in the context of r-adaptivity.

Definition 7.1 (Error measures within r-adaptivity) Leru € V be the exact solution of the
considered variational problem. Then, the error

e, :=u—u 7.7

measures the overall discretization error with respect to a solution wy(sy) € Vy,. In contrast,
the error

€yuh = Up — Up (7.8)

measures the discretization error on the current mesh, i.e. the distance between the optimal
solution u; = un(s}) € Vi, and a solution up(sp) € Vi. Furthermore, the least obtainable
discretization error on the current mesh is introduced as

Y= u—up, (7.9)

=

i.e. the distance between the true solution w and the optimal solution uj on the current
approximation spaces Vy, and Sp,.
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For the error e}, holds
e, =u—up = (u—1up) — (U —up) = ey — ey (7.10)

Hence, the error e,, can be split into the error e}, and the error on the current mesh e, 5, i.e.

e, =€, +eyp. (7.11)
For instance, for the linear problem (7.4), the error e,, in terms of the energy norm || - || g is
given as

leulls = alew, e.) = aley, + ewn. € + ewn)
= a(e;ku eZ) + 20’(327 eu,h) + a(eu,ha eu,h)
(7.12)
= a(e:7 62) + a’(eu,h; eu,h)

|2
E>

lleall% + llewn

where the orthogonality condition a(e;,7) = 0V 7 € V}, has been used. Due to the fact that
l|ew.n||% > 0 follows the relation

lexll% < llewl|%- (7.13)

For the optimal discretization, i.e. up, = u} = uy(s};) follows e, 5, = 0 and hence e,, = €.
This means, even in the case that the best distribution of the nodal coordinates s, is obtained,
there is still an error contribution. On coarse meshes the contribution of the part e,, ;, on the
overall error e,, is large. This is illustrated in Figure 8.4.

Furthermore, let ||e}|| be an error norm of the optimal discretization error on the current
mesh e, = u — uj. If the true error ||e,|| — 0, the error measure ||e,, || is asymptotically
exact if

llexl|

ull . (7.14)
|||

The proof is straightforward. Using the triangular inequality we have from e, ;, = e, — €,

leull = llewl] < [lewnl] < [leu]] +[lesll (7.15)
or
(1_ ||eu|>  lewnll (1+ |eu||>_ 716
llew]] |le]] |lew]]
The effectivity index
L = Leunl (7.17)
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lleall

lleul|

Finally, in contrast to other adaptivity techniques, e.g. h or p-adaptivity, the r-adaptivity leads
only to a minimization of the discretization error e,, j, on the current mesh, i.e. we keep the
same approximation spaces V3, and Sy,. This means that for the optimal solution u;, the error
e; remains. In & or p-adaptivity we extend in every step the approximation spaces V}, and
S This leads to a minimization of the true error e, for h — 0 or p — oo, respectively.
Nevertheless, the r-adaptivity provides an improved solution on the same mesh with low
computational cost. If we require a lower discretization error, we have to extend the app-
roximation spaces, i.e. we have to perform a h- or p-adaptive step. The best performance
could be achieved if we combine r-adaptivity with h- and/or p-adaptivity.

tends to unity as — 0.

7.4 The error in the material residual

The physical residual is fulfilled for every admissible design, i.e.
R(up,sp;mp,) =0 Vs, € Sh. (7.18)

The optimality condition (4.42) for the material problem holds only for stationary points u;,
and s}, i.e. B, = G(uj,s};; ;) = 0. This means, that the material residual is not fulfilled
for every up, # uj, = up(s}), ie.

G(up, sp; ) #0 Vup # uj, = up(sy) € Vi. (7.19)

Hence, we obtain a material residual as a result of the non-optimal solution uy, which is a
result of the non-optimal design s, in the sense of the minimization of problem (4.41). With
the definition of the errors (7.3) we have s} = s;, + e, and

G(uy, sp; ;) = G(un(sy + esn), sn+ esn; ) = 0. (7.20)
From this, a suitable approximation for the error could be obtained from the linearization

G(un, sn; ) + DsG(un, sp;1py,) - esn + 0 =0, (7.21)
The material tangent operator

DG (un, sn;%y,) - €sn = m(un, Sh; ¥y, €s.n) (7.22)

is given in (4.80), where we have replaced the design increment by the error in the design
es. 1. The remainder of higher-order O and can be neglected. The material tangent operator
has to be evaluated in each step at the current state {uy,, sp, }. Finally, we obtain an equation
for the error in the design or rather for the error in the material residual in the form

m(wh, Sh; Yy, €sn) = —G(un, sp; ) YV, € Sh. (7.23)
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This is comparable to the discrete version of Eq. 4.81, in which we have replaced the design
increment Asj, by e; p,.

Finally, the discrete material residual vector G corresponding to the functional G (up, Sp;-)
is an error indicator for a non-optimal finite element discretization. The minimization of the
residual on the mesh nodes by relocating the nodes yields a lower energy and therefore a
smaller discretization error on the current mesh.

Remark 7.1 The material residual as an error indicator for mesh optimization can also be
used within h-adaptive algorithms [79]. Furthermore, it seems promising to combine r- and
h-adaptivity as well as remeshing strategies based on the above mentioned error indicators
[78, 89].

7.5 Numerical solution, regularization and algorithmic details

7.5.1 Solution algorithms

For the mesh optimization problem a subset the nodal coordinates X are chosen as design
variables, i.e. s = X. The optimal nodal positions (the design) of a given mesh (the reference
configuration) can be computed by solving Eq. 4.71, i.e.

[I—f'(T g][AA)l(ls}:_{GR] (7.24)

Alternatively, other solution algorithms could be used for the mesh optimization problem.
The staggered solution algorithm (4.83) yields the form

MAX,=—-G with M=D-PTK'P. (7.25)
Furthermore, the simple steepest descent method (4.84) becomes

Xt = Xi — e G(u(XP), X1). (7.26)

7.5.2 Regularization

The mesh optimization problem can be interpreted as an inverse problem. It requires the
solution of the material residual problem within a staggered algorithm (7.25) or the coupled
system (7.24). Several numerical difficulties arise due to the solution of this problem. In
many cases, the Hessian matrix of the system is ill-conditioned and becomes singular or
close to singular during the iterations and therefore the Newton algorithm is not stable and
fails. The optimization problem is non-convex in general and hence, the solution needs not
to be unique. Therefore, the problem could be termed ill-posed in the sense of HADAMARD
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and reasonable regularization methods should be used in order to regularize the problem. A
classical regularization is given by adding a penalty functional P to the original objective F,
ie.

E(u,s) = E(u,s)+P(v,s), (7.27)

where v is a penalty parameter. The choice of the penalty functional and the penalty para-
meter depends on the problem. For a classical TIKHONOV-type regularization we often have
a functional in the form

v

P(y,8) = 5 lls = soll”, (7.28)
see for instance [36] and the references therein for details. The numerical difficulties for
the mesh optimization problem are also mentioned by [2, 77]. The authors have proposed

different strategies in order to overcome these problems.

An ill-conditioned problem is indicated by a large condition number c of the system matrix
A from the system Ax = b, which can be defined by

Omax (A)

c(A) = rmin(A)

(7.29)

Here, 0,104 (A) and 0,5, (A) are the maximal and minimal singular values of A, respectively.
A large condition number is caused by nearly zero singular values of A. In the context of
sensitivity analysis, the condition number quantifies the sensitivity of the system Ax = b with
respect to small perturbations (A + ¢A)x(e) = b + eb. Small changes in A or b can induce
large changes in x if the condition number in large. The singular values can be obtained by a
singular value decomposition (SVD) of the system matrix. The SVD is used in many fields
of engineering and physics, which deal with inverse problems.

For a rectangular matrix A € R"*™, the SVD is a decomposition of the form
A=vzyT = Z oyl (7.30)
i=1

where V. € R™"™ and Y € R™*™ are matrices with orthonormal columns, i.e. we have
VW =] c R andYYT = I € R™*™. The matrix X = diag(oy,...,0,) € R"isa
diagonal matrix with non-negative diagonal elements o;. The quantities o; are called singular
values of A and they appearing in decreasing order such that oy > 02 > ... > 0., > 0. The
column vectors of V = [vy,...,v,] and Y = [y, ..., ] are called left and right singular
vectors of A, respectively, see e.g. [43] for details.

We use the singular value decomposition in order to calculate the condition number and
therefore information about the solution behavior as well as for a regularization of the Hessian
matrix.
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The SVD is a reliable method in order to identify the numerical rank. The singular vectors,
which are corresponding to the non-zero singular values o; of A span the range of A. With
these, we can define the numerical rank r of A as the number of the non-zero singular values
of A, which are larger than a defined tolerance. The solution of the system Ax = b could be
expressed in terms of the left and right singular vectors

1
x:A_lb:YZ_lva:Z;yi vib. (7.31)
i=1 '

The solution x is given by linear combination of y;v;| b weighted with the inverse singular
values o, 1. At this point, we see the influence of nearly zero singular values o;, i.e. we have

1
lim —y;vib=o0. (7.32)

o’i—>0 0'7;

If we truncate the sum in Eq. 7.31 after r terms, the result is a rank-r approximation to the
original Hessian. The error in the approximation depends upon the magnitude of the neglected
singular values. This could be interpreted as filtering out the noisy data.

7.5.3 Mesh distortion control

The quality of the mesh (the distortion of the mesh) has an important influence on the shape
derivatives and hence on the results and the success of the optimization process.

In order to control the mesh distortion a simple geometrical distortion parameter & is used,
which is also utilized in shape optimization [106]. The distortion parameter for a quadrilateral
element with four nodes is given by

4
&= 1 min(det J;) i=1,..,4. (7.33)

Here, min(det J;) denotes the minimum value of the Jacobian determinant and A the element
area. The distortion parameter has the following properties:

=1 element is a parallelogram
>0 element is convex

¢ =0 element is degenerate (triangle)
<0 element is concave

The parameter & must be greater than zero to avoid degeneracy of the element. In practical
computations, the condition £ > tol is used with a tolerance tol¢ € [0.2,0.5].
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1. Solve the physical problem within a Newton Method.

2. Solve the material problem:
Compute the material tangent operator M = D — PTK—1P.
Check the condition number and the numerical rank of M with SVD. If necessary,
compute a rank-r approximation in order to overcome the ill-conditioning.
Compute AX;.

3. Line search:
Compute ¢ such that &(a) > tole.
Compute 3 such that £(X;, + BAX),) < E(X ).

4. Update X, with AX, = £ AX,, where £ = min|a, f3].

5. Update u with sensitivity relation Au ~ S, AX.
After that, the system is usually still unbalanced, see Remark 7.2.
Goto 1 and find the new state of equilibrium.

Box 7.1: Staggered solution algorithm for global r-adaptive mesh optimization

7.5.4 Overall solution algorithm

We consider a staggered solution algorithm for Eq. 7.25, i.e. the algorithm introduced in Sec-
tion 4.5.2 is used. The energy functional (4.74) has to be minimized, which has the particular
form £(X},) := E(up(Xp), Xn). The overall solution scheme for mesh optimization is
given in Box 7.1.

The line search consists of two parts. In the first part, we compute a step size parameter o
in order to avoid mesh distortion. For a given tolerance tol¢, the step size parameter is given
explicitly for every element from (7.33)

4

= > . .
&(a) AX. T aAX,) det J(Xe + aAX,) > tolg (7.34)

where X, denotes the element coordinate vector. The maximum step length « along a given
search direction can be computed in closed form from this expression [106]. The second
part is the computation of the usual step size 3 used in nonlinear programming in order to
guarantee the decrease in the energy. For this, we use the Armijo-Goldstein condition.

An algorithm for the simultaneous solution of the physical and material problem (7.24) can
be obtained in the same manner by using the regularization and line search as in the staggered
solution algorithm.

Remark 7.2 (Update of the state) The computation of the accurate material residual G for
the next iteration step requires the solution of the state variable uy, for the updated current
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design, i.e. the equation R(up, sp;n;,) = 0 has to be solved. For a simple linear physical
problem, only the solution of one linear equation is required. In the general nonlinear case,
some Newton iterations for the physical problem have to be performed in order to find the
new state of equilibrium for the current design. The best performance of the algorithm could
be achieved, if beforehand the data of the state uy, are transferred to the new design. To do
this, the sensitivity relation for the physical problem (4.54) can be used. With a sufficient
small AXg an approximation for the change in the state is obtained from

Aur —K'PAX, =S, AX, . (7.35)

After this, the system is usually still unbalanced, but only few Newton iterations are required
in order to find the new state of equilibrium.

7.6 Numerical examples

In this section two numerical examples for global r-adaptive mesh optimization are presented.
In the first example, the model problem of linearized elasticity is considered and in the second
example a problem from nonlinear elasticity is studied. Further examples with some details
on the proposed error measures in the context of r-adaptivity are given in the next chapter in
Section 8.5.

7.6.1 Unit square

System and model problem. A two-dimensional unit square €2 = (0,1)? with homoge-
neous Dirichlet boundary conditions 4 = 0 on I' is considered. The body is loaded with a
horizontal body load b, = 50. We consider in this first example the model problem of linea-
rized elasticity given in Appendix B.2. The displacement field is governed by Eq. B.77. The
problem is modeled with the plane strain condition with £ = 1000 and v = 0.3.

We discretize the model with 153 Q4 elements and we choose an arbitrary irregular initial
discretization, see Fig. 7.1a.

The design variables. For the mesh optimization problem a subset the nodal coordinates
X are chosen as design variables. The optimal nodal positions (the design) of a given mesh
(the reference configuration) can be computed by using the solution algorithms given in Sec-
tion 7.5.1.

For simplicity, in this first example only horizontal movements of all inner nodes are allowed.
This restriction stabilize the algorithm especially by using the simultaneous solution of the
physical and material problems.

The mesh consists of overall 360 degrees of freedom (DOF) but only 128 nodal coordinates
are chosen as design variables.
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Figure 7.1: Unit square with horizontal body load

Solution algorithm and mesh distortion. We consider the simultaneous solution of the
physical and material problem. In order to find the minimum of the objective E(u, X) we
have to solve Eq. 7.24 in each Newton step. The Newton algorithm stops when the norm
of the physical and material residuals are lower than given tolerances TOLpr and TOLg,
respectively. In the computation the tolerances are chosen as TOLgr = TOLg = 10712,

The distortion of the mesh during the optimization process has been controlled by a distortion
parameter as described in Section 7.5.3. The mesh distortion control parameter (7.33) with
tol¢ = 0.2 was used. The elements are well-shaped during the optimization process in this
example such that the distortion constraint is not active.

Results of the simultaneous solution algorithm. The results of the full Newton algorithm
are given in Table 7.1. The solution E(u;, X ) was obtained after 7 iterations. The corre-
sponding optimal mesh is given in Fig. 7.1b.
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Table 7.1: Results of the full Newton algorithm
IR G| leAull  Jle AX|]  E(up, X3) &= minfa, f]

5.292E-14 1.646E-03 3.111E-02 0.000E+00 -5.232E-02 1.00E+00
5.364E-02 1.274E-03 1.326E-03 1.269E-01  -5.238E-02 2.50E-01
1.729E-01 4.882E-04 1.949E-03 2.208E-01  -5.245E-02 7.66E-01
3.575E-02 9.226E-05 5.271E-04 8.298E-02  -5.247E-02 1.00E+00
1.763E-02  1.022E-05 4.869E-04 7.695E-02  -5.247E-02 1.00E+00
2.468E-04 5.255E-07 2.529E-05 4.125E-03  -5.247E-02 1.00E+00
1.791E-07 4.820E-10 2.444E-06 3.757E-04  -5.247E-02 1.00E+00
2.134E-14 8.843E-15 2.245E-09 3.359E-07 -5.247E-02 1.00E+00

—

NNk W= O

During the iteration the free nodes move in the opposite direction of the material residual
forces and the energy decrease from E(u), X 2) = —5.2323 x 1072 (initial mesh) to the
value E(uj}, X}) = —5.2466 x 10~2 (optimized mesh), see Table 7.1.

Here, uj, € V}, and X, € S, are the optimal solution in the chosen approximation spaces
V), and Sy, in the sense of the minimization problem (7.1).

The optimal mesh. The optimal solution X, (the optimal design) for E(up, X,) for this
simple model problem under the given load case is a symmetric discretization as shown in
Fig. 7.1b. This discretization leads to the best approximation for the given problem in the
chosen approximation spaces Vy, and Sy,.

The mesh is finer in the middle of the domain and tends to a coarser discretization on the
boundary. This behavior reflects the solution for the given load case. The solution u;, has the
maximum in the middle and goes to zero on the boundary, see Fig. 7.1c.

The errors in the state, design and energy. With the optimal solutions {u}, X}, } at hand,
we introduce the error in the energy eg , := E(u;, X} ) — E(up, X1), the error in the state
€y,h = uj, — up and the design ex ; := X7 — Xy, respectively, see Eq. 7.3. The relative
errors are given by

z €h,B rei . |l€nullL, rel . llenxllr

Ny = ’ Ny 1= Ny = (7.36)
E(uy,, X3) | h [lwpllz, 1XGllz,

where || - ||, denotes the usual Ly norm. The behavior of the errors during the iterations

are shown in Table 7.2. The reduction of the error in the energy is merely marginal, but the
reduction of the error in the displacement is about 12.5 %.
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Table 7.2: Relative errors during the mesh optimization process.

Iteration nret (%) el (%) 05t (%)

0 1.2475e+001 4.3465e+000 2.7233e-001
1 8.5868e+000 3.2306e+000 1.6568e-001
2 2.7892e+000 1.2628e+000 2.6839e-002
3 1.4723e+000  7.0776e-001  2.5854e-003
4 7.6473e-002  3.8580e-002  2.6867e-005
5 7.3401e-003  3.3895e-003  1.1397e-007
6 6.7417e-006  3.0294e-006  1.0000e-013
7 0 0 0

Concluding remarks. This example can be used as a benchmark for the performance and
reliability of the considered solution algorithm, because the optimal solution is known for
this simple problem.

Furthermore, the material residual on the mesh nodes vanish completely. This is in general
not the case, because the mesh distortion control usually avoid this. This is further discussed
in the next example.

As mentioned in Remark 4.12, the full Newton algorithm (7.24) is very sensitive and in many
cases not stable for a large number of design variables. Therefore, in general, suitable regu-
larization methods have to be considered, see Section 7.5.2. A staggered solution algorithm
is more stable for complex problems. Such an algorithm is used in the next example. Further-
more, quasi-Newton methods based on gradient information can be alternatively used, see
Remark 4.13.

7.6.2 Cracked beam

System and model problem. In this second example a cracked cantilever beam under self-
weight loading b, = —10 is considered, see Fig. 7.2. The dimensions of the rectangular
domain are L = 4 and H = 1 as well as the crack length is @ = 0.4. We consider as
an example of isothermal hyperelasticity a classical compressible Neo-Hookean material.
The strain energy function under consideration in terms of the invariant Ic = tr(FTF) and
J = det F is given by
1 1 9
WR(Ic,J):5#([0*3721HJ)+§>\(J71) , (7.37)
see Box B.2 for details and the corresponding stress and elasticity tensors. The Lamé parame-

ters are chosen as A = 5.769 x 103 and p = 3.846 x 103, which correspond to E = 10* and
v =10.3.
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Figure 7.2: Cracked beam: system

(a) initial mesh (b) optimized mesh

Figure 7.3: Cracked beam: deformed initial and optimized mesh

All inner nodes as well as all nodal coordinates in tangential direction on the free boundaries
are chosen as design variables. Only the nodal coordinates on the Dirichlet boundary are
fixed.

The mesh consists of 70 Q4 element with 184 degrees of freedom. Overall 131 nodal coordi-
nates are chosen as design variables.

Results of the staggered solution algorithm. The staggered solution algorithm Eq. 7.25
is used in order to solve the problem. The solution was attained within 16 iterations. The
deformed initial and optimized meshes are shown in Fig. 7.3a and Fig. 7.3b, respectively.

The system matrix was ill-conditioned for some Newton iterations and a regularization method
has been used as proposed in Section 7.5.2. The algorithm works but the usual quadratic con-
vergence can not be achieved, because the original tangent operator M is replaced by a rank-r
approximation as described in Box. 7.1.

The overall energy decreases from —3.23597 (initial mesh) to —3.33385 (optimized mesh).
The norm of the material residual ||G||1, decreases from 2.8793 x 107! to 8.7777 x 1072,
i.e. a reduction of 69.51 % with respect to the initial mesh. The material residual does not
vanish completely as a result of the mesh distortion control.

Therefore, a usual stoping criterion as used in the Newton method for the physical problem
can not be used. But the algorithm stops if the change in the norm of the material residual is
smaller than a given tolerance or if a maximal admissible number of iterations is achieved. In
practical computations the tolerance can be chosen as [10~4, 1078 ].
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Figure 7.4: Cracked beam: elements on the crack tip

The largest improvements of the mesh occur within the first few iterations. The gain of ac-
curacy by performing many iterations in order to minimize the material residual further can
be low in comparison to the numerical work involved. Hence, in practical computations it is
sufficient to do just few iterations in order to obtain the largest improvements of the solution.

Mesh distortion control. In order to control the distortion of the mesh during the opti-
mization process, a simple geometrical distortion parameter has been used as described in
Section 7.5.3. The mesh distortion control parameter (7.33) with tol; = 0.1 was used.

As mentioned above, the material residual does not vanish completely as a result of the mesh
distortion control. This means that there is still an ambition to move the nodes in order to
minimize the energy but the elements may become distorted. A remeshing strategy with a
change of the nodal connectivities as well as h-adaptivity techniques for patches with dis-
torted elements could be considered to improve the algorithm further. Furthermore, other
mesh distortion control criteria could be used, see e.g. [92].

Due to the singularity at the crack the nodes are concentrated at the crack tip and the elements
around the tip seem distorted. But this is not the case, see Fig. 7.4. The mesh distortion control
avoid the distortion. By choosing a larger value of the distortion control parameter (7.33) this
effect will be reduced and the elements become more well-shaped.

Control of a displacement. In order to quantify the capability of the optimized mesh, we
control as a quantity of interest the vertical displacement at the lower right corner. We use a
reference solution u;, = —0.440225 obtained from a fine mesh with 4258 nodes.

The vertical displacement of the initial mesh is ug = —0.406161. The relative error with re-
spect to uy is given by 7.74 %. The optimized mesh yields the displacement u, = —0.420303
and hence a relative error of 4.53 %. Finally, we obtain a reduction of 41.52 % in the relative

error for the displacement at the lower right corner with respect to the reference solution.

This demonstrates the potential of r-adaptive mesh optimization techniques. The discretiza-
tion error is significantly reduced with a fixed number of nodes.



Chapter 8

Goal-oriented r-adaptive mesh optimization

A novel approach for goal-oriented r-adaptive mesh optimization based on mini-
mization principles of the primal and dual energy functionals is proposed within
this chapter. The mesh is optimized with respect to a chosen quantity of interest.
The variational framework is first presented for a linear elliptic problem and later
on extended to nonlinear problems. Furthermore, error measures for a chosen
quantity of interest are investigated.

8.1 Introduction

The proposed approach for global r-adaptive mesh optimization in Chapter 7 is based on
global energy minimization. The resulting mesh is optimal with respect to the overall energy
of the primal problem. The discretization error measured in terms of the global energy norm
can be computed using standard residual based error estimators or averaging techniques, see
e.g. [3,59] and [109], respectively. But nothing can be said about the quality of a certain
quantities of interest, such as pointwise stresses and displacements or average stresses. The
error in a local quantity of interest depends on the error in the corresponding dual solution
or generalized Green’s function. This fact is used in dual-weighted based goal-oriented error
estimation techniques and adaptivity algorithms. The error is measured with respect to a
specific structural response quantity and the mesh is optimized with respect to the chosen
quantity of interest.

A posteriori error analysis for quantities of interest using duality techniques was first pre-
sented in [37]. A generalization with exact weighted a posteriori error estimates was proposed
in [11]. Furthermore, the terms goal-oriented error estimation was introduced in [88], who
presented upper and lower error bounds based on the parallelogram law. An engineering mo-
tivation by means of Betti’s principle was given in [31]. In the context of fracture mechanics
and mechanics in the material space duality techniques and a posteriori error estimates were
investigated for instance in [52,90,91]. A goal-oriented a posteriori error estimation tech-
nique for the pointwise error of finite element approximations using fundamental solutions

101
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has been presented in [47]. The approach is based on an integral representation of the point-
wise quantity of interest using the corresponding Green’s function, which is decomposed
into an unknown regular part and a fundamental solution. See also for instance [4,46] for an
overview of different problems and applications.

Furthermore, in recent years the goal-oriented techniques are used for combined model and
discretization error analysis and adaptive algorithms, see e.g. [18, 84, 95] for an overview.
The modeling error is a part of the error due to the natural imperfections in abstract models
of actual physical phenomena.

In this chapter, a novel approach for goal-oriented r-adaptivity based on energy minimization
principles for the primal and the dual problems is proposed. The primal and dual energy
functionals are the basis for a goal-oriented mesh optimization algorithm. The corresponding
primal and dual material residuals yield an error indicator for mesh optimization. Therefore,
the approach is referred to as Primal Dual Material Residual (PDMR) method. The resulting
mesh yields an optimal solution with respect to a chosen quantity of interest.

As mentioned above, r-adaptive methods based on energy minimization of the primal pro-
blem are well-known since several decades. But the extension to goal-oriented r-adaptive
mesh optimization based on energy minimization principles has not been investigated so far.
Some parts of this chapter are published in [68, 72].

8.2 Linear problems

For motivation and notational simplicity the model problem of linearized elasticity is consi-
dered. The problem formulation is given in Appendix B.2. The linear primal problem is de-
fined by the variational equation (B.80) as

a(u,n)=F(n) VYnev. 8.1
Furthermore, the dual problem is given in (B.109) in form of

a(z,m)=J(n) Vne. 8.2)

These problems are solved for a fixed design s. The corresponding primal and dual residuals
are introduced as

R(’U’?T’) = a(uﬂ?) - F(n)v (8.3)

R*(z,m) :==a(z,n) — J(n). (84)
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8.2.1 The error in a quantity of interest

The Galerkin approximations of the primal (8.1) and the dual problem (8.2) are given by
using finite dimensional subspaces V;, C V. The approximate primal problem reads: Find
up € Vy, C V such that

a(un,my) = F(ny,) Vny € Va. 8.5
Furthermore, the approximate dual problem is given by
a(zn,my) = J(ny) Yy, € Vi (8.6)

Using once again the symmetry of the bilinear form we have for the approximation of the
quantity of interest J(uy,)

J(uh) = a(zh, uh) = a(uh, Zh) = F(zh). (87)

Finally, if the approximate dual solution zj, is known, the quantity of interest .J(wy) can be
computed for arbitrary functionals F'(-), i.e. J(up) = F(zp).

The error in the primal solution e,, and the error in the dual solution e, are introduced as
e, = u—up and e, :=z—zp. (8.8)

These errors are used within error representations for J(w). The error in the quantity of
interest is given by

J(ey) :=J(u) — J(up) = F(z — zp) = Fle,). (8.9)
The error can be expressed in terms of the primal physical residual R(-) as

J(ey) = a(z,e,) = aley, z) = a(u, z) — alup, z)

(8.10)
= F(z) — a(up, z) = —R(up, 2).
By using the Galerkin orthogonality
alu—up,np) =0 Vn, €V, (8.11)
the error in the quantity of interest can be written as
J(eu) = aleu, z) = aleu, 2 — z1) = F(z — z1) — a(up, z — z5)
(8.12)

= —R(up,z — zp).
The error can be also expressed in terms of the dual physical residual R*(+) in the form
J(ey) =a(z,e,) =ale., e,) =ale,,u) =a(z,u) — a(zp,u)

(8.13)
= J(u) - CL(Z}“'U,) = —R*(Zh,u).
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Furthermore, using the Galerkin orthogonality the error becomes

J(e,) =ale,,u) =ale,,u—up) =J(u—up) —a(zp,u—up)

(8.14)
= —R"(zp,u — up).
Due to the linear model problem, the error can be alternatively written as
1 1
J(ey) =— §R(uh,z—zh)+§R*(zh,u7uh) ) (8.15)

The equations (8.12) and (8.14) are the basis for different error estimators for the error .J (e, ),
see e.g. [4, 11]. A simple error estimator in the energy norm || - || g follows directly from the
error representation (8.12). Using the Cauchy-Schwarz inequality, we obtain the upper error
bound

|J(en)| = la(u —upn, z — zp)| < |ju—upl|ellz — 24l|E- (8.16)

In practical computations, the relation is applied element-wise as

[T(ew)] < > llu—unlle.kllz - znlle.x. (8.17)
KeTy

The error in the quantity of interest is bounded by the energy norm error of the primal problem
weighted with the energy norm error of the dual solution.

The element contributions ||u — up||g,x and ||z — z}|| g,k are computed using standard
residual based error estimators, see e.g. [3,59]. Furthermore, local or global averaging tech-
niques for a posteriori error control can be used, e.g. the ZZ-error estimator [109].

Finally, the most important fact is, that the error in J(u) depends on the error in the corre-
sponding dual solution. Therefore, in the context of goal-oriented r-adaptivity, we have to
optimize the mesh with respect to the dual solution.

8.2.2 Error measures in the context of r-adaptivity

Different global error measures in the context of r-adaptivity have been introduced in Sec-
tion 7.3. In the same manner, for the discrete solutions of the quantity of interest the overall
error

J(ew) = J(u) = J(u) (8.18)
the error on the current mesh

J(eun) == J(up) — J(up) (8.19)
as well as the least obtainable error on the current mesh

J(ey) = J(u) — J(u}) (8.20)

are introduced. Furthermore, the overall error can be split into

J(ey) = J(ey) + J(ewn). (8.21)
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8.2.3 Energy principles for the primal and dual problem
In order to use the same arguments from energy minimization as for the global mesh opti-
mization, we consider in the following energy principles for the primal and dual problems.

The weak form of the primal problem is given in (8.1) as a(u,n) = F(n). We assume that
an energy functional

1
E(u) := 3 a(u,u) — F(u) (8.22)
exists such that
R(u,n) = E,(u,n) =0 V¥YneV. (8.23)

The solution w is a minimizer of the corresponding energy functional F(u). The first-order
optimality condition leads to the primal physical residual (8.3).

In the same manner, the variational equation for the dual problem is given in (8.2) and reads
a(z,m) = J(n). We assume, that J(u) is a regularized functional and well defined on V.
Then, the dual solution z is a minimizer of the corresponding energy functional of the dual
problem

E*(z) = %a(z z) — J(z). (8.24)

The first-order optimality condition leads to the dual physical residual (8.4), i.e.

R*(z,m)=E:(2,m)=0 VnecV. (8.25)

The minimization of the energy of the primal problem E(u) and the dual problem E*(z)
lead to the primal and dual physical residuals, respectively. The consecutive solution of both
problems provide the solutions u and z. In order to solve these problems simultaneously, the
functional

I(u,z) :=v,E(u)+v, E*(2) (8.26)

is introduced which contains both energy quantities. Here, for later use, the scaling factors or
weights ,, and v, have been introduced in order to favor either one or the other. This ends in
the following problem.

Problem 8.1 (Energy minimization w.r.t. {u, z}) Find {u,z} € V x V such that the en-
ergy functional (8.26) is minimized, i.e.

I — in I . 8.27
(u,2) i (P, q) (8.27)
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The first-order optimality condition for this problem reads

I, (u,m) Yu R(u,m)
= =0 (8.28)
I(z,v) V= R (z,v)
for all {n,v} € V x V. The variation with respect to u leads to the primal physical residual

R(u,n) = E/,(u,n) defined in (8.3) and the variation with respect to z yields the dual
physical residual R*(z,v) = E*'(z,v) which is given in (8.4).

The optimality condition (8.28) yields two independent equations, i.e. there is no coupling
between u and z at this point and the scaling factors or weights can be set to v,, = v, = 1.
Finally, the minimizers {u, z} € V x V of the functional (8.26) are given by the solution of
the set of equations

a(u,n) =F(n) Vnev
(8.29)
a(z,v)=Jv) VYvel.

Remark 8.1 (Optimal control approach) The optimal control approach from Section 5.2 is
applied to the linear problem (8.1), which results in the following constraint optimization
problem:
mi{}l J(u) s.t. a(u,n)=F(n) Vne. (8.30)
ue
The Lagrangian functional is given by L(u, z) = J(u) + F(z) — a(u, z) and the optimality
condition becomes

= =0 V{n,v}eVxV. (8.31)
L;(Zﬂ/) J(V) - a(y,z)

These equations obtained from the optimal control approach are equivalent to (8.29). Hence,
the two approaches are equivalent.

8.2.4 Energy minimization with respect to the design

The global mesh optimization is based on the minimization of the energy with respect to
the state and the design. For the goal-oriented mesh optimization, the functional (8.26) is
extended by the design function s, i.e.

I(u,z,8) =7, E(u,s) + v, E*(z, s), (8.32)

where E(u, s) = % a(s;u,u) — F(s;u) and E*(z, s) = 1 a(s; z, z) — J(s; 2). The energy
of the primal problem depends on s and the energy of the dual problem depends on the same
design function, because both problems have the same reference configuration. Hence, the

optimization problem is now coupled by the design function s.
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Remark 8.2 In the context of the finite element method and mesh optimization, the discrete
design variables are a subset of nodal coordinates. Then, the primal and dual problems are
approximated on the same mesh. In general, it can also be imagined that the primal and dual
problems are solved on different meshes. In this work, only the first case is considered, i.e.
the same design function s is used for the primal and the dual problem.

In this case, the following problem is introduced.

Problem 8.2 (Energy minimization w.r.t. {u, z, s}) Find {u,z,s} € V xV x S such that
the energy functional (8.32) is minimized, i.e.

I ,8) = i I(p,q,r). 8.33
(u,z,s) {p,q,rI}Ig\I}lXVXS (p,q,7) (8.33)

The optimality condition is given as

IL(U,ZaS)("I) Yu R(8;u,m)
I'(u,z,8)(v) p =< 7. R*(s;2,v) =0 (8.34)
I (u, 2, 8) (%) Tu G(8;u;9) + 7. G (83 2:9)

forall {n,v,¥} € V xV x S, where
R(s;u,n) = E, (u,s;n) primal physical residual

Ei'(z,sv) dual physical residual

R*(s;z,v) =
G(s;u;p) = El(u, s;1) primal material residual
G*(s;2;9) =
The first and the second equations are the primal and dual physical residuals (8.3) and (8.4),
respectively. The last two equations are the primal and dual material residuals

B (z,8;) dual material residual.

G(s;u;9) = - ay(s;u; ) — Fi(s;u,v), (8.35)

G (s;z:9) = S ag(s; z9) — (852, 9). (8.36)

Remark 8.3 (Linear vs. nonlinear arguments) The bilinear forms a(s;u,-) and a(s; z, )
in the physical residuals R(s;u,-) and R*(s;z,-) are linear with respect to all arguments
right from the semicolon, i.e. the primal and the dual solutions uw and z are linear. In con-
trast, in the material residuals G(s;u;-) and G*(s; z;-) the primal and the dual solutions
w and z appear still as quadratic terms, because the variations of the internal energies
1adl(s;u;r) = Sal(s;u,u, ) and 3 a.(s;z;-) := 1 al(s; 2, 2,) are quadratic in w and
z, respectively. This is indicated by the second semicolon, i.e. only the arguments right from
the second semicolon are linear.
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For a homogeneous elastic body with the chosen model problem of linearized elasticity (B.77)
the energy functionals (8.22) and (8.24) are given by

E(u,s) = Wg(u)dQ — F(s;u), (8.37)
Qr
E*(z,8) = Wr(z)dQ — J(s; z), (8.38)
Qr
where the quadratic strain energy function Wg(+) reads
1
Wr(:) =5 0() (). (8.39)
The explicit forms of the residuals are obtained as
R(s;u,n) = / o(u) : GradndQ — F(s;n), (8.40)
Qr
G(s;u;¢p) = / 3(u) : Grad dQ — Fi(s;u, ), (8.41)
Qr
R*(s;z,m) = / o(z) : GradndQ — J(s;m), (8.42)
Qr
G*(s;z;v) = / 3(z) : Grad ¥ dQ — J.(s; 2z, ), (8.43)
Qr
where the Eshelby tensor in terms of linear elasticity is given as
2(-) := Wr()I — Grad(-) T o(). (8.44)

8.3 Nonlinear problems

The extension to nonlinear problems is proposed within this section. The variational equation
of the primal problem is given by

a(u,s;m) = F(s;m)  Vpe, (8.45)

For a given nonlinear primal problem, the corresponding dual problem is formulated at the
current linearization point and determined by the linear equation

k(u,s;z,m) = J, (u, s;m) vYnpe, (8.46)

where the tangent operator k(u, s; z,m) = a.,(u, s; z,m) is the tangent physical stiffness
operator (4.87) of the primal problem. The corresponding primal and dual residuals have
been introduced in (4.7) and (6.7) as

R(u,s;n) = a(u, s;m) — F(s;n), (8.47)
R*(u,s;z,m) = k(u,s;z,m) — J, (u, s;7). (8.48)
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8.3.1 The error in a quantity of interest

We consider the physical problem for a given fixed design and therefore the variable s is
omitted for notational simplicity within this section. A representation of the error in a quantity
of interest J(u) — J(uy,) for general nonlinear problems can be obtain by using an optimal
control approach [12].

In Section 5.3.2 we have introduced the Lagrangian functional L(u, z2) = J(u) — R(u; z)
with the corresponding optimality condition

Jo(w;m) — R;(U;z,n)} o
— R(u;v)

L'(u,2)(n,v) = { (8.49)

forall {n,v} €V x V.

The Galerkin approximation of (8.49) for solutions {wp, z,} € Vp, x Vy, is given by

J) (un;my,) — Ry, (un; Zh,nh)}

— R(uh; Vh)

L' (wn, z1n) (M, Vi) = { =0 (8.50)

forall {n,,,vr} € Vi X V},.
For an error representation the relation

J(’Ll,) - J(uh) = L(’Ll,7 Z) - L(uha Zh)
1 (8.51)
=5 L' (up, zn)(€y, e.) + ruz(un, zn, €y, €2)

can be used. The first term is given as
L' (upn, zn)(ey, e.) = L (un, zn)(w — up) + L. (un, z1)(z — z1)
= J, (up;u —up) — R, (up; zn,u —up) — R(up; z — zp)
= —[R"(up; zn,u — up) + R(up; 2 — 2p) | (8.52)
and the remainder reads
1
Tuz(Uh, Zh, €4, €,) = 3 /0 {JI (wn + ey ey, ey, en)
— R (up + Aey) (e, ey, eu, zn + Ney) (8.53)
— 3Rl (up + Aey)(ey, eu,e:)} AM(A — 1) dA,

which is cubicin e, :=u —up and e, := z — zy,.
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Finally, for the error in the quantity of interest holds

1 1
J(u) — J(up) = — 3 R(up;z — zp) + 3 R*(up; zp,u —up) | + Tz (8.54)
The proof is straightforward and can be found in [4, 12]. The error in the quantity of interest
J(u) — J(up) depends directly on the error in the corresponding dual solution.

Remark 8.4 (Linear vs. nonlinear problem) In the linear case the primal and dual residu-
als coincide, i.e. R(up;z — zp) = R*(zp;u — wy). Therefore, (8.12) and (8.14) yield the
same error in the quantity of interest. But this does not apply to the nonlinear case.

Remark 8.5 (Error measures in the context of r-adaptivity) Error measures in the con-
text of r-adaptivity have been introduced in Section 7.3. The corresponding errors for lin-
ear quantities of interest are given in Section 8.2.2. For nonlinear quantities of interest these
errors are introduced in the same manner as

Jo, (U, up) = J(u) — J(up), (8.55)
Jeo (uh, un) == J(up) — J(un), (8.56)
Jer (w,up,) == J(u) — J(uy,). (8.57)

8.3.2 Energy minimization with respect to the design

In the same manner as for the linear problem in Section 8.2.4, the combined energy functional
for the primal problem (4.1) as well as for the dual problem (6.2) is given as

I(u,z,s8) =7, E(u,s)+ v, E*(u)(z,s). (8.58)

The minimization of the overall energy is given by a sequence of minimization problems
at every linearization point {u, s, 2z}, i.e. we have to solve the following problem in each
linearization point.

Problem 8.3 (Energy minimization w.r.t. {u, z, s}) Find {u,z,s} € V xV x § such that
the energy functional (8.58) is minimized, i.e.

I - i I ) 8.59
(u,z,s) gl s (p.q,7) (8.59)

The first-order optimality condition is given as
I, (u, z,5)(n) Yu R(u, :m)
I'(u,z,8)(v) p =4 7:R*(u,s:2,v) =0 (8.60)
I{(u, 2, 8)() Yu G, 8:9) + 7. G*(u, 8; 2;9)
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forall {n,v,®¥} € V x ¥V x S. The structure of this system coincides with the system of the
linear problem (8.34), but in contrast the first equation is still a nonlinear variational equation
for the state u and the second equation is a linear equation for z formulated at the current
linearization point, i.e. at a given deformed state.

The primal physical and material residuals R and G are given in (4.7) and (4.8). Furthermore,
the dual physical and material residuals R* and G* are given in (6.7) and (6.8), respectively.

For the computational treatment it is useful to reformulate the optimization problem (8.59)
only in terms of s, i.e. we introduce the functional

Z(8) :=yu E(u(s), s) + v, E*(u(s))(z(s), s) (8.61)
and we seek for s € S such that

Z(s) = minZ(r). (8.62)
reS
For given solutions {u, z} this optimization problem can be solved by using standard gra-
dient based algorithms or a staggered Newton method like for the global mesh optimization
problem from Section 4.5.2.

Remark 8.6 (Energy as quantity of interest) If the overall energy E(u,s) of the primal
problem is chosen as quantity of interest, i.e.

J(u,s) = E(u,s), (8.63)
the corresponding dual problem reads
k(u,s;z,m) = J,(u,8;1) = R(u, ;1) = 0. (8.64)

Hence, the dual solution z becomes zero and E*(u)(z, s) vanishes. In this trivial case we
obtain just the global mesh optimization problem (4.4) with the optimality condition (4.6).

8.4 Solution algorithm and practical aspects

In practice, we propose a staggered solution algorithm, i.e. we solve first the primal and the
dual problem and thereafter the optimization problem for the optimal design. For a given
initial mesh 7} (sy,) and a certain load step the solution scheme is given in Box 8.1.

Different numerical difficulties arise due to the solution of this problem. Reasonable regu-
larization methods should be used in order to regularize the energy functional. Furthermore,
the quality of the mesh (the distortion of the mesh) has an important influence on the shape
derivatives and hence on the results and the success of the optimization process. Hence, we
have to control the mesh distortion during the optimization progress, see Section 7.5.3.
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1. Solve the primal problem for a given load scale A and for a given design 5. Find
up, € V), such that

a(un, 8p;my) = A~ F(8nimy,) Vny, € V.
2. Solve the corresponding dual problem for given {@y, 8 }. Find zp, € V), such that
k(@n, 8n; zn,my) = Ty (@n, 305my) Y1y, € Vi

3. Solve the minimization problem for given {ty, 8y, 25 }. Find s;, € S}, such that (8.61)
is minimized, i.e.
T = min 7 .
(sn) = min Z(ry)
Compute the primal and the dual material residuals G and G* for {uy,, sy, 25, } and the
search direction d by using gradient based or Newton-type methods.
Compute a step size parameter £ and update the design, i.e. 5;+1 = s; + As with
As = ed.
Update u with the sensitivity relation Au ~ S As, see Remark 7.2. Goto (1) and find
the new state of equilibrium.

Box 8.1: Staggered solution algorithm for goal-oriented r-adaptive mesh optimization

Furthermore, the dimension of the numerical values of the primal and the dual material resi-
duals can be very different, because they depend directly on the dimension of the primal and
dual energy. In order to find a new search direction we have to choose the weights -, and
v, in an adequate manner. Within the following examples normalized material residuals are
used, i.e the weights v,, and v, are chosen in such a way that both residuals are normalized
to unity with the corresponding sign. Afterwards, the new search direction d has to be scaled
back to a suitable value in dependency on the dimension of the primal solution, the decrease
in the energy functional and the distortion of the mesh.

Of course, due to the complexity of the multi-objective problem different solutions may be
possible in dependency on the parameters ~, and .. Furthermore, from a theoretical point
of view an objective conflict may appear, i.e. none of the feasible solutions allows the simul-
taneous minimization of both objectives, see e.g. [38,98]. In such a case, the weights have to
be settoy, = 1land v, = 0 or v, = 0 and v, = 1, i.e. the single primal or the single dual
problem is solved. In the author’s experience, for a proper choice of the weights the algorithm
works.
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(a) system (b) primal material residual G (c) dual material residual G*

Figure 8.1: Short cantilever: system and material residuals on the design variables for the
initial mesh

8.5 Numerical examples

In this section, numerical examples concerning global and goal-oriented mesh optimization
are presented. In the first example, the theory of linearized elasticity is considered and in the
second example a problem from nonlinear elasticity is investigated.

8.5.1 Short cantilever

System and model problem. We examine a short cantilever under self-weight loading
b, = —100, see Fig. 8.1a. In this first example, the model problem of linearized elasticity
is considered, see Appendix B.2. The problem is modeled with the plane strain condition
with £ = 1000 and v = 0.3 and we discretize the model with standard Q4 elements.

The simple mesh consists of 49 Q4 elements and overall 128 degrees of freedom. The design
variables are the nodal coordinates of all inner nodes and the nodal coordinates in tangential
direction on the boundaries, i.e. 96 nodal coordinates are chosen as design variables.

We consider as a quantity of interest the vertical displacement u,, at the point X, as indicated
in Fig. 8.1a, i.e.

J(u,s) = uy(X,). (8.65)

The dual load for this quantity of interest is just a unit load in y-direction at point X ,, and the
resulting displacement field due to this load case is the dual solution zj, for u, (X ).
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\

(a) global mesh optimization for (b) global mesh optimization for (c) goal-oriented mesh optimiza-
the primal problem the dual problem tion

Figure 8.2: Short cantilever: optimized meshes

The primal and dual material residuals. The discrete primal material residual G (uy,, sp,)
due to the primal load case b, is given in Fig. 8.1b and the discrete dual material residual
G*(zp, sp,) due to the dual load is shown in Fig. 8.1c. Both residuals are given for the same
initial discretization (design) and only for the design variables, i.e. for the nodal coordinates,
which are allowed to vary. These are error indicators for the non-optimal discretizations of
the primal and the dual problem, respectively.

Results of the mesh optimization algorithm. A simple steepest descent method was used
in order to solve the minimization problem (8.62). Therefore, only the gradients of the primal
and dual energy, i.e. the primal and dual material residuals, are required. The solution was
attained within 10 iterations by using the solution algorithm in Box. 8.1.

The global mesh optimization for the primal problem as well as the global mesh optimization
for the dual problem itself have been investigated. The resulting meshes are given in Fig. 8.2a
and Fig. 8.2b, respectively. The meshes are optimized with respect to the overall energy of
the primal problem F(u) and the overall energy of the dual problem E*(z).

Furthermore, the goal-oriented optimized mesh with respect to the chosen quantity of interest
is shown in Fig. 8.2c. The resulting mesh yields an optimal solution with respect to J(u, s).

The error in the quantity of interest. In order to quantify the capability of the optimized
meshes, we compare the finite element solution J(uy,, sp) in every iteration with a reference
solution J(u, s) = —0.28525 obtained on a fine mesh with 10201 nodes. The results of the
relative errors for the global mesh optimization and the goal-oriented approach are shown in
Fig. 8.3. For the initial mesh we have J(u, s%) = —0.27756 and a relative error of 2.70 %
with respect to the reference solution.
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Figure 8.3: Short cantilever: relative error J(e,) during the mesh optimization

The global mesh optimization procedure yields after 10 iterations to J(u}, s5) = —0.28176
and the relative error of about 1.23 %), i.e. the error is reduced of about 54 %. In contrast, the
goal-oriented mesh optimization leads to J(u}, s;) = —0.28301 and hence to the relative
error of 0.79 %, i.e. a reduction of 71 % with respect to the error of the initial mesh. Hence,
the goal-oriented approach yields a much better accuracy in the quantity of interest than the
global mesh optimization procedure.

Error measures within r-adaptivity. In Section 7.3 and in Remark 8.2.2 we have intro-
duced error measures within r-adaptivity for the global and the goal-oriented mesh optimiza-
tion problems. Due to the fact that we keep the current approximation spaces V; and Sj,
fixed, we minimize only the error on the current mesh J (e, ) = J(u}) — J(u;) and obtain
the least obtainable error J(e}) = J(u) — J(uj}). Hence, the errors shown in Fig. 8.3 tend
to the errors J(e}) and not to zero. In case a smaller error is desired, we have to extend the
approximation spaces, i.e. we have to perform a h or p-adaptive step.

The overall error is given by J(e,,) = J(e})+J(ey ). The contribution of the error J(e,, 1)
on the overall error is very large for the initial mesh and the first and second iterations. The
contributions of all errors for the goal-oriented mesh optimization during the iterations are
shown in Fig. 8.4.

Uniform mesh refinement vs. r-adaptivity. The r-adaptivity provides an improved solu-
tion on the same mesh with low computational cost. On a coarse mesh with 64 nodes, we
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Figure 8.4: Short cantilever: distribution of the absolute errors J(e,,), J(e, ) and J(e},) for
goal-oriented mesh optimization

have reduced the relative error of about 71 %. If we use a uniform mesh refinement we need
about 280 nodes in order to obtain the same accuracy, i.e. more than the fourfold number of
nodes. This is shown in Fig. 8.5. The relative error due to a uniform mesh refinement is com-
pared with the errors J(e) obtained from the global and goal-oriented mesh optimization
procedures.

This demonstrates the potential of r-adaptive mesh optimization techniques. Especially on
coarse meshes, the error can be significantly reduced.

Mesh distortion control. In order to control the distortion of the mesh during the optimiza-
tion process, the same algorithm as for the global mesh optimization has been used, which
is described in Section 7.5.3. A remeshing strategy with a change of the nodal connectivities
as well as h-adaptivity techniques for patches with distorted elements could be considered to
improve the algorithm further.

As we can see in Fig. 8.3 and Fig. 8.4 the largest error contribution J (e, ;) occurs on the ini-
tial mesh and the first and second iterations. The gain of accuracy by using complex methods
for mesh distortion control can be low as compared to the numerical work involved. Hence,
in practical computations it is sufficient to do just few iterations in order to obtain the largest
improvements of the solution.
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Figure 8.5: Short cantilever: comparison of the relative error J(e,) due to uniform mesh
refinement with the optimal error J(e) obtained from global and goal-oriented
mesh optimization

8.5.2 Plate with a slit

System and model problem. We consider a classical compressible Neo-Hookean material.
The strain energy function under consideration is given in (B.20) as

1 1
Wr(Ic,J) = 5M(IC—3—21nJ)+§A(J—1)2.

The corresponding stress and elasticity tensors are given in Box B.2.

We investigate a plate with a slit as indicated in Figure 8.6. The plate is loaded by a body force
br = [0, 100]T. The Lamé parameters are chosen as A = 5.769 x 10? and 1 = 3.846 x 102,
which correspond to £ = 10% and v = 0.3.

The design variables are the nodal coordinates of all inner nodes and the nodal coordinates
in tangential direction on the free boundary. The nodal coordinates on the Dirichlet boundary
I'p are fixed.

The finite element model consists of 288 Q4 elements with 331 nodes and 662 degrees of
freedom. Overall 505 nodal coordinates are chosen as design variables.

The quantity of interest is the vertical displacement u, at the point X, i.e. J(u,s) =
Uy (X p).
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Figure 8.6: Plate with a slit: system and initial mesh

Results of the global and the goal-oriented mesh optimization approach. As in the for-
mer example, a steepest descent method has been used in order to solve the problem and up to
100 iterations have been investigated using the global and the goal-oriented mesh optimiza-
tion approach.

A reference solution J(u, ) = 9.667878 x 10~2 obtained on a fine mesh with 29221 nodes
is used in order to quantify the error. The energy of the primal problem for this reference
solution is E(u,s) = —22.642969. For the initial mesh we have J(u?,s)) = 9.4824 x
10~2, which corresponds to a relative error of 1.92 % with respect to the reference solution.
Furthermore, the primal energy for the initial mesh is E(u, s) = —2.2018 x 10, which
corresponds to a relative error of 2.76 %.

The values of the quantity of interest J(up, sp) and the primal energy E(uy, sp) after every
tenth iteration are given in Table 8.1 and Table 8.2, respectively. In addition, the relative
errors in the quantity of interest 77961 and the primal energy 77}"561 with respect to the reference
solutions are listed in the tables. The corresponding meshes for some selected iterations are
shown in Fig. 8.8 and Fig. 8.9, respectively. The meshes obtained from the global mesh
optimization reflect the primal solution for the given primal load case, see Fig. 8.8f. The
goal-oriented optimized meshes reflect the influence of the dual solution. The dual solution

is shown in Fig. 8.9f.

The largest improvements occur within the first thirty iterations. The global mesh optimiza-
tion leads after 30 iterations to J (wup,, s5,) = 9.5647 x 10~2 and a relative error of 1.07 %, i.e.
a reduction of the error of the initial mesh of about 44 %. The goal-oriented approach yields
J(up, sp) = 9.5950 x 10~2, which corresponds to a relative error of 0.75 %, i.e. a reduction
of 61 % with respect to the error of the initial mesh.
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Table 8.1: Global and goal-oriented mesh optimization: relative errors in J(up, Sp,)

. global goal-oriented
MO T o) |y A | (s | nr
0 9.4824e-002 1.9186 9.4824¢-002 1.9186
10 9.5600e-002 1.1160 9.5664e-002 1.0495
20 9.5628e-002 1.0867 9.5849¢-002 0.8585
30 9.5647e-002 1.0667 9.5950e-002 0.7538
40 9.5659¢-002 1.0546 9.5971e-002 0.7325
50 9.5667e-002 1.0470 9.5978e-002 0.7246
60 9.5675e-002 1.0383 9.5985e-002 0.7175
70 9.5681e-002 1.0320 9.5993e-002 0.7089
80 9.5695e-002 1.0180 9.5998e-002 0.7041
90 9.5707e-002 1.0055 9.6002e-002 0.6999
100 9.5717e-002 0.9949 9.6006e-002 0.6961

Table 8.2: Global and goal-oriented mesh optimization: relative errors in E(wup, sp)

) global goal-oriented
oo s | g 4 | Blun,sw) | ng )
0 -2.2018e+001 2.7584 -2.2018e+001 2.7584
10 -2.2200e+001 1.9582 -2.2112e+001 2.3461
20 -2.2207e+001 1.9249 -2.2190e+001 2.0022
30 -2.2212e+001 1.9022 -2.2213e+001 1.9005
40 -2.2215e+001 1.8905 -2.2217e+001 1.8830
50 -2.2215e+001 1.8884 -2.2218e+001 1.8772
60 -2.2217e+001 1.8813 -2.2219e+001 1.8719
70 -2.2217e+001 1.8815 -2.2221e+001 1.8653
80 -2.2220e+001 1.8680 -2.2221e+001 1.8616
90 -2.2221e+001 1.8614 -2.2222e+001 1.8585
100 -2.2223e+001 1.8563 -2.2223e+001 1.8556
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Figure 8.7: Plate with a slit: relative errors in J(up, sp,) and the primal energy E(up, Sp,)
with respect to the reference solution

The goal-oriented approach yields much better results for the quantity of interest within all
iterations. In contrast, the global mesh optimization approach leads to better results for the
primal energy within the first thirty iterations. After that, both the global and the goal-oriented
optimized meshes give roughly the same primal energy E(wy,, sp,). This is shown in Fig. 8.7
and all values are given in Table 8.2.

Notes on the non-convex optimization problem. It is noteworthy that different meshes
yield the same amount of primal energy, because the optimization problem is non-convex in
general and several local minima may occur. For instance, the global and the goal-oriented
optimized meshes after 30 iterations are shown in Fig. 8.8c and Fig. 8.9¢c, respectively. The
relative error in the primal energy of both meshes is about 1.90 % with respect to the reference
solution, i.e. two local minima have been found, see Fig. 8.7.

Therefore, due to the complexity of the optimization problem, a global minima can in general
not be achieved. However, the error in the energy with respect to the error of the initial mesh
is reduced of about 32 %.

Hence, the errors in the quantity of interest and in the primal energy are significantly reduced
with respect to the initial discretization, in which the number of nodes as well as the mesh
topology are fixed.
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Figure 8.8: Global mesh optimization: optimized meshes and the vertical component of the
primal solution on the reference mesh
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Figure 8.9: Goal-oriented mesh optimization: optimized meshes and the vertical component
of the dual solution on the reference mesh
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Approximations of the dual solution. As shown in Section 8.3.1, the error in the quantity
depends on the error in the corresponding dual solution. Hence, the mesh has to be optimized
with respect to the dual solution in order to minimize the error. The mesh which yields a
good approximation of the dual solution can be associated with a good approximation of the
quantity of interest.

A good approximation of the dual solution on a h-adaptive refined mesh is given in Fig. 8.10c.
The figure shows a 3D plot of the vertical component z, in order to illustrate the solution
behavior. On the initial mesh only a rough approximation of the exact dual solution can be
computed. This is shown in Fig. 8.10a. The goal-oriented optimized mesh yields a better
approximation of the dual solution as the initial mesh, see Fig. 8.10b.

Concluding remarks. The proposed r-adaptive mesh optimization algorithm yields an im-
proved solution on the same mesh with a fixed number of nodes and mesh topology, i.e. the
current approximation spaces Vj, and Sy, are fixed. If a lower discretization error is required,
we have to extend the approximation spaces, i.e. we have to perform a h- or p-adaptive step.

Classical h- and p-methods are superior as compared to r-adaptive methods and it is not
intended to substitute any h- or p-method by a r-adaptivity. However, r-adaptive mesh op-
timization algorithms are powerful at the beginning of an adaptive process, i.e. for an initial
coarse mesh before the application of h- or p-adaptive methods.

It is well-known that the combination of h- and p-methods is more efficient than each in-
dividual method. Therefore, a combined rhp-method seems to be the most efficient way in
order to optimize the mesh and to improve the finite element solution. The development of
such a rhp-method for global and goal-oriented mesh optimization should be addressed to
future work.

Moreover, there are other challenging problems from shape optimization where r-adaptivity
can be used. For instance, a r-adaptive method could be used to reallocate the nodal position
of all interior nodes if the shape optimization algorithm has modified the boundary. Especially
the goal-oriented r-adaptivity can be used if a local quantity of interest is considered as a
constraint of the optimization problem.
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(b) goal-oriented r-adaptive optimized mesh (¢ = 100)
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(c) h-adaptive optimized mesh with respect to z

Figure 8.10: Approximative dual solutions z, on the initial and the goal-oriented r-adaptive

optimized meshes as well as a good approximation of the dual solution on a

h-adaptive optimized mesh



Chapter 9

Shape optimization and configurational mechanics

The shape optimization problem in the context of configurational mechanics is
considered in this chapter. At first, an abstract framework for structural optimiza-
tion problems is introduced. The shape optimization problem is investigated later
on and the internal energy is chosen as objective functional. It is shown that the
material residual on the design boundary is an indicator in which direction the
boundary has to move in order to minimize the internal energy.

9.1 Introduction

Many fields deal with configurational changes. A classical field is structural optimization, e.g.
shape or topology optimization, in which the changes of the objective functional and the state
variable due to changes in the material configuration are of interest, see e.g. [13, 14,29, 58].
An interesting objective functional in shape and topology optimization is the energy, because
the minimization of the energy is directly related to the minimization of the compliance of
the system or equivalently to the maximization of the stiffness.

In this chapter the shape optimization problem is considered and the goal is to minimize the
internal energy of the primal problem. The shape of the body is described by a geometry
model, which is controlled by a set of discrete control points of geometrical objects. In the
examples, the geometry is modeled using Bézier curves.

Furthermore, different applications in the context of structural optimization and configura-
tional mechanics or mechanics in the material space can be found in the literature. The shape
optimization of elastic inclusions was studied in [101, 102] and an application to the opti-
mization of truss structures were presented in [1,21].

In addition to these applications, the shape optimization problem for elastic solids is investi-
gated within this work and the relations to configurational mechanics are highlighted. Both
disciplines deal with changes in the material configuration but they use merely different desig-
nations for the same quantities. For instance, the so-called configurational or material forces
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or material residual are called sensitivities of the energy in the context of structural optimiza-
tion, see (4.13) in Section 4.3.1. It turns out that the discrete material residuals on the design
boundaries are the negative gradients within the shape optimization process. Therefore, mate-
rial residuals are indicators in which direction the boundary has to move in order to minimize
the compliance (internal energy) or equivalently to maximize of the structural stiffness. Some
results of this chapter are published in [66, 69].

9.2 On structural optimization and variational balance laws

9.2.1 An abstract framework for structural optimization

A classical structural optimization problem in an abstract setting is considered. In general,
the following optimization problem has to be solved.

Problem 9.1 (General structural optimization problem) Find {v,s} € V x S such that a
chosen objective functional I : V x S — R is minimized, i.e

I = min I 9.1
(v,s) L (p,7) 9.1

subject to the constraint

R(v,s;n) = a(v,s;m) — F(sin) =0 VnpeV. ©.2)
Additionally other conditions and side constraints for the design s may be introduced. The
corresponding Lagrangian functional reads

L(v,s,2z):=I(v,s) + R(v, s; 2), (9.3)

where z € V denotes the dual or adjoint variable. We seek for stationary points of L which
are given by the solution of

L'(v,s,2)(n,¢,v) =0. 0.4

The triple {v, s, z} € V x § x V is determined by the saddle-point problem

LL(”asaz)(Tl) —77/1(078;77)+R;(U»8;Z,77)
Li(v,s,2)(¢) p = IL(v,s;9) + R,(v,8;2,9) p =0 9.5)
L.(v,s,z2)(v) R(v, s;v)

forall {n,¥,v} € VxS x V. Here, I, I, R, R., are the partial variations of the objective

s tyrtsy

functional I and the primal physical residual R with respect to v and s. The last equation of
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(9.5) is simply the variational problem (9.2) for the state v. Using the notation from Chapter 4
with R (-,-) = k(-,-) and R,(-,-) = p(:, -) the problem becomes

I(v,s;m) + k(v,5;2,m)
I(v,s59) +p(v,852,) p =0 V{n, v} €V xSxV. (9.6)
R(v, s;v)

Remark 9.1 (Dual or adjoint problem) Egq. 9.51 is the dual or adjoint problem correspond-
ing to the solution v € V at the current linearization point, i.e. z € V is the solution of

k(v,s;z,m) = —I(v,sim)  VmeV. 9.7)

The bilinear form k(v, s; z,n) = R, (v, s; z,n) is the tangent physical stiffness operator at
the current linearization point v defined in (4.87).

9.2.2 The energy functional as objective function

The objective function I of the optimization problem (9.1) is arbitrary and depends on the par-
ticular application. In many engineering applications, the energy functional of the problem is
used as the objective functional, because there is a relation between the overall minimization
of the energy and the maximization of the stiffness.

For the particular choice of I(v, s) = E(v, s) we have for a given solution v € V
I(v,8,m) = E,(v,s;m) = R(v,s;m) =0 Vnpe). (9.8)

Therefore, the dual solution z becomes zero in (9.7) as well as the Lagrangian (9.3) remains
L(v,s8) = I(v,s) = E(v, s). Hence, the optimality condition (9.5) is reduced to the opti-
mality condition of the primal physical problem (4.6), i.e.

{ E}(v,8)(n) } { R(v,s;n) }
= =0 V{ny}eVxS. (9.9)
E(v,s)(v) G(v, s;v)

The partial variations of I = E with respect to v and s yield the primal physical and material
residuals defined in (4.7) and (4.8), respectively.

9.3 The minimum compliance problem

The model problem of linearized elasticity is considered and its formulation is given in Sec-
tion B.2. Let

Clu)= | Waaa = %a(u,u) 9.10)
R
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be the internal energy of the structure and F'(w) a linear functional associated with the exter-
nal energy. The overall energy of this problem can be written in the form

E(u) = WRdQ—F(u):%a(u,u)—F(u):—%F(u)
Qr
9.11)

1
=— WrdQ = —=a(u,u) = —C(u),
Qr 2

where the equilibrium equation a(u,n) = F(n) ¥V n € V has been used.

Assume the overall potential energy as a measure for the mean structural stiffness .S, i.e.
S = FE. Note, that S = —C, i.e. the internal energy can be assumed as a measure for the mean
structural compliance. The maximization of the stiffness .S is equivalent to the minimization
of the compliance C.

The goal is now to find the optimal design for which the structure attains a minimum of mean
elastic compliance among the structures of constant volume Vj or material cost. We use a
staggered solution algorithm and we formulate the optimization problem only in terms of the
design. This ends in the following problem.

Problem 9.2 (Minimum of mean elastic compliance) Find s € S such that the internal
energy C(u(s), s) is minimized, i.e.

I(s) = vaeigC'(u(r),r) 9.12)

subject to the constraints
R(u,s;m)=0 VneVy (9.13)
V-V=0. 9.14)

From the above stated definitions, it turns out that the variation of the objective functional,
i.e. the variation of the internal energy with respect to s is the negative material residual G,
which is defined as the variation of the overall energy E with respect to s, i.e.

E; = G(u,s;v) (9.15)
Cl.=—FE.=-G(u,s;v). 9.16)

Hence, the gradients which are used in the shape optimization process contain the negative
configurational or material forces or material residual G. The negative gradients are the search
directions within a simple gradient based method in order to find a decrease in the objective
functional. This means in the context of shape optimization that the negative gradients on
the design boundaries represents the search directions. Finally, the negative material residual
can be interpreted as an indicator in which direction the boundary has to move in order to
minimize the internal energy or to maximize the structural stiffness.
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Remark 9.2 (Alternative formulation) In topology optimization the compliance minimiza-
tion problem is often written in an equivalent form in terms of the potential F'(u), i.e. F(u)
is minimized in (9.12), see e.g. [14]. The internal energy C(u) and F(u) are related by a
constant factor, i.e.

F(u) = 2C(u). (9.17)

9.4 Design velocity fields

The design velocity field in the language of structural optimization corresponds to the ’dis-
placement’ in the material space. An initial domain g (s) is perturbed to a domain 25 by
using a (time-like) design parametrization s, which parameterizes in an abstract sense the
material body in the reference configuration, see Section 3.1.2. This change in the shape can
be expressed by the mapping T : X — X (X)), X € Qp, where X ; is the material point
in the perturbed domain. By thinking of s as a time-like design parametrization, a design
velocity field V' can be defined as

dX, dT'(X,s) O0T(X,s)
ds ds o 0s

If we assume regularity in the neighborhood of the initial design s = 0, we have around the
initial mapping point T'(X, 0) the Taylor expansion

V(X,,s) = . (9.18)

aT (X ,0)
Os

Finally, with T'(X,0) = X and by ignoring high-order terms O, we obtain the relation

T(X,s)=T(X,0) +s +0. (9.19)

X,=X +sV(X). (9.20)

The design velocity field characterizes the direction of domain variation. For a given V/, the
change of the domain is uniquely controlled by the scalar parameter s. For more details see
e.g. [27,28] and the references therein.

For a geometry model representation of the domain, this field is generated by a variation of
the underlying geometry mappings, i.e. the Bézier representation of patches describing the
geometry of the structure, respectively. In the continuum domain, the velocity fields associate
the geometry parametrization to the movement of material points. In the discrete case, this is
the association between the geometry parametrization and the movement of mesh nodes.

We consider a vector of design variables p € R™, which parameterize the shape of the current
domain 2. Within this chapter the design variables p; are control points of Bézier curves.
The design velocity field corresponding to the design variable p; is given by

_8X
B 31%"

Vi(X) 9.21)
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In the context of the finite element method, the design velocity field V;(X) characterizes
the changes of the finite element nodal point coordinates X with respect to the changes of
arbitrary design parameter p;. Examples for such design velocity fields are given in Exam-
ple 9.5.2 in Figure 9.7a and 9.7b, respectively.

Furthermore, the velocity fields are also important and fundamental in the context of mesh
updating and smoothing. Let X be the vector of nodal coordinates, then the new shape X is
obtained from

Xs = X(p) + cAX(p, Ap) (9.22)
with
oX T 9X i
AX(p, Ap) = Ap= ZAp, =Y V. Ap;. 9.23
(p. Ap) = 5-Ap 2 o, p ; P (9.23)

Here, V; is the discrete design velocity field corresponding to the design parameter p;. Fur-
thermore, € is a step size parameter, which controls the decrease in the objective and the mesh
distortion as well as Ap is the increment of the design variables obtained from the solution
at the current iteration.

The design velocity field can be multiplied with the vector field of energy variation, i.e. the
material residual or configurational forces G, to build up the sensitivity of the objective (the
energy) with respect to a variation of the design variable p;, i.e.

0X
E' =GT6X; =GT == 6p; =G*V, ép; . (9.24)
pi Ipi
Hence, the design velocity fields connect the variation in the geometrical design variable p;
with the variation in the objective functional.

9.5 Numerical examples

9.5.1 Cantilever beam

System and model problem. As a first simple example from shape optimization the well-
known cantilever beam problem is considered. The cantilever is clamped on the left side
and loaded by a point load fy = 5 at (L, 0), see Fig. 9.1. The initial design consists of the
rectangular domain with dimensions of L = 4 and H = 2, respectively.

The model problem of linearized elasticity is considered, see Appendix B.2. The cantilever
is modeled with the plane strain condition with £ = 1000 and v = 0.3. A regular finite
element mesh with overall 16 by 8 elements is chosen to guarantee visibility of the meshes in
all pictures.
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Figure 9.1: System of the cantilever and geometry model with 10 design variables p; in ver-
tical direction. The lower and upper boundaries are modeled with Bézier curves
with three internal control points (ps—p10)-

The optimization problem and the design variables. The optimization task is to gener-
ate the most efficient material distribution with respect to the overall stiffness of the struc-
ture. The nonlinear programming problem consists of the objective function (internal elastic
energy), the constraint function (constant volume) and the geometrical design variables, i.e.
Problem 9.2 has to be solved.

Here, the lower and upper boundaries of the structure are modeled using Bézier curves with
three internal control points which are equally distributed over the length of the structure. In-
cluding the corner points, overall 10 vertical coordinates are design variables p;, see Fig. 9.1.
The design variables p; are bounded by upper p,, and lower p,, side constraints

—10=py <pi <po=-0.25 Vi=1{1,2,5,6,7}

0.25 = pu < pi < po = 10 Vi={34,8,9,10}.

Results of the shape optimization. The optimum was attained within 19 iterations. The
initial and final solutions as well as some selected iterations are shown in Fig. 9.2.

The optimal shape leads to a uniform distribution of the material residual on the design
boundary. The norm of the material residual G on the design variables p decreases from
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Figure 9.2: Distribution of the material residuals on the mesh nodes G(X) (left side) and
design variables G(p) (control points of the Bézier curves) (right side) during
the optimization progress, (a) initial shape (d) final shape
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Figure 9.3: Distribution of the internal energy

0.4508 to 0.2175, i.e. a reduction of 51.8%. The internal energy C'(uy) decreases from
0.4375 to 0.2869, i.e. a reduction of 34.4 %.

The distribution of the internal energy for the initial and optimized design is shown in Fig. 9.3.
The energy distribution of the optimized shape is more smooth in comparison to the initial
shape.

9.5.2 L-shape

System and model problem. We consider as a more complex example from shape opti-
mization a L-shaped cantilever problem, see Fig. 9.4. The nonlinear programming problem
under consideration consists of the objective function (internal elastic energy), the constraint
function (constant volume) and the geometrical design variables, i.e. we solve Problem 9.2.

The L-shape consists of three geometry patches as indicated in Fig. 9.4. The boundaries of the
patches are modeled using Bézier curves each with three internal control points. We consider
only the lower and right boundary of the L-shape as design boundary and keep the loaded
boundary fixed. Including the corner points, overall 14 coordinates of the control points are
design variables p;. The L-shape is modeled with the plane strain condition with E = 10°
and v = 0.3 and loaded by line loads ¢, = t,, = 5.

Results of the shape optimization. The initial and final solutions as well as a selected
iteration are shown in Fig. 9.6. The optimal shape is obtained, if the material residual G (X)
is uniformly distributed over the design boundary, see Fig. 9.6 (c). The optimal solution was
attained within 37 iterations. The norm of the material residual G(p) on the design variables
decreases from 0.4009 to 0.1911, i.e. a reduction of 52 %.

The design variables ps and p3 connect two geometry patches, respectively. Therefore, they
have a large influence domain, i.e. small variations result in large changes in the geometry
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Figure 9.4: L-shape: system (left) and geometry model with 14 design variables p; (right)

and hence in the internal energy. This is indicated by large material residuals G(p;) on these
design variables, see Fig. 9.6.

The internal energy C(uy) decreases from 0.9015 to 0.5409, i.e. a reduction of 40 %. The
distribution of the energy of the optimized shape is once again more smooth in comparison
to the initial shape, see Fig. 9.5.

(a) initial design (b) optimized design

Figure 9.5: Distribution of the internal energy
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Figure 9.6: Distribution of the material residuals on the mesh nodes G(X) (left side) and
design variables G(p) (control points of the Bézier curves) (right side) during
the optimization progress, (a) initial shape, (b) iteration 6, (c) final shape
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(a) Field V» corresponding to p2 (b) Field V41 corresponding to p11

Figure 9.7: Design velocity fields V; for p; (a) and p11 (b)

Design velocity fields. As mentioned in Section 9.4, the design velocity field V;(X) cha-
racterizes the changes of the finite element nodal point coordinates X with respect to the
changes of arbitrary design parameter p;. For example, a variation of the vertical position
of the design variables p, and p;; of the design boundary of the L-shape generate the fields
shown in Figure 9.7a and 9.7b, respectively. Hence, these fields reflect the influence domains
of the design variations.

Distribution of the material residual. It is interesting to note, that for the compliance
or internal energy optimization problem, the material residual G on the design boundary is
the indicator in which direction the boundary has to move in order to minimize the internal
energy. The optimal shape is obtained, if the material residual is uniformly distributed over
the design boundary, see Fig. 9.2d and Fig. 9.6c, respectively.

The material residual on the boundary does not vanish, because there is still an ambition to
find a state with lower internal energy, i.e. a more stiffer structure. The side constraints for
the design variables and the volume constraint avoid this movement.



Chapter 10

Error analysis and improvement of sensitivity
relations

This chapter is concerned with error analysis and improvement of first-order
sensitivity relations for the state and quantities of interest. At first, novel exact
sensitivity and error relations are presented. Based on the exact sensitivity rela-
tions an improvement algorithm is proposed. The improved design sensitivities
are used to estimate the error between the exact change in the state due to design
perturbations and the changes in the state obtained from a classical first-order
sensitivity relation.

10.1 Introduction

The reliability and accuracy of design sensitivities is an important question within sensitivity
analysis. For numerically obtained design sensitivities, such as finite difference methods, this
has been widely studied in the literature, see e.g. [104] for a compressive overview with many
references.

Within this work a variational approach is used in order to obtain the design sensitivities. Vari-
ational methods are known since several decades, see e.g. [27,28] and the references therein.
But as far as the author knows, the following approach for error analysis and improvement of
variational sensitivity relations has not been studied before. Here, only the error in the design
sensitivity is studied. Other errors such as the discretization error as well as the combined
sensitivity and discretization error are addressed to future work.

Variational sensitivity relations for the state v and a chosen quantity of interest J(v, s) have
been introduced in Section 4.3.2 and Section 6.3.4, respectively. These relations are based
on an invariant requirement of the physical residual R(v, s;n). This means that for a fixed
initial design sg and a given initial solution vy € V the residual vanishes, i.e.

R(vo,s0;m) =0 VneV.
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Furthermore, also the total variation has to be zero, i.e.
R = (SUR(UO? S0; 17, 5”) + 5SR(UO7 So; 1M, 63) =0.

From this, the sensitivity relation for the state has been derived in (4.21) in form of

dyR(vo, S0;m, 0v) = —d5R(vg, S0; M, 8) (10.1)
or

k(vo, s0;m, 6v) = —Q(vo, s0;7M), (10.2)
where k(vg, so; 7, 0v) = 6, R(vo, So; 17, 0v) is the tangent stiffness operator (4.87) and

Q(vo, S0;m) = p(vo, S0; 1, 08) = 6, R(vo, S0; 7, 65) (10.3)

is the pseudo load for a given fixed design variation §8. Furthermore, a sensitivity relation for
a chosen quantity of interest can be obtained from the above relation. This has been given in
(6.27) and reads

Jy (00, 80; 6v) = —Q(v, 50; 20), (10.4)

where 2z denotes the dual solution corresponding to the quantity of interest obtained on the
initial design sg.

It is important to note that these relations are valid only for infinitesimal variations Jv and ds.
In practical computations the changes in the design have a finite value, i.e. design increments
As and state increments Awv are considered. Let Av € V be the exact change in the state
due to the design change As. The pseudo load Q(vy, So; -) is therefore computed for a given
design increment AS, i.e.

Q(vo, 80;m) = p(vo, 50;M, A8) = 6, R(vo, s0; 1, A5). (10.5)
Then, in the general case, the relations (10.2) and (10.4) are not fulfilled, i.e.
k(vo, s0;m, Av) ~ —Q(vo,80;m) and  J; (vo, s0; Av) ~ —Q(v, s0; 20). (10.6)

Hence, only an approximation for the change in the state A and a quantity of interest
J! (vo, 80; AD) due to changes As are obtained by solving (10.2) and (10.4), i.e.

k(vo, s0;m, Av) = —Q(vo, s0; 1) (10.7)
and

Iy (vo, 803 AD) = —Q(vo, S0; Z0)- (10.8)
Therefore, the goal is now to study the error

ey, = Av — Av, (10.9)

i.e. the distance between the exact change in the state Av and the approximative change Av
obtained from the sensitivity relation (10.7). This is illustrated in Fig. 10.1, which shows the
increments and the error for a one-dimensional problem.

To do this, first an exact representation of the sensitivity relation is derived.
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error in the change of the state:
CAy =V — D

= Av — Av
>
< first-order sensitivity relation:
A = —-K~1[OR/0s] As
=—K'PAs
=-K'Q

Figure 10.1: One-dimensional illustration of the first-order increment Av and the error in
the increment e 5, = Av — Av.

10.2 An exact sensitivity relation and error analysis for the state

10.2.1 Taylor expansion with an exact integral remainder

In this section an exact sensitivity relation for the state is proposed. This is based on well-
known Taylor expansions with exact integral remainders, see e.g. [30]. Such Taylor expan-
sions are also used within error estimation techniques for discretization and model errors, see
for instance [12, 18, 84].

The Taylor expansions are exemplary shown for a one-dimensional function. Let f(x) be
an arbitrary nonlinear function with an independent variable . Furthermore, let o be some
initial value and Az be a given increment. Then, the changed function value of f(x) due to
Az is given as

f(zo + Az) = f(w0) + Af(z0; A)
The exact increment

Af(xo; Azx) = f(xg + Az) — f(x0) (10.10)
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is a nonlinear function and can be expressed using different Taylor expansions with integral
remainders. In particular, we have

Af(xo; Ax) = 71 (20; Az) (10.11)
= fu(xo; Az) + 13 (wo; Ax) (10.12)

1, 1, 1,
=3 fr(xo; Az) + 5 fo(xo + Az; Az) + 3 3 (x0; Ar) (10.13)

with the exact remainders

1
rl(zo; Ax) = / fo(zo + AAx; Az) dX (10.14)
0
1
r2(xo; Ar) = / 7 (xo + AAz; Az, Az) (1 — ) dA (10.15)
0
1
r3(xo; Az) = / i (wo + NAw; Az, Ax, Ax) M\ — 1) dA. (10.16)
0

These relations are exact if the remainders are computable and can easily be verified for
arbitrary continuously differentiable functions. A one-dimensional illustration of the first-
order approximation f/(xo; Az) and the corresponding remainder 72 (zo; Ax) is given in
Fig. 10.2. The extension to general functionals and semilinear forms is straightforward and
used within the following sections.

A

Fl@o+ Az} me e T T

remainder:
2(z0; Aw)

first-order approximation:
Fi(@o; Az) = f1(wo) - Ax

flao) 4= ===-=2
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Figure 10.2: One-dimensional illustration of the first-order approximation and the remainder.
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10.2.2 An exact sensitivity relation

Let vg € V be the solution of the initial problem with a given initial design sg € S. Fur-
thermore, let v € V be the solution for the changed design s = sg + As € S. Then, both
problems are given as

R(vo,s0;m) =0 VnpeV initial design sg (10.17)

R(v,s;m) =0 Vney changed design s = sg + As. (10.18)
In the general case, the residuals depend nonlinear on v and s and we have

R(v,s;n) = R(vg + Av, ;1) # R(vo, s;1) + R(Av, s;7), (10.19)

R(v,s;m) = R(v, s + As;n) # R(v, s0;m) + R(v, As;n). (10.20)

Using a Taylor expansion with an exact integral remainder the variational form for the changed
design (10.18) can be written as

R(v,s;n) = R(vg + Av, s;1)
= R(vg, 8;m) + R, (vo, 8;1, Av) + 1, (v0, 8317, Av) (10.21)
= R(vo, 83m) + A, R(vo, s;m) = 0.
The change in the residual due to changes Aw is given by the nonlinear increment
Ay R(vo, 8;m) := R, (vg, 8;m, Av) + 1, (v, 831, Av) (10.22)

with the remainder
1
ry(vo, 831, Av) := / R (vo + AAwv, s;n, Av, Av) (1 — \) d. (10.23)
0

Furthermore, (10.18) can be also written as
R(v,s;n) = R(v,so + As;n)
= R(v, s0;m) + R, (v, so;n, As) + 75(v, s0;m, As) (10.24)
= R(v, s0;m) + AsR(v, s0;n) = 0.
The change in the residual due to changes As is given by the nonlinear increment
A R(v,80;m) := R.(v,80;m, AS) + r5(v, s0; 17, AS) (10.25)

with the remainder

1
rs(v,s0;m, As) = / RY (v,s0 + \As;m, As, As) (1 — \) dA. (10.26)
0
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If the remainders are computable, these relations are exact. With this at hand, the residual
R(v, s;n) can be expressed only in terms of the initial state v or the initial design sg.

The goal is now to obtain an exact sensitivity relation for the state v due to changes in the
design As, i.e. the exact distance between the solutions vy and v from (10.17) and (10.18),
respectively. This is accomplished in the following result.

Theorem 10.1 (Exact sensitivity relation for the state) Ler the residual R(v,s;-) be suf-
ficiently differentiable with respect to v and s. Then it holds for the change in the state
Av = v — v due to changes in the design As that

k(vo, s0; 1, Av) = —Qox(v)(vo, S0; 1) Vnev (10.27)
with the exact pseudo load functional

ch(v)(v(), S0; 77) = Rg(”Ov So; M, AS) + Ris‘/v (vov S05 7, AS, A’U)

(10.28)
+ ’I”(’U, Vo, S0 1, A'U’ AS)
for a given As. The remainder is quadratic in Av and As and reads
1
r(v,vo, 80; 1, Av, As) 1= / { Rl (vo + N, s0;m, Av, Av) (10.29)
0

+ RY (v,80 + A\As;m, As, As)
+ RY (vo+ MNAv, 8031, As, Av, Av)} (1 — X) d.

Proof . Obviously we have, subtract Eq. 10.17 from Eq. 10.18 and by using (10.24),

R(v, s;m) — R(vo, s0;m) = R(v, 80;m) — R(vo, s0; M)

(10.30)
+ R (v,80;m, As) + rs(v, sSo; 1, As) = 0.
Furthermore, we can write
R(v,50;m) — R(vo, s0;m) = R(vo + Av, s9;1) — R(vo, s0; M)
= R, (vo, s0;m, Av) + 74 (v0, S0; 1, Av) (10.31)

= AUR(UOa S0; 77),
where 7, (vg, S9; 7, Av) is defined in (10.23), in which s is replaced by s¢. This yields
R(v, 8;m) — R(vo, s0;m) = R, (vo, 80;1, Av) + R (v, 80; 1, As)

(10.32)
+ 7y (v0, S0; M, Av) + 75(v, 8031, As) =0
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or
R, (vo, s0;m, Av) = — R((v, s0;m, As)
(10.33)
—1o(vo, S0;m, Av) — 75(v, 8037, As).
The term R/, (v, sp; i, As) depends still on v. A Taylor expansion yields
R.(v,s0;m, As) = R.(vo + Av, s¢; 17, As)
= R.(vo, s0;m, As) + R, (vo, So;n, As, Av) (10.34)
+ 750 (v0, S0; M, As, Av)
with the remainder
Tsv(Vo, 80; M, A8, Av) 1= /1 RY (vo + AAv, s0; 1, As, Av, Av) (1 — X) d.
’ (10.35)
Finally, this leads to
R! (vo, 8031, Av) = — R.(vo, 80; 1, As) — R, (vo, 80; 1, As, Av)
—14(v0, 80; M, Av) — 14(v, s0;m, As) (10.36)
— 75y (v0, S0; M, As, Av).
A rearrangement of all terms and the reminders as well as by using
k(vo, so;m, Av) := R, (v, S0;m, Av) (10.37)
gives the stated result. O

In Theorem 10.1 an exact pseudo load for the state Qox(v, v, So; ) has been introduced.
For chosen fixed Av and As this is a linear functional Q. : V — R. The structure of
the exact sensitivity relation (10.27) is equivalent to the standard approximative sensitivity
relation (10.7). But obviously, the exact pseudo load contains the exact solution v or the
exact increment Awv. For practical computations the exact solution can be replaced by a good

approximation. This will be discussed in detail in Section 10.3.

Remark 10.1 (Exact pseudo load vs. approximation) The derived exact pseudo load func-
tional Qex(v)(vo, So; ) in (10.27) and the approximate pseudo load Q (v, So; -) in (10.7) are

related by

Qex(v)(vo, 80; M) = Q(vo, S0; M) + Q. (vo, S0; M, AV)

+ 7"('1), Vo, S0; 1, A'U, AS),

(10.38)
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where the relations
Q(vo, s0;+) = R (vo, s0; -, As), (10.39)

Q. (vo, s0; -, Av) = RY (v, So; -, As, Av) (10.40)

have been used. Furthermore, the remainder (10.29) in terms of Q(-, -; -) is given as

1
r(v,vo, So; N, Av, As) = / {R! (vo + N, sg;m, Av, Av) (10.41)
0
+ Q% (v, 80 + A\As;n, As)
+Ql,(vo + NAw, sg;m, Av, Av)} (1 — X) d.

Remark 10.2 (The error in the pseudo load) The error in the pseudo load is easily ob-
tained from (10.38) as

Qex(v)(v0, s0;m) — Q(vo, S0;1) = Q' (vo, S0; M, Av)
(10.42)
+ T(’Ua Vo, S0; 1, A'U, AS)

Remark 10.3 (First-order sensitivity relation) The approximative pseudo load Q (v, So; -)
in (10.7) is just the first partial variation of the residual of the initial design R(vy, So; -) with
respect to s. Therefore, the approximate sensitivity relation (10.7) given as

k(’vOa So; M, A’D) = *Q('U(% 50§77)

is in the following referred to as the first-order sensitivity relation for the state. The first order
approximation for the state v is introduced as

v :=vy + Av. (10.43)

10.2.3 Different formulations depending on the order of linearization

Depending in which order the exact linearization is performed, different formulations of the
residuals and therefore different formulations of the exact sensitivity relations are obtained.
If the first linearization is done with respect to v and the second with respect to s we have

R(v,s;m) = R(vo, 8;m) + R, (vo, 5;1, Av) + ry(vo, 5;1, Av)
= R(vo, s0;m) + R, (vo, 5;m, Av) + R (vo, S0; 1, As)
(10.44)
+ 7y (vo, 8;m, Av) + 1r5(vo, S05 1, As)

= R(vo, s0; 1) + AsR(vo, s0;m) + Ay R(vg, s3m) = 0.
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Furthermore, this can be written as
R(v, s;m) = R(vo, s0; 1) (10.45)
+ R (vg, s0;m, Av) + R, (vo, s0;m, As) + R (vo, S0; 1, Av, As)
+ 7y (vo, 83 M, Av) + r5(vg, So; ), AS) + 745 (Vo, S0; M, Av, As) = 0.
The remainders r,,, rs and 5 are defined in (10.23), (10.26) and (10.35), respectively.

On the other hand, if the first linearization is done with respect to s and the second with
respect to v we have

R(v,s;m) = R(v,s0;m) + R, (v, s0;m, As) + r5(v, so; 1, As)

= R(”Ov 30%’7) + R;(’Uo, S05 17, AU) =+ R;(’U, So; M, AS)

(10.46)
+ 7y (vo, 80;m, Av) + 75(v, S0; 1, AS)
= R(vo, 80;m) + AuR(vo, S0;m) + AsR(v, s9;m) =0
and
R(v,s;m) = R(vo, s0; 1) (10.47)

+ R;(”Oa S0 1, A'U) + R;(U(L S0, M, AS) + R;/U('UO, So; M, AS, A’U)
+ TU(UO» So; M, A'U) + 7"5(’0, So; M, AS) + Tsv('l}Ov So; M, AS, A’U) =0.
Obviously, from (10.44) and (10.46) we have

R;(”Oas;,’%Av) R,/U('U(),S();T’,A’U)
+Rls(v0750;n7A3) +Rg(”»30§77743)

- (10.48)
‘|’7"u(’00a3§777A'U) +TU(UO7SO;77)AU)
-|—7"3(U0,30;7], AS) +7’s(U730;777A3)

or
RZS(”Osz;nvAvaAS) R/S/U(UOaSOV’IaASaA”)
+ 7 (vo, 83, Av) + 7 (vo, S0; M, Av)
- . (10.49)

+rs(v0380;nv AS) +7’s(1’730;777A3)
+’I"v3(’U(),S();’I’],A’U,AS) +7“su(’00,50§77’A37AU)

From this follows that the change in the state Av can be computed using different formu-
lations. For given As the bilinear form R/ (vq,s;n, Av) = R!(vo, so + As;n, Av) is
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A
R(v, so) R(v, s)
vt -
: AsR(v, s0) ' R(vo, s) = R(vo, s0) + AsR(vg, $0)
UE ;;“ R(v, s0) = R(vo, s0) + Ay R(vo, S0)
> ~—
Q:; :z R(v,s) = R(vo, s0) + AsR(vg, s0) + Ay R(vo, 8)
<
AR (vo, 80) = R(vo, s0) + Ay R(vo, s0) + As R(v, 80)
Vo T >
R(vo, 50) R(vo, s)
S0 s

Figure 10.3: Tllustration of the different order of linearization of a given functional R(v, s).

explicitly known and Av € V is the solution of
RL('UO, s;n, A'U) = RIS(UO7 S0; 7, AS)
Vnev. (10.50)
+ 7Av(”Oa s, A’U) + 7’3('00, So; 1, AS)
On the other hand, Av € V is also the solution of
R;J(’U()a So; 1, A’U) = Rg('vv So; M, AS)
VneV. (10.51)
+ rv('UOa So; M, A’U) + ’I"S('U, S0, M, AS)

Hence, both formulations are equivalent.

A graphical illustration of (10.44) and (10.46) is given in Fig. 10.3. The linearization of
R(v, s;m) can be performed first with respect v or equivalently with respect to s, i.e.

R(v,s;n) = R(vo, s0:m) + AsR(vo, s0;m) + AyR(vo, s;m)
(10.52)
= R(vo, 50;m) + Ay R(vo, s0:m) + AsR(v, 50;m).

Finally, we have

AsR(vo, 50;m) + Ay R(vo, 85m) = AyR(vo, 803 1) + AsR(v, 80;m). (10.53)

10.2.4 The error in the change of the state
The first-order approximation for the change in the state Ao due to changes in the design As
is given in (10.7) as

k(v()a So; M, Aﬁ) = _Q('UONSO;T') VT] ev.
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Furthermore, an exact relation has been introduced in (10.27) and the exact change Aw is the
solution of

k(/vOaSO;naAv) = _Qex(v)(v()aso;n) VTI eV.
The goal is to now to obtain an exact error representation of the error in the increment
ep, :=v— 0= Av — Av. (10.54)

This relation is illustrated for a one-dimensional problem in Fig. 10.1.

The error e, depends directly on the error in the pseudo load introduced in (10.42). An
equation for the error e o, can now be obtained with the results from Theorem 10.1. This is
accomplished in the following result.

Theorem 10.2 Let Av be the solution of the approximative first-order sensitivity relation
(10.7) and let Av be the solution of the exact sensitivity relation (10.27). Then, it holds for
the error e o, = Av — A0 that

k(vo, 80; M, €an) = —[ Qex(v)(v0, 503 1) — Q(vo, S0;M) ]
= _[Rg'u(v()v S0, 1M, AS, A'U) + T(’U? Vo, So; 1, A'U, AS) ] (1055)

_[Q{u(’v()a So; 1, A'U) + T(U,”U()7 S0; M, A'U, AS)}

Sorall m € V. The remainder r(v,vg, 80; M, Av, As) is given in (10.29).

Proof. The proof is easily obtained if we subtract (10.7) from (10.27), i.e.

k(vo, s0;m, Av) — k(vo, s0; 1, A0) = —[Qex(v) (v, S0; 1) — Q(v0, $0; 1) |-
Due to the linearity of the bilinear form k(vy, So; -, -) it holds that
k(vo, 0;m, €a0) = —[Qex(v)(vo, S0;1m) — Q(vo, s0;M) |-
The right hand side is given by the error in the pseudo load (10.42). This gives the stated

result. 0

Hence, the error in the change of the state e o, depends directly on the error in the pseudo
load. The relation (10.55) is exact if the exact pseudo load Qux(v)(vg, So; ) is computable.
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10.2.5 An error estimator for the design sensitivity of the state
The exact error representation (10.55) contains in the right hand side the exact increment Av.
Hence, the practical computation requires a good approximation of the increment.

Let Av™ be a computed higher-order approximation of the increment such that Av* ~ Av.
Then, an approximation of the error relation (10.55) reads

E(vo, s0;m, ea0) & —[ Qex(vo + AD™)(v0, s0;1) — Q(v0o, S0;M) ]
= _[R;/’U(’UO7SO;777ASaA6*) (1056)
+ r(vo + AD*, vy, so; M, AD*, As)].

In the simplest case, the solution Ao of the first-order sensitivity relation (10.7) can be used,
i.e. we set AD* = Av.

Furthermore, higher-order approximations can be computed using the exact sensitivity re-
lation (10.27) within an iterative algorithm. Such an improvement algorithm is proposed in
Section 10.3 in Box. 10.1.

The exact new state due to design changes As is obtained with the exact increment Awv as
v = vy + Av. (10.57)

A first-order approximation for the state v for the changed design using the first-order solution
Awv is given from

V= vy + Av. (10.58)
Furthermore, with an improved solution Av* the new improved state is introduced as
0" = vy + AD". (10.59)

A simple error estimator can be obtained using such an improved solution Ad*. Let &, be
an error estimator for the error of the design sensitivity of the state introduced as

eny = 0 — = AD* — Ab. (10.60)

For a good approximation ©* = v the exact error representation (10.55) is the basis for the
computation of the error estimator e .

Finally, e A, is computable and just the solution of the following problem: Find e, € V
such that

k(vo,80:m, €av) = —[Qex (D7) (v0, 50:m) — Q(vo, S051) | (10.61)
= —[ R, (vo, s0;m, As, AD*) + (0", vg, s0;m, Av*, As) ]

for all € V. The estimate € »,, tends to the exact solution e »,, if Av™ — Aw.
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Remark 10.4 (Least obtainable error) In practical computations the improved solution v*
can be very close to the exact solution v for sufficiently small design changes, i.e. v ~ v".
But especially for large design changes there is still a difference even if the best improved
solution ©* is obtained. Therefore, the least obtainable error can be introduced as

1= eny — Eay = AV — AT, (10.62)

which measures the distance between the exact solution Av and the improved solution Av*.

Remark 10.5 (Error estimator in the Lo, norm) The error é a, measures the distance be-
tween the solution Av and an improved solution Av™ obtained from an higher-order approx-
imation. The error estimator in terms of the Lo norm as well as the corresponding relative
error are introduced as

Nav = [[€av]|r, = (|07 = 9|z, = [[Av" — Av][L,, (10.63)
Sk~ r AD* — AD

ﬁrAeL = ||'U — 'U||L2 — || v — /U||L2. (1064)
1971z 1971z

Furthermore, the exact error measured in the Lo norm as well as the corresponding relative
error are given as

Haw = lleaulli, = 1o = 8llz, = [ 4w — Adl 1, (10.65)
—Hl, [|Av— A

7,]rAei) = ||’U ’UHLZ _ H v 'U||L2 (1066)
lvl|z, lvl|z,

Remark 10.6 (Effectivity index) In order to quantify the error estimator the effectivity in-
dex

[ lleavllr,  Tlav
off (= T =
lleavll,  Maw

(10.67)
is used. The error estimator is asymptotically exact if I.g tends to unity. The effectivity index

is a measure for the accuracy of the resulting error estimator 1 ay.

10.3 Improvement of sensitivity relations

The exact sensitivity representation (10.27) contains in the right hand side the exact solution
v or the exact increment Av for the changed design. From this relation an improvement
algorithm can be derived.
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10.3.1 An improvement approach

Let Avg be a good approximation of the exact change Awv such that Avg =~ Av. An approxi-
mation of the state v for the changed design is given from

Vo = v + Avg. (10.68)

The exact pseudo load Qex(v)(vo, So; ) in (10.28) contains higher-order variations of the
considered residual R(-, -; -) obtained from the exact Taylor expansion with integral reminder.
Using the initial solution Avg within the exact sensitivity relation (10.27) we obtain an im-
proved design sensitivity solution Av] € V by solving

k(vo, 80;m, Av7) = —Qex(D0)(v0, S0;M) Vnev (10.69)
with

Qex(V0)(v0, 80; M) := R, (vo, S0; M, As) + R, (vo, s0;m, As, Avg)
(10.70)
+ Ir(f)Oa Vo, S0, 1, A’T)Oa AS)

This can be repeated within an iteration loop until no further improvements occur, i.e. no
changes in the state. The algorithm stops if the change is smaller than a given tolerance TOL,
ie.

[|AV; — Av|[L, < TOL, (10.71)

or if a maximal admissible number of iterations is achieved. In practical computations the
tolerance is chosen as [ 10710 10~14].

The overall solution algorithm is given in Box. 10.1. The algorithm corresponds formally
with a classical Newton algorithm used within the solution of a nonlinear problem.

10.3.2 Computational aspects and efficiency

The proposed improvement approach for the design sensitivity of the state based on the for-
mulation of the exact sensitivity relation is very efficient for several reasons.

e The tangent stiffness matrix K and its inverse K, * in Box. 10.1 are the same as used
for the solution of the primal structural problem KqAv = — R in the last iteration step
of the Newton algorithm. Therefore, these matrices have not to be computed once again
for the sensitivity relation improvement.

e Hence, K, ! is already known and the computation of AV} 11 in (10.72) requires only
the matrix-vector multiplication Avy, , = —K; 'Qcx (V). In all iteration steps the
same tangent stiffness matrix K ' is used.
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Compute an initial value Avg: Solve the first-order sensitivity relation (10.7) for given v
and sg. Find Ao € V such that

k(vo, s0;m, Avg) = —Q(vo, 50;m) Vm eV,
i.e. solve the discrete linear equation
KoAvy = —Q(vp).
Iteration loop: Set i = 0, Av; = Adg and 0] = vg + Avg
1. Solve the exact sensitivity relation (10.27) with ©;. Find Av;,; € V such that
k(vo, s0;m, AV} 1) = —Qex () (vo, s0;m) Vm eV,
i.e. solve the discrete linear equation
KoAV; | = —Qex(V]"). (10.72)
2. Update improved state: v;", ; = v, + AV},

3. Check convergence:
if ||Avj,, — AVj||z, <TOL or i > max.#ofiterations — END

else — seti=1+ 1and GOTO (1)

Box 10.1: Solution algorithm for the improvement of Av due to changes in the design As

e The most contributions of the exact pseudo load Qcx(v)(vg, s0; ) in (10.28) are only
affected by elements which share nodes with design variations As. Therefore, only
those elements have to be considered within the assembling routine and all other el-
ement contributions are zero. The assembling routine can be modified in such a way
that the loop runs not over all elements, but only over the elements which are affected
by design changes. In the most cases this is a small number of elements and the com-
putational effort is small.

The only contribution of Qex(v)(vo, so;1) which is affected by all elements is the
term R! (v, s;n, Av, Av) in the remainder (10.29). This term is quadratic in Awv
and tends for small changes in the state very quickly to zero. Therefore, in practical
computations this terms has to be computed for all elements only for large values of

Aw. The computational experience shows that R, has not to be considered for

||Av]|,, < TOL, (10.73)

with a chosen tolerance of [107°,10~7]. For instance, let R,,(Av) be the discrete
vector corresponding to the functional R/, for a given Av. Then, the chosen tolerance
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TOL = 10~ leads to a norm of the residual of about || R, (Av)]||z, ~ 10712, because
the functional is quadratic in Av. Hence, for small design changes As which cause
small changes in the state Av the term R./, vanishes and only the elements which are
affected by design changes have to be considered as mentioned above.

The computation of the exact pseudo load Qex(v)(vo, So;n) requires higher-order varia-
tions of the residual R(-,-;-) with respect to v and s. These terms can be derived using the
same variational approach as in the former chapters. Furthermore, the corresponding dis-
crete formulations are also obtained in the same manner. Explicit variational formulations
for shape design sensitivity of all required higher-order variations are given in Section 10.6.
Furthermore, compact formulations used within the numerical implementation are stated in
Appendix B.1.2. These terms can be computed and assembled in the same routine as the
classical stiffness matrix and the residual vector without considerable computational cost.

Remark 10.7 (Linear problems) The second variations with respect to v vanish in the exact
pseudo load Qex(v)(vo, S0;n) in (10.28) if a linear model problem is considered, i.e.
R//

VU

(v, 8;m, Av, Av) = 0 and R

SVU

(v,8;m, As, Av, Av) = 0.

Therefore, if the problem is linear in v only the elements which are affected by design changes
As have to be considered within the assembling process. This makes the proposed approach
very efficient. For the model problem of linearized elasticity all required variations are given
in Section B.2.7.

10.3.3 Computation of the remainder

The exact pseudo load Qex(v)(vg, Sp;n) contains an exact integral remainder defined in
(10.29) as

1
r(v,vo, So; N, Av, As) = / {R! (vo + N\, s9;m, Av, Av)
0
+ RY (v,80 + A\As;n, As, As)
+ R (v + ANAv, s¢; 1, As, Av, Av)} (1 — \)dA.

Such integral remainders are usually neglected. In the present work the exact sensitivity and
error relations are based on the fully computation of the remainder. In the general case, the in-
tegral [ 01 (+) dX cannot be computed analytically. In this work a numerical integration scheme
(Gauss integration) is used in order to solve the integral.

For instance, for notational simplicity only the first term in the remainder

1
ro(vo, S0;m, Av) = / RY (vo + ANAwv, s0;m, Av, Av) (1 — X) d\
0
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is considered. Let R,,(vo) € R"™ be the discrete vector corresponding to the functional
R! (vo, So; -, Av, Av) for any given Av. Furthermore, let r, € R" be the discrete vec-
tor corresponding to the remainder functional r, (v, So; -, Av). Then, the discrete vector r,
is given from

NGP

1
r, = / Ryu(vo + AAV) (1 = N)dX\ = Z Ryv(vo+ & Av) (1 — &) w;,  (10.74)
0 i=1

where ; and w; are the Gauss-points and weights of the one-dimensional integration scheme.
The accuracy of r,, depends on the number of Gauss-points NGP. For an adequate number of
Gauss-points the integration scheme yields good results, i.e. the remainder can be computed
with high accuracy. In practical computations 2 to 4 Gauss-points should be used in order to
obtain sufficient results. All other remainder contributions can be computed within the same
integration loop.

10.4 An exact sensitivity relation and error analysis for
quantities of interest

The extension of the above presented framework to chosen quantities of interest is presented
within this section. The goal is to establish an exact relation for the change in the quantity
of interest due to design changes. The problem is more complex as the sensitivity relation
of the state because the dual problem is in general formulated at a given deformed state.
The corresponding dual solution is the deformation due to the dual load case applied on the
deformed structure.

The following approach has been inspired by an article on modeling error estimation [18].
This subject is in an abstract sense closely related to design sensitivity analysis if the change
in a model is interpreted as a design change, see Section 10.5.

10.4.1 An exact sensitivity relation

Let again vy € V be the solution of the initial problem (10.17) with a given initial design
So € S and let v € V be the solution for the changed design s = sy + As € S, i.e. the
solution of (10.18). The quantity of interest for the initial and changed design are given as

J(vg, s0) initial design sg (10.75)
J(v,s) changed design s = sy + As. (10.76)

The goal is now to predict the change in the quantity of interest due to design changes, which
is given by the increment

AJ = J(v,8) — J(vg, S0). (10.77)
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The quantity of interest can be computed using an optimal control approach as shown in
Section 5.2. The corresponding Lagrangian functionals for the initial and changed design are
introduced as

L(So)(’Uo,Zo) = J(’UQ,S()) — R(vo,SO;Zo), (1078)
L(s)(v,z) = J(v,s) — R(v, s; 2), (10.79)
where z( and z are the dual solutions for the initial and changed design, respectively.

Furthermore, the Lagrangian L(s)(v, z) can be expressed in terms of the initial design as

L(s)(v,z) = L(sg + As)(v, z)

(10.80)
= L(s0)(v,z) + AsL(sp)(v, z)

with the increment of the Lagrangian

AsL(sg)(v, 2) := AsJ (v, 89) — AsR(v, 80; 2). (10.81)
The increments A,J and A, R are given as

A J(v,80) = J(v,80; As + 17 (v, s0; As) (10.82)

A R(v, s0; z) := R.(v, 50; z, As) + rE(v, 59; 2, As) (10.83)
with the remainders

r! (v, 80; As) == /01 J! (v, 80 + ANAs; As, As) (1 — \) d), (10.84)

1
ri(v,50; 2, As) == /0 R (v,s0 + A\As; z, As, As) (1 — \) dA. (10.85)

The first-order optimality conditions for the initial problem (10.78) and the changed design
(10.79) read

L'(s0)(vo, 20)(Av, Az) =0  V{Av, Az} eV xV, (10.86)
L'(s)(v,z)(Av, Az) =0 V{Av, Az} € V x V. (10.87)
By using (10.80), the total variation L' (s) (v, z)(Awv, Az) in (10.87) can also be written as
L'(s)(v,z)(Av, Az) = L'(s¢) (v, z)(Av, Az)
(10.88)
+ (AsL) (80) (v, 2)(Av, Az).

The total variation of L(s¢)(vo, o) is given by

L' (50)(vo, 20)(Av, Az) = L! (80)(vo, 20)(Av) + L’ (s0)(vg, z0)(A%) (10.89)
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with
L (50)(vo, 20)(Av) = J) (vo, s0; Av) — R, (v, So; 20, Av), (10.90)
L (s0)(vo, 20)(Az) = —R(vy, So; Az). (10.91)
In the same manner, the total variation of AgL(sg)(vg, zo) reads
(AsL) (s0)(v0, 20)(Av, Az) = (A,L),,(s0)(v0, 20)(Av)

+ (AsL)(s0)(vo, 20)(Az)

(10.92)

with

(AsL),,(80)(vo, 20)(Av) = (AT ), (vo, s0; Av) — (A R),,(vo, S0; 20, Av),

(10.93)
(ASL).(80)(vo, 20)(Az) = —AsR(vy, s; Az). (10.94)

The variations of the increments AgJ and Ay R are given as
(AsJ), (v, s0; Av) = J” (v, S0; As, Av) + (17! (vo, s0; As, Av) (10.95)

(ASR) (v, s0; 20, Av) = R” (vo, S0; 20, As, Av) + (rE)] (vg, 80; 20, As, Av)
(10.96)

with the variations of the remainders
1
(r])! (vo, s0; As, Av) = / J! (vo, 80 + AAs; As, As, Av) (1 — \)d\, (10.97)
0

(r), (vo, s0;20, As, Av)

1 (10.98)
= / R (vo, 8o + AAs; 2o, As, As, Av) (1 — \) dA.
0

Furthermore, let {vg, 2o} € VxV and {v, z} € ¥V xV be solutions of (10.86) and (10.87), re-
spectively. Then, the quantity of interest is given by evaluating L(s)(vo, 20) and L(s)(v, 2),
ie.

J(vo, s0) = L(s0)(vo, 20), (10.99)
J(v,8) = L(s)(v,z) = L(so)(v,z) + A;L(sp) (v, 2), (10.100)
because R(vo, So; z0) = 0 and R(v, s;z) = 0.

Finally, the change in the quantity of interest AJ = J(v, s) — J(vg, So) can be equivalently
expressed in terms of the change in the Lagrangian functionals L(s)(v, z) — L(80)(vo, 20).
This is accomplished in the following result.
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Theorem 10.3 (Exact change in the quantity of interest) Let the residual R(v, s;-) and the
Sunctional J(v, s) be sufficiently differentiable with respect to v and s. Then it holds for the
change in the quantity of interest AJ = J(v,s) — J(vg, So) due to changes in the design
As that

J('I), S) - J(v07 30) = AJ(UO7 S0, ZO)(AU7 AS7 AZ)

1
= AgJ(vo, s0) — AsR(vo, So; 20) — 3 AgR(vg, s0; Az)

+ = [(AsJ)) (vo, 80; Av) — (AsR)! (vo, S0; 20, Av) ]

N = N

+ = rE(8)(vo, z0; Av, Az). (10.101)

The increments AgJ and AgR are defined in (10.82) and (10.83) and the variations of the
increments (AgJ), and (AsR)), are given in (10.95) and (10.96), respectively. Furthermore,
the remainder v (s)(vo, zo; Av, Az) is cubic in Av and reads

TL(S)(’U(], z0; Av,Az)

1
:/ { TV (vo + NAw, s0; Av, Av, Av)
0

—R" (vo 4+ A\w, s0; 20 + AMAz, Av, Av, Av)

vUVU

Yy (10.102)

vU

(vo + NAw, s¢; Az, Av, Av)
+ (A ) (vo + N, so; Av, Av, Av)

VVV

— (AR (vo + MNAw, sg; 20 + AAz, Av, Av, Av)

VUV

—3(AsR), (vo + AN, s0; Az, Av, Av)} A(A — 1) dA.

Proof. Let X :=V x V be a product space and set ¢y := {vg, 20} € X,z :={v,2} € X
as well as Ax := {Av, Az} € X. Then, the Lagrangian functionals (10.78) and (10.80) are
given by

L(s0)(x0) = L(s0)(vo, 20),
L(s)(@) = L(s)(v, 2)
= L(sg)(x) + AsL(s0)(x) = L(s0)(v, z) + AsL(s0)(v, ).
Furthermore, we have

L(s0)(zo) = L(8)(x0) — AsL(s0)(0).
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The change in the quantity of interest can be expressed in terms of the change in the La-
grangian functionals, i.e.

J(v,58) = J(vo, 50) = L(s)(x) — L(s0)(20)
= L(s)(z) — L(s)(z0) + AsL(s0)(20)
= L(s)(®) = L(s)(z0) + AsJ (v0, s0) — AsR(vo, 505 20)-

Using (10.13) we obtain the representation

L(s)(x) — L(s)(x0) = % [L'(s)(w0)(Ax) + L(5) (w0 + Aw)(Az) ]

+ %TL(S)(wo;Aw).

Because of (10.87), the second term vanishes, i.e.
£/(s)(mo + Az)(Az) = £/(s)(z)(Az) = 0.
Furthermore, using (10.88) and (10.86), we have for the first term
L'(s)(wo)(Azx) = L' (s0)(0)(Az) + (AsL)' (s0)(20) (Az)
= (AuL)'(s0)(@0) (Aw).
The variation (A;L)’(s0)(xo; Az) is given with (10.93) and (10.94) in form of
(AsL) (s0)(@o)(Az) = (AsL);,(80)(vo, 20)(Av) + (A5 L) (80)(vo, 20)(Az)
= (As7),(v0, S0; Av) — (A R),,(v0, S0; 20, Av)
— AgR(vo, s0; Az).

Finally, the reminder term 7 (s)(zo; Az) according to (10.16) is cubic in Az and reads

rl(s)(xo; Ax) = /0 L"(s)(xg + N\Azx)(Azx, Az, Ax) \(\ — 1) d)

= /1{ L"(80)(xo + NAz)(Az, Az, Az)
0

+ (AsL)"(s0) (o + AAz) (Ax, Az, Az)} A(X — 1) dA,
where
L" (s0)(zo + NAz)(Azx, Az, Ax)

.

VUV

—_R"

VUV

(vo + AAw, 50; Av, Av, Av)
(vo + AAw, 505 20 + AAz, Av, Av, Av)
- SRZ'U(’UO + )\A'U, S0; AZ, A’U, A’I))7
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(AL)" (s0)(xo + NAzx)(Az, Az, Ax)
= (AgJ) (vo + A, sp; Av, Av, Av)
— (AsR) (v + AAv, 80; 20 + ANAz, Av, Av, Av)
—3(AsR)),(vo + AAw, sg; Az, Av, Av).
This yields the stated result in (10.101). O

10.4.2 The error in the change of the quantity of interest

A first-order sensitivity relation for the change in the quantity of interest due to variations s
has been introduced in Section 6.3.4 in Eq. 6.27 in form of

§J = J. (vo, s0; 0v) = —Q(vo, S0; 20)
= 7p(’005 80;20558) = 7R./€(Iv0730;z0768)5

where z( denotes the dual solution corresponding to the quantity of interest obtained on
the initial design so. For a finite value of design changes As this relations yields just an
approximation A.J for the change in the quantity of interest, i.e.

J(v,8) — J(vg,80) = AJ = J(vo, s0; AD) = —R.(vg, 80; 20, As). (10.103)

Furthermore, a representation for the exact increment A.J has been derived in (10.101). The
distance between the first-order approximation AJ and AJ can now easily be obtained.

Theorem 10.4 Let AJ be the solution of the first-order sensitivity relation (10.103) and let

AJ be the solution of the exact sensitivity relation (10.101). Then, it holds for the error
AJ — AJ that

AJ—AJ = AgJ(vg, 80) — %ASR(’UQ,SO; Az) — rB (v, 50; 20, As)
+ = [(AgJ). (v, S0; Av) — (AsR)! (vo, S0; 20, Av) ]

+ 5 77(8)(vo, 20; Av, Az), (10.104)

N = DN =

where the reminders (v, so; 2o, As) and r*(s) (v, zo; Av, Az) are defined in (10.85)
and (10.102), respectively.

Proof. The proof is straightforward. We subtract (10.103) from (10.101) and use the defini-
tion of the increment A R(vg, So; 29) in (10.83). O
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10.4.3 An error estimator for the change in the quantity of interest

The exact sensitivity relation (10.101) contains the exact increments Av and Az which are
in general unknown. But the first-order approximations for the change in the state Av and
the change in the dual solution Az can be used in order to obtain a better approximation as
the first-order sensitivity relation (10.103).

These relations have been introduced in (4.21) and (6.94) in form of
k(vOaSO;naAf)) = _Q(UOvSO;n) V”Ie V}

k(”Oy So; Aéﬂ?) = _Q?ull(v()?'so;ann) V’I’] eV.

The discrete formulations of these relations are given in (4.52) and (6.98) as
KA\? - —Q and KAZ - _Q?ull?
where @ = PAs and Q},;, = [P* — B*K~!P] As, respectively.

With Av and Az at hand, an improved solution for the change in the quantity of interest AJ*
can be obtained from (10.101) as

J(v,8) — J(vg,80) = AJ*(vo, 80, 20)(AD, As, AZ) (10.105)

1
= AsJ(vo, 80) — AsR(vo, S0; 20) — 3 A R(vo, s0; Az)
1
+ 5 [ (ASJ)L('U(), S0; A'{)) — (ASR);(’U(), 8035 20, A'{)) ],

in which the cubic reminder r%(s)(vg, zo; Av, AZ) has been omitted. For suitable chosen
design changes As and good approximations Av and Az this relation yields an adequate
estimator for the true change in the quantity of interest.

Furthermore, the relation (10.105) could be advanced further if some improved solutions of
the state Av™ and the dual solution Az* are used, which could be obtained by an improve-
ment algorithm as proposed in Section 10.3.

10.5 On model error and design sensitivity analysis

The model error is a part of the error due to the natural imperfections in abstract models of
actual physical phenomena. This has been studied in recent years in a series of papers, see
e.g. [18, 84, 86,94,95] and the references therein for an overview. Furthermore, combined
model and discretization error control and adaptive algorithms have been investigated.
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The estimation of the modeling error is in an abstract sense closely related to design sensitivi-
ty analysis, if the change in a model is interpreted as a design change. It is assumed that the
considered model is parameterized by a design function s.

For instance, an important applications of the modeling error estimation is the analysis of
heterogeneous elastic materials [84,86]. In this application the elasticity tensor depends in an
abstract sense on a design variable, i.e. C = C(s). The tensor Cq = C(sg) is an approxima-
tion obtained through some homogenization process and the homogenization is controlled by
s. Let vy € V be the solution of this initial problem or coarse model with Cy. Furthermore,
let v € V be the solution for the changed problem or fine model with some C(s). Then, both
problems are given as

R(vo,s0;m) =0 Vn €V initial or coarse model (design) (10.106)
R(v,s;m) =0 VneV changed or fine model (design). (10.107)

These equations correspond to those introduced for the initial and changed design in (10.17)
and (10.18), respectively.

The error or the difference between the solutions e,,, = v — vg = Aw is the modeling error
e, or the change in the state Awv due to different homogenized elasticity tensors. With this in
mind, the above proposed sensitivity and error relations can be used to estimate the modeling
error for the state or a chosen quantity of interest if the design function controls in an abstract
sense the considered model.

10.6 Explicit variational formulations for shape sensitivity

The computation of the the exact pseudo load Qex(v)(vo, So; 1) requires higher-order varia-
tions of the residual R(-, ;) with respect to v and s. Explicit formulations of these higher-
order variations for shape sensitivity for the model problem of nonlinear elasticity are derived
within this section. A compact specification of all higher-order variations of R(v, s, ) are
given in Appendix B.1.2. Those formulations can directly be implemented in standard finite
element programs as the usual residuals. Furthermore, the explicit formulations in terms of
linearized elasticity are stated in Appendix B.2.7.

Computation of R//,. The second variation of the primal physical residual R(v, s;-) given

in (4.85) with respect to the state v is obtained in form of
R! (v,s;m, Av, Av) = k| (v, 831, Av, Av)

= 2E" (n,Av):C:E/ (v, A
[ 28l m.40): € B 0,20 o108

+E/ (v,n):C: E] (Av, Av)
+E)(v,n): D:E (v, Av) : E] (v, Av) } dQ.
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The form is quadratic in Aw. For chosen fixed Av the form R!/, is a linear form. An explicit
and compact specification of R/, is given in Box B.6.

Computation of R!.. The second variation with respect to s reads

R;/s(va s;m, As, AS) = pls(va s;m, As, AS)

= {2E),(v,n,As) : C: E,(v, As)
Qr
+S:E”

vVSSs

+E! (v,n):C:E/ (v,As, As)

(v,m, As, As)

(10.109)
+E! (v,n): D:E\(v,As) : E,(v, As)
+2[S:E) (v,n,As) + E,(v,n): C: E|(v, As) | Div As
—[S:E,(v,n) —br-n]I: Grad As Grad As
+[S: El(v,n) — br - n]Div AsDiv As } d©2,

where

E! (v,n, As, As) = 2 sym{ Grad As” Grad As” Gradv” Gradn

vSs

+ Grad As” Grad v” Grad n Grad As (10.110)
+ F7 Grad n Grad As Grad As }.

For chosen fixed As the form becomes is a linear functional, see Box B.7.

Computation of R”/,. The mixed variation of R(v, s; ) is obtained as

R//

sV

(v,s;m, As, Av) = pi,(v, s;m, As, Av)

= / {E! (v,n,As) : C: E| (v, Av)
Qr

+S:E (n,As, Av)

VS8V

+E! (n,Av) : C : E.(v, As) (10.111)
+E,(v,m) : C: E, (v, As, Av)
+E,(v,n): D: E|(v, Av) : E}(v, As)

+[S:E/, (n,Av) + E/(v,n) : C: E] (v, Av) ]| Div As } d€,
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where
E! (n, As, Av) = —sym{ Grad As” Grad Av” Gradn

vSsv

(10.112)
+ Grad Av” Gradn Grad As }.

A compact representation is given in Box B.8.

/11
svv*

Computation of R The third variation of the primal physical residual R(v, s;-) with

respect to v reads

R, (v,s:m, As, Av, Av) = pl], (v, 5;1, As, Av, Av)

sSvv

= / {E! (v,n,As):C: E! (Av, Av)
Qr

+2E) (n,As, Av) : C: E, (v, Av)

+2E!) (n,Av) : C: E! (v, As, Av)
+E,(v,n): C: EJ]

SvVvU

(As, Av, Av)

+2E/,(n, Av) : D : E} (v, Av) : E,(v, As)

+2E,(v,n) : D : E, (v, Av) : E (v, As, Av) (10.113)
+E] (v,n,4s) : D : E, (v, Av) : E,(v, Av)

+E/ (v,n):D:E/

'UT)(AU7 AU) : E;(”’ AS)
+E!(v,n): €:El (v, Av) : E| (v, Av) : E.(v, As)

+2E//

vo(n, Av) : C: E! (v, Av) Div As
+E!(v,n): C: E! (Av, Av) Div As
+E/ (v,n): D: E (v, Av) : E/ (v, Av) Div As }dS,

The form R’

but lengthy calculation yields a compact representation of I

(v, 8;m, As, Av, Av) is quadratic in Av and linear in As. A straightforward
v, which is given in Box B.9.

Svv

Furthermore, the specifications of the fourth-order tangent operator C, the sixth-order tensor
D and the eighth-order tensor & are given in Appendix B.1.

/11
ssv*

Computation of R
RY (v,s;m, As, As, Av) = pl (v, s;m, As, As, Av) (10.114)
is required in order to compute the remainder (10.98). This remainder occurs in the exact

sensitivity relation (10.101). The explicit formulation is quite lengthy and therefore omitted
at this point. But a compact representation is given in Box B.10.

For the sensitivity analysis of quantities of interest the variation
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Figure 10.4: Plate with a hole: initial configuration, nodal coordinates of nodes 1-3 are cho-
sen as design variables.

10.7 Numerical example

A numerical example concerning error analysis and improvement of design sensitivity rela-
tions is presented in this section. The above derived framework for the sensitivity of the state
and for a chosen quantity of interest is investigated for a problem from nonlinear elasticity.

System and model problem. Within this example a plate with a hole under tension is con-
sidered. Only a quarter model is used for the sensitivity analysis as well as the improvement
algorithm. Due to geometric and load symmetry conditions, simply supported boundary con-
ditions are imposed on each edge and symmetric conditions are imposed on the cutting edges,
see Fig. 10.4. In the upper line, the distributed tension ¢ = [0, 20]7 is applied. A mesh with
overall 280 Q4 elements and 315 nodes is chosen in order to guarantee the visibility of the
design changes. The corresponding deformed configuration is given in Fig. 10.6b.

A compressible Neo-Hookean material with the strain energy function given in (B.20) is
considered. The corresponding stress and elasticity tensors are given in Box B.2. The Lamé
parameters are chosen as A = 5.769 x 102 and p = 3.846 x 102, which correspond to
E=10%and v = 0.3.
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eAX}

eAX3?

eAXE

(a) design increments (b) perturbed mesh fore = 1

Figure 10.5: Plate with a hole: changes in the design variables and perturbed mesh for ¢ = 1.

The design variables. The shape design sensitivity problem from Section 10.6 is consid-
ered. The discrete design variables are a subset of nodal coordinates of the mesh X,. For
simplicity, only the nodal coordinates of 3 nodes on the curved boundary are chosen as de-
sign variables as indicated Fig. 10.4. The change in the design is defined by the increment in
the nodal coordinates

AX]
AX,=cAX, with AX,= |AXZ|. (10.115)
AX3

The changes in the design variables AX, are controlled by a design scaling parameter ¢.
Hence, the sensitivity of the state due to changes in the design is studied with respect to
different values of €. The nodal vectors AX{ on the nodes 1, 2 and 3 are chosen as

(10.116)

AX) = AXE = AXS = [_8'83} :

The possible directions of design changes in dependency of the scaling parameter € are shown
in Fig. 10.5a. Furthermore, the perturbed mesh for ¢ = 1 is given in Fig. 10.5b. The mesh
consists of overall 280 elements but only 6 elements are affected by design changes, see
Fig. 10.6a.

Improvement of the state sensitivity. The classical first-order sensitivity relation (10.7)
yields for large design changes just a rough approximation for the change in the state Av.



10.7 Numerical example 165

(a) elements which are affected by design changes (b) deformed mesh for the initial design

Figure 10.6: Plate with a hole: elements which are affected by design changes and deformed
mesh.

An improvement algorithm has been proposed in Section 10.3 which is based on an exact
sensitivity relation given in (10.69). This algorithm yields an improved solution Av*.

For the considered example the improvement algorithm in Box. 10.1 has been applied for
different values of design scaling parameter €. The tolerance within the convergence test is
chosen as TOL = 1074 such that the algorithm stops if

- - —14
||Av; , — Avjl||p, < TOL =10""".
Furthermore, maximum 9 improvement iterations are allowed.

The results are shown in Fig. 10.7. The exact absolute and relative errors 1, and nrA"L, de-
fined in (10.65) as well as (10.66), are shown in dependency of ¢ in Fig. 10.7a and Fig. 10.7b,
respectively.

The errors are given for different number of improvement iterations. The error Au — Ay
denotes the error by using just the initial first-order sensitivity relation (10.7). Furthermore,
the error Au— A} gives the result if one improvement iteration is performed and Au— Aw
shows the error if two improvement iterations are used and so on.

The relative error of the first-order solution A, fore = 10° is about %! = 4.8546 x 1071 %
and is reduced to 0% = 2.9801 x 1072 % by using 9 improvement iterations. Furthermore,
the relative error of Awg, for e = 107! is about %5 = 6.5779 x 1072 % and is reduced to

nsl = 7.2934 x 107 % with 3 improvement iterations and to ) = 1.9687 x 10719 % by
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using 6 iterations. For smaller design scaling parameter € the solution is improved in just one
or two iterations so that the error becomes numerically zero.

Hence, the error is significantly reduced. For suitable chosen € the error is numerically zero,
i.e. the ’exact’ change in the state due to changes in the design can be computed. This demon-
strates the capability of the proposed improvement algorithm.

Number of required improvement iterations. The number of required improvement iter-
ations in order to achieve the chosen tolerance TOL depends on the value of the design change
and the quality of the initial solution Awy. In the considered example the design change is
controlled by a design scaling parameter €. Furthermore, as mentioned above in this example
maximum 9 iterations are allowed within the improvement algorithm in Box. 10.1.

The required improvement iterations for different values of ¢ are given in Fig. 10.8. For the
first value e = 10° more than 9 iterations are required in order to fulfil the chosen tolerance.
A numerical test has shown that overall 16 iterations have to be performed in order to achieve
the convergence criteria. But this is not efficient in comparison with the gain of accuracy.
This can be seen in Fig. 10.9, which shows the behavior of the relative error within the
improvement iterations. For ¢ = 10° the relative error decreases slowly in comparison with
smaller values of .

For smaller € only few iterations are required in order to fulfill the chosen tolerance. For
instance, for ¢ = 10~* only 2 iterations are performed and the error becomes numerically
Zero.

Investigations of the error estimator. In Section 10.2.5 a novel error estimator for the
error in the change of the state has been proposed. The error estimator is defined in (10.60)
as

eny =0 — 0 =AD" — Ad.

The improved solution Av™ can be computed using the above improvement algorithm. Fur-
thermore, the corresponding error estimator in the Lo norm 14, as well as the relative error
ﬁf; are given in (10.63) and (10.64), respectively.

The results of the error estimator 775, are stated in Table 10.1 for some selected values of

design scaling parameter €. In the table head the parameter ¢ and the exact error nrACL are

given. The error estimator ffAeL has been computed for all improvement iterations. Up to
9 iterations were performed. Even for large design perturbations with ¢ = 10° the error
estimator 7% tends to the exact value 15! . For smaller values of ¢ only a few improvement

iterations are required in order to obtain a good approximation of the exact error.
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Figure 10.7: Plate with a hole: absolute and relative errors of different improved solutions
Av! = Ad;.
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Figure 10.8: Plate with a hole: number of required improvement iterations in order to achieve
the chosen tolerance TOL = 10714,
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Figure 10.9: Plate with a hole: relative error for different design scaling parameters ¢ vs.
number of improvement iterations.
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Table 10.1: Plate with a hole: error estimator ﬁrAeL and effectivity index Iog = 7Av/NAw

within the improvement iterations for different design scaling parameters €

e =100 n%l =4.85458571 x 107! % e=10"1, %l =6.57790116 x 1073 %

el ) L s, (%) L

1 6.43739722¢-001 132763426 6.77127823e-003 1.02939965
2 | 3.71243538¢-001 0.76396310 6.55979904¢-003 0.99724787
3 | 5.46847139e-001 112688412 6.57825683¢-003 1.00005407
4 | 4.43658387e-001 0.91360716 6.57783019¢-003 0.99998921
5 | 5.15985381e-001 1.06304978 6.57790144-003 1.00000004
6 | 4.66555175e-001 0.96095444 6.57790097¢-003 0.99999997
7 | 5.02646821e-001 1.03548158 6.57790129¢-003 1.00000002
8 | 4.75508284¢-001 0.97946475 6.57790130e-003 1.00000002
9 | 4.95914720e-001 1.02157541 6.57790130e-003 1.00000002

e=1072, %l =6.79501825 x 107° % | ¢ =10"3, n%l =6.81720441 x 107 %

e ) s 75 (%] I

1 6.81470953e-005 1.00289790 6.81917715¢-007 1.00028937
2 | 6.79482952¢-005 0.99997222 6.81720266e-007 0.99999974
3 | 6.79501854e-005 1.00000004 6.81720457¢-007 1.00000002
4 | 6.79501824e-005 0.99999999 6.81720457¢-007 1.00000002
5 | 6.79501825¢-005 0.99999999 6.81720457¢-007 1.00000002
6 | 6.79501825¢-005 0.99999999 6.81720457¢-007 1.00000002
7 | 6.79501825e-005 0.99999999 6.81720457¢-007 1.00000002
8 | 6.79501825¢-005 0.99999999 6.81720457¢-007 1.00000002
9 | 6.79501825e-005 0.99999999 6.81720457¢-007 1.00000002
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Figure 10.10: Plate with a hole: effectivity index I.g = 7jA, /1A, Within the improvement
iterations for design scaling parameter ¢ = 10° and ¢ = 107!,

Reliability and accuracy of the error estimator. The reliability and accuracy of the error
estimator is measured with the effectivity index I = 1A, /1A, introduced in (10.67). The
error estimator yields good results if I.¢ tends to unity. The effectivity index for all improve-
ment iterations for some selected values of the design scaling parameter ¢ is given Table 10.1.

The values of I.g oscillate for large design perturbations with ¢ = 10° and e = 10~! but
converge to unity. This is illustrated in Fig. 10.10.

Furthermore, even in the case that just 1 improvement iteration is performed, the error esti-
mator yields good results. This is shown in Fig. 10.11. For a large design perturbation with
e = 10° the error is a little overestimated, i.e. 755} = 6.43739722 x 10~ ! instead of the exact
error nZ’L = 4.85458571 x 10~*. For smaller values of ¢ the estimator tends quickly to the
exact error until ¢ = 10~°. For & smaller than ¢ = 10~ the error is underestimated and tends
to zero from £ = 10~8. However, in the wide range of € = 1071 to e = 1077 the estimator
yields good results with just 1 improvement iteration. This can be further improved if more
than 1 improvement iterations are performed.

Finally, these results demonstrate the reliability and accuracy of the proposed error estimator.
For suitable chosen design changes the error estimator yields very good approximations of
the exact error in the state.
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Figure 10.11: Plate with a hole: exact relative error 1%, and error estimator 7. obtained
with one improvement iteration.

The change in the quantity of interest. The considered quantity of interest is the vertical
component of the nodal displacement at a given point X p, i.e. J(v,s) = uy(Xp). The
material point X p is shown in Fig. 10.4. This specific quantity of interest is close to the
design perturbation region and therefore strongly affected by design changes. The value for
the undisturbed design of the vertical displacement is J (v, sg) = 3.15304776 x 10~2.

The change in the quantity of interest is predicted by evaluating the first-order sensitivity re-
lation (10.103) as well as the improved sensitivity relation (10.105), which has been proposed

in Section 10.4.3. These relations yield the first-order solution AJ and the improved solution
AJ*, respectively.

The relative errors of the first-order solution AJ as well as the improved solution AJ* for
different values of design scaling parameters ¢ are given in Fig. 10.12. The relative error of
AJ for e = 10° is of about 5.85 x 10~ % and the error of AJ* is of about 2.52 x 10! %.
Furthermore, the error of the first-order solution AJ fore = 1072 is 8.21 x 1075 % and
reduced to 3.30 x 10~7 % using the improved solution AJ*,

Finally, the improved sensitivity relation (10.105) based on higher-order variations of the
considered residual and the quantity of interest yields better results for the change in the quan-
tity of interest due to design perturbations than the first-order sensitivity relation (10.103).
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Figure 10.12: Plate with a hole: relative errors of the first-order solution AJ and the im-
proved solution AJ*, which is obtained by using the first-order approxima-
tions of the state Av and the dual solution Az.

10.8 Summary and concluding remarks

A novel exact sensitivity relation as well as an error estimator for the error of the sensitivity of
the state and quantities of interest have been presented within this chapter. This was based on
a fully variational framework for the exact initial and the changed design. Several important
results have been derived which are summarized below.

The starting point was the classical first-order sensitivity relation introduced in (10.7) as
k(’vOaSO;naA’b) = 7Q(v0780;n) Vn eV

This relation yields just a rough approximation for the change in the state Av due to large
design perturbations As. Here, Q(vg, so; 1) is the classical first-order pseudo load.

In Theorem 10.1 an exact sensitivity relation (10.27) has been derived in form of
k(vo, s0;m, Av) = —Qex(v)(vo, S0;m)  Ym €V,

in which Qex(v)(vg, s0;m) is the exact pseudo load given in (10.28). This relation is based
on an exact integral remainder representation within the Taylor expansion. Hence, as stated
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in Theorem 10.2 in Eq. 10.55 the error e o, = Av — Av depends on the error in the pseudo
loads, i.e.

k(vo, s0; M, €a0) = —[ Qex(v)(v0, S0;1) — Q(vo, S0;M) | Vnev.
This relation is exact if Qex(v)(vo, So; 1) is explicitly computable.

The exact pseudo load contains the true solution v, which is in general unknown. An im-
proved solution ©* = vy + Av™ can be used in order to make this relation computable. Such
an improved solution can be obtained by using an iterative improvement algorithm based on
the exact sensitivity relation (10.27) as proposed in Section 10.3.

For a good approximation ©* & wv the exact error representation is the basis for an error
estimator e z,,. This estimator is the solution of the error relation (10.61) given as

]{(’00, SO;TIaéAv) = 7[@9){("3*)(”0780;7’) - Q('UO, SO;T')] VT’ ev.

For suitable chosen design changes this relation yields a good approximation of the exact
eITOr e Ay .

This has been demonstrated within the numerical example. Much better solutions for the
change in the state due to design changes are obtained by using the improvement algorithm
in comparison to the classical first-order solution. The obtained improved solution is used
within the error representation as mentioned above. The estimated error tends quickly to the
exact error for suitable chosen design changes.

Furthermore, an exact sensitivity relation for quantities of interest has been derived. This
problem is more complex because the dual problem is formulated on a given deformed state.
Therefore, additional higher-order variations of the considered residual as well as of the quan-
tity of interest occur. The exact sensitivity relation is the basis for an improvement algorithm
for changes in the quantity of interest, in which the exact changes in the state and the dual
solution are replaced by first-order approximations. The proposed improved relation yields
better results than the first-order sensitivity relation.

In the present work only the first-order approximations of the state A and the dual solution
Az are used in order to evaluate the improved sensitivity relation (10.105). This relation
could be further enhanced if some improved solutions of the state A9™ and the dual solution
AZ" are used.






Chapter 11
Conclusion
In this concluding chapter, the work is briefly summarized and the main goals

and results are once more highlighted. Furthermore, an outlook on further re-
search topics and possible other investigations concludes the work.

11.1 Summary

In the present work a general framework for structural analysis and variational sensitivity
analysis of the primal and the dual problems has been presented. The main intention was to
provide a complete description of the primal and dual problems with respect to variations in
the physical and material spaces. A complete description means that changes in the physical
and material spaces are allowed. Therefore, not only the structural analysis of the problem is
considered but also the sensitivity of functionals and field quantities with respect to configu-
rational changes.

In summary, overall eight problems have been considered for a complete description of the
primal and dual problems, i.e. we have

structural & sensitivity x  primal & dual x  physical & material
analysis problems spaces

These problems are symbolically summarized in the following table.

primal problem dual problem
physical material physical material
structural analysis R=0 G=0 R*=0 G"=0
sensitivity analysis R=0 G =0 JR*=0 6G* =0
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There are several problems which can be now solved based on the corresponding residuals
and tangent forms which have been derived in this thesis. In particular, the following results
have been presented in the present work.

A complete framework for the primal problem. The starting point was the energy func-
tional of the primal problem. Every functional quantity of the primal problem depends on
the state and on a design or control function, which controls in an abstract sense the material
configuration. Variations of the energy with respect to the state yield the physical residual and
variations with respect to configurational changes lead to the material residual. Additionally,
the sensitivities of these residuals were presented. The complete variations of the primal
energy with respect to state and design provide all residuals and tangent forms, which are
required for analysis and sensitivity of the primal problem. The derived variational formula-
tions were the basis for a consistent finite element formulation. It is important to notice that
all discrete residuals and tangent matrices can be computed and assembled in the same way
as the usual physical residual and stiffness matrix.

Duality techniques in the physical and material spaces. A variational framework for dual
solutions in the physical and material spaces has been proposed in Chapter 5. This is based
on an optimal control approach, which provides the general framework for duality relations
of variational equations. The form of the dual problem and the corresponding dual solution
depend on the kind of the considered variational problem.

A complete framework for the dual problem. The dual problem has been embedded in
the same framework as the primal problem in Chapter 6. A novel formulation for the dual
problem with respect to configurational variations has been presented. An energy functional
of the dual problem has been introduced and the complete variations with respect to the dual
solution and the design yield the corresponding dual physical and material residuals as well
as the dual tangent forms. These quantities are essential for structural analysis and sensitivity
investigations of the dual problem. A sensitivity relation for the change in the dual solution
itself due to configurational changes has been derived.

Different applications and several numerical examples based on the derived residuals and
tangent forms of the primal and dual problems were proposed in Chapter 7, Chapter 8 and
Chapter 9. In particular, the following applications were presented.

e Global r-adaptive mesh optimization based on energy minimization of the primal
problem. This is a direct application of the energy minimization problem by taking
the nodal coordinates as design variables. The discrete primal material residual on the
mesh nodes is an error indicator for a non-optimal finite element discretization. These
indicators represent the sensitivity of the primal energy with respect to changes of the
position of the mesh nodes. The mesh can be optimized with respect to the energy of
the primal problem.

e Goal-oriented r-adaptive mesh optimization based on the simultaneous minimiza-
tion of the primal and the dual energy functionals. This novel approach is referred to
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as Primal Dual Material Residual (PDMR) method, because both the primal and dual
material residuals provide an error indicator for mesh optimization. The mesh can be
optimized with respect to a chosen quantity of interest.

¢ Shape optimization based on the minimization of the primal internal energy (com-
pliance). The relations to configurational mechanics have been highlighted. Both dis-
ciplines deal with changes in the material configuration but they use merely different
designations for the same quantities. The primal material residual on the design bound-
ary is an indicator in which direction the boundary has to move in order to minimize
the internal energy, i.e. it represents the sensitivity of the internal energy with respect
to changes of the design boundary.

Error analysis of sensitivity relations. A novel theorem for error analysis of sensitivity re-
lations as well as an improvement strategy have been stated in Chapter 10. This is based on
an exact sensitivity relation with an exact integral remainder within the Taylor expansion.
The remainder can be computed explicitly based on higher-order variations of the considered
residual. This has been shown for the shape sensitivity problem and the required variations
have been derived for nonlinear and linearized elasticity in Section 10.6 and Section B.2.7,
respectively. Much better solutions for the change in the state due to design changes are ob-
tained by using the improvement algorithm in comparison to the classical first-order solution.
Furthermore, an exact sensitivity relation for quantities of interest has been presented in Sec-
tion 10.4. This relation is the basis for an estimator for the change in the quantity of interest
due to changes in the design and yields better results as the first-order sensitivity relation.

11.2 Future work

There are several challenging problems which can be treated in the future using the techniques
derived in this thesis.

Complete element formulation and extension to inelastic material. Within this work a
complete variational and finite element formulation has been proposed. The formulation is
complete in the sense that changes in the physical and material spaces are allowed. Future
finite element formulations should consider all residuals and tangent matrices in order to
obtain a complete description of the primal and dual problems as mentioned in Section 4.7 and
Section 6.6, respectively. In the present work, a Neo-Hookean material has been investigated
and non-standard sixth-order and eighth-order tensors have been derived in Section B.1. The
next step should be to extend the proposed approach also to inelastic materials.

Combination of -, h- and p-adaptivity. In the context of mesh optimization and r-adaptivity
a global and a goal-oriented approach were presented. The next step should be to combine
r-adaptivity with h- and/or p-adaptive methods. It is well-known that the combination of h-
and p-methods is more efficient than each individual method. Therefore, a combined rhp-
method seems to be the most efficient way in order to optimize the mesh and to improve the
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finite element solution. By means of the primal and dual material residuals r-adaptivity is
easy to implement in an existing finite element code. These residuals can be computed with-
out considerable computational cost. Thus, the development of such a rhp-method for global
and goal-oriented mesh optimization should be addressed in future work.

Shape optimization and r-adaptivity. There are other challenging problems from shape
optimization where r-adaptivity can be used. For instance, a r-adaptive method could be
used to reallocate the nodal position of all interior nodes if the shape optimization algorithm
has modified the boundary. Often this is based only on a smooth mapping from the original
nodal position to the new one under certain geometrical requirements. But nothing can be
said about the quality of the mesh with respect to the discretization error. It is known in
shape optimization that h- and p-adaptive methods yield a non-differentiability of objectives
and constraints due to the modified mesh topology which has a severe impact on the overall
gradient driven nonlinear programming algorithm. Furthermore, it is not suitable to spend to
much effort in h- or p-adaptivity for any non-optimal design. Especially the goal-oriented
r-adaptivity can be used if a local quantity of interest is considered as a constraint of the
optimization problem. For instance, a displacement or a stress at some certain point of the
body has to be controlled, i.e. the quantity has to be smaller or greater than a given value.
The accuracy of the quantity of interest depends directly on the error in corresponding dual
solution and the mesh should be optimized with respect to the dual solution if the shape has
been modified. Hence, the combination of r-adaptive methods with shape optimization could
be a valuable tool.

Error analysis for state and design within shape optimization. Another interesting issue
in the above context is the error analysis for the state and the design functions within shape
optimization. Assume that a chosen objective functional or quantity of interest depends on
both the design and the state function. Then, the goal is to estimate the error in the state
and the design function, i.e. distance between the optimal solutions and some given solutions
within the optimization process. In addition, the errors which result from the discretization of
the state and the design using finite dimensional spaces have to be considered.

Improved sensitivity relations and structural optimization. A novel improvement algo-
rithm for sensitivity relations has been proposed in this work and a benchmark example of
shape sensitivity has been investigated. The algorithm can be used within different structural
optimization problems. Therefore, future work should address the application of the proposed
framework to a large class of optimization problems. Furthermore, it can be used within pa-
rameter identification problems, if some material parameters are chosen as design variables.

In addition, the combination of design sensitivity error with discretization error analysis
should be addressed in future work. In this context it would be interesting to study the in-
fluence of the discretization error on a chosen mesh to the design sensitivity error.



Appendix A
Summary of important variations
Important variations in the physical and material spaces are summarized within

this chapter. Furthermore, some lengthy derivations are given explicitly. Firstly,
details on the variation of kinematical quantities in local coordinates are stated.

A.1 Variations of kinematical quantities in local coordinates

The following variations are based on an intrinsic formulation in local coordinates presented
in [5,7,9]. The variations are exemplarily performed for selected quantities. In particular,
only the first variations of F and E with respect to v and s are stated. The extension to
higher-order variations is straightforward.

The variations are based on a multiplicative decomposition of the deformation gradients F
and f = F~! using the local mappings K and M, which are introduced in Section 3.1.2 and
shown in Figure 3.2. Both gradients can be written as

F=MK™ !, (A.1)

f=KM ! (A.2)
The total variations are given as

6F = MK ' + M§[K™ 1], (A.3)

6f = KM ™! + KM 1] (A.4)
The variation of an inverse tensor A~! can be computed using the identity AA~! = L.

Hence, the variation is given from
S(AA™H) =6AA '+ AS[A T =6I=0 or S[A7']=—-A"15AA"L. (AS)
The corresponding variations of K and M are obtained as

SK'=-K KK, (A.6)
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Table A.1: Summary of transformation relations for local gradients

Gradep =MK!=F Grad? =K TM? =F7T

Graddp = SMK ™! Graddp? = K~ TsM”

Grad 6¢ = KK ™! Grad 6@’ = K- ToKT

gradd =KM ' =f grad®! =M TKT =fT =f 7

grad 0& = SKM ™! grad 087 = M~ToK”

grad dp = oMM ! grad 6’ =M~ TomT

SM™'] = -M""ésMM . (A7)

In order to identify the compositions with known quantities, the relations from Tab. A.1 are
used. Finally, the total variations of the deformation gradients are given as

6F = MK ! — MK /KK ™! = Grad §¢ — F Grad 6, (A.8)

6f = 0KM ™! — KM MM ! = grad 6® — f grad dp. (A.9)

The partial variations are identified as

3, F(p,d¢p) = Grad dep, (A.10)
dgF (p,0P) = —F Grad 69, (A.11)
0,£(P,0p) = —fgradde, (A.12)
dgf (P, 6P) = grad iP. (A.13)

Alternatively, the deformation can be expressed in terms of the displacement field u, i.e.
F(u) = I+ Grad u. For this, the partial variations are given as

5.F(u,du) = Grad du, (A.14)
doF(u,®) = —H Grad 6P. (A.15)
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The partial variations with respect to @ are different, i.e. JoF (u, 0P) # dF (¢, P), but the
total variations of F' yield the same results, i.e.

OF (u) = 6, F(u, du) + 0gF (u, §P)
= 0,F(p,0p) + 6sF(p, 0B) = 6F ()
because we have with §¢p = 6P + du
0F(p) = Grad d¢p — Grad ¢ Grad &

(A.16)

= Grad 0P + Grad du — Grad ¢ Grad §®P
= Grad 0u + (I — Grad ¢) Grad 0P (A.17)
= Grad du — Grad u Grad 0P
= 0F(u).
Furthermore, the Green-Lagrange strain tensor
E= % (F'F-1I) = % (K""M"MK ™' —1) (A.18)

is considered as strain measure within this work.

The first total variation of E written in terms of K and M reads

SE = %5( K "TM"MK™! -1)

(SK-TIMTMK ! + K- TsM? MK (A.19)

N | =

+ K TMTSMK ! + K TMTMS[K™])
Using (A.6), (A.7) and Tab. A.1 the variation becomes

SE = % (— Grad & FTF + Grad 6" F

+ F7 Grad 5¢ — FTF Grad 6 ) (A.20)
= sym{ F? Grad 6 — FTF Grad 6& }.
The partial variations are identified as
5,E(p,d¢p) = sym{ FT Grad ¢ }, (A.21)
SoE(p,6®) = —sym{ FTF Grad 6@ }. (A.22)

Higher-order variations of E can be obtained in the same manner. A complete list of the
required variations in terms of the generalized state v and design s is given in the following
section.
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A.2 Variations of gradients and strains

The calculations of the sensitivities require the variations of E with respect to v € V and
s € S.Letn, A € V be admissible variations for the state and ¢, x € S be admissible
design variations. Some important relations are listed below.

A.2.1 Variations of gradients

For the displacement gradient H := Grad u we have

H/,(n) = Gradn (A.23)

H' (u,v) = — Gradu Grady = —H Grad . (A24)
The variation of the deformation gradient F = Grad o = 1 + H reads

F/ (n) = Gradn (A.25)

F/(v,7) = — Grad v Grad . (A.26)

A.2.2 Variations of strains

Hence, the variations of the Green-Lagrange strain tensor E =
above definitions in the form

1 (FTF — 1) follow from the

1
E/ (v,n) = 3 (Gradn”F + FT Gradn ) = sym{F” Gradn} (A.27)
1
E/(u,v%) = —= (Grady” Gradv”F + FT Gradv Grad)
2
(A.28)
= —sym{FT Grad v Grad}.
The second and mixed variations are obtained in a straightforward manner as
" 1 T T
E),(n,A) = = (Gradn® Grad A + Grad A" Gradn)
2 (A.29)

= sym{Grad A" Grad n}

1
E! (v,n,v¢) = —3 (Grad Y’ Gradn”F + Gradn” Grad v Grad ¢

+ Grad ¢’ Grad v” Grad ¢” Gradn + FT Gradn Grad )

= —sym{Grad " Gradv” Gradn + F? Gradn Grad+}. (A.30)
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E’ (v,9,x) = = (Grad x* Grad " Gradv’F

N | =

+ Grad ¢’ Grad xT Grad v F
+ Grad ¢’ Grad v” Grad v Grad x
+ Grad xT Grad v’ Grad v Grad ¢
+ FT Grad v Grad x Grad 1 (A.31)
+ F7 Grad v Grad 4 Grad x )
= sym{Grad x” Grad v” Grad v Grad +
+ FT Grad v Grad x Grad ¥

+ FT Grad v Grad 4 Grad x}

1
E/ (v,,n) = -5 (Grad ™ Gradn”F + Grad " Grad v’ Gradn

+ Gradn” Grad v Grad ¢ + FT Gradn Grad )

(A.32)
= —sym{Grad ¢’ Grad v” Gradn + F? Gradn Grad}
= —sym{Gradn” Grad v Grad ¢ + F? Gradn Grad}.
Hence, as a result of symmetry, we have
E/,(v,%,m) = Ey (v, n, ). (A.33)

In addition, the following higher-order variations are required and obtained in short form as

E” .(n, A ) = —sym{ Grad ¢’ Grad A" Gradn

VU8

(A.34)

+ Grad AT Gradn Grad},

E)., (n,%,A) = —sym{ Grad ¢T Grad AT Grad n
(A.35)

+ Grad A" Gradn Grad 4},

E;,L1;(¢7 n, >‘) = - Sym{ Grad ’lﬂT Grad }\T Grad n
(A.36)

+ Grad A" Gradn Grad ¢ },
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E” (v,m,9,x) = sym{ Grad x” Grad ¢p” Gradv” Gradn
+ Grad ¥’ Grad xT Grad v” Gradn

+ Grad¥” Grad v” Grad n Grad x
(A.37)
+ Grad xT Grad v” Grad n Grad

+FT Grad n Grad x Grad ¥
+FT Gradn Grad+p Grad x }.
E! (1, X%, x) =sym{ Grad xT Grad 4’ Grad AT Gradn
+ Grad T Grad xT Grad AT Gradn

+ Grad ¥’ Grad AT Grad n Grad x
(A.38)
+ Grad x7 Grad AT Grad n Grad 4

+ Grad AT Grad n Grad x Grad ¢

+ Grad AT Grad n Grad ¢ Grad x }.

Again, due to symmetry, we have

E)L,(m ¥, A) =E] (¢,n, ). (A.39)

A.3 Variations of stresses

A.3.1 Standard variations

We consider a hyperelastic material, i.e. there exists a strain energy function Wg(F) such
that

_OWg

b _ OWg

or 4 S=7p

(A.40)

where P and S are the first and second Piola-Kirchhoff stress tensors, respectively. The vari-
ations read

P/ (v,n) = g—i :F, =A:F, =A:Gradn, (A41)
/ aP / /
P.(v,¢)= —=:F,=A:F, =—A: Gradv Grad ¥, (A42)

OF
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S! (v,m) = Z—; E! (v,n) =C:E|(v,n) =C:FT Gradn, (A43)
l I8 / / T
Si(v,¢) = 3 E/(v,¢) =C: E,(v,%) =—C: F* Grad v Grad 1, (A.44)
where
0P  0*Wg oS  9°Wg
= —aror ™ C 38 T sReE (A45)

A.3.2 Higher-order variations

Within this work non-standard higher-order variations are required, which are obtained as

Cl(v,n) = g% :E!(v,n) =D :E (v,n), (A.46)
!/ aC !/ !
Cl(v,¢) = E E/(v,¢) =D : E.(v,v), (A.47)
D (v,n) = % ‘El(v,n) =€ :E| (v,n), (A.48)
, oD _, ,
’Ds(vvw) = ﬁ : Es(’l),’(,b) =¢€: Es(’vﬂ/f), (A49)
where the sixth-order tensor D and the eighth-order tensor & are given as
oC oD
D := 7B and ¢ := B (A.50)

A.4 Variations of the strain energy function

The variations of the strain energy function Wx(F') are obtained in form of

(Wr),(v,m) = 3(;/[1/?1% :F (v,n) =P :F,(v,n) =P : Gradn
=FS:Gradn=S: FT Gradn (A.51)
=S:E,(v,n),

OWr

(Wr)i(v.9) = 55 : Fu(v,9) = P Fi(v,¢) = —P : Grad v Grad 4

= —FS: Gradv Grad ¢ = —S : FT Grad v Grad ¢ (A.52)

=S:E.(v,7).
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In a concrete situation ¢ or u is chosen as the state variable. For v = ¢ we obtain

(Wa),(p.m) = S8 K (o,m) = P+ Fl () = P : Gradn
=S :E, (¢, ),

(We)llp ) = DR B (p,6) = P Fl(p, ) = —P : F Gradep =
=—FS:FGrady = —S : FTF Grad ¢
=S E (¢, ).

For v = u we have

(W)l w.m) = T8 () = P 2 B . m) = P - Gracly
=S:E,(u,n),

(Wil () = 300 < Bl () = P F(w,4) = P H Grad g
= -FS:HGrady = —S : FTHGrad v
=S :E{(u,9).

A.5 Variations of line, surface and volume elements

The variations of line, surface and volume elements with respect to s are given by
(dX), = Grady dX,
(dA), = [Divep1 — Grad+” |dA
(dV), = Divep dV.
Following the chain rule, the variation of a quantity F = [, O -)df2 is given by
Fiwn = [ (iw.mde,
Qr
Fio#) = [ (Jifo.4)+ () Divipdo
R

— /Q ()o(v, %) + ()T : Grad 1) dQ.

(A.53)

(A.54)

(A.55)

(A.56)

(A.57)

(A.58)
(A.59)

(A.60)

(A.61)



Appendix B

Model problems and explicit formulations

Within this work the model problem of nonlinear elasticity has been considered.
All residuals and tangent forms have been derived with respect to the general
nonlinear case. In this chapter explicit formulations of constitutive relations as
well as the explicit formulations of higher-order variations of the primal physi-
cal residual are stated. Furthermore, for completeness, the most important varia-
tional and discrete relations are given for the theory of linearized elasticity.

B.1 Nonlinear elasticity

B.1.1 Constitutive relations

As an example of isothermal hyperelasticity a classical compressible Neo-Hookean material
is considered. The strain energy function Wr(I¢, J) under consideration is written in terms
of the first invariant of C = FTF given by

Io :=tr(C) =tr(FIF) =F: F (B.1)
and J :=det F.

The complete derivatives of the strain energy function with respect to the Green-Lagrange
strain tensor E or equivalent with respect to the C are given as

S = 8;? = 2%, (B.2)
C:= g—; = g—(sj, (B.3)
D= g% = 22%, (B.4)
e;:%:zg—g (B.5)

187



188 Model problems and explicit formulations

Additional to the standard second Piola-Kirchhoff stress tensor S and the fourth-order tan-
gent operator C, nonstandard higher-order derivatives of the strain energy function Wx are
required. A lengthy calculation yields a sixth-order tensor D and a eighth-order tensor €.
Within these tensors appear the derivatives of C~! with respect to C, i.e.

oCc—1
A%
ow

The explicit formulations of all stress tensors and corresponding tangent operators for two
Neo-Hookean materials are given in Box B.1 and Box B.2 as well as in Box B.3 and Box B 4.
Furthermore, the specifications of V, YW and X are given in Box B.5.

Within this work a formulation in terms of E and S is used. All terms can be also written in
terms of F and the first Piola-Kirchhoff stress tensor P := dWg/OF. For completeness, P,
the Cauchy stress tensor o = J~! PFT = J~! FSF” and the fourth-order tangent operator
A := 0P /OF are also given for the considered strain energy functions.
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Strain energy function:

1 , 1
Wr(Ie,J) = 5H(IC —n®™ _2InJ) + 5A(J— 1)2.

Second-order stress tensors:
P=uF—[p-AJ?-JD)F 7T

S=upul—[p—-XJ*=J))CT
az}ub—}[u—A(ﬂ—J)]I

Fourth-order tangent operators:

A=pIRI+ X 22— NF ToF T4 [ u-XNJ?>-J)|F ToF!

cC=x2)l-ncCcTeCc T -2[u-AJ*>=))]|V

Component representation:

Pij=pFy—[n—AJ? = J)F;"

Ju
Sij = udiy —[n—A(J* = D)]C;!
1

0y = j(ﬂbij —[u=A(J*=T)]) by

Aijit = 10k 051 + A (202 = J) i Bt + [n= X (J2 = D) By !

Cijit = A2 = 1) C Crt + [p— A (J? = N)][C Cit + Ci 'O

=AQ2J =) C Ot = 2[p—A(J* = J)] Vijr

The tensor V is given in (B.41) and b = FF7.

(B.9)

(B.10)
(B.11)

(B.12)

(B.13)

(B.14)

(B.15)
(B.16)

(B.17)

(B.18)

(B.19)

Box B.1: Stress tensors and standard tangent operators for a Neo-Hookean material
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Strain energy function:
1 dim 1 2
WR(IC,J):i,U(IC—n —2111J)—|—§/\(J—1).
Second-order stress tensor:

Sij = pdi; — [n—=A(J* = D)]C;;"

)

Fourth-order tangent operator:
Cijr =A(R2J* =) CL'Ct = 2[ = A (J* = )] Vijw
Sixth-order tangent operator:
Dijrtmn =A(4J° = J)C;'C Cl
+2X(2J2 = J) [C; Vatmn + Cg Vigmn + CrtVijai ]
—4[p = N(T? = T) I Wijkimn
Eighth-order tangent operator:
Cijkimnop = A (8T = J)C CL Crn Ot
+2X (4% = D) [CF Cii Vannop + Ci; ' Cran Viktop
+ C OV itmn + Ci' Crn Vijop

+ C’k_llco;lvijmn + C;L%Coiplvijkl }

+4 A (2 J2 - J) [Vijopvklmn + Vklopvijmn + anopvijkl

+ Ci;lwklmnop + O/g_llwijmnop
+ C’,;}LWUMOP + C(;nlwijklmn]
- 8[/1 - )\(J2 - J)]:{ijklmnop

The components of the tensors V, WV and X are given in Box B.5.

(B.20)

(B.21)

(B.22)

(B.23)

(B.24)

Box B.2: Complete derivatives of Wx with respect to E for a Neo-Hookean material
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Strain energy function:
1 dim 1 2
WR(IC,J)ziu(IC—n —21nJ)—|—§)\ln (J). (B.25)

Second-order stress tensors:

P=puF -F )+ XIn(/)F T =uF—[p—An(J)]F~ 7 (B.26)

S=puI—-C )4+ AIn(J)CT =pI—[pu—An(J)]C™T (B.27)

az}(ub—[u—nnu)})x (B.28)
Fourth-order tangent operators:

A=AFTQF T4 181+ [p—AIn(J)|FToF! (B.29)

C=xCTecCcT-2[p—AIn(J)]V (B.30)

Component representation:

Pij = pFyj—[p—An(J)] Fj;* (B.31)
Sij = p8i; — [ —An(J)] O (B.32)
715 = 5 (b — [ = AIn() ) (B33)
At = A5 ot 4 pdib + [ — An(J) ] U F (B.34)

Cijit = AC3 Oy + [ = An() ] [CR Ot + C '
= AC Ot = 2[p— AIn(J) ] Vijr (B.35)

The tensor V,; is givenin (B.41) and b = FFT,

Box B.3: Stress tensors and standard tangent operators for a Neo-Hookean material




192 Model problems and explicit formulations

Strain energy function:
1 dim 1 2
WR(IC,J)ziu(IC—n —21nJ)—|—§)\ln (J). (B.36)

Second-order stress tensor:

Sij = pdiy — [p—An(J)] C7' (B.37)
Fourth-order tangent operator:
Ciji = AC;' Oyt =2 — An(J) ] Vi (B.38)

Sixth-order tangent operators:

Dijklmn =2\ [nglvklmn + Cl;llvijmn + Cglilvmkl ]

(B.39)
—4 [[L — )\IH(J)] Wijklmn
Eighth-order tangent operator:
injklmnop =4 [Vijopvklmn + Vklopvijmn + anopvijkl
+ Cglwklmnop + C];llwijmnop
(B.40)

+ CrinWijkiop + Cop Wijkimn |
—8[p— AIn(J) ] Xijrimnop

The components of the tensors V, WW and X are given in Box B.5.

Box B.4: Complete derivatives of W with respect to E for a Neo-Hookean material
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Vijk :=

Wijklmn :

1
T4

xijklmnop =

-1
ac;;

oCr

+C;

im " jk

8Vvijklmn

1
-2 (C
3 (
+C'Ci Ot
+ 05 Cry Gl Cry + CLICLI G + Ot

-1 ~—1 1 -1 -1, 1,1, -1 —1
+Ci Cip Cro Oy + 0 €1 C Oy + C
+ 03 O Ol Cry + CLICL N C G

+o e e C + et

1
2

_WVijni

(CRICCLt +ChlC et + ¢l el

10‘—1

aC,,

—1 11—
0 Ckp ijcln

071

in

(071761 C]_l 1

+Cglcj—,j)

1 -1 -1 -1 -1 -1 -1 ~—1
+ Cip Cko ijcln + Cik Cjo Cmp

+CCa G CL + ClCh O

c!

Jo

ct

in

-1

o ront

jm o

Cp,

(B.41)

(B.42)

+Ci Ol Cr

J

Cipt 4+ Cin C5 ' Crt + CLICHICL T+ CLICL O )

O—l

in

10—1

no

-1, ~v—1
Cnp C(lm

1C71

mo

+CCCLi Ot

-1 —1—1—1 -1
Cop +Ci CiCry Crg

+C OO O+ CUY O O+ C NG CL O

+0; 10, Crl O + O OO Cry + O 1 CF O O
+Clc

-1 ~—1 ~—1 -1 -1, ~—1,~v—1
+ sz ij Cko Cln + Oim Ojk C’lo
+C,,

—1pv—1—1,—
+CClCLiCy
+Cte,

1, =1/ —1,—1 1 v—1,/—1~— —1,—1,~—1
+ Cln ij Cko C(ln@ + Ozn Cjk) C(lo C’m117 + Czn Cjk: Clp

—1~v—1
mpCjk

-1
Cln

1~—1—1~—1
C’mpcvjl Ckn
1
n
1
P

-1 -1
Cjk Clm

-1 ~—1—1
+Cip Cmocjk m ~ jo

c b+ ot

np

—1~—1
Cz'm Cjo

+CLlCo G Cl +

+C,Cl O

o

+C,'Crl

o

ct+oeten
C'Cp

i,

(B.43)

1
P

1 —
O?’L 01

-1
C'ln

‘o

—1 1 =111
Cnp +C’Lm le Ckp Cno

CoiCin +CLICI OO

C—l

mo

1 —1/—1,—1 1 —1,—1/—1 1 —1—1,-1
+Cio Canjl Ckm+cip Cnocjl Ckm+czn Cjo Clp Ckm

1 =1 1 1 1 =1 =1
+C €y O Cp + € €3 G

o

Crp +CHICICICLL)

Box B.5: Summary of derivatives of C~! with respect to C = FTF
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B.1.2 Explicit formulations for higher-order variations of the residual

An exact error representation as well as an improvement algorithm of sensitivity relations
have been proposed in Chapter 10. The explicit computation of the exact pseudo load Qex(-)(+)
in (10.28) requires higher-order variations of the residual R(-) with respect to v and s. Ex-
plicit formulations of these higher-order variations for shape sensitivity are stated in Sec-
tion 10.6.

Compact specifications of Rl , R, R, RJ and R for shape sensitivity are given
below. For given {v, s} and { Av, As} these forms become linear functionals and have the
same structure as the usual residual R(v, s;-). Hence, they can be directly implemented in

standard finite element programs as the residual R.

R! (v,s;m, Av, Av) = k) (v, 8;1, Av, Av) = A1 : GradndQ (B.44)
Qr

with the second-order tensor
A, := 2 Gradv A,SM +F(A,S? +A,8%)), (B.45)

The stress increments due to changes in the state Av are introduced as

A,SW .= C: E, (v, Av) (B.46)

A,8% :=C: E/, (Av, Av) (B.47)

A,S8®) =D E (v, Av) : E! (v, Av) (B.48)
with

E, (v, Av) = FT Grad Av (B.49)

E/, (Av, Av) = Grad Av” Grad Av. (B.50)

Box B.6: Explicit formulation of R/, for nonlinear elasticity
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R (v,8;m,As, As) = p(v, s;m, As, As)
:/ {A;:Gradn+ Ay -n}dQ
Qr

with the second-order tensor A; and the vector Ay which are given as
A, :=2[Grad v Grad As (Grad As S 4+ S Grad As” — A,SM)
+ FS Grad As” Grad As” — FA,S™ Grad AsT
— (Gradv Grad As S + FS Grad As” — FA,S( ) Div As|
+F(AS® +A,80))
—FS (I: Grad As Grad As — Div As Div As),

Ay :=bp (I: Grad As Grad As — Div As Div As).

The stress increments due to design changes As are introduced as
ASW .= C: E. (v, As)
AS? .= C: E" (v, As, As)
AS®) =D E,(v,As) : E(v, As)
with
E,(v, As) = —FT Grad v Grad As,
E/ (v, As, As) = sym{ Grad As” Grad v’ Grad v Grad As

+2F7T Grad v Grad As Grad As }.

(B.51)

(B.52)

(B.53)

(B.54)

(B.55)

(B.56)

(B.57)

(B.58)

Box B.7: Explicit formulation of R”, for nonlinear elasticity
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R!,(v,s;m, As, Av) = p), (v, s;m,As, Av) = [ Ay : Gradnde,

Qr

where the second-order tensor A is given by
A, :=Grad Av (A8 — SGrad As” — Grad As S)
— Gradv Grad As A, S — FA,SW Grad As”
+F(A,SY 4+ A,,89)
+[FA,SY + Grad Av S]Div As.
The stress increments due to changes Av and As are introduced as

A, S =C: E/

Sv

(v,As, Av) =C: E/

Vs

(v, Av, As)
AWSP =D E/ (v, Av) : E. (v, As)
E/ (v, Av, As) = —sym{ Grad As” Gradv” Grad Av

+F7 Grad Av Grad As }.

(B.59)

(B.60)

(B.61)

(B.62)

(B.63)

The stress increments A, S™) and A,S™) are defined in (B.46) and (B.54), respectively.

Box B.8: Explicit formulation of R/, for nonlinear elasticity
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RY (v, s;m, As, Av, Av) = pll (v, s;m, As, Av, Av)

(B.64)
= A, : GradndQ,
Qr
where the second-order tensor A is given by
A, :=—2 Grad Av (Grad As A,SM) + A8 Grad As™')
— Grad v Grad As A,S® — FA,S® Grad As”
— Grad v Grad As A,S®) — FA,S®) Grad AsT
(B.65)
+2 Grad Av (A, SM + A,,8@))
+F (AgoSY +24,,,8® + 4,,,8% + A,,,8W)
+[2 Grad Av A, SY + FA,S? + FA,S®) | Div As.
The stress increments due to changes Av and As are introduced as
AgoSY = C: E” (As, Av, Av) (B.66)
AgoS? =D E, (v, Av) : E” (v, As, Av) (B.67)
AgoS®) =D E/ (Av, Av) : E. (v, As) (B.68)
AgoSW = & : E! (v, Av) : E] (v, Av) : E.(v, As) (B.69)
with
E! (As, Av, Av) = —sym{ Grad As” Grad Av” Grad Av .70

+ Grad Av” Grad Av Grad As }.

Explicit formulation of C, D and €& are given in Box B.2 and Box B.4. The stress incre-
ments A,SM, A,S?) and A,S®) are defined in (B.46), (B.47) and (B.48), respectively.
Furthermore, A,,S™) and A,,S®) are given in (B.61) and (B.62).

Box B.9: Explicit formulation of R?/ ' for nonlinear elasticity
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R, (v, s1m, As, As, Av) = p, (v, 5;m, As, As, Av)
(B.71)
= A, : Gradndf,
Qr
A, :=2[CGrad Av Grad As (Grad As S 4+ S Grad As” — A,8M)) (B.72)

+ Grad v Grad As ( Grad As A,S™ + A,S™ Grad AsT)

— Gradv Grad As(A,SW)! (Av)

+ Grad Av (S Grad As” Grad As” — A,S™ Grad As™')

+F(A,S8Y Grad As” Grad As” — (A,SM)! (Av) Grad AsT')

— Grad Av (Grad AsS + S Grad As” — A,SM) ) Div As

— (Grad v Grad As A,SY + FA,SW Grad As” ) Div As

+ F(ASWY (Av) Div As]|

+ Grad Av (A,S® + AS®)) £+ F ((A,SP) (Av) + (ASP)) (Av))

— (Grad AvS + FA,S™M) (I: Grad As Grad As — Div As Div As ),

(A,SW)! (Av) == C : E (v, As, Av) + D : E, (v, Av) : E,(v, As), (B.73)

(ASP)Y (Av) :=C : E” (v, As, As, Av) (B.74)

8sv

+D: E) (v, Av) : E/ (v, As, As),

(ASS(?’));(AU) :=2D:E! (v,As, Av) : E,(v, As) (B.75)

E//l

Ssv

+ € E| (v, Av) : E. (v, As) : E. (v, As),
(v, As, As, Av) = sym{ Grad As” Grad Av’ Grad v Grad As
+ Grad As” Grad ™ Grad Av Grad As
(B.76)
+2 Grad AvT Grad v Grad As Grad As

+2F7 Grad Av Grad As Grad As }.

Box B.10: Explicit formulation of R’

- for nonlinear elasticity
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B.2 Linear elasticity

For the sake of completeness, the model problem of linearized elasticity is considered. The
most relevant variational and discrete relations are briefly stated.

B.2.1 The primal problem

The state w € C? is determined by
Au=—[pAu+ A+ p)V Divu]=bg inQg, (B.77)

where A denotes an elliptic differential operator and by are body forces per unit volume in
Q. Additionally, we have to fulfill the boundary condition

u=u onlp and t=t only. (B.78)

For notational simplicity, we assume that no prescribed displacements and no prescribed
tractions are applied, i.e. u = 0 and t = 0, respectively.

Let V be a Sobolev space of states w, which is defined as
V={nec[HQ)]?: n=00nTp}. (B.79)

Furthermore, let a(-, -) be a bilinear form on V x V as well as F(+) a linear functional defined
on V. The weak form of the above problem for a given fixed s reads: Find «w € V such that

a(s;u,m) = F(s;m) VYmpel. (B.80)

For the given model problem of linearized elasticity and under the above assumptions these
quantities are given as

a(s;u,m) = /Q o(u) : g(n) dS, (B.81)

F(sin)= | br-ndQ, (B.82)
Qg
where o(u) = C : e(u) denotes the Cauchy stress tensor, £(u) = sym{Grad u} is the linear
strain tensor and C is the fourth-order isotropic material tensor corresponding to (B.77).

Remark B.1 The problem (B.80) is linear in u but possible nonlinear in s. This is indicated
by the semicolon in a(s;-,-) and F(s; "), i.e. all arguments on the right of the semicolon are
linear.
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B.2.2 Variations of strains

‘We consider the linear strain tensor

1
e(u) = 3 (Vu + Vul) = sym{Vu}. (B.83)
The variations of € with respect to w and s as well as the mixed variations are given by
1
e.(n) = 5 (Vn+Vn") = sym{Vn} = e(n) (B.84)
1
e (u, ) = —5 (Vuvey + Vil vul) = — sym{Vu Vp} (B.85)
1
€hs(m9) = =5 (Vn Vi + Vi V') = —sym{Vn V¢} (B.86)
el (1, m) = €1,(n,¥) = —sym{Vn V¢} (B.87)
1
es(u, ¥, x) = 5 (VuVx Ve + Vu Vi Vx
+ V'I/JTVXTVUT + VXTV’dJTV’U/T) (B88)
=sym{VuVx V¢ + Vu V) Vx}.

B.2.3 Variations of the primal energy

The energy functional reads

E(u,s) =C(u,s) — F(s;u) (B.89)
where

C(u,s) = %a(s;u,u) = o Wg(u)dQ, (B.90)

Wa(u) = 5 olu)  e(u) (B.91)
The primal physical and material residuals are given by

R(u, s;m) = E,(u, s)(n) = a(s;u,n) — F(s;n), (B.92)

G(u, s;9) = E(u, 5)(¥) = b(s, u; ) — Fi(s;w,9), (B.93)

where a(s;u,n) = C],(u, s)(n) is given in (B.81) and

b(s,u; ) == Cl(u,s)(¢) = /Q 3(u) : Vap dQ. (B.94)

The energy-momentum or Eshelby tensor in terms of linear elasticity is obtained as

2(u) = Wr(uw)I - Vu'lo. (B.95)
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B.2.4 Variational formulations of the primal residuals and tangent forms
The residuals written in terms of o and € are given by
R(u,s;n) = / o:¢e(n)dQ— F(s;n) (B.96)
Qr
G(u,s;v) =/ [0 2 e(u, ) + WRL: V] dQ — Fi(s;v,9) (B.97)
Qr
The tangent forms for linear elasticity are obtained as
k(u, s;m,du) :/ e, (n):C: e, (du)dQ :/ e(n) : C: e(du)dQ (B.98)
Qr QR
pu,sim,68) = [ {e,(n):C:el(u,0s)+ 0: & (n,ds)
Qr
+0: &(n)Divis}dQ (B.99)
—F{(s;n,0s),
t(u,s;9p,0u) = | {e(u,):C:e,(0u) + 0 e, (¥, 0u)
Qr
+0: e(5u) Divep }dQ (B.100)
—FS/(S; 6”7 d’)a
d(u,s;4p,08) = | {el(u, ) :C:el(u,ds)+ 0: el (u,v,0s)
Qr
+0:[el(u,v) Div §s + €/ (u,ds) Div 9] (B.101)

+ Wg[Div ¢ Div ds —1: Vi Vis]| } dQ
7Fs/;(s; v7¢758)'

The explicit formulations of F'(s;n), F.(s;v,4), F.(s;n,ds) and F!(s;v,1,ds) depend
on the form of the functional F'(-). They are equal to the quantities from the nonlinear prob-

lem given in (4.92), (4.93), (4.94) and (4.95), respectively.
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B.2.5 Discrete formulations of the primal residuals and tangent matrices

The nodal contributions of the discrete residual vectors are given by

Ri= [ Blgan-Fi(s). (B.102)
Qs

Ge :/ {BLg + WrIL}dQ — F(s;v),, (B.103)
a5,

and the tangent matrices are obtained as

K;; = / B/ CB; dQ, (B.104)
2%
P;= [ {BlCB,—oL;L] +0oL;L]}dQ
2% (B.105)
= FS(8)ij

Df] = /Qe { BZ;CBQJ + VUT(TLJLyT + L]LTUTVU
R

— VuTa'LiL;‘-F — LiL]TaTVu
(B.106)

+Wr([LiL] — L;L]]}dQ
_Fses(s; V)ij,
where

¢in 0 &;
B; = 0 ¢i,2 R B,; = —B;Vu, L, = V(bZ = [ il :| s (B.107)

)
iz Gin Z

o (o
0,:|: 11 12

}T
O21 022

} ) g = [ 011 022 012 (B.108)
Details about the numerical implementation are given in Appendix C.

The quantities F¢(s); and FZ(s; v); are the element nodal vectors on a node ¢ corresponding
to the functionals F'(s;-) and F.(s;v,-). In the same manner, FS(s);; and FZ(s;v);; are
the element nodal matrices corresponding to the bilinear forms F.(s;-,-) and F/.(s;v, -, ),
respectively. These contributions are equal to the quantities from the nonlinear problem and

they are given in (4.103), (4.104), (4.105) and (4.106).
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B.2.6 The dual problem

The weak form of the dual problem for a given fixed s reads: Find z € V such that
a(s;z,m) =J(s;m) VmpeV. (B.109)
The corresponding energy functional is given as
E*(z,s) =C"(z,8) — J(s;u) (B.110)
where

C*(z,8)=C(z,s) = %a(s;z,z) = Wr(z)dQ. (B.111)
Qr

This coincides with (B.90). Hence, in the linear case the strain energy functions of the primal
and the dual problems coincide. Therefore, all variations of the internal energy C*(z,s) =
C(z, s) yield the same results as for the primal problem.

Finally, the variational formulations of all dual residuals R*(-) and G*(+) as well as the dual
tangent forms p*(-,-), t*(-,-) and d*(-,-) are given in Section B.2.4, in which w has to be
replaced by z. In the same manner, the corresponding discrete formulations are given in
Section B.2.5.

Only the variations of the functional F'(s;n) in the primal problem have to be replaced by
the corresponding variations of the functional J(s; n).

B.2.7 Explicit formulations for higher-order variations of the residual

This section deals with higher-order variations of the residual R(wu, s;-) with respect to u
and s for shape sensitivity. For the general nonlinear problem these terms have been derived
in Section 10.6. The variations are required for error analysis and improvement of sensitivity
relations as proposed in Chapter 10. Furthermore, compact specifications of R , R, R,

and R/, are stated. These relations can be directly computed as the usual residual R(u, s; -).

For the model problem of linearized elasticity the second variation of R(u, s; n) with respect
to u vanishes, i.e.

Rzu(“aSUI,AU) = %(U737777AU) = 0. (B.112)

Therefore, the remainder r*(wg, S0, Au) defined in (10.23) does not contribute to (10.29).
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The second variation of the primal physical residual R(u, s; -) with respect to s reads

R (u,s;m, As, As) = p(u, s;m, As, As) (B.113)

{2€!.(n,As): C: ¢, (u, As)
Qr

+o:g,..(n As, As)+ ¢, (n) : C: €, (u, As, As)
+[el(u,As) :C:e(n)+o: el (n,As)]|I: Grad As
—[o:e(n) —br-n]I: Grad As Grad As

+[o:el (n,As)+¢l(n):C: e, (u, As)]I: Grad As

+[(o:e(n)—bg-n)I:Grad As]I: Grad As } d2.

In the same manner, the mixed variation of the primal physical residual R(w, s; -) with respect
to w is obtained as

R}, (u,s;m, As, Au) = p,, (u, 5,1, As, Au) (B.114)

{8us(na 8):C: ¢l (Au) + €l (n): C: e, (Au, As)
—|— '(m):C: e(Au)I: Grad As } dQ

Finally, the third variation R/, vanishes in the case of linear elasticity, i.e.

sSuu

Rl//

suu

(u, 8;m, As, Au, Au) = pll, (u, s;m, As, Au, Au) = 0. (B.115)

For given {u, s} and { Au, As} all of the above forms become linear functionals. The com-
pact formulations for the problem of linear elasticity are collected in Box B.11 in the same
manner as in Section B.1.2 for the nonlinear problem.
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R! (u,s;m, Au) = k!, (u, s;m, Au) =0 (B.116)
R (u,s;m, As, As) = p(u, s;m, As, As)
(B.117)
= {A;:Gradn+ Ay -1 }dQ
Qr
with
A =2 [ASO'(I) Grad As” + o Grad As” Grad As™ + Ao
—(A;0W + 0 Grad AsT ) Div As] (B.118)
— 0 (I:Grad As Grad As — Div AsDiv As),
Ay :=br (I: Grad As Grad As — Div AsDiv As), (B.119)
A,oM .= C : Grad u Grad As, (B.120)
A,0® = C : Grad u Grad As Grad As. (B.121)
RY (u,s;m, As, Au) = p. (u, 8;1, As, Au) = A3 : GradndQ (B.122)
Qr
with
A;:=—A,,0— A,oGrad As” + A,0Div As (B.123)
A,0 :=C: Grad Au, (B.124)
Ayus0 := C: Grad Au Grad As. (B.125)
R (u,s;m, As, Au, Au) = pl, (u, s;m, As, Au, Au) = 0 (B.126)

Box B.11: Explicit formulations of R/, R

uu’ 88 suu

R!,and RY!  for linear elasticity







Appendix C

Details on the numerical implementation

This chapter is concerned with some details about the numerical implementation.
The approximations of the considered residuals and tangent forms are briefly
stated. For notational simplicity only the two-dimensional case is considered.
The extension to general three-dimensional problems is straightforward.

C.1 Preliminaries

The finite element approximation is given as usual by using shape functions ¢;(&). Following
the isoparametric concept, the state v, and the geometry X, are approximated by the same
shape functions defined on a fixed parameter space with coordinates £. According to the
classical Bubnov-Galerkin technique also the test functions are interpolated using the shape
functions ¢;(&). For details about the finite element technique we refer to standard text books,
e.g. [10,17,105,107,108].

The state function v;, and the geometry X, as well as their derivatives are approximated in
every element in the form

n n (i)
. V-
=D vidi  vng=) Vidip with vi= [ §o
i=1

i=1 2

v

>o

)

X
x50

)

n n
X5 = Xidi Xnp=)» Xigipg with X;=
=1

i=1

where v; and X; are the nodal components at node ¢ and n denotes the number of nodes per
element. Furthermore, the gradient and the divergence are approximated by

n n n (1) 4 (3 4
Grad vy, = Z v, ® Vxo¢; = Z vVx¢; = Z [ Vlz i Vi iz ] )
=1 7

i=1 i—1 V2( )¢1:,1 Vg(l) 032
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n

CGrad X§, = anxi ©Vxéi = zn:XNx@T =2
i=1 i=1

=1

X" gi1 X\ gin
XP i X o |7

Divwj = zn:VX@ SV = i:VX(bZTVi:
i=1

i=1

Div X§ = zn: Vxoi- Xi = zn: Vxol X;.

i=1 i=1

We introduce for the gradient of the shape functions the vectors

Pin

L :=Vx¢; = [ Bi2

} , Li:=Vx¢; = [ zj; } . (C.D)

C.2 Approximations of the Green-Lagrange strain tensor

We consider the Green-Lagrange strain tensor and its variations with respect to v and s given
in Section A.2. In addition to the classical well-known approximation of the variation E/ , we
introduce in the same manner similar approximations of different variations of E.

C.2.1 General approximation of symmetric strain measures

Let T (v, 0v) be the variation of a two point tensor T'(v) with respect to v. We assume that
the variation T, has the particular form

T/, (v,6v) = = [Grad svT A + AT Grad Sv] = sym{A” Grad dv} (C2)

|~

with some tensor A (v). For a matrix formulation we use the symmetry of T/ and we can
introduce a vector T', with three independent components such that its finite element approx-
imation can be written as

—~

(T3)1 n
T';(’Uh7 (S’Uh) = (T{))QQ = Z Bviévi (C3)
2 (Té)lg i=1
with
A1 ¢in Aoy i1 5\/(1’)
B, = A2 di2 A2z ¢i2 ) ov; = 5 l(i) - (C4
A Gio+ Ao di1 At pio + Asa i V2
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C.2.2 Approximation of variations of the Green-Lagrange strain tensor

Approximation of E/ (v,n). The variation with respect to the state is given as

E/(v,n) = sym{F’ Gradn} = sym{A’ Gradn},

A, =F.

The finite element approximation can be written as
(Ey)u n
E, (vn,my) = (B2 | = Z B,im;
2 (E,:))lg i=1
with
Al i A2 ¢4 @
B,; = Ail;z ¢>i,2 A32 ¢i,2 , ni = %i)
Al Gio+ A i AL Gio+ AZ din 2

(C5)
(C.6)

(C.7)

(C.8)

Approximation of E/ (v, ). The variation of E with respect to the geometry can be writ-
ten in terms of the deformation ¢ or the displacement w or in terms of the generalized state

v as
E/(v,%) = —sym{F? Gradv Gradn} = sym{AT Grad n},
A, :=—Gradv’F.

The finite element approximation follows as

(B n
El(vn,¢y) = | (E)as | =Y Buti
2 (E;)12 i=1

with
Aél ¢i,1 Ail ¢i,1 ’l,b(i)
B = A ¢is A22 ¢, 9 ; P; = t
A o+ A2 i1 A2 g0+ A?2 ¢4 2

Approximation of E!/ (), z). The variation E!

(2

E! (1, z) = sym{Grad 27 Gradn} = sym{AT Grad n},

,z2) =E" (z,m) reads
n n

VU

A, = Grad z.
The finite element approximation follows as E',, (0, z,) = > ., B.;m; with
Al dia A2 ¢iq
B.; = AL ¢ AZ ¢ 5

AV o+ A1adin A2 o+ A% ¢

(C.9)
(C.10)

(C.11)

. (C.12)

(C.13)
(C.14)

(C.15)
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Approximation of E!/ (v, z,1)). The partial variation can be expressed as

E/ (v, 2z,v) = —sym{Grad 27 Grad v Grad ¢ + F Grad z Grad +}

(C.16)
— sym{A, Grad %},
A, := —(Gradv” Grad z + Grad 2" F). (C.17)
The approximation follows as E, (vy, 25, %) = >y Bysith; with
A})s Pi,1 Aiz)s ¥i,1
Bvsi = A};S 5,2 Ags ©i.2 . (C18)

Avs ¥i2 + Avs ®i,1 A%é ®i2 + Avs Pi,1

Approximation of E!”/ (z,z,1). From (A.34) we have

vUSs

E! (z,z,1) = —sym{Grad 2z Grad z Grad 4 4+ Grad 27 Grad z Grad ¢}

vUSs

= Sym{A{vs Gradw}v
Ayys := —2 Grad 2T Grad z. (C.19)
The finite element approximation reads E., (vy, 25, %,) = > i Buvsi®; with
A})vs Pi,1 Avvs Pi,1
vasi - Azlwls 5,2 A?}'us ©i,2 . (CZO)

11 12 21 22
Amm ¥i,2 + Am;s Pi,1 Am;s Yi2 + Am;s Pi,1

C.3 Approximation of residuals

The approximation of the considered residuals and the introduction of the corresponding
matrix formulations are given below. This is exemplarily shown for the physical and material
residuals of the primal problem. The approach can be applied in the same manner to the
residuals of the dual problem R* and G*, respectively.

The discretization of the primal physical residual (4.85) for given {9y, 85} is obtained as
usual in the form

NEL

R(on, 8p3my,) = U o, S : E, (0}, m;,) dQ — F(s},;m})

NEL
/ S - E (05,,n5)dQ — F(s5;n5) (C.21)

NEL n

U ZnTRei

e=1 =1
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where the nodal contribution RY is given in (4.96). In order to indicate the assembly over all
finite elements we use the operator | J. Furthermore, due to the symmetry of the two point
tensors S and E/, the residual can be written in terms of the vectors S and E. In the two-
dimensional case these vectors have three independent components and are given as

S = [ S11 S22 Si2 ]T7 E; = [ (B (Ef)2e 2(E7)i2

In the same manner, the primal material residual (4.86) is given as

]T

NEL
G(ﬁh,éh;w):U S EL(8],95) + Wl : Crad b, dQ — F{(8; 95, 95

e=

NEL

U/ S B (65,05 + Wil : Grad v dQ — F/(55: ¢, 1¢)

NEL n

U > vle =976, (C.22)

e=1 i=1

where GY is given in (4.97).

Finally, for a four node element with 8 degrees of freedom the element vectors R® € R® and
G* € R® are given by the vectors RS € R? and Gf € R? as

Rt GY

e_ | RS e_ |GS

R® = Re| Gt = Gt (C.23)
Rj G

The residuals of the dual problem R* and G* can be computed in the same manner in the same
routine as R and G. The nodal contributions of these residuals are given in Section 6.5.3.

C.4 Approximation of tangent forms

The discretization of the considered primal and dual tangent forms from Section 4.6.2 and
Section 6.5.2 can be obtained in a straightforward manner. This is exemplarily shown for
the primal physical stiffness tangent form & (v, s; 7, dv) and the primal physical pseudo load
tangent form p(v, s;m, §s), which have been introduced in (4.87) and (4.88), respectively.

For instance, for given {0}, §},} the primal physical stiffness tangent form read

NEL

k(®n, 8p;mp, 6vn) = U 1By, 0vy) + By (93,m5) : € E (05, 6vy,)
oo Jag,

NEL n n

U YD nl'ks6v; = n"Kov, (C.24)

e=1 =1 j=1
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In the same manner, the primal physical pseudo load tangent form becomes the matrix repre-
sentation

NEL
p(f’hwgh;nhﬂdsh) = U / {S : E;)/s(i}hvn}c;7§sic;)
e=1 /O%
+ B, (05, m5) : C: E(9), 0s},)
S B (6, 75) Divds§, } A9 — (855715, 555

NEL n n

U DD nl'pés; = n"Pés, (C.25)

e=1 i=1 j=1

where the nodal contribution K¥; and P;; are given in (4.98). and (4.99), respectively.

Finally, for a four node element the element matrices K¢ € R®*® and P¢ € R®*® are given
by the submatrices K3; € R**? and P;; € R**2 as

Ki, Ki, Kiz Kiy Pr, Pi, Pi Pp
Ke Ke Ke K¢ Pe Pe Pe Pe
K¢ = il %2 %3 i4 ) P¢ = 251 262 263 264 (C26)
K31 K32 K33 K34 P31 P32 P33 P34
Ki K Kiz Kiy Pi P P Pi

The approach can be applied in the same manner to the other tangent forms of the primal and
the dual problems in order to obtain the primal tangent material stiffness matrix D as well as
the dual pseudo load matrix P* and the dual tangent material stiffness matrix D*. The nodal
contributions of these matrices are given in Section 4.6.2 and Section 6.5.3, respectively. All
matrices can be computed in the same routine as the classical stiffness matrix K without
considerable computational cost.

Note, that the tangent physical and material stiffness matrices K, D and D* are symmetric.
But this does not apply, in general, to the tangent pseudo load matrices P and P*.
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