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Abstract

The foundations of mechanics deal with the identification of the fundamental objects and
the postulation of its principles. The mechanical principles together with constitutive laws
enable the description and prediction of the motion of mechanical systems and processes.
This work is concerned with fundamental questions on the foundations of continuum
mechanics and with the application of these concepts to beam theories.

Due to the high level of abstraction, the mathematical discipline of intrinsic differential
geometry seems to be best suited for the description of continuum mechanics. Step by step,
additional mathematical structure can be introduced and motivated by the underlying
physics. A geometric description of continuum mechanics is on the one hand coordinate
independent and on the other hand a priori metric independent. In this thesis, body and
space as the central objects of continuum mechanics are introduced as smooth manifolds.
Whereas balance of linear and angular momentum in integral form are not applicable on
manifolds, it is possible to formulate the principle of virtual work within this generalized
setting. The virtual displacement field is defined as an element of the tangent space of
the infinite dimensional configuration manifold constituted by the set of all embeddings
of the body into the space. Moreover, the set of forces of a continuous body in the sense
of duality and its representation are discussed. With further assumptions on internal and
external force contributions, the principle of virtual work of classical continuum mechanics
can be postulated from an intrinsic differential geometric point of view. Especially the
concept of stress is set in a new light. Insofar, the variational stress is considered as the
linear map of the covariant derivative of the virtual displacement field to a volume form
of the body manifold.

The theory of beams is another branch of mechanics which shows the strength of
a variational formulation of a continuous body given by its virtual work principle. It
is possible to consider a beam as a continuous body with a constrained position field
guaranteed by a perfect constraint stress field. Defining a constrained position field and
applying the restricted kinematics to the principle of virtual work of a continuous body,
the constraint stresses are eliminated due to the principle of d’Alembert—Lagrange and
the weak variational form of an appropriate beam theory is induced. Such an approach to
beam theory relates the point of view of beams as generalized one-dimensional continua to
the theory of continuous bodies. In this work all classical beam theories, where the cross
sections remain rigid and plain, are presented. Additionally, augmented beam theories,
where cross section deformation is allowed, are derived using the very same procedure.
All theories are suitable for large displacements and large rotations.
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Zusammenfassung

Die Axiomatisierung der Mechanik handelt von der Identifikation der fundamentalen Ob-
jekte und der Formulierung der Grundprinzipien. Zusammen mit konstitutiven Gesetzen
ermoglichen mechanische Prinzipien die Beschreibung und die Voraussage der Bewegungen
von mechanischen Systemen und Prozessen. Diese Arbeit beschéftigt sich mit grundlegen-
den Fragen zur Axiomatisierung der Kontinuumsmechanik und mit der Anwendung der
Grundprinzipien auf die Balkentheorie.

Aufgrund der hohen Abstraktionsstufe erscheint die intrinsische Differentialgeometrie
die geeignete mathematische Disziplin fiir die Beschreibung der Kontinuumsmechanik zu
sein. Zusétzliche mathematische Strukturen kénnen Schritt fiir Schritt physikalisch mo-
tiviert eingefiihrt werden. Eine geometrische Beschreibung der Kontinuumsmechanik ist
einerseits koordinatenunabhéngig und andererseits a priori metrikunabhéngig. Als zen-
trale Objekte werden Korper und Raum in dieser Arbeit als glatte Mannigfaltigkeiten
eingefithrt. Wahrend die Impuls- und Drehimpulsbilanzgleichungen auf Mannigfaltigkei-
ten nicht angewendet werden koénnen, ist es unter diesen verallgemeinerten Annahmen
moglich das Prinzip der virtuellen Arbeit zu formulieren. Die Menge aller Einbettungen
vom Korper in den Raum bildet die unendlich-dimensionale Konfigurationsmannigfaltig-
keit. Ein Element des Tangentialraumes an diese entspricht einem gesamten virtuellen Ver-
schiebungsfeld des Korpers. Im Sinne der Dualitéit werden Kontinuumskrifte eingefiihrt
und deren Representationsmoglichkeit besprochen. Mit zusétzlichen Annahmen an innere
und &ussere Krifte wird des Weiteren das Prinzip der virtuellen Arbeit fiir das klassische
Kontinuum in einer intrinsisch differentialgeometrischen Form postuliert. Insbesondere
das Konzept der Spannung wird in ein neues Licht geriickt. So wird die variationelle
Spannung als lineare Abbildung von der kovarianten Ableitung des virtuellen Verschie-
bungsfeldes auf eine Volumenform des Korpers aufgefasst.

Die Balkentheorie entspricht einem weiteren Teil der Mechanik, welcher die Starke ei-
ner variationellen Formulierung der Kontinuumsmechanik durch das Prinzip der virtuellen
Arbeit aufzeigt. Es ist moglich einen Balken als gebundenes Kontinuum zu betrachten,
dessen eingeschrinkte Kinematik durch ein Zwangsspannungsfeld garantiert wird. Durch
die Definition eines gebundenen Verschiebungsfeldes und durch das Anwenden der einge-
schrinkten Kinematik auf das Prinzip der virtuellen Arbeit des Kontinuums, wird unter
Verwendung des Prinzips von d’Alembert—Lagrange die schwache variationelle Form ei-
ner zugehorigen Balkentheorie induziert. Ein solcher Zugang zur Balkentheorie verbindet
die Ansicht von Balken als eindimensionale generalisierte Kontinua mit der Kontinu-
umstheorie. In dieser Arbeit werden alle klassischen Theorien mit starren und ebenen



vi

Schnittebenen vorgestellt. Zusétzlich werden erweiterte Balkentheorien, welche Schnit-
tebenendeformationen zulassen, mit derselben Methodik hergeleitet. Alle Theorien lassen
grosse Verschiebungen und grosse Rotationen zu.
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Introduction

This monograph is concerned with fundamental questions on the foundations of continuum
mechanics and its application to beam theories. It does not pretend to be in any way
‘complete’, but merely serves as a discussion about novel approaches applied to these very
classical fields of mechanics.

This first chapter starts with a short introduction and motivation for the thesis. Subse-
quently, Section 1.2 sheds some light on the virtual work in mechanics. After a literature
survey in Section 1.3, the aim and scope of the thesis is presented in Section 1.4. An
outline of this thesis is given in Section 1.5.

1.1 Motivation

One of the main goals of mechanics is the description and the prediction of the motion of
mechanical devices, machines and mechanical processes. To meet this aim, abstract me-
chanical theories are formulated, thereby applying concepts from mathematical science.
In such a determinism, a strict separation between reality and mathematical abstrac-
tion, called the model, has to be considered. The modeling process, being the procedure
of the mathematical abstraction, is an interaction between the choice of the assumed
mathematical structure and the description of observations in the real world within this
mathematical framework. Hence, a mechanical theory can be developed on different lev-
els of mathematical abstraction. The higher the level of mathematical abstraction, the
less mathematical objects are involved and the more general a mechanical theory is. By
increasing the level of abstraction in a mechanical theory, we try to extract the essential
mechanical objects. An important step on that route of abstraction is the description
of mechanics with as little mathematical structure as necessary, to recognize the funda-
mental laws of mechanics. There exists a vast amount of specific mechanical theories in
which many assumptions on the kinematics of the system and on constitutive level are
taken. For instance, we may distinguish between rigid body mechanics, beam theories,
shell theories, theory of elasticity, theory of fluids, finite degree of freedom mechanics to
name a few. A fundamental question emerges: does a mechanical theory on a high level
of abstraction exist which is able to induce these specific theories? The question immedi-
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ately asks for the assumptions and concepts to arrive in a rigorous way at all these specific
theories. The question of the embedding of well-known specific theories in a more general
mechanical theory is one of the major challenges of modern classical mechanics. Such an
embedding of theories leads to a more compact formulation of the vast field of classical
mechanics. It leads to a deeper understanding of mechanics and will eventually allow
treating more complex mechanical systems. This is what can be understood as scientific
progress.

1.2 The Virtual Work

A rather novel insight in analytical mechanics is that the virtual work of a mechanical sys-
tem is invariant with respect to the change of coordinates. This is directly related to the
fact that there is a (coordinate free) differential geometric definition of the virtual work.
To explain the basic idea, consider the case of finite degree of freedom mechanics, where
the configuration manifold fully describes the kinematic state of the mechanical system.
A generalized virtual displacement is a tangent vector of the configuration manifold. A
covector of the configuration manifold as an element of the cotangent space constitutes a
generalized force. The virtual work is defined as the real number obtained by the evalu-
ation of a generalized force acting on a generalized virtual displacement. This geometric
definition of the virtual work is completely free of any choice of coordinates and does
not require any further geometric structure such as a metric. With the geometrical point
of view in mind, the determination of the configuration manifold, being the kinematic
description of the mechanical system, induces the space of generalized forces of the me-
chanical system. In a nutshell, the choice of kinematics defines, in the sense of duality,
what kind of forces we may expect.

An illustrating example is a moving particle in the Euclidean three-space, where the
very same space corresponds to the configuration manifold of the particle. Consequently,
the generalized forces are elements of the cotangent space of the Euclidean three-space. In
the Euclidean three-space there exist two important isomorphisms. One isomorphism is
a canonical isomorphism between the tangent space and the Euclidean three-space. The
second isomorphism is the isomorphism between tangent and cotangent space induced by
the Euclidean metric. Using both isomorphisms, a generalized force on the particle can be
identified with an element from the Euclidean three-space. This corresponds to the very
classical understanding of a force as a geometric object from the Euclidean three-space
satisfying the parallelogram law. As a side note, it is meaningless to speak of such thing
as a couple of the particle, since there is no kinematic counterpart in the description of a
particle.

Being the invariant object in mechanics, the virtual work almost naturally emerges as
a central element in the postulation of the fundamental laws of mechanics. The virtual
work of a mechanical system is the sum of the virtual work contributions of all forces of
the mechanical system. The principle of virtual work, stated as an axiom, claims that the
virtual work of a mechanical system has to vanish for all virtual displacements. Hence,
the principle of virtual work as a fundamental mechanical law is a coordinate free and
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metric independent formulation. Introducing more geometric structure as e.g. a metric,
it is possible to formulate constitutive laws which relate force quantities with kinematic
quantities and to arrive at more specific mechanical theories. For instance, a metric is
required to define the strain of a continuous body which is necessary for the formulation of
a material law. Another example is the formulation of the dynamics of a particle moving
in the Euclidean three-space. The linear relation between the velocity of the particle
and the linear momentum needs a metric of the space and the mass of the particle as a
proportionality factor. Thus, from a differential geometric point of view, the definition of
the linear momentum can be considered as an assumption on constitutive level.

In computational mechanics for infinite dimensional systems, the principle of virtual
work in the form of weak variational formulations is a fully accepted concept. It is used
to perform existence and uniqueness proofs on the one hand, and to develop numerical
schemes on the other hand. As a variational formulation, the principle of virtual work
provides the only possibility within classical mechanics to mathematically define perfect
bilateral constraints. The latter is done in form of a variational equality, known as the
principle of d’Alembert-Lagrange, which puts the constraint forces into the annihilator
space of the admissible virtual displacements. The concept of perfect constraints is om-
nipresent in each branch of mechanics and is quintessential to induce more specific theories
from a general mechanical theory.

Many specific mechanical theories can be considered as special cases of the theory of
continuous bodies. Rigid body mechanics, for instance, is the dynamics of a continuous
body whose deformation is constrained such that the position field of the body can be
described by a displacement of one material point of the body and a rotation of the body
only. Hence, the rigid body can be considered as a constrained continuous body. As
discussed above, the principle of virtual work as a variational formulation is the only way
to treat perfect bilateral constraints. Consequently, to induce a specific mechanical theory
from the theory of a continuous body by imposing further constraints on the mechanical
system, a variational formulation of the dynamics of a continuous body is inevitable.

In order to obtain an intrinsic theory of a continuous body in variational form, we have
to use the concepts of analytical mechanics, where the forces are induced by the choice
of the kinematics of the mechanical system. Before starting with a play, the actors and
the scene have to be determined. Here, the body plays the role of a single actor and the
scene is given by the model of the physical space. The play, i.e. how the body performs on
the scene, corresponds to the admissible configurations of the body in the physical space.
Using appropriate definitions of the body and the physical space, the set of all maps of the
body into the physical space build an infinite dimensional manifold, called configuration
manifold. This configuration manifold induces as in the finite dimensional setting the
space of forces in the sense of duality. Applying the principle of virtual work together
with further assumptions, which forces are involved, how these forces are represented and
what their virtual work contribution is, this leads us directly to the fundamental law of a
continuous body in a variational setting.

The section is closed with a list of several reasons why a general mechanical theory
should be formulated variationally by the principle of virtual work.

— The space of forces of a mechanical system is induced by its kinematics. Hence, the
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forces cannot be defined regardless of the underlying kinematics.

— Set-valued force laws, including perfect bilateral constraints, can only be formulated
variationally. This argument follows directly the slogan of P. D. Panagiotopoulos
“In mechanics, there are forces and force laws”.

— Many specific mechanical theories can be obtained by constraining the position field
of a more general theory. To treat the perfect bilateral constraints, a variational
formulation is inevitable.

— The most successful numerical methods, as e.g. finite element methods, rely on
variational formulations.

— Under special assumptions on the mechanical system, variational problems and en-
ergy methods are directly obtained from the principle of virtual work.

— An intrinsic differential geometric formulation of mechanics requires the virtual
work. Insofar, a more general definition of a body and the physical space is possi-
ble. Thus, the physical space is not restricted to be a Euclidean space and can be
modeled, for instance, as a space-time vector bundle.

1.3 Literature Survey

In this section, a short literature survey on the foundations of continuum mechanics
and on beam theories is given. To understand some developments in the foundations of
continuum mechanics, it is tried to bring the literature on this field into a rough historical
context. The survey on beam theories is merely intended to give some references which
might be helpful in getting more detailed information.

Foundations of Continuum Mechanics

Over the past two centuries continuum mechanics has become one of the cornerstones
of classical mechanics. Evidently, there exist an immense and unmanageable number of
publications on the foundations of continuum mechanics. After the celebrated theorem
about the existence of a stress tensor of Cauchy (1827) and the derivation of Cauchy’s
first law of motion in Cauchy (1828), the 19th century was to a large extent occupied
with continuum mechanics for very specific material laws. The theory of elasticity, i.e.
continuum mechanics for solids with infinitesimal deformations and linear elastic material
laws, was the predominated paradigm for solids. This very specific theory allows to find
analytic solutions for many problems. Hence, the theory of linear elasticity has been the
basis to further develop the theory of strength of materials.

For a detailed historical overview of continuum mechanics in the 20th century, we refer
to Maugin (2013). In the first part of this century, there has been an increase in popularity
in the description of the behavior of solids undergoing finite deformations as variational
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problems. This trend is manifested in a series of publications such as Murnaghan (1937),
Reissner (1953) or Doyle and Ericksen (1956). The drawback of a formulation of con-
tinuum mechanics as a variational problem is, that the possible material laws of the
continuum are restricted to the very specific subset of hyperelastic material laws. This
drawback has been eliminated in the seminal treatise of Truesdell and Toupin (1960) in
which the theory of classical field theories is based on the balance of linear and angular
momentum. The treatment therein has been mainly influenced by the system of axioms
formulated in Noll (1958) and Noll (1959), a former student of Truesdell. The balance of
linear and angular momentum, completed by the balance of energy and the conservation
of mass, are generally referred to as the balance laws. Soon after the publication of the
classical field theories, the theory of continuum mechanics has been enriched in Trues-
dell and Noll (1965), completing the former work by an extensive treatise on material
laws. The influence of Truesdell and Noll on continuum mechanics has led to a wealth of
textbooks on continuum mechanics which follow the very same philosophy, e.g. Malvern
(1965), Gurtin (1981), Chadwick (1999), Holzapfel (2001), Liu (2002), Spencer (2004),
Dvorkin and Goldschmit (2006). For a treatment in curvilinear coordinates, we refer to
Ogden (1997), Ciarlet (1988) and Bagar and Weichert (2000). The approach of Truesdell
and Noll to continuum mechanics is revealed in the list of contents of the very techni-
cal treatise on rational continuum mechanics, Truesdell (1977): “I. Bodies, Forces, and
Motions”, “II. Kinematics”, “III. The Stress Tensor” and “IV. Constitutive Relations”.
Very outstanding in this approach to continuum mechanics is the strong division between
balance laws and constitutive laws. The attitude of Truesdell concerning variational prin-
ciples is clarified in Truesdell and Toupin (1960), Par. 231, where he distances himself from
variational principles as fundamental equations of mechanics and regard them merely as
derivative and subservient to the balance laws. Even stronger words can be found in
Truesdell (1964) where he claims, that Lagrange has misunderstood or neglected general
principles and concepts of mechanics.

According to Truesdell and Toupin (1960), the first application of the virtual work
to a continuum can be found in Piola (1833). Eighty years later, Hellinger (1914) based
continuum mechanics on the principle of virtual work and emphasized the benefits of the
invariance of the virtual work. Therein, the virtual work of the continuum is formulated
as the duality between the 1st Piola-Kirchhoff stress and the gradient of the virtual
displacements. As one of the last classic books on theoretical mechanics in the German
literature, also Hamel (1967) applied the principle of virtual work to continuous bodies.

In the French literature there has been a renaissance of the concept of virtual work,
or more precisely “Les puissances virtuelles”, in the context of continuum mechanics
induced by the publications of Germain, i.e. Germain (1972), Germain (1973a), Germain
(1973b). Therein, first gradient and second gradient theories as well as continua with
microstructure have been applied by the postulation of virtual work principles. One
important contribution is the “Axiom of Power of Internal Forces” which corresponds to
the variational formulation of the law of interaction. Another important contribution is
the recognition, that also external stress contributions can be considered in a gradient
theory. A rather mathematical approach to the idea of duality in mechanics has been
developed in Nayroles (1971). A discussion about the stress tensor as dual object to
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a strain distribution has been given by Moreau (1979). The treatment of continuum
mechanics using the principle of virtual work as its fundamental law of mechanics can be
found in introductory textbook form by Germain (1986) and Salengon (2001).

The principle of virtual work is often used, when a coupling between different theories
is demanded. Maugin (1980) has formulated a coupling between the theory of electro-
magnetism and mechanics formulating a virtual work principle. A coupling between non-
equilibrium thermodynamics and mechanics has been formulated by Biot (1974). In the
publication of Del Piero (2009), the internal virtual work is deduced from an invariance
of the virtual work of the external force under change of observer. The equivalence of
the principle of virtual work and the integral laws under certain regularity conditions has
been shown in Antman and Osborn (1979).

Noll already recognized the importance of a differential geometric point of view on
continuum mechanics and introduced the idea to regard a body as a smooth manifold,
see Noll (1959) . In the well-known treatise on the foundations of elasticity, Marsden and
Hughes (1983) have formulated body and space as Riemannian manifolds. The funda-
mental law of covariant elasticity has been considered as an invariance principle of energy,
proposed in a non-differential geometric setting by Green and Rivlin (1964). An appli-
cation of the covariant theory to solids, rods and plates has been treated by Simo et al.
(1988). In Kanso et al. (2007) a new differential geometric interpretation of the stress
tensor as a covector-valued differential two-form is given. A concise differential geometric
consideration of the kinematics of the body and the space as manifolds has been presented
by Aubram (2009).

A formulation of continuum mechanics in an intrinsic differential geometric setting
is discussed in the seminal work of Segev (1986b). In the sense of analytical mechanics,
forces of nth gradient theories are defined by duality. Using the concepts of jet-bundles and
covariant derivatives, force representations for the gradient theories have been found. The
virtual work principle is formulated as a mathematical compatibility condition between a
force of the continuum and a stress representation. When the physical space is equipped
with a connection, the variational stress of a first gradient theory is obtained as a linear
map of the covariant derivative of the virtual displacement field to a volume form of
the body. To date, perhaps the only existing work on intrinsic differential geometric
formulation of continuum mechanics stems from Segev and his supervisor Epstein. The
first steps in the development of this theory can be found in Epstein and Segev (1980)
and in the dissertation of Segev (1981). Segev (1984) gives an application of the intrinsic
theory to the special case, where the physical space is assumed as R? and the body as a
closed subset of the former. More explanations and focus on the fundamental questions
of the intrinsic theory, can be found in Segev (1986a), Segev (2000), Segev and Rodnay
(2000). An application of the theory to micro-structure has been presented in Segev
(1994). In a recent review article Segev (2013) summarizes most of his publications. Due
to the high level of abstraction in the intrinsic formulation, it is possible to contribute
also in completely different fields, as the application to general relativity of Segev (2002)
shows. Due to the relaxation of the continuity assumptions and due to the generalization
of the concept of stress, completely new fields, such as fractal mechanics (see Epstein
and Elzanowski (2007)), have been developed. Recently, an introductory textbook on the
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geometric understanding of continuum mechanics has been published by Epstein (2010).

Beam Theory

There exists a vast amount of treatises on the topic of beam theory. A very classical
treatment of the mathematical theory of elasticity with application to beams is given
by Love (1944). The beam equations are obtained by applying the balance of linear
and angular momentum at an infinitesimal beam element. A textbook with plenty of
applications and examples on beams is Sokolnikoff (1946). Villaggio (2005) introduces
beams on the one hand as an approximation of the three-dimensional elastic theory and
on the other hand as directed curves. Classical linear beam theories are discussed in
Bauchau and Craig (2009). For linear theories of beams, including beams with warping
fields, we refer to Hjelmstad (2005). An extensive treatise on nonlinear beam theories is
given in Antman (2005), where almost any possible interpretation of beams is discussed.
Outstanding is the chapter on generalized beam theories which relies on Antman (1976),
in which beams are considered as constrained continuous bodies. A concise introduction
to intrinsic special Cosserat beam theory is given by Ballard and Millard (2009). A
discussion about two-director Cosserat beams also dealing with beam constitutive laws
is part of Rubin (2000). A theory of beams deduced at an infinitesimal beam element
and reformulated to a virtual work expression can be found in Wempner (1973). For a
textbook including more involved cross section deformations we refer to Hodges (2006).

The plane and linear Timoshenko beam has originally been developed in Timoshenko
(1921) and Timoshenko (1922). The treatment of the same kinematical assumption for
large displacements but small strains has been given by Reissner (1972) for the plane and
by Reissner (1981) for the spatial case. Another derivation for the spatial Timoshenko
beam has been obtained by Simo (1985). Considering the Timoshenko beam as a con-
strained continuum, Clerici (2001) induces the weak and strong variational form of the
Timoshenko beam from the virtual work principle of a three-dimensional continuous body.
The same approach is proposed by Auricchio et al. (2008).

The plane Euler-Bernoulli beam has been formulated as an induced theory by Epstein
and Murray (1976a). A spatial version is discussed in Hodges et al. (1980). The Kirchhoff
beam, originating from Kirchhoff (1876), is treated in a more modern version by Dill
(1992).

Augmented beam theories are theories, in which the cross sections are not restricted
to remain plane and rigid. Classically, as proposed by Cosserat and Cosserat (1909), such
theories are formulated by intrinsic director theories, where the equations of motion are
obtained by an invariance principle of a stated action. The theory of one-dimensional
Cosserat media are included in Naghdi (1980) and Cohen (1966) and a theory of directed
curves with further constraints is developed in Naghdi and Rubin (1984). An intrinsic
and an induced theory for more than two directors are discussed by Epstein (1979) and
Epstein and Murray (1976b). For beam theories with warping fields we refer to Hodges
(1987), Danielson and Hodges (1988), Danielson and Hodges (1987) and Simo and Vu-
Quoc (1991). Beam theories with in-plane warping are applied in Papes (2012) and
Bauchau and Han (2014).



8 Chapter 1. Introduction

1.4 Aim and Scope

As stated in Section 1.1, to obtain the essential objects of mechanics and to recognize
the fundamental laws of mechanics, a high level of mathematical abstraction is aspired.
An intrinsic differential geometric description, as proposed in the contributions of Segev,
seems the appropriate level of abstraction for the formulation of continuum mechanics.
Just as important are the formulation of further assumptions and concepts to arrive in
a rigorous way at very specific theories. The scope of this thesis lies in an intrinsic
differential geometric approach to first gradient continuum mechanics. For the case of
a Euclidean three-space as the physical space, the discussion on beam theories serves as
a playground to show how specific theories can be induced. The aims of this research
monograph are:

— to introduce the reader to the differential geometric objects required for an intrinsic
differential geometric description of a first gradient continuum,

— to combine the intrinsic differential geometric approach of Segev with the mechanical
principles of a first gradient theory stated by Germain,

— to define beams, in an induced sense, as three-dimensional continuous bodies with
constrained position fields,

— to show that the principle of virtual work of a continuous body is the adequate
principle to induce arbitrary beam theories, classical as well as augmented beam
theories.

The main philosophy of this thesis is that the virtual work is THE invariant quantity
in mechanics.

1.5 Outline

This monograph is divided in two parts which can be read independently. Part I is
devoted to the foundations of continuum mechanics formulated in an intrinsic differential
geometric way. Part II deals with beam theories, which are considered as induced theories
from a three-dimensional theory of a continuous body.

Part I begins in Chapter 2 with an intertwined introduction to differential geometric
concepts together with the definition of required mechanical objects. First, the body and
the physical space are introduced as differentiable manifolds. Subsequently, the configura-
tion manifold of all embeddings of the body into the physical space and the representation
of its tangent vectors, the virtual displacements, are discussed. Finally, the notion of an
affine connection is treated which serves as an additional geometric structure for the physi-
cal space. Applying the concept of the virtual work, forces are defined as linear functionals
on the space of virtual displacements. Chapter 3 discusses the representation of forces of
a first gradient continuum in accordance with the achievements of Segev. Furthermore



1.5. Outline 9

the principle of virtual work for the case of classical continuum mechanics is formulated
and applied to the Euclidean space as a choice of the physical space.

Part II begins with Chapter 4, which first repeats some results from the previous
part about the dynamics of a continuous body within the Euclidean space. Subsequently,
perfect bilateral constraint stresses which may guarantee constrained position fields of a
continuous body are discussed. Finally, different approaches to beam theories are pre-
sented. Using the constrained position field of a classical nonlinear beam, Chapter 5,
induces the weak and the strong variational form of the classical beam from the virtual
work principle of the continuous body. The equations of motion of the beam are then
completed in a semi-induced sense by an intrinsic constitutive law, relating internal gen-
eralized forces of the beam with generalized strain measures. Imposing further constraints
on the Timoshenko beam, Euler—Bernoulli and Kirchhoff beams are obtained. Chapter 6
presents the linearization of the classical nonlinear beam theory around a reference config-
uration which leads to the classical linear beam theory, valid for small displacements and
small rotations. The constitutive laws are formulated as well in an intrinsic setting and
relate the internal generalized forces with the linearized generalized strains. Similar to
the nonlinear theory, Timoshenko, Euler-Bernoulli and Kirchhoff beams are induced by
imposing further constraints. As an example of a fully induced theory, Chapter 7 derives
the weak and the strong variational form of the classical linearized beam theories in the
case of planar motion. Applying non-admissible virtual displacements to the principle of
virtual work, the total stress field of the constrained continuous body is obtained up to
certain indeterminacies. Chapter 8 is devoted to augmented beam theories which allow
for cross section deformation. Applying the same procedure as for the classical nonlinear
theory, the weak and the strong variational form of the nonlinear two-director Cosserat
beam and the nonlinear Saint—Venant beam are induced from the principle of virtual work
of a continuous body.

Separated into the two parts of the monograph, finally, concluding remarks on the
thesis and an outlook on further scientific questions are given in Chapter 9. Moreover,
the merit of the thesis is discussed in detail.






On the Foundations of Continuum Mechanics

“In the concept of force lies the chief difficulty in the whole of mechanics.”

Hamel, letter to Truesdell, 14. Oct. 1952.
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Kinematics

In this chapter we discuss the admissible kinematics of a continuous body in the physical
space from a differential geometric point of view, as it is proposed by Epstein and Segev
(1980) and Segev (1986b). A major part of the chapter deals with the introduction of
the necessary differential geometric concepts. These geometric concepts are then directly
applied to the description of a first gradient continuum as a model of a deformable body.

Section 2.1 introduces the objects of continuum mechanics, the body and the physical
space as manifolds. The idea to regard a body as a smooth manifold originates from
Noll (1959) and is applied explicitly by Epstein and Segev (1980). In Section 2.2, tangent
bundles, vector fields and global flows are defined to formulate the idea of a smooth spatial
virtual displacement field. In Section 2.3, we introduce the configuration as a mapping
between manifolds and discuss the infinite dimensional manifold structure of the set of
all differentiable mappings. Furthermore, we introduce pullback tangent bundles which
are required to represent elements of the tangent space of the configuration manifold,
i.e. virtual displacement fields. In Section 2.4, we give a brief introduction to affine
connections.

2.1 Body and Space

Many definitions of differential geometric concepts require notions from point set topology.
We refer to textbooks like Munkres (2000) for a detailed treatise on that topic. For the
sake of completeness, we briefly introduce the necessary terminology of topology.

A topology on a set X is a collection 7T of subsets of X having the three properties
that (¢7) the empty set @ and the set X itself are elements of T, (i7) the union of the
elements of any subcollection of 7 is contained in 7T, and (ii¢) the intersection of the
elements of any finite subcollection of 7 is in 7. A topological space is the ordered pair
(X, T) consisting of a set X and a topology 7 on X. Elements of T are called open sets,
their complements closed sets. An open set U € T containing P € X is called an open
neighborhood of P. A topological space (X, T) is called a Hausdorff space if for each pair
of distinct points of X, there exist open neighborhoods of these points, that are disjoint.
A space X is said to be compact if any open covering of X contains a finite subcollection
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that also covers X. A function x: X; — X5 between two topological spaces (X1, 77) and
(X, T3) is said to be continuous if for each open subset V' of X5, its preimage under z,
i.e. x71(V), is an open subset of X;. If a function z: X; — X5 is continuous and bijective
with continuous inverse, then x is called a homeomorphism. The function z is said to be
proper if for every compact set K C X,, the preimage #7!(K) is compact.

We define the closed n-dimensional upper half-space H™ C R™ as the set

H" = {(a',...,a") € R"|a" > 0} .

For n > 0, we denote the interior and the boundary of H" by Int H" and OH", respectively,
which are defined as
IntH" == {(a',...,a") € R"|a" > 0},
OH" .= {(a*,...,a") € R"|a" =0} .
For the case n = 0, H” := R® = {0}, so Int H®° = R° and OH® = &.

Definition 2.1 (Topological Manifold with Boundary). An n-dimensional topological
manifold with boundary M is a Hausdorff space (X,7) with a countable basis and the
property, that every point P of X has an open neighborhood U(P) C M, which is
homeomorphic to an open set of H".

The pair (U, x) consisting of an open neighborhood U C M and a homeomorphism z,
which maps the open neighborhood U to an open set of H", is called a coordinate chart on
M. We call (U, x) an interior chart if x(U) is an open subset of H" such that x(U)NoH" =
@, and we call it a boundary chart if x(U) is an open subset of H" such that z(U)NOH" #
. A point P € M is called an interior point of M if it is in the domain of some interior
chart. It is a boundary point of M if it is in the domain of a boundary chart that maps P to
OH". The boundary of M, denoted by OM, is the set of all boundary points. The interior
of M is the set of all interior points, denoted by Int M. For an interior chart (U, z), the
canonical projection 7': R" — R, (a',...,a") + a' induces the function z': U(P) —
V C R, 2' := 7' o x, which extracts the i-th component of the homeomorphism = and is
called the component function of x. The n-tuple (z'(P),...,z"(P)) € H" is called the
coordinate description of P. For a boundary point () € dM the coordinate description is
the n-tuple (z}(Q), ..., 2" 1(Q),0) € H" where the n-th component is zero.

If (U,z) and (U, #) are two charts such that U N U # @, the composite map Z o
7 x(UNU) - #UNU) is called the transition map from = to #. The transition
map relates two different coordinate descriptions of the same point on the manifold which
is referred to as change of coordinates. Many of the discussed concepts are depicted in
Figure 2.1 at the example of a 2-dimensional topological manifold with boundary.

If U and V' are open subsets of R™ and R", respectively, a function 4: U — V is
said to be C*-continuous or in short C* if each of its component functions is k-times
continuously differentiable. The function 4 is called smooth or C'*° if all its component
functions have continuous partial derivatives of all orders. If a C*-continuous function is
also bijective and has a C*-continuous inverse map, it is called a C*-diffeomorphism. For
the case, that a bijective function and its inverse map are smooth, the function is called
a diffeomorphism. Let p be a map from a subset, possibly closed, D C R™ to R™. The
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Figure 2.1: Illustration of a 2-dimensional topological manifold with boundary. The chart
(U,z) and (U, %) are interior and boundary charts, respectively. The point P is an interior
point, the point @) is a boundary point.

function p is called a (C*-)diffeomorphism if at each point x € D, it admits an extension
to a (C*-)diffeomorphism, defined on an open neighborhood of x in R", cf. Lee (2012),
App. C.

Two charts (U, z) and (U, %) are said to be smoothly compatible if either U NU = @
or the transition map 7 o z7! is a diffeomorphism. We define an atlas for M to be a
collection of charts whose domains cover M. An atlas A is called a smooth atlas if any
two charts in A are smoothly compatible with each other. A smooth atlas A on M is
maximal when any chart that is smoothly compatible with every chart in A, is already
contained in A.

Definition 2.2 (Smooth Manifold with Boundary). An n-dimensional smooth manifold
with boundary (or in short smooth manifold) is an n-dimensional topological manifold
with boundary with a maximal smooth atlas A.

One possibility to define an n-dimensional smooth manifold without boundary is to ex-
change the upper half space H" by R™ in the previous definitions about smooth manifolds
with boundary. Another possibility, which we choose here, is to define an n-dimensional
smooth manifold without boundary as a smooth manifold with boundary, whose boundary
OM is the empty set &.

Definition 2.3 (Body). A body is a compact m-dimensional smooth manifold with bound-
ary. Typically, a body will be denoted by B and its dimension by m. A point P of the
body B is called a material point of the body.

Neither R™ nor the upper half space H' are compact sets with respect to the standard
topology. Hence, these cannot be bodies by Definition 2.3. Nevertheless, non-compact
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bodies are often used in linear elasticity, cf. for instance Landau and Lifshitz (1986). In the
following, we rely on some important mathematical results which do not allow relaxing the
compactness assumption. Furthermore, it is worth noticing that the geometric definition
of a body does not require metric concepts, such as length or angles. These are information
of the body which are obtained by an embedding of the body into the physical space, which
is defined in the following way.

Definition 2.4 (Physical Space). Let n > m. The physical space is an n-dimensional
smooth manifold & without boundary. A point ) of the physical space § is called a space
point.

2.2 Spatial Virtual Displacement Field

When not stated differently, M and N are henceforth smooth manifolds of dimensions
m and n, respectively. Let v: N'— M be a map, P € N and (V,z) be a chart on M
such that (P) € V. Furthermore, let (U, 6) be a chart on N’ with P € U and v(U) C V.
Then ~ has, as depicted in Figure 2.2, a local representation around P by the composition
map 7 = royof~t: H* — H™. The function 7 is said to be C*-continuous or in short
C* if for each P € N the local representation 4 is C*. The function 7 is called smooth or
O, if the local representation for each point P € N is smooth. The set of all C* and C>
functions between N and M are denoted by C*(N, M) and C*(N, M), respectively.
If v € C*(N, M) is bijective with a C*-continuous inverse map, the function is called a
C*-diffeomorphism. In the case of a smooth function with a smooth inverse, the function
is called a diffeomorphism. We denote the set of all smooth real-valued functions by

C®(M) = C®(M,R).

Definition 2.5 (Germ). Let U,V and W C U NV be open neighborhoods of a point
P € M. Given real-valued smooth functions f: U — R and ¢g: V — R, we define an
equivalence relation ~p as follows:

f ~p g < 3W open neighborhood of P: f =g on W .
A germ of f at P is the equivalence class
[flp :={g9: V — R | g smooth function in P, (¢,V) ~p (f,U)} .

The set of all germs at P is denoted by C'%(M).

Let [f]p and [g]p be germs at P and A € R. With the operations

Alfle +lglp = [\f +glp,
flrlgle = [fdlp ,
[f1p(P) = f(P),

the set of all germs C'%°(M) constitute a real vector space.
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Figure 2.2: Illustration of a function between a one- and a two-dimensional manifold.

Definition 2.6 (Tangent Space). A linear map v: C¥ (M) — R is called a derivation
on C¥ (M), if for all [f]p,[g]p € CF (M) the Leibniz rule

v([fglp) = f(P)v(lglp) + v([f]p)g(P) (2.1)
holds. The set TpM of all derivations on C (M) is called the tangent space of M at P.

Proposition 2.1. Let u,v € TpM, [flp € CF(M) and A € R. Defining addition and
scalar multiplication as

(u+v)([flp) =
(Au)([f]p) = Au([f]p) ,

the tangent space at P is a vector space.

Proof. Let u,v € TpM, [f]p,[9]p € CF(M) and A € R. We need to show that an
arbitrary linear combination Au+ v is linear and satisfies the Leibniz rule (2.1). Linearity
of Au+ v follows directly from the definitions of addition and scalar multiplication (2.2).
The Leibniz rule for the linear combination follows by linearity and straight forward
computation:

(Au+v)([flrlglr) = Au([flplglr) + v([flrlg]P)
(21

= AF(Pyu(lgle) + Ma([flp)g(P) + F(PIV((glp) + V([]r)a(P)
= f(P)(Au+v)([g]p) + (Au+v)([f]r)g(P) . O

Definition 2.7 (Induced Partial Derivative). Let (U, x) be a chart on M, P € U and
f: U — R a smooth function. We define an induced partial derivative at P on M for
ie{l,...,m} as

(2.2)

0uil p([f1P) = 0u(f o ™ acry (2.3)

where 0; denotes the i-th partial derivative on R™.
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Using the definition of the induced partial derivative together with the product rule of
R™ it can easily be shown that the induced partial derivative at P is a linear map which
satisfies the Leibniz rule (2.1) and consequently is a derivation on C%(M).

Theorem 2.1. Let (U, z) be a chart on M and P € U. The derivations (Op1|p, - . ., Oxm|p)
form a basis of the tangent space TpM. Consequently, applying a vector v.€ TpM on a
germ [f]p € C¥ (M), the vector can be represented as a linear combination

v([flp) = v([2']p)0u |p([f]p) = v'0up([f]p) , (2.4)
where summation over repeated indices is applied and the components v' are defined as
v([z']p).

Proof. For the proof we refer to Michor (2008), Sec. 1.8 or to Kiihnel (2013), Sec. 5.6. O

Excluded analytic functions, each germ of a smooth function has a representative
which is defined on the whole M, cf. Michor (2008). Thus, we henceforth omit the
brackets designating the equivalence class, defining a germ of a smooth function at a
point on a manifold.

The definition of tangent vectors of M at a point P as the set of all derivations on
C¥ (M) is a coordinate free and consequently chart independent definition. Nevertheless,
in applications, charts have to be chosen and it is of major interest how objects trans-
form under a change of coordinates. In the following, we show how the basis and the
components of a tangent vector transform. Let (U, ) and (U, #) be charts of M and
let P € UNU. The definition of the induced partial derivative (2.3) together with the
chain rule from higher dimensional calculus implies a transformation rule for a change of
coordinates. Let f € C*°(M), then by a telescopic expansion it follows

p(F) % 0(f o Vamy = 0(foa om0 i Y|y
— 0i(f 0w ) |wpyila? 0 ) ap) = M p(f) |

where we have recognized the transformation matrix A7 := 9;(270z~") |z(p). By an abuse of
notation, where a point in H™ is named by the coordinate function z’, the transformation
matrix is often introduced as Ag = g‘; , cf. for instance Gockeler and Schiicker (1989). The
transformation is independent of the choice of the smooth function f and we summarize

the important result as follows:
Ozi|p = Agaﬂp ) A? = az‘(xj © j_1)|a~c(P) . (2.5)

Let v € TpM. The components 0 = v(2') of the coordinate representation in the
chart (U, Z) can be transformed further using the component representation of v in the
chart (U, x), i.e.

Ozi

o' =v(i) 0, |p(i) B 0)(F 0w apye? = Air

with the transformation matrix /~\; = 0;(Z' ox™")|,(py. Hence, the transformation rule for
the components of a tangent vector is

PR R 0 oa e
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Definition 2.8 (Cotangent Space). For each P € M, the cotangent space at P, denoted
by TpM, is the dual space to TpM. An element of the cotangent space is called a
covector.

Let dz'|p € TpM denote a dual basis to 0,;|p which satsifies dz’|p(0,i|p) = 0.
According to (A.5), a covector w € THM can be represented as a linear combination

w = w;da'|p

with the components w; = w (0,ip). Let (U,x) and (U, %) be charts of M and let
P e UNU. Using (2.5), the transformation rule of the component @; follows by linearity
and duality of the base vectors

w; = w(05)|p =2 wkdﬁk’P(AgaﬂP’) - Agwj :

Thus, the transformation rule for the components of a covector is
(:)Z' = Agwj > Az = 01(:(:] o} 5?71)|5;(p) s (26)

which is the same as for the base vectors of a tangent vector. Since the transforma-
tion (2.6) is performed by Ag , i.e. the ‘inverse’ of /~\g, it is classically called contravariant
transformation. A covector w has its representation as a linear combination for any chart.
Hence, the transformation of the components of a covector (2.6) immediately implies the
transformation rule of the dual base vectors dz‘|p by

w= wjdxj]p = A;C:)Z'dl'”p = &dT|p .
The transformation rule for the dual base vectors is
di’|p = Nida?|p, A= 0;(F ox ") |up)

which is the same transformation rule as for the components of a tangent vector, i.e. a
covariant transformation.

Definition 2.9 (Tangent Bundle). The tangent bundle of M is the triple (M, mpq, M),
where T'M denotes the disjoint union of the tangent spaces at all points of M

TM:= [ J{P}xTpM.
PeM

The manifold M is the base space and 7, denotes the natural projection ma: TM — M.
The bundle projection maps v € T'M to its base point P € M.

Definition 2.10 (Cotangent Bundle). The cotangent bundle of M is the triple (T*M,
T, M), where T* M denotes the disjoint union of the cotangent spaces at all points of M

"M = | J{P} xTpM.
PeM

The manifold M is the base space and 7y, denotes the natural projection mp: T*M —
M. The bundle projection maps w € T'M to its base point P € M.
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The tangent and cotangent bundle have again the structure of a manifold, cf. Lee
(2012) or Michor (2008). All upcoming operations on elements of the tangent bundle
TM do not act on the base points. Hence, we often use the slight abuse of notation by
referring to the vectorial part of v € TM by the same symbol, i.e. “v = (P,v)”. For any
other bundle structure we do the same. From the context, however, it will be clear which
object is meant.

Definition 2.11 (Vector Field). A wvector field on M is a section of the map mr: TM —
M. That means, it is a continuous map v: M — T'M with the property that

Tpmov=1Idp .

The set of C*-continuous sections on TM is denoted by C*(T'M). The set of smooth
sections is denoted by T'(TM).

Let (U,z) be a chart on M and v € I'(T'M), then the value of v can be represented
at any point P € U in coordinates as

v(P) = (2(P),v"(P)0d,:

P) -

This defines m functions v*: U — R, called the component functions of v in the given
chart.

Definition 2.12 (Smooth Global Flow). A smooth global flow on M is a smooth map
¢: R x M — M satisfying the following properties for all £1,e9 € R and P € M

pe1, plea, P)) = p(e1 + &2, P), ¢(0,P)=P. (2.7)

Let f € C°(M) and P € M, then a smooth global flow ¢: R x M — M induces a
smooth vector field d¢p € I'(T'M) defined by

3p(P)(f) = (2(0, P),dp(P)(f)) = (P.01(f o ©)lw,p)) - (2.8)

The smooth vector field d¢ is called the infinitesimal generator of p. We want to empha-
size, that the d-sign does not act as an operator and remains mainly as a decoration due
to historical reasons.

Let (U, z) be a chart on M and P € U, then the infinitesimal generator is represented
at P as

Sp(P)(f) = di(fox™ oaop)lor = di(f o™ )|urmdi(a' o 9)lor)
= 01(z" 0 )| (0,p)0ui|P(f) = 09" (P)ui|p(f) ,
Wherg the component functions of the infinitesimal generator evaluated at P are identified
as 0p'(P) = 0i(z" 0 ¢)| o p)-

Definition 2.13 (Spatial Virtual Displacement Field). Let p: R x § — S be a smooth
global flow on the physical space S with an associated infinitesimal generator d¢ € I'(T'S).
The infinitesimal generator of ¢ is called the spatial virtual displacement field.

(2.9)
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Figure 2.3: Illustration of a pullback tangent bundle v*T'M over a one-dimensional base
manifold A/. Loosely, the pullback bundle can be thought of as a base manifold A/, in which
at all points P on N and for = v(P), the tangent space TgM is attached.

2.3 Configuration Space

The following definition of the pullback bundle is illustrated in Figure 2.3.

Definition 2.14 (Pullback Tangent Bundle). Let ("M, mrq, M) be the tangent bundle
and v: N — M be a map. The pullback tangent bundle by v is the bundle (v*TM,
v, N), where the total space is defined as

VTM ={(P,v) e N X TM:mm(v) =7(P)}
and the projection y*mu of the pullback tangent bundle is defined as

(Y'7mm) (Pov) =P

It can be shown that the pullback tangent bundle is a fiber bundle. For the definition
of a fiber bundle we refer to textbooks like Saunders (1989) or Husemoller (1994). Let
v € CHN, M) and v € T(TM). Then the pullback section *v is a C*-section of v*T M.
The evaluation of the section at P is

VV(P) = (P,v(y(P))) .
Let P € N and (V,z) be a chart on M with y(P) € V. Then for each P € N the
evaluation of v*v at P can be represented as
VV(P) = (P ((z o) (P), (v" o) (P)(0ui 07)]p)) -

Let v: N'— TM be a C*-continuous function such that my(v) = 7, then v is called a
vector field along . For an appropriate chart (U, z) on M and for each P € N the vector
field along + is represented in coordinates as

v(P) = ((zoy)(P), " (P)(0zi 0 )lp) -
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The pullback section v*v and the vector field v along ~ differ only in the additional
base point in the pullback section. Hence, the isomorphism between the set of pullback
sections C*(v*T M) and the set of vector fields along v is obvious. Since a pullback section
contains more geometric structure than a vector field along 7, we prefer in the following
the pullback section.

Definition 2.15 (Differential). Let k¥ > 0 and v: N' — M be a C*-continuous map. The
differential Dy(P) of v at P is a linear map

Dy(P): TpN — T, pyM
such that for v € TpN and f € C®(M)
Dy(P)v(f) =v(fon). (2.10)

Let P € N, (V,z) be a chart on M with y(P) € V and let (U,6) be a chart on
N with P € U and (U) C V. Then the coordinate representation of the differential
D~(P) applied to a tangent vector v € TpN is derived using the local representation
A=z 0vy00 ! as follows:

Dy(PW(f) 2 v(foy) =v(fortod08) B vidulp(for 0 00)
(2;3) viai(f ox1lo ’3/)|9(P) = viﬁj(f o $—1)|m(7(p))ai’3/j|9(13) (2'11)
(23

=" 05 lo(pyv' Ouily(p) (f) = F (P)v' Ouilyp) (f)
where in the last line we have made use of the component functions F/ := 9;57 o 6.

Definition 2.16 (Tangent Map). Let £ > 0 and v: N' — M be a C*-continuous map
inducing the pullback tangent bundle (v*T M, v*ma, N). Then the tangent map T+ is
defined as the bundle homomorphism over A

Tv: TN — v*TM

(P,v) = (P, (3(P), Dy(P)V(P))) , (2.12)

satisfying the commutative diagram:

T
TN YT M
W\ % T M
N

Definition 2.17 (Embedding). A C*-continuous and proper map v: N — M is called a
C*-embedding if its tangent map Ty is injective. The set of all C*-embeddings is denoted

by Emb* (N, M).
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The analysis of mappings between manifolds is an important part of the theory of
global analysis, cf. Palais (1968), Michor (1980), Kriegl and Michor (1997). For a short
historical overview of the theory of manifolds of mappings, which started in the late fifties
with Eells (1958), we refer to Marsden (1974). The beginning of global analysis was
strongly influenced by the works of Eells (1966), Eliasson (1967) and Palais (1968). The
special case of embeddings is treated in Binz and Fischer (1981). For the application of
global analysis in physics, we refer to Marsden (1974) and Binz et al. (1988).

Theorem 2.2 (Manifold Structure of C*(A, M), Binz et al. (1988), Thm. 5.4.1). Given
two smooth manifolds N and M of which N is compact and M without boundary. Then
for each integer k < oo the set C¥(N, M) is a smooth manifold modeled over Banach
spaces, i.e. C*(N', M) is a Banach manifold.

Proof. For a proof and a discussion about the topology of C*(N, M), we refer to Binz
et al. (1988). O

Definition 2.18 (Configuration). Let B be a body and S the physical space. We define
the configuration of a first gradient continuum (or continuous body) to be a C''-embedding
k of the body B into the physical space S. The set of all C''-embeddings, i.e. Emb'(B,S),
is called the configuration manifold Q.

As recognized by Segev (1986b), the requirement that a configuration of a body into
physical space is an embedding, is based upon two classical principles, cf. Truesdell and
Toupin (1960), Sec. 16. These are, the permanence of matter and the principle of impen-
etrability. The former states that no region of positive finite volume is deformed into one
of zero or infinite volume. The latter states that one portion of matter never penetrates
within another. In order that the set of configurations admits the structure of a manifold,
Theorem 2.2 requires a body B to be a compact manifold.

Definition 2.19 (Virtual Displacement Field). Let d¢ € I'(T'S) be the spatial virtual
displacement field and « € Q. Then the virtual displacement field of a continuous body
is defined as the pullback section dk = k*d¢p € C(y*TS).

Theorem 2.3 (Tangent Space of C*(N, M)). Let N and M be manifolds of which N is
compact and M without boundary. For any map v € C*(N, M), the tangent space at
T,C*(N, M) is isomorphic to the set of pullback sections C*(y*TM).

The identification of the tangent space at v with C*-sections of the pullback tangent
bundle, is stated in Segev (1986b). For a proof it is referred to Palais (1968), Eliasson
(1967) and Michor (1980). Also in Simo et al. (1988) the same identification without a
proof is stated with reference to Abraham et al. (1988) and Ebin and Marsden (1969). In
Abraham and Smale (1963) the isomorphism is mentioned merely as a note of Thm. 11.1
without proof. Nevertheless, a complete proof for the above stated assumptions could
neither be found nor can be given in this thesis by the author. Strongly related results with
proof can be found in Binz et al. (1988), Thm. 5.4.3, for the case of smooth mappings .
Using the assumption of a Riemannian manifold A/, Eliasson (1967) “Corollaries for C*”
serves as a reference. Inspired by Binz et al. (1988), we prove one direction which should
support the reasonability of the theorem.
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Idea of Proof. Let ¢: Rx M — M be a global flow on M. Then the composition function
RN =M, (e,P) = &(e, P) = p(e,7(P))

defines a smooth curve through the C*(N, M) manifold. The poperties of a global
flow (2.7) imply that

Let f € C®°(M) and P € N. Then the composition function ¢ induces the section
v € CH(y*T M) defined by

Y O@(P)(f) = (P.(2(0, P),6@(P)(f))) = (P, (+(P), 01(f o &)l o.p))) -

Let (U,z) be a chart on M and «v(P) € U. Then by (2.9), the section through the
pullback tangent bundle can locally be represented as

V0@(P) = (P, ((x 0)(P), (86" 0 7)(P)(Dyi 0 7)[p)) -

A tangent vector can alternatively be defined, cf. Aubin (2001), by an equivalence class
of curves which pass with the same velocity through the same point on the manifold.
The composition function ¢ is such a curve through C*(N, M). Since the section v*§¢@ is
obtained by taking the velocity of the smooth curve ¢ at v, a tangent vector of C¥(N', M)
induces a section through the pullback tangent bundle v*T'M. The inverse, to show that
a section C*(y*T M) induces a smooth curve through C*(N, M) and that the involved
mappings are bijective are necessary to finish the proof of the isomorphism rigorously. [

Corollary 2.1. The tangent space to Emb*(N, M) at « is isomorphic to T,,C*(N, M).

Proof. According to Binz and Fischer (1981) the set Emb*(AN, M) is open in the set of
CHN, M). O

Due to Theorem 2.3, the virtual displacement field of a continuous body dk € C'(k*T'S)
can be identified with an element of the tangent space T,,Q. This follows the tradition of
analytical mechanics, where the virtual displacements are tangent vectors to the finite-
dimensional configuration space, cf. Arnold (1989).

2.4 Affine Connection

Definition 2.20 (Affine Connection). Let u,v € I'(T M) and f € C*°(M). An (affine)

connection on M is a mapping V which assigns to every pair u,v another vector field
Vuv € ['(T M) with the following properties:

(a) Vv is bilinear in u and v ,
(b) Vv = fVyuv, (2.13)
() Vu(fv) = fVuv+u(f)v.

We call Vv the covariant derivative of v along u.
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Let (U,x) be a chart on M, then we define the m? functions T'}; by
Vo, (0p) = Tf;0,n . (2.14)
The Ffj are called the Christoffel symbols of the connection V.

Definition 2.21 (Covariant Derivative). Let w € T'(T* M) and u € I'(TM). For every
vector field v € I'(T'M) we consider the tensor field Vv € I'(T M ® T*M) defined by

Vv(w,u) = w(Vyv) . (2.15)
The tensor field Vv is called the covariant derivative of v.

Let (U, z) be a chart on M, then v = v*0,: and Vv = v;0,:®dx. Notice the semicolon
in the component of the covariant derivative. This has its origin from index notation, in
which only components of the tensors are written. The semicolon distinguishes between
partial derivative, i.e. application of the base vectors to the components of a vector, and
covariant derivative of a vector field. According to the representation of a tensor as a linear
combination (A.9) together with (2.13b) and (2.14), we obtain the component functions
of the tensor field as

v, = Vv(dat, 0,0) 2 def (W, (0F0,0))
= da' (0, (VF)Opr + kaékaxz) = 0,5 (V") + F}kvk :

Definition 2.22 (Covariant Derivative of Pullback Section). Let v € C*(N, M), a €
[(TN), v € T(TM) with the associated pullback section v*v € C¥(y*T M) and w €
CH(v*T*M). Let M be equipped with an affine connection V. Then, for every pullback
section v*v, the tensor field (v*V)(y*v) € C*(v*TM @ T*N') over N is defined as

(V)7 V) (w, a) == w (7 (Vryav)) - (2.16)
The tensor field (v*V)(vy*v) is called covariant derivative of y*v.

Let (U,0) be a chart on N and let (V,z) be a chart on M such that v(U) C V.
Let v € I'(T M) be defined on the whole of V. Then the covariant derivative of the
pullback section y*v corresponds to a tensor field (v*V)(y*v) = (7*v").;(0pi 0 ) ® d67.
The computation of the component functions of the tensor field follows (A.9), i.e.

(2.16)

(Y0 = (' V)(r'v)(dz' 0y, 0p5) "= (dat o) (Y (Vraa,, V) -

Let 4 = x o0 67! be the local representation of v around P € U. Using (2.11),
the vectorial part of the tangent map T of a vector field dyp; € T'(TN) can locally be
represented as

Dy 0y = (94" 0 0) Dy

) = F(Dyi07) . (2.17)
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Let P € U. Using a telescopic expansion and applying the chain rule, we show the
following identity:

Opi|p(v* 0 ) ) (' ox ooyl ) ap) = (v 0z w(y(ry (875" 0 0)(P)
= amk|v(P)(Ui) FJE(P) :

(2.18)

Using property (2.13b) and the local representation by the Christoffel symbols (2.14) we

compute:
(2.17)

YV (Vrra, V) = Fiv (0u(vF)r + 0" T00r)|5())
(2.18)

=" (O (v 0y) + (V" 0 )5 0 ) E}) (O 07) -
Hence, the component functions of the covariant derivative of v*v are represented locally

as
(Y'0')y = i (v 0 7) + (0" 0 )(T5, 0 ) F} . (2.19)

Example 2.1. Let A/ = I be an interval of R, v: I — M be a curve on M and
v € ['(TM). An illustrative application of the covariant derivative of a pullback section
is its correlation to the covariant derivative of v along a curve v, denoted by V;v. For the
definition of a covariant derivative of v along a curve v we refer to Abraham and Marsden
(1978), Def. 2.7.3. Let (1,0 = Id;) and (U, x) be charts on I and M, respectively, then
Fj = 0,(x" o). Using (2.16) and (2.19), we obtain a vector field v along v when taking
the covariant derivative of v*v along 0y, i.e.

(YV)(rV) (- 9p) = (0p(v* 07) + (0" 0 7)(TF 07)di (2" 07)) (Bpr 07) = Vv .

Since 6 is the identity map, the induced partial derivative 0y and the partial derivative 0y
coincide. For every t € I, the covariant derivative of v*v along 0y

(VV)(V)(-, Be)(t) = (D1(v* 0 )]s + 0" (¥ ()T (V)i (2" 0 )]e) (Dur 0 N = Vv

corresponds to the covariant derivative of v along ~.



Force Representations

This chapter introduces the concept of force, states the principle of virtual work of a
continuous body, discusses admissible force representations and concludes with the appli-
cation to classical nonlinear continuum mechanics. In Section 3.1, forces are defined as
linear functionals on the space of virtual displacements and the principle of virtual work
for the continuous body is formulated. Subsequently, the force representation of Segev
(1986b) by smooth tensor measures is introduced. In Section 3.2 the applied forces are
restricted to a subclass of possible forces and the equations of motion of a continuous
body mapped to the Euclidean vector space are derived.

3.1 Principle of Virtual Work

For this chapter, let B and § be the body and the physical space according to Definition 2.3
and 2.4, respectively, with dimensions m = n = 3. The configuration of a continuous
body is a C'-embedding, i.e. k € @ = Emb'(B,S). The space of virtual displacements
at a configuration k is the tangent space 7,,Q to the infinite dimensional configuration
manifold Q, which is, due to Theorem 2.3, represented by the set of pullback sections
CY(k*TS). By pointwise scalar multiplication and pointwise addition, the set of pullback
sections constitute a linear infinite dimensional vector space.

Definition 3.1 (Forces). Let C'(k*TS) be the space of virtual displacements of the
continuous body. The space of forces is the set of real-valued linear functionals

CHK*TS)* == {f: C'(k*TS) — R: f linear} . (3.1)

An element of C'(k*TS)* is called a force of a continuous body. Let 6W = f(dk) be
the real number obtained by the evaluation of a force f € C*(k*TS)* acting on a virtual
displacement 6k € C'(k*TS). The real number 6W is called the virtual work of the
continuous body.

Classically, people have had difficulties to define the concept of force. Thomson and
Tait (1867), Par. 217, define a force as any cause which tends to alter a body’s natural

27
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state of rest, or of uniform motion in a straight line. So, force is wholly expended in the
action it produces. Kirchhoff (1876) already recognized that the perception to artificially
split a mechanical process in action and reaction is disadvantageous. Mechanics is pri-
marily interested in describing the mechanical process as a whole. However, Kirchhoff
(1876) has refused to give a definition of a force. In more recent literature, Noll (1959)
and Truesdell (1977) have dared to define forces as vector valued measures. Due to the
representation theorem of Riesz-Markov, cf. Rudin (1987), in our framework, such forces
can be represented by elements of the dual space of C%-continuous sections of the pull-
back bundle k*T'S. Hence, Definition 3.1 and the definition of Noll and Truesdell do not
coincide.

As the fundamental principle of mechanics, we postulate the principle of virtual work
of a continuous body as an axiom.

Principle 3.1 (Principle of Virtual Work of a Continuous Body). Let f € C'(k*T'S)* be
a force of a continuous body B. Then, the principle of virtual work states, that the virtual
work of a continuous body vanishes for all virtual displacements, 1i.e.

SW =£(0k) =0 VoK € CH(K'TS) .

A force of a continuous body in the principle of virtual work, consists of all forces acting
on that body. Further specifications, representations and the introduction of force laws
are the next steps in the modeling process towards a proper description of the behavior
of a deformable body. It is worth noticing, that this is another viewpoint on the principle
of virtual work as it is given by Epstein and Segev (1980), who interpret the principle of
virtual work as a mathematical compatibility between a force of the continuous body and
its stress representation. To obtain the classical and established equations of motion of a
continuous body, further assumptions and choices have to be done. The first assumption
is to equip the physical space with further geometrical structure and redefine it as follows.

Definition 3.2 (Physical Space). Let n > m. The physical space is an n-dimensional
smooth manifold & without boundary with an affine connection V. A point @) of the
physical space S is called a space point.

Remark, that the affine connection is independent of the choice of a metric, a symmet-
ric and positive definite covariant tensor field of rank two. If there is a metric available,
then it is convenient, but not necessary, to define an affine connection as the Levi-Civita
connection, which is the unique metric compatible and torsion free affine connection, cf.
Kiihnel (2013), Thm. 5.16. Doing so, we lose degrees of freedom to model the physical
space and to describe desired mechanical behavior of the space. A chart independent for-
mulation of accelerated frames, for instance, requires the concept of vector bundles. Such
a vector bundle consists of a one-dimensional Riemannian base space, modeling the time,
together with a typical fiber of a three-dimensional Euclidean vector space, modeling the
real space. The acceleration of the frame can then be described by an affine connection,
whose definition corresponds to the choice of an inertial frame.

According to (3.1), forces of a continuous body are from the space C'(k*TS)*. A
relation to the definition of forces as vector valued measures is obtained by a representation



3.1. Principle of Virtual Work 29

theorem proposed by Segev (1986b). According to Definition 2.22; the connection V of
the physical space implies a covariant derivative (k*V)(dk) € CO(k*TS ® T*B) of the
virtual displacement dx € C'(k*TS). Hence, the covariant derivative is a C°-section
through the tensor bundle k*T'S ® TB* over B. We introduce the function

V: CHK*'TS) — CU(K*'TS @ (k*TS @ T*B))
Ik — (0K, (K*V)(0K)) ,

where @ denotes the direct sum. With reference to Segev (1986b), for the space of linear
functionals on the image of V, the identity

COURTS & (TS @ T*B))* = COU(*'TS) & C*(k*TS @ T*B)* (3.2)

holds. Thus, using the function V together with the identity (3.2) and the representation
theorem of Riesz-Markov, a force of a continuous body f € C'(x*T'S) has a representation
by a collection of tensor measures (fo, f;) € CO(k*TS)*®CO(K*TS@T*B)*. Consequently,
the virtual work of a continuous body can be represented as'

W =f£(0k) = /Béndfg + /B(H*V)(ém)dfl :

It is important to note, that the tensor measures (fy, f;) are not uniquely determined by f.
The measure f; corresponds to forces defined as vector valued measures, cf. Noll (1959).
The tensor measure f; includes the stress tensor of classical continuum mechanics.

Let (U, x), (V,0) and (W, \) be appropriate charts on S, B and 9B, respectively. Then
a smooth section B € I'(k*T*S ® A3T*B) can be represented in coordinates as

A21

B = Biog(dai o k) @ dO A 62 A d6® "2V Bia(dat o k) ® B2 (3.3)

which describes a body force, i.e. a force per volume. A smooth section 7 € I'(k*T*S ®
A?T*0B) is considered as a traction force, i.e. a force per surface, which is locally repre-

sented as
A.21

T = 7'1»12(dxi @) H) &® d)\1 A\ d/\2 ( == ) TilQ(dxi 9] /'i) &® d)\12 .
The evaluation of the tensor field 3 of body forces (3.3) at a point on the body is a
tensor of rank 4, in which the last three tensor slots are alternating. Let dx € C'(k*TS)

be a virtual displacement. By a slight abuse of notation, we introduce the convention to
denote the mapping from C*(x*T'S) to T'(A3T*B) by

BoK) = B(oK,-, -, ") . (3.4)

Hence, B(0k) € T'(A*T*B) is a volume form which can be integrated over the body B.
For the traction 7 the convention holds in a similar way.

'We refer to Brezis (2010), Prop. 9.20, for a similar representation theorem for functions of the Sobolev
space W, P(2) on a subset Q C R™.
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Assuming that B is orientable, then the smooth sections B and 7 induce a stress

measure fy by
/5&df0—/5(5m)+/ T(0K) .
B B oB

Similar to the body and traction forces, we consider the wvariational stress w €
['(k*T*S ® TB ® A3T*B), which can locally be represented as

7T =m0y (d2' 0 £) ® Op ® A" A B2 A B = ml)ps (A2’ 0 k) @ Bps ® dO' . (3.5)

Applying the convention (3.4) to 7 and requiring B to be orientable, the smooth sections
7 induce a tensor measure f; by

/B (") (61)df; — /B T(°V)(0K)) = / = (6F) , (3.6)

B

where 0F := (k*V)(d0K) has been recognized.

Due to the high continuity assumptions on the virtual displacement field, forces such
as point forces, line distributed forces, traction forces within the body an many more
cannot be described. A relaxation to piecewise continuous virtual displacement fields has
to be discussed to allow for a broader spectrum of forces which is inevitable in mechanics.

3.2 Classical Nonlinear Continuum Mechanics

Following the assumptions of classical nonlinear continuum mechanics, cf. Truesdell and
Toupin (1960), external forces are assumed to be given by vector valued measures fy only.
The corresponding virtual work contributes negatively to the total virtual work as

SWet = / dfy(0K) . (3.7)
B

Within a first gradient theory, Germain (1972) allows also external forces to be given by f;
tensor measures.

The internal forces are modeled as “short range forces”. Thus, the internal forces are
restricted to f; tensor measures. Due to (3.6), this implies the virtual work contribution

SVt — /B (V) (5K)) . (3.8)

Such an identification of the force representatives of internal forces, seems rather arbitrary.
Assuming the physical space § to be Riemannian, i.e. a manifold with a metric, the
identification of internal forces can be deduced from an additional fundamental principle.
The additional principle is the law of interaction, which defines the internal forces of an
arbitrary subsystem B’ C B. We give here just a short outlook and an idea without
proofs, how the law of interaction can be formulated on manifolds. Let g € T'(T*S®T*S)
be a metric on the physical space and dep € I'(T'S) be the spatial virtual displacements.
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Let Ls,g denote the Lie derivative of g with respect to d¢p, cf. Lee (2012). We define a
Killing vector field d¢p € T'(T'S) to be a vector field satisfying

Ls,8=0. (3.9)

The space of Killing vector fields is denoted by I'y(T'S). The requirement (3.9) can be
considered as a local symmetry of the physical space. In terms of a Levi-Civita connection
on S, (3.9) can be transformed and represented locally as

005 grs + 0Pligr; = 0y + 0y =0,

where semicolon denotes the covariant derivative. This condition for rigidifying virtual
displacement fields and also the following variational form of the law of interaction has
already been formulated by Murnaghan (1937). Let the spatial virtual displacement field
dp € I'k(TS) be a Killing vector field. We denote the induced virtual displacement
field 6k = K*dp by 0k rigidifying. Then the law of interaction asks the internal forces
fint € CY(K*TS)* to satisfy

SWht = fi"*(§Kk) = 0 Vék rigidifying .

Let the Euclidean three-space E? be the physical space. Then, for smooth force repre-
sentatives it can be shown, that the internal virtual work has to be of the form (3.8).
Additionally, a symmetry condition for the first two components of the variational stress
7 is obtained?.

Using the virtual work contribution of the external and internal forces (3.7) and (3.8),
respectively, the metric independent virtual work principle of a continuous body of (3.1)
is restated for the classical choice of force representatives.

Principle 3.2 (Principle of Virtual Work of Classical Continuum Mechanics). Let 7 €
D(k*T*SQRTBRA*T*B) and fy € C°(k*TS)* be the force representatives of £ € C1(k*TS).
Then, the principle of virtual work of a continuous body B states, that the virtual work

SW = W 4 W = /

BW((H*V)(&&)) - / dfy(0k) =0 Vék € C*(x*TS) . (3.10)

B

vanishes for all virtual displacements.

In the local representation of the variational stress (3.5), the three last slots of the
tensor are constituted by a volume form. Let dV = pdf' Ad#? Ad#? = p dH'?3 be a volume
element on the body B, i.e. a nowhere vanishing volume form on B. Then the variational
stress can be transformed to

7T = 793 (2" 0 k) ® Opy @ A9 = p~ln) pa(da’ 0 k) @ Dy AV = PAV | (3.11)

2Notice, symmetry condition does not mean that the two first components of 7 are symmetric. Such a
statement is meaningless, since both components belong to different vector spaces. Hence, the symmetry
condition will include metric information as well as the tangent map T'x.
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where P/ = p~'7,; and P = P/(d’ o k) ® 9y;. Notice that P as an independent object,
generally denoted as the stress tensor, is not a tensor field. By splitting-off of the volume
element dV from the variational stress 7r, the tensor property is destroyed. At most, P can
be considered as a tensor valued density. This explains the awkward transformation rules
for the different stress tensors in classical nonlinear continuum mechanics, cf. Truesdell
and Noll (1965). Nevertheless, the internal virtual work (3.8) as a whole remains an
invariant quantity and using (3.11), it can be transformed further to

St :/P(dF) dV = /P:(SFdV, (3.12)
B B

where we introduced the commonly used notation of the double contraction.

Example 3.1. Let the physical space S be the three-dimensional Euclidean space E3 with
the Levi-Civita connection V and let (E3 z) be a cartesian chart, i.e. the base vectors
(Op1, 02, 0y3) are orthonormal with respect to the given metric. Furthermore, assume
that the body can be described by a single chart (B,6) and let dV = d6'* € T'(A3T*B)
be the volume element. Due to the cartesian chart z, the Christoffel symbols vanish in
the covariant derivative (2.19). Denote the duality pairing by a dot () and introduce
t' := Pj(dz* o k). Then, the internal virtual work (3.12) is transformed further to

SWt = / Opi (0K (Dys 0 K)) - Pi(da® o k) dO'?® = / Dpi(0K) - t1dO™ .
B B

Let B := 6(B) be the domain of the body in the chart # and use the composite functions
0€ =0k o071 and t* :=t' 0 0~!. The local representation of the internal virtual work in
the body chart follows as

SWint = / Di(0k 0071 - (' 0671)do de?de® = / 0;(6€) - t' do*de*de?
B B

—/6§’i-tid39,
B

where in the last line the partial derivative d; and the volume element d§'d#*dé? are
abbreviated by (-); and d*f, respectively. Note, that the integration of the volume form
over the body manifold B is defined by the integration of the chart representation in R3,
cf. Lee (2012).

Assume furthermore that the cartesian chart of E? is an inertial chart. A motion
ke B x R — E? of the body is a differentiable parametrization of configurations with
respect to time ¢ € R. Thus, at a given instant of time ¢ the closed subset Q; = x,(B) C E3
is covered by the body manifold. The coordinate representation of the motion is the vector
valued function

E:BxRSE3 (65t)— €=k 0071 (0%) = &(6",1) .

Let dm be a mass distribution on B. Then, we assume the inertia force to contribute as

SWIm = / 6¢ - €dm (3.13)
B
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to the total virtual work of the body, where the superposed dot (@) denotes the derivative
with respect to time ¢. Since the cartesian chart is restricted to be an inertial chart, the
introduction of inertia forces (3.13) is chart dependent and does not fit into the geometric
concepts proposed otherwise Part I. To describe the virtual work of inertia forces in an
intrinsic differential geometrical setting, an extension of the physical space as discussed
previously below Definition 3.2 is necessary.

Example 3.2. Let the physical space S be the three-dimensional Euclidean space E3
with the Levi-Civita connection V. Furthermore, let (E3, X') be a cartesian chart and the
body B be a closed subset of E*. Hence, the body chart and the space chart coincide. The
coordinate description of the boundary of the body 0B is given by the chart (0B,Y). Let
the volume element be dV = dX! AdX2AdX? and the surface element dA = dY* AdY?2.
Assume the external forces to be given by body forces B € I'(k*T*E3 @ A3T*E3) and
traction forces T € T'(k*T*E?* @ A?T*9B). Using the volume element dV and the surface
element dA, the body and the traction forces can be represented in the sense of (3.11) as
B3 = BdV and 7 = TdA. Together with the abbreviations da’ := dX‘ox and 0,: = dyiox,
the negative virtual work contribution of the external forces can locally be represented as

_ ext — — — A
SW /B dfy (6k) /B (oK) + /8 (o) /B B(5k)dV + /8 ()
:/Bidxi(éﬁjamj)d‘/—i—/ T;da' (6K70,,)d A
B oB

= / B;ok'dV + / Tiok'dA .
B oB
Since the body is a subset of the Euclidean space, the connection on the body is given
by the Levi-Civita connection of the space. Within cartesian coordinates, the Christoffel
symbols vanish and the internal virtual work contribution (3.12) is locally represented as

SW = / 7(0F) = / P(6F)dV = / (P/da’ © Oxs)(0x1(6K") O @ dX ')AV
B B B
:/pg'axj(w)dv.
B

For the remainder of this example the derivations are performed in the chart representa-
tion. The principle of virtual work (3.10) of the continuous body in the body chart X
is

oW = / P} 0;(6k")AV —/ Biok'dV —/ T0k'dA =0, Vos'e CY(B), (3.14)
B B OB

where B = B U 0B denotes the domain of the body in the chart. The virtual work
expression (3.14) is generally known as the weak variational form of the continuous body.
Using a telescopic expansion together with the product rule and the theorem of Gauss-
Ostrogradsky, cf. Bagar and Weichert (2000), the virtual work is transformed further to
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the strong variational form

SW = / P} 9;(6k")AV / Bidk'dV — / TioK'dA
0B

/{Pjﬁ (6KY) GJ(PJ(SF;)—H? (P/ék™) AV — /Bl'éliidv—/ ToK'dA
B oB
*) (3.15)

/{ —0;(P))éK' + 0;(P/or")} AV — /Biém"'dV—/ T;0k'dA
0B

/{ /) + B,)or'}dV — /{T PIN;)ék'}dA

where N; denote the components of the normal vector to the boundary dB. Since (3.15)
has to vanish for all dx’ € C'(B), the strong variational form together with the Funda-
mental Lemma of Calculus of Variations leads to

OzﬁjRJ—FBl iIlB7
T,=P/N; ondB.

which constitute the equations of motion of the continuous body and the boundary condi-
tions. Notice, that the derivation (3.15) relies on cartesian coordinates and for the theorem
of Gauss-Ostrogradsky, introducing the normal vector, a metric is required. Hence, the
strong variational formulation in (3.15) is obtained by a coordinate- and metric-dependent
derivation. To formulate a complete coordinate- and metric-independent description of
classical continuum mechanics, this derivation must be performed on the manifold using
concepts from differential geometry. Such a coordinate- and metric-independent formula-
tion can be found in Segev (1986b) and in a more elaborate way in Segev (2013). Segev
(2013) defines the divergence of the stress tensor in the sense of the subtraction (x) which
does not simplify in a coordinate free setting. This explains the artificial intermediate
step of the second line in (3.15).

In Example 3.1, we have formulated the virtual work contributions of a continuous
body moving in the Euclidean three-space. Therein, we have obtained the virtual work
contributions which are required to start with the second part of the thesis dealing with
beam theories. Concluding remarks on Part I can be found in Chapter 9.



Beam Theories

“Tatsachlich ist aber in der kurzen Zeit eines Menschenlebens und bei
dem begrenzten Geddachtnis des Menschen ein nennenswertes Wissen
nur durch die grosste Oekonomie der Gedanken erreichbar.”

E. Mach, Die Mechanik in ihrer Entwicklung, 1883.
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Preliminaries

In this chapter we discuss the fundamental mechanical principles which are necessary
for the formulation of induced beam theories. In order that Part II remains more or
less self-contained, Section 4.1 repeats some results of the first part about the dynamics
of a continuous body within the Euclidean space. Section 4.2 introduce the concept of
perfect constraint stresses which are required that the motion of a continuous body follows
a constrained position field. In Section 4.3, we discuss an appropriate description of a
beam-like body and introduce the classification into intrinsic, induced and semi-induced
beam theories.

4.1 Fundamental Principles of a Continuous Body

We adhere to the convention that pairs of Latin indices are summed from 1 to 3 and pairs of
Greek indices are summed from 1 to 2. When a function depends on the three components
(a',a? a®) or on the first two components (a!,a?) of a triple a € R3, the argument is
abbreviated by (a?) or (a”), respectively. We consider a three-dimensional continuous body
B as a three-dimensional compact differentiable manifold with boundary. In order to avoid
discussions about mathematical subtleties, we assume in the following that the body can
be covered by a single chart 6, see Figure 4.1. Hence, every material point P € B can be
described by three coordinates (6, 0%,6%) € B C R?, where B := 0(B). A configuration k €
Emb'(B,E?) is a C''-embedding of the body into the Euclidean three-space E*, where the
Euclidean three-space represents the physical space. The configurations are restricted to
embeddings, which are proper injective immersions. Thus, the principle of impenetrability
and the permanence of matter is guaranteed by the choice of the kinematics. Since the
configuration maps the material points P to the Euclidean three-space, which is a vector
space, the placement of a material point x(P) can be represented by the position vector
£ € E2. A motion k;: Bx R — E3 of the body is a differentiable parametrization of
configurations (or current configurations) with respect to time t € R. Thus, at a given
instant of time ¢, the closed subset Q, = k;(B) C E? is covered by the body manifold.
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£(0",1)

Figure 4.1: Schematic overview of the kinematics of the body manifold 5.

Using the chart 6, the coordinate representation of the motion is the vector valued function
E:BxR—E?, (0%1) — & =r007(0%) = €65, 1),

also denoted as the position field. Note that we are using the same symbol for the vari-
ables & as for the functions whose results they are. In the following we will mainly work
with the coordinate representation of the motion and treat motion and coordinate rep-
resentation of the motion synonymously. We consider only cartesian base vectors for E3
to avoid the concept of covariant derivatives. Additionally, this assumption allows to
commute derivatives with respect to #* and derivatives with respect to a variation param-
eter €.

A wariational family of the position field is a differentiable parametrization of motions
é (6%,t,¢) with respect to a single parameter ¢ € R. The actual motion is embedded in
the family € and is obtained for £ = &, i.e. E(0F,t) = é(@k,t,ao). The variation of the
position field & is defined as

SE(0F 1) = %(Qk,t,sg) :

Let i € {1,2,3} and (7, j,k) be an even permutation of (1,2,3), then we introduce the
fields of covariant base vectors g;(6*,t), its corresponding variations dg;(0*,¢) and its
associated contravariant base vectors g'(6*,t) as

gi=&i, 0g=06i, g =g (gxe), 977 =g (gxg),
where partial derivatives 9(-)/00% are abbreviated by (-),;. The co- and contravariant
base vectors fulfill the reciprocity condition g’ - g; = 5;

The formulation of the fundamental principle of the dynamics of a continuous body
demands the postulation of three contributions to the virtual work. The first contribution
represents the internal virtual work W™ of the continuous body which is formulated in
the body chart 6 as

B B
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where d30 = d#1d#?d@3. The stress vector t¢(6%,¢) can be recognized in the Cauchy stress
tensor o (€(60%,t),t) = gY/?t' ® g;. Let the indices (7,7, k) be an even permutation of
(1,2, 3), then the stress vector t* corresponds to the traction in the current configuration
which acts at the surface element g; x g, d#7d0* = gigt/2d¢?dg*. A similar formulation
of the internal virtual work (4.1) can also be found in Antman (2005), Sec. 16.2. The
remaining two contributions to the virtual work are those of the inertia and the external
forces df which contribute as

SWn(5€) = /B 5¢-Edm, W™ (5x) = — /B o¢ - df (4.2)

where the superposed dot () denotes the derivative with respect to time t. We consider
the mass distribution dm and the force distribution df as measures, allowing for Dirac-
type contributions as well.

As the first fundamental principle of a continuous body, we postulate the principle of
virtual work as an axiom.

Principle 4.1 (Principle of Virtual Work). At any instant of time t, the virtual work §W
of the body B vanishes for all virtual displacements 0§, i.e.

SW(0€) = OW™(5E) + SWIR(SE) + SW™(5€) =0 V€, Vit . (4.3)

Beside the virtual work principle, the law of interaction for internal forces has to be
respected as a second axiom. In Glocker (2001), Sec. 2, the law of interaction is stated for
force and couple distributions. A variational form of the law of interaction corresponds
to the “Axiom of Power of Internal Force” formulated by Germain (1973a). In the case
of particle mechanics the law of interaction coincides with “Newton’s Law of Action and
Reaction”. For a variational formulation of the law of interaction, a special subset of
virtual displacements is required. Virtual displacements are called rigidifying if they are
induced by a rigid body motion of the continuous body.

Principle 4.2 (Law of Interaction). At any instant of time t, the internal virtual work
of the body B vanishes for all rigidifying virtual displacements, i.e.

SWn(5€) =0 Vo€ rigidifying, V¢ . (4.4)

Since the considered mechanical system is a continuous body and the law of interaction
has to be fulfilled for all bodies, including any subbody B’ C B, it is shown in Eugster
et al. (2014), that the law of interaction for a smooth stress distribution can be formulated
in the following local form:

g xt =0 V0"eB, vt. (4.5)

This requirement corresponds to the symmetry condition of the Cauchy stress tensor.
When the body coordinates are chosen such that they coincide with the cartesian co-
ordinates of the Euclidean space, we can rewrite (4.5) as e; X 6/e; = 0. Due to the
orthonormality of the base vectors e;, we directly obtain the three symmetry conditions

of the Cauchy stress, i.e. 02 = 02!, 03 = ¢3! and 023 = %2,
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4.2 Constrained Position Fields

To formulate induced beam theories, one has to study constrained position fields of a
continuous body. Since the constraints are treated as pointwise conditions in time, ¢ is an
inessential parameter which is omitted in the notation for the sake of clarity. For a given
body chart € and at every instant of time ¢, the configuration manifold of the continuous
body is given by all possible configurations of the body which form the infinite dimensional
manifold C := Emb'(B,E?). Let A be a finite or infinite dimensional manifold and
x : A — K be an embedding. For a € A, the embedding x induces a position field
& = x(a) of the continuous body. The submanifold C := x(.A) C K represents all position
fields which can be described by the embedding of A in K and is called the constraint
manifold. A configuration & € C is called a constrained position field. The tangent space
at the point £ € C to the constraint manifold is denoted by 7;C. Elements of the tangent
space T¢C are called admissible virtual displacements. Let a € A and &£ = x(a), then the
differential of x

Dx(a): T,A —TC, dar € = Dx(a)da, (4.6)

induces admissible virtual displacements.

Assume a continuous body with a position field & whose dynamics is described by the
principle of virtual work (4.3). To constrain the position field € such that it remains on the
constraint manifold C, a constraint stress field ti,(6%,t) with a virtual work contribution

SWint — / ¢, 0€,; 4%
B

is introduced!. The stress contribution of (4.1) is renamed as t} and is called an impressed
stress field. Consequently, a continuous body with position field & € C which is enforced
to follow a constrained position field, is exposed to a total stress field

E(0°, 1) = 65 (0%, ) + th (6%, 1) (4.7)

which is composed by an impressed and a constraint stress field. Hence, the dynamics of
a continuous body with a constrained position field is described by the principle of virtual
work (4.3) with the total stress field (4.7). The constraint stresses are said to be perfect,
if the constitutive law is given by the principle of d’Alembert—Lagrange, which states that
the virtual work of the constraint stresses

SWEH(5€) = / L0€,;d%0 =0 Vog € T:C,Vt . (4.8)
B

Let a € A induce the constrained position field & = x(a) and assume the admissible

virtual displacements 6§ = Dx(a)da = 0x € T¢C. Then the virtual work of the per-

fect constraint stresses (4.8) vanishes for all Ja € T, A. To obtain the weak variational

form of a constrained continuous body in a minimal description, the principle of virtual

Tt is a choice that the constraint is guaranteed by a stress field. Alternatively the constraints can
also be satisfied by constraint forces dz € C°(E?)*.
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work (4.3) with the total stress field (4.7) is evaluated for the constrained position field x
together with admissible virtual displacements dx = Dxda. Since the constraints are as-
sumed to be perfect, the constraint stress contribution vanishes for the admissible virtual
displacements 0x by definition.

4.3 Intrinsic and Induced Beam Theories

A major challenge in beam theory is a rigorous definition of its central object, the beam.
A beam formulation includes loads of modeling assumptions which are hard to grasp in
their full diversity. A beam-like body can be considered as a model of a real body with one
characteristic direction. In the case of a slender body with an isotropic material behavior,
the characteristic direction coincides with the direction of the largest expansion of the
body. Hence, only additional information about the body, such as geometry or material
behavior, and its loading allows determining the characteristic direction of the body.
Another difficulty is, that there exist several theories which call their investigated object
beam, cf. for instance Antman (2005), Ballard and Millard (2009), Bauchau and Craig
(2009), Cosserat and Cosserat (1909), Lacarbonara (2013), Love (1944), Rubin (2000),
Sokolnikoff (1946), Villaggio (2005) and Wempner (1973). In this section we discuss three
different classifications of beam theories which are introduced in Antman (2005). There
are the intrinsic beam theories, the induced and the semi-induced beam theories.

d (v, 1) Di(v)

r(v,t)

dg(l/, t)

Figure 4.2: Visualization of the reference and the current configuration of the intrinsic
classical beam, also denoted as Cosserat beam, q(v,t) = (r(v,t),di(v,t),d2(v,t)) and
Q) = (ro(¥), D1 (v), Da(v), respectively.

Basically, there exist two ways to state the dynamics of a beam-like body. The most
classical way is an intrinsic beam formulation, as it is proposed by Euler (1744), Kirchhoff
(1876) or Cosserat and Cosserat (1909) or more recently by Ballard and Millard (2009).
Since a beam-like body has but one characteristic direction, denoted by the parameter
v € [, 1] C R, we assume it as a generalized one-dimensional continuum. At every
point v a microstructure is attached, which is described by an N-dimensional configuration
manifold of the beam Q. Hence, the motion of the beam-like body is described by finitely
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many generalized position functions
q: v, ] xR — Q. (v,t) — q(y,t), (4.9)

where ¢t parametrizes the time. The motion can schematically be visualized such as
depicted in Figure 4.2. The reference configuration of the intrinsic beam is a time inde-
pendent map Q: [vy, 5] — Q, called the reference generalized position functions. Subse-
quently, the virtual work of the generalized one-dimensional continuum is stated directly.
That means, we postulate the virtual work contributions of the internal, external and the
inertia forces of the generalized one-dimensional continuum as integrated line densities per
unit of v and formulate a virtual work principle in the sense of (4.3) for a one-dimensional
continuum. By stating the virtual work contributions, the generalized forces are defined
in the sense of duality. To complete the formulation, intrinsic generalized strains have
to be defined and relations between these intrinsic generalized strains and the internal
generalized forces have to be stated. The benefit of an intrinsic formulation is that it is a
closed and independent theory which is often free of indeterminacy. The drawback of such
a formulation is, that much mechanical intuition is required for its successful application.
The validation of an intrinsic formulation and the determination of constitutive parame-
ters is done experimentally, cf. Hodges and Dowell (1975) or Dowell et al. (1977). Since an
intrinsic formulation is completely decoupled from a three-dimensional theory, we cannot
draw any conclusions about stress distributions of a beam in an intrinsic formulation.

In an intrinsic theory, every choice of generalized position functions q implies a different
beam formulation. Eventually, this leads to infinitely many beam theories. In order to
eliminate the intuition in the derivation of beam theories, we aspire a consistent procedure
to obtain various beam theories. This possibility is given by induced beam theories.
Induced beam theories are characterized by the following description of a beam:

A beam, in the sense of an induced theory, is a three-dimensional continuous
body with one characteristic direction where the irrelevant deformations are
eliminated by allowing merely constrained position fields for the bodies motion.

We want to mention that in the above description of a beam the terms “characteristic
direction” and “irrelevant” are undefined. The determination of these terms is part of the
modeling process and is strongly influenced by the considered application at hand.

To formulate the constrained position fields, we use the very same generalized posi-
tion functions (4.9) as introduced in the intrinsic beam formulation. At any instants of
time ¢, let A :== C'([v1, 5], Q) be the set of all C''-continuous pathes on the configuration
manifold Q. An induced beam theory states now the embedding

x: A=K,

q(7t) = E - X(CI(‘, t)) )
which induces a constrained position field for the current configuration of the continuous
body. In an induced theory, the body chart is chosen such that the parametrization of

the characteristic direction v equals the third body coordinate v := 63. Let v € |1y, 0]
and A(v) == {(0*,6%)](6",6%,v) € B}, then we denote the collection of material points

(4.10)
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€(A(v),v,t) of the beam-like body as the cross section of the beam. The admissible
virtual displacements

ox(-,t) = Dx(q(-,1))0q € TiC (4.11)

are obtained by (4.6).

Formulating the embedding (4.10), the beam-like body is considered as a continuous
body which is enforced by perfect constraint stresses to follow a constrained position field.
Hence, the dynamics for the beam is described by (4.3) with the total stress field (4.7).
According to the principle of d’Alembert-Lagrange (4.8), the virtual work contribution of
the constraint stress field t%, vanishes for all admissible virtual displacement fields (4.11)
and at any instant of time ¢. Thus, a formulation of the principle of virtual work of the
constrained continuous body using the embedding x together with the generalized position
functions q, eliminates the constraint stresses and induces directly the weak variational
form of the induced beam theory. The virtual work is obtained by an integration over the
three-dimensional body which is performed by an iterated integral over the cross section
areas of the body, followed by an integration along v. Since the generalized virtual
displacements only depend on (v,t), these functions can be dragged outside the surface
integral. Subsequently, we define the weighted surface integrals as resultant forces. By
performing the surface integrals, the virtual work of the beam reduces to an integral of
line densities only. This reduced virtual work expression of the induced beam can then
be identified with the virtual work of an intrinsic theory.

The embedding (4.10) of an induced theory generates the connection between a three-
dimensional theory and a corresponding generalized intrinsic theory. Within an induced
beam theory, we have two possibilities to interpret the resultant forces at v € [vy,14].
Either as weighted integrals of forces and stresses of the Euclidean space which are mapped
to the cotangent space T*(Vt Q or as a generalized force of T*( )Q without a relation to
the Euclidean space. The virtual work in the form of integrated line densities corresponds
to the weak variational form of the beam theory. If enough continuity assumptions on
the line densities are required, then integration by parts is possible which leads to the
strong variational form of the beam. By applying the Fundamental Lemma of Calculus of
Variations the equations of motion, the boundary and transition conditions of the beam
are obtained. The equations of motion are partial differential equations with one spatial
variable v only. Hence, in an intrinsic setting, it is reasonable to consider a beam as a
generalized one-dimensional continuum. Nevertheless, an intrinsic formulation only makes
sense, when there exists a set of constrained position fields such that the boundary value
problem of an intrinsic theory is obtained by an identification with the boundary value
problem of an induced theory.

An induced theory shares with a three-dimensional theory that for a complete for-
mulation of the problem, constitutive laws for the resultant contact forces are required.
In an induced theory, we have defined the resultant contact forces as weighted surface
integrals which are mapped to the cotangent space of the configuration manifold of the
beam. Hence, we may introduce a three-dimensional material law for t; which depends
on a three-dimensional strain measure. Such an induced theory is shown in Chapter 7.
Using non-admissible virtual displacements and up to a certain indeterminacy in the con-
straint stress field t%, it is possible to find a correlation between generalized internal forces
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and the total stress field of the continuous body. In the geometrically nonlinear beam
theories of Chapter 5, 6 and 8, we formulate the constitutive law in an intrinsic setting.
Denoting partial derivative with respect to v by a prime (-)’, we define a generalized
strain depending on ' only and state a constitutive law for the generalized internal forces
directly. This form of a theory is called semi-induced theory, because we introduce the
generalized forces from a three-dimensional theory, identify them with an intrinsic formu-
lation and state the constitutive laws of the generalized internal forces in a generalized
setting. Within a semi-induced theory we cut the connection of the generalized internal
forces to the stress field in the Euclidean space. Hence, also in a semi-induced theory,
we cannot draw any conclusions about the stresses in the beam as a continuous body.
Assuming also set-valued force laws for the generalized internal forces, it is possible to
impose further constraints on the beam and to develop deviated beam theories from an
original formulation. This is done to show the hierarchical structure of the classical beam
theories.



Classical Nonlinear Beam Theories

(Classical nonlinear beams from the point of view of an induced theory are continuous
bodies with a constrained position field which is described by the motion of a centerline
and the motion of plane rigid cross sections attached to every point at the centerline.
This restricted kinematics allows to determine resultant forces at each cross section and
to reduce the equations of motion of a three-dimensional continuous body to a partial
differential equation with only one spatial variable. The present chapter is partly based
on the publication of Eugster et al. (2014).

First, in Section 5.1, the kinematical assumptions are stated. Subsequently, in Sec-
tion 5.2, the virtual work contributions of the internal forces, the inertia forces and the
external forces are reformulated by the application of the restricted kinematics to the
virtual work of the continuous body. Lastly, in Section 5.3 — 5.5 we present the general-
ized constitutive laws of the geometrically nonlinear and elastic theories of Timoshenko,
Euler-Bernoulli and Kirchhoff in the form of a semi-induced beam theory.

5.1 Kinematical Assumptions

For the derivation of the classical beam theory, it is convenient to think of a slender
continuous body with an isotropic material behavior as depicted in Figure 5.1. First,
we assume at a given instant of time ¢ a placement of the slender body in E3, at which
the body covers the subset Q, C E3. We identify the characteristic direction of the
slender isotropic body with an arbitrarily chosen centerline r which propagates along the
largest expansion of the body. The property that the configuration &(-,¢) at time ¢ is an
embedding, enables us to identify every point of the continuous body in €, with a unique
point in the set B := £(-,1)71(€;) C R3. Subsequently, we choose the body chart § such
that the centerline r is parametrized by % = v only. For a classical beam we assume the
existence of a motion given by the constrained position field of the form

£0%, v,t) =x(q(-,1)(0% v) =r(v,t) + 0%da (v, 1) , (5.1)

where the generalized position functions q(-, t) are recognized as r(+,t), d;(-,t) and da(+, t).
The centerline is given by the space curve r(-,t) = £(0,0, -,¢) and is bounded by its ends
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v =wv; and v = v, for 1, > 1. A customary choice of v is the arc length parametrization s
of the centerline r. Since the arc length parametrization comes along with an additional
constraint and may change under deformation from one instant of time to another, we do
not want to restrict us to this special case. At every material point v of the centerline r a

_: o3 .
X(q(-,t;)\ 021 — N L .

Figure 5.1: Reference and current configuration of the beam.

positively oriented orthonormal director triad (d;(v,t),d2(v,t),ds(v, t)) is attached. The
two directors d,, span the plane cross section of the beam. The current state of the cross
section €(A(v),v,t) is parametrized by the cartesian coordinates (6',62) € A(v), where
A(v) == {(0",6%)|(0",6%,v) € B}. The restriction to cartesian coordinates is implied
by the parametrization of the cross section by two orthonormal directors. For specific
problems, e.g. computation of the cross section area, appropriate local reparametrizations
can be performed. One could think of different descriptions of the plane which do allow
for more general coordinates, but such a generalization is outside the scope of this thesis.
The director triad (d;,ds, d3) can be related to an inertial orthonormal basis (eq, ez, €3)
by introducing for the rotation tensor R(v,t) € SO(3) such that

dk(V, t) = R(l/, t)ek s with R = dk X e . (52)

For orthonormal vector triads, we do not distinguish here between co- and contravariant
vectors. In (5.1) we have identified the generalized position functions q(-,t) with r(-, %),
d;(-, %), da(+,t) and have constrained the directors d;(-,¢) and dy(-, ) by (5.2) to remain
orthonormal. Hence, the evaluation at v of the generalized position functions q(-, ) can
be considered as a point on the 6-dimensional manifold E? x SO(3).

Since a beam in an induced theory is treated as a continuous body with a constrained
position field, one has to guarantee that the motion always requires the conditions of
an embedding. As long as the density of the volume form ¢'/? > 0 does not vanish for
every point 6% and the function remains injective, the permanence of matter and the
principle of impenetrability are fulfilled and the motion is an embedding. As an example
of how extreme such deformations can be, we assume a beam with circular cross sections of
radius r where the cross sections remain orthogonal to the tangent vector of the centerline.
As depicted in Figure 5.2, the beam is bent in-plane up to a bending radius R. As long
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1%
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Figure 5.2: Maximal allowed deformation of a beam with cross section radius r and limit
bending radius R.

as the bending radius is larger than the radius of the beam R > r, no interpenetration of
the cross sections may appear. This restriction seems to be reasonable for the example at
hand. Ultimately, at the configuration where the bending radius coincides with the cross
section radius » = R, the lateral surfaces of the beam come into contact. Because of the
impenetrability condition R > r, beam theories are generally limited to slender bodies
(among other reasons).

In the classical beam theory, the cross section deformation is considered to be irrelevant
for the deformation of the body. Consequently, the cross section is rigidified by the choice
of the constrained position field (5.1). This implies that material points which are on
the same cross section stay on the same cross section throughout the whole motion of
the body. The choice of the body chart together with the current configuration can be
denominated as a fibration of the continuous body. In the remainder of this section the
kinematical expressions which are necessary for the formulation of the virtual work (4.3)
of the constrained continuous body are derived.

To begin with the effective curvature, the angular velocity and the virtual rotation,
which all describe the change of the directors when changing a single parameter, e.g. the
parameter v. Using (5.2), we derive

(dp) = (R(v,t)e,) = RRYd,, = kd, , (5.3)

in which we recognize the effective curvature k = R'RT and denote the partial derivative
with respect to v by a superposed prime (-)". The effective curvature k only coincides with
the curvature of a spatial curve r(v,t) when v corresponds to the arc length parametriza-
tion s of the spatial curve at a given instant of time ¢. The skew-symmetry of k can easily
be shown using the SO(3) properties of the rotation tensor R:

RR"=1 % k@ RRT= RRT) = (RR")" = k"

Hence, the skew-symmetric effective curvature k has an associated axial vector k(v,t) € E?
such that . .
(di) = kdy =k x dy, , with k = R'RT = (d;)' ® d; . (5.4)

The tilde-operator will be used to denote the skew-symmetric tensor to an associated axial
vector. The components of the effective curvature can be written using the alternating
symbols €;;, as

1 - 1

ki = Sei(r = Sein(de - (d))) -
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Similar to (5.4) we introduce the angular velocity @(v,t) and its associated axial vector
w(v,t) as . . _

Likewise, we obtain the virtual rotation 8¢ (v,t) and its associated axial vector d¢(v, t)
by considering virtual variations of the directors dy, i.e. through derivation with respect
to the variation parameter ¢,

6d, = dddy, = 6¢p x dj,, with d¢p = SRRT = d6d; @ d; . (5.6)

The wvelocity and acceleration fields are introduced by taking the total time derivative of
the position field (5.1) and the kinematical relation introduced in (5.5)

X=r+wx(x—r)=r+wxp, with p=x —r =6°d,,
X=Ff+wxptwx(wxp). (5.7)

Using (5.1) and (5.4), the partial derivatives of the constrained position field take the
form
X,qo=d, , xX=r+kxp. (5.8)

The variation of the constrained position field and insofar the admissible virtual displace-
ment field is, in accordance with (5.1) and (5.6), given by

X =0r+d¢p xp. (5.9)
The variation of the partial derivatives (5.8) are reformulated to
0%, =00 XX, , 0X =0r'+ 0k x p+kx(dpxp). (5.10)

Since cartesian coordinates are chosen, the derivative with respect to v and the variation
commute, i.e. (0dg) = 0((dg)") = dd}. By (5.4) and (5.6) we write this identity as

Applying the product rule and using again (5.4) and (5.6) yields
0’ x dp + ¢ x (k x dg) =k x dj, + k x (6 x dy,) .

By subtracting the left-hand side from the right-hand side, and by applying the skew-
symmetric property of the cross product and the Jacobi identity (B.1), one obtains

0 = 0k xdy+kx(0¢pxdy)+d¢p x (dp x k) — ¢’ x dy,

(B.1

2 5k % dy — dy, x (k X 66) — 3¢ x dy
— Ok — §¢ x k — 3¢) x dy .

Since the right-hand side of (5.1) has to vanish for all directors d;, € E* we retrieve the

important identity
d¢p' =k — i x k . (5.11)
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For the formulation of constitutive laws or for the determination of mass densities it is
convenient to introduce a special configuration, called reference configuration. Let rq and
D, be the reference generalized position functions of Q, then the reference configuration
of the beam corresponds to the constrained position field

2(0°,v) = X(Q)(0°,v) = ro(v) + 0°Da(v) . (5.12)

We call the space curve ro = E(0,0,-) the reference curve of the beam. At each material
point of the reference curve ry we have attached a positively oriented orthonormal director
triad (D;(v), Dy(v), D3(v)) which is related to the basis (e, ez, e3) by introducing the
rotation tensor Ry(v) € SO(3) such that

Dk(V) = RO(V)ek s with RO = Dk X e .

The directors D, describe the reference state of the cross section E(A(v),v). In the
formulation of constitutive laws, the reference configuration is often defined as the stress
free configuration of the body.

5.2 Virtual Work Contributions

In an induced theory, the classical nonlinear beam is a continuous body with the con-
strained position field (5.1). The dynamics of a continuous body with such a restricted
kinematics can be described by the principle of virtual work (4.3) with the total stress
field (4.7). The constraint position field (5.1) which defines the constraint manifold C C K
corresponds to the embedding (4.10) determining an induced theory. The admissible vir-
tual displacements (5.9) are directly obtained by the variation of the constrained position
field. Using the constrained kinematics (5.1), in the following section, the contributions
of the virtual work (4.3) due to the admissible virtual displacements (5.9) are determined.
Since the constraint stresses are assumed to be perfect, by the principle of d’Alembert—
Lagrange (4.8), they do not contribute to the virtual work and the weak variational
formulation of the classical nonlinear beam is obtained. By further continuity assump-
tions on the involved functions, the strong variational formulation and the corresponding
boundary value problem of the classical nonlinear beam is determined.

It is important to notice, that within this formulation we lose all information about the
constraint stresses which rigidify the cross sections. The fact that the constraint stresses
do not appear in the equations of motion does not imply that no stresses act in the cross
section.

Virtual work contributions of internal forces

Using (4.1), (5.10) and the property of the cross product of (B.2), the internal virtual
work density can be written as

t' 0%, =0 - (X0 Xt*) + 700" + k- (px t*) +t° - (k x (d¢p x p)) . (5.13)
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Employing the symmetry condition (4.5), we can rewrite the first term in (5.13) as follows:

(4.5 (5.8,B.2)

5o - (x,0 xt%) X 56 (x' x t7)

Using the above derived relation and the Jacobi identity (B.1), we can manipulate (5.13)
further and obtain

—t%- (6 x ' + ¢ x (k x p)) .

tl(SX,Z:
= —t* (§px1' + Jp x (kx p)) +t>- 01" + k- (p x t*) +t° - (k x (6¢ x p))
=t (00 —0¢p x1') + 0k (p x t*) +t* - (k x (69 x p) + I x (p x k))

(B:l) t3(5r/_5¢xr/)+5k(pxt3)—|—t3(pX (5¢Xk))
63 (51— 6 x ') + (p x t°) - (5k — 6p x k) . (5.14)

Since the kinematical quantities 0r" — d¢ x r’ and dk — d¢ x k depend merely on (v,t),
we split the integration over B in an integration over the cross section in the body chart
A(v) and an integration along v € (v, 1)

SWint = / £ ox,; d3g =Y / (n-(0r —6px 1) +m- (0k — o x k)}dv. (5.15)
B 2

Herein, the integrated kinetic quantities n and m are the resultant contact forces and the

resultant contact couples of the current configuration defined by

n(v,t) = / t3d%0, mv,t) = / (p x t*)d?0 , (5.16)
A(v) A(v)

with abbreviation of the area element d?0 = d#'d9%. Due to the surface integral, the
resultant contact forces and couples are independent of the cross section coordinates 6.
Although not explicitly expressed in the notation, the stress distributions under the sur-
face integral are mapped from the Euclidean cotangent space to the cotangent space of the
beams configuration manifold. Nevertheless, in an induced theory, we still have the con-
nection to the stress distribution of the Euclidean space. In order to make the connection
to an intrinsic theory, it is necessary to introduce an equivalence class of forces. Force
distributions in the Euclidean space which have the same resultant contact forces and
contact couples are considered to be equivalent. The representatives of the equivalence
class are then identified with the internal generalized forces of an intrinsic beam theory
which postulates the right-hand side of (5.15) as its internal virtual work of the general-
ized one-dimensional continuum. By the definition of an equivalence class, we decouple
our induced theory from the theory of a constrained three-dimensional continuous body
and arrive at an intrinsic theory.

Virtual work contributions of inertia forces

For convenience, the mass density is introduced in the bodies reference configuration
as a real valued field po: X(Q)(B) C E* — R which to every point of the body in
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the Euclidean space assigns a local mass per volume. Together with a volume element
dV = dz! dz? dz® we obtain the mass distribution dm = pyda! dz? dz3. The pullback of
the mass distribution to the domain B with respect to the reference configuration leads
to the local description of the mass distribution as

dm = po G2 %0 ) G'/? = X1+ (X2 xX3)

Considering the virtual work (4.3) and the virtual displacements (5.9) we can transform
the virtual work contributions of the inertia terms. For the manipulation of the inertia
terms we introduce some abbreviations of integral expressions which have their analogous
expressions in rigid body dynamics. The cross section mass density per unit of v is defined
as

Ay (V) = /A( )po G2 d% . (5.17)

When the centerline does not coincide with the line of centroids r.(v,t), e.g. when the
centerline is determined by the shear centers and the shear centers do not coincide with
the centroids of the cross sections, a coupling term remains, which we introduce as the
integrated quantity

c(v,t) = Ay (re—r) = / p po GY*d% . (5.18)
A(v)
The cross section inertia density is introduced as
L,(v,t) = / ppTpo G2 %0 . (5.19)
A(v)

Furthermore, it is convenient to express the time derivatives of the coupling term by the
angular velocity. Using (5.5) and (5.18), the second time derivative of the coupling term
is expressed by

c=(wxA,re—r)=wx A, (r.—r)+wx (wxA,(r.—1)). (5.20)

Another quantity which is going to occur, is the product of the cross section inertia density
and the angular velocity
h(v,t) =1, (v,t)w(v,t) .

In the basis d; ® d; the moment of inertia I, is constant with respect to time ¢. Using a
coordinate description it can easily be shown that

h = ((Lyy)ijw;di) = (L )ij0;di + (L) igw;ds
= (Ipo)z’jdi & dj(wkdk + w X wkdk) + w X (Ipo)ijwjdi (521)
=L wt+twxl,w.

Substitution of the admissible virtual displacements (5.9) and the accelerations (5.7) of
the restricted kinematics into the virtual work expression (4.2) yields:

5Wdyn:/(5X->"cdm:/{(5r—[)(5¢)-(f—i)w+cb&)p)}p0Gl/2d3€.
B B
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Similar to the internal virtual work contribution, the integration over B is split in an
integration over the cross section in the body chart A(v) and an integration along v €
(v1,19). Together with the definitions (5.17), (5.18) and (5.19) and the property (B.5) of
the cross product we obtain

SWIhn = / {or- (Apt+ Ay (Te — )T w + @w A, (r. — 1))
+60¢- (AT —T)F+ 1, w+ol,w)}dr.

Using (5.20) and (5.21) the virtual work contribution of the inertia terms is rewritten in
an even more compact form

sy :/W {6r-(Apoi‘+é)+5¢- <q>< f+h)}dy. (5.22)

vy

As for the internal virtual work expression, we have two possible points of view. Either
we consider the cross section mass density, the coupling term and the cross section inertia
as integrated quantities from a mass distribution of a three-dimensional continuous body
or we identify them as constitutive parameters of an intrinsic theory which relate the
generalized inertia forces from (5.22) with the time derivatives of the generalized position
functions.

Virtual work contributions of external forces

There is a vast amount of possibilities how external forces can be impressed on the beam.
Forces may occur as volume or surface forces and even point forces applied somewhere at
the beam are common in engineering problems. An elegant way to be short in notation is,
if we allow the force contribution df to contain Dirac-type contributions. Since the forces
may also contribute on the boundaries, it is essential that we integrate over the closed set
of the body. Using the same split of the integration as above and the admissible virtual
displacements (5.9), we obtain

5Wext:/5x-df(5;_“’) / {or-di+ 0¢ - dm} |
B

[v1,02]

where the resultant external force distribution dnm and the resultant external couple dis-
tribution dm are the integrated quantities

dn(v,t) = [ df , dm(v,t) ::[ p x df .
Av) Av)

With the same equivalence class argument as for the resultant contact forces and couples,
we can identify the resultant external force and couple distributions with external gener-
alized force distributions of an intrinsic theory. In order to avoid cumbersome derivations,
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we only allow the discontinuities in the force distributions at the boundaries v and vs.
This leads to the virtual work contribution

1] 2
STt — / {or-n+ ¢ -mydv+ > {or -1+ 66 M} |y, - (5.23)
V1 i=1

The resultant external forces and couples n; and m;, respectively, are the resultant exter-
nal forces which are impressed at vy and v5. Whereas the unit of o is [N] per unit of v,
the unit of m; is [N]. For the couples we argue in a similar way.

The boundary value problem

Taking all the transformed contributions of the virtual work for admissible virtual dis-
placements (5.15), (5.22) and (5.23), the principle of virtual work (4.3) with the total
stress (4.7), together with the principle of d’Alembert—Lagrange (4.8) leads directly to
the weak variational formulation of the classical beam

6W:/ {n-(5r’—(5q§><r’)+m-((5k—(5q§><k)+5r-(Ap0f‘+é—ﬁ)
" ) (5.24)
+5¢-(c><i‘+h—ﬁ>}dy—Z{ér-ﬁi+5¢-ﬁi}|yzw:O Vor, 6h, t .
i=1

Using the identity (5.11) and integration by parts, the virtual work is expressed as

SW=—{6r-(n+n,) +00 - (m+m,)}|,—,

+72{§r.(Apof+é_ﬁ—n’)—|—5q’)-(cxf+fl—ﬁ—m/—rlx n)}du

+{0r-(n—Mny) +0¢p- (m —M2)}|,=, =0 Vor,00,t,

which corresponds to the strong variational formulation of the classical beam. When
the functions in the round brackets are continuous and when the virtual displacements
or and the virtual rotations d¢ are smooth enough, then by the Fundamental Lemma
of Calculus of Variation, the former terms have to vanish pointwise. This leads to the
complete boundary value problem with the equations of motion of the classical beam
which are valid for v € (11, 1)

n+n=A,r+¢c,
L o (5.25)
m+rxn+m=cxr+h,

together with the boundary conditions n(v;) = —n;, m(r;) = —m; and n(vy) = Ny,
m(ry) = my. If we allow discontinuities of the force distributions at countable many
points inside the beam, the domain (v, 15) has to be divided into sets where the force
distributions are continuous. The integration by parts can then only be performed on
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the differentiable parts. Consequently, this leads to an equation of motion (5.25) for the
differentiable parts, to boundary conditions at the boundaries and to transition conditions
at the points of the discontinuities.

To summarize, we have seen that the restricted kinematics of the beam allows us
reducing the virtual work of the continuous body in such a way, that the equations of
motion (5.25) correspond to partial differential equations with only one spatial variable.
As mentioned several times, we have two different viewpoints. In an induced theory,
the force contributions in (5.25) are interpreted as resultant forces, i.e. weighted surface
integrals of forces and stresses of the Euclidean space mapped to the cotangent space
of the beams configuration manifold. In an intrinsic theory the forces are considered
as generalized forces which lose their connection to force and stress distributions of the
Euclidean space.

5.3 Nonlinear Timoshenko Beam Theory

Constitutive laws for the resultant contact forces n and the resultant contact couples m
are required to complete the equations of motion (5.25). In an induced theory, it is cus-
tomary to choose a three-dimensional material law with an appropriate three-dimensional
strain measure and integrate the corresponding stress contributions (5.16) over the cross
sections. Here, however, we propose a semi-induced approach for the formulation of con-
stitutive laws in three-dimensional beam theories. Henceforth, we interpret the resultant
contact forces and couples as generalized internal forces and formulate a constitutive law
between generalized strains and generalized internal forces. The generalized strains are
directly determined by the generalized position functions q. When proposing an elastic
constitutive behavior, we have to show, that the variation with respect to the generalized
strain measures leads to the same form of the internal virtual work (5.15) of the induced
theory. This shows the compatibility between an induced and an intrinsic beam formu-
lation. In classical beam theories, the generalized constitutive laws relate the generalized
position functions of the beam, i.e. the motion of the centerline and the rotation of the
cross sections, with the internal generalized forces n and m. As in the three-dimensional
theory, we allow the generalized internal forces to consist of an impressed and of a con-
straint part

n=ns+ng, m=m;+mg. (5.26)

The subscripts (+); and (+)¢ stand for impressed forces and constraint forces, respectively.
Whereas the constitutive laws of impressed internal generalized forces are formulated by
single valued force laws, the constitutive law of the constraint internal generalized forces
are given by the principle of d’Alembert-Lagrange (4.8) which can be considered to be a
set-valued force law.

Even though in Timoshenko (1921) and Timoshenko (1922) only the linear and plane
case is treated, we call the beam theory of this section, in which no further constraints
are impressed on the beam, the nonlinear Timoshenko beam theory. Accordingly, the
constraint parts of internal generalized forces vanish, i.e.

ng = 0 y mge = 0. (527)
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There exists a multitude of other names for the same beam theory. Ballard and Millard
(2009) call the beam “poutre naturelle”, Antman (2005) denotes it as “special Cosserat
rod” and as “geometrically exact beam”. With reference to Reissner (1981) and Simo
(1985), it is also called “Simo-Reissner beam”. In our genealogy of beam theories, we
denote a beam with the same constraints by the same name. We distinguish further
between a nonlinear theory, a linearized theory and a plane linearized theory.

The most basic constitutive law for a nonlinear Timoshenko beam is an elastic force law
being expressed by an elastic potential W(V, t) for the impressed part of the generalized
internal forces, such that

2
SWt = 5/ W(v,t)dv .
We assume the elastic potential to depend on the generalized strain measures 7; and k;
W(v,t) = Wy t), kiv,t)) . (5.28)

The generalized strain

vi(v,t) =d; - v’ —D; - rg (5.29)
measures the difference between the deformation of the centerline in the direction d;
and the deformation of the reference curve in the direction D;. The effective reference
curvature is defined as ko(r) = RJRY = (D;) ® D;. When measuring the difference
between the effective curvature and the effective reference curvature in the direction dy, d;
and Dy, D;, respectively, we obtain the components l%kj — (ko)k;. Since these components
are skew-symmetric, there is an associated axial vector with the components

1 _ _ 1
I{i<V, t) = §5ijk(dk . kdj — Dk . koDj) = Egijk(dk . (dj)/ — Dk . (DJ)/) . (530)

In the following we demonstrate the compatibility of the intrinsic generalized strain mea-
sures with the induced theory, thereby showing that the internal virtual work expression
(5.15) is obtained when varying the elastic potential (5.28), i.e. that

: 2 (oW ow
SW = —0v + =—0k; o d
WI /Vvl {8'72 ’YZ + 8/{/@ KJZ} v
holds. Using (5.6) and (B.2), the variation of W with respect to 7; takes the form

3_W5 (5.29) ow

7 Vi 7 (or' - d; +1'- 0d;) =n; - (0r' —dp x 1) | (5.31)

where we have recognized the resultant contact force n; = n;d; = g—:‘jdi. By expansion
with the orthonormality condition ¢;; = d; - d; and using (5.6), the variation with respect
to k; yields

ow ow
a/{i (5/'{7; = a_/izdl . (5l€jdj =my - ((Sk — (5(]5 X k) s (532)
in which the resultant contact couple as m; = md; = ‘z%di has been identified. Com-
parison of (5.31) and (5.32) with (5.15) demonstrates the compatibility of the chosen

generalized strain measures and their corresponding elastic potential.
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Let E and G be the Young’s and shear modulus, respectively, and let A, be the the
area of the cross sections A multiplied by a shear correction factor. Let I;, Iy and .J be
the second moments of area and polar moment, respectively. In the following we assume
that the elastic potential takes the quadratic form

1 n 1 A
=% (D1)ijv; + 3 ki (D2)ij kj (5.33)

W(Via Hi) = 9

with

[]51] = Diag[G Ay, GAy, EA] []52] = Diag[EL,, El,GJ]
where [D;] and [D,] contain the collection of the stiffness components (D;)y; and (Ds),;,
respectively. In the elastic potential (5.33) the directors d, have been chosen such that
they correspond to the principle axes of the cross section surfaces. Consequently, the
constitutive laws for the generalized internal forces are given as

~

n=n;=npd; = (D1);ydi, m=m;=mpd; = (Dy)ijk,d,; .

which coincide with the impressed part, since the constraint parts (5.27) vanish.

5.4 Nonlinear Euler—Bernoulli Beam Theory

The nonlinear Euler—Bernoulli beam (or Navier—Bernoulli beam) can be regarded as a
Timoshenko beam on which additional constraints have been imposed. The cross sections,
and insofar the directors d,, have to remain orthogonal to the tangent vectors r’ of
the centerline. These constraints are formulated for every instant of time ¢ by the two
constraint functions

gov,t) =dy -t =0.

It is convenient to let the reference configuration also to satisfy the orthonormality con-
dition. In this case, the constraints coincide with vanishing shear deformation, i.e.

ga:'ya:da'r/_Da'rz):O' (534)

The bilateral constraints are guaranteed by the constraint forces ng,. Using (5.6) and
properties of the cross product, the generalized constraint forces ng = ne,d, contribute
to the virtual work of the beam as

5Wint — 59(1”004 — da X 51,/ + 5da . I,/ Neg = N - 51./ _ 5¢ X r/ . 5.35
C

The generalized constraint forces contribute in the same way as the generalized internal
forces in (5.15). This is in accordance with the decomposition of the internal generalized
forces (5.26) into an impressed and a constraint part. The force law of the generalized
constraint forces, which are considered to be perfect, can only be formulated variationally
by the principle of d’Alembert-Lagrange, which states that (5.35) vanishes for all virtual
displacements which are admissible with respect to (5.34). Such a variational force law
is described by a set-valued force law as depicted in Figure 5.3. The force law at hand
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T Nca

’7(1

Figure 5.3: Bilateral constraint as set-valued force law.

may be cast in a normal cone inclusion ng, € Mo} (7a) = R, where the normal cone, cf.
Moreau (1966) or Rockafellar (1970), to the convex set {0} is defined as

Npy(z) ={y e R|y(a" —2) <0,z €0, Vz* € 0} =R.

By setting (z* — z) = dg, and y = ne, in the normal cone inclusion, we readily recognize
the principle of d’Alembert—Lagrange in inequality form.

For the impressed part, we assume the same quadratic form (5.33) as its elastic poten-
tial. Since the constraint forces do not allow any shear deformation +,, the corresponding
shear stiffness components are immaterial and

[D,] = Diag[*,*, EA], [D,] = Diag|EI, EL,GJ] .

The generalized shear forces ny, of the underlying Timoshenko beam theory have become
bilateral generalized constraint forces ng, in the Euler—Bernoulli beam theory. Hence, an
elastic material law of the Euler—Bernoulli beam is given by

n=n;+nc, m=my,

where the impressed parts are represented by

~

n; =nnd; = (Dl)ij%’di , my=mpd; = (f)Q)injdi
and the generalized constraint forces are formulated by the normal cone inclusions
ng = ncada , with Noa € N{O} (”)/a) =R.

Using further concepts of convex analysis, e.g. the indicator function and the concept of
the subdifferential, it is possible to also include the set-valued part in the potential (5.33),
cf. Glocker (2001). This allows an alternative interpretation, that the bilateral generalized
constraint forces ng, are obtained by the limit to infinity of the shear stiffnesses GA;
and GA,.
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5.5 Nonlinear Kirchhoff Beam Theory

The nonlinear Kirchhoff beam (or nonlinear inextensible Navier—Bernoulli beam) is an
Euler-Bernoulli beam with additional inextensibility constraints. Hence, in the Kirchhoff
beam theory the cross sections remain orthogonal to the tangent vectors of the centerline
and the centerline is not allowed to stretch. When also the reference configuration satisfies
these constraints, the set of constraints for every instant of time ¢ is described by three
bilateral constraint functions on the longitudinal and the shear strains

gz(l/,t):’yZ:dZI'/—DZI'E):O

The contribution of the generalized constraint forces ng = ng;d; to the virtual work is
similar to the Euler-Bernoulli beam

5Wint=5ginc,~= d; - o' +0d; - ' )ne; = ne - 5r/_5¢><r’ .
C

For the impressed part, we assume the same quadratic form (5.33) as its elastic potential.
Since the generalized constraint forces do not allow any deformation ~;, the corresponding
stiffness components are immaterial and

[Dy] = Diag[+,*, %], [D] = Diag|EI,, EL,,GJ] .
Hence, an elastic constitutive law of the nonlinear Kirchhoff beam is given by
n=nc, m=my,
where the impressed parts are represented by
m; = mpd; = (]jg)ijlijdi )
and the generalized constraint forces are formulated by the normal cone inclusions
ne = neid; with ne; € Njoy(vi) =R,

representing the bilateral constraints.



Classical Linearized Beam Theories

In many engineering applications beams are so stiff, that only small deformations with
respect to a reference configuration occur. Thus, a linear beam theory is preferred which
simplifies the problem drastically. Using the nonlinear beam theory from the previous
chapter, such a linear beam theory is obtained in a straight forward manner by the
linearization around a reference configuration. This chapter presents the process of lin-
earization of a nonlinear theory at the example of classical beam theories, whose results
are best-known, cf. Ballard and Millard (2009).

In Section 6.1 the kinematical quantities of Chapter 5 are linearized around a reference
state. Subsequently, in Section 6.2, the virtual work contributions and its corresponding
differential equations are stated in its linearized form. Finally, Section 6.3 — 6.5 discuss
the elastic constitutive laws of the linearized Timoshenko, Euler—Bernoulli and Kirchhoff
beam theory.

6.1 Linearized Beam Kinematics

In accordance with (5.12), the reference configuration of the classical beam is given by
the placement

B0, v) =X(Q)(0% v) =ro(v) + 0°D,(v) .

For the upcoming linearization it is convenient to rewrite the motion of the beam (5.1)
using its constrained position field in the form

0% v,t) =x(q(-, 1) (0% v) =1o(v) + w(v,t) + 0°R(rv,t)Ds(v), R=RR{, (6.1
where the generalized position functions q(-,t) are identified with w(-, ) and R(-,¢). The
displacement of the centerline with respect to the reference curve is represented by w.

The rotation R describes the rotation of the cross section from the reference configuration
to the current configuration. Within a linearized theory we assume that

w|<1, and [R—1|<1.

29
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We parametrize a path through the space of rotations SO(3) by n € R and demand
the identity condition R(0) = 1. A Taylor expansion up to first order terms yields

R(n) =1+ i—j(o)n + 0 (n?)

and define the skew-symmetric matrix 6 = %(O)n. The skew-symmetry of 8 follows
from the orthogonality of R. By taking the derivative of R'R = 1 with respect to n and
by evaluating the functions at 7 = 0 we obtain the skew-symmetry property of 6
dR'.  _rdR dR" dR,
—~ R=-R'— = — (0) = ———(0) .
U dn dn dn

As it is also shown in Ballard and Millard (2009), from (6.1) it follows directly that the
rotation up to first order terms can be approximated as

R~1+6, |6<1. (6.2)

As the reference curve ry is a priori known and does not depend on the motion, the
variation of the centerline r is determined by the variation of the displacement vector only

or = 0rg + 0w = 0w .

According to the definition of the virtual rotations (5.6) and (6.2), the linearized virtual
rotations are approximated by the variation of 8, i.e.

5¢ = SRRT = dRR" ~ 66(1 + )" ~ 56 .

Assuming also small angular velocities and applying the same linearization argument as
for the virtual rotations, the angular velocities are approximated in a similar way as

G=RRT=RR " ~0(1+6)"~6.

The approximation of the coupling term (5.20) and the inertia term (5.21) up to first
order of @ and 6, are determined by

¢~fxc, hxI1,0.

In order to linearize the generalized strain measure (5.29), we first rewrite the strain
using d; = RD; and apply the motion of the beam in the form (6.1). Then, by the ap-
proximation for small rotations (6.2), we obtain the linearized generalized strain measure

lin

i

(6.2)

T—]l)rfﬁ—f_{Tw’) =~ D; (0 th)+w) =D, (W—0xr)) = 7" . (6.3)

(5.29,6.1)

Vi D;- ((I_{



6.2. The BVP of the Classical Linearized Beam Theory 61

For the approximation of the generalized strain measure (5.30), the effective curvature
k with respect to the rotation R is required. Using the definition of the effective cur-
vature (5.3) and applying the identity (Rg)'Ro = —Rg Rf, we rewrite the effective

curvature k as
k=RR' = (RR!R(R" = RRIR,R" - RRIR,/R" . (6.4)

In order to reformulate the generalized strain measure (5.30), we express the current
directors by the reference directors dy = RDj and simplify the components of the strain
using the orthogonality of the rotation

frj = Di - (RyRTR'RTRRY — R/RT)D, = D, - (RoRTR'RT — R,RT)D,; .

Using a telescopic expansion by identities, we are able to express the components of the
curvature with the rotations R only. The linearization up to first order terms is then
easily obtained by applying (6.2)
Frj = Dy - (RORTR/ROT(RORT)(RROT) — (RORT)(RROT)R{](RTR)ROT)D]»
T T — 6.2 ~
“LVp,. ®RRRHR)D, * D, D, .
The components of the associated axial vector are obtained using the alternating symbols,
ie.
1 ~ 1 i /. lin

Iii(V, t) = §5ijk/€kj ~ §€ijka -0 Dj = Dz -0 = R,
The second generalized linearized strain s
direction of the reference directors D;.

lin
7

measures the change of orientation 8’ in

6.2 The Boundary Value Problem of the Classical
Linearized Beam Theory

After the linearization of the kinematic expressions, the virtual work of the linearized beam
is obtained in a straight forward manner from (5.24) by replacing the nonlinear kinematic
expressions by their linearized ones. As in the nonlinear case, this leads directly to the
weak variational formulation of the linearized classical beam

6W:/ {n-[(sw’—aexrg]+m-59’+5w- (Apo\’v+9xc—ﬁ> (6.5)

2
456 - (c ><W—FIpoé—ﬁ)}dy—Z{éw-ﬁi—kée-ﬁi}\yzw —0 Vow,00,t.
=1

After integration by parts, the virtual work takes the form
W =—-{w-(n+mn;)+60 - (m+m)}|,—,
v
+/{5w-(pr+é xc—m—1)4+00 (cxw+1,0—m—m —r)x n)}dy

+{0w-(n—-ny) +00 - (m—-my)},_, =0 Viw,30,t,

v=r:
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which corresponds to the strong variational formulation of the linearized classical beam.
Using the same smoothness arguments as in the nonlinear setting, the Fundamental
Lemma of Calculus of Variation leads to the complete boundary value problem of the
linearized classical beam. The boundary value problem consists of the equations of mo-
tion for the interior of the beam v € (v, 11)

n+a=A4,w+80xc,
L ) . (6.6)
m+ryxn+m=cxw-+1,0,

and of the boundary conditions n(v;) = —n;, m(v;) = —m; and n(,) = Ny, m(v) = My.
The force contributions in (6.6) can be considered either as resultant force contributions
with a relation to the Euclidean space or as generalized forces of a generalized one-
dimensional continuum.

Let the generalized external forces m and m be potential forces only. Then, for static
problems, it is possible to solve the equilibrium equations (6.6) for n and m with gener-
alized force boundary conditions only. When we are interested in the displacement of the
beam, a constitutive law for the generalized internal forces completes the description of
the beam.

6.3 Linearized Timoshenko Beam Theory

As in the geometrically nonlinear case, we propose a semi-induced theory and look for
the same form of the elastic potential

W(w,t) = W, 0), 5" (v.1))
as in (5.28) but exchange the nonlinear generalized strain measures by their linearizations.
Also in the linearized setting, we have to show the compatibility of the chosen linearized
generalized strain measures with the linearized induced theory. Defining n; = n;;D; =

%Di, the variation
i
oW i, (63) OW
5o 00" = 5o Di (0w — 36 xp) = ny - (5w’ — 36 x x9)

shows the compatibility with the virtual work contribution (6.5). Defining m; = m;;D, =

—;ﬁ% D;, the variation
i

oW oW

lin i T lin
Ok, OK;

Di-59':m1-59',

shows also the compatibility with the virtual work contribution (6.5). For the elastic
potential, we assume the same quadratic form (5.33) as in the nonlinear case, but replace
the generalized strains by their corresponding linearizations

PR

Wy gliny = —ylin (D)), ’Y]l-in + 5 K" (Da)y K (6.7)
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with the stiffness components

~

[D1] = Diag[GAy, GAy, EA], [D,] = Diag[EIL, EL,GJ] .
Consequently, the constitutive laws for the generalized internal forces are

B lin B lin
n=n;=n;D; = (Dl)z’ﬂj D;, m=m;=m;D; = (DQ)inj D; .

As in the nonlinear case, the linearized Timoshenko beam is described by impressed gen-
eralized internal forces only.

6.4 Linearized Euler—Bernoulli Beam Theory

The linearized Euler—Bernoulli beam is a linearized Timoshenko beam with the additional
linearized constraints, that the cross sections remain orthogonal to the tangent vector of
the centerline. The linearized version of the orthogonality constraints results in a beam,
which does not allow any linearized shear deformation. Thus, for any time ¢, a linearized
Euler—Bernoulli beam has to satisfy the following constraint functions

ga(y,t):fygn:Da-(w'—Oxr’O):O.

The contribution of the generalized constraint forces ng = ng.D, to the virtual work is
similar to the nonlinear case, i.e.

OWE = bganca = Da - (W' = 00 X t)nce = nc - (6w =30 x 1) . (68)

For the impressed part, we assume the same quadratic form (6.7) as its elastic potential.
Since the generalized constraint forces do not allow any deformation +,, the corresponding
stiffness components are immaterial and

[D,] = Diag[,, EA] , [D,] = Diag[EI, El,,GJ] .
The elastic material law of the linearized Euler-Bernoulli beam is summarized as follows:
n=n;+nc, m=myg,
where the impressed parts are represented by the single-valued force law
n; =npD; = (]jl>ij’7;'mDi , my=mpD; = (ﬁQ)in;‘inDi .
and the generalized constraint forces are formulated by the normal cone inclusions
ne = neeDy | with ng, € N{Q}(vlin) =R,

«

representing the bilateral constraints.
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6.5 Linearized Kirchhoff Beam Theory

The linearized Kirchhoff beam is a linearized Fuler-Bernoulli beam which additionally re-
stricts the elongation of the centerline. The constraint functions are completely described
lin :

, l.e.

by the linearized generalized strain measure 7;

gty =y =D;- (W — 6 xry) =0.

The contribution of the generalized constraint forces ne = ne;D; is obtained in the sense
of (6.8). For the impressed part, we assume the same quadratic form (6.7) as the elastic
potential. Since the generalized constraint forces do not allow any deformation 7}, the
corresponding stiffness components are immaterial and

[Dy] = Diag[+,*, %], [Ds] = Diag|EI,, EL,,GJ].
The elastic material law of the linearized Kirchhoff beam is summarized as follows:
n=nc, m=my,
where the impressed parts of the internal generalized forces are represented by

m; = mpD; = (D2)ij/<?nDi
and the force laws for the generalized constraint forces are formulated by the normal cone
inclusions
ng — nCiDi s with nNe; € N{o} (’}/l-m) =R s

)

representing the bilateral constraints.



Classical Plane Linearized Beam Theories

We speak of a classical plane linearized beam as being a classical linearized beam fulfilling
the following assumptions. The cross section geometry remains the same for all cross
sections, the motion is restricted to a plane, the reference configuration is straight and
the material of the continuous body is described by a linear elastic material law. These
assumptions on the motion of the beam and material law enable us to formulate statements
which are not easily accessible for a more general configuration of a beam. One key point is
that we are able to arrive at a fully induced beam theory where the integration of the stress
distributions over the cross sections can be performed analytically. Hence, we recognize
relations between the generalized internal forces and the three-dimensional stress field of
the Euclidean space. This allows to apply concepts of the theory of strength of materials
to beams which is of vital importance to solve engineering problems. In order to achieve
such a connection, we restate the generalized internal forces for the plane linearized beam.
The restriction to small displacements allows us to start from the internal virtual work
formulated with the linearized strain. Afterwards, we proceed in a similar way as in
the previous chapters. We state the constrained position field of the beam and apply it
to the virtual work which leads us consequently to the boundary value problem of the
beam. Using the solutions of the boundary value problem and non-admissible virtual
displacements, it is possible to access in a further step the constraint stresses of the beam
which guarantee the restricted kinematics of the beam.

The outline of the chapter is as follows. In Section 7.1 we repeat the principle of
d’Alembert—Lagrange for linear elasticity and introduce an elastic constitutive law for
the impressed stresses. In Section 7.2 — 7.4 the equations of motion and the plane stress
distribution of the plane linearized Timoshenko, Euler-Bernoulli and Kirchhoff beam are
determined.

7.1 Constrained Position Fields in Linear Elasticity

In the theory of linear elasticity, we linearize the configuration of the continuous body
around a reference configuration E(6*) and describe the motion &€(0*,t) of the body with

65
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the vector valued displacement displacement field
u(0,t) == £(0%,t) — 2(6%) . (7.1)

The deformation of the body is measured by the linearized strain measure which is defined
as

e(u) = % (Vu)T + Vu) ,

where V represents the gradient of the Euclidean space. Using the symmetry property
of the Cauchy stress, the internal virtual work (4.1) can be written, for a linearized
kinematics, with the variation of the displacement field du as its virtual displacement
field

St — / o e(5u)dV . (7.2)
B
We assume the parametrization of the body to be given by the reference configuration of
the continuous body in the Euclidean space, i.e. B C E3. For convenience, we restrict us
to cartesian coordinates (z,y, z) which parametrize the set B. Hence, the volume element
is given by dV = drdydz and the gradient reduces to a partial derivative with respect
to (x,y, 2).

As discussed in Section 4.2, a continuous body which is enforced to follow a constrained
position field is exposed to the stress field

oc=0;+0c, (7.3)

which is composed by an impressed part o; and a constraint part o ¢ of perfect constraint
stresses. For admissible virtual displacements and, consequently, for the strain due to
virtual displacements being admissible, the virtual work due to the perfect constraint
stresses
SWat = / oc:e(du)dV =0 Vou € T¢C ,
B
vanishes identically.

For the impressed part of the stress, we apply a slightly modified isotropic linear elastic
material law described by the Young’s modulus F and the shear modulus G. We consider
the beam’s motion in the e/-el plane. Stresses in eé—direction are constituted by the
constraint stresses. Since we assume the cross sections to be rigid, lateral contraction is not
possible. To avoid constraint stresses due to the material law in the cross sections, we set
the Poisson’s ratio for the normal forces oy;;,7 = {1,2,3} to zero. The shear deformations
are not influenced by the kinematical restrictions of the beam and are treated insofar in
the same way as for an unconstrained continuous body. Finally, we arrive at the following
linear elastic material law for the impressed part of the stress field

o = FEey —
oy = 2Gey . 4] }Z,j ={1,2,3} . (7.4)
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Figure 7.1: Plane linearized Timoshenko beam.

7.2 The Plane Linearized Timoshenko Beam

In the following, we investigate the plane beam theories at the example of a clamped
beam, as depicted in Figure 7.1, with length [, constant cross section area A, Young’s
modulus F, shear modulus G, cross section mass density A,, and cross section inertia
density I,,. The inertia terms arise from a homogenous mass distribution and from the
definitions (5.17) and (5.19). The centerline coincides with the line of centroids which in its
reference configuration corresponds to the el-axis. The beam is loaded by applied normal
forces m(z) in el-direction and by applied shear forces g(z) in el-direction whose force
distributions in the Euclidean space are both homogenously distributed over the cross
section. At x = [, additional forces m; and §;, which are also homogenously distributed
over the cross section, are applied.

Kinematics, virtual work and the boundary value problem

Since in a linear theory the motion of the beam is described by the displacement field (7.1),
we assume the embedding (4.10) to induce a constrained displacement field. The motion of
the Timoshenko beam is described by the motion of the centerline and the rotation of the
cross sections. In the plane, but kinematically nonlinear case, the nonlinear displacement
field u,, is constrained to

u(z,t) — sin (a(z,t))z
unl((x7ya Z)at) - an(Q('at))(l"ay,Z) = 0 )
'lU(I’,t) + (1 — COs (O{("Ejt)))

where the generalized position functions q(-, t) are identified with u(-, ), w(-,¢) and (-, ).
The longitudinal displacement is described by (-, t), the transverse displacement by w(-,t)
and the rotation of the cross section by «(+,t). Due to the clamping, the displacement at
x = 0 has to vanish, i.e. uy((0,y,2),t) = 0. A linearization around the straight reference
configuration yields the constrained linearized displacement field

“1@,%2775) U([E,t) —Oé(.T,t)Z

u((x,y, Z)at) = UQ(J},y,Z,t) :X<q('7t))($7yaz) = 0 ) (75)
ud(x,y, 2, 1) w(x,t)
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with the clamping condition u((0,y, 2),t) = 0. A plane linearized Timoshenko beam is a
continuous body whose motion is restricted to the displacement field (7.5). The strain of
the continuous body

Ul u u
WOHG LU KL\ - 0 LW -
e(u) = e a | - 00
sym. %uz Sym. 0

is consequently constrained too such that it can be formulated in terms of u,w and «
only. The admissible virtual displacements dx and the corresponding strain e(dx) with
respect to the constraint displacements (7.5) are

ou — daz ou' — 'z 0 (6w — dar)
o0x = 0 . e(0x) = 0 0 : (7.6)
ow sym. 0

Since the clamping is guaranteed, 6x((0,y, z),t) = 0. The material law of the impressed
stress field (7.4) applied to the constrained displacement field is given by

Olee = Pege = E(u — '2)

7.7
Oler = 2Ge,, = G(w' — a) . (7.7)

In order to eliminate the constraint stresses due to the kinematical restrictions, we evaluate
the virtual work for the admissible virtual displacements (7.6). With the usual split of
the integration, we write the internal virtual work of (7.2) for the strains of the admissible
virtual displacements (7.6) as

5Wint - / {(67«6/ — (SO/Z)UIMC + (5?1)/ - (SO/)JIxZ} av
B

l
:/ {5u’/JlmdA—(So//zalmdA—i-(éw’—éoz)/almdA} dx (7.8)
0 A A A

l
— / {0u' Ny — 0/ My + (0w — 00)Qr} da .
0

Herein, the resultant contact forces of the plane linearized Timoshenko beam have been
recognized as the integrated quantities

N[(.T,t) Z:/O'[zmdA, Q[(Sl},t) I:/O']xsz, M](JJ,f) 2:/20'130di, (79)
A A A

which we also denote as the resultant contact normal forces, resultant contact shear forces
and the resultant contact couples. Using the linear elastic material law for the constrained
displacement field (7.7), the internal virtual work is reformulated further to

I
SWnt — / {(5u’E/ dAu — 6o’ (—E/ szAo/> + (0w’ — 5a)G/ dA(w' — a)} dx
0 A A A

= /l {0WEAY — 0d/(—EId) + (0w’ — da)GA(w' — «)} d (7.10)
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in which the second moment of area is abbreviated by I := [, 2> dA. Since the centerline
corresponds to the line of centroids, the integral [ 4 2dA = 0 vanishes and the couple
terms between u' and ' vanish in the second line of (7.10) . By comparing (7.8) and
(7.10), we obtain a constitutive law for the generalized internal forces

Ny =FEAY , M;=-FEld, Q;=GAW —a). (7.11)

The connection between the generalized internal forces and the impressed stress field of
the continuous body

N M
O1ee = E(u — a/z) = 71 4+ 2L ,
I (7.12)
012, = G(w' — a) = Qr
z A Y

is established by (7.7) and (7.11). Applying the plane kinematics to (6.5) and using
the results of (7.8), we obtain the weak variational formulation of the plane linearized
Timoshenko beam as

I
W = / {0u/'N; + (dw" — da)Qr — 6/ My + du(Apii — 70) + dw(Ap — q) (7.13)
0 .

—da(—Ipa)} de — {dum; + dwq,} |.=1 = 0, You,dw,da,t ,
with du(0) = dw(0) = Jda(0) = 0 in order to satisfy the clamping boundary condition.
Using integration by parts, we obtain the strong variational formulation
!
oW = / {ou(Apii — 7 — Ny) 4+ ow(Apw — 7 — Q) — da(—Ipi — M+ Qp)} da
0
— (0u(my — Np) + dw(q, — Qr) — da(—My))|,_, = 0 ,Vou, dw, dc, t (7.14)

of the plane linearized Timoshenko beam. Using the common arguments of calculus of
variations, the terms in the round brackets of (7.14) have to vanish pointwise. This leads
for the interior of the beam z € (0,1) to the equations of motion

Apii = N; + 7,
Apin = Q7 +1, (7.15)

to the kinetic boundary conditions N;(1) =7, Q;(l) = g, and M;(l) = 0 and to the kine-
matic boundary conditions u(0) = w(0) = «(0) = 0. In the equations of motion (7.15),
we recognize that the longitudinal deformations are completely decoupled from the shear
and bending deformations of the beam. With the constitutive laws of (7.11) the equations
of motion of the Timoshenko beam take the form

pAi = EAY + 7,
pAw = GA(w" — ')+ 7, (7.16)
plac= Eld" + GA(w' — «) .
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It is possible to modify the second and the third equations of (7.16), such that the rotation
angle a can be eliminated. Firstly, we take the derivative of the third equation with respect
to x. Secondly, we solve the second equation for o'. Lastly, we insert o/ and its further
derivatives with respect to time and position into the differentiated third equation. This
leads us to a forth order differential equation in the transverse displacements w

pAii — EAU" =7
(7.17)

E Ip* ... I. EI
EIw™ + pAiw — Ip (5+1) u‘/’+%w —q+ G-

For vanishing distributed shear forces § and a shear correction factor of 1, the second
equation of (7.17) coincide with Eq. (7) of the celebrated publication of Timoshenko
(1921).

Constraint stresses of the plane Timoshenko beam

In the previous subsection, (7.12) connects the generalized internal forces to the impressed
stress distribution of the continuous body. Unfortunately, we do not access the total stress
distribution of the beam, since the constraint stresses o are eliminated by the principle
of d’Alembert-Lagrange. Insofar, the constant shear stress or,, is not in contradiction
with a stress free boundary at the lateral surface of the beam. The constraint stress o,
is guaranteeing a stress free surface. To make the constraint stresses visible, we have
to evaluate the virtual work of the beam for non-admissible virtual displacements. Since
the non-admissible virtual displacements do not respect the kinematical restrictions (7.5),
the constraint stresses will appear in the virtual work expression. With the solution of
the boundary value problem, we can determine the appearing constraint stresses up to a
certain indeterminacy.

In the following, we are going to use two special functions, which are very convenient
to extract the desired constraint stresses. We require the unit step function

0:x<0

1 2>0 (7.18)

h(z): R — {0,1} , :B»—){

and its derivative, the Delta-Dirac distribution 8. The Delta-Dirac distribution is loosely
defined for a real valued function f(x) as

5(x0): /R 5(z0) f()dz = f(x0) - (7.19)

In accordance with the first equation of motion of (7.15), we rewrite the resultant contact
normal force at x =1 as

Ni(l) = Ny(xo) + /l Npdx = Ny(xo) + /l (pAi —m)dx . (7.20)

In order to evaluate the constraint stress distribution oo, () we cut the beam, as de-
picted in Figure 7.2, at the position x = xq appart and virtually displace the right part of



7.2. The Plane Linearized Timoshenko Beam 71

da
o .
e,
N 1
o

z

Figure 7.2: Non-admissible virtual displacements for the extraction of the constraint
stresses 0cpy-

the beam by the constant value da € R. Technically, the non-admissible virtual displace-
ments and their corresponding strains are written as

da h(z — xg) dad(zg) 0 0O
0Xpp = 0 , €(0Xpa) = 0 0], (7.21)
0 sym. 0

where we have applied the unit step function (7.18) and the Delta-Dirac distribution
(7.19). Using the internal virtual work (7.2) and the virtual work contribution of the
external and inertia forces from (7.14), we obtain the virtual work for the non-admissible
virtual displacements (7.21) as

1 l
W = / / 0a 8(x0) (0120 + 0cze)dAdx + / da(pAii — m)dz — damy .
0o Ja

o

Using the property of the Delta-Dirac distribution together with (7.12), we rewrite the
virtual work into the form

W = éa (A{%(wo)—i—%(xo)Z—i-Ucm(xo)}dA—i-/z: {pAu'—ﬁ}dx—ﬁ,> :

Since the centerline corresponds to the line of centroids, the term with the resultant
contact couple M; vanishes after integration over the cross section. The principle of
virtual work states that

l
oW = (5@/ 0czz(To)dA + da (N](xo) + / {pAii —n}dx — ﬁl) =0 Vda.
A o

Using the equivalence (7.20) and the boundary condition at the end of the beam, the
round bracket in the above equation vanishes. Hence, the normal constraint stresses in
el-direction integrated over the cross section have to vanish

/ Ocan(0)dA =10 . (7.22)
A
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Figure 7.3: Non-admissible virtual displacements to evaluate constraint shear stresses ocy.,

Here we already recognize the first indeterminacy of the constraint stresses. It is not
possible to determine the constraint stresses ooy, uniquely. In order to obtain in the
further derivations the classical results for the constraint transverse shear stresses, we
choose the normal constraint stresses to vanish, i.e. ¢, = 0.

We extract the constraint transverse shear stress in the cross section am(zo) at z = 2,
by shearing the beam with the non-admissible virtual displacements and its corresponding
virtual strains

da(z)h(z — 2p) 6a'h(z —z) 0 36ad(z)
0Xpa = 0 , €(0Xpa) = 0 0 : (7.23)
0 sym. 0

where the smooth function da(z) vanishes at the boundary da(0) = da(l) = 0. It is
convenient to introduce the following integrated quantities

A, = / h(z —z0)dA, H,, = / zh(z — z9)dA | (7.24)
A A

where we call H,, first moment of area. Using the internal virtual work (7.2) and the
virtual work contribution of the external and inertia forces from (7.14), we obtain the
virtual work for the non-admissible virtual displacements (7.23) as

; _
oW = / / {(Sa’h(z — 20)0 120 + 00 8(20)0,, + 0a (Pﬁ - %) h(z — ZO)} dAdwz .
0oJa

In accordance with (7.12) and the abbreviations of (7.24), we integrate the virtual work
over the cross section. As depicted in Figure 7.3 the size of the beam at z; in eé—direction
is given by b(zp). Assuming that the transverse shear stresses o,, are constant in e,-
direction, we reformulate the virtual work to

l M N n
W = / {M/TIHZO - (5@'71AZO +0ab(20)042(20) + ba (Pﬁ - %) AZO} de .
0

Using integration by parts and the connection between the resultant contact shear forces
and the shear stresses of (7.12), we obtain the expression

l Vi
SW — / Sa %HZO + b(20) @ + 0ce2(20) | + (Apii — 1 — N}) Az dz
0 I A A
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By the first equation of (7.15) the last term in the round brackets have to vanish and we
state the principle of virtual work for the non-admissible virtual displacements (7.23) as
follows:

SW = / { IHZO + b(z0) (% + acm(zo)> } dr =0 VYda.

Using the common arguments of calculus of variations, the integrand has to vanish point-
wise, which leads to the constraint transverse shear stress distribution
MH., _Qr

]b(Zo) A ’

0cez(20) = (7.25)

where M is given by the last equation of (7.15). The first term is equivalent to the
transverse shear stress due to bending. We will discuss this case within the Euler-Bernoulli
theory, where this result is commonly known.

$ —— = ] dalx)-——-———————-—- - ——
a(x) e

N

eZ

Figure 7.4: Non-admissible virtual displacements for constraint normal stresses o,

The normal constraint stresses o¢.. in the rigid cross sections is the last contribution of
constraint stresses which we evaluate. These normal constraint stresses only appear in the
dynamical consideration of the problem or when distributed shear forces g are imposed. In
order to make statements about the constraint stress distribution we have to assume, that
the shear forces g arise from a homogenous force distribution over the cross section. For
the extraction of the constraint stresses, we assume the following non-admissible virtual
displacements, as depicted in Figure 7.4, and its corresponding strain

0 0 0 1é6d’h(z— z)
X = 0 . el0xn)=| 0 0 , (7.26)
da(z)h(z — 2o) sym. dad(zp)

where the smooth function da(z) vanishes at the boundary da(0) = da(l) = 0. Using the
internal virtual work (7.2) and the virtual work contribution of the external and inertia
forces from (7.14), we obtain the virtual work for the non-admissible virtual displacements
(7.26) as

oW = / {/ da'h(z — 20)0..dA + dab(z0)oc..(20) + da(pAw — q)Aj } dr |
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In accordance with (7.12), (7.25) and integration by parts, we transform the virtual work
further to

S — / { My / Bz — 20) Hy A+ b(z0)002-(20) + (pAth — )

Azo}dx:O Yia .

[b Zo

z

The standard arguments lead to the constraint stress

My
o= —" | h(z— 2)H,dA —
oo = T J, e~

Using (7.3), (7.12), (7.22), (7.25) and (7.27) the total stress field of the plane linearized
Timoshenko beam is given by

Aj (pAw —7) . (7.27)

N M
M!H,
MY Ay,

ZZ:— h - HZ dA_ =0 A —q .

7= iy [ M= A = S i —3)

Due to the constraint shear stress the boundary conditions at the lateral surface is fulfilled.
When calculating the stress distribution for a clamped cantilever beam with rectangular
cross section of height h under a constant shear force distribution g, the static solution
implies with respect to z, that 0,,(z) is a linear function, 0,.(z) is quadratic and o,,(z)

is cubic. The solutions are of the magnitude o,, ~ %, Opy ™~ (%)2 and o0,, ~ (%)3 The
magnitudes of the stress distributions justify for slender bodies to neglect the normal
stress contribution in el-direction. When working with composite structures also the
shear stresses become more relevant. Hence, terms up to second order are considered in

engineering for the criterions of failure.

7.3 The Plane Linearized Euler—Bernoulli Beam

The Euler-Bernoulli beam assumption is that the cross sections remain orthogonal to
the tangent vector of the centerline. In the plane case, the condition is fulfilled when
the derivative of the lateral displacement w is related to the cross section rotation « by
w’ = tan a. For small rotations the constraint condition is written as

=a—w =0. 7.29
g

In contrast to the three-dimensional Euler-Bernoulli beam theories, the plane theory
allows to fulfill the additional Euler—Bernoulli constraint directly by a constrained position
field of the continuous body and the constraint do not have to be guaranteed afterwards
by a set-valued force law on the generalized internal forces. The constraint (7.29) leads
to some specialty in the Euler—Bernoulli beam formulation. The embedding (4.10) does
not only depend on the position functions g but also on their derivatives q' with respect
to v.
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Kinematics, virtual work and the boundary value problem

In accordance with (7.29) and (7.5), the constrained displacement field of the Euler—
Bernoulli beam is

u(z,t) —w'(z,t)z

u((x,y,z),t) = X<q('7t>7q/('7t))<x7y7z> = (0 ) ) (730)
w(x,t

with the clamping condition u((0,y,2),f) = 0. We recognize the generalized position
functions q with the longitudinal and transverse displacements u and w, respectively.
The strain of the continuous body

w—w"2 0 0
g(u) = 00
Sym. 0

is due to the restricted kinematics formulated in terms of w and w only. Hence, the
Euler-Bernoulli assumption leads to a beam with constrained shear deformation. The
admissible virtual displacements dx and its corresponding strain e(dx) with respect to
the constrained displacements (7.30) are

ou — ow'z ou' —ow"z 0 0
0x = 0 , g(dx) = 0 0] . (7.31)
0

ow sym.

Since the clamping is guaranteed, 6x((0,y, z),t) = 0. The internal virtual work of (7.2)
for the admissible virtual strains (7.31) is written using the common split of integration
as

. I
SWint — / {(M’/ Orzpd A — 5w”/ zafmdA} dr = / {6u'N; — dw" M} dx , (7.32)
0 A A 0

where the internal generalized forces are defined as in (7.9). Using the same procedure as
in (7.10), the constitutive laws for the generalized internal forces are obtained as

N;=FEAY , M;=—EIu'". (7.33)

Since we treat the Fuler-Bernoulli beam in the sense of an induced theory, we can for-

mulate the connection between the generalized internal forces and the impressed stress
distribution of the continuous body as

Ny M

Oree = B(W —w'"2) = =L 4+ =L

A I

= (7.34)
Orz- = 0.
Applying the plane kinematics to (6.5) and using the results of (7.32) , we obtain the
weak variational formulation of the plane linearized Euler—Bernoulli beam as
I
oW = / {6u' Ny — dw" My + du(Apii — 1) + dw(Apw — q)
0

— o' (—Ipw")} do — (dumy + dwq))|smy =0, Vou,dw,t,
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where du(0) = dw(0) = 0w’(0) = 0 in order to satisfy the clamping boundary condition.
The strong variational form is obtained by applying integration by parts, once for the du'-
and dw’-terms and twice for the dw”-terms

I
oW = / {6u(Apii — 7 — Nj7) + dw(Apw —q — My — Ipw")} dx
0
— (ou(m — Np) + dw(q, — M) — ow'(=My))|,_, =0, You,ow,t .

Using the common arguments, we obtain the equations of motion of the plane linearized
Euler—-Bernoulli beam
Apii = N; + 7,

7.35
Apw — Ipi" = M} +7q, (7.35)

together with the kinetic boundary conditions at * = I, m; = Np(l), g, = Mp(l) and
M;(l) = 0 and the kinematic boundary conditions u(0) = w(0) = w’(0) = 0. Using the
constitutive laws (7.33), the dynamic equations of motion for the Euler-Bernoulli beam
take the form

Apii — EAY" =7,

7.36
E]w/m—l-Apﬂ)—fpﬂ')//:G. ( )

Constraint stresses of the plane Euler—Bernoulli beam

In the equations of motion of the Euler-Bernoulli beam (7.35) we recognize, that no
traction force (); appears. Nevertheless, it is possible that traction forces g are equili-
brated. The equilibrium is guaranteed by the constraint stresses and their corresponding
internal generalized constraint forces, which in (7.35) drop out, due to the projection on
admissible virtual displacements. In order to access these constraint stresses, we intro-
duce non-admissible virtual displacements as done in the previous section. The virtual
displacements (7.6), which are admissible for the Timoshenko beam, are non-admissible
virtual displacements for the Euler-Bernoulli beam, i.e.

u — daz ou' — o'z 0 (6w — o)
0Xpa = 0 , €(0xpa) = 0 0 : (7.37)
ow sym. 0

Since the clamping is still guaranteed, 0x,,((0, vy, 2),t) = 0. As for the Timoshenko beam,
we choose the normal constraint stresses to vanish, i.e. 0g,, = 0. Using the vanishing
impressed transverse shear stresses (7.34), we rewrite the internal virtual work of the plane
linearized Euler—Bernoulli beam according to non-admissible virtual displacements (7.37)

as
l
5wint :/ {5u//0']xwdA—60// ZO']xdi‘i‘((swl—(SOé)/O_szdA} dz
0 A A A

!
= / {6u'N; — 6’ M + (dw' — da)Qc} dx |
0
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in which we define the resultant contact shear force as

Qc(x) = /Aacm dA .

By substituting ; with Q¢ and « with w' in (7.13) and (7.14), this leads to the non-
minimal equations of motion
Apii=N;+7,
Apib = Q +7 ,
—[pw/ = M;_QC .

These are exactly the equations of motion which are obtained, when starting with the
balance of linear and angular momentum, cf. for the static case Gross et al. (2011). From
such a derivation it does not become clear, that within the Euler—Bernoulli beam theory
the resultant contact shear forces Q¢ (x) are in fact constraint forces. The derivation of
the constraint stresses is identical to the Timoshenko beam, hence it holds that

M H,, My As s e
Ocze =0, 0OCp. = 0 00== T /A h(z — z9)H,,dA — I (pAw —7q) .

The total stress distribution coincides therefore with the stress distribution of the Timo-
shenko beam (7.28). For the static case of the clamped beam under end load g, = P, the
transverse shear stress at zp is obtained by

PH

20

Uzz(ZO) -

This is the transverse shear stress formula which is derived in all technical mechanics
books and is commonly used for criterions of failure. However, it is seldom mentioned,
that also constraint stresses, which cannot be determined uniquely, are considered for
criteria of failure.

7.4 The Plane Linearized Kirchhoff Beam

The Kirchhoff beam has an additional inextensibility constraint

/

g = Uu = 0 s
i.e. that the derivative of longitudinal displacement has to vanish. Since the dynamics in
el-direction is eliminated, the equations of motion of the Kirchhoff beam coincide with
the second line of (7.35) and (7.36). The derivation of the equations of motion works

analogously to the Euler-Bernoulli beam and is therefore omitted here. The constitutive
equations for the generalized internal forces is given as

M; = —-FEIuw" .



78 Chapter 7. Classical Plane Linearized Beam Theories

The relationship between the three-dimensional theory and the internal generalized forces
is obtained as

" 1
Ulzm:E(_w Z): Ji z, Ulzzzo7 UIZZIO-

With the same non-admissible virtual displacements as for the Euler-Bernoulli beam
and the definition of Ny = f 4 0Czz dA we obtain the non-minimal equations of motion
of the Kirchhoff beam

Apii =+ N,
Apio =7+ Q¢
—Ipa:M}—Qc

By replacing N; with N¢ in (7.28), we obtain the total stress distribution of the Kirchhoff
beam.

In this chapter, we have introduced the well-known equations of motion of the plane
classical beam theories as induced theories using the principle of virtual work of a con-
strained continuous body. The virtual work together with the solution of the equations of
motion and non-admissible virtual displacements have enabled us to extract the constraint
stresses. It is important to notice, that the constraint stresses have only been extracted up
to certain indeterminacy. Doing further assumptions on the constraint stress distribution,
the total stress distribution (7.28) consequently has been uniquely determined. The main
achievement of this chapter is that the very classical results of the equations of motion
and the stress distributions of the plane classical beams are obtained by the principle of
virtual work in a purely analytical way.



Augmented Nonlinear Beam Theories

Augmented nonlinear beams are beams whose constrained position field and insofar whose
cross section deformations are more involved than those in the classical theory. In classical
theories the deformation of the cross sections are described by six generalized position
functions, whose dual kinetic quantities are resultant contact forces and contact couples.
Since the balance of linear and angular momentum hold six equations, it is also possible to
derive the equations of motion of an induced theory for classical beams from the balance
of linear and angular momentum, cf. Simo (1985). Assuming more complex deformation
states of the cross sections using more than six generalized position functions, as for
instance to describe in-plane deformation or out-of-plane warping, more complex and
counterintuitive generalized resultant contact forces do appear. The postulation of the
correct intrinsic equations requires much mechanical intuition. Hence, we determine the
equations of motion of the nonlinear two-director Cosserat beam and the nonlinear Saint—
Venant beam in a concise way in the sense of induced beam theories.

In Section 8.1, we introduce the nonlinear Cosserat beam which is intensely discussed
in Naghdi (1980) and Rubin (2000). In Section 8.2, we treat a beam theory with out-of-
plane warping, derived by Danielson and Hodges (1988) in its static version as an induced
theory. A dynamical version of the Saint—Venant beam is obtained in Simo and Vu-Quoc
(1991) as an intrinsic theory. In accordance to Saint—Venants solution of a linear elastic
body under torsion, who has recognized the effect of warping fields, we call this theory
Saint—Venant beam theory.

8.1 The Nonlinear Cosserat Beam

The Cosserat beam theory goes back to the celebrated work of the Cosserat brothers
Cosserat and Cosserat (1909) who developed intrinsic theories for generalized one-, two-
and three-dimensional continua founded on an action principle. For further historical
information and an alternative derivation of the upcoming equations of motion of the
nonlinear two-director Cosserat beam, we refer to the Rubin (2000).

'Rubin (2000) induces the equations of motion of the nonlinear Cosserat beam from the balance of
angular, linear and averaged linear momentum. Without recognizing, using the balance of averaged linear

79
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Kinematical assumptions

Similar to the treatment in Chapter 5, we first assume at a given instant of time ¢ a
placement of the slender body in E®, at which the body covers the subset Q, C E3.
We identify the characteristic direction of the slender body with an arbitrarily chosen
centerline r which propagates along the largest expansion of the body. Subsequently,
we identify every point of the continuous body in €, with a unique point of the set
B = &(-,t)71(Q) € R3. Then we choose the body chart @ such that the centerline r is
parametrized by 0% =: v only. For a Cosserat beam, we assume the existence of a motion
given by the constrained position field

£0%,v,t) =x(q(-,1) (0% v) =r(v,t) + 60%da. (v, 1) , (8.1)

where the generalized position functions q(+, ) are recognized as r(+,t), d; (-, ) and da(+, ¢).
The centerline is given by the space curve r(-,t) = £(0,0,-,¢) and is bounded by its ends
v =1y and v = vy for vy > v1. At every material point v of the centerline r two directors
d,, are attached which span the plane cross section of the beam. In contrast to the classical
beam, the directors are allowed to deform. Hence, the cross sections remain plane, but
in-plane deformation may occur. The current state of the cross section &(A(v),v,t) is
parametrized by the coordinates (6',6%) € A(v), where A(v) == {(6",6%)](6",6°,v) € B}.
In (8.1), we have identified the generalized position functions q(-, t) with r(+, ), d; (-, ¢) and
dy(-,t). Hence, the generalized position functions q(-, t) evaluated at v can be considered
as a point on the 9-dimensional manifold E? x E3 x E3.

A body is modeled as a Cosserat beam, when the in-plane deformation is assumed
to be relevant for the motion. We want to mention, that the in-plane deformation is
described by the two directors only. According to the classification of Naghdi and Rubin
(1984) merely normal cross section extension, tangential shear deformation and normal
cross sectional shear deformation may appear.

Since the directors are unconstrained, there is no such kinematical quantity as a ro-
tation. Rotations commonly appear in the context of rigidified and extended objects.
According to the constrained position field, the wvelocity and acceleration of a material
point are introduced by the total time derivative of the constrained position field (8.1) as

Xx=1+0%d,, ¥=rt+06,. (8.2)
The partial derivatives of the constrained position field follow straight forward from (8.1)
Xo=do, X =r"+6%d.), (8.3)

where the partial derivative with respect to v is still denoted by a superposed prime (-)'.
The admissible virtual displacements with respect to the constrained position field (8.1)
and the corresponding partial derivatives are

ox = or + 0%0d, , 0x,,=0dd,, Ox =or +6%dd,) . (8.4)

momentum, he applies the principle of virtual work for admissible virtual displacements.
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For the formulation of constitutive laws or for the determination of mass densities it is
convenient to introduce a special configuration, called reference configuration. Let rq and
D, be the reference generalized position functions of Q, then the reference configuration
of the beam corresponds to the constrained position field

B0 v) =X(Q)(0%v) =ro(v)+0°D,(v) . (8.5)

We call the space curve rop = Z(0,0, -) the reference curve of the beam. The directors D,

describe the reference state of the cross section Z(A(v),v) at v.

Virtual work contribution of internal forces

In the following, we determine the contribution of the virtual work due the admissible
virtual displacements (8.4). According to the principle of d’Alembert-Lagrange (4.8), the
constraint stresses due to the constrained position field drop out and the boundary value
problem of the nonlinear Cosserat beam is obtained.

Applying the derivatives of the admissible virtual displacements (8.4) to the internal
virtual work of the continuous body (4.1), we obtain by the common split of the integration
the internal virtual work of the Cosserat beam as

. . Ij2

SW™ = / t' . 0x,;d%0 = / {6d, - k*+0r' -n+ (6d,) - m}dv . (8.6)
B v

Herein, the integrated kinetic quantities k*, n and m® are the intrinsic director cou-

ples, the resultant contact forces and the resultant director contact couples of the current

configuration defined by

k% (v, t) = / t*d?0, m°(v,t) = / 0°t3d%0, n(v,t) = / t3d%9 . (8.7)
A(v) A(v) A(v)

In order to make the connection to an intrinsic theory, it is possible to introduce an
equivalence class of forces. Force distributions in the Euclidean space which have the same
intrinsic director couples, the same resultant contact forces and the same director contact
couples are considered to be equivalent. The representatives of this equivalence class are
then identified with the internal generalized forces of an intrinsic Cosserat beam theory
which postulates the right-hand side of (8.6) as its internal virtual work of the generalized
one-dimensional continuum. By the definition of an equivalence class, we decouple our
induced theory from the theory of a constrained three-dimensional continuous body and
arrive at an intrinsic theory. It is worth mentioning, that since we have no rotations
as kinematical quantities, also no resultant contact couples in the sense of the classical
theory appears in the equations of motion of the Cosserat beam.

Virtual work contribution of inertia forces

As for the classical beam, the pullback of the mass distribution py with respect to the
reference configuration (8.5) allows us to formulate the mass distribution on the domain B

as
dm = py G2 d%0, GY? =X, (X3 xX,3) . (8.8)
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In accordance with the virtual work of (4.2), the accelerations (8.2) and the admissible
virtual displacements (8.4), the virtual work of the inertia forces

SWdym — /5X % dm = / {/ (0r + 6°6d,,) - (i + 0°ds)py G/ d29} dv
BU2 V1 A(v) (89)
_ / (v A+ 0do - i+ 0 - gfdo + 6, - M dv

vy

is obtained, where in the last line the time independent inertia coefficients

A, (v) = /A( )po G2 d% , @y (V) = /A( )GO‘pO G2 a%

MoP(v) = / 0°0%p, G2 426 .

A(v)

are defined. If the centerline coincides with the line of centroids, then the inertia term g,
vanishes.

Virtual work contribution of external forces

As for the classical beam theory, we do allow forces df with Dirac-type contributions.
Using the common split of integration and using the admissible virtual displacements (8.4),
we obtain the external virtual work contribution

5W‘3Xt:/5x-df: / {6r - dn + od,, - dm“} |

B [v1,02]

where the resultant external forces distribution dm and the resultant external director
couple distribution are the integrated quantities

dn(v, t) = / df | dme (1, t) = / g df .
A(v)

A(v)

With the same equivalence class argument as for the resultant contact forces and director
couples, we can identify the resultant external forces and director couples with external
generalized force distributions of an intrinsic theory. We want to emphasize again, that
naturally there appear no couples as in the classical beam theory. Nevertheless, together
with constraint conditions on the directors, it is possible to assign couples from the clas-
sical theory to a Cosserat beam. As a consequence, at the point of application, the cross
section is rigidified. For the sake of brevity, we only allow discontinuities in the force
contributions at the boundaries v; and s and obtain the virtual work contribution for
external forces as

120} 2
St = /{5r B ody W dv+ 3 {0r(n) T+ 0da(v) T} . (8.10)
i=1

vi
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The boundary value problem

Using the principle of virtual work of the continuous body (4.3) with the total stress (4.7),
together with the modified virtual work contributions (8.6), (8.9), (8.10) and the principle
of d’Alembert-Lagrange (4.8), we obtain to the weak variational formulation

V2 ..
oW = / {5r (Apoi + g dg — M) + 67 -0+ (6d,)" - m* + dd,, - (K + g ¥
1 .. 2
+Mp ds — ﬁ“)} dv+ > {or @ +dd, - mP}|,_, = 0Vor,od,
=1

of the nonlinear Cosserat beam. Using integration by parts, the virtual work is expressed
in the form

W =—{0r-(n+1;) +dd, - (m+mY)}|,—,,
) / {00 (At +qds — T —n) + 0do - (K" + 3§ + MpPd; — " — (m")) } dv

+ {0r - (n —ny) +dd, - (m+m3)}|,—, =0WVr,dd, ,

which corresponds to the strong variational formulation of the Cosserat beam. If the
functions in the round brackets are continuous and if the variations of the generalized
position functions are smooth enough, then by the Fundamental Lemma of Calculus
of Variation, the former terms have to vanish pointwise. This leads to the complete
boundary value problem with the equations of motion of the Cosserat beam which are
valid for v € (v, 1)

n' +0=A,f+q ds,
(ma)/ +m® — kY = M%Bdﬁ + qzéo'l'- ’

together with the boundary conditions n(r;) = —n;, m*(r;) = —m{ and n(v,) = Ny,
ma(yg) = ﬁg‘

Constitutive law and restrictions on internal forces

In the same spirit as for the classical beam theory, we propose a semi-induced theory for
the nonlinear Cosserat beam, where we formulate an elastic generalized constitutive law
relating generalized strains and generalized internal forces. Since we do not consider any
Cosserat beam with further constraints, which is possible, we omit the subscript (-); for
the impressed generalized internal forces.

The most basic constitutive law for a nonlinear Cosserat beam is an elastic force law
in the sense of (5.28), such that

A

W(v,t) = W(vi, (0a)i, (€a)i)
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where we have introduced the generalized strain measures
vi(v,t) =e; -1 —e; -1y,
(00)i(v,t) =e;-d, —€;- D, ,
(€a)i(v,t) =€; - (dy) —e; - (Dy)
with (e, ey, e3) being an inertial orthonormal basis of E3. It can readily be shown, that

the chosen generalized strains are compatible with the internal virtual work (8.6) of the
induced theory. The variation of the potential W is written as

ow ow ow
W = —e,; - Or’ ;od, + ———
o T A T e,
=n-or' + k% dd, + m®- (6d,) ,
where it is summed over repeated latin and over repeated greek indices and the generalized
internal forces

e; - (5(da),

ow ow ow

n=-—e; k* = ———e¢; m® = ——e;

Vi v a<5a)i v a(ea)i
have been recognized. In accordance with the law of interaction (4.4), from the three-
dimensional theory, we induce an additional restriction on our generalized internal forces.
Since the symmetry condition (4.5) has to hold pointwise, also its integration over the
cross section must be valid, i.e.

/ x,; xt'd’d =0 Vv
A(v)

Using the partial derivatives of the constrained position field (8.3) together with the
definition of the generalized internal forces (8.7), we identify a symmetry condition

do xk*+1' xn+(d,) xm*=0 Yv (8.11)

for the intrinsic theory. The additional condition (8.11) on the internal generalized forces
makes it elaborate to formulate a constitutive law. A very extended treatise on constitu-
tive laws of Cosserat beams is given in the book of Rubin (2000) or in the corresponding
publication Rubin (1996). Another treatise on that topic can be found in O’Reilly (1998).

8.2 The Nonlinear Saint—Venant Beam

In all previously discussed beam theories, the cross sections are assumed to remain plane
during the motion of the beam. In the work of Saint—Venant, the deformation of homoge-
nous linear elastic prismatic bodies which are loaded only near their ends are investigated.
The exact solution of the torsional problem for non-circular cross sections leads to out-of-
plane deformation of the cross sections. These solutions suggest that the classical beam
theories are inadequate for a three-dimensional analysis of beam-like bodies. In this
section, we derive the equations of motion of a beam which describes also out-of-plane
warping. Since the warping field is generally related to the investigations of Saint—Venant,
we call the following beam theory nonlinear Saint—Venant beam theory.
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Kinematical assumptions

For the nonlinear Saint—Venant beam, we assume the following constrained position field:
£0% v, t) =x(q(-,1)(0% v) =r(v,t) + 60%da(v, t) + X0, ) (v, t)d3(v, t) , (8.12)

where the generalized position functions q(-,¢) are recognized as r(-,t), dy(-, ), da(+,t)
and (-, t). The centerline is given by the space curve r(-,¢) = x(0,0, -, t) and is bounded
by its ends v = 14 and v = v, for 1, > 4. At every material point v of the centerline r a
positively oriented orthonormal director triad (d;(v, ), da(v, t),ds(v,t)) is attached which
is related to an inertial basis in E* by a rotation as introduced in (5.2). Superimposed to
this rigid motion of the plane, a point on the cross section is allowed to deform additionally
out-of-plane in direction of d3. This deformation is not arbitrary, but it is induced by
an ansatz function A\(0%,v)i(v,t) composed by the multiplication of two functions. The
geometrical form of the out-of-plane displacement is given by a Saint—Venant warping
function \(0*,v) which depend on the coordinates 6 and is allowed to vary along the
beam v. The magnitude of the deformation is described by the warp amplitude ¥ (v,t)
depending on the coordinate of the characteristic expansion v only. The warping function
is given analytically for simple cross section forms or evaluated by a precomputational
step for more complex cross section forms and has to require

/ Ad%0 :/ A0 =0 . (8.13)
A(v) A(v)

In (8.12) we have identified the generalized position functions q(-,t) with r(-,¢), di (-, ¢),
dy(-,t) and (-,t) and have constrained the directors d;(-,t) and da(-,t) by (5.2) to re-
main orthonormal. Hence, the generalized position functions q(-,t) evaluated at v can
be considered as a point on the 7-dimensional manifold E® x SO(3) x R. The large dis-
placement of the beam is described by the motion of the centerline and the rotation of
the cross sections. The out-of-plane warping field, whose magnitude is small compared
to the displacements of the centerline, models an additional degree of freedom of the
continuum which is especially relevant for torsional problems. Nevertheless, we still re-
strict in-plane warping, which would be necessary to allow an exact solution for the pure
bending problem of a linear elastic continuum.

It is convenient to abbreviate the position vector from the centerline to a material
point in the cross section by

p(0%,v)=x—r=0%d, + \d; . (8.14)

The velocity and the acceleration fields
X=rhwxptyads, . . (8.15)
X=F+wXp+wx(wxp)+2w x (Pd3) + Ad;

are introduced by taking the total time derivative of the position field (8.12) and using
the angular velocity w defined in (5.5). By applying the effective curvature (5.4), the
partial derivatives of (8.12) are of the form

Xo=do +A\atvds, X' =1 +kxp+ (\))ds. (8.16)
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With the virtual rotations (5.6), for the admissible virtual displacement field
0x =0r+0¢p X p+ dYAds
is obtained. In accordance with (5.6) and (8.14), the variation of the position vector p is
op=0¢ x 0%d, + dpAds + d¢p x \ipd3 = d¢p X p + dpAds .
The variations of the partial derivatives with respect to 6%
0X,0 = 0 X X,o +00\,, d3 (8.17)
and the variation of the partial derivative with respect to v
o0x' =o' + 0k x p+k X dp + 0ypN'dz + ' Ads + 6 x (M) d3 (8.18)

follow directly from (8.16).

Virtual work contribution of internal forces

The transformation of the internal force contribution follows closely to the transformation
of the internal force contribution of the classical beam. Using (8.17) and (8.18) together
with the property of the cross product of (B.2), the internal virtual work density (4.1)
can be written as

t' 0%, = 0 - (X0 XtY) + 0PN ,o t* - d3 + 01 -t + 0k - (p x t7)

F 43 (k X 0p + SN dy + 0'Ads + 5 x (Ap)'dy) . (8.19)

Applying the symmetry condition (4.5), the first term of (8.19) can be written with x" of
(8.16) and together with the property of the cross product of (B.2) the internal virtual
work density takes the form
t'0x,; = —t* - (0 x '+ 0 x (k x p) + 6 x (M) d3) + 6N, o t* - ds + 61 - 2
+ k- (pxt3) +t*- (k x p + 0 Nds + 09/ Ads + 0 x (M\p)'d3) . (8.20)

Using (8.2) and rearranging the terms, we manipulate the expression further to

t'0x; =t (0r — 6 x ') + 0k - (p x t°) +t7 - (k X (6 X p) + 5 x (p x k))
+ 0 (Mo t* - ds +t° - (k x Ad3) +t2 - Nd3) + 6¢/'t? - A3,
where the term d¢ x (A))'ds cancels. The Jacobi identity (B.1) and the skew-symmetry
of the cross-product finally leads to

th 0%, =t° - (0 — 6 x ') + (p x t7) - (0k — §¢p x k) + 09"t - Ad3
+ 0 ds - (Mat® + A2 x k+ Nt?)
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as the internal virtual work density for admissible virtual displacements. With the usual
split of the integration, the internal virtual work of the Saint—Venant beam is represented
as

2]
SWint = / {n-(0r —d¢ x1r')+m- (0k —d¢p x k) +0¢'D + sy B} dv . (8.21)
vy
Herein, the integrated kinetic quantities

n(v,t) ::/ t2d*0, m(v,t) ::/ (pxt*)d%, D(v,t):=ds / At2d%0
Av) Av) Av)

B(v,t) =ds - / (Ao t® + 2% x k + Nt)d?0 .

A(v)

are the resultant contact forces, the resultant contact couples, the resultant contact bi-
moments and the resultant contact bi-shears, respectively, of the current configuration.?

Virtual work contribution of inertia forces

As for the Cosserat beam, we choose the mass distribution (8.8). For the manipulation of
the inertia terms it is convenient to introduce some abbreviations of integral expressions
and their properties. In order that the following transformations do not explode, we
consider the centerline to be the line of centroids. According to that choice, together
with the requirement (8.13) for the warping function, all terms which are linear in p and
integrated over the cross section, vanish. The cross section inertia density is introduced
as

/ PP po GV? %0 = 1, (v, 1) + ¥°Z,, (v)Pa,(v) |

A(v)

where I, corresponds to the cross section inertia density (5.19) of the classical beam?
and the projection Pq, and the warping inertia density are defined as

Pa,(v,t) = ds(v,t)ds(v, )", Z,,(v) = / A2po GY2 %6

Av)

Furthermore, it is convenient to abbreviate the product of the cross section inertia density
and the angular velocity by

B(v,1) = (L, (1, 8) + (0, 1)Z0 (1) Pat, (v, ) (01 )

By considering the derivation in (5.21) and using the same arguments for the projec-
tion Pg,, it can easily be shown that

h = (I, + ¥*2,,Pa,)w + w x (I, + ¥*Z,,Pa,)w + 200=, Pa,w .

2Since Danielson and Hodges (1988) introduce the constrained position field with a warping function
which is constant along v, the A'-term in the resultant contact bi-shear vanishes in their derivation.
3Notice, that within the classical theory p = 0°d,.
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With the admissible virtual displacements (8.12) and the accelerations (8.15) of the re-
stricted kinematics, the virtual work contribution of the inertia forces as

5Wdyn:/5x.s<dm:/{(5r+5¢><p+5wd3>-(f+wxza+
B B

Hw X (WX p)+ 2w x (PAd3) + zl}Adg)} po G2 A0

is obtained. For the sake of clarity, the inertia terms are treated separately for all the
variations dr, d¢ and 1. Since the terms linear in p integrated over the cross section
vanish, the inertia forces in dr-direction are of the form

/51‘ -xdm = / or - A, rdv (8.22)

B

where the cross section mass density (5.17) has been used. The skew-symmetry of the
cross product, together with (B.2) and (B.5), implies the d¢-terms of the inertia forces as

/((5¢>< p).j'(—/{§¢. (ﬁﬁTw‘f‘@bﬁTw+2w17b)\2Pd3w)}p0G1/2d39
B B
:/ o¢-hdv.

v

(8.23)

For the §1-terms all terms which are linear in A and those who are orthogonal to ds drop
out. Using (B.3) and (B.4), the inertia contribution is of the form

/B&/J)\dg ¥k = /”2 {(Swd?) . Epo(ﬁﬁdg +w X (w % 1/;d3))} dv

v

(B3) /W {(wapa (12; (W w) — (W d3)2)> } dv  (8.24)

v

(B / {&pam (d; — h(w x d3)2> } dv .

v

According to (8.22) — (8.24), the virtual work contribution

S — / {5r A F+ 00 b+ 0US, (& ~ p(w x d3)2> } dv  (8.25)

V1

can be written in compact form.

Virtual work of external forces

As for the classical beam theory, we do allow forces df with Dirac-type contributions.
Using the usual split of the integration together with the virtual displacements (8.2), we
obtain the external virtual work contribution

B

[v1,v2]
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where the generalized external force distributions

dﬁ::/ df dm::/ p x df dbszdg./ A
A(v) A(v) A(v)

have been recognized. For the sake of brevity, we only allow discontinuities in the force
contributions at the boundaries v; and vy and obtain the virtual work contribution for
external forces as

Vo 2
awext:/ {ov 7+ 0¢p i+ 0yD} dv+ > {or 5 + 6 T + 00D:} [1my, - (3.26)
e i=1

The boundary value problem

Using the principle of virtual work of the continuous body (4.3) with the total stress (4.7),
together with the modified virtual work contributions (8.21), (8.25) and (8.26), we obtain
the weak variational formulation

5W:/V2{n-(5r’—(5¢><r')+m-((5k—(5¢><k)+5r-(Ap0f—ﬁ)
8¢ - (T — h) + 04’ D + 59 (Epo (¢—¢<wxd3)2) +B—E)}dy

2
+ ) {or-m; + 0d, - Wy + 0¢D;}|, =0 Vor, 6,60

=1

of the nonlinear Saint—Venant beam. Applying the identity (5.11) and integration by
parts, the virtual work is expressed in the form

OW = —{or - (n+70) +d¢ - (m + 1) + 69(D + D)} |um,
—|—/V2 {(5ro(Apoi‘—ﬁ—n’)+(5¢~(h—ﬁ—m'—r’><n)+

oy (Epo (@2) —p(w % d3)2> YB-D — E) } dv
+{or-(n—1m;)+0¢- (m—m) + 6¢(D — D1)} |y, = 0 V0T, 00,60 ,

which corresponds to the strong variational formulation of the Saint—Venant beam. For
the common arguments of calculus of variations, this leads to the complete boundary
value problem with the equations of motion of the nonlinear Saint—Venant beam which
are valid for v € (v, 1)

n +n=A4,7,
m+rxn+m=h,
D'~ B+D =5, (1~ tlw x dg)?) |

together with the boundary conditions n(v;) = —ny, m(v) = —my, D(1) = —D; and
l'l(l/z) = ﬁg, m(VQ) = mg, D(I/Q) = DQ.
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Constitutive laws

In comparison with the classical beam formulation, two new scalar quantities appear
additionally. Thus, the generalized strain measures (5.29) and (5.30) are completed by
and ¢’. A very straight forward elastic potential is

A

W(V) = W(’}/Z, Hi)¢/’¢) ’

The variation of the elastic potential leads to the internal virtual work

ow ow ow ow
oW = ~(or' - d; +1' - 0d;) + ——d; - 0k;d; + ——§ o’
W o (or'-d; +r z)—l—aki ; jj+a¢ ¢+8¢,¢
=n-(0r —0¢ xr')+m- (0k — ¢ x k) + Bdp + D' |

where we have recognized

ow ow ow ow
= —d, = —d, B = — D = .
n . ] m 1 81/] 9 aw,

Ok;
For an explicit formulation of a constitutive law we refer to Simo and Vu-Quoc (1991).




Conclusions and Outlook

The thesis has been divided into two parts. Whereas in the first part questions on the
foundations of continuum mechanics are discussed, the second part applies the obtained
theory to induce a number of different beam theories. To retain the purpose that the two
parts may be read independently, the conclusions and the outlook of both are given in
separate sections.

9.1 On the Foundations of Continuum Mechanics

In Part I of this thesis differential geometric concepts and their application to mechanical
objects have been discussed. Thereby, an intrinsic differential geometric setting of a
continuous body has been obtained. In the sense of analytical mechanics, the space of
forces of a continuous body is defined as the set of linear functionals on the space of virtual
displacements. An affine connection on the physical space which induces a covariant
derivative on the space of virtual displacements allows for a non-unique representation
of forces by vector and tensor valued measures. Classically, the vector and tensor valued
measures represent the external and the internal forces, respectively. How internal and
external forces interact is postulated in the principle of virtual work.
The scientific merits of the first part of the thesis can be summarized as follows:

— In this thesis the spatial virtual displacement field has been defined as the infinites-
imal generator of a smooth global flow on the physical space. The virtual dis-
placement field has then been defined as the pullback section of the spatial virtual
displacement field with respect to the configuration of the body. Using the iso-
morphism between the tangent space of the configuration manifold and the set of
pullback sections, the virtual displacement field has been identified with an element
of the tangent space of the configuration manifold.

— A definition of the covariant derivative of a pullback section induced by an affine
connection on the ‘target’-manifold has been introduced. Furthermore, its local
representation has been shown in this thesis.
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— The forces of a continuous body and their representations have been obtained in the
sense of duality as proposed by Segev. The interaction between the different classes
of forces, i.e. internal and external forces, has then been introduced in this thesis by
postulating a virtual work principle which is in accordance with the first gradient
theory of Germain.

— A split of the variational stress into a tensor density, classically denoted as the stress
tensor, and a volume element of the body has been introduced. This point of view
on the classical stress, given in this thesis, clarifies the non-tensorial transformation
rules between the classical stresses as e.g. the Cauchy or 1st Piola-Kirchhoff stress.

— By introducing rigidifying virtual displacements as Killing vector fields, we have
introduced a concept to define internal forces in an intrinsic setting. A proof of the
symmetry condition of the stress under certain regularity assumptions still needs to
be given.

The author is aware that rigorous proofs for some of the statements are missing. The
challenging task of an intrinsic differential geometric description of continuum mechanics
is the interaction between infinite dimensional geometry, measure theory and functional
analysis. The combination of all these mathematical topics forms a rather modern research
field in pure mathematics. For a concise formulation of an intrinsic theory, first, the
required mathematical framework has to be gathered and prepared. The following open
questions and tasks are identified:

— The topology of the infinite dimensional manifold of embeddings and its mechanical
interpretation have to be discussed. The possibilities to relax the continuity assump-
tions of the embeddings, such that the manifold structure of the set of configurations
is preserved, have to be analyzed. The corresponding admissible force representa-
tives have to be studied. For instance, for piecewise continuous virtual displacement
fields it is assumed that traction forces within the body can be described.

— A complete proof of Theorem 2.3 has to be given.

— The representation theorem of C*(k*T'S)*-forces has to be proved. A representation
theorem for relaxed continuity assumptions must be discussed.

— The symmetry condition of the variational stress for rigidifying virtual displacements
for the Euclidean three-space as physical space has to be derived.

— It has to be shown, that the classical stresses, as e.g. Cauchy stress, Kirchhoff stress
or Biot stress, arise from the variational stress by choosing distinct configurations,
volume elements and coordinate representations.

— Using Stokes’ theorem on manifolds and the traction stress of Segev (2013) the
strong variational form of the continuous body has to be derived.
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— For hyperelastic materials the internal virtual work has to be obtained by a variation
of an internal energy. Together with an intrinsic differential geometric formulation
of variational calculus this leads directly to the theory of covariant elasticity.

Comparing the equilibrium equation of a linear elastic bar of infinite length with
the equation of motion of a particle moving in a one-dimensional physical space, one
recognizes that the differential equations coincide. Moreover, the concept of stress and the
concept of linear momentum are the same from a geometric point of view. Furthermore,
driven by the insights of general relativity, a vision of an intrinsic differential geometric
description of classical continuum dynamics emerges. In such a description, the body is a
space-time continuum which is mapped to the physical space modeled as a vector bundle.
The vector bundle consists of a one-dimensional Riemannian base manifold, modeling
the time, together with a typical fiber of a three-dimensional FKuclidean vector space,
modeling the real space. An affine connection on the vector bundle defines the inertial
forces and corresponds to the choice of an inertial frame in classical mechanics. Such an
invariant theory constitutes the basis of classical mechanics and the virtual work, or more
appropriate the virtual action is ‘The Invariant Quantity’ of this theory.

9.2 Beam Theories

Starting from the principle of virtual work of a continuous body and by considering a
beam as a continuous body with a constrained position field, induced beam theories have
been obtained in this thesis in a systematic and concise way. A constrained position field
is guaranteed by a constraint stress field, whose constitutive law can only be formulated
in variational form with the principle of d’Alembert-Lagrange. Due to the principle
of d’Alembert-Lagrange, the constraint stress field vanishes for all admissible virtual
displacements, i.e. for variations of the constrained position field. The most convenient
approach for a systematic treatment of an arbitrary induced beam theory is therefore given
by the principle of virtual work of a continuous body. This emphasizes the importance of
the principle of virtual work in the field of structural mechanics.

The main contributions of the second part of the thesis can be summarized as follows:

— As an example of how specific theories are induced from a general mechanical the-
ory, beam theories have been induced in Part II from the theory of a continuous
body. A variational formulation of the general theory, together with the principle
of d’Alembert—Lagrange allows us to induce the specific beam theory merely by the
choice of the constrained position field. This remains in the spirit, as discussed in
Section 1.2, that the kinematics defines which kind of forces we may expect.

— Assuming various constrained position fields together with further constraint con-
ditions on the level of generalized position fields, several beam theories have been
induced in this thesis. The classical theories of Timoshenko, Euler—Bernoulli and
Kirchhoff have been formulated in a nonlinear and linearized setting. Additionally,
the derivation of augmented beam theories, such as the two-director Cosserat-beam,
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and the Saint—Venant beam, emphasizes the systematic procedure of an induced
beam theory obtained by the principle of virtual work of the continuous body.

— The classical plane linearized beam theory is generally applied in the theory of
strength of materials. By the application of non-admissible virtual displacements,
the total stress distribution of the constrained continuous body is obtained. In this
thesis, this analytical procedure has led to the insight that the constraint stress dis-
tribution cannot be determined uniquely and certain assumptions on the constraint
stress distribution have to be taken. Hence, the total stress distribution used for
the determination of failure criteria in technical mechanics is not unique.

— A valuable by-product of the formulation using the principle of virtual work is, that
the weak variational form of all beam theories have been derived automatically in
this thesis. A finite element discretization, as in Eugster et al. (2014), follows in a
very natural way by further constraining the generalized position fields such that
those can be described by finitely many degrees of freedom. Thus, also the numerical
discretization fits into the concept of induced theories.

The above insight brings forth a wealth of new open questions which are to be addressed
in further research. Most urgent is to derive the nonlinear theories in this thesis not
only as semi-induced, but also as fully induced theories, i.e. using constitutive laws of
a continuous body to determine the constitutive laws of the internal generalized forces.
The interaction between the constrained position field and the constitutive law has to be
discussed. For instance in the classical beam theory, the Poisson effect modeled within a
three-dimensional linear elastic and isotropic material law leads only to additional con-
straint stresses. Especially for a numerical treatment of an induced theory, the constrained
position field and the material law have to harmonize. Another topic is to derive more
elaborate augmented beam theories which include in- and out-of-plane warping as pro-
posed by Bauchau and Han (2014) and Papes (2012). Lastly, experimental work is needed
to find out which beam theory is most successfully applied to a given application problem.
There is no such thing as ‘The Beam’, every application asks for its own solution.

In the same spirit as for the beam, we are able to describe more complex structural
elements as constrained three-dimensional continuous bodies:

— An incompressible continuum is a classical continuum with three characteristic di-
rections with pointwise incompressibility constraints.

— A shell is a continuous body with two characteristic directions where the irrelevant
deformations are eliminated by a constrained position field.

— A rigid body is a continuous body with no characteristic direction and pointwise
rigidity constraints.

Hence, one should be able to induce all specific theories such as rigid body mechanics,
multibody mechanics, beam theories and shell theories from the theory of a continuous
body. Such a unification of mechanics will not only bring more clarity in the scientific
field but will also allow to develop more complex structural elements and will lead to more
efficient numerical discretizations.



Multilinear Algebra

This chapter presents concepts from multilinear algebra based on the basic properties of
finite dimensional vector spaces and linear maps. The primary aim of the chapter is to
give a concise introduction to alternating tensors which are necessary to define differential
forms on manifolds. Many of the stated definitions and propositions can be found in Lee
(2012), Chapters 11, 12 and 14. Some definitions and propositions are complemented by
short and simple examples.

First, in Section A.1 dual and bidual vector spaces are discussed. Subsequently, in
Section A.2 — A.4, tensors and alternating tensors together with operations such as the
tensor and wedge product are introduced. Lastly, in Section A.5, the concepts which are
necessary to introduce the wedge product are summarized in eight steps.

A.1 The Dual Space

Let V be a real vector space of finite dimension dim V' = n. Let (ey,...,e,) be a basis of
V. Then every v € V can be uniquely represented as a linear combination

VvV = viei s (Al)

where summation convention over repeated indices is applied. The coefficients v* € R are
referred to as components of the vector v.

Throughout the whole chapter, only finite dimensional real vector spaces, typically
denoted by V', are treated. When not stated differently, summation convention is applied.

Definition A.1 (Dual Space). The dual space of V is the set of real-valued linear func-
tionals
V*={w:V — R:wlinear} . (A.2)

The elements of the dual space V* are called linear forms on V.

The dual space, equipped with pointwise addition and scalar multiplication is again a
real vector space.
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Proposition A.1. Given any basis (ey,...,e,) for V, let €',... €" € V* be the linear
forms defined by

e'(e;) =0 , (A.3)

where 0} is the Kronecker delta symbol defined by
p={ s
Then (€', ... &™) is a basis for V*, called the dual basis to (ey, ...,e,) and consequently
dimV* =dim V. Any linear form w can be uniquely represented as a linear combination
w=uwe", (A.5)

with components w; = w(e;).

Proof. We need to show that (e',...,€") (i) spans the dual space V* and (i7) is linearly
independent. Let v € V and w € V*.
(1) Due to the linearity of w we have

wv) ) wvie,) A viw(e;) . (A.6)

Writing the linear form as a linear combination (A.5) and applying it to v, it follows by
linearity of the linear form and the definition of the dual basis (A.3) that

w(v) = wie'(vVe;) (4.2) wiv’e'(e;) (A3) wiv’ o “d wiv' (A.7)
Let w; = w(e;). Then comparison of (A.6) and (A.7) proves that (e!,... &") spans V*.
(i1) To show that (&!,...,€") is linearly independent, suppose some linear combination

equals zero, i.e. w = w;e’ = 0. Applying to both sides an arbitrary vector v € V, it follows
by the computation of (A.7) that

WeViwv)=0 = VveR:vw=0 = w;=0.

Thus, the only linear combination of elements of (€',... €") that sums to zero is the
trivial one. This proves the linear independency of (e!,... e"). O

The application of a linear form w € V* on a vector v € V is called the duality pairing
and is expressed in components as in (A.7).

Since the dual space V* is also a vector space, we may consider the dual space of
V*, called the bidual space V** := (V*)*. For each vector space V, there exists a linear
isomorphism

OV o>V vis oy Vw eV dy(w) =w(v) .
Hence, we identify the vectors of the bidual space V** naturally with the vectors of the
vector space V. For convenience, we suppress the function ¢ in our notation and write

Oyv(w) = v(w) .
The duality pairing between the identified bidual basis e; € V** and the dual basis €/ € V*
is evaluated as

e;(e’) =07 .
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A.2 Multilinear Forms and Tensors

Definition A.2 (Multilinear Form, Tensor). Suppose Vi,...,V, are vector spaces. A
map F: V) x --- x Vi — R is said to be multilinear, if it is linear in each argument, i.e.
forany i e {1,...,k},v; eV, w;eV,abeR

F(vi,...,av; +bwy, ..., vi) =aF(vy,..., vy ..., vi) +OF (v, oo Wy o V)

We refer to multilinear F as multilinear form or tensor of rank k.* The set of such
multilinear forms is denoted by L(Vy,..., Vi; R).

Example A.1. Let V and U be vector spaces, then the multilinear form
F:V'xVxU—=R, (w,v,u)— F(w,v,u)

is a tensor of rank 3.

1

Example A.2. Let (ey,...,e,) be the basis vectors of V and (' ..., &") the correspond-

ing dual basis. Then the basis vectors

e: VR, visel(v)=17,
e: V"> R, wr e(w) =w;,

are tensors of rank 1, projecting the vector v and the covector w to their j-th and i-th
component, respectively.

Definition A.3 (Tensor Product). Let Vi,..., Vi, Wi, ..., W, be vector spaces, and let
FeL(Vi,...,Vi;sR) and G € L(W4,...,W;;R). Define a function

FooG:Vix-- - xVexW x---xW;, =R

by
(FRG)(vi,oo o, Vi, Wi, oo, W) = F(vi, . v ) G(wy, oo wy) (A.8)

From the multilinearity of F and G it follows that (F ® G) is multi linear too. So,
FoGeL(Vy,..., Vi, Wi, ..., W;R) and is called the tensor product of F and G.

Example A.3. Let U and V' be vector spaces, F: V x U — R and g: V* — R. The
tensor product of F and g is given by the multilinear form

Fog VxUxV SR,
defined by its application on the vectors (v, u,w) as

(viu,w) — (F®g)(v,u,w) =F(v,u)gw) .

IThere exists also an abstract definition of tensor spaces as quotient spaces of free vector spaces,
cf. Lee (2012), Chap. 12. Since we are assuming the vector spaces to be finite dimensional, there exists a
canonical isomorphism between the abstract tensor space and the space of multilinear forms. Accordingly,
the two terms multilinear form and tensor are used synonymously.
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Applying the definition of the tensor product (A.8) several times, it follows straight
forward, that the tensor product is bilinear and associative. Insofar it is allowed to write
the tensor products between the tensors F, G and H without any brackets as

FR(GoH) =FGH=FGH.

With the tensor product, it is possible to find the building blocks of tensors of arbitrary
rank. The following proposition is formulated and proved for L(U, V, V*;R), but extends
on a basis of the space of multi linear forms.

Proposition A.2. Let U, V be vector spaces of dimensions k and l with bases (by, ..., by)
and (eq,...,e)), respectively. Let (B',...,B8%) and (&',...,€') be the corresponding dual
bases of U* and V*, respectively. Then the set

B={B"®e®e;: 1<a<k1<ij<l}
is a basis for F € L(U,V,V*;R), which therefore has dimension kI>.

Summing repeated greek indices from 1 to £ and repeated roman indices from 1 to [,
any multilinear form F can be written as a linear combination

F=F,pB3"®cxe, (A.9)
with F/, = F(b,, e;, €/).
Proof. The proof is very similar to the proof of Proposition A.1. We need to show that

B is linearly independent and spans L(U,V,V*;R). Let u € U, v € V and w € V*. Due
to the multilinearity of F it follows directly that

F(u,v,w) = F(u"b,,v'e;,w;je’) = F(b,, e;, e’ Ju*v'w; . (A.10)
Writing the multilinear form as a linear combination (A.9) and applying it to the same
vectors u, v and w, it follows by the definition of the tensor product that

Flu,v,w) = (F, 8 @ e' @ e;)(u,v,w)

L 87 (ubg) € (0" en) € (wne”) (A1)
D F wPom, 6588, 50 2 FL ut w;

Let F?, = F(b,, e;,e’). Then comparison of (A.10) and (A.11) proves that B spans
L(U,V, V).

To show that B is linearly independent, suppose some linear combination equals zero:
F=F pB"®c®e =0

Applying the multilinear form F to arbitrary vectorsu € U, v € V and w € V* it follows
by the computation of (A.11) that

VvuacUveV,weV : Fluv,w) =0 = Yu*v' w € R: FLu*v'w; =0 = F,,=0.

That means, the only linear combination of elements of B that sums to zero is the trivial
one. .
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Lead by the basis representation of a multilinear form (A.9) and by Lee (2012),
Prop. 12.10, we use the notation U* ® V* ® V to denote the space of multilinear forms
L(U,V,V*R). For more general spaces of multilinear forms the notation works analo-
gously.

Definition A.4 (Covariant k-Tensor). For a positive integer k, we define the space of
covariant k-tensors on V to be the vector space

"V =V*®@--- @V 2 LV,...,V;R) .

k copies k copies
The number k is called the rank of the tensor.

Definition A.5 (Contravariant k-Tensor). For a positive integer k, we define the space
of contravariant k-tensors on V to be the vector space

T"V)=V® -o@V=LV" ... ,V5R).
kc?);ies k:c?)?)ies

The number £ is called the rank of the tensor.

A O-tensor is, by convention, just a real number. The tensor product between a 0-
tensor and a k-tensor corresponds to a scalar multiplication.

Definition A.6 (Mixed (k,!)-Tensor). For a positive integers k, [, we define the space of
mized (k,l)-tensors on V to be the vector space

TEOV) =V @ - @VeV®- -V =LV ...V’ V,....V;R) .
N -~ / \ 4 A ~~ N——

k copies [ copies k copies [ copies

Example A.4. Some of the defined tensor spaces are identical, i.e.

TOOYV) =T (V") =T°(V) =R,
TOVWV) =T (V") =V*,
TV =T V)=V,

TORWV) =THV),

TE(V) = THV)

A.3 Alternating Tensors

For a positive integer £ € N, let S, denote the symmetric group on k elements, i.e. the
group of all bijective maps s: {1,...,k} — {1,...,k}. An element of Sy is called a
permutation. Explicitly, s € Sy is represented in the form

(o @ o)
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A transposition is a permutation which exchanges two elements and keeps all others
fixed. Any permutation can be expressed as a non-unique composition of transpositions.
There exists an invariant in the representation of a permutation s by transpositions, which
is the number of transpositions n modulo 2, denoted by sgn(s) = (—1)". This invariant
is called the sign of the permutation s.

Let s,t € Sk be two permutations. Since the composition of two odd sgn(1) = —1 or
two even sgn(s) = 1 permutations, respectively, is an even permutation and the composi-
tion of an even and an odd permutation is an odd permutation, the sign of the composition
t o s is given by

sgn(t o s) = sgn(t)sgn(s) . (A.12)

Example A.5. Let s € S3 be a permutation defined by

1 2 3
5= (5(1) =1 s(2)=3 s(3)= 2> ' (A-13)

The permutation is expressible as a transposition between 2 and 3 which is an odd number
of transpositions. Hence, the sign of the permutation is sgn(s) = —1. Any possible
permutations s,v,t € S3 with a positive sign are

(123 _(r23y (123

*T\1 23/ "“\les31) "Ti31 2
Any possible permutations s, v,t € S3 with a negative sign are

(1 23 _(r23y (123

*T\1 32/ "“\213) "T 321)"

Definition A.7 (Action of a Permutation). We define the action of a permutation s € Sy
on a covariant k-tensor? F € T*(V*) as follows:

sF: (vi, ..., vi) = F(veay, ..., V) - (A.14)
. 1 2 3 4 .
Example A.6. Assume the permutation s = 5 1 4 3 The action of s on a tensor

F € T*(V*) is defined by its application on vy,...,v4 € V as
SF(Vla V2, V3, V4) = F(V27 Vi1, Vy, V3> .

Definition A.8 (Alternating Tensor). An alternating covariant k-tensor (alternating
multilinear form or a k-form) is a tensor A € T*(V*) for which

Vs € Sy sA =sgn(s)A, (A.15)

holds.

2Similar, we could define the action of a permutation on a contravariant k-tensor. For a mixed tensor
the action of a permutation is meaningless.
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That means, whenever two arguments of an alternating tensor are interchanged, then
its sign changes. We denote the set of all alternating tensors by

AV ={A eTHV*)|sA =sgn(s)A, Vs € Sy} .

Obviously, the set of alternating k-tensors is a subset of k-tensors, i.e. A¥(V*) C T*(V*).
Since the action of a permutation can also be defined for a contravariant tensors, it is also
possible to introduce alternating contravariant k-tensors.

Example A.7. Let B € A3(V*) be a 3-form. For v;,v,,vs € V it holds:

B(V17V27V3) = —B(V17V3,V2> == B(V37v17v2) -

- B(V37V27V1) = B(V27V37V1) = _B(VQavlaV3> .

Lemma A.1 (Lee (2012), Lem. 14.1). Let A be a covariant k-tensor on a vector space
V. Then the following statements are equivalent:

(a) A is alternating, i.e. A € AF(V*).
(b) A(vy,...,vg) =0, whenever the k-tuple (vy,...,vg) is linearly dependent.
(c) A gives the value zero whenever two of its arguments are equal:

AWy, ..., w,...,w,...,vi)=0.

Proof. For the proof, we refer to Lee (2012). O

Definition A.9 (Alternation). We define the function Alt: T#(V*) — A*¥(V*), called

alternation, as follows:

1
AltF = o Z sgn(s) sF | (A.16)
s€Sk
where Sy is the symmetric group on k elements and sF denotes the action of a permutation
s on the tensor F. More explicitly, this means for vq,..., v, € V
1
AlLF(vi,...,vi) = 7 > sgn(s) F(vaqy, - Vi) - (A.17)
s€Sk

The linearity of the alternation follows directly by the linearity of the summation and
can be shown by straight forward computation.

Proposition A.3. Let A be a covariant k-tensor on a vector space.
(a) Alt A is alternating.

(b) Alt A = A if and only if A is alternating.
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Proof. (a) First we have to prove, that Alt A satisfies condition (A.15). To this end,
let s,t € S, and A € T*(V*). The composition of the two permutations is another
permutation r = t o s € S,. The action of the permutation ¢ on Alt A is computed as
follows:

1
t(Alt A) . Z sgn(s) (tos)A =7 Z sgn(t) sgn(t) sgn(s) (t o s)A
SESK SES),
(A12) 1 1
= Z sgn(t)sgn(tos) (tos)A = o Z sgn(t) sgn(r) rA
sESk rESK
(A9 sgn(t)(Alt A) .

This demonstrates that Alt A is alternating and proves the first claim.
(b) Let A € A¥(V*) be an alternating tensor. Due to Definition A.8, we have sA =
sgn(s)A for each s € Sy and consequently

sgn(s)sA 2% (sgn(s))?A = A | (A.18)
Since there are k! permutations s € Sy, » g 1= k! and
AltA 2 )sA A L~y k'A A,
0 NTEPCLED W
s€Sk s€Sk
which finishes the proof. m

Example A.8. Let G € T?(V*) and H € T3(V*) be two covariant tensors. The alterna-
tion of G is computed as

1
Alt G(vy,va) = §(G(v1,V2) — G(va, V1)),
and the alternation of H as

1
Alt I‘I(Vl7 Vo, Vg) = E(H(Vh Vo, V3) + H(VQ, Vs, Vl) + H(Vg, Vi, Vg)
- H(V17V37V2) - H(V27V17V3) - H(V37V2avl)) .

Example A.9. Let G € T?*(V*) be a 2-tensor, then

Alt G(vq, vy) = %(G(V27V1) — G(vy,v2))

_ —%(G(Vl,VQ) — G(va,v1)) = —Alt G(v1, va) .

The next Lemma, allows to formulate the proof of the upcoming Lemma A.3 by

straight forward computation.

Lemma A.2. Let F € TH(V*) and G € TY(V*) be covariant tensors of rank k and I,
respectively, then

Alt(AtF ® At G) = A(F ® G) . (A.19)
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Proof. By definition of the alternation (A.16), we can write (A.19) as

Alt(AItF @ AItG) = k' 1k +l T Z Z Z sgn(r)sgn(s)sgn(q) r(sF ® ¢G) . (A.20)

TESk+l SESE qES)

The permutations s € S, and ¢ € S; can be embedded in the set of permutations Sj.;.
Let us define two new permutations s’ € S;, C Sy, and ¢” € S] C Sk, such that s’ acts
on the first k elements and ¢” acts on the last [ elements of total k£ + [ elements, i.e.

sy f os(i) fori <k P i fori <k
S(l)_{i forisk O qliok) +k forisk.

We calculate:

Alt(Alt F ® Alt G) =
(A.20) o
k:‘l'k:+l' Z Z ngn r)sgn(s’)sgn(q”) (ros o ¢")(F® G)

rESkil s ES/ q”ES”

A2
(:)k‘l' il Z Z ngn Jsgn(s' o q”")ro(s'o¢")(F® Q)

TGSkH s'eS;, q"'eS]

Since we sum over all permutations Sy ;, we can interchange the order of the permutations
as follows

AIL(ALF ® AG) =
- WZ ngnsoq (k+l' ngn F®G))
SES/ ”ES” reSk 1
_ 1
(A:16) m Z Z sgn(s’ o q/l)(s/ o q”)Alt(F ® G)
T seS) gesy
) 1
(A1) o7 oL 2 AliFeG) = WAlt FoG) Y Y 1=AFeG).
U 8/651/6 q”ESlH P ESI q”GS”

In the last step we used, that S and S}’ are described by k! and I! numbers of permutations.
Thus, we have k!l! compositions s’ o ¢”,s" € S}, ¢" € 5] ]

Definition A.10 (Elementary Alternating Tensor). Let I = (iy,..., i) be a multi-index
of length k, i.e. a k-tuple of positive integers, and (g!,...,€") be a basis of V*. We define
the elementary alternating tensor (or elementary k-covector) €l € A¥(V*) as

el = KAlt(e” @ - = sgn(s) et @@ el (A21)

SESK

According to Proposition A.3, the elementary alternating tensor € is by definition an
alternating tensor. Interchanging two indices in the multi-index I consequently changes
the sign of €.
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Example A.10. Let I = (1,3). Then the elementary alternating tensor is obtained as

13

el =cleel—See = 3.

We want to remark the slight abuse of notation for the explicit use of multi-indices. For
a multi-index I = (3,2,5) the elementary alternating tensor is computed as
P =’Re?’Re - e +e?ReP e’
R+ R R -Frere’.
Definition A.11 (Determinant). Let [F] be an (n X n)-matrix with components F;. The
determinant of the matrix [F] is defined as

det(] Z sgn(s L F (A.22)
s€Sn

Since the multiplication of scalars commute, by relabeling, we are allowed to rewrite

the determinant as
det([ Z sgn(s Foy
SGSn

While the first version can be associated with the expansion of the determinant along the
columns, the second version corresponds to the expansion along the row.
Let €’ be the alternating k-tensor of (A.21) with a multi-index I = (i, ...,4;) and

vi,..., Vi € V. We denote the (n x k)-matrix of the component description of the vectors
in the basis (ey,...,e,) by [v] = ([v1],...,[vk]). Choosing only the rows iy,...,7 of
[v], we obtain the submatrix [v]. If we apply the alternating tensor € on the vectors
Vi,..., Vi €V, we can express the result using the determinant of the submatrix [v'], i.e.
el(vi,...,vi) = Z sgn(s) 50 @ - @ €4® (v, ..., Vi) = Z sgn(s) vi‘g(l) o -U,i:('“)
s€eSk s€Sk
vt vy
A2 et | - - | = det(p?)
vy vk

Example A.11. In the previous setting, let vi, vy € V. Then

Bv,vo) = (e'®e® —e* @el) (v, va) = e (v1)e* (va) — €2 (v1)e! (Vo)

1
vl v

= vlvd — vl = det 1 2.
1Vs 1V = 3
v3 vy

1

g

Definition A.12 (Multi-Index Kronecker Delta). Let I = (iq,...,i) and J = (j1, ..., jk)

be two multi-indices and (€',...,€") be a dual basis of the basis (ej,...,e,) on V. By
applying the elementary alternating tensor €’ to the set of basis vectors (e;,, ..., e;, ), we
define a multi-index Kronecker delta as follows:

6L =¢el(ej,...,e;)=det | + .. | (A.23)

1k i
of ... 0
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It is easily shown, that the multi-index Kronecker delta is characterized by the follow-
ing function:

51— sgn(s), if neither I nor J has a repeated index and J = s(I) for some s € Sy ,
770, if I or J has a repeated index or J is not a permutation of I .
(A.24)

Example A.12. Let / = (1,2) and J = (2, 3) be two multi-indices. Then

ok 4l 0 0
512:det(2 3>:det( ):0.
23 62 52 10

Using the argumentation with the function (A.24), the multi-index Kronecker delta is
zero, since J is not a permutation of I. In the case that J = (2,1), the multi-index J
is obtained by one transposition of the multi-index I, which is an odd permutation of
sign —1 and consequently 64 = —1. Again we verify the result using the definition of the
multi-index Kronecker delta, i.e.

oL 41 0 1
512:det(2 1):det< ):—1.
21 62 62 10

Proposition A.4. Let (¢',...,€") be a basis of V*. Then for each k € {1,...,n}, the
set

£ ={e' | I is an increasing multi-index of length k}

is a basis for A*(V*). Therefore,
|
dim AF(V*) = (”) S (A.25)

If k > n, then dim A*(V*) = 0.

According to Proposition A.4, we can write a k-form A € A¥(V*) as a linear combi-

nation
/
A= ) A=) Al (A.26)
I

{I: iy <--<ig}

where the primed sum denotes the summation over increasing multi-indices of length k.

Proof. The fact that A¥(V*) is the trivial vector space when k > n follows immediately
from Lemma A.1(b), since every k-tuple of vectors is linearly dependent in that case. For
the case k < n, we need to show that the set £ spans A¥(V*) and is linearly independent.
Let (eq,...,e,) be the basis for V dual to (¢!,...,€"). To show that £ spans A*(V*),
let A € A¥(V*) and J = (j1,..., ) be a multi-index. Since A € A*(V*) C T*(V*), an
alternating tensor is spanned with a basis of T#*(V*) by A = A;e'®- - -®e’*. According to
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Proposition A.3 it holds for any alternating tensor, that A = Alt A. Using the definition
of the alternation (A.16) and its linearity, we can write

. (A1 1 . 4
A=Alt(A,e" ® - @€ (A1 o E sgn(s)s(A; e @ - ®e’)
€5 (A.27)
1 , (A21) 1 J
= Ay o sgn(s)s(e ®---@elk) = EAJFS

Let I be any increasing multi-index of length k. Since &’ is alternating, we can rewrite it
by an elementary alternating tensor €’ of increasing multi-indices as €/ = sgn(s)e!. Since
A is an alternating tensor the components A; are connected to the Ith components of
the increasing multi-index by A; = sgn(s)A;. Suppressing the summation convention it
holds that
Aje’ = sgn(s)?Are’ = Are’ ,  no summation.

There exist k! permutations of each increasing multi-index I. Hence, the alternating
k-form (A.27) is transformed further to

A= —AJs Z Ael (A.28)

which proves that £ spans A*(V*).

To show that £ is a linearly independent set, suppose the identity » I/A el =0 holds
for some coefficients A;. Let J be any increasing multi-index. Applying both sides of the
identity to the vectors (ej,,...,e;,) and using (A.23), we get

OZZAIEI(ejl,...,ejk> :ZAléngJ
I I

Thus each coefficient A is zero, what shows the linear independency of £. O]

Example A.13. Let V be a vector space of dimension n = 3. The space of alternating
2-tensors A*(V*) has the dimension

dim A*(V*) = (2) = 2'(33—l2)' =3.

The basis of A?(V*) is given by all three elementary alternating tensors e with an in-
creasing multi-index I of length 2, i.e.

e?=cle’ -’
¥l ot _ et el
e =e’we’ - e

Hence, we represent any 2-form A € A?(V*) as

/
:26) Z A[€I = A12€12 + A13€13 + A23€23
I
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According to (A.28), it is also possible to span the alternating tensor with all elementary
alternating tensors. Since the components of an alternating tensor of rank 2 satisfy
A;; = —Aj;, we compute

1 1

A= EAJEJ = 5(1412612 + Ape?t + Apge®® + Age3! 4+ Agse® + A32€32)
1

=3 (A2 — Azn)e™ + (A3 — Ag1)e® 4 (Ags — Asp)e™)

/
= A12€12 + A13€13 + A23€23 = Z A]EII .

A.4 The Wedge Product

Definition A.13 (Wedge Product). Given A € A*(V*) and B € AY(V*), we define their
wedge product (or exterior product) as

(k+1)!

ANB =" mAl(A®B) = HHE:gm s(A®B). (A.29)
Sesk+l

Example A.14. Let A € AY(V*) = TH(V*) und B € AY(V*) = TH(V*), then their wedge

product is
(A AB)(vi,va) 2 (A ©B)(vi,v2) — (A ®B)(va, v1)
— (A@B-B®A)(vi,va).
Lemma A.3. Let (e!,...,€") be a basis for V*. For multi-indices I = (i1, ...,ix) and

J = (j1,---, 1), the wedge product of the two associated elementary alternating tensors

el and €’ satisfy

el nel =€,

where IJ = (i1,... ik, j1,-..,J1) is obtained by concatenating I and J.
Proof. We calculate

20) (k+1)!
o p el (A2 (k1 D)

Alt(e! @ €”)

k!l
k+1 ' | |
(A.21) ) ( k‘:‘l‘) Alt (k! Alt( @) QUAL(E ® - ® )
(A':19) (k’ + l)'Alt((Ell R ® Eik) ® (Ejl Q- ® Ejl))
(A.21) e ]

The algebraic properties of the wedge product are summarized in the following propo-
sition.
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Proposition A.5 (Lee (2012), Prop. 14.11). Suppose A, B, and C are multicovectors on
a vector space V.

a) BILINEARITY: Fora,b € R,

(aA+bB)ANC=a(ANC)+bBAC)

CA(aA+0B)=a(CAA)+H(CAB). (A-30)
b) ASSOCIATIVITY:
ANBAC)=(AAB)AC.
c) ANTICOMMUTATIVITY: For A € A*(V*) and B € A{(V*),
AAB=(-1)"BAA.
d) If (€',...,€") is a basis of V* and I = (iy,...,i) a multi-index, then
el =et N NER. (A.31)
e) For any covectors w', ... ,wk € V* and vectors vy,..., vy €V,
WA AW (v, ) = det([w (v))])
Proof. For the proof, we refer to Lee (2012). ]

Example A.15. Let (¢!,...,€") be a basis of V*. Then we have

e? oAl @e?) "V el et — 2 we! 2V el ne?

Let dim(V) = 3 and A € A?(V*) be an arbitrary 2-form. According to Propositions A.4
and A.5, the 2-form can be written in component form as

A = Ape' + Ajze® + Ayze™
= A12<51 A 82) + A13(€1 A 53) + A23(€2 AN 63) .

The wedge product of the 2-form A € A*(V*) and a 1-form B € A'(V*) is written in
component form as

A N B = (A12€12 + A13€13 -+ A23€23) A (Blé'l + B2€2 -+ B3€3)

(A':?)O) A12B3€123 + A13B2€132 + A23B1€231

(A19) (A12B3 — A13Bs + A2331)€123

(Aél) (A12B3 — A13B2 + A23B1)€1 VAN 52 A 63 .
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A.5 In Eight Steps to the Wedge Product

1. Let {1,...k} be a set of k positive integers. A permutation s € Sy is the
bijective map s : {1,...k} = {1,...k},(1,..., k) — (s(1),...s(k)). The sign of
a permutation s € Sy is defined by

sen(s) = +1 if siseven,
& "1 -1 ifsisodd.

2. Action of a permutation s € S; on a covariant k-tensor F € T*(V*). Let
Vi,...,Vp €V, then

sF: (Vl, .. ,Vk) — F(Vs(l), c. ,Vs(k)) .

3. An alternating covariant k-tensor A € A¥(V*) satisfies Vs € S},
sA = sgn(s)A .
4. The alternation projection Alt : TH(V*) — A*¥(V*) is defined as
1
AltF = o ZS: sgn(s) sF .
SESK

5. Let €',...,€" be a basis of V* and I = (iy,...,4;) be a multi-index. The
elementary alternating tensor is defined as

el = BALt(e" ® - @) .

6. Let J be an arbitrary and I be an increasing multi-index of length k. The
component description of A € AF(V*) with n = dim V and dim A*(V*) = (}) is

k
given by
= —AJ€ ZA]E Z AIEI .

{Tiiy < <iy}

7. Let A € A¥(V*) and B € AY(V*). The wedge product is defined as

_ (k+D!
ANB =" ~Al(A®B) = k'l'ngn s(A®B).

SESk+1
8. Let I = (iy,...,ix), J = (j1,...,5) and 1J = (iy,...,%k, J1,.-.,J1) be multi-
indices. The wedge product of elementary alternating tensors satisfies
el nel =€l

By induction, we have €/ =gt A .- A gk,







Properties of the Cross Product

The cross product x as a skew-symmetric operator on R? has some useful identities which
are frequently used in this paper. In R3 the cross product fulfills the Jacobi identity

ax(bxc)+bx(cxa)+cx(axb)=0 Vab,cecR?. (B.1)
The triple product is invariant with respect to even permutation, i.e.
a-(bxc)=b-(cxa)=c-(axb) Vab,ccR®. (B.2)
The vector triple product satisfies Grassmann’s identity
ax(bxc)=(a-c)b—(a-b)c Va,b,c € R?. (B.3)
The quadruple product
(axb)-(ecxd)=(a-c)(b-d)—(a-d)(b-c) Va,b,c,d € R? (B.4)

and another useful identity, where the tilde denotes the skew-symmetric tensor to an
associated axial vector, is

abba=ax (bx(bxa))=—-bx(ax(axb))=—-baab Va,beR®. (B)5)
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