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Zusammenfassung

Die vorliegende Dissertation befasst sich mit der analytischen Untersuchung ratenunab-
hangiger Schadigungs- und Delaminationsprozesse in physikalisch nichtlinear elastischen
Materialien. Dies geschieht mithilfe ihrer sogenannten energetischen Formulierung, welche
die Prozesse durch ein Energiefunktional £ und ein Dissipationspotential R charakteri-
siert. Frsteres enthalt die gespeicherte elastische Energie sowie den Energieanteil, den die
auleren Krafte erzeugen. Das Dissipationspotential beschreibt den Energieanteil, der beim
Ubergang von einem Schidigungsstadium in ein fortgeschritteneres dissipiert wird. Der
Losungsbegriff im Rahmen der energetischen Formulierung ist die sogenannte energeti-
sche Losung, welche durch die Erfiillung zweier mittels & und R beschriebener globaler
Bedingungen, der Stabilitatsbedingung sowie der Energieerhaltungsgleichung, definiert ist.

Die Modellierung der Schidigung eines Festkorpers @ € R? erfolgt mit den Methoden
der Kontinuums-Schiadigungs-Mechanik. Ahnlich der Behandlung von Plastizitit wird auch
hier eine innere Variable, die sogenannte Schidigungsvariable z:[0, T|x2— [0, 1], ins Mate-
rialgesetz eingefiihrt, wo sie die Verdnderung des elastischen Materialverhaltens aufgrund
der Zunahme von Schédigung beschreibt. In analoger Weise kann auch die Delamination
eines Verbundkorpers entlang eines Interfaces erfasst werden.

Die Hauptresultate dieser Arbeit sind:
e Existenz energetischer Losungen fiir partielle, isotrope Schadigung:

Die Existenz wird sowohl fiir kleine, als auch fiir finite Verzerrungen untersucht. Die
hier bewiesenen Existenzresultate stellen eine Erweiterung der Ergebnisse in [MRO6]
dar, wo die Existenz energetischer Losungen unter der Annahme z € W(Q) mit
r > d gezeigt wurde. Durch eine neue Methode zur Konstruktion gemeinsamer Wie-
derherstellungsfolgen (joint recovery sequences) ist es in dieser Arbeit gelungen, das
Existenzresultat auf r € (1, 00) auszudehnen.

e Ein Delaminationsmodell als I'-Limes partieller, isotroper Schadigungsmodelle:
Fiir den Grenziibergang wird ein Verbundkorper aus drei Schichten betrachtet, in des-
sen mittlerer Schicht partielle Schadigung auftritt. Mit verschwindender Dicke dieser
Schicht entsteht das Interface zwischen den beiden iibrigen Komponenten, wo nun
Delamination moglich ist. Das Grenzmodell beschreibt die Transmissionsbedingung
an den nichtdelaminierten Stellen im Interface sowie die Nichtdurchdringungsbedin-
gung an den Rissufern in korrekter Weise.

e Aussagen zur Regularitit energetischer Losungen beziiglich der Zeit:

Diese Ergebnisse bilden eine Verallgemeinerung der Resultate in [MT04], die u. a. die
zeitliche Lipschitzstetigkeit energetischer Losungen fiir gleichméflig konvexe Ener-
giefunktionale sichern. In der vorliegenden Arbeit wird jedoch gezeigt, dass nicht-
quadratische Energiefunktionale eventuell allgemeinere gleichmaflige Konvexitatsun-
gleichungen erfiillen, als in [MT04] angenommen wurde, und dass in solchen Fillen
zeitliche Holderstetigkeit der energetischen Losungen moglich ist. Aulerdem wird er-
lautert, wie die zeitliche Regularitat durch die geschickte Wahl der zugrundeliegenden
Zustandsraume verbessert werden kann.
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Abstract

This thesis is devoted to the analytical study of rate-independent damage and delamination
processes in physically nonlinearly elastic materials. The analysis is done using their so-
called energetic formulation, which characterizes the processes by an energy functional
€ and a dissipation potential R. The first comprises the stored elastic energy and the
amount of energy generated by the external loadings. The dissipation potential describes
the amount of energy dissipated when changing from a damage stage to a more proceeded
one. The notion of solution in the framework of the energetic formulation is the so-called
energetic solution which is defined by satisfying two conditions given in terms of £ and R,
namely the global stability condition and the global energy balance.

The damage of a body 2 C R? is modelled by the tools of continuum damage mechanics.
Similarly to the treatment of plasticity an inner variable, the so-called damage variable
z:[0,T] x — [0, 1] is incorporated into the constitutive law, where it reflects the changes
of the elastic behavior due to the increase of damage. The delamination of a compound
along an interface can be described analogously.

The main results of this thesis are the following:

e Existence of energetic solutions for partial, isotropic damage:
The existence is analyzed both at small and finite strains. The results obtained here
are a generalization of those in [MRO6], where the existence of energetic solutions
was proven under the assumption z € W () with r > d. Using a new technique
for the construction of joint recovery sequences it is possible to extend this existence
result to all r € (1, 00).

e A delamination model as the I'-limit of partial, isotropic damage models:
For the limit passage a three-specimen-sandwich-structure is considered, where the
middle constituent experiences partial damage. As the thickness of this middle layer
tends to zero the interface between the two other components is formed, where delam-
ination may occur. The limit model correctly captures the transmission conditions in
nondelaminated regions of the interface as well as the noninterpenetration conditions
at the crack lips.

e Results on the temporal regularity of energetic solutions:

These results state a generalization of those in [MT04] which ensure the temporal
Lipschitz continuity of energetic solutions in the case of uniformly convex energy
functionals. In the present work it is shown that nonquadratic energy functionals may
satisfy more general uniform convexity inequalities as the one assumed in [MT04] and
that these inequalities allow it to prove the temporal Holder continuity of energetic
solutions. Moreover it is explained how to improve the temporal regularity by an
effective use of the underlying state spaces.

il
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Chapter 1

Motivation

To understand the failure of solids under the influence of external loadings is of great
interest ever since the technical progress drives mankind to create more and more complex
structures. Experimental studies enable engineers to develop mechanisms and models
to describe failure processes [Gri2l, CNF*t06, DMSE92, All02]. In order to forecast the
durability of specimen it is important to have models and criteria at hand which allow it
to predict — e.g. by numerical simulations — under which loading conditions a crack will
form and propagate.

One branch of solid mechanics, which is concerned with these questions is so-called
fracture mechanics. Within this theory a crack in a solid is viewed as a surface which
can be noticed macroscopically, so that the crack is modelled as a part of the boundary
and boundary conditions have to be imposed. In other words, the formation of cracks can
be understood as the creation of new surfaces in the solid, see Fig. 1.1a). A.A. Griffith
expressed exactly this coherence in [Gri2l] when he explained the formation of cracks by
an extention of the principle of minimum energy:

In an elastic solid body deformed by specified forces applied at its surface, the sum of
the potential energy of the applied forces and the strain energy of the body is diminished
or unaltered by the introduction of a crack whose surfaces are traction-free.

Griffith pointed out that for the formation of a crack in a body composed of molecules
which attract one another, work must be done against the cohesive forces of the molecules
on either side of the crack. This work appears as potential surface energy . ..and the energy
per unit area is a constant of the material, namely, its surface tension . Since a crack
consists of two crack surfaces this determines the fracture toughness G. = 2. The potential
surface energy due to a crack of length [j is then given by G.ly. For a body (};, containing a
crack of length [ the sum of the strain energy and the potential energy due to the applied
forces is denoted by £(€,). Therewith Griffith deduced the following condition for crack
extension:

dg(Qlo—i-l)
dl

L d(lo+)
= G. —a

, (1.1)

=0
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i.e. the pre-existing crack grows if the so-called energy release rate ERR(ly) := —%

attains the critical value G,. This condition is nowadays known as the Griffith’ fracture
criterion and it has become an important and reliable tool in fracture mechanics to predict
whether a pre-existing crack will propagate.

Both engineering and mathematical literature is concerned with the development of
formulas that allow it to compute the energy release rate in an effective way, such as
by means of singular expansions and stress intensity factors in linear elasticity [DO87,
DO88, BS99, BS01, NS07, LSS08] or by Griffith- and J-integral formulas [Ric68, KS99,
KS00, Kne06, TS06, Tho08], which can also be applied to physically nonlinearly elastic
materials.

An alternative method to study the failure of bodies is so-called continuum damage
mechanics. Starting in 1958 with works of L.M. Kachanov [Kac58, Kac60, Kac90] and
Yu.N. Rabotnov [Rab69] on the creep failure of metals, continuum damage mechanics has
become a rapidly developing branch of engineering fracture mechanics within the last thirty
years. In contrast to the concept based on Griffith’ fracture criterion, where a crack in the
body is a macroscopically visible surface, this alternative approach takes into account that
the failure of a solid already starts on its micro-level, when the material macroscopically
still seems to be intact. J.L. Lemaitre and R. Desmorat specify the main ideas behind
continuum damage mechanics as follows [LD05]:

Damage in its mechanical sense in solid materials is the creation and growth of mi-
crovoids or microcracks which are discontinuities in a medium considered as continuous
at a larger scale.

This means that an increase of damage on the microlevel of a solid is macroscopically
noticed as a change of the material properties. In particular, experiments document a
decrease of the material’s hardness and a change of its stiffness and strength. Therefore
damage is modelled with the aid of an inner variable, the damage variable, which is in-
corporated to the constitutive law, where it reflects the change of the material’s elastic
behavior due to damage. This ansatz enables us to apply the usual tools of continuum
mechanics on the larger scale in order to describe the deformations of the solid (bearing
microdefects) under the influence of external loadings. Such an approach may be better
known from the field of plasticity, where the plastic strain is introduced to the constitu-
tive law as an inner variable. Similar to this application also the evolution of the damage
variable is described by an evolutionary law or flow rule, which is an ordinary differential
equation or inclusion.

The microscale of a material is specified with the aid of a so-called representative volume
element (RVE), which has to be of such a size that all the characteristic ingredients of the
material are contained. Assuming a uniform distribution of the microvoids in the material,
the damage variable z(t, ) at a point x in a body 2 C R? at time ¢ € [0, T] can be defined
as the volume fraction of undamaged material in the representative volume element with
its center in . Hence the damage variable attains values between 0 and 1, where the
value 1 stands for a purely undamaged RVE and the value 0 means the total disintegration
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of the material in the RVE. The microcracks and microvoids are then defined by the set
C(t) = {x € Q| 2(t,x) = 0} and a macrocrack is visible if the measure of the boundary
0C(t) is positive.

Thus, continuum damage mechanics models the prestage of macrocracking and therewith
indeed captures (macro)crack initiation. Moreover, by tracking 0C(t), it can be used for
crack path prediction.

a) Macrocrack: Shibboleth by b) Microcrack in a pillar of the
D. Salcedo, Tate Gallery Holocaust Memorial, Berlin

Figure 1.1: Macrocracks versus microcracks in concrete

Using the ideas of continuum damage mechanics also a delamination process can be
modelled via a delamination variable z : [0,7] x T, — [0, 1], where I, C R? denotes an
interface along which two constituents of a compound will fall apart. Thereby delamination
along an interface can macroscopically be noticed as crack growth on a prescribed maximal
crack path (the full interface) and the size of the crack is given by the measure of the set
N.(t) :== {zx € I | z(x) = 0}. Of course, such a delamination model has to reflect the
properties of cracks stated by Griffith, i.e. on N,(¢) the model must supply boundary
conditions which identify N,(t) as a part of the boundary, whereas on I',\NV,(¢) it has to
provide transmission conditions expressing that the two constituents are bonded there.

This thesis is devoted to the analytical study of rate-independent damage and delami-
nation processes in physically nonlinearly elastic materials.

The required tools from continuum mechanics and continuum damage mechanics are
provided in Chapter 2, Sections 2.1-2.2.

The analysis is done using the energetic formulation for rate-independent systems. This
approach is solely based on an energy functional £ and a dissipation potential R. In this
framework one is interested in so-called energetic solutions which are defined by satisfying

3
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a global stability condition and a global energy balance. This notion of solution and the
relation to other concepts are explained in Chapter 2, Sections 2.3-2.4.

In Chapter 3 the existence of energetic solutions of partial, isotropic damage processes
is proven both for small and finite strains. In contrast to previous work [MRO06], where the
existence could only be proven for damage variables z € W17 (Q) with r larger than the
space dimension d, the existence result obtained in this thesis holds for all r € (1, 00).

This result is used in Chapter 4 to study a delamination process as the I'-limit of dam-
age processes: The delamination on the interface between two unbreakable structures is
understood as a process allowing for complete damage on a domain with zero-thickness.
It is approximated by processes describing the partial damage of the middle constituent of
three-specimen-sandwich-structures, when the thickness of the middle component tends to
0. The delamination model, which is obtained in the limit, is the one analyzed in [RSZ09]
and it reflects both the transmission and boundary conditions on the interface.

In Chapter 5 the temporal regularity of energetic solutions is studied. Settings that lead
to temporal continuity, such as jointly strictly convex energy functionals, are discussed.
The thesis pays special attention to nonlinear, jointly uniformly convex energy functionals
combined with time-dependent Dirichlet boundary conditions. In this setting temporal
Lipschitz continuity can be verified for energy functionals with (sub-)quadratic growth,
whereas a super-quadratic growth only leads to Holder continuity with respect to time.
This is an extension of the results obtained in [MT04] where temporal Lipschitz continuity
was proven for jointly uniformly convex energy functionals in the case of time-independent
Dirichlet conditions or quadratic functionals in combination with time-dependent Dirichlet
conditions.

Finally, Chapter 6 provides a summary of the results obtained in this thesis and gives
an outlook on prospective work.



Chapter 2

The Theoretical Background

This chapter provides the main tools for the mechanical and mathematical modeling of
damage in nonlinearly elastic materials and the delamination of sandwich-structures. The
respective models analyzed in Chapters 3-5 treat these processes as quasistatic ones. This
means that kinetic effects are neglected, so that the process is given by a chronology of static
equilibria. Section 2.1 summarizes the required tools of the continuum mechanics of solids
for quasistatic settings according to [Cia88]. An introduction to the corresponding kinetic
theory can be found e.g. in [MH83, Hau02, TN65]. Continuum mechanics in its quasistatic
form is the basis to study damage and delamination by means of so-called continuum
damage mechanics. This approach is explained in Section 2.2. Section 2.3 presents different
mathematical models describing quasistatic processes and analyzes their relation. Since the
results in this thesis are obtained using the so-called energetic formulation of the respective
processes Section 2.4 is concerned with this theory. With this theoretical background
Section 2.5 states the outline of this thesis.

2.1 Tools from the Continuum Mechanics of Solids

This section introduces the basic notations from the continuum mechanics of solids. A
detailed deduction of this matter can be found e.g. in [Cia88].

The continuum mechanics of solids can be used to study the deformation of bodies.
This approach does not consider a solid as a particle system of finitely many atoms, but
idealizes it to a continuum with uncountably many material points: The solid is described
by a domain  C R?, d € N, and the points = € ) are understood as the material points.

2.1.1 Deformation, Displacement and Strain Tensors

The deformation of the solid during the time interval [0, 7], 7> 0, is described by a mapping
¢, which transforms it from the undeformed state occupying the reference configuration (2
at time ¢ty =0 to a deformed state occupying the current configuration (¢, <), see Fig. 2.1.

5



2.1 Tools from the Continuum Mechanics of Solids Chapter 2

To reflect the physical properties of a deformation appropriately it is claimed that

¢ :10,T] x Q — R? is sufficiently smooth,
o(t,-) : Q — p(t, Q) is a bijection for all t € [0, T, (2.1)
det Vp(t,z) > 0, i.e. Vo(t,z) € GLy(d) for all x € Q@ and ¢ € [0, 77,

where GL(d) := {F € R¥4| det FF > 0}. The last claim means that ¢ is orientation pre-
serving, which ensures the non-interpenetration of matter. The variable ¢(t,z) € ¢(t,Q)
of the current configuration is called Euler variable, whereas = € ) of the reference config-
uration is the so-called Lagrange variable.

For all t € [0,7T] the deformation of the body can be characterized by a displacement
field u : [0,T] x Q — R? which determines the displacement due to the deformation
¢ :[0,7] x Q — R? for each material point with respect to the reference configuration

u(t,”) : Q@ — R wlt,) == o(t,)—id, u(t,z) = ¢(t,2)—x forall z € Q, (2.2)

where id : R — R? is the identity mapping.

QCR?

/x—i—z
x

Figure 2.1: Deformation ¢ : [0,7] x Q — R4

To determine the strain induced by the deformation ¢ one may consider two points in
the reference configuration z, (z+2) € © and their images (¢, x), p(t,z+2) € ¢(t, ) in
the current configuration. By Taylor’s expansion one obtains for their Fuclidean distance

lo(t, x+2)—p(t, ) = [Vep(t, 2)z+0(2)]* = [(Vep(t, 2))2|* + 20(2) 'Veo(t, )2 + [o(2)[?
= 2" Vo(t,z) Vo(t,z)z + o(|2]),

where A" denotes the transpose of the matrix A. The symmetric matrix Vip(t, z) " V(t, x)
provides a local measure for the strains induced by ¢ and this suggests to define the
following tensors

left Cauchy-Green tensor: B=VeVe' :0,T] x Q — Rg;n‘f,
right Cauchy-Green tensor: C=Ve'Vp :0,T] xQ— Rg;n‘f,
Green-St. Venant strain tensor: E = 2(C—1d): [0,7] x Q@ — R%:?.

Sym
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Expressing these tensors in terms of the displacement field u yields

C =1d+Vu+Vu' +Vu'Vu, B =1d+Vu+Vu' +VuVu',
E=LY(Vu+Vu'+Vu'Vu). (2.6)

Thus, if the displacement gradient Vu, i.e. sup,comax; -1 . q4|0su;j(x)], is small, the
quadratic terms can be neglected and one may introduce the

linearized (Green-St. Venant) strain tensor: e = e(u) := (Vu+Vu'). (2.7)

The assumption of small displacement gradients and the use of e determines the so-called
small-strain setting. On the contrary one speaks of the finite-strain setting if quadratic
terms are not neglected, so that one has to take into account the strain tensors C, B, F
or equivalently the deformation gradient V. Because of the nonlinear terms solely due to
large deformation of the geometry one also speaks of geometric nonlinearities.

2.1.2 Stress Tensors and Equations of Equilibrium

In this section the equations of equilibrium of solids are introduced in the kinetic, the static
and the quasistatic setting. They state a balance between the external and the internal
forces. The internal forces resisting the external ones, are expressed by the stresses. They
are given by stress tensors (of second order), which are different for the Eulerian and the
Lagrangian concept. In the following we will describe their relation in the static setting,
which means that the deformation is considered to be time-independent, i.e. ¢ : Q — ©(Q).
For a clearer notation we put ¢(2) = Q¥ and p(x) = 2% in the following.

A fundamental axiom of continuum mechanics is the stress principle of Euler and Cauchy.
For a body occupying the deformed configuration ¢(£) and subjected to applied loadings
it states the existence of the so-called Cauchy stress vector 7¢ : Q# x S where S is
the unit sphere in R?, i.e. S¥=Y := {y € R?||y| = 1}. If the body is in static equilibrium
the Cauchy stress vector is the local reaction of the body to the external loadings and it
satisfies the axiom of force balance as well as the axiom of moment balance [Cia88, p. 60].
For all z¥ € Q7 the stress vector 7¢(x¥,n?) also depends on the outer unit normal vector
n? of an area element w? C Q¥, which is necessary for its definition. Cauchy’s theorem
now postulates the existence of the symmetric

Cauchy stress tensor: T¥ : Q¢ — ngxnﬂl , (2.8)
such that 7%(z%,n) = T%(x%)n for all ¥ € Q¥ and all n € S Y and moreover such that
the equations of equilibrium in the current configuration are satisfied

—div,e T?(2?) = f#(x¥) for all ¥ € Q¥ (2.9)
T?(2%)" = T%(2¥) for all z¥ € Q7 (2.10)
T?(2%)n? = h¥(x¥) for all ¥ € 'Y, (2.11)
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where f?: Q% — R is a given volume force density and h? : I'y, — R? is a given surface
force density with n¥ as the outer unit normal vector to the Neumann boundary I'%, C 9Q%
[Cia88, p. 62].

Since the equations of equilibrium are formulated in terms of the unknown Euler variable
x¥ = p(z) it may be useful to transform the Cauchy stress and equations (2.9)—(2.11) to
the reference configuration €2. For this, the Piola transform is applied to the Cauchy stress
tensor, which results in the

first Piola-Kirchhoff stress tensor: T(z) = (det V() T?(p(x))Ve(x)™ ", (2.12)

where A= := (A1) is the transposed of the inverse A~! of the matrix A € R4 [Cia88,
p. 71]. The equations of equilibrium in the reference configuration read as follows

—divT(z) = f(z) forall x € Q, (2.13)
T(z)" = Vo(x) ' T(x)Ve(z)" forall z €, (2.14)
T(x)n = h(z) forall z € I'y. (2.15)

Relation (2.14) shows that T(z) is in general unsymmetric. Thus, in order to work with a
symmetric stress tensor in the reference configuration one defines the symmetric

second Piola-Kirchhoff stress tensor: ¥ : Q — R4~ Y(z) = Vp(z) ' T(z), (2.16)

sym )

[Cia88, p. 72|, which satisfies the equations of equilibrium

—div(Ve(x)X(z)) = f(x) for all z € Q, (2.17)
()" = X(z) forall z € Q, (2.18)
Vo(z)X(z)n = h(z) for all x € Ty . (2.19)

The quasistatic setting is characterized by a chronology of static equilibria along [0, 7]
with slowly varying time-dependent loads f : [0,7] x Q@ — R? and h : [0,T] x I'y — R<.
Thus, the equations of quasistatic equilibrium with respect to the reference configuration
Q) are also given by (2.17)—(2.19) and (2.17)—(2.19) with ¢(t, x), f(t,x), h(t,x) and T(¢, )
or X(t, z) respectively.

In the kinetic setting the balance equations read:

div(Ve(x)X(2)) + f(x) = p(t, z)Oup(t,z) for all z € 2, (2.20)
()" = X(z) forall z € Q, (2.21)
Vo(z)X(z)n = h(z) for all x € Ty, (2.22)

where (2.20) is the equation of motion with p : [0, 7] x Q — (0, 00) being the mass density.
Hence, in the quasistatic setting it is assumed that the kinetic term on the right-hand side
of (2.20) is negligible.
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2.1.3 Constitutive Equations of Elastic Materials

Relation (2.13) consists of d equations and relation (2.14) provides d(d—1)/2 equations for
in total d+d? unknowns given by the deformation ¢ and the stress tensor T. The d(d—1)/2
missing equations are gained from assumptions concerning the nature of the material under
consideration. Such an assumption is that a material has an elastic response to external
loadings. This has to be understood as follows: The external loading causes a deformation
@ of the material and strains characterized by V. They induce certain stresses T. If the
material is elastic, removing the external loadings makes the material return immediately
to its undeformed configuration so that no additional strains remain. This implies that
the stress tensor T only depends on the material points x € €2, the deformation ¢ and its
gradient F' = Vo(z), i.e. T(z) = T(x, ¢, F).

A further constitutive assumption is the so-called hyperelasticity. A material is hypere-
lastic if there exists a stored energy density W x GL, (d) such that

T(z,F) = 0sW (2, F) forallz € Q, F e GL.(d), (2.23)

d
1,j=1

where 8pW (z, F) = W(wF) _ (Em/(x’F)) denotes the partial derivative of W with

oF IF;,
respect to F' [Cia88, Chap. 4].

As an assumption arising from physics the constitutive equation has to be independent
of the choice of the coordinate system:

(N1) Independence of the constitutive law of constant translations ¢g:
W (@, p(2)+p0, Vio()) = W (2, p(x), Vip(a)) (2.24)
for all z € Q and deformations ¢ : Q — R%.

Choosing ¢y = p(z) for a fixed = € € shows that W cannot depend explicitly on ¢, so
that W = W (x, Vo(x)).

(N2) Material frame indifference (objectivity): Independence of the constitutive law of
rotations Q € SO(d) := {R e R™|R1 =R" det R =1}

W(z,QF) =W (x,F) forallzeQ, FeGLy(d). (2.25)
We say that W is objective, if it respects (2.25).

The axiom of material frame indifference implies that a material is hyperelastic if and only
if there exist densities W, W such that W (z, F) = W(z, FTF) = W (x, T(FTF—1d)) for
all z € Q, F € GL,(d), i.e. W depends on the left Cauchy-Green tensor C' and W on the
Green-St. Venant strain tensor F, so that X is characterized by a constitutive equation of
the form

Y (x) = 20cW (z,C) = dgW (z, E) (2.26)
for all z € Q and all Id+2E = C = FTF with F € GL, (d) [Cia88, Th. 4.2-1, Th. 4.2-2].

9



2.1 Tools from the Continuum Mechanics of Solids Chapter 2

Note that (N1), (N2) are axioms induced by physical aspects. Additionally, further
material features can influence the mathematical properties of W.

Such material features are

(M1) Homogeneity: A material is homogeneous if translations of the coordinate system in
the material do not change the material properties, i.e.

~ A

Wiz, F)=W(F) forall FeGL.(d). (2.27)

(M2) Isotropy: A material is isotropic, if rotations of the coordinate system in the material
do not change the material properties. This means that W has to satisfy isotropy

W(FQ)=W(F) forall FeGL.(d) and all Q € SO(d). (2.28)

Remark 2.1.1 Since objective, isotropic densities W are invariant under orthogonal trans-
formations by matrices Q € SO(d) one can transform C' = F'F to a diagonal matriz. Thus
it suffices to consider functions of either the eigenvalues or the invariants of C.

A well-known example for hyperelastic, homogeneous, objective, isotropic materials is
the St. Venant-Kirchhoff material.

Example 2.1.2 (St. Venant-Kirchhoff materials) A St. Venant-Kirchhoff material sat-
isfies the constitutive equations

Y= AtrE)Ild+2uFE
and its stored energy density is given by

W(E) = 2(tr E)*+p|E?, (2.29)

2

where A\, ;> 0 are the Lamé-constants of the material and |E|* == 59 EZ . Here, &

ij=1
depends linearly on E so that one speaks of a linearly elastic material.

If one operates close to the undeformed configuration, i.e. in the small-strain setting,
then F may be replaced by the linearized strain tensor e, see (2.7). This leads to the
constitutive relations of linearized elasticity.

Example 2.1.3 (Linear elasticity at small strains) In the small-strain setting the con-
stitutive relations of St. Venant-Kirchhoff materials yield

o= MNtre)Id+2ue, W(e) = 3(tre)*+ulel”. (2.30)

Again relations (2.30) characterize a linearly elastic material. Here the linearized tensors
o and e = 1/2(Vu+Vu') are approzvimate stresses or strains, which can be used if the
displacement gradient Vu is small enough. The symmetric tensor o € REX is called the
linearized stress tensor.

10
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This constitutive relation can be generalized to Hooke’s law.

Example 2.1.4 (Hooke’s law) Let B € R*D*Wxd) pe ¢ symmetric, positive definite
fourth order tensor, i.e. Bijr = Bjiy = Bijue = By for all i,5,k,1 € {1,...,d} and there
are constants ¢t cs > 0 such that cPle|* < e:B:e < cSle|? for all e € R Then it is

sym *

c=B:e, W()=Lte:B:e¢, (2.31)

2

where B : e = ZZ,I:I Bijklekl ande:B:e= Z?,j,k,l:l Bijkleijekl.
The relations (2.30) for St. Venant Kirchhoff materials can be written in the form (2.31)
with B = BSVE, where

A2 ifi=j=k=1,

SVK ._ A fi=j#k=1,
W e di=k=1
0 else.

We speak of a nonlinearly elastic material, if the stress tensor depends nonlinearly on the
displacement gradient and the deformation gradient. To be more precise these materials
are called physically nonlinearly elastic to indicate that the nonlinearity is due to the
constitutive relation and hence to distinguish it from possible geometric nonlinearities due
to large deformation gradients.

Example 2.1.5 (Nonlinearly elastic material at small strain) As an ezample for a
nonlinearly elastic material we define for fived p € (1,2) U (2,00), for all e € R**4

o= (1+e[) T e, W(e)=L(1+]el?)E. (2.32)

In the finite-strain setting, where large deformation gradients are admissible, apart from
(N1), (N2) the following further natural assumptions are made

(N3) The strain energy in the undeformed state is 0 and hence W (x,1d) = 0, whereas the
strain energy of any deformed state is positive, i.e. W(z, F') > 0 for all F' € GL, (d).

(N4) Extreme deformations lead to extremely large values of stored elastic energy, so that

A

W(x, F) — oo if either |F| — oo or det FF — 0. (2.33)

The first property in (N4) prevents an infinite slope of deformation, the second property
inhibits the compression to zero-volume and preserves orientation.

Examples for constitutive relations for homogeneous, isotropic, objective materials in
the finite-strain setting provides the class of Ogden’s materials.

Example 2.1.6 (Ogden’s materials [Cia88]) For F' € GL,(d) let

W(F) =Y ai(te(FTF)Y + 3 by(tr Cof(FTF)) % + D(det F) (2.34)

=1

11



2.2 Modeling of Damage and Delamination Chapter 2

where Cof A:=(det A)A™" and M, N €N, a;, b; >0, v;, ; >d, and " : (0,00) — (0,00) is
a convex function satisfying I'(h) — 400 as h — 0. This means that the homogeneous,

isotropic, objective density W depends on the invariants of C = FTF, namely tr C, tr Cof C,
det C' = (det F)%.

2.1.4 Energy Balance

For an isothermal body the energy principle states that, in any time interval [0,77], the
work done by the external forces has to be equal to the change of kinetic and stored energy.
For a hyperelastic material in the quasistatic setting, where the kinetic term is neglected,
we introduce the energy functional

5(t,u(t)):/QW(e(u(t,x)))dx—/ﬂf(t,x)-u(t,x) da:—/F h(t,s)-u(t,s)ds (2.35)

for sufficiently smooth external loadings f,h. For u : [0,T] x  — R? being a (weak)
solution to the Euler-Lagrange equations (2.17)-(2.19) the energy balance reads as follows

5(t,U(t))=5(07U(0))+/ O:E (&, u(£)) dg, (2.36)

where 0:€ (€, u(€)) = — [, f( u(é, x)dr — fr s)-u(&, s)ds is the partial derivative
of £(¢,u) with respect to the component €. Hence the energy balance (2.36) expresses that
the energy at time ¢ is equal to the energy at time O plus the work done by the external
loadings up to time ¢. Here (2.35) and (2.36) are formulated for small strains. In the
finite-strain setting an analogous relation holds.

2.2 Modeling of Damage and Delamination

Modern engineering materials subjected to unfavourable mechanical and environmental
conditions undergo microstructural changes which decrease their strength. Since the
changes impair the mechanical properties of these materials, the term damage is used.
Thus in engineering literature, damage means the creation and growth of cracks and voids
on the micro-level of a solid material. Similarly, the delamination of a bonded structure,
which macroscopically can be noticed as crack growth along an interface, can be understood
as a process on the micro-level of the material, namely the damage of the adhesive.

Subsections 2.2.1 and 2.2.2 are concerned with the mechanical modeling of damage and
delamination by means of so-called continuum damage mechanics.

2.2.1 Continuum Damage Mechanics

Continuum damage mechanics goes back on L.M. Kachanov in 1958 [Kac58, Kac60, Kac90]
and Yu.N. Rabotnov in 1969 [Rab69], since they suggested to model the phenomena of

12
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damage with the aid of an internal variable. They used this ansatz to describe the creep
damage of metals, which occurs at high temperatures and under action of stresses. This
phenomenon is characterized by the accumulation and growth of both micro-voids in grains
(ductile transgranular creep fracture) and micro-cracks on intergranular boundaries (brittle
intergranular creep fracture) [Kac90]. For this type of damage the inner variable is linked
with the irreversible creep strain. The original model for creep damage contains two
coupled flow rules for these two variables and the creep strain enters in the constitutive
law to model the influence of creep damage on the material behavior.

In [Kac90, Cha88, LDO05] their approach is sketched for a simpler relation. The main
idea is to introduce a scalar damage variable d, which is incorporated to the constitutive
law (2.31), where it models the influence of damage on the elastic behavior of the material:

o 7 _ g, (2.37)
1-d  1-d ’
This ansatz is also called the concept of effective stresses and strain equivalence, since it
is assumed that "a damaged volume of material under the applied stress ¢ shows the same
strain response as the undamaged one submitted to the effective stress 0" [Cha88], which
is the stress acting on the resisting area [LDO05].

In other words, the damage variable is introduced to describe the change of material
response due to defects on the micro-scale of a material, so that it can be analyzed by
means of continuum mechanics on a larger scale. To specify these scales engineers use a
representative volume element (RVE), which has to be chosen of such a size that all the
characteristic ingredients of a material are contained, see Tab. 2.1. Thus, on any scale
larger or equal than the size of the RVE, the material is considered to be homogeneous.

Table 2.1: Orders of magnitude of RVEs [LC90] p. 71

Materials Type of Inhomogeneities | RVE
Metals, alloys, ceramics | Crystals 1pm-0.1mm (0.5mm)?3
Polymers Molecules 10m-0.05mm | (1mm)?
Wood Fibres 0.1mm-1mm (lem)?
Concrete Granulates ca. lcm (10cm)?

The damage discontinuities, i.e. the microvoids and -cracks, are considered to be small
with respect to the size of the RVE. In the works [Kac90, LD05] this was used to introduce
the scalar damage variable d as the surface density of micro-cracks and intersections of
micro-voids lying on a plane cutting the RVE of cross section Sy, i.e.

=5
where Sy is the surface density of the cracks and voids in the RVE, which cut the plane.
Since d is independent of the choice of the plane, it is defined under the assumption that

d (2.38)

13
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all the defects are distributed uniformly in the material. This is called isotropic damage.
If d depends on the choice of the plane, one speaks of anisotropic damage. In more general
cases of anisotropic damage a scalar damage variable is not sufficient and vector or tensor
valued damage variables have to be used, see e.g. [Mur88, LDS00]. The evolution of the
damage variable is described by an evolution equation, sometimes also called flow rule,

d=F(t,de). (2.39)
This thesis focusses on isotropic damage and uses a scalar, local damage variable
z2:00,T] x Q@ —1[0,1], (2.40)

which for all (¢,2) € [0,7] x © can be defined as the volume fraction of undamaged
material in a RVE with center in z. Hence z(f,x) = 1 means that the RVE around =z
is totally undamaged at time ¢, whereas z(t,z) = 0 stands for the complete damage of
the RVE, i.e. all the material in the RVE is disintegrated. This ansatz has been used in
[FNO96, Fré02, MRO6] with application to concrete. As in (2.37) z is incorporated to the
constitutive law so that an energy density of Section 2.1.3 changes to

W(z,e,Vz) = fi(z)W(e) + fal2) + f3(V2). (2.41)

Thus, the energy functional from (2.35) changes to

E(t,u(t), z(t)) :/QW(e(u(t, x)), z(t,x), Vz(t,x)) dx—/gf(t, x)-u(t, ) dx—/rh(t, s)-u(t,s)ds
(2.42)

for external loadings f : [0,7] x 2 — R% and h: [0,T] x T'y — R

The damage gradient Vz takes into account microscopic interactions. Its use goes back
on [FN96] and it has also found acceptance in many engineering works such as [HSS03,
LBO05], since it works well in numerical simulations [FN96]. A suitable evolution law for z
will be discussed in Example 2.3.9 and Chapter 3. It will model damage as a unidirectional
process, i.e. it prevents healing by ensuring that 0,z(t,x) < 0 for a.e. (t,x) € [0,7] x Q.

2.2.2 The Modeling of Delamination

On the microscale, delamination (or debonding) is one main reason for the macroscopic
failure of compounds besides transverse matrix micro-cracking and fiber breakage. Op-
posite, sometimes delamination is an intentional mechanism in engineering constructions
designed for efficient absorption of energy during impacts. The study of delamination
is very important for practice since the global behavior of composite materials often is
strongly influenced by the quality of the adhesion between the different components when
material degradation occurs. Thus, the reliable modeling of delamination has recently
received a considerable attention both in engineering and in mathematical communities.

14
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On the macro-level of compounds the evolution of delamination can be noticed as the
propagation of cracks along the interfaces between the different components [Kac88|. The
behavior of such macro-cracks can be analyzed by means of fracture mechanics. Within
this theory one main tool is Griffith’ fracture criterion (1.1), which uses the energy release
rate as the decisive quantity to predict whether a pre-existing crack will grow under pre-
scribed loadings. The quasistatic evolution of such a Griffith-crack is then described by
the following conditions [BFMOS]:

e a crack is only allowed to grow, not to heal,

dE(2y, )

e the energy release rate FRR(l) == — T is always bounded from above by
=0

the fracture toughness G. of the material:
ERR(l) < Gc,

e the crack cannot grow unless the energy release rate is critical:
(ERR(1) — G,)i(t) = 0.

Here £(€);) denotes the sum of the energy due to the external loadings and the strain energy
of the cracked body with reference configuration € and crack-length [ and €2, ; C €. This
model has been widely analyzed both at small and finite strains under consideration of
various types of materials [DT02, DFT05, BEM08, DMGP09].

In contrast to the macroscopic approach by fracture mechanics, many engineering contri-
butions view delamination as a process occurring on the meso- or micro-level of a compound
[Lad92, DBS02, AC96, All02]. In this context delamination is interpreted as the damage
of interfaces and the ideas of continuum damage mechanics are applied. This means that
the delamination along an interface I, C R%! between two constituents located in the
domains Q_, Q. C R? is modelled by an inner variable, the delamination variable

2:[0,T] x T, — [0, 1], (2.43)

which reflects the current state of the bonding along the interface, i.e. z(t, ) = 1 means that
the bonding is fully intact at @ C It at time ¢ € [0, 7], whereas z(t,xz) = 0 expresses that
the bonding is completely broken. This ansatz was introduced in [Fré88] to model contact
with adhesion between a body and a support. In this work z is the ratio of active bonds,
called adhesion intensity. There are two possible types of contact: For z(t,z) > 0 the two
structures are bonded at x on the interface I, which must be expressed by transmission
conditions for the displacement, whereas for z(¢,z) = 0 the two structures only touch
each other at x, so that their displacements are independent form each other, i.e. in the
first case displacement jumps across I, are interdicted, whereas the second case allows for
jumps. In both cases interpenetration of the structures is impossible. These conditions are
expressed by the following constraints, which couple the delamination variable z and the

displacements u_ 1= ulq_, uy := ulq, of the two structures with each other:
2(uy —u—) =0 a.e. onlg, (2.44)
(uy —u—)-n>0 ae. only, (2.45)
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where n denotes the unit normal vector along I¢.

As in Section 2.2.1 the energy functional £ depends on the delamination variable, see
(2.42), and its evolution can be described by a flow rule like (2.39).

In Chapter 4 the micro-mechanical approach by formulas (2.43)-(2.45) will be used to
model the delamination of a compound.

2.3 Different Mathematical Concepts

In this section three different mathematical formulations for quasistatic, rate-independent
processes are introduced and their relations are clarified. Additionally their relation to
the formulation via the force balance (2.17) and the flow rule (2.39), which is usual in
engineering, is explained. As it was already mentioned, a process is called quasistatic, if
kinetic effects are negligible, so that it is given by a chronology of static equilibria. This
is the case, if the process is rate-independent, which means that the time-scales imposed
to the system from the exterior are much larger than the intrinsic ones, i.e. if the external
loadings evolve much slower than the internal variables. The rate-independence of a system
along the time interval [s, T'] with the initial condition ¢(s) = ¢y € Q, the given external
loadings | € C!([s,T], @*) and the solution process ¢ : [s,T] — Q can be defined using an
input-output operator

Mo 0 @ x CY([s,T], Q%) — B([5,T],Q), (q0,1) ¢, (2.46)

i.e. Hsr) maps the given data onto a solution of the problem. Here Q is the state space,
which is assumed to be a Banach space, and Q* is its dual space. Moreover, B([s,T], Q)
denotes the space of functions ¢ : [s,7] — Q which are measurable, bounded and defined
everywhere on [s, T]. Here, the external loading [ € C'([s,T], Q*) comprises both volume
and surface forces. The rate-independence of a system can be characterized as follows:

Definition 2.3.1 (Abstract definition of rate-independence) A system, which can
be expressed by (2.46), is called rate-independent if for all s, < T, and all a € C'([s,, T.])
with & > 0 and o(s,) = s, a(Ty) =T the following holds:

His, 1) (q0, 1 0 @) = His 11(go, 1) 0 v (2.47)

This means that reparametrizations of the time-scale do not change the behavior of the
system, since a solution is also just reparametrized in time. If for example the external
loadings act twice as fast, i.e. & = 2, then a solution of the rate-independent problem
responds also twice as fast.

Unlike [BS96], where hysteresis operators are used to model a rate-independent process,
we focus on the so-called energetic formulation of the process. Within this approach a
rate-independent process is characterized by an energy functional € : [0,7]x Q — R,
R := RU{o0}, and a dissipation potential R : Q — [0, oo]. The first specifies the energy
of the system due to strain energy and the potential energy of the external loadings and
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the latter accounts for the energy dissipated when changing the system from one state
into another. From now on a rate-independent system will be characterized by the triple
(Q,E,R).

To reflect rate-independence one assumes that the dissipation potential
R : Q — [0, 00] is convex, positively 1-homogeneous and lower semi-continuous. (2.48)

Convexity of R is defined by R(av;+(1—a)vg) < aR(v1)+(1—a)R(vg) for all a € [0, 1], all
v, v1 € Q and the positive 1-homogeneity of R means that R(0) = 0 and R(awv) = aR(v)
forall « > 0, v € Q.

Due to convexity and positive 1-homogeneity claimed in (2.48) the dissipation potential
satisfies a triangle inequality, i.e. for all ¢, ¢2,¢3 € Q it holds

R(gi—q2) = 272(%((11—(]3) + %(Q3—Q2)) < 2(%72(611—(13) + %R(Q?,—(h))
= R(q1—q3) + R(g3—¢z) -

Hence the dissipation potential generates a dissipation distance

D(q,q) =R(G—4q), (2.49)

which is an extended pseudo-distance on the state space Q. This means that D satisfies
the axioms of a metric (positivity, triangle inequality), except symmetry and it may attain
the value oo, as it will be the case in the Chapters 3 and 4.

With these properties at hand we may now introduce the mathematical formulation of
the rate-independent evolutionary problem, which will be used throughout this thesis:

Definition 2.3.2 (Energetic formulation) Fortheinitial datumqo€ Q find q:[s,T] —Q
such that for all t € [s,T] the global stability (S) and the global energy balance (E) hold

Stability :  for allge Q: E(t,q(t)) < E(t,q) + R(G—q(1)), (S)
Energy balance :  &(t, q(t)) + Dissg(q, [s, t]) = / 0, q6)de  (E)

with Dissg (g, [s,]) := sup { Z;VZI R(q(&5)—q(&-1)) | s =& < ... <& =t, N € N}.

The claim that (S) & (E) have to hold for all t € [s, T'] entails that the energetic formulation
is only solvable for initial data gy which satisfy (S) for ¢ = s. A solution in terms of the
energetic formulation is called an energetic solution.

In general the dissipation potential is given as an integral over a bounded domain Q C R?
representing the reference configuration of the body experiencing the rate-independent
process, i.e. with the convex, positively 1h0m0geneous lower semicontinuous density
R:R™ — [0, 00] (for some m € N) it holds R(v) = [, R(v(x)) dz. If additionally there are
constants ¢, ¢, such that for all v € R™ with R( ) < o0 1t holds clv] < R(v) < élv], then
any function ¢ : [s,7] — Q with Dissz(q, [s,T]) < oo satisfies

c¢Varpi(q, [s,t]) < Dissg(q, [s,t]) < éVarpi(q, [s,t]) forallt € [s,T] (2.50)
with Varp:(q, [s,t]) ::sup{z:?[:1 19(&)—a(&—) |l rmy | s=& <& <...<E{v=t, NeN}.
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As we have seen in Sections 2.1.4 and 2.2 the energy functional £(t,-) consists of the
strain energy functional, which we denote by Z(-), and a term comprising the potential
energy due to the external loadings, denoted by (I(t), ¢), so that E(t,q)=Z(q)—(I(t), q)-

Coming back to the input-output operator from (2.46) we can specify in view of Defini-
tion 2.3.2 that Hs 7: @x C'([s, T], Q*) — B([s, T, Q) maps the given data (go, ) onto an
energetic solution ¢ : [s,T] — Q.

In the following we show that the positive 1-homogeneity of R indeed implies the rate-
independence of (Q,E,R), i.e. (2.47) holds. For this, we prove that the energy dissipated
during [s,t] can be written as an integral provided ¢ : [s,T] — Q is sufficiently smooth:

Proposition 2.3.3 Let g€ W ([s, T], Q) with Dissr(q, [s, T]) <oo. Let (2.48) and (2.50)
hold. Then

Dissr(q, [s,t]) = / R(q(&))d¢  forallt € [s,T). (2.51)

Proof: It is Varpi(q, [s,#]) = [ [|4(€)| rimm) d€ for g € WH([s, T, Q) with finite dissi-
pation. By definition, the Lebesgue integral f lg(&)|| Ll(Q rmy d§ is the supremum over the
integrals of all positive, simple functions of the form 23:1 1G(s5)l| 21 rmy Lig; .65 (§) satis-
fying 3200 14(si) o1z Te, 1.6 (6) < 14(E) ||zt mm) for a.e. E€[s, t]. Here, s;€[¢;_1,&]
are suitable nodes, s =& < & < ... <&y =t for N € N are partitions of [s,t] and
Tie; 1 £1(§) €10, 1} is the indicator function of [£;_1,{;]. The positive 1-homogeneity of R
implies that Z;VZI R(G(55)) L1g,_1.1(§) <R(4(£)) ae. for these simple functions and hence

JR(()) dg=sup{ 377, R(4(5))) (§&-1) | N €N} Thus, [[R(4(£)) dé < Dissr(q,[s.1]).
On the other hand the convexity of R and Jensen’s inequality yield

i::R(q(&) q(&§5-1) ZR / d§<Z/ R(¢ d§:/st7?,(q’(§))d§

for any partition. Thus, DlssR(q, [s,1]) < fs R(¢(&))d¢ and the statement is proven. m

Conditions (S) & (E) yield that an energetic solution satisfies Dissg(q, [s,7]) < oo, so
that ¢ € BV ([s, T], L*(©, R™)) by (2.50).

In view of [AFPO05, Th. 3.9] we may state the following approximation result:
Proposition 2.3.4 Let ¢ € BV ([s,T], L*(2,R™)) with Dissg(q, [s,T]) < co. Then there
is a sequence (¢, )neny C CP([s,T] X Q,R™) so that q, — q in L'([s,T] x Q,R™) as well
as Dissg(qn, [s,t]) < C for all t € [s,T). In particular, for all t € [s,T] it holds that
Dissr (gn, [, t]) — Dissr (g, [, 1]).

This is used to verify that relation (2.47) holds true.

Proposition 2.3.5 Let Hs 7 : Q x C'([s,T], Q*) — B([s,T], Q)NBV ([s, T], L'(Q2,R™)),
(qo,1) — q, be the input-output-operator for the rate-independent system (Q,E, R), where
E(t,q) = Z(q)—(l(t),q) for all (t,q) € [0,T]x Q and where R is conver and positively
1-homogeneous. Then (2.47) holds true.
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Proof: To indicate the dependence of £ on the external loading [ we write & in the
following.

Let s, < T, and a € C([s,,T]) with & > 0 and «a(s,) = s, a(T,) = T. In particular it
holds s, = a~!(s), T, = a™(T) and (a™') > 0. Assume that ¢ : [s,T] — Q is an energetic
solution of (Q, &, R) satisfying ¢(s) = qo. Hence (S) & (E) are satisfied for all ¢ € [s, T7.
Now the time interval is rescaled, i.e. t = a(t,) for all ¢t € [s,T]. Then (S) implies that
Z(goafty))=(l o a(ty), g o a(ty)) <T(q)—(l o alty), ) +R(G—g o aft,)) for all g € Q, ie.
(S) holds true for all ¢, € [s,,T}] for o a: [s,, T,] — Q and the system (Q, Eon, R).

Due to Proposition 2.3.4 there is a sequence (¢, )nen € C¥([s,T]xQ,R™) with ¢, — ¢
in L1([0, T] x Q,R™), such that Dissg(qy, [s,t]) — Dissr(q, [s,t]) < oo for all te s, T).

Then, for s = a(s,) and t = a(t,), using Proposition 2.3.3 and the chain rule on ¢, («/(t,))
together with the positive 1-homogeneity of R implies that

/k%l )de= 'M%%m@maoﬁz'ha%m@m&»%z R(Oeqno0(€)) d,

Sx Sk

which proves that Dissg(qy, [s,t]) = Dissg(gnoa, [ss, t]) for all n € N and due to the
convergence also Dissg(q, [s,t]) = Dissg(q o «, [s4, ).
Again by the chain rule we calculate that

tx

Joseitc.at©)ac=— [@autoa@.aena de=- [{adeate)aehas

Sx

and hence (E) is verified for all ¢, € [s,, Ty] for g o o and (Q, Eon, R). Moreover the initial
condition is satisfied since gy = q(s) = q o a(s4).

With the same arguments we can verify for an energetic solution ¢, : [sy, 7] — Q of
(Q, Eloas R) With q,(s,)=qo that ¢, o a™! satisfies (S) & (E) with (Q, &, R) for all t€[s, T]
and with ¢o=q,(s,)=¢. o a~!(s). Thus, (2.47) is proven. ]

In the following we discuss the relation of the energetic formulation to other mathematical
concepts.

A mathematical formulation of a rate-independent process, which is widely used both in
mathematical and engineering communities, involves the subdifferential of the dissipation
potential (2.53) and the Gateaux-derivative of the energy functional. Thereby & : [0, 7] x Q
is called Gateaux-differentiable, if for all t € [0,77, all ¢, ¢ € Q the following limit exists

«

D,£E(t,q)[q) = hr% (2.52)

and the linear functional D, E(t, ¢) € Q" is called the Gateaux-derivative of £(¢,-) in ¢ € Q.
In contrast to the energy functional £ the dissipation potential R : Q@ — [0, 00| not
necessarily has to be Gateaux-differentiable. The subdifferential is defined as follows

O,R(v) :={q¢" € Q" | R(w) > R(v) + (¢*, w—v) for all w € Q}. (2.53)
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Thus, the subdifferential formulation of the evolutionary problem reads as follows.

Definition 2.3.6 (Subdifferential formulation) For the given initial datum gy € Q find
q:[0,T] — Q such that for a.e. t € [0,T] it holds

0€ 0R(¢(t)) +D,E(t,q(t)) C Q" andq(0) =gy € Q. (SDF)

Moreover (SDF) is equivalent to —D,E(t,q) € OR(¢) and by exploiting the definition of
the subdifferential (2.53) we may equivalently formulate the rate-independent evolutionary
problem in terms of a variational inequality.

Definition 2.3.7 (Variational inequality) Fortheinitial datum qo € Q find q:[0,T]— Q
such that for a.e. t € [0,T] and for all v € Q it holds

(Dg€(t,q),v = ¢) + R(v) =R(¢) =20 and q(0) = qo € Q. (VD)
The next result states the relations between the formulations (S) & (E), (SDF) and (VI).

Proposition 2.3.8 Let Q be a Banach space and qy € Q. Assume that € : [0,T]xQ — Ry
is Gateauz-differentiable on Q for allt € [0,T] and continuous on [0, T] x Q. Moreover, let
R :Q — [0,00] satisfy (2.48) as well as (2.50). Assume that for a solution q : [0,T] — Q
of (S)& (E) holds ¢ € WHL([0,T], Q). Then q is also a solution in the sense of (SDF)
and (VI). Furthermore, if £(t,-) is convex on Q for allt € [0,T] and if qy satisfies (S) at
t =0, then also the reverse implication holds true.

Proof: Due to the assumptlon qeWt([0,7], Q) and PI‘OpOSlthIl 2.3.3 the energy balance
(E) can be written as E(t, q(t —i—f R(q(€))dE=E£(0,q(0 —l—fo 0:€(&, q(&)) d¢. Application
of & to (E) leads to $E(¢,q(t)) + R(4(t)) = &&E(t, q(t)) for almost all ¢ € [0, T]. This yields

(Dg€(t,q(t)), q(t)) +R(q(t)) = 0. (Eloc)

Furthermore, inserting ¢(t) + hv for v € Q in (S) results in
(DE(t,q(t)),v) + R(v) >0 forallve Q (Stoc)

due to the positive 1-homogeneity of R and the Gateaux-differentiability of £(¢,-). Sub-
tracting (Ejoc) from (Sjoc) finally yields (VI), which is equivalent to (SDF).

Assume now that ¢ solves (VI) as well as (SDF) for a.e. ¢ € [0,7] and additionally
that £(t,-) is convex for all t € [0,7]. Multiply (VI) by A > 0 and put v = %. For
h — 0 one obtains (Sj..). Due to the convexity and the Gateaux-differentiability of £(¢,-)
for all ¢ € Q we find from (Si.) with v = ¢ — ¢(¢) that for a.e. t € [0,7] it holds
0 < (De&(tq(t), d—aq(t)) +R(G—a(t)) < E(t,q) = E(t, q(t)) + R(G—q(t)). Now (E) has to
be proven. Choosing v = ¢(t) in (Sie) gives (D,E(t,q(%)), ¢(t)) + R(¢(t)) > 0 and v =0 in
(VI) yields (Dg&E(t, q(t)), —q(t)) — R(q(t)) > 0, which proves (Ej,.). By integrating (Ei.)
over [0, t] we verify that (E) holds for all ¢ € [0, 7).
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We finally have to make sure that (S) holds for all, not only for a.e. t € [0, 7. For this
we verify the closedness of the stable sets, i.e. if t; — ¢ in [0,77, ¢(t;) — ¢(t) in Q and if
q(t;) satisfies (S) at ¢;, j € N, then also ¢(t) satisfies (S) at t. W.l.o.g. assume that ¢; > ¢, 4
for all t € [0, 77, since ¢(0) = g satisfies (S) in ¢ = 0 by assumption. By continuity of £
on [0,7] x Q we immediately know that £(t;,¢(t;)) — £(t,¢(t)). Choose now ¢ € Q. Then
we have to find a sequence (§;);en satistying E(¢;, ¢;)+R(q;—q(t;)) — E(t,q)+R(G—q(1)).
A good candidate is ¢; = ¢+(q(t;) — ¢(t)), since ¢; — ¢ in Q by this construction, so that
E(t;,q;) — E(t,q) by continuity and R is constant along this sequence. This implies that
(S) holds for all ¢ € [0, T7. C

As it can be seen from Section 2.2 in the setting of damage and delamination the states
qg = (u,z) € Q are given by the displacement field u € U and the internal (damage
or delamination) variable z € Z. In this framework it is assumed that the dissipation
potential only depends on the inner variable z and not on the full state ¢ = (u, z). Then
OR(G) = 04R(2) X 8:R(2) = {0} x OR(2) and from now on R : Z — [0, 00] will denote a
dissipation potential which only depends on the inner variable.

For such a potential R the subdifferential formulation (SDF) may be rewritten as

U s DLE(t q(t) =0, (2.54)
Z* 5 —D.E(L,q(1) € IR((D)) (2.55)

where U* and Z* are the duals of the Banach spaces U and Z.
IfE(t u,z) = I(u, z) — (I(t),u) and if T : Q — R, is the integral functional from (2.42),
ie. Z(u, z) = [, W(e(u), z, Vz)dz, then (2.54) means in particular that

/ OW (e(u),z,Vz) e(@)dr = (I(t),a) foralla € {veld|v =0 on dN}, (2.56)

which is the weak formulation of the force balance of a hyperelastic material, see (2.17).

Using the duality theory of functionals one can establish a relation between (2.55) and
the flow rule (2.39) under the assumption that Z is a reflexive Banach space. In view of
the definition of the subdifferential

OR(z) ={z" € Z"|R(2)—R(z) > (", 2—=2) for all Z € Z} (2.57)

the direct calculation of the Legendre-Fenchel transform of the positively 1-homogeneous
dissipation potential R : Z — [0, o] yields that its dual functional is given as the indicator
function of OR(0), i.e.

R*(2*)=sup ((*, 2) —R(2)) = Lor(0)(z") for all z* € Z* with Ior() (") =

ez oo otherwise.

{0 if z€OR(0),

Since R : Z — [0, 0] is assumed to be convex and lower semicontinuous on the reflexive
Banach space Z the theorem of Fenchel-Moreau implies that R = (R*)*, see [IT79].

21



2.3 Different Mathematical Concepts Chapter 2

Assume now that the dissipation potential is an integral functional, i.e. for all z € Z it
is R(z) = [, R(z(x))dz, where R : R — [0, 00] is positively 1-homogeneous, convex and
lower semlcontlnuous and Q C R? is a d-dimensional, bounded domain. Then [IT79, p.

296, Th. 1] states that R*(- (fQ ) = [, R*() dz, i.e. for the density R holds

the analogous relation to 1ts Legendre-Fenchel transformed. R(z) = R*™(z) for all z € R.
In view of (2.41), the following relation between the subdifferential formulation (SDF) of
Definition 2.3.6 and the flow rule (2.39) has been verified

i€ F(e,z) =0R" (— 0.W(e, z,Vz)+divdg.W(e, 2, Vz)) (2.58)

where R* is the Legendre-Fenchel transformed of the density R of the positively 1-homo-
geneous dissipation potential R.

Example 2.3.9 Throughout this work the dissipation potential R : Z — [0, 0] for damage
and delamination will take the form

(2.59)

oo otherwise

R(U)Z/QR(U)dZE with R : R — [0, 0], R(v):{ olv| ifv <0,

with the constant o > 0. The subdifferential is given by

—0 ifv <0,
IR(v) = [-0,00) ifv=0,
0 ifv>0.

Thus OR(0) = [—o,00) and hence the flow rule reads
i€ F(e,2) =0l poo)(— 0. W (e, z,Vz)+divOg. W (e, 2, Vz)).

Remark 2.3.10 In Proposition 2.5.8 it was stated that the three formulations (S) & (E),
(SDF) and (V1) are equivalent under the assumptions that it holds ¢ € W([s, T], Q) for
solutions and that the enerqy functional E(t,-,-) is jointly convez for all (u,z) € Q.

IfE(t, -, ) is not jointly convex in (u, z) but only separately convexr in u and z, as it will
explicitly be the case in Chapter 4, the three formulations are no longer equivalent. The en-
ergetic formulation then represents a proper generalized formulation based on the minimum-
enerqy principle competing with the maximum-dissipation principle or rather with Levitas’
realizability principle [Mie05, MT04, MTLO02]. In [MTO04] further relations for non-convex
enerqgy functionals are discussed.

Moreover, the assumption on the solution ¢ € WHL([0,T], Q) cannot be guaranteed for
non-convex enerqgy functionals. In particular already for not strictly convex energy function-
als the solutions may have jumps with respect to time. As formula (2.50) already indicates
it will only be possible to guarantee that an energetic solution is of bounded variation with
respect to time. This provides that the time-derivative ¢ exists only as a Radon-measure.
Relations between the three formulations in this case are also provided in [MT04].
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2.4 General Theory for the Energetic Formulation

Sections 3 — 5 will use the energetic formulation of the rate-independent evolutionary prob-
lems. This section provides general results of this theory.

In order to apply the energetic formulation to a rate-independent evolutionary problem
we fix a state space Q = U x Z, which is assumed to be a weakly closed subset of a reflexive
Banach space. Our approach is based on the energy functional £ : [0,7] x Q — R, and
the dissipation potential R : Z — R, i.e. we assume that R only depends on the inner
variable, not on the full state. We search for an energetic solution ¢ : [0,7] — Q for
the rate-independent system (Q,&,R), which is supposed to satisfy the global stability
condition (2.60(S)) and the global energy balance (2.60(E)).

Definition 2.4.1 (Energetic solution) A function ¢ = (u,z) : [0,T7] — Q is called an
energetic solution for the rate-independent system (Q,E,R), if t — 0,E(t,q) € L'((0,T))
and if for all s,t € [0,T] we have E(t,q(t)) < oo, global stability (2.60(S)) and global energy
balance (2.60(E)):

for allg = (a,2) € Q holds:  E(t,q(t)) < E(t,q) + R(2—=z(1)), (2.60(9))
E(t,q(t)) + Dissg(z, [s.]) = E(s,a(s)) + [, (€, a(€)) dé (2.60(E))
with Dissg (2, [s,1]) == sup { 0 R(2(§)—2(§-1)) s =& < ... <& =t, N € N},
In view of (2.60(S)) we introduce the sets of stable states and stable sequences.
Definition 2.4.2 The set of stable states at time t € [0,T] is defined by:
S(t):={q€ Q|&(t,q) <00, Vg€ Q:E(t,q) <E(t,q) +R(2—2)} .
A sequence (tx, qr)gen C [0,T] x Q is called a stable sequence if (i) and (ii) hold:

(1) suppen{€(tk, qr)} < 00, i.e. there is a constant E € R such that
Gk € Lp(ty) == {q € Q[&(ty,q) < B}, (2.61)
(i1) qx € S(tx) for every k € N.

2.4.1 The Main Existence Theorem

In order to guarantee the existence of an energetic solution, certain general assumptions
have to be made on £ and R, see also [MMO05, MRS08].

The energy functional £ : [0,7] x Q — R has to fulfill the following conditions:

Compactness of energy sublevels: Yt€[0,T|VEeR:

Lg(t) :={q€ Q|&(t,q) < E} is weakly seq. compact. (2.62(E1))

Uniform control of the power:

3ceR 31 >0V (t,,q)€[0,T]x Q with E(t,,q) < oo : (2.62(E2))
E(-,q) € CY([0,T)) and [9,E(t, q)| < c1(co+E(t, q)) for all t€[0, T1.
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Condition (2.62(E2)) enables us to apply Gronwall’s lemma in order to derive a Lipschitz
estimate for £ with respect to time:

E(t,q) — E(s,q)| < (eI = 1) (E(t,q) + o) < e T (E(t,q) + co)|t — 5| (2.63)
Hence, if £(t,q) < E for E € R, then, for cp := e“T(E + ¢;), estimate (2.63) implies
IE(t,q) — E(s,q)| < crlt —s|. (2.64)

The abstract existence theory requires the following general assumptions on the dissipa-
tion distance D : Z x Z — [0, 00| with D(z, 2) := R(2—=2) for all 2,2 € Z:

Quasi-distance: ¥ zy,29,23 € Z: D(z1,29) =0 < 2p = 25 and

D(z1, 23) < D(z1, 2) + D2, 23): (2.65(D1))

Semi-continuity:

D: Zx Z —[0,00] is weakly sequentially lower semi-continuous. (2.65(D2))

Remark 2.4.3 D is an extended quasi-distance on Z, since all metric axioms except sym-
metry are satisfied and since the value oo is allowed. D on Q 1is a pseudo-distance or
semi-distance, because for g1 = (u1, 21), g2 = (ua, 22) the property D(z1, z2) = 0 not neces-
sarily implies q1 = qo.

Conditions (2.62) and (2.65) are useful to state an abstract existence result for the
energetic formulation of rate-independent problems. This abstract version of the main
existence theorem was developed within the works [MMO05, FM06, MRS08, Mie09].

Theorem 2.4.4 (Abstract main existence theorem [Mie09]) Let (Q,E,D) satisfy
conditions (2.62) and (2.65). Moreover, let the following compatibility conditions hold:
For every stable sequence (ty, qx)keny with ty — t, g — q in [0,T] X Q we have

WE(t,qr) — 0E(L,q), (2.66(C1))
qgeS(t). (2.66(C2))

Then, for each qo € S(0) there exists an energetic solution q : [0,T] — Q for (Q,&,D)
satisfying q(0) = qo.

The proof of Theorem 2.4.4 is based on a time-discretization, where (2.62(E1)) and
(2.65(D2)) ensure the existence of a minimizer for the time-incremental minimization prob-
lem at each time-step. For a given partition IT := {0 =ty < t; < ... <ty = T}, for every
k=1,..., M we have to

find ¢r € Argmin{&(tx,q) + D(zk-1,2) | ¢ = (u,2) € Q} . (2.67)

One then defines a piecewise constant interpolant ¢ with ¢'(t) := ¢, for t € [ty_1,t)
and ¢™(T) = qur. Choosing a sequence (II,,)nen of partitions, where the fineness of II,,
tends to 0 as m — o0, it is possible to apply Helly’s selection principle to the sequence

24



Chapter 2 2.4 General Theory for the Energetic Formulation

("' ) men, see [MMO5]. Then, it is shown that the limit function fulfills the properties
(2.60(S)) and (2.60(E)) of an energetic solution. As a consequence of stability and energy
balance (2.60) one obtains the temporal boundedness and BV-regularity of the energetic
solution, since Dissg(z, [0,77]) is equivalent to the total variation of z in time with respect
to the L'-norm in space due to the positive 1-homogeneity of R. The measurability of
q:[0,T] — Q with respect to time stated in (2.46), is due to results in set-valued analysis,
which allow it to extract a measurable function as the limit of the measurable piecewise
constant interpolants (¢ ),.en, see e.g. [AF90, Th. 8.2.5 & Th. 8.2.10]. A detailed proof
of Theorem 2.4.4 can be found in [Mie09].

2.4.2 TI'-Convergence of Rate-independent Systems

In Section 4 we will deduce a model for Griffith-type delamination from models describing
partial damage. For this we will apply the theory on the I'-convergence of rate-independent
systems, which was developed in [MRS08| and which is based on the original notion of I'-
convergence of functionals.

However I'-convergence introduced by De Giorgi in [DG77] is a method to gain a static
variational problem and its minimizers as a limit of a sequence of static variational problems
and their minimizers. A sequence of functionals (G;);jen with G; : X — Ry = RU {00},
where X is a metric space, is said to I'-converge to a functional G : X — R, if for every
w € X the following two conditions are satisfied:

I-lim inf inequality: ¥ (w;)jen, w; > w: G(w) < liminf G;(w;) (2.684)
Jj—00

Recovery sequence: 3 (w0;)en, W; Lw: G(w) > limsup G;(w;) . (2.68Db)
Jj—o0

For rate-independent systems (Q, &;, D;);jen having time-dependent (energetic) solutions
qr ¢ [0,T] — Q it is easy to see that

o =T-1im&; and D, =TI-limD;

is not sufficient to ensure (2.60(S)) and (2.60(E)). Hence a modified concept of I'-conver-
gence has to be used for the quasistatic setting and the energetic formulation of rate-
independent processes. It is desired that energetic solutions ¢; : [0,7] — Q of the ap-
proximating systems (Q,&;, R;) converge to an energetic solution ¢ : [0,7] — Q of the
limit system (Q, £, Roo). This means that conditions (2.60) must be maintained under
convergence, so that the interplay of £; and R; is important. In [MRS08] the theory of I'-
convergence was adapted to the framework of the energetic formulation of rate-independent
processes. In the following we introduce sufficient conditions guaranteeing that a subse-
quence of energetic solutions of the approximating systems (Q,&;,R;) converges to an
energetic solution of the limit system (Q,E,Rs). The topology for the convergence
of the energetic solutions is denoted by 7 in the following, i.e. we want to obtain that

q;(t) EN q(t) for all t € [0,T]. For all j € N, = NU {oo} we introduce the stable sets
Sj(t) :={q € QI&(t,q) < o0, Vi=(u,z): &t q;) < &t q) +R;(F—2)}
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In order to ensure the I'-convergence of the systems (Q,E&;, R;);jen the following condi-
tions have to be satisfied by the energy functionals &; : [0,7] x Q@ — R, for all j € Nu.

Compactness of energy sublevels: Vt€[0,T]V FeR :
Vj € Noo 0 Lip(t) == {q € Q[ &;(t,q) < E} is compact wrt. T, (2.69(E1))
U2, Lg(t) is relatively compact wrt. 7,

Uniform control of the power:
JepeR Je;>0V) € NooV (ty, ¢)€[0, T]x Q with E(t,,q) < oo : (2.69(E2))
E(-,q) € C([0,T]) and |0,E ( q)| < cr(cot+E(t, q)) for all tel0,T],

Uniform time-continuity of 0:€x
Ve >0VE € R3§>0Vq € Q with £(0,¢) < E': (2.69(E3))
th—ta] <0 = [0€xo(tr,q) — O:ul(tz,q)| <.

Furthermore the dissipation distances D, : Z x Z — [0, oo] with D;(z, 2) = R;(Z—z2) for
all 2,z € Z must fulfill for all j € N:
Quasi-distance:
VJ € Ny Vzl, 29,23 € Z: D, ( ) =0 & 2z =2 and (270(D1))
Dj(Z ) SD (21,22)+Dj(22,23),

Semi-continuity:

Vi€ Ny : Dj: Z2x Z —|0,00] is lower semi-continuous wrt. 7, (2.70(D2))
Positivity of Dy
V compact A C Z, V(z;)jen C A :
p (=) (2.70(D3))

min{D;(z;,2), Dj(z,2)} = 0 = 2z 5z,
where 77z is the restriction of 7 to the z-component of ¢ = (u, z) .

Additionally the following compatibility conditions have to be satisfied:
For all t; — t in [0, 7], ¢; = (uj, ;) Lg= (u, z) with ¢; € S;(¢;) for all j € N it holds

Conditioned continuous convergence of 0,&; :

2.71(C1
0&j(tj, ar) — OE(L,q), (2.71(C1))
Conditioned upper semi-continuity of stable sets:
q € Sx(t), (2.71(C2))
Lower I'-limit for &; :
Lower I'-limit for D; : Let additionally ¢; = (u;, Z;) z q=(a,32) (2.71(C4)

with qu S Sj(t]>,] S N, then D(Z, 2) < lim il’lfj_>oo Dj(Zj, 2]) .

Conditions (2.69(E1)), (2.69(E2)) and (2.70(D1)), (2.70(D2)) are analoga to the con-
ditions (2.62) and (2.65), which are needed when establishing the existence of energetic
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solutions for all j € N via time-discretizations. Moreover, for fixed ¢t € [0,7] condition
(2.69(E1)) enables us to extract subsequences ¢;(t) which converge with respect to 7 to
a limit ¢(t) € Q. Then the compatibility conditions (2.71) make sure that the properties
(2.60(S)) and (2.60(E)) satisfied by the energetic solutions ¢; of the approximating systems
(Q,&;,Rj) can be maintained during convergence, so that it is indeed possible to extract
a (measurable) energetic solution ¢ : [0, 7] — Q for the limit system (Q, £, Roo) from the
pointwise accumulation points obtained from (2.69(E1)).

The theorem below states the convergence result. A proof is given in [MRS08, Th. 3.1].

Theorem 2.4.5 (I'-convergence of (Q,&;, R;)jen) Let the conditions (2.69), (2.70) and
(2.71) hold and for all j € N let ¢; : [0,T] — Q be an energetic solution of (Q,E;, R;) in the
sense of Definition 2.4.1. If q;(t) Z q(t) for all't € [0,T] and if £;(0,¢;(0)) — £x(0,¢(0))
then q : [0,T] — Q is an energetic solution of (Q,Ew, Reo), i.e. for all t € [0,T)] it holds

a(t) € Sult) and  Ex(t) + Dissr(q, [0,4]) = £(0,9(0)) + /Otﬁsg(&q(»i))dé- (2.72)

Moreover, for allt € [0,T] it holds £;(t, q;(t)) — E(t, q(t)), Dissg, (g;, [0, t]) — Dissr (g, [0, ])
and 0,&;(t,q;(t)) — 0 E(t,q(t)) for a.a. t € [0,T]. Furthermore, for Q being a separable,
reflexive Banach space, the energetic solution q is measurable with respect to time.

In particular the conditioned upper semicontinuity of stable sets (2.71(C2)) is important,
but very difficult to verify for specific applications. Thus in [MRS08, Condition (2.16)] it
is elaborated that this relation can be guaranteed by the so-called joint recovery condition.

Lemma 2.4.6 (Joint recovery condition) Let t; — t in [0,1] and g, L q with ¢ €
S;(t;) for all j € N. Then, q € Sx(t) is satisfied if the joint recovery condition holds, i.e.
for any ¢ € Q, it must be possible to construct a joint recovery sequence (G;)jen with §; KR q
so that

limsup (€;(t;,4;)+D;(z5, 2;)—E;(t5,45)) < Ex(t, @) +Duo(z, 2)—Ex(t, ). (2.73)

j—o0
Proof: Assume that the joint recovery condition holds so that (2.73) can be verified for
all ¢ € Q. Then (2.73) implies that
Exo(t,q) < Euo(t, @) +Deo(2, 2)— limsup (E;(t5, 4;)+D; (25, 2)—E;(t5, 45))
o0

since (£;(t,4;)+Dj(z5,2)—E;(tj,q;)) > 0 for all j € N due to ¢; € S;(¢;). n

The term recovery sequence shows the close relation of this tool to the original definition
of I'-convergence, but joint expresses that this new kind of recovery sequence has to supply
more: It has to recover the limit state jointly in all components and hence, in many
applications the sequence recovering the displacement cannot be constructed independently
from the one for the inner variable, since these quantities may be linked with each other
by the energy functional and the dissipation potential. This will particularly be the case
in Section 4.
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2.5 Outline of the Thesis

In Chapters 3— 5 the results of this thesis are demonstrated. Chapter 3 establishes the
existence of energetic solutions for isotropic damage processes both for small and finite
strains. The energy £ will be characterized by a functional of the form (2.42) for general
stored energy densities W, so that the result also applies to physically nonlinearly elastic
materials such as in Examples 2.1.5, 2.1.6. The dissipation potential R : Z — [0, o]
will be given as in (2.59), where R(v) = oo if v > 0 accounts for the unidirectionality of
the damage process, i.e. healing is forbidden. The existence of energetic solutions for the
damage problem (Q, &, R), where Q is a suitable state space will be proven by verifying
the assumptions (2.62), (2.65) and (2.66) of the main existence theorem 2.4.4. The main
difficulty lies in the verification of the closedness of the stable sets (2.66(C2)), which is due
to the discontinuity of the dissipation potential. Since it is even not weakly continuous
on the set of admissible damage variables Z, one cannot obtain the stability of the limit
by simply passing to the limit with stable sequences in stability condition (2.60(S)). As
already exploited in [MRO06] the joint recovery condition (Lemma 2.4.6) has to be applied
to overcome the lack of continuity. The technique which is used in Chapter 3 to construct
a joint recovery sequence for this problem is new and applies to a larger class of damage
models than the one presented in [MRO6]. In particular the existence result established
with this new technique also covers the engineering models proposed in [HSS03, LB05].

For a joint recovery sequence there does not exist a general ansatz. The way to find it
is individual for each problem since the construction of the sequence particularly depends
on the form of the functionals. This can be seen in Chapter 4, where the existence result
of Chapter 3 is used to deduce a delamination model from models describing the damage
of three-specimen-sandwich-structures by means of I'-convergence when flattening their
middle component to the thickness 0. The I'-convergence of the damage problems will
be obtained by verifying the assumptions (2.69), (2.70) and (2.71) of the convergence
theorem 2.4.5. Since the limit delamination model shall include the transmission and
non-interpenetration conditions (2.44), (2.45) one has to use a larger state space than for
the damage models and hence has to be very careful with the choice of the topology 7 of
convergence. In particular, here the recovery sequences have to be constructed in such a way
that conditions (2.44), (2.45) can be recovered, i.e. the construction has to preserve the link
between the displacements and the delamination variable in the limit. Hence one indeed has
to construct a joint recovery sequence for this application, since the recovery sequence for
the displacements has to interact with the one for the inner variables. In order to obtain the
transmission conditions for the limit model it is of particular importance that the gradient
of the delamination variable is kept in the limit, since it supplies better properties for the
limit functions, namely continuity due to a compact embedding. Since this term is quite
artificial for any delamination model describing a Griffith-crack, the I'-limit is performed
via a double limit: In a first limit passage the thickness of the middle component of the
sandwich-structure is flattened to 0, so that the (d—1)-dimensional interface I, experiencing
possible delamination is approximated by d-dimensional damageable domains. In this limit
passage the transmission and non-interpenetration conditions (2.44), (2.45) are gained from
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the damage models, see thereto Section 4.2. In a second step, carried out in Section 4.3,
the gradient of the delamination variable is suppressed by a further I'-limit, so that the
final limit model coincides with the one discussed in [RSZ09).

Chapter 5 is concerned with the temporal regularity of energetic solutions. As already
indicated in Section 2.3 an energetic solution ¢ = (u, z) : [0, 7] — Q has in general only a
quite low temporal regularity. Stability condition (2.60(S)) provides that ¢ € L*>(]0, T}, Q),
whereas the boundedness of Dissg(z, [0,77]), which can be concluded from the energy bal-
ance (2.60(E)), supplies that z € BV([0,T], L*(2)). Thus, in general energetic solution
may have jumps in time and the time-derivative Z of the inner variable is only a Radon
measure. In view of the other possible formulations of evolutionary problems by subdif-
ferentials (SDF), a variational inequality (VI), see Definitions 2.3.6 and 2.3.7, or even by
the classical formulation by force balance (2.17) and evolution equation (2.39), which all
involve the time derivative Z at least in suitable Sobolev spaces, one is interested in speci-
fying settings that lead to a higher temporal regularity of energetic solutions. In Chapter
5 it is established that the strict convexity of the energy functional £(¢,) : Q@ — R, for
all t € [0,7] implies the continuity of energetic solutions in time. This result is due to the
fact that strict convexity of the functional provides the uniqueness of minimizers.

Moreover Chapter 5 generalizes the results obtained in [MT04] on the temporal Lipschitz
continuity of energetic solutions. In [MT04] it was developed that an energetic solution is
Lipschitz continuous with respect to time, if the energy functional satisfies for all ¢, ¢1 € O
and all § € [0,1] a uniform convexity inequality of the form

E(t,0q+(1-0)q) < 0E(t, 1) + (1-0)E(t, q0) — 0(1—0)c|lq1—qol|S (2.74)

with @ = 2. In other words, it was claimed that (2.74) has to hold globally on Q for the
exponent a = 2. In this thesis it is shown that this assumption is too restrictive, since it is in
general only satisfied by quadratic energy functionals, i.e. for linear elasticity. But it turns
out that energy functionals referring to nonlinearly elastic materials may satisfy a kind of
uniform convexity restricted on energy sublevels for exponents a > 2, i.e. the constant ¢ in
(2.74) depends on the energy sublevel. Since energetic solutions have bounded energy this
observation allows it to prove at least their Holder continuity in time. Furthermore Section
5 demonstrates that the temporal regularity can be improved when using a bigger space
YV D Q to establish the uniform convexity estimates, so that temporal Holder continuity
with respect to @ may even improve to temporal Lipschitz continuity with respect to V.

Finally Chapter 6 summarizes the results of this thesis and gives an outlook on future
work on this field.
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Chapter 3

Rate-independent Damage Processes

In this Chapter the existence of energetic solutions of rate-independent models for isotropic
damage in physically nonlinearly elastic materials is investigated both in the small-strain
and in the finite-strain setting. See Sect. 2.1, p. 7 for the definition of these settings and
Sect. 2.2.1 for more information about the mechanical modeling of damage processes. The
focus lies on partial damage, which means that the damage variable z : [0, 7] x Q — [z, 1],
with z, > 0, cannot attain the value 0, i.e. z(¢, ) = 1 means that the material is undamaged
in the point x € Q at time ¢t € [0,7], whereas z(t,z) = z, stands for maximal damage in
x. In other words, partial damage means that the material cannot completely disintegrate
and for z = z, it is still able to support arbitrary stresses without further damage.

The model that is analyzed in this Chapter is based on one proposed by Frémond and
Nedjar to describe the damage of concrete, see [Fré02, Chap. 12] or [FN96]. It consists of
an energy functional representing the strain energy plus the amount of energy generated
by the external loadings, and a dissipation potential accounting for the energy dissipated
by the damage process. The dissipation potential is given similar to (2.59), i.e. by

R(2) = S{R(x, Z)dx, where R(z,v) := { Q(2|U| i: i% 00, 0} (3.1)
with o € L>(Q) satisfying 0 < g9 < o(z) for a.e. z € Q.
This definition of the dissipation potential accounts for the unidirectionality of the damage
process: Only those damage variables, that describe an increase of damage, lead to finite
dissipation. Moreover, the dissipation potential defined via (3.1) is rate-independent, since
it is homogeneous of degree one, ie.: R(z,aw) = aR(z,w) for every a > 0 and every
w € R. Thus, it generates a so-called dissipation distance, see Section 2.3 for more details:

D(z0,21) = R(z1 — 20) - (3.2)

The energy functional depends on time ¢ € [0, 7], the damage variable z € [z,, 1] and —
at small strains — on the linearized Green-St. Venant strain tensor e(u) := 1(Vu + Vu'),
where u : Q — R? is the displacement field. It is defined via three different energy terms:

Et,u,z) / W(z,e(u), z)dx —I—/ (; |Vz|" + 5[2*,1](2)) dz — (I(t),u) . (3.3)
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The third term in formula (3.3) represents the work of external loadings, which may com-
prise both volume and surface forces. Here, (-,-) denotes the dual pairing in suitable
Sobolev spaces.

The second term in (3.3) includes the indicator function dy., 1j(-), which ensures that
2(x) € [z, 1] for ae. x € Q by 0, 11(2(x)) = 01if z(x) € [z,1] and §,, 1)(2(x)) = o0
else. Furthermore it involves the gradient of damage and takes into account nonlocal,
microscopic interactions, i.e. it considers the influence of damage in a point x on its neigh-
borhood. Here, x > 0 denotes the so-called factor of influence of damage. The ansatz
involving the damage gradient is quite often used in engineering for the exponent r = 2,
see [HS03, LB05], and since previous work [MRO6] only deals with r > d it is the aim in
this chapter to cover all exponents r € (1, c0).

The first term in (3.3) denotes the stored elastic energy, which is determined by the
stored elastic energy density W : Q x RE:Y x [z,,1] — Ry with Ry := R U {o0}.

Since e(u) is no sufficient measure for the strains when large deformation gradients
occur, one has to consider the deformation ¢ and its gradient V¢ instead of u and e(u)
in the finite-strain setting, see Section 2.1.1. Hence at finite strains the energy changes
to E(t, p, z) and the only obvious difference in the model given by £ and R is that u and
e(u) in (3.3) are replaced by ¢ and V. But the mathematical properties of the stored
energy density W : €2 x ngxrff X [z, 1] — R are different in these two settings. A common
assumption in the small-strain setting to guarantee the existence of minimizers is convexity.
At finite strains the stored energy density has to satisfy the natural requirements (N1)-
(N4) explained in Section 2.1.3, i.e. in particular material frame indifference (2.25) and the
noninterpenetration condition (2.33). But these two assumptions are incompatible with
convexity. Thus, it is required to use the notion of polyconvexity, which was introduced

by J.M. Ball in [Bal76] to model finite-strain elasticity.

Moreover the two settings need a different treatment of inhomogeneous Dirichlet con-
ditions. While they are realized at small strains by an additive split of a given extention
of the Dirichlet datum into the domain and an unknown displacement satisfying homo-
geneous Dirichlet conditions, it is necessary in the finite-strain setting to model them by
a composition of the unknown function y and the given Dirichlet datum g, so that the
unknown deformation is given by ¢(t,z) = g(¢,y(z)). This assumption makes the test of
the noninterpenetration condition (2.33) easier, since the determinant acts multiplicatively.
Under the assumption that det V,g(¢,y) > 0 for all y € R? one only has to check whether
det V,y(z) > 0, since det V,¢(t,z) = det V,g(¢,y) det V,y(z) due to the chain rule and
the multiplicativity of the determinant.

Due to these differences the existence analysis for the damage model given by (3.1) and
(3.3) has to be done separately for the two settings. In Section 3.1 the existence of energetic
solutions at small strains is established by verification of the assumptions of the abstract
main existence theorem 2.4.4. Using the same approach an equivalent existence result
is deduced for the finite-strain setting in Section 3.2. Both sections discuss examples on
stored energy densities W, which are used in engineering and which fit to the mathematical
framework.
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3.1 Isotropic Damage at Small Strains

Main goal of this section is to show the existence of energetic solutions (u, z) : [0,7] — Q
for the rate-independent system (Q, &, R) at small strains, where £ and R are defined by
(3.3) and (3.1) respectively and where Q =U x Z denotes a suitable state space for the
displacements u €U/ and the damage variables z € Z. Energetic solutions are characterized
by energy balance (2.60(E)) and stability condition (2.60(S)). Section 3.1.1 provides the
assumptions that are made on the setting of the damage process at small strains and it
contains the existence result. Its proof is carried out in Section 3.1.2. It consists of an
application of the main existence theorem 2.4.4. Finally, Section 3.1.3 discusses classes of
energy functionals known in engineering, which fit into the framework of our setting.

One main difference to previous works on the existence analysis of rate-independent
processes [FMO06, MP07, MPP09] is, that we do not claim a growth property on the stored
elastic energy density of the form ¢le|? — C' < W(x,e,z) < clel’ + C for constants
¢1,¢0,C,C >0 and 1 < p < oo, which would lead under the assumption of convexity to a
growth condition on the stresses of the form

(H4*) |0.W (x,e,2)| <c(le/P~t +¢&) for constants ¢, ¢ > 0.

This condition is not applicable for our purposes, since we want to allow for stored elastic
energy densities used in literature [Ser93| to describe strain hardening, such as e.g.:

W (e, z) == 2 (tre)*+[e”|", (3.4)

for a constant 3 < ¢ < oo and the deviator e := e—2£Id. Coercivity is only obtained for
1

the exponent 2, i.e. 1(|e[*—1) <W (e, z), whereas (H4*) can only be verified with ¢, namely

0. (e, 2)| = | 142(tre) [d +qeP[7226P| < |tre] +2q|eP|r~! < max{2q, 2% }(1+]elL),
Hence we use the alternative stress control:

(H4) |0.W (x,e,2)| < c(W(x,e,z)+¢) for constants ¢, é > 0.

The main challenge of the existence analysis lies in the discontinuity of the dissipation
distance D arising from the unidirectionality of the damage process. Compared to [FMOG,
MPO7, MPP09], where the dissipation distance was assumed to be (weakly) continuous, an-
other method is required for proving the stability of limit states, see Condition (2.66(C2))
and Section 3.1.2. The possibly infinitely valued dissipation distance does not allow to pass
to the limit along a stable sequence in stability condition (2.60(S)), see Definitions 2.4.1
and 2.4.2 as well as Section 3.1.2. To overcome this problem the joint recovery condition,
which was explained in Section 2.4.2 for sequences of rate-independent systems (Q, &;, R;),
has to be applied with £ =& in (3.3) and R; =R in (3.1). This method was already ap-
plied in previous work [MRO06] to prove the existence of an energetic solution of (Q, &, D)
defined by (3.3), (3.2) under the assumption of r > d. This restriction was necessary be-
cause the construction of the joint recovery sequence required the compact embedding of
Wir(Q) € C(Q). In Section (3.1.2) we provide a more delicate construction for the joint
recovery sequence that allows us to handle weak convergence in W (Q) with r € (1, 00).

The results of this section will appear as a part of [TM10].
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3.1.1 Assumptions and the Existence Result

We consider a bounded domain Q@ C R with a Lipschitz boundary 9Q modeling the
reference configuration of a nonlinearly elastic material. This body undergoes a damage
process driven by exterior forces [(t), which may change with time. Furthermore, the body
is assumed to be fixed at one part [}, of its boundary 02 with positive (d—1)-dimensional
measure £471(I},,) > 0, such that the displacement field @ : Q — R? is prescribed there:
u = g(t)only, for ¢ € [0,7]. This means that we allow for time-dependent Dirichlet
conditions, where the Dirichlet boundary I, itself is fixed in time. From now on we write
g(t) also for the given extention into the domain €2 of the function g specifying the Dirichlet
condition on the boundary. Hence, using the splitting @ = u + ¢(t), we define the state
q = (u, z) and the energy functional

E(t, u, z):/QW(x, e(u)+ep(t), z)dx + /Q(f IV2|" 46, 1)(2)) do — (I(t), u+g(t)), (3.5)

where v = 0 on I},,,, such that u+g(t) = g(t) on I,,. Moreover, e(u) := $(Vu+Vu') and
similarly ep(t) := 5(Vg(t)+Vg(t)") denote the linearized strain tensor of u and g(t).

We make the following general assumptions on the domain €2 and the given data g, [ :

(3.6(A1)) Qis a bounded Lipschitz domain, I3, C 99 with £3~(T},,) > 0,
(36(A2)) ge Cl([O, T], Wl’OO(Q, Rd)) with Cqg= max{l, ,Cd(Q)} ||gHcl([O’TLwl,oo(Q’Rd)),
(8.6(A3)) 1€ CH[0,T], W1 (Q,R?)) with ¢, := [[l]| ca o .10 () -

Here p' = p/(p — 1), where p € (1, 00) will be fixed in (3.7(H3)) below. Recall that £™(A)
denotes the m-dimensional Lebesgue-measure of a set A C R™ with m € {(d—1),d}.

Furthermore, we claim the following hypotheses on the stored elastic energy density:

(3.7(H1)) Carathéodory-function:
W(x,-,-)eCU R X [z, 1]) for a.e. z€Q and W(-, e, z) is measurable in .
(3.7(H2)) Convexity:
For every (z,z) € 2x [z, 1] the function W (z, -, z) is convex.
(3.7(H3)) Coercivity:
There are constants c¢;, C' >0, and 1 <p<oo such that for all
(z,e,2) € A x REEx [z, 1] we have ¢|elP — C < W (x, e, 2).
(3.7(H4)) Stress control:
For all (z,2) €Q X [z,, 1] we have W (z, -, z) € CH(R%X?) and there exist

Sym

constants ¢>0,¢>0 such that for all (z,e,2) € QxRZIx [2,, 1] we have

sym
0. W (z,e,2)| < c(W(z,e,z)+¢).
(3.7(H5)) Uniform continuity of the stresses:
There is a modulus of continuity w : [0, co] — [0, o0] so that for all
(z,e,2), (x,¢6,2) € QxR x [z, 1] we have

Sym

0.W (z,e,2) — 0. W (x,6,2)] <w(le—é|)(W(x,e,z) + W(x, e z)+7).
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(3.7(H6)) Monotonicity:
There are constants K >0, K >0 so that for all

(z,€,2), (x,e,2) QX REI x [2,, 1] with 2<% we have

Wz, e,2) <W(x,e ) < KW(zez +K).

Hypotheses (3.7(H1))-(3.7(H3)) will ensure condition (2.62(E1)). Hypothesis (3.7(H4)) is
the basis to prove Lipschitz estimate (2.64) and (2.62(E1)). Hypothesis (3.7(H5)) is re-
quired to establish condition (2.66(C1)). The first estimate in assumption (3.7(H6)) reflects
the physical property of damage, that an increase of damage decreases the stored elastic
energy. The second estimate in (3.7(H6)) states that the remaining elastic properties after
all damage has occurred are still comparable to the undamaged material. This assumption
is reasonable, because we only treat partial damage in our analysis. Total damage would
neither allow for the second inequality in (3.7(H6)) nor for coercivity (3.7(H4)), since for
a completely disintegrated body the displacement field has no meaning any longer.

In view of hypothesis (3.7(H3)) we choose the space of admissible displacements as
U:={uecW(QRY |u=0onl,} (3.8)
Under consideration of formula (3.5) we put the set of admissible damage variables
Z =W (Q) (3.9)

and Q := U x Z indicates the set of admissible states.
For the analysis we will consider the convergence of sequences (g)reny C Q to a limit ¢
in the weak topology of Q and we will indicate the weak convergence in Q by ¢ — ¢ in Q.
With these tools at hand we state the existence theorem for the damage problem.

Theorem 3.1.1 (Existence theorem for the damage problem) Let Q = U x Z be
given as above. Let € be defined via (3.5) such that the assumptions (3.6) and (3.7) hold.
Let R be given by (3.1). Then, for the rate-independent damage process defined by (Q,E,R)
there exists an energetic solution for any initial state gy € S(0).

The proof of Theorem 3.1.1 is carried out in Section 3.1.2. The main difficulty lies in the
missing weak continuity of the dissipation distance, which especially complicates the proof
of the compatibility conditions (2.66).

3.1.2 Proof of the Existence Theorem

In this subsection the assumptions (2.62), (2.65) and (2.66) of main existence theorem 2.4.4
are checked. An analysis similar to ours is given in [MP07, MMO09, MPP09]. As our model
allows for more general assumptions in (3.7) we repeat all steps for the readers convenience.
In particular, previous work (e.g. [MPP09]) assumes (3.7(H2)) and (H4*), where (H4*)
ensures that 9,W (z, A, z) € LV (€, R™4) which is not guaranteed by (3.7(H4)).
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For a shorter notation in the proofs we introduce the following abbreviations:

Z(t,u,z) = [, (W( )+ en(t), 2)+0), 1)(2)) dz,
Clz) = [, = \Vz\ dx, (3.10)
J(tu,z):= I(t,u,z)— (t),u+ g(t)),

such that
E(t,u,z) =Z(t,u,2)+C(2) — (I(t),u+g(t)) = T(t,u,z) +C(z). (3.11)

An important tool in the proofs will be Korn’s inequality, which holds for functions
ueU CWHP(Q,R?) for U defined by (3.8). A proof of Korn’s inequality for p€ (1, 00) can
e.g. be found in [KO88, Pom03] and we also refer to Theorem 4.1.5 in Chapter 4.

Theorem 3.1.2 (Korn’s inequality) Let QCR? and T}, C 99 satisfy (3.6(A1)) and let
1 <p<oo. There is a constant Cx = Ck (€, p) such that for every v € U the following
estimate holds:

[ollwrn@rey < Crlle()|| o paxa - (3.12)
Compactness of the energy sublevels (2.62(E1))

In the following, the weak sequential compactness of the energy sublevels is established
using the standard approach in the direct method of the calculus of variations.

Lemma 3.1.3 Let assumptions (3.6) and (3.7) hold. Then there are constants cz, C3>0
such that E(t,-,-) : U x Z — Ry, satisfies a growth estimate of the form

E(t,u,z) > c3 (||u||€v1,pm’Rd)+||z||£V1,T(Q)> —C5 forall (u,z) eU x Z. (3.13)

Proof: For (z,e,2,A) € Q x R x [z, 1] x R? we set

sym
W(z, e,z A):=W(z,ez)+ 2 |A".

Let (u,z) € Q. If 6., 1j(2) = oo on a set of positive measure then (3.13) trivially holds.
Hence assume that z satisfies ¢}, 1j(2) = 0 a.e.. Using hypotheses (3.6(A2)), (3.6(A3)),
(3.7(H3)), Young’s and Korn’s inequality we get

E(t,u,z) = /QW(a:, e(u)+ep(t), z, Vz)de — (I(t), u+g(t))

> crlle(w)l|r—cg) "= (C+H LY =l [ullwrotcg)+ 2 | 2llpr
> c1(277[le(u)[7o—ch) —(C+5) LY Q) —a(llullwrrteg)+E |2l (3.14)
> 2t lullfy,—(C+2) LYQ) —erd = (£)7 —Eltel o 2 2],

> 2 [ullfyn 5 2l = (CHH LY Q) —erch)—acg— (2)"

- 15
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1
where Young’s inequality with ¢ := <27pc“’ ) " leads to the third inequality of (3.14).

Ck

This proves (3.13) with suitable ¢3 and Cj. n

Coercivity estimate (3.13) together with weak lower semicontinuity yields the compact-
ness of the energy sublevels.

Proposition 3.1.4 Let assumptions (3.6) as well as (3.7) hold. Then E(t,-,+) is sequen-
tially lower semicontinuous with respect to the weak topology of Q and its sublevels Lg(t)
are weakly sequentially compact in Q.

Proof: First, we obtain that C(-) : W (2) — R is bounded from below by 0 and lower
semicontinuous, since every L"-converging sequence contains a subsequence that converges
pointwise a.e. by Riesz’ convergence theorem. Moreover, C(-) is convex and hence weakly
sequentially lower semicontinuous by [Dac89, p. 49, Th. 1.2.]. Furthermore, [Dac89, p.
74] states the weak sequential lower semicontinuity of J(&,n) = [, /V[7(x, &(x),n(x))dx for
W(x7£(x)7n(x>> = W(x7£(x)7n(x>>+5[z*,1}(n)7 n=z g = e(“’) on Wl’IJ(Q’Rd) X LT(Q> if
hypotheses (3.7(H1))-(3.7(H3)) hold true, since the compact embedding W' (Q) € L"(Q)
by Rellich’s embedding theorem implies the strong L"-convergence of a sequence converging
weakly in W17(Q). Hence, £ is weakly sequentially lower semicontinuous on Q.

Let now (uy, zk)ren C Lp(t) C Q. Then estimate (3.13) yields

1 1
le(ur) [lwre@ray + |2kl wir@) < (EJF—Q) i <E+—C“‘> " (3.15)

c3 c3

Since the spaces W1P(Q, R?), W1 (Q) are real, reflexive Banach spaces for 1 < p,r < oo,
the sequence (uy, zx)ren contains a subsequence converging weakly in Q. In particular, due
to the compact embedding of Q into LP(Q,R?) x L"(Q2) and Riesz’ convergence theorem
we find a further subsequence converging pointwise a.e. in {2 with their limits z € Z,
u € WHP(Q,R?) satisfying 2z, < 2z < 1 a.e. in Q and u = 0 on I},,. Due to the weak
sequential lower semicontinuity of £(¢,-) on Q the limit (u,z) of the subsequence is an
element of Lg(t). This shows that the sublevels are weakly sequentially compact, so that
(2.62(E1)) is proven. n

Remark 3.1.5 (Existence, uniqueness of minimizers) A direct consequence of Pro-
position 3.1.4 is the existence of minimizers for the minimization problems

I gt’~7~ D 7~ ) 1 t?~7 d 1 t?~
(ﬁrg)lgg( (8,4, 2)+D(z, 2)), min J(t,4, 2) and min J(t, g)

for allt€[0,T] and all z€ Z, as well as for the time-incremental problems (2.67) in every
time step. This implies that the stable sets S(t) are non-empty for every t€ |0, T]. If strict
convezity is claimed in (3.7(H2)), then the minimizers u€U of J(t,-, z) are even unique.
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Control of the power of the energy (2.62(E2))

In the sequel, condition (2.62(E2)) is shown using assumptions (3.6) and (3.7(H1))-(3.7(H4)).
As a first step we derive a Lipschitz estimate for the stored elastic energy density.

Lemma 3.1.6 (Lipschitz estimate for W) Let (3.7(H2)) as well as (3.7(H4)) be satis-
fied. Then for every (z,2) € Q x [z, 1] and any e, & € R we have

sym
|[W(x, e, z)—W(x,e z2)| < g(W(x, e,z)+ Wiz, e z)+2¢)ée—el. (3.16)
Proof: Under consideration of (3.7(H2)) and (3.7(H4)) we obtain for o € [0, 1]:

|W(x, e, z)—W(x, e, z)|= /0 0 W (z, (eta(é—e)), z):(é—e)da

< /0 cla(W(x,é, 2)+é)+(1—a)(W(x, e, z)+¢))|é—e|da

ZE(W(% e, Z)+5)|é—6|+g(W(az, e, z)+c)|é—el,

which gives the result. n

Now, we are in a position to prove condition (2.62(E2)).

Theorem 3.1.7 Let (3.7(H2))-(3.7(H4)) and (3.6) be satisfied. Then there exist constants
co > 0, ¢1 > 0 such that for every (t,,q) € [0,T] x Q with E(t,,q) < oo it holds

E(-,q) € CY([0,T]), where
E(t q) = /QaeW(xv e(u)+ep(t), 2):ep(t) de—(i(t), utg(t))—(I(t), §(t)) (3.17)
and |0:E(t,q)| < c1(E(t,q) + o) for everyt € [0,T]. (3.18)

Proof: Let ¢=(u,2) € Q. Note that (3.7(H4)) together with Gronwall’s lemma implies
that W (z, e+¢, z) < exp(clé])(W(z, e, z)+cclé|) for all (z, e, 2), (z,€,2) € AxREIx [z, 1].
Hence the assumption &(t,,q) =: E, < oo for some t, € [0,7] together with (3.6(A2))
and (3.6(A3)) yields £(t,q) < E, < oo for every t in a sufficiently small neighborhood
N(tq) € [0,T7] of t,, since obviously 6., 1)(2) = 0. Thus, £(-, ¢) as the sum and composition
of the continuous functions I(-), g(-), W(zx,, 2), (-,-) and [,(-)dz is continuous itself.

In a first step, we prove that the time-derivative 9,£(-, q) exists in N(t,). In this neigh-
borhood the estimate (3.18) can be derived as a second step. We will obtain that the
constants are independent of ¢, and N(t,). This allows us to apply Gronwall’s lemma and
Lipschitz estimate (2.64) uniformly in each neighborhood of any time ¢, with finite energy.
Thus, £(-,q) € C'([0,T]) follows.

Now, we prove the existence of 0,E(t, q) for t € N(t,). For this we define for ¢t € N(¢,)

LW, e(u)tep(tta), z) — W(z, e(u)+ep(t), 2)) if a#0
ha,t,a) = { 0W (z,e(u)+ep(t), z) : ép(t) if =0
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and we must show that h(z,t,-)€C?([—ay, ay]) for oy suitably. By the mean value theorem
of differentiability, we know the existence of a=a(«) for every a€[—ay, ay], such that

é (W(z, e(u)+ep(t+a), z2) =W (z,e(u)+ep(t), 2))

= 0. W (x,e(u)+ep(t+a), z) : ép(t+a) = F (3.19)
— 9. W (x,e(u) +ep(t),z):ép(t) asa, @ — 0by (3.7(H4)) and (3.6(A2)).

In order to show that the integrals converge as well, we are going to apply the dominated
convergence theorem. For this we obtain by (3.6(A2)), (3.7(H4)) and the Gronwall estimate

|F| < cge(W(z,e(u)+ep(t+a), z) + ¢) < cye exp(2eey) (W (x, e(u)+ep(t), z) + 2¢c,c¢ + €)
By Lipschitz estimate (3.16), (3.6(A2)) and (3.6(A3)) we have

| Jo W, e(u) + ep(t + @), 2) = W(z, e(u) + ep(t), ) dz|
) wo . (3.20)
< ||eD(t+a) p(t)|| e raxay (26LYQ)+E(t,u, 2)+E (t+a, u, 2)+20¢¢4) = 0,

since &(t4a,u,z) < E, for every t+a € N(t,). The differentiability of (I(t),u+g(t
ensured by (3.6(A2)), (3.6(A3)). Thus we have proven the existence of 9,£(+,¢q) in N(

By (3.13) we find an upper estimate for ||e(u)+ep(t )||Lp o raxay i terms of E(, q):

) is
tq)-

leu)ten(®) g maen < 2" (e, 0z +¢5)

(3.21)
< op-1 ( (tq+03+c1”) —: A\E(t, q)+B;

This estimate will be used in the following to get (3.18). We have

+ (U(8), kg ()] + [(U(D), 3(8))]

/Q@eW(x,e(u)—i-eD(t),z) ép(t)de

where the loading terms are treated with Korn’s and Young’s inequality as in the proof of
(3.13), such that one obtains an estimate of the form

[(1(8), urg(E)] + [(1(t), §(0)] < A2E(t,q) + Bs. (3.22)

Application of (3.7(H4)) to the stored elastic energy term yields

/8 W (z, e(u)+ep(t), z) : ép(t)dz| < cye (Z(t, q) + LY Q)

< ¢y (5(t, q) + cil|ullwre(oraxa) + ey + ELYRQ))
= Aj (g(t, q) + ||U||W1,p(Q7Rd><d)) + B3 =:G. (3.23)
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Applying Korn’s inequality (3.12) to ||ul|y1.p(raxe) leads to the estimate

/86W(x,e(u)+ep(t),z) cép(t)dr| < G

Q

< A4 (£(t,q) + Cclle(w)+en Ol riazona) + A5Ciccy + By

< Ag(1+ [le(u)+ep(t) || Lrorixay)’ + AsE(t, q) + Bs

< A42p—1(1 + ||e(u)+eD(t)||I£p(Q7RdXd)) + A3 g(ta Q) + B3

< A42p—1(1 + Alg(t, Q) + Bl> + A3 g(t, Q) + Bg = A5 g(t, q) + B5 > (324)

where (3.21) has been applied to obtain the last inequality. Combining (3.22), (3.24) yields
the desired estimate (3.18). m

Proof of the abstract assumptions on the dissipation distance

Now, we show that the dissipation distance that refers to a rate-independent damage
process satisfies the assumptions (2.65(D1)) and (2.65(D2)).

Theorem 3.1.8 The dissipation distance D on Z given by (3.1), (3.2) satisfies (2.65).

Proof: Ad (2.65(D1)): By (3.1) we have D(z1, 22) > 0ol|22— 21| 11()- Hence, D(21, 25) =0
implies 27 = 2z5. Let now z1, 29,23 € Z to show that the triangle-inequality holds. If its
right-hand side is infinite, then the inequality is satisfied trivially. For a finite right-hand
side z; > 29 > 23 a.e. in () is necessary and hence we even obtain equality.

Ad (2.65(D2)): To show sequential lower semicontinuity, let zp, — 20, 21, — 21 in W (Q)
and put wy = 21, — 20, W = 21 — 2. Hence 0 > w;, — w pointwise a.e. for a subse-
quence so that also w < 0 a.e.. Thus D(zy, z1) = oo can be excluded. Assume now that
liminfg o D(20,, 21,) < 00, otherwise the inequality trivially holds. For a subsequence
that attains the limit inferior, i.e. w;, < 0 for all £ € N, we obtain that

D(20,., 21,,) — D(20, 21)| < ol oo lwr — wlL12) — 0 ask — oo
due to the compact embedding W(Q) @ L'(Q). Thus D(zo, 21) < liminfy_o D(z0,, 21, )-

Convergence of the time-derivative of the energy functional (2.66(C1))

The aim in this subsection is to prove the first compatibility condition.

Theorem 3.1.9 Let hypotheses (3.7), (3.6) and (2.65) hold true. Then, for every stable
sequence (tg, qr)ren C [0,T] X Q with t, — t and g, — q in Q we have

OE(t, qr) — 0 E(L,q) . (3.25(C1))
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Proof: Since C(z):= [, £|Vz|"dz does not depend on time t we have 0,£(t, q) = 9T (t, q),
where J(t,q) = Z(t,q)—(l(t),u+g(t)). As the last term is linear, it is sufficient to prove
Theorem 3.1.9 for 7.

The following two properties, shown in separate lemmata later on, are utilized to obtain
the convergence result:

(P1) It holds Z(t, u, zx) — Z(t,u, z) for every stable sequence (ty, uy, 2k )ren, Where t,—t,
(ug, zx) — (u, z) in Q, see Lemma 3.1.10 .

(P2) For g € Lg(0) the derivatives 9,Z(-, q) are uniformly continuous, see Lemma 3.1.11.

If the properties (P1) and (P2) hold, then we are able to apply Proposition 3.3 of [FMO06|
to Z, which states that 0,Z(t, qx) — 0,Z(t,q). Thus, (3.25(C1)) is established. "

It remains to verify the properties (P1) and (P2) from the proof of Theorem 3.1.9.
Property (P1) is a consequence of

Lemma 3.1.10 Let (tg, ug, 2k )ren be a stable sequence with t — t, (uy, zx) — (u, 2) in Q
as k — oo and let (3.6) as well as (3.7) hold. Then

J(t,u,z) — T (t,u, z) and T (t,ug, zx) — J(t,u,z) ask — oo.

Proof: As a first step, we show that J(¢,u, zx) — J(t, u, 2).
We have W (-, e(u)+ep(t), zx) — W (-, e(u)+ep(t), z) in measure, since each subsequence
(W(-,e(u)+ep(t), zx,))ien contains a further subsequence that converges pointwise a.e..

This is due to the continuity of W with respect to z and Riesz’ convergence theorem. By
(3.7(H6)) we obtain for every k € N that

W (z, e(u)+ep(t), zx) < K(W(z, e(u)+ep(t), z) + K) < K(W(z, e(u)+ep(t), z) + K).

Moreover, we have
/ (W(x, e(u)+ep(t), z) + K)dx < E(t,u, 2) + KLYQ) + er||ullwirra + ¢4)
Q

S lim inf(é'(tk, U Zk) + CE|t — tk|) + [?,Cd(Q) + Cl(HuHWl,p(Q’Rd) + Cg) < 00

k—o0

by lower semicontinuity, (2.61) and (2.64). The dominated convergence theorem now yields
J(t,u, zi) — J (t,u, z). Since uy minimizes J (tx, -, zx) and since (2.61), (2.64) hold, we infer

j(tv Uk, Zk) - CE|tk - t| < j(tkvukv Zk) < j(tvuv Zk) + CE|tk - t‘ - j(tv U, Z)
We conclude J (tg, ug, zx) — J (t, u, 2) exploiting the weak sequential lower semicontinuity
j(t, u, Z) S 11]?1 inf (j(t, U, Zk) — CE‘tk — t‘) S hlgn ll’lfj(tk, U, Zk)

< limsup J (k, up, z) < limsup (T (¢, u, 2) + cplty — t]) = T (t,u, 2).

k—o00 k—o00
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The next lemma refers to property (P2) from the proof of Theorem 3.1.9. It is based on
the fact that the given data are continuously differentiable on the compact time interval
[0,7] by (A2), (A3) in (3.6), and hence they and their time-derivatives are uniformly
continuous.

Lemma 3.1.11 (Equi-uniform continuity of 0,Z(-,q)) Let (3.6) and (3.7) be satisfied.
Then, for each E,c>0 there exists 6 >0 such that for every q € Q with £(0,q) < E it holds:
If |t — s| < 6 then |0/ Z(t,q) — 0Z(s,q)| <¢€ .

Proof: Due to (3.6(A2)) and (3.6(A3)) we find for every £>0 a 6> 0 such that for all
s, € [0, 7] with s — ¢ <38 we have [lg(s) — g(t) lyroeqap + 13(5) — 900) e oz < &
Choose now €, £>0 and let (u, z) € Lg(0). By estimate (3.13) we obtain for ¢ = 0:

1

1 ~
lullwisors < (S042H0)7 < (2£G)7 = 5.

c3 - c3

This shows that u+g(t) with (u,2) € Lg(0) are uniformly bounded for every t € [0,7],
since [[u+g(t)|wir@re < [[ullwir@ry+g(t) lwir@ry < B+c=:B.
Furthermore we estimate

|atI(t7 q) - atI(S, Q)|

< /Q AW (z, e(u)+ep(t), ) : (ép(t) — ép(s))da

(3.26)

+

L(@eW(x,e(u)+eD(t),z) — 0. W (z,e(u)+ep(s), z)) : ép(s)dz| . (3.27)

In view of (3.7(H3)), (3.7(H4)) and Lipschitz estimate (2.64) we see that

(3.26) < [[0.W(, e(u)ten(t), 2) ||y llen(t) — ep(s)l L@ mixa)
< (£(0,q) + CLYQ) + cpT + aB)|Vi(t) — Vi(s)|| o rixay <

)

Do ™

if [t—s|<d; is sufficiently small. In view of (3.7(H5)) and the Gronwall estimate we find
(3.27) < cqw([len(t) —ep(s)|re) ([[W (-, e(u)+en(t), z) |12 (1 + exp(2ce,)) +C) < 5

for |s — t| < &, sufficiently small, where we used C' := (1+exp(2ccy)cey)éL (). Hence
we obtain (3.27) < 5 if [s—t| < dy. Altogether we conclude that |0,Z(s, q) —0/Z(t,q)| <e if
|s—t| < ¢ := min{dy, do}. "

Closedness of the stable sets (2.66(C2)) and joint recovery condition

In the framework of damage we have to cope with a dissipation distance that is not weakly
continuous on W' (). Hence it is not possible to show (2.66(C2)) directly as in [FMO6,
MPO7], where weak continuity is essential. Like in [MR06, MRS08] we get (2.66(C2)) via
the so-called joint recovery condition.
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Definition 3.1.12 (Joint recovery condition) The rate-independent system (Q, &, D)
satisfies the joint recovery condition if for all stable sequences (tg, qr)ren = (tk, Uk, 2k)ken
with (tg,qx) — (t,q) in [0,T] x Q and for every ¢ = (4,%2) € Q there is a sequence
(@r)ken = (Ug, Zx)ken with ¢, — ¢ in Q and

hiﬂ sup (E(tk, Gr) + D (2, 2k) — E(try ) < E(L,q) +D(2,2) — E(L,q) - (3.28)
As it was proven in Lemma 2.4.6 the joint recovery condition implies (2.66(C2)).

For our purpose, if D(z, 2) < oo, the joint recovery sequence has to be constructed in
such a manner that also D(zy, 2x) < oo is satisfied for every k € N. Otherwise the left-hand
side in (3.28) is too big. In fact, we will enforce D(zy, 2x) — D(z, 2), which follows from
zr — 2z and 2, — 2 if the additional constraint z; < z; holds.

To this end, the case 1 < r < d requires substantially new ideas compared to [MROG].
There the compact embedding W () € C(Q) permitted to gain the finiteness of the
dissipation distance by choosing 2; := (2, — |2k —2| c)) ™ With (f) := max{0, f}.

In the following, the result of [MRO06] is extended to the case of 1 < r < oo by con-
structing the joint recovery sequence in such a manner that the compact embedding
Wir(Q) € C(Q) is not needed for the proof of estimate (3.28).

For the construction of a joint recovery sequence we will entirely use that the superpo-
sition of a W!"-function with the Lipschitz continuous function max{0, f} : R — R again
gives a WH -function:

Lemma 3.1.13 (Superposition lemma, [MM72]) Let g : R — R be Lipschitz conti-
nuous and v € WhT(Q). Then gov € W'(Q) and

V(gov)(z) = ¢ (v(z))Vu(z) fora.a.xe.
The following result establishes the compatibility condition (2.66(C2)).

Theorem 3.1.14 (Joint recovery condition for r € (1, 00)) Let (3.7) hold. Then, the
rate-independent system (Q, £, D) satisfies the joint recovery condition. Hence, if (tr, qx)ren
is a stable sequence with t;, — t, qr — q in Q, then q € S(t), i.e. (2.66(C2)) holds.

Proof: Let (t, ug, zx)ren C [0, T] XU x Z with ¢, — t, u, — u in WHP(Q,R?) and 2z, — 2
in WT(Q). Choose ¢ € Q such that ¢ € Lg(t) for some E € R, otherwise (3.28) trivially
holds. Now we distinguish between the following two cases:

Case A: Let ¢ = (4, 2) € Q be such that there exists a £%measurable set B C  with
L4B) >0 and 2 > z on B. Then D(z, 2) = oo and (3.28) holds.

Case B: Let § = (1, 2)€Q be such that £ < z a.e. in Q. Then, D(z, 2)= [, o(z—2)dz < 0.
To construct a joint recovery sequence we put uy := @ for every k € N and
(2_5k> if z, < (2_5k) < Z,
Zr = min {max {(2—0k), 2. }, 2t} = 2 if (2—0k) < 2z < 2, (3.29)
2k if max {(2—5k),z*} > 2
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where 0 < 6, 0 will be chosen suitably in Step 2. Thus, 2; <z a.e. and D(z, 2x) < 0
for every k € N. Besides, it holds Zx(z) < 2(z) < z(z) for a.e. x € Q with 2(x) # z,. Again
we have 2, = z;— max{0, z;— (z,+ max{0, (—0;)—2,}) } e W'"(Q) by Lemma 3.1.13. See
also Fig. 3.1 for the construction of (Z)ken-

For the joint recovery sequence constructed by (3.29) we can in general only prove weak
convergence in W17 (Q). This can be seen from Example 3.1.16 below the proof.

It holds &(tg, dr) < E(tr,q) + C(2x) < ¢ due to ¢ € Lg(t) and estimate (2.64) for .
Furthermore, (2.64) provides a uniform Lipschitz constant for (gx)ren such that

E(th, Gr) + Dz, 2k) — E(tr, qr) < E(t, qr) +Dzn, 2) — E( qr) +2L[6 — 1], (3.30)

where L is the maximum of the uniform Lipschitz constants for (gx)ren and (Gx)gen. Since
|t — t| — 0, inequality (3.28) holds if we can prove

k—o0

In order to show (3.31) we take into account that

limsup(E(t, ¢x) + D2k, 2) — E(t, qi))

koo (3.32)
< limsup Z (¢, Gx)— lilgn inf Z (¢, qx )+ lim sup D(zy, 2;)+ limsup(C(2x)—C(zx))—(l(t), t—u)
k—o0 o k—o0 k—o0

and estimate these limits in separate steps.

For a shorter notation we introduce the abbreviation [f < ¢g] := {2z € Q| f(x) < g(2)}
with an analogous meaning for <, > and > .

Step 1: We prove that 2, — 2 in W (Q) as k — oo.
By construction the sequence (2j)ren is uniformly bounded in (). Thus, there is
a weakly convergent subsequence 2, — Z € W'"(Q). By the compact embedding this
subsequence converges strongly in L"(Q2) and by Riesz’ convergence theorem it has a further
subsequence converging pointwise a.e. in §. This last subsequence has to converge z,, — 2
a.e. in ) by definition of Z,. Hence, we obtain Z = Z and thus, Z; — 2 in L"(£2). Since
(21 )ren is bounded in W17 (Q), the same arguments also yield 2, — 2 in W7(Q).

Step 2: We show that limsup,_, . (C(2x) — C(zx)) < C(2) — C(2):
For the calculation of the limit, the domain €2 is decomposed as follows:

Q= Ak U By, with B, = [max{z*, (ZA’—(Sk)} >Zk] = [(ZA’—(;]Q) >Zk] and Ak = Q\Bk

It holds By = [(2—0x) > zx] C [(2—0k) > zx| C [|z—2k| > 6. By application of Markov’s
inequality in estimate (M) we can now determine (y)ren in such a way that £4(By) — 0
as k — 00 :

L (Bk)gﬁ (“Z_Zkl ZCSk]) < y |Z—Zk|rd:l:' — 0,
k JQ
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b)

Zx

0 0
a) limit z, element of the sequence z;, and 2 b) construction of max{(2—4;),2+}
C) the functions z, 2, z;, and max{(4—6;),2«} d) Zr=min{zp,max{(2—dx),2« } }

Figure 3.1: Construction of the joint recovery sequence

if, for instance, oy = ||zx — Z||ir(9)- Note that Markov’s inequality is only applicable if
6 > 0. But ||z — 2|17 = 0 implies £%([|z, — 2| > 0]) = 0 and hence L£4(By) — 0 as
k — oo is guaranteed. For Ay = Q\By we have £4(Ay) — L£4(Q) as k — oo. Using the
characteristic functions of these sets

Lay(z) ‘_{ 0 ifz € B,

and Lemma 3.1.15 from below we find I4, Vz,—V2z in L"(Q, R?). By Lemma 3.1.13 and
the weak sequential lower semicontinuity we conclude

limsup(C(Zx) — C(zx)) = lim sup/ 5(IVmax{z,, (£ = 6)}" — |[Vz|") da
Ay

k—o00 k—o00

< /§|Vg\rdx_1ignmf/guAkvzkrdng(z)—C(z).
Q o Q

Step 3: Estimation of the remaining terms in line (3.32):
To calculate limsup,_, .. Z(t, 4, 2) we choose a subsequence (Zg,)ien C (Zk)ken such that
%, — 2L%ae.. By (3.7(H1)) we have W(z,e,-) € C°([2,,1]) and hence we obtain that
W (-, e(d)+ep(t), 2r,) — W(,e(a)+ep(t),2) L¥a.e.. Furthermore, by (3.7(H6)) we infer
that W (z, e(@)+ep(t), 2,) < K(W(z,e(d)+ep(t),2)+K) € L*(€). Then, the dominated
convergence theorem gives Z(t,u, 2,) — Z(t, 0, 2) .
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The estimate — liminf, . Z(t,qx) < —Z(t,q) is obvious by the weak sequential lower
semicontinuity of Z (¢, -).
By construction it holds z; < z; for every k£ € N and thus
lim D(zp, %) = lim | R(z, 2 — z)de — / Rz, 2 — 2)de = D(=,2)

due to the continuity of R, since both z; — z and 2, — 2 in L}(Q) as k — oo.
Hence inequality (3.31) is proven. m

It remains to verify the lemma applied in Step 2 of the above proof.

Lemma 3.1.15 Let A, CQ, LYAy) — LYQ) and fr — f in L"(Q,R?). Then L4, fr — f.
Proof: Let o € L"(Q,R%) and put ¢ := I4,¢. Since £Y(Q\A;) — 0 it holds that
HSOk—SOHET-/(Q,Rd) = fQ\Ak lo|” dz — 0. Together with fr — f in L"(£2,RY) this implies
Jo Loy fr - ode = [, fo - ppda — [, f - pda for any ¢ € L™ (Q,R?). n

Now, we give an example of a weakly converging sequence, where the method (3.29)
generates a weakly converging recovery sequence, that does not converge strongly.

Example 3.1.16 Consider z, =0, Q= {(r,¢)|0<r < 1,0< ¢ <27} C R? and

keN. (3.33)

1 1
) fOTﬂ<T<1,

<r<i
(r) ::{ kr for)<r< TR

Then z, — z = 1 in H'(Q). For 2 := 1 and (Z)ren as in (3.29) it holds 2, — % in H'(Q2),

4
but |12, — 21310y = T5-

However, the sequence in (3.33) may not be stable. Thus, it still might be possible to
prove strong convergence of a recovery sequence (3.29) if a stable sequence is used.

3.1.3 Examples

In the following we discuss some examples, which are well-known in engineering, and we
show that they satisfy the hypotheses (3.7).

Damage of concrete

In the style of [Fré02, p.319], where a model describing the damage of concrete is intro-
duced, we consider here a stored elastic energy density of the form

W (e, z) = plel* + o_(tr(—e)T) + 24 (tr(e)T), (3.34)

where > 0 is the shear modulus. The functions ¢. : [0,00) — [0,00) only see the
volume changes. They are convex and continuously differentiable with ¢, (0) = 0 and
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|/ (2)] < e(pr(x)+¢) for constants ¢, ¢ > 0. Since damage mostly occurs under extension
and since compression corresponds to tr(e) < 0, the function ¢_ is not coupled to damage.
However, ¢ is premultiplied by z, since tension forces in concrete easily produce damage.

It is obvious that W : R&*x([z,,1] — R satisfies (3.7(H1)), (3.7(H3)) and (3.7(H6)).
Convexity condition (3.7(H2)) holds, since tr(-) is linear, ¢4 are monotone and con-
vex and (£(-))" are convex as well. To demonstrate (3.7(H4)) we use d.(+tr(e)):é =
sgn(+ tr(e)*)Id:é. Applying the chain rule on ¢y (tr(ze(u))*) we conclude that

10.W (e, 2)| = |2pe + ¢ (tr(—e)™) sgn(— tr(e)")Id + 2¢’, (tr(e)*) sgn(tr(e)™)Id|
< Ap(le]*4+1) + de(o-(tr(—e)T)+¢) + zdes (o4 (tr(e)T)+é)
< max{1,dc}(W(e, z) + max{1,é}) .
Assume now that there is a modulus of continuity wy : [0,00) — [0,00), such that

[ (z) — (@) < wilz —y|) (pe(x) + @i(y) + 1) for all z, y € [0,00) and additionally
that ¢/(0) = 0. Then we may verify (3.7(H5)). Fore, é € RdXd we obtain

[0 (e, 2) — 0W (€, 2)| < 2ulle]” + [e]* + 1)]e — ¢]
+ d| . (tr(— 6) ) = - (tr(=€)")[lsgn(tr(=¢)")|
+d|(tr(—¢)" )Hsgn( r(—€)") — sgn(tr(—e)")| (3.35)

)7)]
)l
Consider now ey, e; € RY. If tr(ey), tr(ez) > 0 we set € = ey and é = e5 in (3.35) and we

find [sgn(tr(—¢)*)| = [sgn(tr(—¢)*) — sgn(tr(—e)*)| = [sgn(tr(e)*) — sgn(tr(e)*)] = 0 and
|sgn(tr(e)*)| = 1. With the additional assumption for ¢, and C' := max{2p, dc, dc¢, 3d}
as well as /' := e; — e5 we conclude that

0.W (e1,2)—0.W (€2, 2)| < C(|E|4+w(|E])+w_(|E])) (W (e1, 2)+W (e, 2)+1) . (3.36)

+ zd| ¢, (tr(e)™) — ¢ (tr(é)")||sgn(tr(e
+ zd| ¢!, (tr( e)+)}|sgn tr(ée)*) — sgn(tr(e

Here we used that |at —b*| < |a—0b| for all a, b € R and that | tre| < v/d |e| for all ecRIxd.
If tr(ey), tr(e2) < 0 we obtain (3.36) in the same way. If tr(e;) > 0 and tr(ey) < 0 it is
important to set e = e; and é = ey, since |sgn(+tre)™ —sgn(+tré)T| = 1 is cancelled out
by the prefactor ¢’ (tr(—ei)™) = ¢/, (tr(es)™) = 0, which then allows it to prove (3.36).
To exploit a similar relation if tr(e;) < 0 and tr(e2) > 0 one has to choose e = ey and
¢ = ey in (3.35) in this case. Hence (3.7(H5)) is verified.

Ramberg-Osgood materials

This section deals with Ramberg-Osgood materials, which are defined by energy densities
composed similarly to (3.4), but formulated in terms of the complementary energy density
depending on the stresses instead of the strains. Anyhow, in the following it is explained
that the corresponding stored energy density of Ramberg-Osgood materials cannot be con-
trolled by (3.7(H3)) together with (H4*) but does satisfy (3.7(H3)) together with (3.7(H4)).
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As introduced in [OR43], Ramberg-Osgood materials can be described by a constitutive
relation of a power-law type formulated in terms of the complementary energy density

Wep : R =R, 0= $0:A -0 + S|0"|7, (3.37)

which depends on the linearized 2nd Piola-Kirchhoff stress tensor o and its deviatoric part
oP =0 —1Ltrold. Here,a € R, 2 < p/ < 0o, and A € RI*D*(@xd) j5 symmetric, positive
definite with constants 0 < ¢ < ¢ such that ¢}'|o|> < g:A:0 < 5ol for all 0 € REL:Y.
The complementary energy and the stored elastic energy, which depends on the strain

tensor e € ngxrff, are linked by a Legendre transform, i.e.:

Wi(e) = sup {o:e—W(o)} sothat 0.W(e) =0 and 0,W,(0) =e. (3.38)

dxd
UERSme

See [Zei85, Chap. 51| and [ET76, Prop. IX 2.1.] for more details. This relation together
with (3.37) yields e = 0,W,(0) = A(x) : o + aloP|P 2P, which is used to check the
hypotheses (3.7(H2))-(3.7(H5)). In view of the first relation in (3.38), convexity is easily
obtained for W (-). Furthermore, we derive the coercivity inequality:

A
Wi(e) = sup, cpax {a re— Z|of? - I%|0D|p'}
= SUD,,cpaxd {O’D cel — §|0D|2 — §|0D|p' + Ltrotre— ?(tra)z}
A A
= SUDycr {d% tre — %tz} + SUp, cpixa {7’ cel — Zr)? — I%\TP”’}

ST 4 : (3.39)
= gaig (tre)” +5upysg {t|6D| — G- L }

> g (ire)* 4 supesn {116 —7(%) +C1
el|p .
— Qdicé\‘ (tr 6)2 _I_ p(‘za);‘)fl - Cl Z min { 2dic‘2\\" p(c‘%-}la)llfl } |e|p — C2’

where Young’s inequality t*> < bt” + Cj, has been used for the second estimate. The last
inequality results from 1 < p < 2. Hence, (3.7(H3)) holds for the exponent p = p,”_l. On
the other hand we obtain with the same technique

4 N (tre)? ePP (=Dl
w < { ce— Lo — LigPP } <
S A S 7 i A e

< Smax{ S o, }(|6|2+2)>

268417 8cE 7 2p' (2a)P—1

which yields [0.W (e)| < ¢(|e| + &) due to convexity. Thus, (H3) and (H4*) are not satisfied
for the same exponent. But (3.7(H3)) in combination with (3.7(H4)) holds, since (3.39)
gives

0. ()] < cllel+0) < e (LW (e)+C) " +) < ex(W(e)+21).
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In order to verify hypothesis (3.7(H5)) we once more exploit relation (3.38) and obtain

0 W (e) =W (e)| = |o — o] =

(3.40)

By the triangle inequality we deduce that |0,We,(0) —0,Wep(6)| > |S — D|, where we
introduced S := |4 : (¢—6)| and D := al|oP|P'~2¢P — [6PP'-26P|. If D > 25 we obtain
that |S — D| > S > ¢}|o — 6. Similarly we get |S — D| > |S —2S| = 8 > cl|o — o] if
D < 2S. Thus we conclude

‘aeW(e> - aeW(é)‘ < $|€ - é‘ ) (341>

which proves (3.7(H5)).

3.2 Isotropic Damage at Finite Strains

Finite-strain elasticity is a geometrically nonlinear material model. This means that also
such deformations can be considered, whose gradients Vi are large, so that the right
Cauchy-Green tensor C' := V¢V has to be considered. Hence, one does not formulate
the problem in terms of the displacement field u(z) = ¢(x)—x but directly in terms of the
deformation ¢ and the deformation gradient F' = V. Hence, in the finite-strain setting
the energy functional & : [0,7]x Q — R, of the damage model is given by

Elt o, 2) = /Q W (2, Vi, 2)dz + /Q (51921 + 5 (2)) de — {U(0).0)  (3.42)

with constants r € (1,00), K > 0, 2z, € (0,1) and the indicator function dj,, 1(2) = 0 if
2 € |2, 1] and 6}, 11(2) = oo otherwise. Thus, in comparison to (3.3), here v and e(u) are
replaced by ¢ and V. Since the dissipation potential R : Z — [0, 00] from (3.1) solely
depends on the damage variable, it remains the same also at finite strains and hence both
R and D are given as in (3.1) and (3.2) respectively.

A physically reasonable deformation preserves orientation, which is ensured by
Vo € GL,(d) = {A € R™| det A > 0} .

Further natural requirements on the constitutive relations were already discussed in
Section 2.1.3 and of particular importance are the material frame indifference (N2) and
the non-interpenetration condition (N4), which were introduced in (2.25) and (2.33):

A A

(N2)  W(RF)=W(F) for Re€SO(d), F € R, (3.43)
W (F) = +o0 for det F <0

MU ’ A4

( ){W(F)—)+OO for det F — 0, (3.44)
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since they are not compatible with convexity, which is a convenient claim in the setting
of small strains as in Section 3.1. To see the incompatibility with convexity consider
P,@Q € SO(d), A € (0,1), such that (AP + (1 — \)Q) & SO(d), which conforms to a strain.
Then convexity together with material frame indifference yields the following contradiction:

0< WP+ (1—=XNQ) < AW(P)+ (1= NW(Q) =AW (I)+ (1 - \NW()=0.

The class of energy densities which fit to these natural requirements and which admit to
prove existence are the polyconvex energy densities. They were introduced by J.M. Ball
in [Bal76].

Definition 3.2.1 (Polyconvexity) The function W:R™ L R, =RU {oo} is called
polyconvex if there exists a conver function W : Rt — Ry, such that W (F) = W (M(F))
for all F € R™? where

d 2
M : R — R pith g = Z (d) (3.45)

S
s=1

1s the function, which maps a matriz to all its minors.

In [Bal76, p. 362] it was established that the polyconvexity of W : R™? — R implies
its quasiconvexity. By C.B. Morrey in [Mor52] it was proven that quasiconvexity is the
notion of convexity which is necessary and sufficient for the lower semicontinuity of the
corresponding integral functionals, so that quasiconvexity together with other technical
assumptions ensures the existence of minimizers. But quasiconvexity does not admit in-
finitely valued functions, i.e. W R R.,. However in [Bal76, Th. 7.3, p. 376] it was
shown that the polyconvexity of the density W R R together with other technical
assumptions is sufficient for the existence of minimizers of infinitely valued functionals.

The aim of this section is to transfer the hypotheses (3.7), which guarantee the existence
of energetic solutions at small strains, by the ideas of polyconvexity to the finite-strain
setting. Our procedure is strongly oriented at [MMO09]. The adapted hypotheses will be
used to prove the existence of energetic solutions for the damage process given by (3.42)
and (3.1) at finite strains in Subsection 3.2.2.

3.2.1 Assumptions and the Existence Result

In this section we introduce analytical requirements that have to be made to describe
damage in the context of finite strains. The fact that large strains are admissible within
this setting implies that Dirichlet data have to be treated differently from the method
applied for small strains. Hence we first state the general assumptions on the domain and
the given data and prove some helpful consequences. Secondly we introduce hypotheses on
the stored elastic energy density, that are on the one hand needed for analytical reasons
and on the other hand reflect physical properties of both damage and finite strains. With
these tool at hand the existence result for the damage process is then formulated.
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General assumptions

As in the small-strain setting we consider a body Q C R? consisting of a nonlinearly elastic
material, with a Lipschitz boundary 0€2. This body undergoes a damage process driven
by exterior forces [(t), which may change with time. Moreover, the body is assumed to
be clamped at one part I}, of its boundary 02 with positive (d—1)-dimensional Lebesgue-
measure £971(T,;,) > 0, so that the deformation is prescribed there: ¢(t)=g(t) on I, .

Thus, the set of admissible deformations at time ¢ € [0, 7] is given by
Ft) ={opc W QRY|¢p=g(t)onl,,} ford<p<oo (3.46)

with the weak Wlf—topology. The assumption d < p < oo implies the compact embedding
Whr(Q,RY) € C(Q). Using the ideas of [FMO06] we assume that the Dirichlet datum can
be extended to R? in the following way:

g € CH[0,T] x R" RY), Vg € BC([0, T]xR?, Lin(R?, R")), (3.47)
[(Vg(t,y)) | < C, for all (t,y) € [0, T]xR?. (3.48)

To handle the time-dependent Dirichlet conditions at finite strains one assumes that the
deformation is of the form

o(t,x) = g(t,y(z)) with y € Y, where (3.49)
YVi={ye WPQRY)|y=idonL},} ford<p< oo (3.50)

with the weak W'P-topology. By the chain rule, this composition leads to a multiplicative
split of the deformation gradient:

V(t,r) = Vog(t,y(x)) = Vyg(t,y(z))Vey(z) = Vg(t,y)Vy.

Additionally we require a growth restriction on the Dirichlet datum, i.e. there is a constant
cg > 0 such that:

l9(t,y)| < cg(1+yl) forall (t,y) € [0, T]xR. (3.51)
Furthermore, we introduce the space
Yo=Y —{id}. (3.52)

Under consideration of formulas (3.42) and (3.1) we choose the set of admissible damage
variables equal to (3.9) as

Z:=Wh(Q) with1<r < oo (3.53)

equipped with the weak W' -topology. The sets ) and Z form the state space Q := Y x Z,
which is endowed with the weak topology of the product space W1P(Q, R%) x WL ().
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We now list all these general assumptions that are made throughout this section:

(3.54(A1)) Q is a bounded Lipschitz domain, Ip,, C 9Q with I, # 0,
(3.54(A2)) geCH[0,T] x R", RY) and |g(t,y)| <c,(1+]y]) for all (¢,y) €0, T]xR?,
Vg €BCH([0, T]xR?, R™?) with Cy:=supgo 11 4ere(| Vo(t, )|+ Vg (t,)]),
Vg(t, )Y <C, for all (t,y) € [0, TIXRY,
(3.54(A3)) l c Cl([O, T], W—l,p'(QJRd)) with = Hl||C1([O,T],W*17p/(ﬂ,Rd)) for p, == le

Remark 3.2.2 Writing yp —vy in Y, pr—p in F, zp—2 in Z and q, —q in Q stands for
the convergence in the respective weak topologies.

For the closed subspace Yy C WP(£2,R%) one can prove Friedrich’s inequality by con-
tradiction using that the embedding W?(Q, RY) € LP(Q2, R?*) is compact.

Theorem 3.2.3 (Friedrich’s inequality) LetQ C R? be a Lipschitz domain with Dirich-
let conditions on I, C 0, where I, # (. Let 1 < p < oo. There is a constant
Cr = Cr(Q,p) such that the following estimate holds for every yo € Yo :

H?JOHWLP(Q,Rd) < CFHvyOHLl’(Q,RdXd) . (3.55)
The lemma below is a consequence of the growth restriction (3.51) claimed in (3.54(A2)).

Lemma 3.2.4 Let (3.54(A1)), (3.54(A2)) as well as (3.49) hold. For every y € Y and
o(t) = g(t,y) it holds !|90(t)||lvjm,p(g,[gd) < Cg(HyH];Vl,p(Q,Rd) +1)

Proof: By the growth restriction (3.51) claimed in (3.54(A2)) one directly obtains
[ ez < 2L + 9 m0) + CEITH ey -

Hence C, := max{2°~ 1, C¥, 20~ 1cb L4(Q)}. n

Lemma 3.2.5 Let (3.54(A2)), (3.49) and (3.50) hold. Consider a sequence (yi)ren C YV
such that yp, — y in Y. Then o (t) = g(t,yx) — g(t,y) = @(t) in F for allt € [0,T].

Proof: Due to the claim d<p<oo we have the compact embedding W'?(Q, RY)eC(Q, R?)
and hence y;, — y uniformly in Q. The continuity of g on R? now yields g(yx) — g(y)
uniformly in Q. Furthermore, we obtain Vi (t) — Vip(t) in LP(Q,R¥*4)  since Vy;, — Vy
in LP(Q, R¥>4) and Vg(t,yr) — Vg(t,y) uniformly in Q by the same arguments. m
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Assumptions on the stored elastic energy density

In the following, we are going to state the hypotheses on the stored elastic energy density
introduced in (3.42). In order to transfer the hypothesis of convexity (3.7(H2)) from the
small strain to the finite-strain setting we use the ideas of [MMO09] to apply the Definition

3.2.1 of polyconvexity. Hence we assume that there is a function W : Qx R/ x[z,, 1] — R
such that

Wz, F,z) = W(z,M(F),z) forall (z,F,z) € QxR™Ix[z,, 1] (3.56)

with M : R™¢ — RH as in (3.45) and by claiming that W (z,,z) : R¥ — R is convex
we have adapted W to the definition of polyconvexity.

With the aid of (3.56) we state the following hypotheses on W : QxR¥>*4x [z, 1] — R,
by transferring the remaining hypotheses (3.7) to the finite-strain setting:

(3.57(H1)) Carathéodory-function:
W(z, -, ) e CO(RM x (24, 1], Re) for a.e. z €€,
W (-,M(F), z) is measurable in € for all (F,z) € R x (24, 1].
(3.57(H2)) Polyconvexity:
W(z,-,z): Rt — R is convex.
(3.57(H3)) Coercivity:
There are constants p>d, c¢;, C' >0 so that it holds for all
(2, F,2) €EQxR>Ix[2, 1] ¢|F]P—C < W(x, F,z2) .
(3.57(H4)) Stress control:
For all (z,2) €Qx [z, 1] we have W(z, -, 2) € C*(GL,(d),R) and there are
constants ¢>0,¢>0 such that for all (z, F, 2) € Qx R>?¥x [2,, 1] it holds
0pW (2, F,2)FT| < ¢(W(x, F,2) +¢) .
(3.57(H5)) Uniform continuity of the stresses:
There is a modulus of continuity w : [0, 00| — [0, 00], v>0 so that for all
(2, F, 2) € QxR x [z, 1] and all C € GL(d) with |C'—1Id| <~ we have
|0pW (2, CF, 2)(CF)" — 0pW (2, F, 2)FT| < w(|C—1d |)(W (2, F, z) + ¢) .
(3.57(H6)) Monotonicity:
There are constants K > 0, K > 0 so that for all
(z, F,2), (z, F,2) eQxR™9x [2,, 1] with z < Z we have

W(IvFa’Z) < W(SL’,F,,%) < W(LIZ‘,F,l) < K(W(JZ‘,F,Z) +K> :
The next lemma goes back on [Bal76]. A proof of the version below is given in [FMO06].

Lemma 3.2.6 Let (3.57(H4)) be satisfied. Then there is v > 0 so that for all C € GL, (d)
with |C' —1d| <~ we have

d )
(W (a2, F,2) +0) (3.58)

0pW (2, CF,2)F"| < dc(W(x, F,2) +¢). (3.59)

W(x,CF,z)+¢<
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Existence result for the rate-independent damage process

The general assumptions stated in (3.54) and the hypotheses (3.57) made on the stored
elastic energy density will ensure that the key properties on the energy functional (2.62)
as well as the compatibility conditions (2.66) hold. Hence, we are now in a position to
formulate the existence result for the rate-independent damage process.

Theorem 3.2.7 (Existence theorem for the damage problem) Let the assumptions
(3.54) as well as (3.57) hold and let p>d. Then for the damage problem (Q,E, D) defined
by formulas (3.2), (3.42), (3.46) and (3.53) there exists an energetic solution q : [0,T] — Q
for any initial state gy € S(0).

The proof will be carried out in Section 3.2.2. Similar to the small-strain setting it is
an application of the abstract existence theorem 2.4.4, so that the steps of the proof are
the same as in Section 3.1.2. But the methods to verify the conditions (2.62), (2.65) and
(2.66) differ from Section 3.1.2 due to the assumption of polyconvexity and the different
treatment of the time-dependent Dirichlet data.

3.2.2 Proof of the Existence Theorem

In the following we verify existence theorem 3.2.7 as an application of the abstract existence
theorem 2.4.4. Since R : Z — [0, 00| is defined independently of small or finite strains, cf.
(3.1), the conditions (2.65) verified in Theorem 3.1.8 are still valid. It remains to carry the
proofs of (2.62) and (2.66) over to the finite-strain setting.

Conditions on the Energy Functional (2.62)

We first show that the energy functional associated to the damage process satisfies property
(2.62(E1)) of the abstract main existence theorem 2.4.4:

Theorem 3.2.8 Let (3.54) as well as (3.57) hold. Then for every t € [0,T] the sublevels
Lg(t) :={q€ Q|&(t,q) < E} for & given by (3.42) are weakly sequentially compact in Q.

As it can be concluded from [Dac89, Th. 2.1] the weak sequential compactness of the
sublevels is guaranteed if £(t, -) is weakly sequentially lower semicontinuous and coercive on
Q. In order to establish weak sequential lower semicontinuity for the polyconvex functional
E(t,-) we use the following result on the convergence of minors of gradients, which goes
back on [Res67, Bal76]. A proof for the d-dimensional case can be found in [MMO09].

Proposition 3.2.9 (Convergence of minors of gradients) Let y, — y in WHP(Q, RY).
Then M(Vg(t, ye)) — M(Vg(t,y)) in T[], LP/*(Q, R where 7(d, s) = (%),

s

With this at hand we now establish weak sequential lower semicontinuity and coercivity.
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Lemma 3.2.10 1. Let (3.54) as well as (3.57(H1))—(3.57(H3)) hold. Then E(t,-) is
weakly sequentially lower semicontinuous on Q for all t € [0,T].

2. Let (3.54) as well as (3.57(H3)) hold. Then E(t,-) is coercive on Q for all t € [0,T].

Proof: Ad 1.: In the proof of Proposition 3.1.4 it was already verified that the functional
C(-): Wh(Q) =R,z — [, %|Vz|"dx is weakly sequentially lower semicontinuous.
Consider a sequence (yx, zx)ren C Q with yp — y in WP(Q,R?) and 2, — z in W(Q).
Assumption (3.54(A3)) and Lemma 3.2.5 ensure that (I(¢), g(¢,yx)) — (I(t), g(t,y)). Tak-
ing into account Proposition 3.2.9 and hypotheses (3.57(H1)), (3.57(H2)) and (3.57(H3)),
which state that W is a Carathéodory-function, polyconvex and bounded from below for
every I’ € GL, (d), the weak sequential lower semicontinuity of Z(t,-) can be obtained by
applying classical lower semicontinuity results for multiple integrals as in [Eis79] on W,

Ad 2.: Let (qk)keN = (yk,zk)keN C Q with

Ni = lyellwroza +lzellwir@) < lyrllwis@zs + (LU IVl o ) 00 as k—oo.
By (3.57(H3)), (3.54(A2)), (3.54(A3)), Young’s inequality with € = (55%» )%, Lemma 3.2.4
9~k

and Friedrich’s inequality it is:

g(t, qk) 1 . 4

o 2 2 (@l VoD gy~ CLUDHC() = () =5 lont) )
_ . 1 &P =~
> o (& (2P (i) [ ey~ 7 LU C(20) =L (i By ey +1)— )
c eP K r k—oo
>+ (o —2) ol opa 219200 s ~B) = oo. (3.60)

In the following condition (2.62(E2)) is verified under the assumption (3.54) and (3.57).
The proof requires the same steps as the one of Theorem 3.1.7 for the small-strain setting.
An analogous result was first obtained in [FM06, Lemma 5.5].

Theorem 3.2.11 Let (3.57(H2))-(3.57(H4)) and (3.54) be satisfied. Then there exist con-
stants co > 0,¢; > 0 such that for all (t,,q) € [0,T] x Q with E(t,,q) < oo it holds:
£(q) € C1([0, T]) with

3t5(t,Q)=/Q(9FW(CB7F(t%Z)FTiG(t)dx —(i(1), p(1)) = (U(1), Degp(1)) (3.61)

for F(t) := Vo(t) and G(t) := (Vg(t,y)) 0 Vg(t,y) and
|0:£(t,q)| < c1(E(t,q) + o) for everyt € [0,T]. (3.62)
Proof: We confine ourselves to prove the existence of 0,€(-, q) and estimate (3.62) in a
neighborhood N(¢,) of t, € [0, 7. Similarly to the small-strain setting this is basically done

with the mean value theorem of differentiability and the dominated convergence theorem.
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But the different treatment of the inhomogeneous Dirichlet condition requires different
estimates, which will be carried out here. The existence of 0,€(-,¢q) and the validity of
(3.62) on the whole interval [0, 7] can then be concluded with the same arguments as in
the proof of Theorem 3.1.7.

Since 0y(l(t), (t)) exists by (3.54(A2)), (3.54(A3)), it remains to show the existence of
OZ(-,q) in N(t,). As in the small-strain setting we define for ¢ € N(¢,)
{ L (W(z, Vo(t+a),z) — W(z, Ve(t), 2)) if a #0
W (2, Vo (1), 2) (Vo 1) T:(Vg(t.y) 'OVt y) if o =0

and we have to show that h(xz,t,-) € C%([—ay, ay]) for oy suitably. By the mean value
theorem of differentiability we find & = &(«) such that it holds for every a € [—ay, ay]

h(z,t, o) =

é (W (2, Voplt+a), 2)—W (x, Vol(#), 2))
= 0pW (x, Vp(t+a), 2)(Vo(t+a)) " (Vg(t+a, y) Lo, Vg(t+a,y) (3.63)
— W (2, Vip(t), 2)(Ve(t) "«(Vy(t,y)) "0 Vg(t,y)

as a,& — 0 by (3.57(H4)) and (3.54(A2)). In order to show that the integrals converge
as well, we are going to apply the dominated convergence theorem. For this, we have to
construct an integrable majorant for expression (3.63). Again by the mean value theorem
of differentiability we first obtain & such that

V(t+a)=V (p(t)+0pp (t+a) @)= (Id + a0, Vg (t+a,y) (Vg(t,y)) ') Ve(t)=C(a)Ve(t)
with C(&) — Id as @ — 0. Hence we conclude by (3.59) and (3.54(A2)):
(3.63)] < CyCyl0rW (2, C (@), 2)(Veo(t) ' C(@) |

. . (3.64)
< C,Cyde(W (2, Vp(t), 2) + &) (Vd+aC,C,) .
Now, estimate (3.18) is derived under consideration of
0 (t.0)| < | [ bt 0)da] + (0. o0} + (10). 00p(0)] (3.65)

In view of (3.54(A2)), (3.54(A3)), Lemma 3.2.4, Friedrich’s inequality (3.55), Young's
inequality and (3.57(H3)) we derive for the loading terms in (3.65) an estimate of the form

[{U(0), (D] + [{U(D), ()] < A€t q) + B,
For the elastic energy term in (3.65) estimate (3.64) and (3.54(A2)), (3.54(A3)) lead to

‘/h(:ﬂ,t,O)d:E‘ < (3.64) < AE(t,q) + B,
Q

so that inequality (3.18) is obtained. n
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Compatibility Conditions (2.66)
It remains to verify the compatibility conditions (2.66).

Theorem 3.2.12 Let assumptions (3.57), (3.54) and (2.65) hold true. Then, for every
stable sequence (tg, qr)ren C [0,T]x Q with ty — t and g — q in Q we have

0E(t,qr) — 0E(L,q) . (3.66)

Proof: The proof uses exactly the same arguments as the one of Theorem 3.1.9. The
only difference is that in the proof of Lemma 3.1.10 the application of the dominated
convergence theorem is now possible due to (3.57(H6)), Lemma 3.2.4 and (3.57(H5)). =

The closedness of the stable sets (2.66(C2)) is also in the finite-strain setting proven by
means of the joint recovery condition, recall Definition 3.1.12.

Theorem 3.2.13 (Joint recovery condition for r € (1,00)) Let (3.57) hold. Then,
the rate-independent system (Q,E,D) satisfies the joint recovery condition. Hence, if
(tk, qr)ken 1S a stable sequence with t, — t, g — q in Q, then q € S(t), i.e. (2.66(C2))
holds.

Proof: The proof of Theorem 3.1.14 can directly be adopted. For a stable sequence
(t, qr ) ren satisfying t, — ¢, yp — y in YV, 2, — z in Z and a state ¢ = (¢, 2) we obtain a
joint recovery sequence by choosing g = ¢ and 2 as in (3.29) for all £ € N. m

3.2.3 Examples

We now verify that the class of Ogden’s materials coupled with damage satisfy the hy-
potheses (3.57).

Ogden’s materials coupled with damage

Ogden’s materials, see Example 2.1.6, provide a typical example for polyconvex energy
densities, since they are defined as the sum of convex functions depending on the minors
of a matrix. We couple the energy density W from Example 2.1.6 for d = 3 with damage
in the following way: For (F,z) € GL4(3) X[z, 1] let

M
W(F,z) = (> ai(te(FTF)F +> by(tr Cof (FTF)? + det F~ 229 (3.67)
=1

||M2

n—z
withn > 1, M,N € N,a; > 0,v;, > d,b; >0,0; >d and o > d/2.

Note that tr(F"F) = |F|? and tr Cof (FTF) = |(det F)F~![2. We set fi(F) = |F|?
fo(F) :=|(det F)F~'|* and f3(F) := det F.
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Clearly each of the individual terms in (3.67) is continuous and convex with respect
to its argument tr(FTF), tr Cof (FTF) or det F?, which are the invariants of the matrix
C = FTF. Hence both (3.57(H1)) and (3.57(H2)) hold. Coercivity (3.57(H3)) immediately
follows from n > 1 for all exponents ~;, since tr(F"F) = |F|>. Monotonicity (3.57(H6))
follows from

1 1 1 L =% 1
n—z _n—z n—17" n-1n—=2

for all z < Z € [z, 1].

We now verify the stress control (3.57(H4)). For the terms depending on fi(F') we
calculate that Op f1(F)? = Op|F|% = ~|F|%2F and thus we obtain

0p fL(F)2FT| = | F" 2| F]? = 3 fu(F) 2

In order to estimate the terms depending on fo(F') and f3(F') we conclude from [Cia88, p.
10 ff] that their Fréchet derivatives are given as follows:
Op f3(F)[H] = Cof F : H, (3.68)
O fo(F)[H] = 2fs(F) f(F)*0r f5(F)[H] + 2f3(F) f(F) : fs(F)drf(F)[H], (3.69)

where f(F) := F~! and 0pf(F)[H] = —F 'HF~'. With the chain rule we conclude from
(3.68) that

|Or f5(F)**)F | = |(Op, f3(F) (0 f(F))) F |
= |2a( f5(F) 2>t Cof F)FT|
=2af3(F)** tdet F|Id| = 6afs(F)~2.

In (3.69) we use (3.68) and f3(F)f(F) : fs(F)opf(F)[H] = —fs(F)?FTF'F~T : H.
Applying the chain rule on f5(F)%/2 we obtain that

%

(O Fo(F)F)ET| = (05, (o F)3)Or fo(F)) |
= §;|(det F)F~%2(det F)?|(F~)* — F~TF71
< 28;|(det F)F~Y|% = 26 fo(F)%/2.

Thus, with K := max{~,, 20;,6c|i=1,...,M, j=1,...,N} it holds that
0pW (F,2)F'| < KW(F,z).

Finally, it remains to verify hypothesis (3.7(H5)). Consider G € GL(3) with |G—Id | < e.
Hence,

3—e< |G <3+¢. (3.70)
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Since GG can be transformed into a Jordan matrix with the eigenvalues G, G5 and Gz, we

conclude from |G — Id| < ¢ that also |G; — 1| < € and hence 1 —¢ < |G;| < 1+ ¢ for
i € {1,2,3}. This implies

(1—¢)® < |detG| < (1+¢)?, (3.71)

1 —detG| <|1—(1+¢)®| =e(3+3c+¢%) = w;(|G —1d|) (3.72)

Moreover, we will apply the following estimate:
1A]7 = |BJ7| < 277 'q(|A- B[ |B]*"" + |[A-B|") , (3.73)

which holds for all A, B € R3*3 and a fixed ¢ > 1. This estimate can be proven with the
aid of the function W (t) := |B + t(A — B)|? with ¢t € [0, 1]. By the chain rule we obtain

that ,W (t) = q|B+ t(A — B)|7*(B+ t(A— B)) : (A — B). Hence we find
. _ r 1
W(1) — W) = | / V(1) dt] < qlA— B / B+ t(A— B)[ dt
0 0
1
< 217%|A - B| / (IB*" +t (A= B)|* ") dt =27 "¢(JA—B| |B|" ' + |A—B|%) .
0

We now prove (3.7(H5)) for the terms involving f;. By adding a telescope sum and by
the triangle inequality we infer

Oer (WGF)E)GE)T = 0p(f(F)F)FT|
< lG =1 FP (G + G 72) + ||GF =2 = [F 2] | P2
<ph(F)Z|G=1d[(B+ &) + B+ 2+ 207 (1 + |G — 1d 72,

where we applied (3.70) and (3.73) with ¢ =, —2 > 1, A = GF and B = [ in the last

estimate.

With the same techique we deduce for the terms involving fs3
}8(GF)(f3(GF)_°‘)(GF)T - 5F(f3(F)_a)FT‘
= 2a|(det(GF)) > (Cof (GF))(GF)" — (det F)™**~*(Cof F)F|
= 2a(det F)72*(det G) 2| (det G)** — 1
< 2a(det F)7**(det G)7**| det G — 1|(2 4 | det G]**)
< 2a(det F)7>*(1 — &) %2712+ (1 + €)% *)ws3 (|G — 1d ).

Here we applied (3.73) with A = det G, B = 1 and ¢ = 2« for the first estimate and (3.71)
as well as (3.72) for the second estimate.

Finally, we verify (3.7(H5)) for the terms involving f,. We introduce the abbreviation
a(F) = |(det F)F~%2(det F')2. Then we find

9er (1A(GF)T ) (CF)T — 05 (o F)F) F|
= 0;a(F)|a(G)F'G'F'\GT = F ' F ' —a(G)GTTFTTFTIGT A TR L (3.74)
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By adding a telescope sum we obtain

>
=

J J

(3.74) < 2fo(F)2 (|G—1d|f2(G) 2 (1+]G]) + |a(G)—1]) (3.75)
We use that

a(F)lla(G)~1] (3.76)
< | det(GF) | [(GE) 52 — [F 52| 4 |F7 52| det (GF)[ — | det FI%],

where ||(GF)7Y%72 — |F~1%72] <25 2(|G7HY72|G = 1d %2 + |G7Y|G — Id |) | F 1] —2
by (3.73) for ¢ = §; —2, A = (GF)™! and B = F~'. Moreover, we apply (3.72) on the
difference of the determinants. Furthermore, it is |(det G)%| < (1 + £)%% by (3.71) and
G <37 (G2 +3 <3((1 —&)~' + 1). Hence, we conclude that

>

J

(3.74) < 2f5(F) 7 (e1(e)|G—1d| + ¢3(e)|G—1d[%2)

which proves that (3.7(H5)) holds true for the terms involving fo.

Alltogether we have now verified the uniform continuity of the stresses for the density
W introduced in (3.67)
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Chapter 4

From Damage to Delamination

On the microscale, delamination (or debonding) is one main reason for the macroscopic
failure of compounds. Opposite, sometimes delamination is an intentional mechanism in
engineering constructions designed for efficient absorption of energy during impacts.

On the macro-level of compounds the evolution of delamination appears as the propaga-
tion of cracks along the interfaces between the different components [Kac88]. The behavior
of such macro-cracks can be analyzed by means of fracture mechanics, using Griffith’ frac-
ture criterion, which considers the energy release rate as the decisive quantity to predict
whether a pre-existing crack will grow under prescribed loadings, see equation (1.1).

In contrast to that many engineering contributions view delamination as a process oc-
curring on the meso- or micro-level of a compound [A1l02, AC96, DBS02, Lad92|. Here it is
interpreted as the damage of interfaces and the ideas of continuum damage mechanics are
applied. This means that the delamination along an interface, denoted by I, is modelled
by an inner variable, the delamination variable z : [0,7] x I, — [0, 1], which reflects the
current state of the bonding along the interface; see also Section 2.2.2 for more details.

In [AlI02] it is suggested to understand interfaces as the limit of a thin medium, which
links two constituents and which follows its own constitutive law. Such interface models
have been exploited in [PS96a, PS96b] to study delamination in the framework of the
adhesion models of Frémond, see e.g. [Fré8s].

The aim of this chapter is to rigorously perform this limit: Starting from a sandwich-
structure composed of three constituents of non-zero thickness, where the middle compo-
nent is exposed to partial, isotropic damage, the delamination of two perfectly unbreakable
specimen glued together with a breakable adhesive of thickness 0 is gained when flattening
the thickness of the middle component to 0, see Fig. 4.1. The damage model applied for
this purpose was analyzed in Section 3.1. The limit passage is mathematically performed
via a double limit. The first limit models describe delamination using the transmission-
and noninterpenetration conditions (2.44), (2.45), but their energy functionals involve the
delamination gradient, which is also the case e.g. in [BBR08, BBR09]. Nevertheless, in the
sense of [Gri21] this surface energy term is objectionable. Thus, the gradient is suppressed
in a second limit, so that the delamination model discussed in [RSZ09] is obtained.
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4.1 Setup and Outline

For all € € (0, &0] we consider a domain Q:=(—L, L) x (—H, H)", which is the union of
the three cuboid-type Lipschitz domains Q° := (—L, —¢) x I, Q% := (e, L) x Iy for L > 1,
Qf = (—¢,e) x I, CR? with the interfaces I's .= {+e} x I, C R and I, := (—H, H)* !,
see also Fig. 4.1a). We assume that the domains 25 are occupied by a nonlinearly elastic
material which is damage-resistive, whereas () refers to a material undergoing a rate-
independent damage process that only leads to partial damage of that specimen. This
damage process is assumed to be driven by slow, time-dependent external loadings induced
by time-dependent Dirichlet conditions on parts of the outer boundary I, ={L, — L} xIg,
i.e. in particular £7Y(I},;,) > 0. Thereby £™(A) denotes the m-dimensional Lebesgue-
measure of the set ACR™ with me {(d—1),d}.

a)
2H Q- Q4
I : 1—]‘Z)i

2H

e |

L -~ L
IDir
Z1,Y1

a) Domain with a thin subdomain QF undergoing possible damage. Loading is
realized through Dirichlet boundary conditions prescribed on the sides Ip;,.

b) Domain obtained for e=0 with an interface I, undergoing possible delamina-
tion with a subsequent unilateral Signorini condition.

c) Setup for the analysis: the original, e-dependent domains Q° , Q% and )}, are
used for the displacements, whereas the auxiliary transformed damageable
domain Qy, of fixed size is used for the damage/delamination variable.

Figure 4.1: Geometry and notation of the cuboid-type domains and surfaces used
For g = (u, z) the energy of the compound €2, see Fig. 1a), is given by:

E5(t,u, 2) ::/W(e(u—l—g(t)))dx +/<WD(e(u+g(t)), z)+%|vz|r+5[€v,1](2)) dz, (4.1)

Q= U Q5
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where r > d and ¢,k > 0. Since we are going to perform the limit passages ¢, x — 0, we
restrict our analysis to small values € € (0,g0] and & € (0, ko for constants 0 <&y < 1,
0< ko < 1. For the stored elastic energy density Wy, : R < [0, 1] — R of the damageable
region we make a specific ansatz for all e € ngxrff and z € [0, 1], namely

Wyle, z) i= zW(e) + |(—en) TP (4.2)

where 1 < p < oo is fixed, (f)* := max{0, f} and e;; is the 11-component of e € R4

Sym‘
Hence, the term |(—ey1)T|P prevents strong compression in x;-direction. The properties
of the densities W and W are explained in detail in Section 4.1.1. Basically they have to
satisfy the hypotheses introduced in Section 3.1.1, which ensure the existence of energetic

solutions for partial, isotropic damage processes.

The function u:Q—R? denotes the unknown displacement and e(w) :=5(Vw+Vw") the
linearized strain tensor for all w:Q — R?. Here u satisfies homogeneous Dirichlet conditions
on Ip,;, and the given displacement g(t) = g(t,-) : Q — R? with ¢ € [0, 7] incorporates the
time-dependent Dirichlet condition. The properties of g are specified more precisely in
Section 4.1.1. As in Chapter 3 the function z: [0,7] x Qf — [0,1] denotes the damage
variable. The energy functional defined in (4.1) allows for partial damage only, which is
ensured by the indicator function djy 3 of the interval [¢7, 1] for 4 > 0. This means that
we specify the lower bound z, of the indicator function ¢, 1; used in formula (3.3) here
by z. = €7. More precisely, djv11(2) =0 if €7 < z(z) <1 for a.e. x € Qf and v 1(2) = 00
otherwise. However dj.~ 1) prevents total damage for each ¢ € (0,¢¢], but it will allow for
complete delamination in the limit e =0.

Similar to Chapter 3 we assume that the damage process is unidirectional, i.e. that
healing of the material is impossible, meaning Z < 0, where Z = 0,z is the partial time-
derivative. The evolution of the damage variable is described by the dissipation potential

Re(v) :=

_ C—2ydr ifv<0ae on
{&D 2ydae if v < 0 a.e. on Qf (4.3)

otherwise,

for a constant ¢ > 0 and v = 2. The scaling by ! indicates that the amount of dissipated

energy due to damage is independent of the thickness of the medium. Note that 7%5() is
degree-1 homogeneous and thus models a rate-independent process.

The aim of this chapter is to deduce a model for Griffith-type delamination from the
damage models given by £F and R. as both ¢ — 0 and x — 0 and to show that energetic
solutions of the approximating models converge to energetic solutions of the limit model
in a suitable topology. In particular, the limit model describing Griffith-type delamination
has to include the transmission condition (2.44). Due to z, = ¢ — 0 and (4.2) the passage
from partial damage to complete delamination entails a loss of coercivity on the damageable
domains 2. Thus the information about the displacements on the interface It is lost in
the limit ¢ = 0. This seems to be in conflict with the transmission condition, which is
formulated in terms of the displacements. In order to extract the transmission condition
despite of the loss of coercivity, it is crucial to keep the gradient term ch |Vz|" ds. Assuming
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r > d, the compact embedding of W17 (Q2) € C(Qf) ensures the uniform convergence
of (sub-) sequences with equibounded energies and the continuity of their limit. These
properties are needed to obtain the transmission condition, see Theorem 4.2.2. Due to the
presence of the gradient term in the energy functional after the limit passage ¢ — 0 we call
such models gradient delamination models. The limit € — 0 is performed in Section 4.2.

Classical Griffith-crack or -delamination models do not presume surface energy terms
on the crack lips. Usually the crack surfaces are either assumed to be traction-free, as it
was already postulated by Griffith in [Gri21], or the noninterpenetration condition (2.45)
is prescribed there. The special structure of the energy density Wy, see (4.2), will allow us
to prove the latter, see Theorems 4.2.2 and 4.3.5.

In order to gain a proper delamination model of Griffith-type we will suppress the de-
lamination gradient in a second limit passage x — 0. This is developed in Section 4.3.

Since the double limit passage was necessary only for mathematical reasons to extract
the transmission condition we implicitly prove in Section 4.4 that the two limit passages
can be performed simultaneously, i.e. that there exists a function G : R™ — R™ such that
a subsequence of energetic solutions (uf(t), 25(t))ec(0,c0],xe(0.00],e<G(x) Of the approximating
problems converges in a suitable topology to an energetic solution of the limit Griffith-type
delamination problem.

The subsequent Sections 4.1.1, 4.1.2 and 4.1.3 are concerned with the preparation of the
limit passages ¢ — 0 and x — 0. First of all, Section 4.1.1 comprises the assumptions on
the given data and the energy densities W and W, see (4.1) and (4.2), which are needed to
ensure the existence of energetic solutions of the partial damage models given by gf and
R.. For this, the results of Chapter 3 are used.

Section 4.1.2 introduces a bigger state space @ which is admissible likewise for all € €
(0,e0] and all € (0, kg]. This requires to transform the energy functionals £ : Q. — R,
suitably and to extend them to the bigger state space Q. Moreover the existence result
from Section 4.1.1 has to be carried over to this new setting. Furthermore, Section 4.1.3
specifies a topology, which allows us to prove the convergence of (sub-)sequences of states
with equibounded energies both as ¢ — 0 and as kK — 0.

4.1.1 General Assumptions and an Existence Result

In the following, we state the general assumptions on the given data and the energy densities
W, W, which allow us to deduce the existence of energetic solutions for the partial damage
models given by £ and R. from the existence theorem 3.1.1.

We claim that the Dirichlet data satisfy

g € CY([0, T, W'»(Q,R7)),
gllcr o, w1 e rey =: g, (4.4)
supp g(t) N QY = 0 for 0<er< 1 and for all t€[0, 7.

Thereby the third assumption in (4.4) leads to supp g(t) N Qg = () also for all £ € (0, &¢).
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Furthermore we make the following hypotheses on the energy densities W : R‘Siyxn‘f — R,

W : R%? — R of the unbreakable and of the damageable regions respectively:

sym

(4.5(H1)) Convexity: the densities W, W are strictly convex.
(4.5(H2)) Coercivity: there are constants 1 < p < 0o, ¢, & C > 0 such that
clelP <W(e) < &lefP +C),  cle] <W(e) < é(lel +C)
for all e, € € Rg;nff.
(4.5(H3)) Continuity of the stresses: There are constants ¢, C' > 0 such that
|0:W (€) — W (&) < o(C + lelP~" + [eP~") e — €]
for all e, é € R¥x4

sym *

As a direct consequence of (4.5(H1), (H2)) one obtains, see [Dac89, Th. 2.31],

(4.5(C1)) Continuity: the densities W, W are continuous on R4,
Moreover, (4.5(H1), (H2)) imply the following stress control for the densities

(4.5(C2)) Stress control: There are constants ¢, C' > 0 such that
0.W ()] < c(|0.W (e)|P~H + C), [0 W(e)] < c(|0W (e) P~ + C)
for all e, € € ngxrff.
In view of (4.2) we realize that the composed density
— | W(e) if v € Q2 UQL
Wiz, e,2) = { Wy(e, z) ifz € Qp

also satisfies (4.5(H1)-(H3)) and (4.5(C1), (C2)) with constants that depend on ¢ and

(4.5(C3)) Monotonicity: for all £ € (0, ] there are constants K > 0, K > 0
such that for all e € R¥? and all &7 < z < 2 < 1 it holds

Wie, z) <W(e, ) < K(W(e,z)+ K).
This is a property of partial damage. In view of (4.5(H2)) we introduce the spaces
U, = {uec WPQR)|[u=00nT,},
Z = WY(Q) with r > d, (4.7)
Q. :=Up X Z,

and S*(t) :={qe Q.| EX(t, q) < o0, EX(t,q) < EX(t, §)+R.(5—=2) for all q € Q:} denote the
stable sets at time t. Due to the assumption r» > d we have Z. € C(€)) and therefore

2z, € C(It) with 0 < 2(z) <1 for all x € [, if z € Z. for any € € (0, &].

For all fixed e € (0, 2], € (0, ko] the systems (Q., EF, R.) thus fit to the setting studied
in Chapter 3 so that the existence of energetic solutions is guaranteed by Theorem 3.1.1.

(4.6)

Proposition 4.1.1 (Energetic solutions of (Qa,gf,ﬁe)) For all fizred ¢ € (0,e0] and
k€ (0, ko), let the rate-independent system (Q.,EF, R.) be defined via (4.1)-(4.7). Then,
for (Q., gf, ﬁe) and for any initial state qq ESZ‘(O), there exists an energetic solution q of
the initial-value problem (Qg,ge’f,ﬁe, Qo)-

65



4.1 Setup and Outline Chapter 4

4.1.2 The Damage Models in a Common State Space

As ¢ — 0 the d-dimensional domains ¢ flatten to the (d—1)-dimensional interface It
between the domains ., see Fig. 1a), b). Moreover, the lower bound on the damage
variable €7 tends to 0. This means that the displacements may jump across the interface
[, for e = 0, whereas jumps are prevented as long as ¢ > 0, see (4.7). Furthermore, as
x — 0 the delamination gradient vanishes, so that the only requirement on the delamination
variable is 0 < z < 1 a.e. on I.. Hence, in order to show that (Q.,&", R.) approximate
a rate-independent system describing delamination along the interface it is necessary to
reformulate the approximating problems in a common state space Q, which is large enough
to study both limits £ — 0 and kK — 0.

In particular, for all € € (0,¢0], we have to use damage variables that are defined on a
common domain Q, = (—1,1) x [, see Fig. 1a), ¢), i.e. we have to consider z : 2, — [0, 1]

from now on. Therefore the energy functionals £ have to be adapted. This is realized
with the following mappings:

T.:Qp — Q5 v =Ty = (ey1,s) € QY fory= (y1,5) € Qp, (4.8)
T°:Q5 — Qpy=T% = (11/e,s) € Qp for x = (v1,5) € QF, (4.9)
with s = (29,...,24) € I. For all ¢ € (0,¢¢] these transformations are welldefined and

continuous and clearly 7° = T-!. Then we introduce the following transformations:

II.Z2: Qp — [0,1], II.2(y)= 2(1T.y) for z:QF —[0,1], (4.10)
1% : Qf — [0,1], I%(x)= 2(T%) for z: Q, — [0,1]. (4.11)

In view of (4.8) and (4.10) the gradient of Z transforms as follows:
- . . - T
sz(l’) = vynsz(y)va = (éawnsz(y)v (vsnsz(y>>T) = Veﬂez(y) ) (412>

where we used y = T°z and V, := (9,,...,0,,) "
We are now in a position to define a common state space by

U:={uecWPQ UQ ,RY|u=0o0nT,}, (4.13)
Z = L), (4.14)
Q:=UxZ. (4.15)

Thereby U allows the displacements to jump across the interface [, and Z is the correct
space if the delamination gradient is suppressed. Hence, the state space for all problems
with e,k > 0 is a subspace of Q. With U, as in (4.7) it is given by

Zy =W (Qp) with r > d, (4.16)
Qp i=Uy X Z,. (4.17)
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Therewith we introduce the extended energy functionals £F : [0,7]xQ — Ry,

. [IE:(t,q) if ¢ = (u,z2) € Op,
t,q) = N . h
85 ( 7q) { 00 lf q c Q\QD, winere (418)
IIEX (t, u, 2) ::/W(e(u+g(t))d:c+ WD(e(u),Hez)dx+/(§|V€z\r+5[gw71}(z)> dy.
Qs uOs Qs Op

Thereby we used that supp g(t) N Q2% = 0 for all € € (0,¢9] and all ¢ € [0,7]. Compared to
£F in (4.1) the functional IIE allows for z: € — [0, 1]. Therefore one has to use II% in the
second integral, since its integration domain is the untransformed domain 2. Only the
integral containing the damage gradient is transformed from Qf to €),. This requires to
use V.z from (4.12) and involves a factor ¢, which cancels out 1/¢ in (4.1). Additionally
we used that €djv 1)(2) = Jv,17(2) due to the properties of the characteristic function djzy 1.
In view of the transformations (4.9), (4.11) we note that

g7 <z<1lae onf), isequivalent to &7 <II%2 <1 a.e. on . (4.19)

Since we now use the common state space Q we also extend the dissipation potential.
Transformation of the integral in (4.3) leads to the potential R : Z — [0, 0o},

Jo, —ov(y)dy if v <0 ae. on Qp,
%) otherwise.

R(v) == { (4.20)

For all t€[0,T] we define the stable sets of the transformed, approximating problems by
SE(t) = {g=(u, 2) € Q| EX(t, g) < 00, EX(t, q) <EX(t, P+R(3—=) for all = (i, ) € O}.

Using the common state space and the extended functionals we can rewrite the rate-
independent systems (Q.,EF, R.) via the systems (Q,EF, R). It remains to transfer the

existence result stated in Proposition 4.1.1 for the systems (Q., EF, R.) to the systems
(Q,EF,R). For this, we first show that 0,£7(¢, ¢) is well-defined for all ¢ € Q if £X(¢,,q) < 00
for some ¢, € [0, 7.

Lemma 4.1.2 (Well-posedness of 0,EF) Let ¢ € (0,¢0], k € (0, ko] be fized. Let the sys-
tems (Q,EF,R) be given by (4.15), (4.18) and (4.20) such that (4.4) and (4.5) are valid.
Then, for all (t,,q) €[0,T]x Q with EF(t,,q) <oo it holds E(-,q) € C*([0,T]) with

8té’f(t,q):/QEOUQEO 0. W (e(ug(t))):0e(g(t)) dz. (4.21)

Proof: Due to (4.1), (4.18) and (4.11) we have that E%(t,,u, 2) = E5(ty, u, 1I2) < 0.
Since fQD BVez|"dy with 2z € 2, is not affected by ¢t € [0,7] we may conclude that

0EE(t,u, z) = OEL(t, u, II2), which is given by formula (4.21). m

This result is used to adapt Proposition 4.1.1 to the extended functionals.
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Proposition 4.1.3 (Energetic solutions of (Q,&% R)) For all fized € € (0,¢0] and k€
(0, ko] let the rate-independent system (Q,EF,R) be defined via (4.15), (4.18) and (4.20)
such that (4.4) and (4.5) hold true. Then for (Q,EF, R) and for any initial state qo € SF(0)
there ezists an energetic solution q : [0, T] — Q of the initial value problem (Q,EF, R, qo)-

Proof: Consider (Q, &%, R) with the initial state gy = (ug, 20) € SF(0). By (4.18) and
(4.20) we find that (ug, I°zy) € S*(0). Then Proposition 4.1.1 provides the existence of
an energetic solution ¢ = (u,z): [0,7] — Q. of (Q.,EF R.) with (u(0), 2(0)) = (uo, I%Z).
We want to show that (u,Il.z) is an energetic solution of (Q,EF, R, q). To verify that
(u(t), I1.2(t)) € 85(t) we use that (u(t),z(t)) € 8*(t), implying for all (@,2) € Q. that
Ex(t,ult), 2(t)) < EF(t, @, 2)+ Re(3—2(t)). From the bijectivity of II.: Z. — Z, for all
e €(0,eg0] and (4.19) we conclude that gf(t,ﬁ, Z) < oo is equivalent to £(t, u,I1.2) < oo.
Applying II. and transforming the integrals in stability condition (2.60(S)) yields the sta-
bility of (u(t),.2(t)), i.e. EX(t, u(t), I2(t)) <EX(E, u, 1. 2) + R(II.Z—1L.2(t)). The energy
balance (2.60(E)) follows directly from Dissg(Il.2, [0,t]) =Dissz_(2,[0,t]) and Proposition

4.1.2, since S,EX(t, u(t), I.z(t)) = 8,EX(t, u(t), 2(1)). -

4.1.3 The Topologies 7, 7r and a Korn’s Inequality

In the following we specify a suitable topology on the common state space Q, which
allows us to show that a subsequence of energetic solutions of the approximating systems
(Q,EF R) converges to an energetic solution of the limit system as ¢ — 0 and as Kk — 0
respectively.

For the analysis we will consider sequences of systems (Q,EF,R).c(,,] and sequences
(te, 4= )ee(0,00) C [0, T] x Q and thereby the notation € € (0,¢¢] always stands for countably
many indices € € (0, €] satisfying e — 0. The indications (Q,E", R)wre(0,xo] a0 (G )re(0,x0]
have to be understood similarly.

Since EF (e, ue, 2.) < E for some E € [0, 00) implies that ||z ||~(qy) < 1, a suitable topol-
ogy on Z = L*®(€p) is the weak*-topology of L>®(€y). In view of (4.18) and (4.5(H2))
we obtain that [e(us+g(t:))|| ez uos rixey < E. By the triangle inequality, assumption
(4.5) and Korn’s inequality on each of the domains Q2 U Q% we find a constant E such
that [luc|wire uos re) < E, provided that the constants in Korn’s inequality are uni-
formly bounded, which will be ensured below. Therefore the convergence of a sequence
(e, 2e)ec(0,e0) tO @ limit (u, z) has to be understood in the following sense

T ue — u in WHP(Q2 U QYL RY) for all v € (0, &),
(uevzs) - (U, Z) < { Ze N P in LOO(QD) (422)

The following counterexample shows that u. — w in W?(Q” U Q) for all v € (0, ]
does not imply u. — u in WH(Q_ U Q).
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Example 4.1.4 Let

-1 ifzy € (-L,—¢), -1 1 —
u(r) == q o if o € [, and u(z) = { 1 1 Zii i EOaLL’)(-))’

1 Zf T € (8, L)
For all fized v € (0,e0] we conclude that u. — w even strongly in WHP(Q” U Q). But

||0x1u€||’£p([_€70)u(0’€]) = (2¢)"P 4s unbounded for all p € (1,00) and hence u. /4 u in
Whr(Q_UQ,).
To specify the convergence of sequences of pairs (t.,q.) € [0,7] x Q we define
t. — t,
(t€7 QE> i (t, Q) <~ T (423)
qe — 4.

As already mentioned above it is required to prove a uniform Korn’s inequality for the
domains 2 U QF . In particular it has to be shown that there is a constant cx which is
independent of € € (0,e0]. The proof is based on the transformation of the domains Q5 to
the unit domains €24 and on the uniform boundedness of these transformations. Moreover

the proof uses the classical ideas such as compactness arguments, which can be found in
g. [KO88, Pom03].

Theorem 4.1.5 (Korn’s inequality for a family of domains) For all 0 < ¢ < g¢ let
Q5 C Q. be the Lipschitz domains depicted in Fig.1a) and let p € (1,00). Then there is a
constant cx > 0, such that for all 0 < e < ¢eg and all v € Wl’p(Qi,Rd) with v = 0 on I,
in trace sense it holds

HUHWLP(Qi,Rd) < CIC||€(U)||LP(Q;,RdXd) . (4.24)

Proof: It suffices to prove the result for {2 and Q° separately. We restrict ourselves to
Q)7 , the proof for Q2 is analogous.

We transform QF = (e, L) x I}, into Q4 = (0, L) x It via the invertible mapping

Q4 — QL (y1,8) = (e+ale)yr, s), where a(e) = (1—¢/L). (4.25)
For v, :=vo7. € WP(Q, RY) we obtain that
V. =V,oV,r. and V=V, 0.V, 7" (4.26)

where V,7. = diag(a(e),1,...,1), y = (y1,5) € Qp and = = (x1,5) € QF with 21 =
eta(e)y;.
Using these relations and exploiting Korn’s inequality on €2 results in a uniform Korn’s
inequality for all € € (0,¢] :
lolyrosy = 10E0qsy + 1Vav o) = (@) (vellfnq,) + 1VyveVars g, )
< ale) P ([0 gy + IVl sin) < le) T CRle(wa)l g,

< afeo) PCklle()ros ) -
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4.2 The First ['-limit: Gradient Delamination

In this section we show that the damage models given by (Q, EF, R) approximate a model
for gradient delamination as ¢ — 0. In particular we prove that also their energetic solutions
approximate an energetic solution of the limit system.

4.2.1 The Model for Gradient Delamination

Our aim for this section is to show that (Q, &S, R).e(0,,] I'-converges to the limit system

(Q,€% R) as ¢ — 0, see Fig. 1b), where £" : [0,T] x Q — R, is given by

/W(e(u+g(t))) dx +/<§|Vz|r—l—5[o71}(z)> dy if ¢=(u, 2)€Q.,

E¥(t,q):= 3 us, o (4.27)
00 if g € Q\Qc,

Zo={2e W"(Q)|0,2=0}, (4.28)

Qo :={q=(u,2) €U x 25| Sez[u] =0 and [u-n;] >0 a.e. on I1.} (4.29)

with U from (4.13). Here Scz = z|g, in the trace sense and [-] denotes the jump of a
function defined on Q_ U, across the interface I in the trace sense. Therefore the
constraint Scz[u] = 0 a.e. on Iy, incorporates a transmission condition, namely [u] = 0
whenever Scz > 0, which was already used in [Fré88]. Furthermore n; := (1,0,...,0)
stands for the unit normal vector to It,. Thus the condition [u-n;] > 0 a.e. on It prevents
the interpenetration of the material of 2_ and €.

If (u,2) € Qc and v € Z we find that £"(¢,q) and R(v) equivalently read

E5(t u, 2) = / W (e(usg(t))) da+2 /(g|vsscz|f+5[0,”(scz)) ds (4.30)

Q_UQ4 I

2/ —0Scv(s)ds if Sov <0 L3 t-ae. on I,
I

R(v)= (4.31)

00 otherwise

with s 1= (29,...,24) and Vg := (Oy,, ..., 0y,). This shows that the limit system indeed
models delamination along the interface It.. For all ¢ €[0, 7] we introduce the stable sets

S(t):={q=(u,2) € Q[ E"(t,q) <oo, E"(t,q) <E"(t, )+ R(Z—=2) for all §=(a,2)€ Q}.
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The convergence result, which will be proven in the next subsection, is the following:

Theorem 4.2.1 (I-convergence of the damage problems) Let the assumptions (4.4)
and (4.5) be valid with p € (1,00), v > (p—1), r > d, and k € (0, ko| fized. For alle € (0, o)
let g : [0,T] — Q be an energetic solution of (Q,EF,R) given by (4.15), (4.18) and (4.20).

If the initial values satisfy g e 7, qo and EF(0,q5) — £%(0,qo), then the damage problems
(Q,E,R)ec(0,e0) I'-converge to the delamination problem (Q,E", R) given by (4.15), (4.27)
and (4.20) in the following sense:

There is a subsequence (qe)ee(0,0]s Such that for all t € [0,T] we have q.(t) Z, q(t) and
qg = (u,z) : [0,7] — Q is an energetic solution of (Q,E",R), i.e. in particular for all
te [O,T] it holds

4(t) € 5°(t) and E%(t,q(t)) + Disse (= [0.1]) = £5(0, ¢(0 / B~ (£,q(6)) de

and Dissg (z., [0,t]) — Dissg(z,[0,t]) for all

Moreover, we have EF(t,q.(t)) — E"(t,q(t))
,q(t)) a.e. in[0,T].

t €[0,7] as well as 0:EF(t,q-(t)) — OHE"(t

4.2.2 Proof of the Convergence Theorem

The proof of Theorem 4.2.1 consists of an application of Theorem 2.4.5. Thus, in the fol-
lowing we verify the conditions (2.69), (2.70) and (2.71). Additionally we have to prove the
existence of a (sub-)sequence (g:)ec(0,¢,) Of energetic solutions of (Q, £, R) which converges

q-(t) Z, q(t) for all t € [0,7], and ¢ is an energetic solution of (Q,E" R).

Properties of £F and £* and Verification of (2.69(E1)) and (2.71(C3))

In the following we show that the sublevels of the energy functionals £7(¢,-) and £"(t,-)
are compact with respect to the topology 7 and that unions of sublevels of £(¢,-) are
precompact. This complies with condition (2.69(E1)). Moreover we prove that the I'-
lim inf inequality (2.71(C3)) is satisfied.

As a direct consequence of stability (2.60(S)) one obtains that the energetic solutions
of the approximating problems have an equibounded energy; to see this one may check
(2.60(S)) for the energetic solutions and the states (@, 2.) with & = 0 and Z. = 7. Hence,
we ensure by the next theorem that the equiboundedness of sequences enables us to extract
weakly convergent subsequences and we verify that their limit indeed is an element of the
set Qc, given by (4.29). The Items 1. and 2.(a) below result from the coercivity inequality
(4.5(H2)), which yields uniform boundedness of u. in W'?(Q” U Q7 ,RY) for all fixed
v € (0,g0] and hence, using Cantor’s diagonal process, the convergence of a subsequence
for all fixed v. Moreover, 2.(b) results from the uniform boundedness of the gradient term for
fixed k € (0, ko]. Additionally, the assumption r > d implies the continuity of the sequence
and its limit and leads to a subsequence converging uniformly on €2,. This enables us to
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obtain a lower bound dx < z. on compact subsets K C €2, away from the zero set of the
limit z. This yields uniform coercivity on K and allows us to verify 2.(d). Moreover, 2.(c)
is a consequence of the term (ey;(u.))” included to Wy, see (4.2).

Theorem 4.2.2 (Properties of sequences with equibounded energies) Let the en-
ergy functionals EF be given by (4.18) such that the assumptions (4.4) and (4.5) hold. Let
k€ (0, ko] fized, (t:)ec(0,20) C [0,T], p € (1,00) and r > d. Assume that EF(t.,u., z.) < E
for all e € (0,g0]. Then

1. there is a subsequence (ue, z.) N (u,2) ase — 0,
2. for the limit holds (u, z) € Qc, i.e.

(a) u € WP(Q_UQ,RY), u=0 onl}, in the trace sense,
(b) z€ WH(Qp), 0 < 2(y) <1 and 9,,2(y) = 0 for all y € Qp,
(¢) [uni] >0 a.e. on I,

(d) Scz[u] =0 a.e. on I%.

Moreover, for v < p—1 jumps are prevented at all, i.e. Ju] =0 a.e. on Ig.

Proof: Recall Q from (4.15), £F from (4.18) and Q. from (4.29).

Ad 1. and 2.(a): From the equiboundedness of £7(t.,q.) we infer that ¢7 < z. < 1
a.e. in Qp. Since the unit ball of L°(€)y), which is the dual space of L'(Qp), is weakly*
sequentially compact by the theorem of Banach-Alaoglu we find a subsequence z. — z in
L>(Qp).

Keep v € (0, &) fixed. Then Q2 UQ C Q2 UQ7 for all e < v. From the equiboundedness,
hypothesis (4.5(H2)), (4.4) and the uniform Korn’s inequality (4.24), where we exploit the
Dirichlet conditions on the Lipschitz domains €24, we infer that

E> | W(e(u-tg(te))) de > clle(uetg(t)) I Toqr uay paxay
Qv Uy

Z 21_p0||6(ua)||I£p(QZUQi,RdXd) CCqy Z 2c,:C|| aHWl P(Q¥ UQY JR4) — CCq,

(4.32)

which proves that ||ucl|y1sq~ uey k) are uniformly bounded for all € < v. Thus there is a
weakly converging subsequence, since W'?(Q” U QY R?) is a reflexive Banach space. For
a countable set of indices v with ¥ — 0 we conclude by Cantor’s diagonal process that we
have a subsequence u. — u in W'?(Q” UQY, R ase — 0 for all v. As v — 0 we conclude
that u € WP(Q_ UQ,,R?) with u = 0 on I}, in trace sense. This proves the existence of

T
a subsequence g. — q.

Ad 2.(b): The equiboundedness of £7(t.,q.) < E together with 0 < e < gy < 1 yields

r d
that ||z 71, < r(B+L4(0p))

and furthermore |0y, 2|7 ) < B Since W () is a
reflexive Banach space there is a subsequence 2. — z in W"(Qy,) with 9,z = 0 a.e. in Q.
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Due to the compact embedding of W' (Q,) € C(Qy) for r > d we have z € C(Qp) and
thus 0y, 2(y) = 0 as well as [7,1] 3 z.(y) — z(y) € [0,1] for all y € Q.

Ad 2.(c): Let u! be the ith component of u. € R% For all v > 0 we define the linear
and continuous trace operators S= : W'P(Qy) — LY(Iv.), STv=(v(+v, s)—vy ), where vy is
the trace of v|o, € W'P(Q.) onto I.. Thereby ||SE| = u%(ﬁd_l(f‘c))%, since for all v
with ||'U||W1,p(Qi) =1itis

—1

p=1 _ p=1 v
155 0]l sy = llo(Ev, )=l < V7 (L1 L) 5 / / 10, 0]" de
C
p=1, p=1
< V(LT ol oy

In particular, this proves [, |u'(£v,s) —ul[ds = [, [Syu'|ds — 0 as v — 0 for the limit
function v € WP(Q_ UQ, ,RY). Hence there is a subsequence u!(+v,-) — ul pointwise
a.e. on I, so that we may conclude by Fatou’s lemma with (f)*=max{0, f}

/Fc(_ [[U~n1ﬂ)+ ds = /(ul_—u}r)Jr ds < liminf /(ul(—% s)—ul(+v,s)) T ds. (4.33)

It v—0 It

Due to E(t.,q-) < E there is a subsequence u. — u in W'?(Q” U Q7 R?) for all fixed
v € (0,&0]. By the compactness of the trace operator W*(Q” UQ,) — LP(I1,) and Fatou’s
lemma we conclude that

/Fc(_ [[ulﬂ)Jr ds < li:gl_)igf/(ul(—y, s)—u'(v, s))" ds

Ie

< lim inf lim inf/(u;(—l/, s)—ul(v,s))" ds.
I

v—0 e—0
C

Since (-)* is a convex function we may apply Jensen’s inequality and hence we find

/ (ul(—v)—ul(v))tds = / (/ — 0, ul d:El)Jr ds < / (=0, ul) " dz, (4.34)
I o Jow oy

where (—0,,ul)T=(—ej1(u.))" occurs in Wy (e(u.)) of (4.2). Due to E(t., u., 2.) < E and
the coercivity of Wit holds [|(—e11(uz)) (|7, g, <max{c™!, 1} . Hence there exists a limit
be LP(Q), such that (—eji(ue))t — bin LP(Q2). Thus

limlim [ (—ep(u.))Tdz=1lm [ bdz=0.
v—0e—0 oy v—0 (13

This proves frc(ul_ —u})*ds = 0, which implies that [u'n;] > 0 a.e. on It..
Ad 2.(d): In the following we verify Scz[u] = 0 a.e. on It for the limit state (u, 2).

As it was proven in Ad 2.(b), there is a subsequence z. — 2z in C({)y) by the compact
embedding W(Q,) € C(Qp). Le. for all @ > 0 there is an index €, > 0 such that
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for all ¢ < g, it holds |z — zllo@y) < . Let N, = {y € Qp|2(y) = 0}. Choose a
compact set K € Q\N, with £4(K N Q) > 0, such that K N QYL # 0 and so that
Q2 ==mt(Q2UQP U K) has a Lipschitz boundary. This choice is possible, since d,,z = 0
on . Therefore Qig has the Dirichlet boundary Iy, with £471(T},,) > 0 and thus Korn’s

inequality is applicable. Since z € C(€)) there is 6z > 0 such that z(y) > d for all
y € K. Thus for @ = §,/2, for all ¢ < ¢, and for all y € K we have z.(y) > 0;/2. In
other words: for all z € T.K = {(ey1,s) | (y1,5) € K|ay} it is T%.(z) > /2. Hence the
equiboundedness £F(t., q.) < E together with (4.5) yields

E > /QS o W(e(u-+g(t.))) dz + /Q %2, W (e(u.)) dx

€
D

= /Q UQSW(e(uaﬂLg(ta)))d$+/TK6§W(e(ua))dz > %/ﬂsode(ue—l—g(te)ﬂpdz,

Estimating similarly to (4.32) we find the bound ||u.|lyy1.59) < C uniformly for all ¢ €
K

(0, 20, where the constant C' now involves cxc(92) from Korn’s inequality on the Lipschitz
domain 2?. Hence, there is a subsequence u. — u in Wl’p(Qafg,]Rd). Since K € Q\N.
was chosen arbitrarily and since v € WP(Q_ U Q,,R?) by Item 2.(a) we conclude that
u e WEP(Q\{s € I | Soz(s) = 0}, R?) with Sz = 2|p,. This proves that [u] =0 whenever
z2>0 and [u] #0 is admissible whenever z=0.

Ad [u]: Using the ideas of Ad 2.(c) there is a subsequence u. — u in W'?(Q” UQY | RY)
for all fixed v € (0,¢0]. Similarly to (4.34) we obtain for the ith component that

1) — ui(-wes)l ds = [
It Ic

<),

From £F(t.,q.) < E and the coercivity of W together with II%, > &7, (4.19) and Korn’s
inequality in W1P(Q, R?) we obtain for all ¢ € (0, & that

/ Oy, (1, 8) day dsg/ |0, u| dz:
—v QF

|Vu.|dx + / |Vu.|dz. (4.35)
8\Q5

€
D

1 =
||Vu€||LP(QsD,Rd><d) < ||u€||W1,p(Q7Rd) < CK(Q)El’g p (436)

and by Holder’s inequality we find for the first term in (4.35) that

p—

V]| 1 o sty < €7 LT T e () Ere 7 . (4.37)

If v <(p—1) we conclude from (4.37) that [|[Vue| 11 (g raxa) — 0.

Additionally the equiboundedness of the energies and the coercivity of W provide a con-
stant C' > 0 such that ||Vu.||rqe UQs Rixd) < C. Thus, application of Holder’s inequality

74



Chapter 4 4.2 The First I'-limit: Gradient Delamination

on the second term in (4.35) yields

p—1
/ V| de < ((v=e) L7 HIe)) 7 Vel ooz vos @2 var ) reixay
a\Q,
p—1
< ((v—e)L" L)) » C =0 as0<e<v—0.

Using the ideas of Ad 2.(c) we obtain that ch [[ullds = 0, if [[Vue|[z1(qz paxay — 0.
Hence jumps are prevented at all if y<(p—1). m

The next lemma summarizes the properties of the limit energy £, which guarantee the
existence of minimizers in the direct method of the calculus of variations, such as coercivity
and lower semicontinuity. They yield the compactness of the sublevels of £.

Lemma 4.2.3 (Properties of the limit energy) Let the assumptions (4.4) and (4.5)
be satisfied. Then, for allt€|0,T] and all k€ (0, ko] the energy functional £(t,-): Qc — R
given by (4.27) and (4.29) is coercive and weakly sequentially lower semicontinuous on Q.
In particular, with C'=cc,+=L9(Iy) it holds

K 1-pe K r
EX(:0) 2 225l 0+ El oy — C (439)

Moreover for all E € R the sublevels L% (t) := {q € Q|&E"(t,q) < E} of the functional
Er(t,): Q—Ry are weakly sequentially compact with respect to T from (4.22).

Proof: Keep k€ (0,r0] and ¢ € [0, 7] fixed. First assume that (¢;)jen C Q\Qc. Then
E"(t, q;) =00 for all jeN. Thus, for ||uj||W1,p(QiUQi,Rd) — oo for some v € (0,¢] the prop-
erty £%(t,q;) — oo is trivially satisfied. Similarly to estimate (4.32) coercivity inequality
(4.38) follows from (4.5) for all ¢ € Q.. Hence £"(t,-) is coercive both on Q. and on Q.

We now show the lower semicontinuity. Let g, z, q. If ¢; € O\ Q. for almost all j € N
then there is an index jo € N such that ¢; € Q\Q, for all j > jy and hence the lim inf-
inequality trivially holds, i.e. liminf; . £"(¢,q;) = oo > £%(t,q). Assume that there is a
subsequence (not relabelled) (g;);en C Qc with u; — w in WHP(Q_ U Q,,R?) and z; — =z
in WLT(Qy). Due to the compact embedding W (Q,,) € C(Qy) it holds z;(x) — z(z) for
all x € Q. Let uj:, u® denote the traces of ujlo. and u|g, on It. Then the compact trace
operator W'?(Qy,R?) — LP(I,R?) implies that u; — u* in LP(I,,R?) and that there is
a subsequence ;- — u* pointwise a.c. on I.. Hence [u-n;] > 0 and Sez[u] = 0 a.c. on I,
i.e. the limit (u,z) € Qc. Furthermore {z € W17 (Q,) |0 < 2 < 1 a.e. on Qp} is a closed
subset of W (). Together with (4.5) one obtains lower semicontinuity of £%(, ) on Q.

Let now (g;)jen C L% (t). By coercivity inequality (4.38) there are constants ¢;(E), co(E)
such that [|u;llwir ua, rey < c(E) and ||z]lwir@p) < c2(E). Since WHP(QF RY) and
Wr(Qp) are reflexive Banach spaces there are subsequences u; — u in Wh?(Q_ UQ,,RY)
and z; — z in W (Qp). From the lower semicontinuity of £%(¢,-) on Q. we now infer
E > liminf £%(t,q;) > £"(t,q), which proves that the sublevels of £ : Q@ — R, are
compact in with respect to 7. ]
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As a consequence of Theorem 4.2.2 and Lemma 4.2.3 the next corollary states that condi-
tion (2.69(E1)) is satisfied.

Corollary 4.2.4 Keep k € (0, ko] fized and let the assumptions (4.4) and (4.5) hold true.
Then, for all e € (0,e0] the sublevels LE(t) := {q € Q|EF(t,q) < E} as well as the
sublevels L(t) == {q € Q|&"(t,q) < E} are compact and the unions U.c(o., L7 (t) are
precompact with respect to the topology T, which is defined by (4.22).

Proof: For all fixed € € (0,50] and x € (0, ko] the weak sequential compactness of the
sublevels L3"(t) in WP(Q,RY) x W (Qp,) can be obtained from Proposition 3.1.4 using
that the composed density W defined in (4.6) satisfies hypotheses (4.5). Since 7T is coarser
than the weak topology of W1P(Q, RY) x W () we conclude the compactness of L3 (1)
with respect to 7. The precompactness of unions of sublevels with respect to 7 directly
follows from Theorem 4.2.2 for t. = ¢ and the compactness of L% () is due to Lemma 4.2.3.

]

In the following we prove the I'-lim inf-inequality for £F, which corresponds to condition
(2.71(C3)). The main idea in the proof is to exploit the lower semicontinuity of (¢, -) on
LP(QY UQ”  R>) x [7(Qp, RY) for all fixed v € (0, go]. The use of this space is admissible
since the lower I'-limit only has to be verified for stable sequences, so that their energies
and therewith the damage gradients are uniformly bounded.

Lemma 4.2.5 (Lower I'-limit of the energy functionals) Keep € (0, ko] fized. Let
(te, e, 22) i(t, u,z) as e—0 and (u., 2.) €SE(t.) for all e€(0,¢e0]. Then

EX(t,u, z) < lim iélf EX(te, ue, 2e) - (4.39)

Proof: In view of (4.4) it holds g(t.)—g(t) in WhP(Q_ U Q,,RY). Since (u., z.) € ST(t.)
we find a constant £ >0 so that (., u., z.) < F for all € € (0, ¢). From Theorem 4.2.2 then
follows that the limit (u, z) € Q. Moreover we conclude that there is a subsequence z. — z
in WT(Qyp), which is needed to show that liminf. ., f”vaeHZT(QD,Rd) > Ve,

Furthermore, we observe that fQV

(QD 7Rd) ’
ey, W (-) dz is weakly sequentially lower semicontinuous

on LP(Qr UQY; R>) by (4.5(H1)) and (4.5(C1)). In view of (4.5(H2)) and Theorem 4.2.2,
Item 1 it holds for all v > 0

limiélfé’f(ts,ue,zs) > lim inf W(e(u-+g(t.)))dz + limionf/ 5|V, z|" dy
e— O

£e— e—0
Qiuﬂi

2/ W(e(u+g(t)))dx+liminf/ 5V, dy
Qv Uy, =0 Jop

> / W (e(u + g(t)) da + / 5V ,2 dy
Qv uQy

Qp

-/ PRC O [ #19elray,

Qp
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where the last equality is due to 9,,z=0. Since u € WP(Q_UQ,,R?) by Theorem 4.2.2,
Item 2 and hence W (e(u+g(t))) € L' (22U, ) by the upper growth estimate in (4.5(H2))
we obtain the desired lim inf-estimate as v — 0. [

Verification of (2.69(E2)), (2.69(E3)) and (2.71(C1))

Next, we verify the conditions concerning the time-derivatives of both the approximating
and the limit energy functional. They correspond to the conditions (2.69(E2)), (2.69(E3))
and (2.71(C1)).

Lemma 4.2.6 (Properties of 0,£", 0,£") The energy functionals EF : Q — R and
theiwr limit £ : Q — R, satisfy:

1. Uniform control of 0,EF, 0,E":  Let F be in place of both £ and EF for all £ € (0, ¢o).
There are constants co € R, ¢y > 0 such that for all ¢ € Q it holds:
If F(ty,q) < oo for any t, € [0,T), then F(-,q) € C*([0,T]) and

0. F(t,q)| < c1(F(t,q) +co) forallt €]0,T]. (4.40)
In particular 0,E%(t,q) takes the same form as O,EX(t,q) in (4.21).

2. Uniform time-continuity of 0,£*:  For all v>0, for all EER there exists §=0(v, £)>0
so that for all ¢ € Q with £%(0,q) < E and all t1,ty with |t; —ta| < 6 it holds

0,E5(t1, q) — BE (ta, )| < v (4.41)

3. Conditioned continuous convergence: For all (t.,q.) I, (t,q) with q. € SE(t.) for
all € € (0,¢e0) it holds:

at(g:(tg, qa) — atgﬁ(t, Q) . (442)

Proof: Recall that 0,E5(t,q) = fﬂiouﬂio O W (e(utg(t))) : Ore(g(t)) da for all g € Q.. If
EF(ty,u, 2) < 0o we can prove that £%(-,u,z) € C'([0,T]) by repeating the arguments of
the proof of Theorem 3.1.7. Thus we find 9,E%(¢, q) :fﬂi‘)uﬂi‘) 0. W (e(u+g(t))):0e(g(t)) dz
for all g€ Q. respectively.

Ad 1.: Property (4.40) is applied in the proof of Proposition 4.1.2 and for all fixed
e € (0,e0],k € (0, ko] it was verified in Theorem 3.1.7. The proof mainly uses the stress
control (4.5(C2)) to derive a Gronwall estimate for the energy. Furthermore it relies on
the assumptions (4.4) for g and on the coercivity inequalities (4.5(H2)). Since 9,EF is
independent of k also the constants c¢g, ¢; will not depend on k. Due to the uniform Korn’s
inequality (4.24) these constants will also be independent of ¢ € (0,g¢] and hence also
apply to the limit energy.

Ad 2.: Since the limit energy satisfies (4.5), since it depends on e(u) and Vz but no
more on z and since Qo C W1P(Q_UQ,, RY)xWLr(Qy), Property 2. may be deduced from
Theorem 3.1.11.

Ad 3.: Based on (4.5(H3)) the proof can be adopted from Theorem 3.1.9. n
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Verification of (2.70) and (2.71(C4))

To make things complete we summarize the properties of the dissipation distances cor-
responding to conditions (2.70) and (2.71(C4)). The validity of conditions (2.70) can be
concluded from Theorem 3.1.8.

Lemma 4.2.7 (Properties of the dissipation potentials) For all ¢ € (0,&¢] the dis-
sipation potential R : Z — [0,00] from (4.20) is degree-1 homogeneous, convex, coercive
and weakly sequentially lower semicontinuous, so that it satisfies the lower I'-limit:

For all (t.,u., z¢) KEN (t,u,2) and (t., 0., 2.) I, (t,1,2) it holds:

4.43
R(Z—z) <lim iéaf R(Z-—z.). (443)

Moreover the following holds:
for all compact A C Z and all (z)gen C A (4.44)

with min{R(zx—=2), R(z—zx)} = 0: 2z — 2z in Z.

Proof: The convexity, coercivity and lower semicontinuity of R on Z are due to (4.20)
and have already been verified in Theorem 3.1.8. The lower I'-limit is a direct consequence
of the lower semicontinuity.

To prove (4.44) we consider a compact set A C Z and a sequence (zj)reny C A satisfying
min{R(zx—z), R(z—2zx)} — 0. Due to the compactness of A, each subsequence of (zx)ren
has a further subsequence z, — % in L>®(€) for a limit 2 € A. We put wy, = z,—=z if
z > z, a.e. on Iy and w, = z—2z; otherwise. Hence w;, < 0 for all £k € N and thus
[R(wi)| = [, olwy|ds — 0 implies that zj, — z in L'(I5). But this implies that Z = 2, so

that z, — z in L>®°(Qp), i.e. zx — z in Z holds for the whole sequence. n

Conditioned Upper Semicontinuity of Stable Sets (2.71(C2))

In the following we verify the property (2.71(C2)), saying that the limit of a stable sequence
is stable. This will be done using a stronger formulation than the joint recovery condition
stated in Lemma 2.4.6, namely for all stable sequences (., u., 2 )sc(0,eq) C [0,7] x Q with

(te, e, 22) Ir, (t,u, z) and for all (u,2) € Q we construct a sequence (U, 2 )ec(0,c0] C @o
satisfying (., 2.) Z, (@, 2) such that

limsup (E£(te, 4= )+ R(2:—2:)) < (E"(t, @) +R(2—2)) . (4.45)

e—0

Clearly this implies the lim sup-estimate (2.73), since lim sup (=% (., u., z.)) < —E%(t,u, 2)
holds true by the lim inf-estimate.

As for the joint recovery sequence in Theorem 3.1.14 we must ensure that R(Z.—z.) <oo
for all € € (0, 0], so that R(2.—z.) — R(2—%) can be shown. Moreover (i.).c(,, has to
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satisfy 4. € WHP(Q,R?) for all ¢ € (0,g0] to make sure that £%(t., ., 2.) < oo, whereas
the limit & € W'P(Q_ U Q;,R?) only. We will construct (i, Zc)cc(0,co in such a way that
EL(te, Ue, 2.) — E"(t, 0, 2). This requires an interplay of . and Z..

The difficulty lies in the construction of (u.)-c(0,¢,], Which must allow it to prove that

/ II°z2.W(e(t.))dez — 0.
Q

€
D

The construction will be based on reflecting both 4_ = u|q_ and 44 = i|q, at the interface
in the interval (—e,¢). With this method it is guaranteed that the new functions are in
Whr(Q_UQ,\N;:, RY), where N; := {s € I, | Sc2(s) = 0}. Moreover, to establish (4.45) it
is crucial to exploit the relation between the limit condition [¢-n;] = 0 and the bulk term
fﬂ% |(e11(te))” [Pdz. In particular, it is essential to construct the joint recovery sequence in

such a way that the bulk term tends to 0 as ¢ — 0.

Theorem 4.2.8 (Joint recovery sequences) Keep k € (0, ko] fized. Let (Q,EF, R) and
(Q,E",R) be defined by (4.15)-(4.29). Assume that (4.4) and (4.5) hold true. Moreover,
let v > (p—1), p € (1,00) and r > d. Then, for all (t.,q:):c0:0) C [0,T] x Q with

(te, e, 22) I, (t,u,2) as e — 0 and ¢ = (u., z.) € SE(t.) and for every ¢ = (u,2) € Q
there is a sequence (U, 2 )sc(0,e0) Such that (4.45) holds.

Proof: Let §=(u,2)€ Q and let (t.,q.) I, (t,q) as e — 0 with ¢. € SF(t.). Hence their
energies are equibounded and Theorem 4.2.2 can be applied. Thus, ¢ € Q. with 0<2<1
a.e. in {p, so that £"(¢,q) is at least finite. For an arbitrary ¢ € Q we will now construct
the joint recovery sequence (q:)ec(0,e) With ¢e = (e, 2:).

If § € Q\Qg, then £%(t.,q) = oo for all € € (0,e0] so that (4.45) holds for ¢. = ¢. Let
now ¢ € Qc. If 2> z a.e. in Qp, then R(2—2) = oo and (4.45) trivially holds.

Hence, assume 2 < z a.e. in €, from now on. In order to keep EF(¢, 4., 2.) + R(Z-—z.)
finite, the sequence (Z2.).c(0,] has to satisfy €7 < 2. < z.. Furthermore it is required that
. € Up, ie. 1, € WHP(Q,R?) with 4. = 0 on I}, whereas & € WHP(Q_ U Q,,R?) with
@ =0 on Iy, Scz[u] =0 and [a-n;] > 0 a.e. on It only. We will first construct (Z.).e(0,0]
and prove the convergence of the energy terms which solely depend on the damage variable.
Then we will construct (.)-c(o,c, in such a way that the interplay of . with Z. makes the
remaining energy terms converge.

Construction of 2.: For every ¢ € (0,20] we now construct Z. in such a manner that
Z. € Zp, and R(2.—2.) < o0, i.e. the property e” < Z. < z. a.e. in €, has to be ensured.
Since 0 < 2 < z a.e. in €2, this requirement is fulfilled by the sequence

Ze == max{e”, 2 — lze — 2llc@p) } - (4.46)

Due to |[z.—z|c@y) — 0 by the compact embedding Wir(Q,) € C(Qp) we find that
Z. — 2 in W (Qp) even strongly. Moreover this construction preserves that 9, 2. = 0 a.e.
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in . Therewith we obtain that

/ BVei | dy — EVi"dy aswellas R(Z —z) — R(Z—2). (4.47)
QD QD

Construction of 4.: For every ¢ € (0,¢9] we now determine (7.).c(o,,) in such a way
that . € Uy, see (4.7). Since (4, 2) € Q. we have & € WP (Q_UQ_,RY), 4 = 0 on I,,,,
Scz[a] = 0 and [any] > 0 a.e. on I¢.

Let 4* := 1|q,. For our construction we reflect 0" (0,e)x, and 47| (—c0)xr, along the
interface {0} x I,. We move the reflection of 4™ to the right by e and the reflection of 4~
to the left by —e. Then we take the additive mean of these functions. Therewith we obtain

an interpolated function 4, € W'P(QF), which has the form

Ufper (71, 5) 1= B U (21 + &,5) — B=0_(—21 — €, 5) (4.48)
i.e. it holds
aientor(_€7 5) =U- (07 8) ) Alntor(g 5) - U+(0 8) 1ntor(0 S) %124-(87 S) + %?l_(—é‘, S)’

Therewith we compose the functions . as follows
U-(w14e,5)C(x1) if (71,5) €
Ue(21,8) = ¢ Uper (71, 5) if (z1,s) € Q%, (4.49)
(e, )G @) i (a1, 5) € O
where (. is a suitable cut-off function, which ensures that .|y, = 0 in the trace sense, i.e.
%1’1 + % if ¢, € [—L, —L—|—€),

(o(21) = 1 if # € (—L+e,L—¢), (4.50)
—lo+ L ifay € (L—¢g, L.

With this method we have ensured that 4. € WP(Q, R?) and now we show that
lim sup/ We(t.+g(te)))de = / We(u+g(t))) da. (4.51)
e—0 QF UuQs QU4

We prove this explicitly on €2_. The proof on 2. uses exactly the same ideas. To shorten
the presentation we write L? for LP(Q° , R%*4) and if misunderstanding is excluded we omit
indicating the dependence of a function f : 2_ — R? on s. Moreover we will often apply
the estimate below, relying on the fact that f : Q_ — R? satisfies f(~L,s) = 0 for a.a.
s € I, and on Holder’s inequality. Using m := max{a, b} we find:

—L+be —L+be Y1 p —L+be Y1 p
/ P dn < / / 01100 ae] s < / ( / D (€ >|d5) ay,
L+be  ry1 —L+me L+be
/ / 9cF ()P de(ys + L~ dysy < / S ()7 de / (1 + L)Ly

L+ae —L —L L+ae

<-e)er [ " Jos ) de.
(4.52)
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By (4.5(H2)) and the mean value theorem of differentiability we obtain for (4.51) that
[ W elira(t)) = WieCarg )] do
S/ 2726 (Je(itg(8) P! + Je(ictg(t)) [P~ + C)e(iatg(t.)) — e(itg(t))] do

<2 % (lle(arg ()5 + e(atg(te)) 5"+ C ) le(au+g(te)) —elitg(t) s

where LP = LP(Q2 ,R™?). Due to (4.5) it holds that g(t.) — g(t) in WHP(Q_,R%). More-
over, in view of |||e(tie)|| 1o (as ) — [le(@)|| Lo @s )| < | Viie — V|| ooz ) it suffices to show that
||Vﬁa—Vﬁ||’£p(Qi) — 0. From (4.49) and (4.50) we infer by the chain rule that 0,,t.(x1, s) =
(C(21) 0y, t(w14e, s)+t(x14¢€, $)05, (1)) as well as Ve (1, s) = (21) Vii(z1+e, s). Us-
ing that C*°(Q_,RY) N WP(Q_,RY) is dense in WP(Q_, R?), we find a sequence (¢;);en
such that for all € € (0, g] there is an index jo € N so that it holds ||i — @;|[wir_ ey < €

for all j > jo. Moreover, this sequence satisfies ¢; =0 on 0§2_ by [Bur98, p. 57, Cor. 3].
Hence, for ¢5(r1,s)=¢;(x1+¢€,5)((21) it holds

IVa—Vall, < 27 (19 (=65 o4V (=)l ) + V(6567 ). (4.53)

Thereby we have ||V (i — ¢;)| r: ) < € for all j > jo. To estimate the first term in (4.53)
we introduce 2§ := x1 + ¢ and we apply (4.52) both on @ and on ¢;:

Hv(as - ¢;)||I[)/p
< 2p_1/95(<a(:)31)p|V(ﬂ(93§) — (2D P+ (0(a5) 55 (1)) 0, G- (1)) o

L+2¢
szp‘l/ \v( (1)=& (y))Pdyr ds + 22 /F/ (la(y) P +16;(y)[) dyads

—L+e L+e

L+2e
<tz [ (0P +100,(OF) de@-Derds — 0as e 0.
I v—L

Exploiting (4.50) and applying the triangle inequality on the third term in (4.53) yields

||V(¢€ ¢])||Lp o) _/F</_L+E+22p—2 /_L+25)|V¢j(atl)|l’dx1 ds

L+-e

L+2e
+ 2P~ 1/ / +[¢;(a7) [P dy ds
It L+e

i /I‘c (/_LH6 +22p_2/_ . ) [V (0;(27) = ¢(21))[" dzy ds .

L+e

Clearly the first integral tends to 0 as ¢ — 0. Using the triangle inequality and the trans-
formation y; = x; + ¢ we verify that also the third integral vanishes as ¢ — 0. Again by
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(4.52) we obtain for the second integral that

—L+e o —L+2¢
¢ vi+e, s)|P dry ds < &0 a¢ s)|Pdéds —0ase—0.
gp . J . IS}
- C

Thus, we have verified that || Vi, — Vi 1pqs gaxay — 0 as e — 0. Exactly the same ansatz
can be applied to prove that also ||Vu. — V'&/HLp(Qi’Rdxd) — 0. This proves (4.51).

Hence it remains to show that [,. Wy(e(t.),II-12.)dz — 0. From the construction
Qf €

(4.46) we infer that 9,, 11712, = 0 and that 1712, (x) = &7 if 2(z) = 0 for all € € (0, &).
With N; := {s € I, | Sc2(s) = 0} and (4. 5(H2)) we infer that

/H L2 Vil (21, 5 \pd:c</ /5”’| Uy |pdx1ds—|—/ e(u, )P dzy ds,
& FC\N

where |e(ti5, ) [P < 2P~ (|05, 05, [P+ | V05 |P). Using (4.48) and 2§ = 1+ we get

Duify = 3 {is( i) i (o)) + 250, s () =450, ()
Vi, = BV by (—z14e,5) — L=V iu_(—z1—¢, 5) .

1nt

For the first term of 0,45, we use the estimate below with ¢ = id

(i (—a1te) — i_(—a1—€))[”

<37 (Jp (s (—mte) = as (0) [P + o (a-(0) — - (=m=e))I" + | ([a] ) I”)

Applying (4. 52) on the first two terms and using that 7> (p—1) for the last term yields

(4.54)

2e
,8) — (0, s)[Pdryds < 5 / / |0ctis (€, 5)[PdEds — 0,

R A 41— R
: /N / 00,9 (0, s~ 22—
s J—e

Due to [££2] <1 on (—¢,¢) the remaining terms of 0,45, can be estimated as follows

[
57/ / (|25 P10y, s (— a1+, )P + [2525 | Oy i (—21—€, 8)|P) da
N2 —£

2e —2e
[ st anas =t [ [ oa-ts)pands.
N Jo N: Jo

tending to 0 as € — 0 also without the prefactor 7, which will be used below.
On I\ NV: it holds that & € WP(Q\N:) and hence we find that

—x1+e€
/ / |0y Uing|P dy ds < 3P~ 1/ /
T\ Vs Tc\ Nz —x1—¢

8§u )
sy [ (PO bt ) + B0, 9)) d ds.
Fc\Ng —&

(4.55)

p
dz; ds
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Calculations similar to estimate (4.55) show that the second term on the right-hand side
tends to 0 as € — 0. Applying Holder’s inequality on the first term yields

&
/Fc\Ng /—E

For the term V,uf, we calculate that

—x14€
| et

T1—¢€

p 2e
da, ds < (26) / / 0ea(, )P de ds
\N: J—2¢

—2¢

5 2e
/ |V sting (21, )P doy < 2p_1< |Vt (y1, )P dys — / |Vstu_(y1,s)? dy1>. (4.56)
—e 0 0

After integration over I, we see that this term tends to 0 as ¢ — 0. This proves that
stDH?éeW(e(ﬂa ))dz — 0.

int
It remains to show that also [,. [(—e11(tfy,,)) [P dz — 0. For this we use that
D

(611(a§ntcr))_ < 2_15 (TTL}‘_(—ZL’I—F&, 8) - 111_(—35‘1—5, 8))
+ |82 (O, (—m1+e, 8)) T + [ B2 (O, 0l (=21 —€,8)) T,

where both |2+5| < 1 and |[2=5] < 1 on (—¢,¢). By calculations similar to (4.55) one
obtains that the terms in the second line lead to integrals that vanish as e — 0. Moreover,
(4.54) can be applied to the first term with ¢(@) = (a')”. Here ([@-n;]) = 0 since
Er(t, 0, 2) < oco. By integration by parts, Jensen’s and Hélder’s inequality we find

—x1te o1
(4 (@l (—z1te)—al(0)))” < /0 |0cis (€)|dE < 7 C.

In view of these informations, integration of (4.54) over € then finishes the proof of
stD (611(’&5))_ dr — 0. |

The sequence (:)zc(0,,] given by (4.49) together with Z. := max{e?, 2} forms a recovery
sequence for the functionals £F(¢,-,-) and £%(¢, -, -). Hence also the I'-convergence of £F to
E" is proven.

Corollary 4.2.9 (I'-convergence of £F) Keep t € [0,T] fized. Let EF and E" be defined
by (4.18) and (4.27) such that the assumptions (4.4) and (4.5) are satisfied. Then, for all

q € Q there exists a recovery sequence (. z, q such that

limsup EF(t, ¢.) < E%(t,4q) .

e—0

Hence, together with the lower I'-limit stated in Theorem 4.2.5, it holds EF(t, -) L, Er(t,-).
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4.2 The First I'-limit: Gradient Delamination Chapter 4

Uniform Bounds and Convergence of a Subsequence of Solutions for all ¢t € [0, T'|

Up to now we have verified the conditions (2.69), (2.70) and (2.71). They are formulated
for any fixed time ¢ € [0, 7] and ensure that for all ¢t € [0,T] a (t-dependent) subsequence
of the energetic solutions of the approximating systems converges to a (t-dependent) limit,
which satisfies the properties (2.60(S)) & (2.60(E)) for the limit system at time ¢ € [0, 7T7].
In order to make sure that the energetic solutions indeed approximate an energetic solution
of the limit system, it remains to show the existence of a subsequence of energetic solutions
converging for all ¢ € [0, 7] with respect to 7.

Lemma 4.2.10 (Uniform bounds & convergence of a subsequence of solutions)
Let the assumptions (4.4), (4.5) be wvalid and k € (0, ko] fized. For all ¢ € (0,g0] let
¢ = [0,T] — Q be an energetic solution of (Q,EF,R,q5). Additionally assume that the

initial values satisfy qf z, qo and EF(0,q5) — E£%(0,q0). Then there are constant E.C
which are independent of k and e, such that for all t € [0,T] and for all fized v € (0, &g
the following uniform bounds are valid

lue(O)llwrrgy rey < E L lze(®)llzo@p) < 1, (4.57a)
Dissg (2., [0,]) < C'. (4.57b)

Moreover there is a subsequence (qe)-c(0,e] with q-(t) z, q(t) in Q for allt € [0,T].

Proof: For all ¢ € (0,¢0] the functions ¢. : [0,7] — Q supply an energetic solution
of (Q,&F,R). Hence, for all t € [0,7] they satisfy £7(t,q-(t)) < oo, which implies that
€7 < z(t,x) <1 forae. x € Qp, forall t €[0,7] and all € € (0,50]. Exploiting stability
inequality (2.60(S)) for ¢.(t) and G = (0, ") yields £5(t, ¢.(t)) < E5(t, §)+ R(F—2(t)) < E
for all t € [0,T] by (4.4), so that (t,¢.(t))zc(o,m is a stable sequence and their energies are
equibounded for all ¢ € [0, 7. Using estimate (4.32) finishes the proof of (4.57a).

Estimate (4.57a) together with Lemma 4.2.8 implies that S”(t) # () for all ¢ € [0, T7.

We now prove the existence of a subsequence that converges pointwise for all ¢ € [0, 7.
This can be done using ideas similar to the proof of [MMO05, Th. 3.2]. It has to be used
that £5(0,¢.(0)) < C and that [j 0:E5(€,q-(€)) d€ < ¢, T(¢E + CLYQ)) for all t € [0, 7]
by stress control (4.5(C2)). Hence energy balance (2.60(E)) yields Dissg(z., [0,T]) < C for
a fixed constant C'.

We now define ¢, : [0,7] — [0, C], t — Dissg(z., [0,?]). These functions are nondecreas-
ing and hence the classical scalar Helly’s selection principle guarantees the existence of a
subsequence and a limit function ¢ : [0,7] — [0,C] with ¢.(t) — ¢(t) for all ¢ € [0,T].
Since ¢ is monotone and bounded the set J of all discontinuity points is at most countable.
We choose a countable set M C [0, 7], which is dense in [0, 7] and which satisfies J C M
and 0 € M. Due to the uniform bound on (z.)-¢(0,c,], the arguments of the proof of Theorem
4.2.2, Ttem 2.(b) and Cantor’s diagonal process we find a further subsequence and a limit
z with z(7) € W (Qp) and 9,,2(7) = 0, such that z.(7) = 2(7) in L®(Qy,) for all 7 € M,
ie. z: M — WH(Qyp) is well defined. Now we show that this subsequence also converges
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Chapter 4 4.3 The Second I'-limit: Griffith-Type Delamination

for t € [0, T)\M. Again by the uniform bounds we find a further, t-dependent subsequence
(22)zc(0,e) C (22)ec(0,0] SO that zz(t) 5o2(t) € WH(Qp) in L*®(Qp) and we must prove
the uniqueness of this accumulation point. Thus, we choose a sequence (7x)reny C M with

T — t as k — o0. The lower semicontinuity of R provides that

min{R(2(7)=2), R(Z—2(7) } < lim inf max{pe(t)—p=(7k), 0=(7r) —pe(t)}
= |o(t)—p(m)] — 0

as k — oo due to the continuity of ¢ at ¢. Since 0 < z(7) < 1 on I, for all k£ € N the set
(2(7k))ren is compact in L=(T}). Hence, (4.44) implies that z(7) — z(t) in L>=(€yp). This
limit is unique. Therefore (z.(f))-c(,r has the unique accumulation point z(¢). Thus, we
have found a subsequence z.(t) — z(t) in Z for all ¢t € [0,7].

For the corresponding subsequence (u:).c(o,7] the uniform bound (4.57a) provides a fur-
ther subsequence uz(t) — u(t) in WH(Q” U Q4  R?) uniformly for a countable choice of
indices ¥ — 0 and Lemma 4.2.8 implies that (u(t), 2(t)) € S"(¢) for all ¢ € [0,T7], since
¢ are energetic solutions. That u.(t) — wu(t) in Wh(Q2 U QY RY) for all v € (0,] and
all ¢ € [0,7] for the whole subsequence can be concluded from the strict convexity of W,
see (4.5(H1)). Therewith £%(t,-, 2(t)) has a unique minimizer, so that w(¢) is the only
accumulation point of this subsequence. n

4.3 The Second ['-limit: Griffith-Type Delamination

In this section we prove that the gradient delamination models obtained in Section 4.2
approximate a model for Griffith-type delamination as k — 0. In particular we show that
a subsequence of energetic solutions of the systems for gradient delamination converges for
all £ € [0,7] in 7 to an energetic solution of the system for Griffith-type delamination.

The model for Griffith-type delamination is discussed in Section 4.3.1 and the conver-
gence proof is elaborated in Section 4.3.2. Due to the vanishing delamination gradient the
main difficulty of the proof lies in the construction of a joint recovery sequence, which has
to be sufficiently smooth and which must respect the transmission condition.

4.3.1 The Model for Griffith-type Delamination

Our aim in this section is to show that the first limit problems (Q, £",R).ec(0,x, cONVerge
to the limit system (Q, &, R), where R:Z — |0, oo] from (4.20) and

| o va, Wielutg(t) dz if g = (u,2) € Qa,
E(t.q) -—{ . ifqc 00, (4.58)
Zo:={2€ L) |0<2<1and 9,z =0 a.e. in Q}, (4.59)
QG::{(u,z) cEU X Z; | [[u-nl}] > (0 and SGZ[[U]] =0 a.e. on FC}, (4.60)
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with U as in (4.13) and with S defined in (4.61). The study of sequences (., 2 )xe(0,0]

with equibounded energies yields that there is z € L>(;,) such that z, = z in L>=(p)
for a subsequence and due to dy,2, =0 in Q for all k€ (0, ko] we find that z € L>(£) is
constant a.e. with respect to y;-direction. Using the definition of the weak derivative we
can verify that z € L*°(€),) has a weak derivative in y;-direction, namely 0,,z=0 a.e. in
0y, : By definition 0y, z is the weak y;-derivative of z € L*>(§,) iff

/ Oy 2z dy = —/ 20, 6dy for all ¢ € Cj(€y).
Op Qp

For z being constant a.e. in y;-direction we obtain for the right-hand side that indeed
- fQD Z8y1¢dy == frc Z(S) f_ll ay1¢(y17 3) Y1 ds = — fpc Z(S) (‘b(lv 3) - (b(_lv S))ds =0.

But although the weak y;-derivative of z € L>(Q)y,) exists, the trace of z on I, may not
be well-defined. To replace the trace operator S, we introduce

Sez(s) = %/_ 2(y1, s) dy; . (4.61)

1
Then, for all z€ Z from (4.28) it holds Sqz=Scz=z|g, and for all v € Z it is

R(v) = { 2 fpc —oSqvds it Sqv <0 a.e. on I,

o0 otherwise,
so that (Qg, &, R) indeed models Griffith-type delamination along the interface It..
For all t€ [0, 7] the stable sets of the approximating and the limit problem are given by
S*(t) 1= {g=(u, 2) € Q| E(t,q) <00, E(t, q) <E(t,3)+R(5—=) for all 4= (i, 7)€ Q}
S(t):={q=(u, 2) € Q| E(t, q) <00, E(t, ) <E(t, ) +R(5~2) for all §= (@, 5) € O}.

(4.62)

A function Sgz € L>®(IL) is only defined £91-a.e. on I}.. In order to define its support
supp S¢z and its zero set N, one can understand Sz as the Radon-Nikodym density with
respect to the Lebesgue-measure £971 of a measure .. Due to [Fed69, p. 60] the support
of the measure i, is given by supp p, = I\ U{O C I | O open, p,(O) = 0}. Since it
is more convenient for later application we use an equivalent definition for supp ., which
can be obtained with De Morgan’s laws:

supp Sez == N{A C I, | A closed, L' ({s € I, | Soz(s) #0}\A) = 0}, (469
4.63

N, = To\supp Sgz = U{O C [ | O open, L7 (O N {s € [ | Saz(s) #0}) = 0} .

Clearly, supp Sz is a closed and N, is an open set. Moreover, for all Sgzy, Sqze € L(I%)
with 23 = 29 a.e. on I, we have supp Sqz1 = supp Sgze and N,, = N,,.

Lemma 4.3.1 Let f € L™(I%) and g € C°(I). Then
f(8)g(s) =0 for a.e. s € I, is equivalent to  supp f NOSg =10, (4.64)

where OS g := {s € I | g(s) # 0} is the open support, which is an open set since g € CO(I).
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Proof:  First, let f(s)g(s) = 0 for a.e. s € Ii.. Assume that there is a set B # ()
with B C supp f N OSg. Then f(s)g(s) # 0 for all s € B. Since supp f is closed and
OS g is open, there exists a point s € B and ¢ > 0 such that the open ball B.(s) C Iy
around s is contained in B. This implies that £2~1(B) > 0, which is in contradiction to
the requirement f(s)g(s) = 0 a.e. on I.. Hence, the assumption B # () is wrong and we
conclude that supp f N OS g = 0.

Let now supp f N OSg = 0 hold true and we have to show that f(s)g(s) = 0 for a.e.
s € Ii. Since g¢ is continuous we infer that g(s) = 0 for all s € [;\OSg. Moreover,
supp f C Ic\OS g, which is a closed set. By the definition of the support we conclude that
f =0 a.e. on OS g, which proves that f(s)g(s) =0 for a.e. s € I%. m

The following example emphasizes the interaction of v and z for (u, z) € Q.

Example 4.3.2 Let M C I be closed and nowhere dense, i.e. M has an empty interior.
Let 0 < L3 (M) < LT7YIL). Such a set can be constructed similarly to Cantor’s middle
third set, see e.g. [Els02, p. 70 & Exercise 8.9].

Consider z = 1—1y € L®(I.), i.e. z=00on M and z =1 on T,\M. Then N, = () # M.
Let (u,z) € Qq. Thus, it holds [u] = 0 on '.\M and [u] > 0 on M. Due to p>d we
have that [u] € C°(I). Hence, since (0,00) is open we find that {s € I, | [u] >0} is open
as well. By int M = () we conclude that {s € Tt |[u] >0} =0, i.e. [u] =0 on Ii,. This
means, if z = 0 holds only on a nowhere dense subset of 1., then u cannot jump on Iy at
all, although possibly L4 (M) > 0.

As can be seen from (4.58), the values of E(t,u,z) are independent of the particular
values of z. Moreover Example 4.3.2 shows that, for p>d only the set NV, is of importance.
The proposition below states that the rate-independent system (Q, &, R) for Griffith-type
delamination favours energetic solutions (u, z) with either z(¢,y) = 0 or z(t,y) = 2o(t,y)
rather than 0 < z(¢,y) < z(y) for all (¢,y) € [0, 7] x €2, with 2 as a given initial condition.

Proposition 4.3.3 Let (Q,&,R) be given by (4.15), (4.58) and (4.20) such that assump-
tions (4.4) and (4.5) hold true. Assume that p>d. Let (ug, z0) € Q be a given initial value
such that (ug,z9) € S(0). Then for all t € [0,T] and a.a. y € Qp an energetic solution
(u,2):[0,T] — Q satisfies z(t,y) € {0, z0(y)}.

Consequently, if zo =1 a.e. in Qyp, then z(t,y) € {0,1} for a.a. (t,y) € [0,T] x Q.

Proof: Let (u,z) be an energetic solution of (Q, &, R, qy). Consider Z(t) € L>*(Qy) with
Z(t,y) = 20(y) if 2(t,y) > 0 and z(t,y) = 0 if 2(¢,y) = 0.

We show that (u, Z) is an energetic solution of (Q,&,R,qo) as well. First, we check
the stability condition (2.60(S)) for an arbitrary state (u, 2). If Z > Z on a set of positive
measure, then R(Z — Z) = oo and (2.60(S)) is trivially satisfied. Hence it remains to
investigate the case Z < Z a.e. on ().

2) > E(t,u, 2), so that (2.60(S)) holds for

If 2 <2< 2 a.e., then we have already £(¢, u,
z < Z. The stability of (u, z) and the fact that

this choice of (u, 2). Assume now that z <
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z > zthenyield £(t,4,2) = E(t,u,2) < E(t,0,2)+R(2—2) < E(t,u,2)+R(2—2). Finally
consider 2z such that 2 < 2 < Zon A C Qpand Z > 2 > 2 nQD\AforasetACQ
with £4(A) > 0. we introduce a function z such that z := 2 in A and 7z := 2z in Q,\A4. We

obtain from the stability of (u, z)
E(t,u,2) =E(tu,z) <E(t,u,2) +R(z—2) <E(t,0,2)+R(2—2),

dueto R(z—2) = [,(z—2)dy < [,(2—2)dy < R(Z —2).

It remains to verify the energy balance (2.60(E)). We have E(t, u(t), 2(t)) = E(t, u(t), z(t))
and 0,E(t,u(t), z(t)) = 0,E(t, u(t), z(t)). Moreover, due to the monotonicity of Z and z with
Z > z it holds that

Dissg (2, [0,t]) = R(2(t) — 20) < R(2(t) — 29) = Dissg(z,[0,1]). (4.65)

This implies the upper energy estimate for (u, 2) : [0,7] — Q. The lower energy estimate,
which is a direct consequence of stability (see e.g. [FMO06, p. 70] for a proof) then yields
equality in (2.60(E)). This implies equality in (4.65) and we conclude that Z(t,y) = z(t, y)
for all t € [0,7] and a.e. y € Q. C

We now state the I'-convergence result from gradient delamination to Griffith-type de-
lamination. The proof will be carried out in the next section. Up to now, the construction
of a joint recovery sequence requires the assumption p > d.

Theorem 4.3.4 (I-convergence of the delamination problems) Let all the assump-
tions (4.4) and (4.5) hold with p > d and r > d. For all k € (0, k|, let g, : [0,T] — Q be
an energetic solution of (Q,E", R). If the initial values satisfy qf z, qo and E%(0,q¢f) —
£(0,q0), then the delamination problems (Q,E", R)xe(o0) L' -converge to the limit delami-
nation problem (Q,E,R) in the following sense: There is a subsequence (q.)we(0,xy]s SUCh
that for all t € [0,T] we have q(t) Z, q(t) and ¢ = (u,z) : [0,T] — Q is an energetic
solution of (Q,E,R). In particular, for allt € [0,T] it holds

q(t) € S(t) and  E(t,q(t)) + Dissg(z, [0,]) 25(07Q(0))+/0 9:E(&,q(£)) dg.

Moreover we have E%(t,q.(t)) — E(t,q(t)), Dissg(z«,[0,t]) — Dissg(z,[0,t]) as well as
OE"(t, qu(t)) — 0:E(L,q(t)) for all t € [0,T].

4.3.2 Proof of the Convergence Theorem

The procedure of the proof is the same as in Section 4.2, i.e. the assumptions of Theorem
2.4.5 have to be verified. First of all we note that R : Z — [0, oo] is independent of x. Hence
the results of Lemma 4.2.7 also cover k — 0, so that the conditions (2.70) and (2.71(C4))
hold true. Furthermore, for all ¢ with finite energy it holds 0,€(t, q) = 0;£"(t, q), which is
given by formula (4.21). Therefore also Lemma 4.2.6 may directly be adopted, which proves
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the conditions (2.69(E2)), (2.69(E3)) and (2.71(C1)). The existence of a subsequence
(¢i)re(0,0) Of energetic solutions to (Q,&E", R, qf), which converges with respect to 7 for
all t € [0,T] can be established by repeating the arguments of the proof of Lemma 4.2.10.
Thus it remains to prove the lower I-limit (2.71(C3)) and the existence of joint recovery
sequences (2.71(C2)) as well as the compactness of the energy sublevels (2.69(E1)).

Properties of £ and Verification of (2.69(E1)) and (2.71(C3))

In Lemma 4.2.3 it has been verified that the sublevels of the energy functionals £%(¢, )
are compact in the topology 7. In order to complete the proof of (2.69(El)) it remains
to verify that unions of sublevels with respect to x are precompact in 7 and that also
the sublevels of the limit energy £ are compact in 7. Moreover, we will show that the
sublevels of £ are even sequentially compact in the weak topology of Q, i.e. particularly in
WP(Q_UQ,, RY) for the displacements, which is important for the proof of the I'-lim inf-
inequality (2.71(C3)).

Theorem 4.3.5 (Properties of sequences with equibounded energies) Forallx €
(0, kol let the energy functionals E" be given by (4.27) such that the assumptions (4.4) and
(4.5) hold. Moreover, let E € R and (t.)ecor) C [0,T]. Assume that E%(t,, uy, z.) < E
for all k € (0, kg|. Then

1. there is a subsequence (uy, z.) — (u, z) in Q as k — 0, hence also (U, 2x) Z (u, 2),

2. for the limit holds (u, z) € Qg, see (4.60), and 0 < Sgz <1 a.e. on I¢.

Proof: Ad 1.: From the equiboundedness of the energies (4.27) together with coercivity
estimate (4.38) we find a uniform bound E on wu,, i.e. |u.|/yis Q-0 RY) < E. Since
U C WH(Q_UQ,,R?) is a real, reflexive Banach space there is a subsequence u,, — u in U
and hence also in WP(Q2 UQ4, R?) for all v € (0, g). Furthermore the equiboundedness of
the energies £"(, ty, 2,;) from (4.27) implies that ||2,||1=y) < 1 for all k€ (0, ko). Since
the unit ball of L>(Qy) as the dual of the Banach space L'(£2,) is weakly sequentially
compact there is a subsequence z, — z in L*(f),). This proves that the subsequence
(Ui, 2 )re(0,m0] CONVerges to (u, z) both in the weak topology of Q and in the topology 7.
Ad 2.: For the limit (u, 2) of the subsequence (., 2« )re(0,09) C U X Z¢ from above we
now show that (u,z) € Q. Since U is a Banach space it clearly holds u€U. For z, — z in
L>®(Qp) with z, € WH(Qp), 9,2, = 0 and 0< z, <1 a.e. in Qp, it remains to prove that
2 € Z, see (4.59). We first verify that 0 < z < 1 a.e. in €2;,. Testing the weak™*-convergence
with LL(Qp) = {¢ € L'() | > 0 a.e. in Qp} yields 0 < lim, g [, wz.dy = [, pzdy
for all ¢ € L1 (). We want to conclude that z > 0 a.e. on €. For this, we assume
that 2 <0 on ACQ, with £L4(A) >0. For the indicator function I : ), — {0,1} of the
set A holds T4 € LY (), but [,zdy <0, which is a contradiction to fQD pzdy >0 for all
¢ € L1 (Qp). Hence it indeed holds that z >0 a.e. in §y,. Using the same arguments we
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obtain that 0 <lim,—o [ p(1—2z:) dy = [, @(1—=2)dy for all ¢ € L} (), which yields
that 2<1 a.e. in Q.

Now we verify that z is constant a.e. with respect to the y;-direction. For all k€ (0, ko
we find 0 = — fQD Oy 2o dy = fQD 2,0y, pdy for all ¢ € C3°(2p). Hence by the weak™*-
convergence it holds 0 = lim,_, fQDznﬁylapdy = fQDzﬁylgody for all p € C3°(Qp). The
fundamental lemma of the calculus of variations then implies that z is constant a.e. in
y1-direction.

Moreover, since 0 <z <1 a.e. in 0, and since Sgz = %f_ll 2(y1, s) dy; we obtain that
0=5,0<5:2 < Sg1=1.

It remains to verify the transmission and noninterpenetration conditions. Due to the
weak*-convergence on (), we may use testfunctions f € L'(€), which are constant a.e. in
yi-direction, i.e. f(y1,s) = f(s). Then we find

2 [ F(5)Somu(s)ds = /FC /_ P 5)zn.3) s
= [ ] o)ty amds =2 [ 1(s)Sax(s)ds.

This proves in particular that 0= ch Seze|[us]| ds — ch Sez|[ul| ds, since the compactness
of the trace operator W1P(Q_ U Q, R?) — LP(Ty,R?) yields [u,] — [u] strongly in
LP(T, RY). Therefore we find a subsequence which converges pointwise a.e. on I and
hence 0 < lim,_o[u, 1] = [u-n;] a.e. on It. n

For t,, = t fixed the above theorem states the precompactness of unions of sublevels both
in the weak topology of Q and in 7. It remains to verify the compactness of the sublevels
of the limit energy functional £(¢,-).

Lemma 4.3.6 (Properties of the limit energy) Let the energy functional € be given
by (4.58) such that the assumptions (4.4) and (4.5) hold true. Then for allt € [0,T] the
functional E(t,-) : Q@ — Ry is coercive and weakly sequentially lower semicontinuous on
Q. In particular

I-pe
E(t,q) > 20,: ||u||W17P(Q,UQ+,Rd) — CCqg . (4.66)

Moreover for all E € R the sublevels Lg(t) := {q € Q|E(t) < E} of the functional
E(t,-): Q — Ry, are sequentially compact in the weak topology of Q and hence in T .

Proof: Estimate (4.66) is a direct consequence of (4.5(H2)), (4.4) and Korn’s inequality
(4.24). This estimate together with the fact that £(t,u, z) = oo if ||2][ze@r) > 1 proves
the coercivity of £(t,-) on Q. Lower semicontinuity follows from convexity (4.5(H1)) and
the closedness of Q¢ N {(u,z) € WP(Q_ UQ, ,RY) x L®(Qp)|[0< 2 < 1 ae in Qp} in
Whr(Q_ U Qy, R?) x L®(Qy), which can be shown as in the proof of Lemma 4.2.3 using
the ideas of the proof of Theorem 4.3.5, Item 2. Then the compactness of the sublevels
in the weak topology of Q directly follows from the lower semicontinuity and coercivity
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as in the proof of Lemma 4.2.3. Since 7 is coarser than the the weak topology of Q the
compactness of the sublevels in 7 follows. m

In the following we establish the I'-lim inf-estimate for (Q,£",R) as k — 0. For this, we
use that stable sequences have equibounded energies, so that there is a subsequence which
weakly converges even in Q.

Theorem 4.3.7 (Lower I'-limit of the energy functionals) Let £" and £ be given by

(4.27) and (4.58) such that the assumptions (4.4) and (4.5) hold. Let (t.,qx) Ir, (t,q) as
Kk — 0 with g, € 8"(t.) for all k € (0, Ko]. Then

E(t,q) < lim i(l)lfé'“(tm Qx) - (4.67)

Proof: Since g, = (uy, 2,) € S*(t,) for all k € (0, ko] there is a constant £ > 0 such
that E%(ts, Uy, zx) < E. Thus Theorem 4.3.5 can be applied and yields the existence of a
subsequence (uy, z;) — (u, z) in Q with (u, 2) € Q.

Due to assumptions (4.5) we obtain that the functional fﬂfum W (-)dz is weakly se-

quentially lower semicontinuous on WHP(Q_ U Q,,RY). Together with (4.4) we deduce
liminf, o fo o, Wle(us+9(te))dz = [y o W(e(u+g(t))) dz. Furthermore it clearly

holds liminf, .o % ch |Vsz.|"ds > 0, so that (4.67) is established. "

Conditioned Upper Semicontinuity of the Stable Sets (2.71(C2))

We show condition (2.71(C2)) by proving the existence of a joint recovery sequence. Hence,

for any sequence (t., qx) I, (t,q) with ¢ = (u, 2z) and with ¢, = (ux, 2.) € S"(tx) for all
Kk € (0,ko) and for all § = (u,2) € Q our task is to construct a joint recovery sequence
(Gi)re(om0] With ¢ = (s, 2;) such that

lim sup (gﬁ(tm Cjn) + R(én_zn) - gn(tm q,%)) < g(ta Cj) + ,R’(ZA/_Z) - g(tv Q) : (468)

k—0

In order to constitute (2,)ne(omy C W' (Qp) for a given function 2 € L*®(Qy,) we have
to mollify 2 by a sequence of suitable mollifiers (1) 40,5 C Ci°(R?) in such a way that
fQD 5(|V24|" = |[Vz4|") dy vanishes. For this, we use mollifiers of the form

_ cexp(—1/(1 — |y|?)) if |yl <1, . _ _
m(y) :2{0 p{=1/01 = 1) Otﬂrv_vise oY) = 2 (Y/p)s Tk =Ty, (4.69)

where c is defined in such a way that |[7:]|;1ge) = 1 and p(x) — 0 as & — 0 suitably.

Due to z € L*>(Q)p) the mollification guarantees that z, — 2 in L(Qy) for all ¢ € [1, 00),
see [Ada75h, p. 29, L. 2.18]. Moreover, by [Jan71, p. 33 Th. 39.1] it holds that

supp(2 x17),) C supp 2 + B,(0) = {s+ 5| s € supp 2,5 € B,(0)}, (4.70)
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where 2x17,(y) := fQDé(g)np(gj—y) dg and where B,(0) is the closed ball of radius p around 0.
Hence, using 2z > 0, for all p > 0 we have

supp Sq2 C supp S¢(2 *1,) and  Ni;, C N3, (4.71)

where the support and the zero set are defined by (4.63). Moreover, by (4.70) we conclude
that £7(N;\Nz.;,) — 0 as p — 0, which is not generally true for arbitrary sequences
2, — Zin LI(Qy).

Example 4.3.8 Let I, = [—1,1] and 2, := p for all p > 0. Clearly z2, — 0 = 2z uniformly
on It as well as in LY(I%) for all ¢ € [1,00]. But for all p > 0 it is N;, = () and hence
L(N;,) =0, whereas N; = I, with L(I) = 2.

Since in general N;, C N;, where 2, = Z % 1, with 7, defined by (4.69), it is necessary
to modify 4 so that the modified functions 4, satisfy [[@,.] >0] C N:.. In fact, the next
example demonstrates that it is in general not possible to set u, := @ and to exchange 2
by (., which is 0 in a sufficiently large neighborhood U, around N3, so that S¢(. * 1, =0
on [[a] > 0] = {s € I | [a(s)]>0}.

Example 4.3.9 Let [, = [—1,1] and consider a closed set M C [—1,1] which is nowhere
dense with 0 < L(M) < 2. For all s € M put u(s) = (infzepr(s,5))*. Then a(s) = 0
for all s € M and u(s) > 0 otherwise. Moreover, U is continuous. There is a function
z e L*>([—1,1]) such that 2 >0 on M and z =0 on IL\M. Since M contains no open ball
of radius r > 0 we conclude that

McCU, = U B.(s) forallr >0,

sele\M

where B, (s) is the closed ball of radius r around s. This implies that U, NI, = I, for all
r > 0 and hence U, / [L\M asr — 0.

This shows that we cannot avoid to modify @. In order to verify (4.68) it is helpful if
EX(tw, Uy, 2) — E(t, 0, 2). This can be guaranteed if 4,, — @ strongly in WhP(Q_uUQ,, RY).
In other words, the following conjecture must hold.

Conjecture 4.3.10 Let (i, %) € Qq. Choose a sequence of mollifiers (1) xe(0.00) € C32(RY)
as in (4.69) and set z, := Z*n,. Then there is a sequence (y)we0.,] C WH(Q-UQ, RY)
with @, € W (Q\N;, ,RY), 4, = 0 a.e. on 'y, and [i,.-n,] > 0 a.e on I in trace sense,
which satisfies

|t — |l wrr vo, ey — 0 ask—0.

In the following we prove the Conjecture 4.3.10 for the case p > d, since the continuity
of [a] on It then allows us to conclude from Lemma 4.3.1 that (4, 2) € Qg is equivalent
to supp Sz N OS [u] = 0. The basic idea of our construction is to split & = Usym + Uanti
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in its symmetric part g (z1,s) = 3(@(21,s) + @(—z1,s)) and its antisymmetric part
Ui (71, ) = 3(@(21,8) — @(—w1,5)). It is easy to see that, [lgym] = 0 on I, whereas
[tanis] =[], ie. Gigym € WHP(Q,RY) and 4L, = Ganii|o, € WIP(Qu, RY) with 4, = 0 on
supp Sq 2. Then, we multiply .y by cut-off functions &, which push 4% .. 1= & tUanti to 0

in a suitable neighborhood of
M := supp Se2 . (4.72)

In order to prove that &.flany — Gang strongly in WHP(Q_ U Q,, RY) we will apply the
following generalized Hardy inequality:

Proposition 4.3.11 ([Lew88, p. 190]) Let M C Q_o_be closed, let Qy C R? be bounded
and p > d. Let dy;(x) := mingg a0, |7 — 2| for all x € Qo. Then there is a constant Cy >0

such that for all u € WP (Q\M,R%) := {ac WP(Q\M,R?) | 2=0 on M U} it holds
Hu/dz\?HLp(QO\M,Rd) <y ||vu||LP(QO\M7RdXd) . (4.73)

Regarding )y as a suitable extension of . one can prove that (u/dy) € LF(Q+,R?) for
all w € WP (s, RY).

Corollary 4.3.12 Let M C T, be closed and let Q. C R? be given as in Fig. 4.1. Assume
that p>d. Let dy(x) = min,_y |v — 2| for all z € Qy. For allu € W]\lf(Qi,Rd) with
Wj\lz’[p(Qi,Rd) = {u € W'"(Que,RY) | =0 on M} it holds that (u/dy,) € LP(Qx, RY).

Proof: We carry out the proof for u € W;”(QJF, R%), where Q := (0, +L)x(—H, +H)* .
With the same arguments one can prove a similar relation for u € W;f (Q_,R?) with
QO_ = (—L,0) x (—H,+H)%1L.

For €2, from above one can choose the bounded domain 2y from Lemma 4.3.11 suffi-
ciently large, so that dg;(r) = dy(z) for all z € Q, ie. min,_y [2—2] < mingepq, |7 — 2|
must hold for all z € Q. Clearly this requirement can be satisfied by a bounded domain
2 due to the geometry of €2,. Moreover, the functions of Wj\lf (€2, ,RY) have to be ex-

tended to functions of VVO1 P (QO\M ,RY). Such an extension exists, since one can extend the
functions of WH?(Q,, R?) as W1P-functions onto the entire R? by [Ada75, p. 91, Th. 4.32],
i.e. for allu € WhP(Q,,RY) there is Bu € W'P(RY R?) such that Eulg, = u and such that
| Eullwromaprey < Kllullwioq, rey with K fixed for all uw € Whr(Q,,RY). Using a cut-off
function ¢ € C3°(€2), which satisfies ( =1 on Q,, ( =0 on Qp\(—L, +2L) x (—2H,+2H)
and ¢ € (0,1) on (=L, 4+2L) x (=2H, +2H)\Q. yields that (¢Fu) € W?(Qy\M,R%).

By Hardy’s inequality (4.73) we obtain that

[u/dygll e ray < [(CEW)/digll oaovarray < Coll VICEU | Lo a1 axa
< OO(HVCHC(QT))||EU||LP(QO\M,Rd) + ||vEu||LP(QO\M,RdXd))
p—1
<27» KCymax{l, ||VC||C(Q_O)}||u||W1’P(Q+,]Rd) .
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Thus, we can prove Conjecture 4.3.10 for p > d.

Corollary 4.3.13 Letp > d and i€ WhP(Q_UQ, U M, RY) with =0 on Iy, and [4]=0
on M. Put

ﬂsym(xl, 8) = %(ﬂ(l‘l, 8) -+ ?l(—l’l, S)) and ﬂanti(xla 8) = %(ﬂ(ml, 8) — ?l(—l’l, S)) .

Let &, (x) = min{%(dy(z) — p) ", 1} Set i = Eyllans and @ = tigypy + 11

anti anti
Then w2 € WHP(Q_ U Qy, RY) with [a-1,] >0 for all p>0 and 4 — . strongly in
wir(Q_uQ, RY).

Proof: Since &, is positive we infer that [a ;-n;] > 0. Moreover, from the definition of
&, we see that £, — £ pointwise in 2, where

0 if dy(z) < p, , .
&e) =4 €(0,1) ifp<dye) <2, and &)= { O itz e M,
. 1 otherwise.
1 if 2p < dy(2),

By the dominated convergence theorem we obtain that

[ — 7:Launti||I£za(Q,Rd) - / | s |” A + / (€ — &) ttanai|” d + / 0] da
[dy; (@) <] [p<dy () <2p] [2p<dyy ()]

— 0

due to L ([dy;(z) < p]) — 0, L([p < dy;(x) < 2p]) — 0 and [§, — £] < 1 for all p > 0.
By the chain rule we calculate that Va? . =& o Vlanti + Uanti @ VE,. Thus,

anti
IV (@ — Tanti) | o (2 ey mexay < [[(1=8p) Vilantil| Lr (@ Uy reaxdy + (| Tanti @ VE | Lr(@_ug, raxa)

where [[(1 — &,) Vilansil| r(@_uo, rixe) — 0 again by the dominated convergence theorem.
It remains to show that ||tani @ V|| 1r@_ua, rixa) — 0. We obtain that

0 if 0 <dy(z) <p,
if p < dy () <2p,

|V§p| = %
0 if 2p <dy(z),

ie. [V, < %. Since dy,(x) € [p,2p] it holds that
conclude that

< 2 for all z € Q. Hence we

1
P d]\}[ ()

aanti (SL’)
dy ()

since || Qanti/dy; || Lr_ua, rey is bounded by Corollary 4.3.12 and since

p
dxr — 0,

||ﬁanti®V§p||I[)/p(Qiuﬂ+’Rd><d) S 2p/ . R
Bap(M)\Bp(M)

£4(Bay(NO\B,(M1)) — 0 for Bo,(N\B,(N) = { € Q| p<dy () <2p}.
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With these tools at hand we now prove the existence of a joint recovery sequence under
the assumption that » > d. In particular we have to determine the mollifiers 7, in such a
way that their slopes grow sufficiently slow, so that fQD 5(|V2.|" = |V24|") dy vanishes. In
order to show that this holds true, we will exploit the Lipschitz continuity of | - |".

Theorem 4.3.14 (Joint recovery sequences) Let the systems (Q,E",R) and (Q,E, R)
be given by (4.15), (4.27), (4.20) and (4.58), such that the assumptions (4.4) and (4.5)

hold true with p>d and r>d. Then, for all (t., qx) I, (t,q) with q;= (U, 2:) €S (t,) for
all k € (0, ko] and for every ¢ = (4, 2) € Q there is a sequence (qx)we(0,xo) With G = (U, Z:)
such that

limsup (E%(tx, Gx) + R(Za—2k) — E%(tryqx)) < (E(L,q) + R(2—2) — E(t,q)) . (4.74)

rk—0

Proof: Let (t.,ux,2.) Ir, (t,u,2) with g, = (ux, 2,) € S*(t,) for every x € (0, K.
Consider ¢ = (4,2) € Q. If ¢ € Q\Qg, then E(t,,§) = oo for all K € (0, k] and (4.74)
trivially holds. Hence, assume that ¢ € Qs. Additionally let 0 < 2 < z a.e. in Qp,
otherwise R(2—z) = oo and (4.74) would again be trivially satisfied. For every s € (0, g
we now have to construct the joint recovery sequence (i, Zx)re (0] C Q in such a way that
G = (U, 25) € Q¢ and R(Z,—z,) < oo for all k € (0, kp]. This means in particular that
Z. € WL (Qp), whereas Z lies only in L>(£2y,), and additionally is required that 2, < z,
a.e. in ,. The construction of (Z,)xe(,x,] Will be done in Step 1. In Step 2 we verify that
fQD §(|V2,.@|”—|Vz,§|r) ds — 0. Finally, in Step 3, we specify 4, using Corollary 4.3.13.

Step 1: For all k€ (0, kg we now construct Z,. We have z € L>(§2,) with 0< 2z <1 being
constant a.e. in y;-direction, whereas the recovery sequence has to fulfill 2, € W1 (Qp)
with 0,, 2, = 0 and 0 < 2, < 1. First, we put

2 ifz>0,
g._{ 0 ifz=0. (4.75)

Due to the assumption 0 < 2z < z it clearly holds that 0 < ¢ < 1 a.e. in ,. We mollify ¢ by
convolution with a sequence (1)) xe(0.40) C C5°(R?) similar to (4.69), where the dependence
of p on k will be specified below. For all x € (0, ko] the convolution leads to functions
(. = ¢ * n, which satisfy (, — (¢ strongly in L%(Qy) for all ¢ € [1,00) by [Ada75, Lemma
2.18] since 2/z € L()p). As the final recovery sequence we introduce

Ze = 2.(,  forall k € (0, ko], (4.76)

which satisfies 0 < 2, < z, due to |||l n) = <] zoo o) 176l 21 (@) < 1 by the properties

of a standard mollifier, see [Ada75, p. 29]. Since z, — z in L=(€),) by assumption and
(« — Cin L'(y) it holds that 2, — 2 in L'(€)p) and hence

lim R(%,~2,) = lim o / (2o—20) dy = R(5—2). (4.77)
K— O

k—0
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Application of the chain rule yields that V3, = V((.2.) =(:Vze+2.V(. € L"(Qp, RY) as
well as 0y, 2, =0 due to 0,, 2, =0 and 0y, (, =0y, (( *n,) =0, since both z and £ are constant
a.e. with respect to y;-direction.

In order to ensure that ||V, ¢ ge — 0 as £ — 0 we now determine the mollifiers
1, suitably. For this, we consider for all p > 0 the mollifier 7, from (4.69). Then it holds

IV (C* )l ep ety < NS (@) IVl 0 2y < IV g 0™ (4.78)

In order to guarantee that xp~"?— 0 we choose p(k) =r2a and define 7, = Tp(x)-

Step 2: Up to now our construction makes sure that §||VC,.€||ZT(QDJR

Since 2|V z. ||}, (p R 1 only uniformly bounded by the properties of stable sequences, we

d)—>0 as k — 0.

conclude that [V 2|7, o, pe) may not vanish completely. However in the lim sup-estimate
(4.74) we can compensate the remaining terms by the term —% ||Vz,i||TLT(QD’Rd) that occurs

in £7(ty, Uy, zx). In order to show that these terms indeed cancel out we use the following
Lipschitz estimate for w(xz) = 2" with r € (1,00) and = > 0, which can be obtained by a
Taylor expansion:

lw(a) —w(b)| = | /0 w' (b4 a(a—b))(a—b)dal <2 Ha" P+ b H]a — b (4.79)

for all a,b > 0. Using the fact that both 0 < (, <1 and 0 < 2z, < 1 a.e. in €, and with
(4.79) together with Hélder’s inequality we now conclude that

[ 59ad =19y dy < [ S(9GIHTaD = 1920) dy
D

Qp

< 2’“‘1/ TRV + 2V VG dy
Qp

227“ 1 r=

3 1
22 kT HVZHHLTQ JR) RV Gl Lreprey =0,

< IV CallLr p ray +

since /<J||VC,{||L, op ey — 0 by construction and KT ||Vz,.@||LT < C due to the prop-

erties of stable sequences.

Qp,R9)

Step 3: Due to z, = z.(. we find that supp S¢z. = supp S¢z. N supp S¢(.. Hence it
suffices that [@,.] = 0 on supp S¢(.. Since p>d we can apply Corollary 4.3.13 and set

- o p(k)
Uy = uSYm + Uanti >

where p(k) = k2@ was obtained in (4.78). From (4.70), the definition of @) in Corollary
4.3.13 and Lemma 4.3.1 we infer that SgZ.[u.] = 0 a.e. on I.. By Corollary 4.3.13 it
holds that @, — @ strongly in WhP(Q_ U Q. R?) and (i.+9(t.)) — (a+g(t)) strongly in
Wir(Q_ U Q. R?) follows from assumption (4.4). Due to assumption (4.5(H2)) we can
prove by Taylor’s expansion that [, o, W(e(lytg(te)))dz — [, o, Wle(atg(?)))dz.

This finishes the proof of the lim sup-estimate (4.74). n
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The above construction of the joint recovery sequence gives an idea for a suitable recovery
sequence to show that the energy functionals £7(¢, ) I'-converge to E(t, ) : Defining ,, by
Corollary 4.3.13 and Z,, := Z % n,, with 7, defined by (4.69) and (4.78) yields the I'-lim sup-
inequality, since §HV2H||ZT(QD7W) — 0.

Corollary 4.3.15 (I'-convergence of £%(t,-)) Keep t € [0,T] fized. Let " and E be
defined by (4.27) and (4.58) such that the assumptions (4.4) and (4.5) hold true. Then,

for all g € Q there exists a recovery sequence (. z, q such that

limsup £%(t, q.) < E(t,q) . (4.80)

k—0

Hence, together with the lower I'-limit stated in Theorem 4.3.7, we have E"(t,-) SN E(t,-).

Remark 4.3.16 The product ansatz used in the proof of Theorem 4.3.14 for the construc-
tion of Z. cannot be applied in the settings of partial damage or gradient delamination
(see (Q,E,D) defined by (3.8), (3.9), (3.5), (3.2) and (Q,EF, R) defined by (4.15), (4.18),
(4.20) ). In order to make sure that R(z.—z.) — R(Z—z) it is required to put

5 . z
Ze = 25; .

But f not necessarily is a W -function, so that mollifiers have to be used. Their gradients
will blow up as € — 0 and since both models contain the damage/delamination gradient
this blow up cannot be compensated in the way it was exploited in the passage from gradient
delamination to Griffith-type delamination.

Remark 4.3.17 Although the product ansatz from the proof of Theorem 4.5.1/ supplies a
method to suppress the delamination gradient, one cannot prove with this technique that
the partial damage models given by (3.8), (3.9), (3.5), (3.2), which include the damage
gradient, converge to a damage model without the damage gradient. In contrast to the
delamination models (Q,E%,R) and (Q,E,R) the model for partial damage includes an
energy term which usually consists of the product of the damage variable and the strain
tensor, i.e. the energy density may take the form Wie,z) = zl|e|P. Thus, in order to
guarantee the weak sequential lower semicontinuity of the energy functional, the weak*-
convergence of the damage variables in L*(Q) is not sufficient. Since the model only
provides weak convergence of the strain tensors in LP(, R¥?) it is required that the damage
variables converge strongly in LP (Q). For this, the reqularizing gradient term is needed.

4.4 Simultaneous Convergence
One can merge the results from Sections 4.2 and 4.3 to a simultaneous convergence of solu-
tions of (Q, EF, R), whose existence was claimed in Proposition 4.1.3, directly to solutions

of the Griffith-type delamination problem (Q, &, R).
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Theorem 4.4.1 (Simultaneous convergence) Let the assumptions of Theorems 4.2.1
and 4.53.4 hold. For all € € (0,e0], k € (0,K0] let ¢f = (uf,zF) denote energetic solu-
tions of (Q,E5,R,q5"). There is a function G : RT — RT so that every subsequence
(uf(t), 25(t))ec(0.e0),me(0,m0]c<c(x) Of energetic solutions, which converges for all t € [0,T]

with respect to the topology T, has an energetic solution of (Q,E, R, qo) as its limit.

Proof: In [MRS08, Th. 3.3] it is stated that there exist measurable energetic solutions for
rate independent systems, which satisfy the properties proven in Theorems 4.2.2, 4.3.5 and
Lemmata 4.2.3, 4.3.6. Hence the uniform bounds (4.57a) provide temporal L*-bounds.
Furthermore, the uniform bound (4.57b) implies that ||2Z| sy (o101 p)) < C uniformly
for all € € (0,e¢], k € (0, ko). Additionally the uniform boundedness of the energies pro-
vides that [|2F||Le(o,r,wir@p)) < (g(EjLEd(QD)))% for all € € (0,¢9] and all k € (0, K],
which is a k-dependent bound. In contrast to the Sobolev-spaces involved in (4.57a) the
L'-space occurring in the BV-estimate above has no separable predual. Thus, we en-
large M([0,T]; LY(2)) to M([0,T]xQp) so that the rate of damage and delamination
025 and 9;2" are a-priori bounded in C([0,T]xQy,)*. Moreover, from now on we denote
WP(Q_ U Q,,R?Y) equipped with the topology defined in (4.22) by W,P(Q_ U Q. R9).
Hence, for the preduals of the spaces L®([0,T], Wi (Q_ U Qy,RY), L2([0,T] x Qp),
L>=([0,T), Wtr(Qy,)) and M([0, T]xQyp) we find a countable dense set. In this way, we
ensure that all the occurring weak*-topologies are compact and metrizable if restricted on
any closed ball centered at 0 of finite radius referring to the norms in (4.57a) and (4.57b).
In view of (4.57a), (4.57b) and the above estimates, we can set the radii equal to £ for
| Wl oo (o, w1002 Ry equal to 1 for || - || e o, 7yx0p), equal to C for || - ||m and equal to

(g(E—l—Ed(QD)))% for || - || oo (jo,r, w1 (p))- These closed balls are used to construct a weak
metric on the corresponding spaces, i.e. D,, Do, D and Dy, are the weak® metrics on
Lo([0,T), WP (Q- U Q. RY)), L2([0,T] x Qp) or L2([0,T], W () (restricted to the
rk-dependent ball) and M ([0, T]xQp).

We now introduce S = {q : [0,7] — Q¢ | ¢ is an energetic solution of (Q,E,R,qo)}. By
Proposition 4.1.3 and Theorems 4.2.1, 4.3.4 it is ensured that S # ). For p > 0 we define
N, (S) :=={¢=(1,2):0,T] = Q|3q = (u,2) € S: D(q,9) < p},

where D(q, q) = Dp(u, 1)+Dx (2, 2)+Dr (02, 0,2).

Similarly we put S*:={q:[0,7]— Q.| q is an energetic solution of (Q, ", R, qf)}, which
are nonempty by Proposition 4.1.3 and Theorem 4.2.1, and we prove that there is an index
kip 50 that S* C NI(S) for all & < k,. Assume the contrary, i.e. for all & > 0 there is a
particular ¢" € S”, but ¢® ¢ NI(S). Due to the estimates (4.57a), (4.57b) the sequence
(¢")re(o,xo) contains a subsequence which converges in the topology 7 to some ¢ € S by
the same arguments as in the proof of Lemma 4.2.10. In particular this implies for this
subsequence that there is an index s, such that all elements with k < &, satisfy ¢* € N})(S),
in contradiction to the assumption.

For all p > 0 and all k € (0, ko] we now introduce the neighborhoods
Ni(S“) ={G=(0,2):[0,T] —» Q|Fq= (u,z) € S*: Dx(q,q) < p},
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where Dy(q,q) = D,(u,@)+D}(z, 2)+Ds(z, 2)+Dr (02, 0;2). Due to S* C N%(S) for all
k<tp, it holds that N%(S“) CN,,(8) for all k<ry, since ng(qﬁ) C N}(q) for all ¢, € ng(q)
and since D is coarser than D, for all x > 0.

Now we define S¥:={q:[0,7] — Q. | ¢ is an energetic solution of (Q, &, R, ¢;°)}. With
the same contradiction argument we find that there is an index &% such that (u.,z.) €
N%(S“) if e <ef. :

For fixed k € (0, k9] we have to show that there is G(k) > 0 such that it holds even
SEC N% (S%) for all e <G(k). For this, assume the contrary, i.e. for every G >0 there is some
solution q., with (uc, 2-.,) & NZ% (S*). But g, are energetic solutions of (Q,&L., R, qy"“)
for all G > 0 and thus satisfy the uniform bounds from above, so that by Lemma 4.2.10
and Theorem 4.2.1 there is a further subsequence that converges in the topology 7 for all
t € [0, 7] to an energetic solution ¢ of (Q,E",R,qf). This states a contradiction to the
assumption, since it means that all the elements of this further subsequence are contained
in Nzg (q) from a particular index on.

Now the considerations from above imply Sf C N% (S") € N3 C NJ(S) for all € < G(~)
2
and all kK < kg which proves the existence both of G : Ry — R, and of a subsequence

of energetic solutions (qX)zc(0.c],x(0,x0],e<G(x), Which converges in the topology 7 to an
energetic solution ¢ of the limit system. n
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Chapter 5

On the Temporal Regularity of
Energetic Solutions

The properties (2.60(S)) and (2.60(E)) provide a general, but only very weak result on the
temporal regularity of an energetic solution ¢ = (u, z) : [0, 7] — Q, namely:

2z € BV([0,T], LY(Q)) N L>([0, 7], W (Q)) and w € L>®([0,T], W'P(Q,R%)).

The BV-estimate is due to Varpig)(z,[r, s]) < Q—loDissR(z, [r,s]) < oo, which is a conse-
quence of the energy balance. In fact, the monotonicity z(ty,z) > z(t2, x) for t; <ty im-
plies Varpiq)(z, [r, s]) = [, (2(r, x)—z(s, z)) dz < L4(2). The L>*-bound in W'P(Q,R?) x
Whr(Q) is due to the energy bound £(t, q(t)) < E,, which results from stability.

It was first obtained in [MTO04] that the temporal regularity of an energetic solution
can be improved, if £ has additional convexity properties. If for all ¢ € [0, 7] the energy
functional £(¢, ) is strictly convex, one obtains that all energetic solutions are continuous
in time. This is due to the fact that strict convexity implies the uniqueness of minimizers,
which is already sufficient for temporal continuity. We develop this result in Section 5.1.

Furthermore, it was proven in [MT04] that even Lipschitz continuity can be achieved for
energy functionals that are uniformly convex, i.e. for all 8 € [0, 1], ¢1, g2 € Q it holds

E(t,0q1+(1-0)q2) < OE(L, 1) +(1-0)E(t, q2)—c(1-0)||g1—q2||S (5.1)

with constants ¢ > 0 and a = 2. In Section 5.2 we will see that (5.1) depends on the
choice of || - ||g and that uniform convexity is not restricted to the exponent o =2. We
provide properties of energy densities W that lead to uniform convexity on sublevels with
an exponent o > 2. In such a situation we prove Holder continuity in time. Moreover
we demonstrate in Section 5.3 that the temporal regularity of energetic solutions can be
improved if estimate (5.1) is derived with respect to the norm of a bigger Banach space
VD o.

Most of the results and examples presented in this chapter will appear in [TM10]. More-
over, parts of the examples in Section 5.3.3 were carried out for [GKNT09].
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Before we go into the analysis we provide an example of an energy density W that
satisfies all the assumptions from (3.6) and additionally the uniform convexity conditions
that will be used later. The fact that joint convexity is compatible with damage models
was first exploited in [Rou08].

Example 5.0.2 A simple example for a suitable W generating a uniformly convex energy

functional is given by
1 a
Wix,e, z) = e:Be + = 22
( ) 2(14+n(1-2))" 2

where n,a > 0, v € (0,1), and B is a symmetric and positive definite linear operator on

R4, Such densities are discussed in detail in Section 5.3.1.

5.1 Temporal Continuity

The first result provides continuity in time, which means that energetic solutions cannot
have jumps. The idea is to use that under the assumption of strict convexity energetic
solutions ¢ : [0,7] — Q have weak left and right limits ¢, (¢) and ¢_(¢) for all ¢ € [0, T7.
Moreover, it can be shown that ¢_(t), ¢(t) and ¢ (¢) have to be minimizers of the functional
g+ E(t,q)+D(q_(t),q). By strict convexity one then concludes that all three values must
coincide and weak continuity follows. Strong continuity is concluded by an argument of
Visintin (cf. [Vis84]), which allows us to convert weak convergence and energy convergence
into strong convergence by exploiting the strict convexity once again.

We now develop the details. We first provide a result that does not explicitly use the
strict convexity of £(t, -); for stable states ¢ = (u, z) € S(t) it only requires the uniqueness
of the minimizer of £(t, -, z), which then is u.

Lemma 5.1.1 (Jump relations) Assume that (Q,&,D) satisfies (2.62), (2.65) as well
s (2.66). Moreover,

Vtel0,T|Vqg=(u,z) € S(t): {u} =Argmin&(t,u,z). (5.2)

ueU

Then, for all t € [0,T] the weak limits q_(t) = w-lim, ;- ¢(7) and q;(t) = w-lim, 4+ q(7)
(where q_(0) := q(0) and q+(T") := q(T")) exist and satisfy

() + D(g- (), q(1), (5.3a)
+(1) +D(g(1), ¢+ (1)), (5.3b)
D(q-(1),q+(t)) = D(q- (1), q(1))+D(q(t), ¢+ (1)) (5.3¢)

Proof: From Dissp(z,[0,7]) < oo we conclude that the limits z_(¢) = w-lim, ;- 2(7)
and zy (t) = w-lim, 4+ 2(7) exist, cf. [MMO5]. Now, fix ¢, choose vy € U and subsequences
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(t:)ren such that u(ty) — vy, where tif — t with +(t7—t) > 0. Then, (2.66(C2))
guarantees (v, 24 (t)) € S(t). Exploiting the assumption (5.2) we find that v* are uniquely
determined and cannot depend on the subsequence. Hence, the function w : [0,7] — U
has the desired left-hand and right-hand limits w4 () in the weak sense.

To obtain the desired energy identities (5.3) we exploit the energy balance
E(s,q(s)) + Dissp(z, [r, s]) = E(r,q(r)) +/ 0:E(tyq(m))dr, 0<r<s<T.

For relation (5.3a) we let s = ¢ and consider » — t~. Using the obvious relation
Dissp(z, [, t]) — D(z_(t), 2(t)) we find

E(t, q(0)+D(2-(1), 2(t)) < limsup E(r, q(r)) < E(L, (1)) < E(L, q(1))+D(2- (1), 2(1)),

r—t—

where the second estimate follows from the stability of ¢(r) at time r as r — ¢, while the
third estimate is due to the stability of ¢_(¢). This establishes (5.3a).

The second relation (5.3b) follows by setting r = ¢ and taking the limit s — ¢

E(t,q4+(1)+D(2(1), 24 () < liminf E(s, ¢(s))+D(=(t), 2(s)) = E(t, (1)) + 0

s—t

< E(t,q4(1)+D(2(t), 2+ (1)),

where we first used lower semicontinuity (2.62(E1)), then the energy balance, and finally
the stability of ¢(¢). Thus, relation (5.3b) holds.

The third relation (5.3c) follows from (2.65(D1)) and the first two relations:

D(z-(1), 2 (1) <D(2-(1), 2(1))+D(2(1), 24 (1)) = E(t, ¢ (£)) =€ (s, 41 (s)) <D (2 (1), 24 (1)),
where the last estimate uses the stability of ¢_(t). m

The next result provides the continuity of the energetic solutions if £(t,-) : @ — Ry
is strictly convex. In fact, the proof only uses the weaker property that for stable states
q=(u, z) €S(t) the functional ¢ — E(t,q) + D(z, z) has a unique minimizer, see [MROS].

Theorem 5.1.2 (Continuity by strict convexity) Let the assumptions of the existence
theorem 3.1.1 hold. Moreover, assume that W (x,-,-) : REX? x [2,,1] — R is strictly convez
for a.a. x € Q. Then, any energetic solution q : [0,T] — Q is (norm-) continuous with

respect to time, i.e. ¢ € C°([0,T], Q).

Proof: We first observe that for each ¢ € [0,7] the functional £(¢,-) is strictly convex,
since it results from the strictly convex density (e, z, A) — W(xz, e+ep(t, x), 2)+2|A[" and
the linear term [(¢) with arguments (e, z, A) = (e(u), z, Vz) depending linearly on (u, z) € Q.
Moreover, for each z € Z the mapping z — D(z,2) is convex. Thus, for each t € [0, 7] the
functional Q@ 3 ¢ = (@, 2) — £(t,q) + D(2_(t), 2) has a unique minimizer.
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Exploiting the jump relations (5.3) we easily find that ¢_(t), ¢(¢), and ¢, (¢) all pro-
vide the same value E(t,¢_(t)), which must be the global minimum by the stability of
q_(t). Hence, the three values must coincide, and Lemma 5.1.1 allows us to conclude weak
continuity of ¢ : [0,7] — Q, namely ¢(7) — ¢(t) for T — t.

Applying the jump relations (5.3) once again we have (7, q(7)) — £(t,q(t)) for 7 —t.
Fixing ¢ and employing Lipschitz estimate (2.63) we also get E(t, q(7)) — E(¢, q(t)). Thus,
we may apply Proposition 5.1.3 below to the family V(1) = (e(u(7))+ep(t), z(1), A(7)),
which provides that (e(u(7))+ep(t), 2(7), Vz(7)) — (e(u(r)) +ep(t), (1), Vz(t)) strongly
in LP(Q,RExT) x L7() x L™(Q,R?). Using Korn’s inequality (3.12) the desired strong
convergence ¢(7) — ¢(t) in Q follows. m

The following result was used in the proof above. It is a variant of [Vis84, §2 & Th. §].

Proposition 5.1.3 Let Q satisfy (3.6(Al)) and let C be a nonempty, closed, convex subset
of V := LP(Q,RY), where 1 < p < oo and N > 1. Assume that ¢ : Q@ x RY — [0,00] is a
Carathéodory function such that ¢(z,-) is strictly conver on RN for a.e. x€Q. ForV € C
set (V) := [, ¢z, V(x))dx. Then, the following holds:

(Vi) — (V) ¢( V() = o(-, V() in LH(Q).

5.2 Temporal Holder and Lipschitz Continuity

In this section we generalize the ideas developed in [MT04, MRO7], where Lipschitz con-
tinuity with respect to time was derived. Our generalization has two aspects. First we
emphasize that the convexity properties can be formulated with respect to a norm || - ||y
that may differ significantly from that underlying the state space Q. In particular, if Q is
a closed, convex subset of a Banach space X', which specifies the topology for the existence
analysis, and if X' is chosen as small as possible under preservation of the coercivity of &,
see (2.62(E1)), it may be advantageous to investigate the temporal regularity of energetic
solutions with respect to the norm of an even bigger Banach space VO X D Q, since tem-
poral regularity may improve. Second we generalize the notion of uniform convexity by
allowing for a weaker lower bound in (5.4). Previous work asked v = 2 and # = 1 and
enforced the condition on the entire space Q, while we only pose it on sublevels.

After establishing the main abstract result in Theorem 5.2.1, we will show how the main
assumptions can be satisfied for integral functionals in Lemma 5.2.2. The effective use of
the spaces V and Q will be demonstrated in Section 5.3.2, pages 112-115.
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Theorem 5.2.1 (Temporal Hélder continuity) Let (Q,&,D) be a rate-independent
system, where Q is a closed, convex subset of a Banach space X. Let the energy sub-
levels be denoted with Lg(t) = {q € Q|E(t,q) < E}. Assume that there is a Banach space
V and that there are constants o > 2, 3 < 1 such that for all F, there exist constants
Cy, ¢ > 0 so that for allt € [0,T], qo,q1 € Lg,(t) and all 0 € [0,1] the following holds:

E(t, 40)+D (20, 20)+c:0(1=0) |1 —qol[3;
< (1-0)(E(t, q0)+D(20, 20)) +0(E(t, 1) +D(20, 21))

(5.4a)

where (ug, z9) = g9 = (1—0)qo + Oq1.
Then, any energetic solution q : [0,T] — Q of (Q,&, D) is Hélder continuous from [0,T]
to V with the exponent 1/(a—[3), i.e. there is a constant Cyq > 0 such that

la(s)—q(t)|ly < Cult—s|" @B for all s,t € [0,T). (5.5)

Proof: We proceed in three steps. First we derive an improved stability condition
(2.60(S)), where an additional term of the form ¢,0(1—0)|/q1—qol|$y appears on the left-
hand side. Second, following [MT04, MRO7], we derive an estimate for ||¢(s)—q(t)|y and
finally we use a differential inequality to obtain (5.5).

Step 1: Improved stability estimate
Choose E, such that £(t,¢q(t)) < E. for all t. For fixed s,t € [0,7] we apply (5.4a) with
qo = q(t) and ¢; = q(s). By the stability of ¢(t) we find

E(t,q0) < E(t,a0) + D(2,20) < (1=0)E(t, q0) + 0(E(t, @1)+D(20, 21)) — c.0(1-0)lln—ao -

After subtracting £(¢, qo) from both sides we may divide by € and pass to the limit § — 07.
Recalling gy = ¢(t) and ¢; = ¢(s) this leads to

E(tq(t) + cllg®)=a(s)lI < E(E, q(s)) + D(2(1), 2(s)) (5.6)

which is the desired improved stability estimate. (In fact, in place of ¢(s) we could have
taken any ¢ with £(¢,q) < FE,; or vice versa, we could have weakened condition (5.4) by
assuming it only for stable states.)

Step 2: Estimate for ||q(t)—q(s)||v
Now we assume 0 < s < ¢t < T and interchange the role of s and ¢ in (5.6). Employing
D(z(s), z(t)) < Dissp(z;[s,t]) and the energy balance we find

clla(t)—aq(s)[Iy < E(s,q(t)) +D(2(s), 2(t)) — E(s,4(s))
< E(s,q(t) — E(t,q(t)) + E(t,q(t)) + Dissp(z; [s,1]) — E(s,q(s))

2/ (5‘55(&Q(t))—asg(f,q(é“)))d€S/ Clla(t)—a(©)[Ide,

s
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where we used (5.4b) in the last estimate.

Step 3: Holder estimate
Putting h(7) := ftt_T lq(&) — q(t)||€d§ for T € [0,t — s] yields h'(1) < (g—:h(T))ﬁ/a. Using
h(0) = 0 leads to h(7) < C17%/(®=#) with a constant C; depending only on C,, ¢,, o and
(. Hence we conclude

la(s) — a(®lly = B(t-9)"" < (Shit-) " < (SCnit-s)

which is the desired result. =

Y gyta=n),

The lemma below is useful to establish the assumptions in (5.4) for integral functionals.

Lemma 5.2.2 (On the convexity assumptions)
(A) Assume that D(zy,-) : Z — [0,00] and C : Q@ — Ry, are convex and that W : Q — Ry,
satisfies the following:
VE, 3Cw,cw > 0 Vg0, q1 with W(qo), W(q1) < w, V0 €[0,1] :
W((1=0)qo+0q1) + cwb(1=0)lgs—qoll5 < (1=0)W(qo) + OW (1)
Then, with £(t,-) =W + C condition (5.4a) holds.
(B) For j € {1,...,m} let V; € {R,RY,REE R™} and let V := X, V;. Assume that

sym )

W QxV — [0,00] is a Carathéodory function and that there exist k € {0,1,...,m},
Ci,ci,c0 > 0 and p; > 1 with p; > 2 for j < k and p; < 2 for j > k such that for a.a.
x € Q and all b, °, b* € V the following estimates hold:

(5.7)

W(z,b) >co Y |bP = Cy, (5.8a)
j=1

1_3012
b1

W(z, (1-0)b°+0b") + c10(1-0) ( Zle |05 =b01P + 37 s TTWE) TWE )
< (1-0)W(z, b°) + OW (z,b"),
where v; = (2—p;)/p; € (0,1). Then, with V = X;nzlej(Q) and W(v) = [, W(z,v(z))dz
the condition (5.7) holds with « = max{p, ..., px, 2}

(C) Assume that for a.a. * € Q we have W(x,-) € CYV) and that there is a constant
¢, > 0 such that the following holds for all b°,b' € V :

Wiz, b) — W(z, 1°) — W (°) - (b'—b°)

) (5.8b)

>c Zk: b —b0JPi ¢ 2’”: il (5:9)
- p I : Pl (1+W(x,b°) + W(x,bt))n

for pj, v; as in part (B). Then W satisfies (5.8b).
(D) Let P: Q x R™ — R be a Carathéodory function satisfying

|P(x,0)| < CoW(x,b) + Cs, (5.10a)
IP(bY)—-P(b°)| < C4 ];1(1+W(x, 00)+W (z, b%))% b2 -], (5.10Db)
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where 6;=(p;—1)/p; €(0,1) and W fulfills (5.8). ForW(v) <oo set P(v)= [, P(x,v(x))dx.
Then, for each E, there exists CT such that for all vy,v; € V with W(vo) W(vy) < E, we
have |P(v1) — P(vg)| < CF|lvy—wol|y-
Proof: Part (A) follows simply by using the convexity of D(z,-) and C and adding it to
the estimate provided by (5.7).

For Part (B) be first note that W(v°), W(v') < E, together with (5.8a) implies that
there is a constant A, such that

|07 ][ ri) < Av forn € {0,1} and j =1,...,m. (5.11)

Setting 0" = v"(x) and integrating both sides of (5.8b) over the domain € it remains to
estimate the left-hand side from below. For j > k we derive a so-called reverse Holder’s
inequality for the the quotient u?/N~7 via

/u2/(1+“/) de < </u2/N“fdx> 1/(1“)(/ Ndx)W(lﬂ)
0 0 0

where u = [vj—vf| and N = 1+ W(v°)+W(v'). This provides the lower bound
(1=OW () + W (v!) — W((1-0)v°+0v")

" ol =212,
> cf(1-0) (S o} =005, + Sier ot )
Since a=max{pi, ..., pk, 2} condition (5.7) follows from |[vj—v{||7,; > [[v; =029, / (2A.)*~
for all pe{p1, ..., pr, 2} and for A, from (5.11).
To establish Part (C) we let ' = (1—0)b° + 0b' and apply (5.9) with &° replaced by b°.
Dropping z for notational simplicity and using b' — 6’ = (1—80)(b'—b°) we find

W) — W) — (1-0)0,W () - (b'—b°)

L m
Zl 0)Pi [BE 107 + ¢, (1—6) Z (1+W(b]1)4fw(be))wj.
s —k+1

Now we replace b' by ° in (5.9) and ° by b, respectively; with 60— = —0(bt—1°) it is
W) — W) + 00, W (b)) - (b' 1)

k m 1102
b:—bY| (5.13)
S e S OB e 55 -5; |
= ¢ Z | J J| +c Z (1 4+ W(b0) + W(b9))ri
j=1 Jj=k+1

Multiplying (5.12) by 6, (5.13) by 1—6 and adding the results, the term with the partial
derivative cancels and we obtain

(1—-0)W (") + oW (b') — W (')
> ¢, ijl (0(1=0)7 + (1-0)07 ) [b}—b0[P7 + c.0(1-0) Y A;(8,6, bo) | 0

1-6 S
(1+ W) + W(b?)) - (1 4+ W(BO) + W(bo)) "

where Aj(e, bl, bo) =
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Since §(1—0)? + (1-0)6P > §(1—0)/2Ps it suffices to estimate the terms A; from below.
Letting w,, = W(b") convexity gives W(b’) < (1—0)wq + fw,. Using 6 € [0, 1] we find

1-6 0
A;(0,b",b) >
100 00) 2 Ty + wo) L+ 2—Bwr + G

1-6 0 1 (2/3)7
= ((1+9)w + (2—9)%) (14w +we)% — (14w 4+ we)W’

Thus, (5.8) is established and Part (C) is proven.
Part (D) follows from Holder’s inequality with CF =max{(L4(Q)+2E,)% | j=1,...,m}

PEH=PEO| < Cid " (LYQ+2E) " [[oj =]l < CF o'~

Part (D) will be applied to P(q)=0,E(t, q), see (3.17). Clearly the linear terms involving
I(t) and [(t) can be estimated directly. Thus, for fixed ¢ € [0,7] the density P has the
form P(z, e, 2) =0.W (z, etep(t, x)):ép(t, x) with ep =e(g) for g as in (3.6(A2)), see also
Corollary 5.3.4 for more details.

5.3 Examples

In this section we give examples fitting to the setup of Lemma 5.2.2. To simplify notations
we drop the explicit dependence on the material coordinates x € 2. Of course, the results
can be generalized to heterogeneous materials, if all the estimates are uniform as assumed
in the previous sections. Sections 5.3.1 and 5.3.2 deal with examples on the different types
of convexity. They all use Part (C) of Lemma 5.2.2. In Section 5.3.3 Theorem 5.2.1 is
applied to models for plasticity and phase transformations.

5.3.1 Examples on Joint, Strict and Uniform Convexity

In the modeling of damage the inner variable often influences the stored energy density in
form of a product. The density analyzed in the following was first introduced in [Rou08].
There, it was shown that such product can be jointly convex in the two variables e and z.
With regard to Lemma 5.2.2 we summarize several properties of W in the next lemma.

Lemma 5.3.1 Forh € C([0,1],(0,1]), a > 0 and B € RXDX@xD) symmetric and positive
definite let

_ 1 . a o
Wie,z) = 20 e:B:e + 5%

where we further assume 1 = h(0) > h(1) >0, h'(z) <0 and h"(z) < —y <0 for z € [0,1].
Then, W : R4 x [0,1] — R is convex and there exists a constant C' > 0 such that for all

sym
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e, e, z, and Z we have

|0.W (e, 2)| < C(W(e,z)+1), (5.14)
0. W (e, 2)—0.W (€,2)| < Cle—e| + C (14+W (e, 2)+W (€, 2))/?|z—Z]. (5.15)

If additionally a > 0 and v > 0, then there exists ¢, > 0 such that

Wi(e,z) —Wi(e,z) — d.W(e, z):(e—e) — 0, W (e, 2)(z—2) > %(|e el> +12—2%). (5.16)

Proof: Estimates (5.14) and (5.15) are due to the linear structure of 9. W (e, z) = ﬁB:e

and the positive definiteness of B, namely W (e, z) > c;|e|? for all e and 2.
To establish the convexity properties we calculate the Hessian D*W explicitly. Omitting
the argument z in h and its derivatives we obtain

"

—h
TR eZ*+aZ?  (5.17)

D*W(e,2)[(%),(D)] = hs(hE W Ze)B:(hE—h Ze) +

which provides convexity since all terms on the right-hand side are nonnegative.
To derive strict convexity we let 6(z) = h'(z)/h(z) € [0y, do] and use h"(z) < —y < 0
to find ¢y, ¢3 > 0 such that
D?*W (e, 2) [(E), (E)} > | E—0Ze|? + csle|*Z% + aZ?

z)\z
cr |E|2 (c3—edie)|e|* 2% + aZ>.

Z 1

Choosing & = ¢3/(03ce) we obtain (5.16) with ¢, = min{a, cacz/(c3+03)} by classical con-
vexity arguments. [

The above lemma states that the stored energy density W (e, z) = n%z e:B:e+az?/2 with
n>1, a>0, and B symmetric and positive definite is convex. For a=0, it is not strictly
convex, since W(0, z) =0 for z€ [0, 1]. For a >0 we gain strict convexity but still do not
have uniform convexity for W on R&¢x [0,1], since " = 0, i.e., y=0. For C? functions
uniform convexity is equivalent to D*W (e, 2) [(5), (J)] > c.(| E[*+2?) for some fixed ¢, > 0.
However, inserting (£, Z) = (de, 1) into the formula (5.17) gives D*W (e, )[(516), (516)} =a,
while |de|?*+1 may be arbitrarily big, since 6(z)=0'(z)/h(z) = —1/(n— z) <0.

5.3.2 More Examples on Uniform Convexity

Here we construct an example for uniform convex stored elastic energy densities that have
variables being parts of the strain tensor, like its deviator or its trace. The following lemma
provides a rich set of uniformly convex functions.
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Lemma 5.3.2 Let V € {R, R RIxd R¥>4L have the scalar product A;-Ay € R for all

Sym )
Ay, Ay eV, For ke >0, and pe(1,00) let Z,-(A) == §(€+|A\2)§ for AeV. Then there
are constants Cpee, Cp, kpee > 0 and N\, €{0,e} such that for all Ay, Ay, A€V we have

Zpwe (A1) = Zpre(A2) = 04 Zyee(As)-(A1— As) e (ApH A+ Az|)P 72| A = Ao, (5.18)
|04 Zpre(A)| = Cp(Zpre (A)+1), (5.19)

T AR VIS Bt iy AN Ao .0
Proof: In the proof we omit the subscripts p, k, and . Direct computations give
OaZ(As)-Ay = k(e+|As|?) T Ay Ay,
042 (A2)[ A1, As] = (p=2)m(eH| Aaf)"7 (A Ar) (Ap As)F(e | Aof) 7 Ar Ay

Estimate (5.18) can be verified by a Taylor expansion of £ — Z(Ay+&(A;1—A3)) in the
point £ = 0 with a remainder term of order 2 using the ideas of [Kne04]. Estimate (5.19)
is obtained, with C, = p®~1/?, via

04Z(A)] < w(e+AP)T (e+]A]2)7 = (pZ(A)P~V/P < Cy(Z(A) +1).

In the following we carry out the proof of estimate (5.20) using a Taylor expansion of
(&) = 0aZ(As+E(A1—A)) in the point £ = 0 with a remainder term of order 1:

0aZ(A)=0aZ(A2)| = [F(1)=F(0)] < [y |42 ac.

We let A := Ay+£(A1—Ay). For 1 < p <2 we have
d
) o 2N A, 1| < (@A T A (e 4AT) ) L4,

< (3=p)R(e+|AS) 7 |A1—As| < (B3—p)re’T |A1—Ay|.
This provides the upper estimate in (5.20). Similarly, for p > 2 we have

df(€)
| = e A
< (p—1)A(e+ AT | A1—Ao| < (p—1)(VE+|Ar|+]Aa| P2 A1 — 4o,
which is the lower estimate in (5.20). ]
We introduce linear operators g;, g;, g : ]ngxrff — ]ngxrff in the form
t
deviator: gi(e) = e = e—%Id (5.21a)
. . tre
volumetric strain: gje) = Fld (5.21Db)
kl-th component of e : gri(e) = exyMy, for k,l € 1,...,d, where My, (5.21c)

has the entry 1 at positions kl and [k and 0 else.
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The operators in (5.21) are orthogonal projections with respect to the scalar product
ee=y. ol erér; and form building blocks for our examples. The following lemma provides
convexity properties by combining these ¢g; with Lemma 5.3.2. Here, the index ¢ indicates
that the operator is defined by one of the expressions in (5.21).

Lemma 5.3.3 For 1l < q,p;,r,7 < 00, €, €, Kq, Kis K, K >0, € > 0 and N € Ny let
Wtz e, 2 A) = W(e+eD(t ), 2) 4 Zgnye, (e4ep(t, 1))

5.22
+Z piniei(giletep(t, )+ Zire(2)+ Zrwo(A), (5:22)

where W is as in Lemma 5.3.1 with v,a > 0 and the linear operators g; : ngxrff — ]ngxnff are

as in (5.21). Then, W and O;W satisfy the counterparts to (5.8) and (5.10), respectively,
namely there exist constants c,, Cy > 0 such that

N
c10(1—0) <T2(E, W)+ To(Z, wO)+ Ty (B, w"0)+> T, (G w' )+ T(Z, w" )+ T0 (A, wlvo))
=1

(2

< QW(t> xZ, 617 Zla A1)+(1_9)W(t’ Z, 60a Zoa AO)_W(ta z, 9(61a 217 A1)+(1—9)(60, Zoa AO))>

|0.W (t, 2, et 24, AY) — 0. W (t, 2, €, 2°, AO)‘
N
< Cu(Sa(B,w'O)+85(Z, 0M0)+-8y(B, w04 3 8y, (G, w0)+85(Z,w'0)+5, (4, w')
i—1
with wC =W (t,z,el, 21, A)+W (t,z, e, 20, A%), E=lel—€’|, Z=|2'-2°|, Gi=|gi(e*—€?)],
A=|A'= A%, and where T,, S, are defined via

e if p>2, (4w Diple] ifp > 2,
To(&w) = { €2/ ()@l ifpe L2, &)= { €| ifpe L)

Proof: Set W(e, &, q1,...,gn, 2, A) =W (e, )+ Zanged ) F SN Zpiiies(90)+ Zinz(2)+ Zrno(A)
and b(e, z, A) := (e, e, g1(e), ..., gn(€), 2, A). Then W (t,z, e, z, A) = W(b(e+ep(t, x), z, A))
and by the chain rule we find that 8,W (¢, z, e, z, A) = P(b(e++ep(t, z)), z, A); ép(t, x)) with
P(b;¢) = O.W(b):é + D:W(b):é + S 0y, W(b):g;(¢). We also used the fact that each g; is
linear, self-adjoint and idempotent.

As a consequence it suffices to show the desired estimates for each term Z,, . .. separately.
For i = 1,2 let A; be the corresponding jth component of the vectors b. For simplicity, we
suppress the subscript j in the sequel. Inequality (5.8a) is obvious, so that we only prove
(5.8b) in detail by showing (5.9). From (5.18) in Lemma 5.3.2 we derive for p > 2 that
Zp,{a(Al)—Zp,{a(Ag) > aAZp,%(Ag)'(Al—A2)+CPHE|A1—A2|p and for 1 < p<2:

Zpie (A1) = Zpee (A2) > O Zpee (A2) (A1 —Ag)+Cppee (ApH| Ar |+ As| )P %Ay — Ao |?

2-p+(P=2) (p—1)(p—2)

(
> OaZpre(A2) (A1—Az)+(r/p) 7 3 > (A”+(€+|A1| JE(eHAa?) )T | A~ Ao
> 04 Zpee(Az)-(Ay— Az)+(5/p)737 7D max{1, X} =Y (1+ W)+ W(b2)) | A, — Ay ?
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with 7 = (2—p)/p. In view of (5.16) this proves (5.8b).

Estimate (5.10a) holds, since |8tW(€+6D,Z)|:|86/W7(6+€D,Z)ZéD‘SCgé(W(t, e,z,A)+1)
by (5.14) and since

104 Zpre(A)] = [1(e+|A]) "% A] < Cpue(1+Zpne(A))

Inequality (5.10b) follows from (5.15) together with (5.20), since in the case p > 2 we
have

104 Zpne (A1) =01 Zpre(A2)| < Kipre (2 +(e+|A12) B+ (e+|Aa[?) 2 )P2| Ay — A
(p— )(p 2, p

(€2 +(e+]AL*) 2 +(e+|Ao)” )E)TlAl—Azl
max{1, " }(1+W(b')+W(b2)) 7 |A1—As| .

< kpee3

(p— 1)(1) 2)

< kipne3 _
As a first simple consequence we obtain Lipschitz continuity of energetic solutions for a
reasonably wide class of stored energy densities W.

Corollary 5.3.4 If the assumptions of Theorem 3.1.1 hold with 1 <r <2 and if W is given
as in Lemma 5.3.1, then all energetic solutions q : [0,T] — Q satisfy ¢ € CF*([0,T],V)
with V = HY(Q,RY) x W (Q).

With the results of Lemmata 5.3.1 and 5.3.2 at hand we now discuss the effective use
of the spaces Q, X and V for particular examples of the type introduced in Lemma 5.3.3.
We emphasize that different choices for V lead to different results that cannot be obtained
by just using one space V. We start with the simpler case of time-independent Dirichlet
conditions.

The Space V in Case of Time-independent Dirichlet Conditions

We consider the energy density

_letelg@)P e AP e
Wiz, e, z,A) = 2(1+2(1_Z))% + |tr(e+e(g(z))[” + |A]° + |2 thp>2. (5.23)

The process is driven by time—dependent Volume forces 1 € C1([0, T], H1(Q, R?)) so that
the energy is given by E(t, u, z):= [, W , 2, Vz)dz—(I(t), u+g), where g€ H' (0, R?)
models the time- 1ndependent Dlrlchlet condltlons. The existence of an energetic solution
to (Q,&,R) with R as in (3.1) can be proven using Q := {(u,2) € X |2, <2<1 a.e. in Q}
with X := {u € HY(Q,R?Y) | tre(u) € LP(2), u =0 on L, } x W3(Q).

Let ¢=(u, 2), §=(1, 2) € L, (t) with e=e(u) and é=e¢(a). Due to the time-independent
Dirichlet conditions we have 9,E(t,u, z) = (I(t),u+g) and (5.4b) takes the form

0:E(L,q) — 0E(L, )| < allu—dllm < allg = gllv (5.24)

112



Chapter 5 5.3 Examples

for any norm || - ||y satisfying ||u||z: < ||(w, 2)|]y. Using the uniform convexity inequal-
ities (5.16), (5.18) and Lemma 5.2.2 Parts (B), (C) we find for 6 € (0,1) and (up, zp) =
O+ (1—0)u, 02+(1-0)=2)

OE(t, 0, 2) + (1-0)E(t,u, 2) — E(t, ug, 2p)
0(1-0)c,
1+c3

(5.25)

= (le—ellZo+ ltr(e=e) I}, + IV2=VE[Zs + [l2—272) -

We introduce four different norms, namely for j, k € {0,1} we let

(s 2y, = lle(ullzz + [ tre(w)ll; + N2z,

where [[7lluo = 0, I7lles = [I7llzr, I2ll20 = l[2llz2, [I7ll20 = [I2llwrs.

We may define the associated Banach space V;;, and find the embeddings Vi1 C V, C Vi
for o ='01" or ‘10’.

In light of (5.24) we are free to drop the second or third term in the right-hand side of
(5.25), which leads to the lower estimate

0E(t,q) + (1=0)E(t, q) — E(t,qp) > 0(1—0)cjllg— qHO‘J’c (5.26)

with agg = 2, ayg = p, g1 = 3, and ay; = max{3,p}. Applying Theorem 5.2.1 gives the
following temporal regularities:

q € CY™([0, 77, Voo) N CV2([0, T, Vor) N CY PV ([0, T], Vig) N CH/ 3= ([0, 7, V).

The Space V in Case of Time-dependent Dirichlet Conditions

Next we show the importance of the effective use of the space V in the case of time-
dependent Dirichlet conditions. We consider W (¢, x, e, 2 A) = W(x, e+e(g( x)),z,A)
with W from (5.23). Now, £ :[0,7] x Q — R reads E(t,u,z) := [, W(t, z,e(u), z, Vz)da
with Q as above. For V we again use the spaces V;;, which provide the same convexity
exponents aj for (5.4a) as in (5.26).

It remains to study the exponents (3;; for the Holder estimate of 0,€(t,¢q) in (5.4b).
Thereto we consider states ¢=(u, 2), §=(u, 2) € Lg, (t) with e=e(u), é=e(u) and we put
ep(t,z) := e(g(t,r)). Lemma 5.3.1 applies to /W(t,x,e, z) = % +]z]* . Hence
estimate (5.15) and Holder’s inequality with p = 2 yield

) / W(t, z,e,2) — W(t,z,¢é2)dz|
Q

< Cey LU 2 [le—él 12 + CLUR)+E(t, @) +E(t, )2 ||2—2]| 2
< O(14e) (LY +2E,) 7 (le—e| 2 + |2—2] 2) ,
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where Vz and VZ vanish because of d;. Holder’s inequality for p = p and (5.10b) lead to

/ | tr(etep(t, o)) P—| tr(é+ep(t, ©))|P dz| < Cic, (LUQ)+2E) "7 |tr(e—é)|,, . (5.27)

Adding these two estimates and putting C' := (C’%—C'4)(1+cg)(£d(§2)+2E*)pTT1 results in
0:E(t, a)=0E(t,d)] < C(lle—ell2 + [[tr(e=e)ll 1o + ll2=2ll22) < Cllg=llvy, for k=0 or 1.

The uniform convexity inequality (5.26) (for j = 1) together with Theorem 5.2.1 leads
to the following temporal regularity results:

q € Cl/@—l)([o, T], Vw) N Cl/(max{p,i%}—l)([o’ T], Vu)

for all energetic solutions of (Q, &, D), i.e. the largest Holder exponent we can reach is 1/2.

The result can still be improved by strengthening (5.27). For example, for 2 < p < 4 we
have

0 / | tr(e+ep)|P—|tr(é+ep) P dx
0

< / C (14| tr(e+ep) |+ tr(é+eD)|)p_2| tr(e—é)|dz
QO

SCH1+|tr(e+eD)|—|—|tr(é+eD)|p_2HL2||e—é||L2 < C4cg(£d(Q)—|—2E) P ||q J1veo 5

where we first applied (5.20), then the Cauchy-Schwarz inequality, and finally the estimate
|| tr(é+ep)|[P2||r2 < C||tr(é+ep)||Lr, which holds for 2 < p < 4. Moreover, p—2 = 0
for p =2, so that the above estimate also holds for p =2. Thus, for p € [2,4] we obtain
Lipschitz continuity of ¢ = (u,2) : [0,T] — Voo = H}(Q; R?) x L2(Q)

Note that in the above examples it is not possible to reduce the powers 3 or p by esti-
mating ||VZ—V2||:Z3(Q) and ||tr(e—eé)|[”, by a lower norm, since the application of Hélder’s
inequality only changes the Lebesgue norm, but not its power: || Z|3, > £4(Q)~5|| 2|3,
Moreover, an interpolation || Z||z« < || Z]|9.]|Z]|}5° with 1 < r < ¢ < 3 and .= g+ e
even leads to larger powers. Furthermore, for p > 4 the term |[[tr(e—é)||}, in estimate
(5.25) cannot be dropped, as we did it with ||VZ—V,§||%3(Q), since it appears in the esti-

mates (5.27), (5.3.2) because of the time-dependent Dirichlet conditions.

Improvement of Temporal Regularity by Interpolation

In the following we demonstrate how additional regularity results can be obtained by using
two different spaces for ¥V and by subsequent interpolation. We consider

2
Wiz, e, z, A):= le+en(z)| +letep()|P+e +ep(z)[*+]AP+ 2> with 2<p<4
2(142(1—2))z
and E(t,u,z) := [, W(t,z,e(u),z,Vz)der — (I(t),u+g) with I € C'([0,T], H'(Q2)) and

Q ’
with g € H*(Q,R?), ep = e(g) modeling the time-independent Dirichlet conditions. The
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existence of energetic solutions can be proven in Q = {(u,2) € X' |z, < z < 1 in Q} with
X = {ue HY(Q,RY) |e(u) € L*(Q, R, 4 =0 on I}, } x WH3(Q).

The previous examples show that energetic solutions ¢ = (u, z) : [0,7] — Q have the
temporal regularity

u € CP([0, 7], H'(Q,RY)) n V=D ([0, 7], WH(Q, R)) N C3([0, T], WH(Q, RY)),

z € CH([0, 7], L*(2)) N CY2([0, T), WH¥(Q2)) -
We have u(t) € HY(Q,R)NWH(Q,RY) for all ¢ € [0,7] and hence u(t) € WhH4(Q,RY)
for all 2 < g <4. Applying the interpolation theorem with % = g + (1%40) we obtain that

() lwragoze) < ()% 0z (013 2yg gy and hence

1-6) 16
lu(s)=u() lwra@za < lluls)=u(®)l|f @z ()~ Hope < Cls — €5 .

8—p
P 3p
which satisfies h > :nTl for all p € (2,4). Thus we have obtained by interpolation that

ue CEP/ER ([0, T], WH(Q,RY)).

In particular, if ¢ = p, we have § = 22 and the new Holder exponent h = Q—I—% =

5.3.3 Examples from Other Applications

In the following we apply the results of Section 5.2 to rate-independent models for plasticity
and phase transformations. All these models use quadratic energy functionals. For all of
the applications we may consider the dissipation potential

R(v) = /QR(U) de with R: Rg;n‘fdev [0,00), R(v) = |v], (5.28)
where ngxrffdev ={AeR™|A=AT trA=0}.

We will obtain that V = Q in these settings, that « = 2 and = 1, so that energetic so-
lutions are Lipschitz continuous with respect to time. This regularity is in good accordance
with the results proven in [MT04].

Linear Elasticity Coupled with Kinematic Hardening

In the framework of plasticity the state ¢ = (u,z) is given by the displacement field

u: ) — R? and the plastic strain z : Q — R‘Siyxnil Jev- We consider a density of the form

Wi(e(u),z) := %(‘cr(e(u)—z))2 + ple(u)—z|* + §|z\2 , (5.29)

where A, 1 > 0 are the Lamé constants and K > 0 denotes the hardening parameter.
Using a binomic formula one obtains that the three components of W satisfy the following
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convexity inequalities

(trawg)* =0(tr wy)>+(1-6) (tr wo)? —0(1—6) (tr(w; —wp)) *< O(trwy)? + (1-6) (trwp)? (5.30)
|wg|?= 0w |? + (1—0)|wo|> — O(1—0) |wi —wo|? < Owy|> + (1—0) |wo|? (5.31)
|22 =0]21 % + (1—0)|20]* — 0(1—0)|21—20|* < O|21]* + (1—0)]20? (5.32)

for all (ug, 20), (u1, 21) € R>*IxR>4 all§ € (0,1), w; := e(u;)—2; and wy := Gwi+(1—0)wy.
Since the term comprising the work of the external loadings is linear, the energy functional

E(t,u,z2) = [, W(e(u + g(t),z))de — (I(t),u 4 g(t)) is strictly convex with respect to
(u z) € Q = {u € HY(QRY |4 = 0on I, } x L2(Q,R™9). Moreover we verify that
the energy functional satisfies the assumptions (5.4a) and (5.4b) of Theorem 5.2.1 for
l e Cl([O,T],H_l(Q,Rd)) and g € Cl([O,T],Hl(Q,Rd)) with ¢ := ||l||Cl([O,T},H*1(Q,Rd)) and
cg:=gllcr(o,m,11 (0,re))- We calculate that

0&(t, q) Z/Qk(tr(e(qug(t))—Z) tre(g(t)+2u(e(utg(t)—2)  e(9(t))) da
—(I(t), utg(8))=(U(1). §(1)).-

With Hoélder’s inequality and ¢; = (u;, z;) € Q, i=0, 1, we get Lipschitz estimate (5.4b), i.e

|0E(t, 1) =DE (t, q0)| < (A+2p)eq + ) (lua—uoll i (@ra) + 121—20 2@ mexay) -

To prove the uniform convexity inequality (5.4a) we apply estimates (5.30)-(5.32) on W to
gain a convexity estimate on £ by integration. Moreover the triangle inequality and Korn’s
inequality yield

lur—uo||Fn — |21 — 20[|72 . (5.33)

1
2CK

1
[wi—wollZz > S lleu)—e(uo) 72 = 21 = 2072 >

Thus, if 1 < K (see equation (5.29)) the following uniform convexity inequality holds
Et,qe) < OE(t, q1) + (1-0)E(t, qo) + 0(1=0)c. (lur—uoll 1 @)+l 21— 20| L2 (2 maxa )

for ¢, := min{p/(2Ck), (K—p)}. The uniform convexity inequality for £(¢,-) + D(z,-)
holds true due to the 1-homogeneity of D.

Thus we have V = Q = {a € H'(Q,R?) |@ =0 on I},,} x L2(Q,R>?), o =2 and § =1,
so that an energetic solution satisfies ¢ € CL7([0, 77, Q).

Elasto-plasticity with Cosserat micropolar effects

We consider the energy density
W(u, Q,2) = ple(u)=2|* + pe| skew (Vu—Q)|* + 3| tr Vul* +~|VQ[*,
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where the plastic strain z € ngxridov is the inner variable and where @) € R;ﬁ;ﬁv denote the

micro-rotations. Here, RY? :={AcR>?| AT =—A}. Similar to estimates (5.30)-(5.32) we
find that

| skew vg|? = 0] skew v1| + (1—0)| skew vy| — 0(1—0)]| skew (v, —vp)|?

5.34
< 0| skew vy | 4 (1—0)| skew vy , (5:34)

where v; := Vu;—Q; and vy := v, + (1—0)vy for all (u;, Q;) € RTx RY? i=0,1, and

skew?
all 0 € (0,1). Again we assume that the plastic deformation is driven by the external

loadings [ € C*([0,T], H*(Q,RY)) with ¢ := |[l||c1(o,77,7r-1(,ra))- Moreover we consider
time-dependent Dirichlet data g€ C'([0,T], H*(Q,R?)) with ¢ :=|\g|lc1(o,7),7r2(0,r1)), Since
we also impose Dirichlet conditions on the micro-rotations by @, (t):=skew Vg(t) such as
e.g. in [NKO8]. Thus we have E(t,q) := [, W((u+g(t), Qq+Qqy(t)), z) dz—(I(t), u+g(t)) for
the state ¢=(u, @, z) and the partial time derivative is given by

DE(t,q) = / (2ule(utg(t)—2) : e(G(O)+27V(Q+Q,(1)) : VO, (1)) d
" / 2he(skew (V (u+(8)) ~(Q+Q, (1)) : (skew(Vg(H) =@, (1)) da
T / (At ¥ (utg(1))) tr V(1)) da—(i(t). wta(6) —(1(2), (1))

As in the example of kinematic hardening we find with the aid of Holder’s inequality that

|8t5(t7 QI)_atg<t7 QO)|
< (2ueg+2vycq+ApccgtAcgter) (lur—uol i+l 21— 20| L2+ Q1 —Qol 1)

where we simply included the missing terms ||u1—uol| L2 re), [|VQ1—VQol| 20 rexa). Hence
B =11in (5.4b).

Using estimates (5.30)-(5.34), applying Poincaré-Friedrich’s inequality on ||Q| z: and
assuming that p. < v/(C%) allows us to verify convexity inequality (5.4a) for the constants
a=2, c,:=min{p/(2C%), p, (v/C%)—p.} in the space V = Q given by
V={uec H (Q,RY) | 4=0 on I, } x{Q € H'(Q,RYL) | Q=0 on I, } x {z€ L*(Q, R4 |},

skew sym,dev

Therefore any energetic solution satisfies ¢ = (u, Q, 2) € CLP([0,T], Q).

The Souza-Auricchio model for phase transformations in shape memory alloys

In the context of phase transformations in shape memory alloys the internal variable
z: 0 — Rg;n‘idev is the mesoscopic transformation strain reflecting the phase distribution.
The dissipation distance, which measures the energy dissipated due to phase transforma-

tion, is assumed to take the form D(z, 2) = o[|z—Z||L1(q) With ¢ > 0.
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The phase transformations are considered to be thermally induced. For a body that
is small in at least one direction, it is reasonable to assume that the temperature ¢ €
CH([0,T], H'(Q)) with Cy:=||9||cr(jo,r),11() s a priori given, since it influences the trans-
formation process like an applied load, see [MP07, Aur01]. With F'(u, z) := (e(u), z, Vz),
the energy density therefore takes the form

1 o
W(F(u,z),0) = §(e(u)—z) :B(9) : (e(u)—2) + h(z,9) + §|Vz|2
with the constant ¢ > 0 and the elasticity tensor B € C'([Jmnin, Umax), REOD*@*D) heing
symmetric and positive definite for all ©J. This means that there are constants ¥, c5 > 0
so that ¢P[A* < A:B: A< G|A]? for all A € R and ¢ == ||B|q1
The function h : R>? xR — R is given by

sym,dev

h(z,9) = c1(9)v/02 + |2 + c2(9) 2] + %(|z\—03(1§‘))i :

where § > 0 is constant and ¢; € C([Iin, Imax]) With 0 < ¢} < ¢;(9) for all ¥ € [Uimin, Vmax)
and ¢ := ||¢i||c1 (9 0man)s ¢ = 1,2, 3. Here, ¢;(¢9) is an activation threshold for the initia-
tion of martensitic phase transformations, c5(1)) measures the occurrence of an hardening
phenomenon with respect to the internal variable z and c3(¢) represents the maximum
modulus of transformation strain that can be obtained by alignment of martensitic vari-
ants. Furthermore (f), := max{0, f}. For given data [ € C1([0,T], H*(Q, R?)) as well as
g € CH[0,T], HY(2,RY)) the energy functional is defined by

min,¥max],R(@xd)x(dxd))-

E(t,q) = /Q W (F(utg(t), =), 9) dz — (I(t), utg(t)).
Hence we have
0E(t,q) = /Q (0.W (F(u+tg,2),9) : e(§)+0 Oy W (F (u+g, z),9)) dz — (I, u+g) — (I, §) with

OW (F(utg,2),9) : g = (e(utg)—2)B():e(g),
0 Oy W (F(utg,2),9) =0 ((e(utg)—2):09B(0):(e(utg)—=2) + Ih(V, 2)) .

To gain a Lipschitz estimate for 0,€(t, ) for the present model it is important that Theorem
5.2.1 is formulated for energy-sublevels Lg, (t) = {q € Q| E(t,q) < E.}, since this provides
the bound ||w;||gr+] 2|1 < Cg,. Thus for all (ug, 20), (u1, 21) € Lg, (t) it holds

/Q|19(e(u1—u0)—(21—20))1&9133(?9)1(€(U1—Uo)—(21—20))| dz
<Cyc(Jle(us—uo)l| 2+ 21— 20l 12)
SC&C}E(Z lle(ua)ll 24112l 2) (lle(ur—uo) || 2+l 21 =20  22)

=0
<20, Cocy (|lur—uol| 1+ 2120l 22) -
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Furthermore the application of the main theorem on differentiable functions yields

}\/52+|21|2 \/52+|Z()|

| < lz1—20l,
| < 2(Jz1]+]20])|21—20],
| <

2(|21]+20])?| 21— 20l

||z1| —|Zo|
(211 =e3(9))3 = (|20 —e3(9))%

so that

~c3CE,) < Cyllz1—20| 12

6
/ 90 (0, 21) =00k (9, 20)] < lz1—20|1s (€] +2(LH(Q)C,)oe) + =
Q

with C, := £4(Q)2 (c”f+2(£d(Q)C'E*) 25+ 3¢5Cp, ), where £4(Q2) denotes the d-dimensional
Lebesgue-measure of 2. Therefore Lipschitz estimate (5.4b) holds true with § = 1 and
C, = (é* + 2CE*C§CIS + C]S)Cg + Cl).

To verify that W is uniformly convex with respect to F'(u,z) we proceed as in estimate
(5.31). Hence we calculate that

wy:B(9):wp < 0wy B() w4 (1—0)wo:B(9):wo—0(1—6)cF |wy —wo|?

for wi=e;—z; with (e;, z;) € RE x Rg;n‘fdev, = 0,1, wy = 0wy + (1—0)wy with 6 € (0,1).
Here, a binomic formula and the positive definiteness of B(1)) for all ¢ were applied. The
uniform convexity of the gradient term is already stated in (5.32). We now show that
h is uniformly convex. We immediately see that hy(z) := (62 + |2|2)2 is convex in z.
Furthermore, since hy(2) := (|z| — ¢3(19))3 is the composition of the monotone function 2
and the convex function (-),, we conclude that also hs(z) is convex in z. Additionally we
obtain with similar calculations as applied for the other quadratic terms that hy(z) == |2|? is
uniformly convex. Since ¢;(9) > ¢} > 0 for all ¥ € [Upin, Vmax) and i = 1,2, 3 we have proven
that A is uniformly convex in z with h(zg, ) < 0h(z1,9)+(1—0)h(z, 9) —O0(1—0)ch| 2 —20)?.
Summing up all terms and taking into account all prefactors yields a uniform convexity
estimate for W, which leads to

B
E(t, a0) OE(t, q1)+ (1-0)E (1, g0)—0(1— e)( 1 ||w1—wo||L2+—||v<zl—zO>||Lz+c2||zl—zO||Lz)

For this we have used that the term describing the work of the external loadings is linear
in u. By estimate (5.33) and the assumption (c} — (¢¥/2)) > 0 we conclude that (5.4a)
holds for a = 2, ¢, := min {¢}/(2C%), 0 /2, (c3— (cB/Q))} and the space

V=0={ie H(QRY)|a=0onL,} x {Ze H(Q,R¥> }.

sym,dev

Thus any energetic solution ¢:[0,7]— Q is Lipschitz continuous with respect to time, i.e.
g € C¥7([0, 7], Q).
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Chapter 6

Conclusions and Outlook

This thesis is concerned with the analytical study of rate-independent damage and de-
lamination processes in their energetic formulation. The main results are deduced in the
Chapters 3-5.

In Chapter 3 the existence result of previous work [MRO6] is extended to a larger class
of models describing partial, isotropic damage processes in physically and geometrically
nonlinearly elastic materials. While the existence proof in [MRO06| requires damage vari-
ables z € Wb(Q) with r > d (for Q C RY) the existence theorems 3.1.1 and 3.2.7 cover
all exponents r € (1,00) at small and finite strains respectively. This extended existence
result is obtained by a new technique for the construction of a joint recovery sequence, see
Theorems 3.1.14 and 3.2.13 respectively.

The existence result for the small strain setting is used in Chapter 4 to deduce a de-
lamination model as the I'-limit of models describing the partial damage of the middle
constituent of a three-component-sandwich-structure as the thickness of the middle con-
stituent is flattened to 0. As an important result it is obtained in Theorem 4.2.2 that
transmission conditions and unilateral contact conditions, which define the interface and
the crack in the limit model, result from the nature of the partial damage models. With
the convergence theorems 4.2.1 and 4.3.4 it is proven that the delamination model obtained
in the limit is indeed the one discussed in [RSZ09], which is based on the contact-with-
adhesion-model proposed in [Fré8s].

In Chapter 5 the temporal regularity of energetic solutions is investigated. Theorem
5.1.2 provides the temporal continuity of energetic solutions in the case of jointly strictly
convex energy functionals (¢, ), which is similar to the results of previous work [MT04],
whereas Theorem 5.2.1 on the temporal Lipschitz and Holder continuity due to the uni-
form convexity of the energy functional £(¢,-) establishes an important extension of the
respective results in [MT04]. While [MT04] requires the uniform convexity of £(¢,-) on the
entire state space Q and restricts this kind of convexity more or less to quadratic energy
functionals leading to the temporal Lipschitz continuity of energetic solutions, it is shown
in Chapter 5 that non-quadratic energy functionals can also satisfy uniform convexity in-
equalities on energy sublevels with respect to a bigger Banach space V D @, which lead
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to the temporal Holder continuity of energetic solutions. Moreover it is demonstrated in
Section 5.3.2 that the temporal regularity essentially depends on the space V and that
the regularity of the separate state components can be improved by considering different
spaces V.

Since Chapter 3 only ensures the existence of energetic solutions g = (u, 2) : [0,7] — Q
with z € Wb (Q), where r € (1,00), cf. formula (3.3), it would be of interest to treat the
case r = 1 as well. The Banach space W11(Q) is not reflexive. This requires the use of a
larger Banach space, namely the space of functions with bounded variation BV ().

The convergence which has to be considered in this setting, is the weak*-convergence in
BV (Q), i.e. by [AFP05, Definition 3.11] this means

2 — 2 in LY(Q),

2z — zin BV(Q) & { Jo v dDz, — [, dDz for all € C(Q),

where Dz, and Dz are the distributional derivatives of z, and z respectively, which are
represented by finite Radon measures. By [AFPO05, Proposition 3.13] the convergence
2 — z in BV(Q) is equivalent to (z;)gen being bounded in BV () and converging to z
strongly in L'(Q).

The main difficulty to prove the existence of energetic solutions for damage variables in
BV (Q) then lies in the construction of a joint recovery sequence (Uy, 2k )ren, see Definition
3.1.12, where 2, € BV (Q) and 2, — 2 in BV(Q). Using the definition of BV -functions

ve BV(Q) <« sup{/vdiv¢dx|¢ECi(Q,Rd),|<Z>|§1}<oo,
Q

where C!(©2,R?) denotes the C1(£2, R?)-functions with compact support, it is easy to see
that 2, := min{Z — 0y, 2z} € BV(Q) for all 2,2, € BV(Q) and ¢, € R. Moreover, for

o = ||z — Zk||§1(g) we can verify that Z; — 2 in L'(€2). But it has to be checked whether
D2z, can be expressed by Dz and Dz, i.e. whether the composition lemma 3.1.13 can be
adapted to BV -functions. If not so, the methods of Step 2 in the proof of Theorem 3.1.14
are not applicable and a completely different construction of Z; must be developed.

The results of Chapter 4 allow to approximate a delamination model by models de-
scribing partial isotropic damage. This means in particular that the two local conditions
[u-n;] > 0 and zJu] = 0 a.e. on the interface I, (see (4.60)) can be approximated by
the nonlocal terms fﬂ% Wy(e(ue), 11¢z.) dz + fQD BVeze|" + 6fev 1) dy, see formula (4.1) and
(4.2). Since the local transmission and noninterpenetration conditions are difficult to im-
plement numerically, it might be advantageous to use the approximating damage problems
for numerical simulations instead. Therefore it is of importance to propose an algorithm for
the numerical computation of the approximating problems and to perform the numerical
analysis for this procedure.

Up to now the simultaneous convergence of the damage models to the Griffith-type
delamination model could only be verified if p > d, i.e. if [u] is continuous. This was
required for the construction of the joint recovery sequence when passing from gradient
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delamination to Griffith-type delamination, see Section 4.3, in particular Lemma 4.3.1
and Corollaries 4.3.12, 4.3.13. To extend the convergence result to p € (1,00) would be
challenging, since it requires a new ansatz to prove the Conjecture 4.3.10.

Moreover, Chapter 4 only treated the convergence of the partial damage models to the
delamination model in the small strain setting. Since Section 3.2 also provides the existence
of energetic solutions for the partial damage model at finite strains it is of interest to
investigate the convergence also in this setting. In particular it has to be studied whether
the noninterpenetration condition [u-n;] > 0 can be gained with a polyconvex energy
density, since making W, in (4.2) polyconvex requires to replace (—eq;)™ by (—trV)*.
In view of Ad 2.(c) in the proof of Theorem 4.2.2 it is unclear whether this replacement
enables us to prove the noninterpenetration condition.

In delamination problems it seems to be physically reasonable to allow for friction on
the crack surfaces. This would require to include a friction law to the delamination model
(4.58)—(4.62).

Delamination admits movements of originally bonded material points z € It relatively
to each other. But the points forming the opposite crack surfaces may hinder each other in
moving, which can be described by Coulomb sliding friction. This type of friction occurs
if the relative velocity of the opposite crack surfaces is nonzero. If the relative velocity
becomes zero again, then Coulomb static friction takes place, which can be understood
as another kind of adhesion. Therefore it might be reasonable to change the dissipation
potential capturing the energy dissipated due to delamination R(Z) from (4.62) e.g. to

Jo—#2—2)dz if2<0o0rz=0,
00 otherwise,

Riz.2) = {

which would allow for an increase of adhesion if z = 0, so that static friction is included.

This extended delamination model including sliding and static friction at finite strains
might even be used to model the contact of tectonic plates in order to predict earthquakes,
since the movement of tectonic plates can be interpreted as quasistatic. With this extended
model an earthquake would be most likely in those regions of two tectonic plates in contact,
where z = 0 and where the relative velocity of points in this contact zone is nonzero.
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