TESI DI DOTTORATO

DAVID SARROCCO

Evolution of microstructures for a damage model

Dottorato in Matematica, Roma «La Sapienza» (2014).

<http://www.bdim.eu/item?id=tesi_2014_SarroccoDavid_1>

L’utilizzo e la stampa di questo documento digitale é consentito liberamente per motivi di ricerca e studio. Non
& consentito 1’'utilizzo dello stesso per motivi commerciali. Tutte le copie di questo documento devono riportare
questo avvertimento.

bdim (Biblioteca Digitale Italiana di Matematica)
SIMALI & UMI
http://wuw.bdim.eu/


http://www.bdim.eu/item?id=tesi_2014_SarroccoDavid_1
http://www.bdim.eu/

SAPIENZA

UNIVERSITA DI ROMA

DIPARTIMENTO DI MATEMATICA
“Guipo CASTELNUOVO”

Scuola di dottorato in Scienze Astronomiche,
Chimiche, Fisiche e Matematiche “Vito Volterra”

Dottorato di Ricerca in Matematica — XXVII ciclo

Evolution of microstructures
for

a damage model

Candidate Thesis Advisor
David Sarrocco Prof. Adriana Garroni

ANNO AccADEMICO 2013-201/



Abstract

This thesis is devoted to the analytical study of rate-independent damage process in physi-
cally linearly two-phases elastic materials. The study is done through an energetic approach
with particular attention to threshold properties. The evolution of the systems is driven by
an external force f(¢) or by a time-dependent boundary conditions g(¢) that can produce
deformations and damage of the material, which physically means a weakening of elastic
properties. We associate to the system an energy &£, which consists in the elastic internal
stored energy of the material and the amount of energy generated by external loadings (with
an inertial term in last chapter), and a dissipation D, which represents the amount of energy
dissipated when changing from a damage configuration to another. The notion of solution that
we consider is the quasi-static evolution (q.s.e.) which means a couple deformation-damage
that for each time satisfies a minimality condition among all the admissible competitors, an
energy balance and an irreversibility property of the damage.

The main interesting point related to the considered model is given to the possibility to com-
bining efficiently quasi-static evolution with non classical problem as homogenization, both
in the (quasi)static case and in the dynamic framework. Moreover for this model we can
also give two different natural notion of evolutions, based on an energetic criterion and on a
threshold one.

The main original results of the thesis are the following:

o Quasi-static damage evolution and homogenization, existence and convergence results.
We consider a family of g.s.e. for oscillating energy E° and dissipation D® describing a
mixture of two one-dimensional elastic two-phase materials. We show that this family
converges to a q.s.e. related to the I'-limit of E° 4+ D® (which is shown to be different
from the sum of the I'-limits, but nevertheless interpretable as sum of an energy Fjom
and dissipation Dp,,,). Moreover we characterize the limit relaxed evolution as the one
corresponding to a double-damage material (i.e. homogeneous material with two possibil-
ity of damaged states and related dissipations). This results contribute to the analysis of
interaction between I'-convergence and q.s.e..

This is treated in Chapter 2.

e Quasi-static damage evolution for a perimeter-regularized energy, convergence result.

We consider the energy and dissipation for a linear two-phase isotropic elastic material
with penalization given by the perimeter of the damage. We show that in case that the
penalization goes to zero, the qg.s.e. of the system converges to a q.s.e. for the relaxed
energy according to the definition given in [43], and moreover that some threshold prop-
erties are satisfied. This results contribute to the study of the interplay between q.s.e.
and homogenization and show the stability of the threshold solution defined in [43] w.r.t.
singularity perturbations.

This is treated in Chapter 3.

o Dynamic evolution of the damage through energetic and threshold approach.
We consider the energy and dissipation for a linear two-phase isotropic elastic material for
discrete time with a kinetic (inertial) term given by discretization of the second derivative
(in time) of the deformation. We show that the limit (in the time step) of minimizing
sequences satisfies the monotonicity of the damage, an energy inequality, a threshold con-
dition and a “relaxed” elasto-dynamic equation. Moreover starting directly from the mo-
mentum equation for the system and considering damage obtained, step by step, through a
threshold condition, we show that, also with this approach, the limit solution of the equa-
tion and the limit of the damage satisfy a “relaxed” elasto-dynamic equation. We stress
that there is no viscosity term in the model which usually helps for the limit passages.
This results contribute to the study of the homogenization process in a dynamic frame-
work.
This is treated in Chapter 4.
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Introduction

In nature when an external force acts on a material it can produce some modifications

to the state of equilibrium of it, producing effects as damage, fracture, phase transitions or
plasticity. Our interest is in the damaging of an elastic material, where elastic means that when
the external forces disappear the body goes back to its original position without maintain
permanent deformation. Usually we can think at damaging as a process that modifies the state
of a region of the body weakening its properties but without producing a macroscopic fracture
on it. We can imagine that fractures can happen at a microscopic level breaking connections
between different particles but at a macroscopic level if these microscopic fractures are not
so frequent we will see in that region just a weakening of the material. The interest in these
problems is to describe how the damage (or the fracture or other relevant properties of the
material) changes during the time.
Historically the necessity of a damage theory came from an engineering environment and
started as phenomenological observations (see [48], [54] and [55]) to try to describe (and
hopefully) predict the evolution of the damage as tool for mechanical engineering applications.
In the framework of the damage of an elastic material it is postulate that there exists a space-
time internal scalar (or vectorial) variable of the model 0(x,t) which usually corresponds to
a characteristic function or a density function of the damaged set. It describes the ‘amount’
of damage at the point € Q C R™ (with n = 1,2, 3) of the material (occupying the bounded
region 2) at the time ¢ > 0 and it is considered intrinsically part of the system through the
tensor A(z,t) according to a constitutive relation

Az, t) = A(0(x,t)).

The choice of the function A(Q) is a matter of great debate and can take different forms
depending on the assumption made on the system although it must reflect the physical idea
that greater is the damage (i.e. increasing 6) then weaker is the material (i.e. decreasing is

A). In the case of small strains of the material the response of the material is assumed to
follow the linear Hooke’s law which leads to the linear elastic internal energy density

W(e) = % > Ajjucijer; (0.0.1)
ivgikil
where A € F(a, 5) which is the set of the 4-th order bounded symmetric tensors (see (1.2.15)
for scalar definition), and e(u) denotes the linearized strain tensor
e(u) = (Vu)T + (Vu)
2

with

u:Q—R"™ m=123,
the displacement of the material.



From thermodynamics it is classical (see [44]) to write a constitutive law that relates the
thermodynamic forces

F = —%W(e,ﬂ)
to a dissipation potential D = D(0(t)) (which represents the energy density dissipated when
changing from a damage configuration to another because of external loading) by the subd-
ifferential relation

F(t) € 9D(0(t))
for each point of the domain 2 C R" .
The processes in which we are interested are the ones called rate-independent processes
namely the processes such that with a reparametrization of the time we obtain just the
time-reparametrized evolution of the damage and deformation, i.e., the evolution doesn’t
depend on the welocity of the external loadings . This physical property is mathematically
expressed requiring that the dissipation potential is 1-homogeneous in the velocity of the
damage variable, i.e.

D(ab(t)) = aD(O(t)) if 6(t) >0, (0.0.2)
with o > 0, while, imposing also that
D((t)) = oo if B(t) <0 (0.0.3)

we recover the physical non-decreasing property of the damage. A way to study the evolution
of the displacement and the damage of the material (due to external loadings f(¢) on the
domain and/or to boundary condition g(t)) is to assume that at each time the material
reaches the elastic equilibrium and so satisfies the Euler-Lagrange equation related to the
energy density. In so doing the analysis of the evolution of the displacement and damage
becomes to find a pair solution (u(t),6(t)) of the problem

{ —div (LW (e(u(t)),0(t))) = f(t) € (0.0.4)

— W (e(u(t)), 6(t)) € ID(6(1)), 6(0) =6y

where u(t) satisfies some boundary conditions (in case depending on time through a function
g(t)). From a classical standpoint, this model requires great regularity and to be solved it is
necessary to introduced some regularization in the form of the gradient of the damage variable
(see [41, 39, 47, 53]). On the other hand in the last decades another powerful approach for
rate-independent processes to study damage evolutions (but also other processes as fracture,
plasticity and phase transition) was introduced in [66, 67] and it is based on an energetic

formulation instead of a partial differential equations approach which leads to the definition
of Quasi-static Evolution. The idea is to associate an energy £(t,u, ) to the system

E(t,u,0) = /Q Wz, Vu, 0(x))dz — (I(£), u) (0.0.5)

where [(t) = f(t) 4+ g(¢), and a dissipation potential satisfying (0.0.2)-(0.0.3). Then a dissipa-
tion energy is introduced as

t1 X
Diss(6, [to, 11]) = / / D, 0z, 1), 0(z, £))ddt
to Q
with a dissipation distance between two damage states

D(6p,0:1) = inf{Diss(6,[0,1]) : 6 € C*([0,1] x Q), 6(0) = by, O(1) = 61},

and by this looking for a quasi-static evolution defined as follows:
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DEFINITION 0.1. A pair (u(t),6(t)) : [0,7] — Q := F x Z, with F and Z Banach
spaces (e.g. Hi(Q) x L>=(1)) is called Quasi-static Evolution of the rate-independent problem
associate to an energy £ and a dissipation distance D if it holds

e Minimality property: For all ¢ € [0, T] and all admissible competitors (i, 0) € Q
we have

E(t,u(t),0(t) < E(t,,0) +D((t),0) (0.0.6)
e Energy Balance: For all t € [0,7] we have

t
E(t,ult), B(t)) + Diss(6,[0,1]) = £(0, u(0), 6(0)) — / (i(s), u(s))ds 0.0.7)
0
e Monotonicity: The damage variable 6(t) is increasing in time, for each x € Q.

For a more general abstract framework see [57] and [60, 66, 68] in which it was shown
that the quasi-static formulation can be derived from the mechanical one given by (0.0.4)
satisfying properties (0.0.2)-(0.0.3), and that, with appropriate convexity hypothesis on the
energy density, the two formulation are equivalent. The energy model that we consider in this
thesis is the one proposed in [33] (see (0.0.11) below) where the simplest density dissipation
potential satisfying (0.0.2)-(0.0.3) is taken, i.e.

D(s):=ks with s>0, and D(s):=o0 with s<0 (0.0.8)

with k£ the dissipation constant. Although this is a very simple model, it allows to study
g.s.e. in which complex processes can occurs as homogenization and (at least in the one
dimensional case) it is possible to make explicit computations. Moreover, as will be clear, the
(homogenized) q.s.e. from this model neither need to impose an a-priori form for the elastic
matrix nor a particular microstructure for the damage must be prescribed at the beginning.
The notion of quasi-static evolution does not require the solutions to be smooth in time
and space and, moreover, such energetic approach allows for the usage of the powerful tools
of the modern theory of the calculus of variation, such as lower semi-continuity, quasi/poly
convexity, non-smooth techniques and, as we will see, to study homogenization processes
through G — convergence notions. All this tools have been much more adequate to study
many mechanical system and by this energetic approach of rate-independent process has
been developed for a variety of evolution problems in the material science as for damage
([33, 35, 43, 65]), plasticity ([22, 25, 59, 71]), fracture ( [26, 28, 34, 36]), phase transitions
([5, 6, 37, 49, 67]) but also for the interplay between damage and fracture (e.g. [10]) and
between fracture and plasticity (e.g. [29]).

The usual strategy to obtain quasi-static evolution for rate-independent materials is through
the resolution of time-parametrized minimization problems: the first part is to perform a step
by step minimization of the total energy, then let the time-step go to zero and show that the
limit of such minimizing sequences satisfies the assumption of a quasi static evolution. More
precisely, it is considered a space Q of all possible configurations of the system, the energy
functional £(t, ¢) with the associated dissipation distance D(q1, ¢2) and, given an initial datum
qo € Q and a time step 7, the first part consists in solving for each j = 1,2....|T/7]

min{E(jT, q) + D(q, qj-1):q€ Q}. (0.0.9)

with ¢j := qo, which can be done, for example, applying direct methods.
Then a piecewise-constant trajectory ¢ (t) is usually defined by

q’'(t) =qj if t € [j7,(j + 1)7),
and taking its limit in 7 (by some compactness property) the idea is to show that it satisfies

a minimality property, an energy balance, and some monotonicity property, namely, it is a
quasi-static evolution.



In this thesis we follow this fruitful approach to study a model for rate-independent damage
process in linear two-phases elastic materials and homogenization effects that can arise.

We focus our analysis considering a bidimensional isotropic material (i.e. such that for each
point the elastic properties are the same in each direction) whose deformation is permitted
only in the orthogonal way of the domain of such material (antiplane case).

The damaged region D is characterized by the matrix af, with o > 0 and I the identity
matrix in R?, while the undamaged region by the matrix 8I, with 8 > a and hence the
elastic properties of the material are described by the matrix

op(@) == alxp(x) + BI(1 — xp(x)). (0.0.10)

This model for a brittle damage of a material with two phases (not necessarily isotropic)
in the vectorial case was introduced by Francfort and Marigo in [35] (and then numerically
implemented in [1] and [2]) in which the dissipation is given by (0.0.8).

In the scalar isotropic case their total energy takes the form

Eioi(t,u, D) := ;/ op|Vul?dz — (f(t),u) + k|D| (0.0.11)
Q

where f(t) € H-(Q) and (-, -) is the duality between H~! and H}.

The evolution according to such energy and dissipation describes a damage process with a

non-decreasing damage zone, driven by the external force f(t) and the competition between

the internal energy, which is characterized by the elastic matrix in (0.0.10) which is lower

in the damaged region D, and the dissipation, which accounts for the amount of damaged

material.

We remark that minimize (0.0.11) in (u, D) is equivalent to minimize in u the energy

Ero(u) = % /Q W(Va)dz — (f(£), u) (0.0.12)
with
Lol
W(e) = min{L8¢%, Lag? 4 k)

and since W (§) is not a convex function (neither quasiconvex in the vectorial framework of
[35]) it implies that during the minimization process we need to relax the problem. This was
exactly the most important point noticed in [35] where Francfort and Marigo showed that
in this case (without further restriction on the damage set) we can not expect time per time
a well localized damage region but, in the process of minimization (at the first time step!),
the material could prefer to create a finer and finer mixture of the damaged and undamaged
region.

In the multi-dimensional case the right framework for the relaxation is that of the G-
convergence for the coefficients op (see [35], [33] and [43]), and this will be treated in
Chapter 3 and Chapter 4.

In Chapter 2 we focus on the one-dimensional evolution case (driven by a time-dependent
boundary condition ¢(t)) for which weak evolution can be easily expressed in terms of the
weak limits of characteristic functions xp and for which it can be seen it is always possible
to construct strong evolutions of the form (u(t), D(t)) and we explicitly compute this kind of
solution. In particular we will treat a heterogeneous case, with a parameter depending energy
functional given by

gf(u,D):/Da(g\u’y?dm+/Q\D5(§)\u'\2dx (0.0.13)

5



associated to a dissipation term of the form

ﬁEU))::[;V(m)dx, (0.0.14)

3

where «, 8, and  are 1-periodic functions taking, for sake of simplicity, only two values so
that £° can be interpreted as describing a mixture of two materials with coefficients 51 and
B2 when undamaged, and 1 and as when damaged. In this case the same scheme adopted
in (0.0.9) can be followed. In so doing for fixed € it can be defined a quasi-static evolution
q- and after that the limit as € — 0 can be studied. Conversely, with fixed 7 and ¢, we may
consider discrete trajectories qJT-’E defined iteratively as solutions of

min{£(j7,0) + D*(0,4])) 1 a € Q} (0.0.15)

and take the limit as € — 0 first instead of 7. Under some coerciveness and continuity assump-
tions (that guarantees the possibility to apply the Fundamental Theorem of I'-convergence,
see Section 1.1) these trajectories converge as € — 0 to q;’o, which solves an effective limit
problem

min{F(jT,q,q;f)l) 1q € Q}, (0.0.16)
where F(-,q,t) is the I-limit of
g~ E°(t,9) + D°(q,9)-

with respect to the topology in Q. We underline that, while the properties of I'-convergence
easily imply the existence of a limit functional F' and the convergence of minimizers, the
actual form of F'(¢,-,¢) may depend in a non-trivial way on ¢, and is not immediately written
as a sum of an energy and a dissipation. After this passage as ¢ — 0, we can define the
piecewise constant functions

q(t) = ¢]" if t € [j7,(j + 1)7)

and again, using some compactness property, take the limit as 7 — 0 to obtain (up to
subsequences) a continuous in time limit ¢°(¢). In general it is not clear whether this last
trajectory ¢°(t) agrees with the effective energetic solution given by the limit of ¢°(¢). In other
words it is not obvious, and in general is false, that a quasi-static evolution related to an energy
and dissipation (depending by a parameter) converges to a quasi-static evolution for the I'-
limit of energy and dissipation. Mielke et al. [64] proved that this property of commutability
of I'-convergence and quasi-static evolution happens when £° and De separately I'-converge
to some £ and D and suitable additional assumptions are satisfied (as the existence of a
mutual recovery sequence (see Lemma 2.1. in [64] ) which in particular implies that

F(q,4,t) = £(q.t) + D(¢,q), (0.0.17)

and hence the limiting trajectory can be again regarded as an energetic solution. This however
is a restrictive hypothesis, and in general neither the form of the limit F' may be immediately
interpreted as the sum of an internal energy and a dissipation, nor we may deduce from the
I'-convergence of £° and D enough information on the convergence of their sum.

We will illustrate that for the energy and dissipation given in (0.0.13)-(0.0.14) we do have
separate I'-convergence, but the I'-limit of the sum does not agree with the sum of the I'-limits.
Nevertheless, the limit F' can be viewed as the sum of an internal energy and a dissipation
and the main result that we will prove is that the corresponding quasi-static evolution is the
limit of the quasi-static evolutions for £ and D¢. This result contributes to the analysis of
the interaction between I'-convergence and variational evolution which has recently attracted
much interest both in the framework of energetic solutions and in the theory of gradient flows
(see [4, 14, 16, 62, 63, 64]).



In Chapter 3 we will consider the energy in (0.0.11) in the multi-dimensional case for
which, as noticed, we need G-convergence tools. In [33] Francfort and Garroni showed (in the
vectorial framework) the existence of a relaxed form of the energetic quasi-static evolution
(see Definition 3.1 with Remark 3.2 in Chapter 3) for the relaxed functional of the energy
given in (0.0.12) which is (see [35, 38, 33, 70])

El(u) = ;/{)W*(Vu)dx — (f(t),u) (0.0.18)

with

X . . 1
W(€) i min ﬁI){QAéé + ko0}
where Gg(al, fI) is the so called G-closure of o and 8 with volume fractions 6 and 1 — 6
which is the set of matrices which represents every possible fine periodic mixture of healthy
material with proportion (1 —6) and of damaged material with proportion 0 (see Chapter 1).
As noticed, the necessity to relaxing the problem arises in the minimizing process at the first
time step and leads to consider density damage functions instead of characteristic functions
for damage sets. By this it is needed to decide how to impose the irreversibility of the damage
for the next time steps and how to impose the minimality condition. In this relaxed framework
the minimality condition at time ¢ considered in [33] was given in terms of adding further
damage to the material obtained at time ¢ by previous mixture process, i.e. it was expressed
by a couple (A(t),0(t)) minimizing the energy (0.0.18) with respect to competitors (A’,6")
with A’ € Gg/(al, A(t)). Moreover they proved that the evolution satisfying such minimality
condition can be approximated by a sequence of (increasing) sets D,,(t), such that

G .
alxp,@ +BI(1 = xp,w) — A(t) and  xp, @) — 0(1).

However in [43] was proved that D, (t) (or any such approximating sequence) does not have
good optimality properties, since if D], D D, (t) it is not generally true that the G-limit of
opy, is in the set of the competitors Gy/(al, A(t)) (see Remark 4 in [43]). By this a new
minimality condition (with larger class of competitors) was defined to take in account good
properties also for approximating set (see Definition 3.1).

The existence of a (relaxed) quasi-static evolution with this larger class of competitors for
the minimality condition is proved in [43] and moreover it is proved that this quasi-static
evolution is also a (relaxed) threshold solution, where by this they mean that the damage
satisfies a relaxed version of the following definition of Threshold solution (see Definition 3.4):

DEFINITION 0.2. The set function ¢ — D(¢) is a threshold solution if there exists a
scalar A > 0 such that
e Monotonicity: t — D(t) is increasing (in the sense that D(s) D D(t) if s > t);
e Threshold condition: given u(t) = u(t,z) the solution of
—div(opr Vv) = f(1),

we have [Vu(t)| < X in Q\D(t);

e Necessity of Damage:
-VE C D(T) with |E| > 0, and all At sufficiently small, 37 < ¢t — At such that
considering the solution v of

—div(op(rian\apVv) = f(T + At),

where AE := E N [D(t + At)\D(7)] we have |[Vv| > X in on a set of positive
measure of AE.



-If D(t) is not continuous at 7', then we also require that VE C D(T)\D(T~) with
|E| >0 and D(T™) := Ui D(t), the solution v of

—diU(UD(T)\EVU) = f(T)
satisfies
|Vou(z)| > A
in a subset of F with positive measure.

The first two properties are very clear, the last one needs an explanation: it is a condition

that codifies the fact that if a region has been damaged then there exists a previous time
such that if that region had not been damaged then it would be exceeded the threshold A in
a set of positive measure of the undamaged region.
The importance of a threshold approach is that it is, intuitively, more physical than the
energetic one because the evolution of the damage is not related to the energy of the system
(which can be something abstract) but it follows a computational criterion: in the region in
which the (gradient of the) deformation of the material exceeds a certain threshold then a
damage occurs. Moreover it is a local criterion so we don’t need to know the state of the whole
material to know if in some point the damage will happen. This approach seems to have a
natural extension in dynamic processes, and in Chapter 4 a definition of threshold solution
is investigated. Our starting point in Chapter 3 is to avoid, in the process of damaging,
the homogenization of the material (mixture of healthy and damage phase) and to this aim
we add in the energy a penalization for the damaged set to have a compactness property,
and, considering the relative (not relaxed) quasi-static evolution we study what happens in
the limit when such penalization term goes to zero. Precisely, we will start with the energy
(0.0.11) penalized by the perimeter of the damaged region

E2,(u, D) = ;/QJD|Vu]2dx— (F(t),u) + k| D| + ePer(D) (0.0.19)

where Per(D) is the perimeter given by the total variation of the characteristic function xp

Per(D) := sup {/ divedr : ¢ € CHS), |¢lleo < 1}.
D

The minimization problem for such energy (with ¢ = 1) was studied by Ambrosio and
Buttazzo in [3] where they proved the existence of a minimizer couple (u, D) where u turns to
be Holder continuous in space and D is (equivalent to) an open set. The space regularity of u
was improved in [56] and in [50] it was proved that, in the two dimensional case, components
of D have C! boundary.

The existence of a quasi-static evolution (without homogenization effects) for (0.0.19) was
proved in [80] in which a more general framework has been analyzed.

Starting from this point our main result is in proving that, under the assumption that the
perimeter term goes to zero in g, the quasi-static evolution for the energy (0.0.19) converges
to the quasi-static evolutions in the relaxed version of [43] whose class of competitors is
bigger than the one in [33] (and so to a threshold solution in the sense of Definition 3.4).
In this sense, this result contributes to the study of homogenization process for quasi-static
evolution, moreover it confirms the validity of the new physical idea of damaging processes
introduced in [43], and finally that the threshold definition is, in some sense, stable under
perturbation at finite scale.



In Chapter 4 we will study a damaging process in an elastodynamic framework. This
means that, considering the elasticity matrix A(¢,z), the general equations that describe
the deformation u of the material (with, e.g. zero boundary conditions), with initial data

(p(z),q(x)) are given by

Oe(p(t,x)0u) — div(A(t,z)Vu) = f in Q

u=20 in 0Q

U(O, .%') = p(x),

p(x,0)0pu(z, 0) = q(x)
where p(t, z) represents the density of the material and f the external loading. The problem
(0.0.20) has been widely studied both in case of given A(¢,x) and in case it is not given
a-priori and satisfying some (growth) conditions. Homogenization and corrector results for a
parameter depending matrix A, (¢, x) can be found respectively in [20, 11] and in [18] while
conditions for existence and non-existence of solutions are studied in [19, 21, 46].
The case that we will analyze is given by A(t,x) := op(;)(z) and p = 1 that is covered by the
result of Casado-Diaz et al. ([17]) in which it is proved an existence and uniqueness result
for a parameter depending p, € BV (0,T; L*) and A, € BV(0,T; Mszyxnf), and an homoge-
nization and corrector result.
The study of the evolution of the damage variable 0(x) € [0,1] coupled to the displace-
ment given by the solution of an hyperbolic equation like in (0.0.20) started from [40] in the
framework of complete damage. In the one-dimensional case they proved a local in time weak
solution for the displacement equation with a viscosity term and for the associated damage
variable equation (see also [8]) while the problem without viscosity term was solved (locally
in time) in [9] in the elliptic and parabolic case. In the case of incomplete damage global
existence results, considering viscosity and temperature, can be found in [45] and in [76] in
which is used the notion of entropic solution and energy inequality results was proved.
The energetic approach for rate-independent processes coupled with inertia (but also vis-
cosity and temperature) has first been analyzed in two pioneering papers [77, 78] and by
these has been used in different materials problems like fracture (e.g. [51]) and plasticity (e.g.
[30]). Recently using this approach was studied in [52] a rate-independent damage model in
thermo-visco-elastic materials with inertia where, differently from [77, 78|, the damage was
considered unidirectional.
The dynamic model from which we start is not considering viscosity effects or temperature,
as done in [9], and it is in the framework of incomplete damage of a two-phase material.
Differently from the results cited before, we will obtain (as in the previous Chapter) evolu-
tions for the damage in which neither the microstructure of the damage set nor the form of
the elastic matrix is chosen a priori but they will be defined as consequence of minimizing
problems. The model that we have in mind is then

(0.0.20)

it — div(opVu) = f(t) in

u(0) = p(x), (0.0.21)

w(0) = q(x),
where u has zero boundary condition and op is given by (0.0.10), where D has to satisfies
an irreversibility property of damage. The interesting point of our results is related to the
possibility to give different natural notions of dynamic evolution to study the homogenization
that arises in such problems. The first one is driven by the classical energetic approach while
the second follows a threshold criterion. We stress that by the lack of uniqueness in such kind
of problems the two limit solutions can be different and by this we will suggest a definition
of threshold solution for the dynamic problem (extended from the (quasi)static framework)
that could help in some way to select physically “good” solutions.
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In the first part of Chapter 4 following the energetic approach we use a discretization of time to
find a sequence of solution (uy,, Dy,) for a discrete version of the minimum problem associated
to the equation (0.0.21). The main result is given in Theorem 4.1 in which we prove that the
limit (as the time step tends to zero) of such sequence of solution satisfies (in weak sense) the
elasto-dynamic equation for a homogenized material, a monotonicity condition (regarding to
the density of the damage), a one-side energy inequality and a threshold property.

In the second part we will present a different way to study the evolution based in considering
the solution of the discrete in time version of problem (0.0.21). This approach consists in
solving the equation till the time in which the gradient of the solution exceeds a certain
threshold A in a set of measure 1/n, then to damage this region and to modify the equation
with the new damage and iterate the argument. We will show, using results in [17], that also
with this approach we obtain a limit of such sequence that, also in this case, solves (in the
weak sense) the elasto-dynamic equation for a homogenized material.

10



CHAPTER 1

Preliminaries

1.1. I'- convergence

In many physical situations the energy that describes the model can depend by a param-
eter j, that could represent, for example, a microscopic space scale in which some properties
of a material appears. In this case the minimum problem in which we are interested is of the
form

min{Fj(u) : v e X} (1.1.1)
The condition to have solution for (1.1.1) are given by direct methods. It could happen that
the problem in (1.1.1) has no solution (but only minimizing sequence) or that even in case
of existence of solution it is hard to solve the problem. The I'-convergence, introduced by De
Giorgi and Franzoni in [31], is a kind of convergence to obtain a some kind of limit F of F;
in such a way that considering the limit problem

min{F(u) : u € X} (1.1.2)
we have that minimizing sequences of problem in (1.1.1) converge to minimum points of the

problem in (1.1.2) and viceversa (see Theorem 1.4). We recall here definition and some well
known property of I'-convergence, for further details see [24] or [13].

DEFINITION 1.1.1. Let X a metric space. A functional F : X — R is the I'-limit of Fj if
1) (I'-liminf inequality) for all v € X and for all u; — w it holds

F(u) < liminf F}j(u;)
J—>00

2) (I'—limsup inequality) for all u € X there exists a recovery sequence 4; — u
it holds

F(u) > liminf Fj(u;)
]—)OO
REMARK 1.1. In case of a family F. of functionals indexed by continuous parameter we
say that Fy is the I'-limit of F. and we write
Fy=T—1lim F;
€
if Iy is the T'-limit of F., for every sequence {€;}; converging to zero.

REMARK 1.2. Let note that the I'-limit depends on the convergence used on X but it easy
to prove that once this is fixed then the I'-limit, if exists, is unique. Moreover the I'-limit
satisfies the following properties:

1) The I-limit is lower semicontinuos.

2) A sequence of functional T'-converges if and only if every subsequence I'-converges
to the same limat.

3) If F. L F and G is a continuous functional on X then F. + G LF+a

4) If F. = F, then F; L F* where F* is the lower semicontinuous envelope of F.

An important result about I'-convergence is the fact that, up to subsequences, there
always exists the I-limit of a sequence of functional.

11



THEOREM 1.3. Let X a metric space and F. : X — X, € > 0. There exists a subsequence
F.; and a functional F : X — R such that F, £> F.

We now remind the well known fundamental theorem of I'-convergence which precise the
idea introduced to study problems (1.1.1) and (1.1.2).

THEOREM 1.4. (Fundamental Theorem of I'-convergence)
Let X a metric space and F. : X — R equi-coercive' and such that

F=T—limFE.
13

then

1) F admits minimum, and min F' = lim.__,¢ inf F;

2) if ue; is a minimizing sequence for some subsequence Fr; which converges to some
u then its limit point is a minimizer for F;

3) every minimizers of F is the limil of a converging minimizing sequence of F

PrROOF. We focus just on the proof of point 1), which is the most important in our
purposes.
Let us be a minimizing sequence for F;, that is

lim inf F, = lim inf inf Fr.
gl Fele) = I Jprigt £

Since F; is equi-coercive, there exists u € X such that, up to a subsequence, u. — u. By
the I'-liminf inequality we have immediately

inf ' < F(u) < liminf F,(u.;) = liminf inf F. (1.1.3)
X e—0 e—=0 X
Moreover for any v € X let {u.,} be a recovery sequence for u according with I'-limsup
inequality. Then, by 1.1.3, we get for any v

F(u) <liminfinf F, <limsup F(tu.,) < F(v).
e—=0 X e—0

It follows that F'(u) = minyx F' and that
F(u) = liminf F_(u).
e—0
(]

1.1.1. Homogenization Formula. For special kind of family of functional it is possible
to characterized the I'-limit. Let consider the family of functional F. : WHP(Q) — R with

p € (1,00) defined by
Fs(u)/ f(j,Vu)dx (1.1.4)
Q

where u € WP(Q;R) and € open set in R™. Let assume also that

f is a Caratheodory function (1.1.5)
f(-,€) is 1-periodic for each £ € R"™ (1.1.6)
P —1) < [(5,6) < a1+ gP) Ve € R and Vs (1.17)

with ca > ¢; > 0. Then the following Representation Theorem holds

L.e. such that for any sequence u. € X with sup, Ft (zc) < C for some C > 0, there exists @ € X such
that, up to a subsequences, u. — .

12



THEOREM 1.5. (Homogenization Theorem)
Let F. a family as in (1.1.4) with f : Q x R" — R satisfying (1.1.5), (1.1.6) and (1.1.7).
Then there erists a convex function ¢ : R™ — R, satisfying (1.1.7) such that,
defined Fom : WIP(Q) — R as

From(u) = / o(Vu)dx (1.1.8)
Q
it holds
Fo 5 From.
Moreover ¢ is characterized by the following representation formula
(€) = inf { / flz,Vu+&)dzr :u € I/V;E’p((O7 1)")} (1.1.9)
(0,1)™
1
~ lim |inf / (@, Vu+ )da : u € WEP((0,T)™) (1.1.10)
T— 00 " (0,1)"

= lim [mf{/ f(x,Vu+§>dx u e W&?P((o,l)")}]. (1.1.11)
e—0 (0,1)» 9
where W#p((o, 1)") == {p € W,2P((0,1)") periodic in the unit cell (0,1)"}.
We conclude this section reminding a characterization Theorem in scalar case that will
be useful in Chapter 2 (see [13], Theorem 2.35).

DEFINITION 1.6. Given a function f : (a,b) x R — R be a function, we define the
conjugate function of f as

[ (x,2%) =sup{z*z — f(t,2) : z € R}
for all z € (a,b) and z* € R.

THEOREM 1.7. Let F; a family of function of the form in (1.1.12) with integrand f;
satisfying (1.1.5), (1.1.6) and such that f;j(z,-) is convex for all x € (a,b). Then the following
statements are equivalent:

1) for all I open subintervals of (a,b), F(-,I) given by

(u, 1) /f z,u/( (1.1.12)

is the T-limit on WYP(I) w.r.t LP(I) topology
2) for all z*R, f*(-, 2*) is the weak™-limit of the sequence f;(-, z*).
Moreover, both conditions are compact.

EXAMPLE 1.8. As a particular case, take f;(¢,2) = a;(t)]z]? with 0 < ¢; < o < 2 < o0.

Then )
()

iz, 2%) = .

’ 4oy (1)
So, f;(+,z") converges weakly™ if and only if

1 « 1
— —— for some € L>(a,b),
aj(z)  B=x)

and in this case we get

b b
I' — lim; / aj(@)| (z)lde = | B(x)|u(z)|dz.
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As a particular case we can take a;(z) = o(jx) with a 1-periodic. in this case § is constant
and
1 -1
1
B = (/ dx> ,
o a(z)

1.2. G-convergence

the harmonic mean of a(x).

The notion of G-convergence, introduced by De Giorgi and Spagnolo in [32] and [79], is one of
the most powerful tool to study homogenization in material science. Let consider a sequence
of problem in a bounded domain €2 C R"

{ —div(A’Vu) = f in Q (1.2.13)

u =0 in 00
where, in the framework of elastic material, A™(z) € R™*" describes the elastic properties of
an heterogeneous material, u : 0 — R the displacement of the point x of the material and

f € H71(Q) an external force. As for I'- convergence sometimes it could be more easier and
useful not to solve the problem (1.2.13) but to solve a some kind of limit problem

{ —div(A*Vu) = f in Q

u=0in 90 (1.2.14)

for which the solution of (1.2.13) converges to the solution of (1.2.14). Roughly speaking G-
convergence is, by definition, the convergence of the elastic matrices A™ (tensors in vectorial
case) that assures this kind of approximation.

The notion of G-convergence can be given in the general vectorial case (see, e.g., [32], or
[69] for the more general case of nonsymmetric linear operators and H-convergence), but we
focus just in the case of symmetric scalar operator. In this case we recall, the definition and
some well known properties.

Considering a sequence A7 € L>(£2; F(a, 8)), where 8 > a > 0 and

F(a,B) :={ B € Sym??(R) such that a|¢|? < BE- € < BI¢)?, € € R} (1.2.15)

with Sym?*2(R) the set of 2x 2, real valued and symmetric matrices, we give the following
definition

DEFINITION 1.9. Given A7 € L*(Q; F(a,B)), we say that A7 G-converges to A €
L(; F(a, B)), and we write Al 5 A, if for every body force f € H~1(Q), the solutions
u’ of the equilibrium equation

—div(A'Vul) = f, W € Hi(S;R),
is such that
w — u, weakly in H' (1.2.16)

where u is the solution of

—div(AVu) = f.

Now, considering B and C matrices in F(«, ), and so representing the elastic properties
of two phases, we can look for any mixture of those two phases, that is, for any characteristic
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function yp of a set D C € of, say, phase B, we look at a new elastic material with elastic
matrix

op :=xpB+(1—xp)C.
Considering a sequence of characteristic functions x p; X 0, we investigate the possible G-
limits of 0x,,;- The main important properties of G-convergence are the followings
e Compactness: for any sequence A7 € L>®(Q; F(a, 3)), there exists a subsequence,
AFU) and A € L*®(Q; F(a, B)) such that A*0) <, A;
e Convergence of the energy: if A <, A, then

/AjVujVuj dx — / AVuVu dz;
Q Q

with v/ and v defined as above.

e Metrizability: G-convergence is associated to a metrizable topology
on L>( F(a, B));

e Ordering: if B < A and BJ <, B, A <, A, then B < A (the inequalities are
in the sense of quadratic forms);

e Locality: if B? B , Al N A, and xp is a characteristic function of a set D C €,
then xpB’ + (1 — xp)A’ & XpB+ (1 - xp)4;

e Periodicity: if A/(z) := A(jz), with A € L*([0, 1)%; F(a, B)) periodic, then the
whole sequence A7 G-converges to A°, which is the constant matrix given by

A%¢-¢= inf A(y)(E+ V) - (E+ V) dy. (1.2.17)
¢ periodic J[o,1)2

Note that it coincides with the homogenization formula (1.1.9), obtain with I'-
convergence in case that f(z,{ + Vu) = A(z)(€ + Vu) - (£ + Vu).

In the case of a two-phase periodic material we consider oy . (z) = xp(jz)B+(1—xp(jz))C,
with xp a characteristic function of a set D C [0,1]?, and we speak of periodic mixtures with

volume fraction
1

0:=—
|D| Jio,12

of material B. The set of all G-limits resulting from the periodic mixture of B and C with
volume fractions 6 and 1 — 6 is denoted by Gy(B, C) i.e.

xp(y) dy (1.2.18)

Gy(B,C) :={A € F(a, f) such that Ixp(x) : op(jzx) S, A and xp(jz) = 6}

The relevance of this set is clarified by a famous unpublished result of localization due to
Dal Maso and Kohn (see [73] for the nonlinear case). It claims that the range of all possible
mixtures of B and C' is given by periodic homogenization. More precisely if § € L () with
values in [0,1] and we denote by Gy(B,C) the set of all possible G-limits of op;(x), with

X pi X0 as
Go(B,C) :={A € L™(Q; F(a, B)) such that Ixp,(z) : op; S, A and Xpi — 0}
then is proved that
Go(B,0) = {A € L™( F(a, B)) : A(z) € Gor)(B, C), ae. in Q}. (1.2.19)

The set of all possible mixtures of B and C, as the volume fraction varies from point to
point, is the G-closure of B and C' and will be denoted by G(B, C') and as consequence of the
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localization result mentioned above is given by
G(B,C)={A e L>®(Q; F(a,)) : 30 € L=(R2), such that
A(z) € Gy)(B,C), a.e. in Q}.
We finally recall an useful result which links G-convergence and I'-convergence (see [24]

pag.233, for details):
THEOREM 1.10. Let A and A7 in L>(Q; F(a, B)), Gj and G the functionals:

Gj(u):/ﬂAj(x)VuVudx, G(u) :/QA(:/U)VuVudx.

Then the following conditions are equivalent:
1) A4
2) G a (with respect to the H' weak convergence).

1.2.1. G-closure of two dimensional isotropic materials. In the case of a two
dimensional composites made by the mixture of two isotropic materials is it possible to give a
clear characterization of the set of the G-closure, even geometrically. Considering a mixture of
two phases described by the matrix ol and I (where I is the identity matrix and § > a > 0)
with volume fraction 6 € [0, 1], all the possible mixtures of such components (i.e. the G-closure
set) are characterized by the eigenvalues (A1, A2) of the matrices A obtained as limit

G
alxpi +BI(1—xpi) — A
where D7 describes every possible way to mixture the components at a very small scale
and satisfying (1.2.18). It can be proved that the greater eigenvalue is always less than the
arithmetic mean of the coefficients a and § and the smaller eigenvalue is bigger than the
harmonic mean, i.e. (supposing A\; < \g)

1
a B
Combining this two inequalities we in
o
<< ——2 << 1.2.21
R I B WP R ( )

The last relation characterizes completely the G-closure, and can be easily represented graph-
ically in Figure 1, in which the boundary, describes the so called laminates and is obtained
taking equalities in (1.2.21).
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F1GURE 1. G-closure of two-dimensional isotropic materials
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CHAPTER 2

Quasi-static damage evolution and Homogenization:
a 1-dimensional (non)commutative result

2.1. Main results

In this chapter our original goal is to show that every approzimable quasi-static evolution
for the energy and dissipation given in (0.0.13) and (0.0.14) converges to an approximable
quasi-static evolution for the homogenized energy limit and viceversa (Theorem 2.18). More-
over we will give a characterization for such quasi-static evolutions (Theorem 2.9 and Theorem
2.17) and by these results we will show the interesting fact that (at least in one dimensional
case) the effective evolution of a mixture of two homogeneous two-phase materials can be
interpreted as the relaxed evolution of a homogeneous three-phase material (Theorem 2.19).
This chapter is from [15].

2.2. Introduction

It is well known that for fixed D the energy given in (0.0.13) I'-converge to
E(t,u,D) = a/ |/ |? dx + ﬁ/ |/ |? da, (2.2.1)
D —Jao\p

where o and 8 are the harmonic means of « and [, respectively. This is immediate by the
example 1.8 using as recovery sequence @ = @S,xp + ﬁ%(l — Xp) where 47, and uj are the
recovery sequences respectively for the first part and for the second part of right side of
(2.2.1).

First of all, we note that the T-limit of £(u, D) +D°(D) always requires a relaxation process.
In fact, minimizing sequences of D will never be compact as sets, and their limit (precisely,
the weak limit of their characteristic functions) must be described by a density function
6 € [0,1]. Hence, the limit evolution must be expressed in terms of the relaxed variable (u, 6).
In these variables the I-limit of £%(t,u, D) + D(D) takes the form (see Theorem 2.11)

[ sem@pass [ o,

(0,1) (0,1)

so that a weak quasi-static evolution can be constructed for this energy. We show that this
agrees with the limit of the corresponding strong e-quasi-static evolutions (see Theorem 2.18).
We show that an equivalent formulation can be given in terms of a three-phase material model:
the effective evolution can itself be seen as a relaxed evolution of a homogenized energy of
the form

E(t,u, D1, Dy) :a/

]u’|2d:c+C(oz,B)/ |u'|? dx + B [/ |? dx
Do

D1 - Q\(DlUDz)

with D1 N Dy = (). The sets Dy and D; can be interpreted, respectively, as the zone where
either both materials are damaged, or one of the two (which is uniquely determined by the
values of «; and ;) is damaged. C(«, 3) is the corresponding harmonic mean in the latter
case.
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2.3. Quasi-static evolution for composite materials

In this section we give the definition of quasi-static evolution related to the elastic energy
and dissipation in (0.0.13) and (0.0.14) for fixed e, and show explicitly the existence of such
evolution.

For fixed € > 0 we consider the functional

E5y,(u, D) = F*(u, D) + D°(D), (2.3.2)
where
Ef(u,D) = / o5 (z) | (z) P dz and Df(D) = / 'y(§>da:, (2.3.3)
(0,1) D €
with v € H*(0,1), D C (0,1),
ey — (T LAYCRE
oh(@) = a(Z)xo@) +8(T) 1 —xp(@)), (2.3.4)
and
ar ifyelo,d) B ifyelo0,3)
a(y) = : [1 2 Bly) = : [1 2 (2.3.5)
az ifye(3,1) By ifyels,1)
m ity €0 )
YY) = . 2.3.6
) {'yz ify€[z1) (236)
with
Bi > a; > 0, v >0, fori=12. (2.3.7)
Moreover, we will denote in the following
1 1\! 1 1\!
= —+— d =+ 2.3.
< <2a1 + 2a2> o b <251 - 252) ’ (255)

the harmonic means of «; and f;, respectively.

As noticed this energy describes a 1-dimensional elastic heterogeneous material, for exam-
ple a bar, made periodically by two homogeneous materials characterized, in the undamaged
regions, by the elastic constant 51 for the first material and Fs for the second one, and, in
the damaged region by «; for the first material and by 5o for the second one .

We suppose that
eleN (2.3.9)
the general case can be always reduced to this assumption up to a negligible error in the
energy (2.3.2) (as € — 0).
As remarked before the first usual step in the quasi-static evolution approach to study
an evolution of a system described by an energy varying in time is to look for existence of
minimizers for the energy.

2.3.1. Minimum problems for the c-energy. In the following proposition and in the
next corollary we show explicitly, by a characterization, the existence of a solution for the
minimum problem for the energy functional in (2.3.2) with prescribed boundary data.

PROPOSITION 2.1. Let t € R; then there exists a minimizer (u®, D%) of

m(t) := min{ E7.(u, D) : u(0) = 0,u(1l) = ¢, D C (0,1)}. (2.3.10)
Moreover, m(t) can be computed explicitly and it is independent of €. If
a1 /1m 28272
= < =: po, 2.3.11
b1 \/51—041 \/52—042 p2 ( )
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(which we may suppose without loss of generality) then

. b1
Bt? if |t < =
b 2 It] 5
pi D1 p1(B2 + a1)
opit — PL if Bbo< ) < B2 T A
B / B d 28201
2
m(t) = 2P0 2 T gt ) pa(faton) (2.3.12)
B2 + o 2 ) 208201 28201
opyt + L2 P2 Z.f192(52+041)<’t|§12
2 o 28901 (63
gt2+71+72 iftzg.
\ 2 «a
The function m(t) is plotted in Fig. 1.
m(t)
\ \ A | ")

/
ﬁt2 \\ \ / //
\\\ \ I //
\\\ \ / /;
I VN e e
N b 2601 42 | M
at? 4 nin ~\ fL otart T2
\ /

t

FiGURE 1. The minimal value m

REMARK 2.2. As will be clear (see Corollary 2.3) the assumption (2.3.11) only implies,
once we have a quasi-static evolution, that the first material that goes damaged is the one
defined by elastic constants ay and 1. When all this material will be completely damaged
then the second one will start to become damaged.
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Proor. For D C (0,1), we set
DS :=Dn ([0%) +5N>, c.—DnN ([%e) +5N),

B = ((0,1)\ D)n ([o g) +5N), BS = ((0.1)\ D) <[g€> +€N>' (2.3.13)

D; — Bf —
D§ B =—

F— : : : : _—--=4

FIGURE 2.

Note that (0,1) = DU D5 U B U B;, a(%) = «; for € DS, and 8(%) = B; for
x € Bf (i = 1,2). It means that considering D as a damaged set of a heterogeneous bar made
periodically by two homogeneous materials, we have that D] represents the damaged part of
the first homogeneous material and D5 the damaged part of the second one.

We observe that the value

mp(t) == min{Efrot(u, D) : u(0) = 0,u(1) = t} (2.3.14)

depends on D only through the measures |Dj| and |Dj|. Indeed, by Jensen’s inequality and
(2.3.13), for all test functions v we have

/D a(§> /| da + /(0,1)\D ﬁ(g) |/ [P dx

>a1|Df||211]* + B1| B ||z12]” + ao| D5||221]* + B2| BS||222]%,

where . )
/
2l = wdr, zpg:i= ==
| D5 | Ds | B5| B
with a strict inequality unless «’ is constant on D and B. Hence, each minimizer must have
a constant value of the derivative on each of the four sets D and B5.
This observation allows to reduce the computation of m(t) to a finite-dimensional minimiza-

tion. To that end, denote

o dr, i=1,2, (2.3.15)

Ai:=2|Djf|, i=1,2. (2.3.16)
Observing that [Bf| = 3 — [D5| = £(1 — \;), we have that

. 1 1
m(t) = min {50\10412%1 + (1= A1)przty) + 50\2042251 + (1= X2)B223,)
2ij Ak

| . . . (2.3.17)
+ 5’}’1)\1 + 572/\2 : 5()\1211 + (1= Ai)z12) + 5()\2221 + (1= Ag)z2) = t}-
A solution A; min, Zijmin (1,7 = 1,2) provides a description of all minimizers of problem

(2.3.10) as follows: the set D is any set D such that 2|D5| = A ;in, and u® is the unique
solution of (2.3.15), which gives (see Figure 3)

v’ = 2i1 min on DS and v = zigmin on Bf, i=1,2. (2.3.18)
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FiGure 3. Example of minimizer u®

We can explicitly compute the minimum in (2.3.17). We conclude that m(t) is independent

on € and satisfies

1 t t
m(t) = 5min{m(tl) + ma(ts) : 1"; 2 = t}, (2.3.19)
where
mz(t) = ; Igil’l)\ {)\ioziz?l + (1 — )\1)51232 + ’}/Z)\Z : )\izil + (1 — )\Z')ZZ'Q = t} s
115242,
whose explicit form is given by
42 ; Yi . Pi
pit if [t] < Bi(Bi—ai) — Bi
42 ) ; Bivi __ _ pi
mi(t) = { @ T L Vv e Rl (2.3.20)
| @iBivi Vit p; .
2t — = 2tp; — =% otherwise.
Bi—ai  Bi—a P78
Using (2.3.20) and solving (2.3.19) we obtain the expression of m(t) as in (2.3.12). O

We can also explicitly compute the minimum values A; min in (2.3.17) and by the char-
acterization of the minimizers (u®, D) given by (2.3.16) and (2.3.18)we obtain immediately

the following corollary.

COROLLARY 2.3. Each minimizer (u®, D%) for the problem (2.3.10) is characterized as

follows (assuming (2.3.11), i.e., py < p2) :
consider

s =D N ([O%) +5N>, D5 =D n (Es) —i—EN)

then
>\1,min (t)

2
Amin(t) = D] = ¢ 4
§+ 222

if |t] <

A2,min (%) if [t > D2

p2(B2 + aq)

2
(B%i o 1)

2B2011

(2.3.21)



where

0 ifo <t < %
2py < p1) D1 p1(B2 + a1)
M min(t) = 2|D5| = t| — if — <|t| < —————~ 2.3.22
: p1(B2 + a1)
1 if |t| > —————=,
and
0 if0§1t1§p2(ﬁ2+al)
) Baou
Agmin(t) := 2| Dj| = { P2 (\t _ (bt 0‘1)) geato) P 930
V2 2B201 269001 «a
1 if ¢ > 2.
a

For such DF, u® is the unique minimizer of
min{Effot(u, D#) s u(0) = 0,u(1) = t}
u
The value of Ay is plotted in Fig. 4.

>\m'm (t)
A

1/2

p1(Bator)  p2(Betai) p,

p1 p2
B 2B201 2B2c1 o

FIGURE 4. The value of A\pin.

REMARK 2.4.

1)Let note that by Corollary 2.3 we don’t have a characterization of the shape of D® but only
about the measure and by this we have the existence of infinitely-many minimizers, except in
the cases when both \; min € {0, 1}, for which the minimizing pair is unique. Under condition
(2.3.11), i.e., p1 < pa, this corresponds to D° = (), D* = (0,1) N ([0, 5) + eN) or D* = (0, 1).
Note that the minimality conditions for (2.3.17) give the relations

arz11 = Bizo1 = agziz = Bozoa. (2.3.24)
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2) Among all the minimizers (u®, D¥) we have those with
D5 = (0,1) 1 ([0, Avin )+5N> D5 = (0,1) N ([2 (1 + Agnin) = >+5N>

for which the damage is “uniformly distributed” in (0,1) (see Figure 5). In this case the weak

Dzi —
D% —
I 1 | [ 1 1 1 — — -
I 1 | 1 | 1 I
9

FIGURE 5. Example of minimizer D® with Ai min = 1 and Ag pmin = 1/2.

limit of the characteristic functions of the sets D; is the constant %)\i,min. So from a damaging
point of view, this possible microscopical structure represents on a macroscopical framework
a uniform damage along the bar with constant density (at fixed t) equal to 5 ()\1 min + A2 min)-

Another family of minimizers are those with

DS = (0, X5 ) N ([O,%)JrsN), D5 = (0, X5,10in) N ([%,5>+5N),

where A7 ;, is such that 2|DZ| = Aj min, for which the damage is “concentrated towards

0" (see Flgure 6).

S

FIGURE 6. Example of minimizer D with Ay ;:, = 1 and Ag i > 0.

Note that in this case we have ])\l min — i min| < € and hence the weak limit of the

characteristic functions of the sets D5 is the function %X[o, Ai.min]» Which from a macroscopical
point of view means that the damage is localized in [0, Ayin]-

REMARK 2.5. Let note that we can rewrite the minimization problem (2.3.17) in a more
compact way that will be useful for what follows, i.e.

3 om )\ )\
m(t)zgng{fh (21 22)t2+ 1A+ wm} (2.3.25)
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A A Corl 1
fh0m<71 l) = Hzlln {5()\10412:%1 + (1 — /\1),@12%2) + 5()\2&22’%1 + (1 — )\2)522%2) :
i (2.3.26)

1 1
§(>\1211 +(1—X)z2) + 5()\2221 + (1= X)ze) = 1}7

which is, solving the minimum problem (2.3.26), defined by

1

hom . i i _
J (e, ) = [alm + 3 (2

—m) + ;ng + 512(; —m)] - (2.3.27)

that we call homogenized coefficient related to n; and 7s.

REMARK 2.6. Let

G, ha,t) = fhom(ﬁ, ﬁ)ﬁ + B+ 2y, (2.3.28)
272 2 2

where f1°™ is defined by (2.3.27). Then for fixed s and ¢ with 0 < s < ¢, the unique minimizer
of the function G(-, -, s) on [A1,min (%), 1] X [A2.min (%), 1] i8 (A1,min(£), A2,min(t)). This follows from
a straightforward calculation.
As will be clear in the proof of Theorem 2.9 the importance of Remark 2.6 is the following.
Let consider the minimum problem in (2.3.10) in which instead of the increasing boundary
condition ¢ we have a non-increasing function g(t). Since t has the role of a parameter all
the computations done change only in the substitution of ¢ with g(¢). The evolution that
we are interested in must satisfy the property of increasing of damage in the case that the
external force g(t) increases. This remark, on the other hand, assure that in the case that g(t)
decreases in time, then the measure of the damage remains unchanged during the decreasing
of the body force.
This observation will be fundamental in Theorem 2.9 to prove the characterization result
for quasi-static evolution related to the energy in (2.3.2), and in particular to show the
approzimability of such quasi-static evolution in case of a non-increasing body force g(t).

2.3.2. Quasi-static evolution for the c-energy. We state now the definition of quasi-
static evolution for the energy functional (2.3.2) and we describe explicitly the behaviour of
such motions in Theorem 2.9 through a characterization result.

From now on we will consider u = u(t,z), with u(t,-) € H(0,1) parametrized by t €
[0,T]. As a shorthand we will write u(t) = u(t,-).

DEFINITION 2.3.1. Given g € AC([0,T]), with g(0) = 0, and ¢ > 0, we say that
(u(t), D(t)) is a (strong) quasi-static evolution (for the energy (2.3.2) subjected to the bound-
ary condition g) if for all ¢ € [0,7] we have u(t) € H'(0,1), u(t,0) = 0, u(t,1) = g(t),
D(t) C (0,1), and the following properties hold:

e Damage Irreversibility: D(t1) C D(t2) if t; < to;
e Energy Balance: for all ¢ € [0,7] we have

B (u(t), D(t)) = Euq (u(0), D(0)) + 2 / i(s) /( | ot @) deds; (2329

e Minimality Condition: for all ¢ € [0, 7]
Eor(u(t), D(t)) < Eey (v, B) (2.3.30)
for all v € H(0,1) with v(0) = 0, v(1) = g(t), and D(¢t) C B C (0,1).
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Moreover, we say that (u(t), D(t)) is an approzimable (strong) quasi-static evolution (for
the energy (2.3.2) subjected to the boundary condition g(t)) if it satisfies the conditions above
and if considering the solution (uj, D}) of the discrete problem (for & > 1)

min{EFrot(v,D) :0(0) = 0, v(1) = g(kr), D[_, C D} (2.3.31)

and defined

ur(t) :=uy, if t € [kr, (k+ 1)7)
and

D.(t):= D if t € [kr, (k+ 1)7)
with u§ = 0 and Df = 0, it holds (up to subsequences)

ur(t) = u(t)
and
XD (t) = XD(t)

when 7 — 0.

REMARK 2.7. Let note that in general, given an energy E and a dissipation D, is not
true that a quasi-static evolution related to E + D is approximable. In [62] is given a coun-
terexample. In Theorem 2.9 we will prove that if (u®(t), D*(t)) satisfies some properties (i.e.
(i)-(ii)-(iii) in the Theorem ) then (u®(t), D%(t)) is a quasi-static evolution, and moreover that
is approximable. To prove the converse, and in particular the property (ii), we will use the
approximability condition. Considering our particular 1-dimensional case one could wonder if
in this case every quasi-static evolution for the energy in (0.0.13) and dissipation in (0.0.14)
is approximable. Actually this is not completely clear, and we will not address this issue in
the following.

REMARK 2.8. By the minimality condition (2.3.30), with B = D(t), we deduce that u(t)
is the unique minimizer of the quadratic energy E¢(v, D(t)) satisfying the boundary condition
u(t,0) = 0 and u(t,1) = g(t). Testing the Euler-Lagrange equation with u(t,x) — g(t)z we
deduce the identity

/ oo (@ (1 7) do = FE(D@)g(t). (2.3.32)
o.1)
where

F2(D) = min{Ea(U,D) . ve HY0,1), v(0) =0, v(1) = 1} . (2.3.33)

This remark will be useful in the following Theorem.

THEOREM 2.9. Let g € AC([0,T)), with g(0) = 0. Assume (without loss of generality)
that (2.3.11) holds. Then each approximable strong quasi-static evolution (u®(t), D%(t)) (in
the sense of Definition 2.3.1) for the energy in (2.3.2), subjected to the boundary condition g,
is characterized by

(i) De(t) is increasing in t;

(ii) if D5(t) :== D*(t) N ([0, 5) + eN) and D5(t) := D*(t) \ D5(t), then

2|D1(t)] = A1min(9(t)) and — 2|D5(t)] = A2,min(9(1)),
where g is the non-decreasing envelope of the function g (see Figure 7), defined by
g(t) := inf{h(t) :h>g on[0,T],h non decreasing}; (2.3.34)

(iii) the function u®(t) i

the unique minimizer of E°(-, D(t)) under the boundary condi-
tion u®(t,0) =0 and u®(t,1) =

1) = g(t).
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FIGURE 7. Non-decreasing envelop of g(t).

PRrOOF. Note that the approximability condition in general implies the minimality and
the energy balance. This can be derived from [57], upon a relaxation argument in order
to fulfil the abstract framework therein. Here we give a direct proof that highlights the
homogenization process through the explicit description of the solutions, using A1 min and
A2.min - We consider the case of g non-decreasing first, and then the general case. If g is
non-decreasing, we can assume without loss of generality that g(t) = ¢ for all ¢ € R, since ¢
has just the role of a parameter. Let (u®(t), D°(t)) satisfy (i)—(iii). By the characterization of
minimizers in Proposition 2.1 and Corollary 2.3 such a pair is a solution to

min{ B3y (v, B) : v(0) = 0,v(1) =¢,B C (0,1)}. (2.3.35)

and hence satisfies the minimality condition in Definition 2.3.1. Damage irreversibility is
property (i). It remains to prove the energy balance. To that end, we first note that by
(2.3.12) the function s — E5  (u®(s), D%(s)) is absolutely continuous and its a.e. derivative
is given by

25t if0<t< %1
(52 + Oél)
2 g T )
n ﬁ 22001
4
OBy (uf (5), D(s)) = m/(s) = oy pm(Botar) o pa(Batan) (9336
B2 + a1 232011 262011
2ps i 22 tn) oy p2
20320 a
2at ift > 22,
\ (67

Using this equality we now prove (2.3.29), rewritten as

/ 0sESo (us(s), D 5—2/ / ODe(s u®(x,s)) dxds.
0 0,1)

In order to conclude we show that for all s € R

m/(s) = 2/(0 ) 0De(s) (@) (W (2, s)) dz. (2.3.37)
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Note that, by Remark 2.4(1) we have (in the notation of Proposition 2.1)
(u®) = 2y on Dj, (u®)" = 22 on BS.
Taking into account conditions (2.3.24) and the boundary condition

1 1
5(/\1,min(8)2’11 + (1 — A min(9))z12) + §(A2,min(8)z21 + (1 = Ao min($))222) = s,

this allows us to conclude that the right-hand side of (2.3.37) equals

4o 31 Ba
a2f2(1 — 1) M min(s) + 1 51(B2 — a2) A2 min(s) + a10a(B2 + B1)
Using (2.3.22), (2.3.23), (2.3.36) it is immediate to check that this expression is equal to the
one for m/(s) above which concludes the proof of the energy balance property and so the fact
that (u®(t), D°(t)) is a quasi-static evolution.
By (i)—(iii) and recalling the minimality properties of A min and Ag min, we have that, for
every 7 and k, (uf,, D},) = (u®(k7), D*(k7)) is a minimizer for (2.3.31). Moreover since

S.

! «
uz(t) = us(t) and XD=(t) = XD=(t)
where
ul(t) .= u(kr) if t € [kr,(k+ 1)7)
and

DE(t) := DF(kr) if t € [k, (k + 1)7)

we conclude the approximability of (u®(t), D°(t)) and the proof of the first part of theorem
in the case of g increasing. In the general case, we define g by (2.3.34) (see Figure 7) and

consider (u®(t), D(t)) satisfying (i)—(iii). If we denote by u® the minimizer of

min{E5, (v, D*(t)) : v € H*(0,1),v(0) = 0,v(1) = g(t)}, (2.3.38)
then, by the previous step, the pair (u®(t), D°(t)) is an approximable quasi-static evolution
for the boundary condition g. In order to show that (u®(t), D*(t)) is an approximable quasi-
static evolution for the boundary condition g we first examine the minimality condition. It is

enough to consider ¢ such that g(t) < g(t) (otherwise g(t) is increasing in ¢ and so the result
is true by the previous step). Suppose by contradiction that there exists B D D*(t) such that

By (uf (), D*(t)) > min{ E (v, B) = v(0) =0, v(1) = g(t)} .
Then, noting that (D), as defined in (2.3.33), is decreasing by inclusion, we have
Bt (@ (1), D*(1)) = By (w*(1), D*(1)) + f5(D°(1)) (3(t) — g°(t))
> min{Egy (v, B) : v(0) =0, v(1) =g(t)}
+f(B)((t) — g°(t))

= min{E5,(v,B) : v(0) =0, v(1) =7(t)},
contradicting the minimality condition for (@®(t), D°(t)). As for the energy balance, it is
enough to check it between two points s and ¢ such that g(7) = g(s) = g(t) for all 7 € (s, t);
ie.,

Efoi(u(t), D) — Efy(u(s), D) = 2/ g(7) /(0 : o5 (x)u' (1, x) dedr, (2.3.39)
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where D = D(t) = D(s). This is easily verified by noting that, in view of Remark 2.8, we can
rewrite (2.3.39) as

(D) (g3(1) — ¢*(s)) =2 / i(r)g(r)f (D) dr

The approximability is obtained as in the non-decreasing case above, after recalling the
constrained minimality properties of A; min(t) in Remark 2.6 which allow to characterize the
minimum values of the energy as in Remark 2.5. This conclude the first part of Theorem in
general case.

It now remains to prove that every approximable quasi-static evolution (u®(t), D¢(t)) satisfies
properties (i)—(iii). Properties (i) and (iii) are immediately implied by the definition. Let
(uf, DY) be as in Definition 2.3.1. We define the piecewise-constant function g, by

g-(t) = g(kr) if t € [kr,(k+ 1)),

and g, as its non-decreasing envelope in the notation (2.3.34). The sets D] satisfy
2 ‘D,Z n ([0 g) n eN)‘ = Amin (7, (k7)) and

2 ’Dg\ ([0, g) - EN)’ = A2min (G (k7))

This can be proved by induction. Indeed, (2.3.40) is satisfied for & = 0, since g(0) = 0 and

0 = 0. Assume it holds true with k£ — 1 in the place of k. We have two cases: if g, (k1) >
G,((k — 1)7) then g(kt) = g-(k7) and the validity of (2.3.40) follows by the minimality
properties of A\j min and A2 min; if otherwise g,.(k7) = g,((k—1)7) then the conclusion follows
by noting that D} = Dj_, as a consequence of Remark 2.6. Passing to the limit as 7 — 0 we
then obtain property (ii), after noting the uniform convergence of g to g. O

(2.3.40)

REMARK 2.10. For any quasi-static evolution (u®(t), D*(t)) in the sense of Definition
2.3.1, for fixed ¢ the sets D°(t) do not converge to sets as € — 0, except for the trivial cases

() and (0,1). Indeed, for example for p; < py and t € [pl(g%{‘;l:i”), pQ(Q%zZ?I)}, we have that

De(t) = E(N + [0, %)), whose characteristic functions weakly converge to the constant %
This suggests that to study the limit behaviour of the quasi-static evolution characterized
in Theorem 2.9 we must consider in the limit density function 6(¢) instead of characteristic
function x 4(;) of the damage set.

2.4. Quasi-static evolution for non-homogeneous materials

In this section we compute the I'-limit of the energy functionals E5,,, we give the definition
of (approximable) quasi-static evolution for such limit and we show that the approximable
quasi-static evolutions related to the energy functionals Ef , converge, up to subsequences,
to the approximable quasi-static evolutions related to the I'-limit of such energy functionals.
Vice versa, any approximable quasi-static evolution for the I-limit of the functionals (2.3.2)
is the limit of the corresponding approximable quasi-static evolutions. From this point of
view it is a commutative result about I'-convergence a and quasi-static evolutions.

2.4.1. Relaxed homogenization. We start computing the I'-limit of the family of
functionals E% .. We tacitly identify sets with the characteristic functions as elements of
LY0,1).

THEOREM 2.11 (relaxed homogenization). Let (2.3.11) hold. Then the family E5  in
(2.3.2) T-converges, in the L? x L'-weak topology, to the functional

ER (u,0) = E™™(u,0) + D™(0) (2.4.41)
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where

E*0,6) = [ fuom )P, (2.4.42)
(0,1)
with X
5 + e g ooed
from(0) = 1 (2.4.43)
e Ge-n] 7 sy
and

if6€0,3) (2.4.44)
: "

0
Dhom(g) = /( )7h0m(6> d[]ﬁ, P)/hom(g) = {f}/l
0,1

PRroOOF. This is a particular case of homogenization in LP spaces, where the cell-problem
formula rewrites as

‘= min a(y)|v]? v|? :
o0.2) = min{ [ a@lelay+ [ swiars [

1
D c (0,1), \D|:9,/ vdm‘:z}.
0

Note that, minimizing first in v, and denoting by m1 = |[D N[0, 3]| and no = [D\ [0, 3]|, we
obtain

(0, 2) = min{fhom(m, m2)2% +ym +Y2me e = 9}, (2.4.45)

with fP°™(ny,12) defined in (2.3.27). By a direct computation we get the unique minimal
1 1
m :min{0,2}, 72 :max{<0— 2),0} (2.4.46)

¢(07 Z) = fhorn(e)'22 + '7h0m(9)7
and the desired characterization. O

and

As done in Proposition 2.1 and in Corollary 2.3 we are interested at the minimum value
and at the minimum points of such limit energy. Let remark that, by Corollary 2.3, considering
(u*(t), X pe (1)) minimum point for £, it holds the followings

1) D&(t) is such that

1 . p2(B2 + 1)
DE(D)| < = ft _
\ ()|_2 ift < 2o

and

‘Ds(t” > % if ¢ > pg(,@z +a1)

26201
2) Amin(t) satisfies

/ XDEde = )\mm(t)
(0,1)
3) u is the unique minimum point of
min{ Efy (u, D) : u(0) = 0, u(1) = t}.

In the Corollary 2.12 we show that analogous properties are true for (u, ) minimum points

hom
for Eqoi.
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COROLLARY 2.12. For allt > 0 we have
min{Er}ngn(v,Q) cv € HY(0,1), v(0) =0, v(1)=t, 0<60 < 1} =m(t), (2.4.47)

where m is given by (2.3.12). Furthermore, the minimizers (u,0) for this problem are char-
acterized by the following properties:

(i) either 0 > 3 a.e. or 0 <1 ace.;

(i) we have

/ 0 dz = Amin(t), (2.4.48)
(0.1)

where Amin(t) is given by (2.3.21);
(iii) u is the unique minimizer of

min{Ehom(v,H) v e HY(0,1), v(0) =0, v(l) = t}. (2.4.49)

PROOF. The corollary follows from a direct computation, or from the previous theorem,
Proposition 2.1 and the Fundamental Theorem of I'-convergence. To that end, note that the
characterization of m in the proof of Proposition 2.1 guarantees that sequences (u., D) such
that u-(0) = 0, u.(1) =t and Ef;(us, D:) = m(t) + o(1) as € — 0 have the same cluster
points as the sequences of minimizers of (2.4.47).

If (u(t), 0(t)) satisty (i)—(iii) then we can define D.(t) such that x p_(;) weakly converges to
0(t), |De(t)] = Amin(t), De(t) D [0,5)+eNor D.(t) C [0, 5)+¢eN, and u, is the corresponding
solution of min E5, (u, D.(t)) with w(0) = 0 and u(1) = ¢. By Proposition 2.1 and Corollary
2.3 (us(t), Ds(t)) is a minimizer of Ef, (u, D) with u(0) = 0 and u(1) = t and then converges
to a minimizer of EX™(u, #) subject to the same boundary conditions. O

REMARK 2.13. Note that we do not have the separate I'-convergence of E¢ and D¢ to
EPom and DPo™ This is evident from the dependence of the form of the limit functionals on
inequality (2.3.11). This fact has an important consequence. Considering the separate I'-limit
Ehom2 of pe and phom2 of pe (which exist up to subsequence) and suppose to have a quasi-
static evolution for this limit energy EP°™2 4 Dhom:2 One could wonder if the (approximable)
quasi-static evolution (uf, D?) for the energy E°+DF converge to (u, ) (approximable) quasi-
static evolution for the energy E"™2 4 Dhom2 anqd viceversa. This kind of commutability
result is the one analyzed in an abstract framework by Mielke, Roubichek and Stefanelli
in [64] using the so called mutual recovery sequence . But in our case since we will prove
in Theorem 2.18 that every (approximable) quasi-static evolution at step € > 0 converges
to a (approximable) quasi-static evolution for the energy EPo™ 4 phom —£ phom,2 4 phom,2
and viceversa, we conclude that from this point of view there is not commutability between
(separated) I'-convergence and quasi-static evolutions.

PROPOSITION 2.14 (compatibility of constraints). Let B. be a family of subsets of (0,1)
and ¢ € L'(0,1), such that xp. — ¢ and

F'il_rg(l) E’%ot('7 BE) = E%g‘rcn('v (,0) (2450)

with respect to the L?-convergence, then the I'-limit of

Ef(u,D)+D*(D) if DDB
Biu, D o) 1= { & (D) PAR) D2 B (2.451)
400 otherwise
with respect to the L? x L'-weak convergence is
Ehom 0 Dhom 0 . 6 >
B (u, 05 ) = (w,0) % © ¥ =Y (2.4.52)
400 otherwise.
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REMARK 2.15. Let show that condition (2.4.50) is equivalent to requiring that

1
XB:N([0,5)+eN) — P1 := Max {80, 2} (2.4.53)
or, equivalently, that
. 1
XB.N([5,6)+eN) — P1 := min {@ — 5 0}- (2.4.54)

In order to check (2.4.53), denote with ¢ the weak limit of the sequence on the left-hand
side of (2.4.53), which exists up to subsequences, and 2 = ¢ — 1, which is the weak limit of
the sequence on the left-hand side of (2.4.54). Note that (we do not relabel the subsequence)

- liII(l] Efoi(u, Be) = F(u, 1, 92), (2.4.55)
E—
where
F(u, p1,p2) := / Fro™ (o1, o) Pda + 7 / o1 dx + 72/ ©o da (2.4.56)
(0,1) (0,1) (0,1)

and fh™ is defined in (2.3.27). This immediately follows from the convergence of the dis-
sipation term, and the characterization of one-dimensional I'-convergence (see Theorem 1.7
and Example 1.8).

So by (2.4.45) and (2.4.46) we have that F(u, @1, p2) = ERM(u, @) ,i.e., we have the 2.4.50)
if and only if ¢; and @9 are as in (2.4.53) and (2.4.54).

PROOF OF PROPOSITION 2.14. The lower bound inequality is trivial since the constraint
is closed. As for the upper bound, with fixed § > ¢, we use a diagonal argument, first
constructing a recovery sequence of sets for a sequence of % converging to 6.

With fixed o > 0, for all  Lebesgue point of ¢, ¢ (as defined in Remark 2.15) and 6,
we consider the family

17 = {I: (z—08,2+6) C(0,1):6 <o,
1@ = ldy+ [ loita) = erldy + [ 1oGa) ~ o1 dy <o)}

Since Z° = |J, Z7 is a fine cover of the set of Lebesgue points of (0,1) we can find a finite
family of disjoint intervals {I7} of Z% such that

o\
k

< 0.

We construct subsets DZ of (0,1) defining them on each such interval
If = (g — 6F, 2f + &%)
as follows:

(i) DZNI7 > B.NIY;

(ii) [DZNI7| = flg 0 dy.

If p(xf) > % conditions (i) and (ii) are the only ones required in our construction;
otherwise, if p(xf) < %, we have to require some additional conditions. In order to specify
such conditions we introduce the notation

€
2o=nzn([o.5) +eN), DIy =D2\ DI,
and

&
B.i=B.N ([o 5) n 5N> . B.y=B.\B...
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(ilia) if 6(27) < 3 then
DZ, NI = Bep NI (2.4.57)
iiib) if 6(z¢) > 1 then
(iiib) k 2
1
|DZo N 7 ZmaX{\Bs,zﬂI;‘Jl,/ (9— 2)dy}. (2.4.58)
7

We finally include in the sets DZ the complement of J, I7.
Up to a subsequence we have that

g g
Xpz — 6, and XDz, = 03

as € — 0, for some 03 and 6.
By the fact that I belong to Iggv that B, satisfy the optimality condition (2.4.54), and by

the properties of DZ and Df,, we have: for all intervals I C (0,1)
‘/egdy—/é"dy’ < 4o,
I I

~ (e(xff) - l>+ if z € 17
90(33) — k 2 'k
0 otherwise.

where

~ +
Since ° converges in L!(0,1) to (9 - %) , we deduce that

1N\ +
° -9  and 65 — (9—5)
as o — 0.
By a diagonal argument, we can construct D, = D¢ © O B, which thanks to (2.4.54) satisfies
- lim E5, (-, De) = ER™(-,0), (2.4.59)
e—0
which implies the desired upper bound. O

We now prove a result which is the analogous of the one stated in Remark 2.6 but in a
homogenized situation.

COROLLARY 2.16. Given s € [0,T]. Assume that ¢ : [0,1] — [0, 1] satisfies ¢ < 5 a.e. or
> % a.e. and

/ ©dz > Apin(s). (2.4.60)
(0,1)
Then
min{ B2 (u, @) : u(0) = 0, u(1) = s} < min{ E2"(u, ) : u(0) = 0, u(1) = s}
for all 0 > .

ProOOF. This is a direct consequence of the I'-convergence result above, combined with
Remark 2.6. Indeed, denoting by ¢ > s the time value such that

/ pdr = Apin(t), (2.4.61)
(0,1)

we have, using Corollary 2.12, that ¢ can be approximated by a sequence xp_, with B.
satisfying the assumption of Proposition 2.14 and

2|B. N ([0,e/2) + eN))| = A1 min(?)
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and
2|B: \ ([0,£/2) + eN))| = Az.min(2)-
Then by Remark 2.6 we get that
min{ E%.; (u, Be) : w(0) =0, u(1l) = s} < min{EF,(u, D) : u(0) =0, u(l) = s}
for all D D B.. We conclude applying Proposition 2.14. O

2.4.2. Quasi-static evolution. As done for the (approximable) quasi-static evolution
at step € > 0 we state now the definition of quasi-static evolution for the homogenized energy
functional in (2.4.52) and describe explicitly the behaviour of such motions in Theorem 2.17
through a characterization result.

DEFINITION 2.4.1. Given g € AC([0,T7]), with g(0) = 0, we say that (u(t),0(t)) is a (weak)
quasi-static evolution (for the energy (2.4.41)) if for all ¢ € [0,T] we have u(t) € H(0,1),
u(0) =0, u(l) = g(t), 0(t) € L>=(0,1), 0 < 0 < 1, and the following properties hold:

e Damage Irreversibility: 6(¢) is non-decreasing in time;
¢ Energy Balance:

t

ER (ult), 0(t)) = BT (u(0),6(0)) +2/ 9(s) from(0) u/(s, z) dxds;  (2.4.62)
0 (0,1)
e Minimality Condition:
B (u(t),0()) < B (v,4)), (2.4.63)
for all v € H'(0,1) v(0) =0, v(1) = g(t) and ¥ € L>(0, 1), 1 > (¢).

Moreover, we say that (u(t),D(t)) is an approzimable (strong) quasi-static evolution
(u(t),6(t)) is an approximable (weak) quasi-static evolution (for the energy (2.4.41) subjected

to the boundary condition g) if it satisfies the conditions above and if considering the solution
(uf, 0F) of the discrete problem (for k£ > 1)

min{E%gtm(v,e) L 0(0) = 0, v(1) = g(kr), O]_, C 9} (2.4.64)
and defined
ur(t) :=uy, if t € [kr, (k+ 1)7)
and
0:(t):=6p if t € [kr, (k+ 1)T)
with u§ = 0 and 6] = 0, it holds (up to subsequence)

wr () I u(t)

and
0. (t) = 0(t)

when 7 — 0.

THEOREM 2.17. Every approzimable (weak) quasi-static evolution (u(t),0(t)) for EXM s
characterized by the following properties:

(i) 6(t) is non-decreasing in t;

(i) 0(t) < % a.e. or 0(t) > L a.e., and f(o 1 0(t) de = Amin(9(t));

(iii) wu is the unique minimizer of

min{E%g{n(v, 0(t)) : v(0) = 0, v(1) = g(t)}. (2.4.65)
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PRrROOF. By [57] Theorem 4.5, all limits of incremental problems (2.4.64), which exist up
to subsequences, are (weak) quasi-static evolutions for the energy E%g? Then it is enough
to show that, for any pair (u(t),é(t)) satisfying (i)—(iii), we can construct an incremental
problem whose solutions converge to (u(t),0(t)), and that any limit of solutions of incremental
problems satisfy (i)—(iii).

Let (u(t),0(t)) satisfy (i)—(iii) and for every 7 > 0, as in the proof of Theorem 2.9, denote by
g-(t) the the piecewise-constant function

g-(t) = g(kr) if t € [kr, (k+ 1)7)
and let g, () be its non-decreasing envelope as in (2.3.34). Then we consider a family 67, with
either 0] > % a.e. or ¢ < % a.e.,

[ 0t = max{un(9r)) 5 < K} = hain(3:(57))
(0,1)

and

07 | <67 <0(kr). (2.4.66)
This can be done by induction. We also consider the corresponding uj minimum for the
problem

mm{E%g;m(v,e,g) :0(0) =0, v(1) = g(kT)}. (2.4.67)
We can show that, by construction, the family (u, 67 ) is a solution of the incremental problem
B (uf, 07) < BT (v, 0)

for every v € H'(0,1), with v(0) = 0 and v(1) = g(k7) and for every ¢ > 67 _,. Indeed if

[ e < ol
(0,1)
then by Corollary 2.12 such 6 minimizes

min{E%gin(v,go) : ve HY0,1), v(0) =0, v(1) = g(kt) and ¢ > 91:_1} (2.4.68)
= min{E%gltn(v,H;) c v e HY0,1), v(0) =0, v(l) = Q(kT)}a h

while if
/th>MMW»
(0,1)

then, by Corollary 2.16, we deduce that 8] = 0] _,. By (2.4.66) we deduce that the piecewise-
constant functions (u”(t),67(t)) = (u],6}) if t € [k7, (k4 1)7) converge to (u(t),6(t)) for all
t € [0, 7], which proves the approximability of (u(t),0(t)).

On the other hand if (u(t),(t)) is an approximable quasi-static evolution, let (u],6}) be
a solution of the incremental problem (2.4.64) which converges to (u(t),6(t)). We can prove
by induction that

0r < 1 a.e., or 0 > 1 a.e., and / 07 dr = Apin (G, (kT)). (2.4.69)
2 2 0,1)
Indeed, if £ = 0 this is trivially true. Assume that (2.4.69) holds with k replaced by k — 1. If
Amin (G- (k7)) = Amin (G- ((k —1)7)) then Amin(g, (k7)) > Amin(g(k7)), and hence, by Corollary
2.16 we have 0], = 0] _,. Otherwise, if Anin(9, (k7)) > Amin (G, ((k—1)7)) then Apnin(g, (k7)) =
Amin(g(kT)), and the conclusion follows by Corollary 2.12. Properties (i)—(iii) then follow by
(2.4.69) taking the limit as 7 — 0. O
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We show now that an approximable quasi-static evolution (u®(t), D*(t)) for Ef(u, D)
converges (up to subsequences) to a pair (u(t),6(t)), approximable quasi-static evolution for
Ehom(y, 6) and viceversa.

THEOREM 2.18. Any approximable quasi-static evolution (u®(t), D%(t)) for Ef.(u,D)
converges (up to subsequences) to a pair (u(t),0(t)) in the L? x L'-weak convergence. More-
over, (u(t),0(t)) is an approzimable quasi-static evolution for EX™(u, ).

Conversely, any approximable quasi-static evolution (u(t),0(t)) for E}Eg{n(u, ) is the limit
as € = 0 of an approzimable quasi-static evolution (u®(t), D°(t)) for Ef,.(u, D).

PROOF. By the monotonicity condition of D?(¢), using Helly’s theorem, we can find a
subsequence such that (up to relabelling the apices)

Xpe(t) — O(t) and X D= ()n(([0,5)+eN) — 01(1)

in L1(0,1) for all ¢.

Since (i)—(iii) of Theorem 2.9 are satisfied for D°, then, taking the limit as ¢ — 0 we deduce
(i)—(iii) of Theorem 2.17 for (u,6).

On the other hand, let (u(t),6(t)) be an approximable quasi-static evolution for Eo™ (u, §).
By Theorem 2.17 it satisfies (i)-(iii) therein. We then construct for all ¢ € [0, T] the set D.(t)

as follows
D.(t) = U(k:s, ke +/

& (ke,(k+1)e)

o(t) d:c),

and let uc(t) be the corresponding minimizer of v — Ef, (v, D¢(t)) with boundary conditions
v(0) = 0 and v(1) = g¢(¢t). With this definition (u.(t), D.(t)) satisfy (i)-(iii) of Theorem
2.9 and hence, it is an approximable quasi-static evolution for Ef ,(u, D), and converge to
(u(t), 0(t))- O

2.5. Quasi-static evolution for a three-phase material

In this final section, we use the characterization in Theorem 2.17 to show that the limit
evolution can be interpreted as a weak evolution of a three-phase material. To that end, we
introduce a double damage set model that generalizes the one introduced by Francfort and
Marigo as follows. We consider positive constants a < b < ¢, k1 and kg, the energy

B3P (u, Dy, Do) —a/ |u’\2d:v+b/ yu'|2dx+c/ WPdr  (2.5.70)
Do D1 (0,1)\(D1UD2)

and the dissipation
D*(D1, Dy) = k1| D1 + k2|Ds|

with domain pairs of disjoint subsets Dy, Dy of (0,1). This can be interpreted as the damage
model for a three-phase material, where c¢ is the elastic constant of the undamaged state,
b the one of the ‘partly damaged’ state, and a the one of the ‘totally damaged’ state. The
constant k; represents the cost of the partly damaged state and ko the one of the totally
damaged state. In general, we could consider also an ‘intermediate’ dissipation k12 which
accounts for the transition from the partly damaged state to the totally damaged state. Our
model corresponds to the case

k1,2 = kz —k:l.

This assumption reflects the fact that the material in order to reach the totally damaged
state should pass through the intermediate partly damaged state.
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The incremental problem for this model consists in solving iteratively

min {E3P(u, D1, Ds) + D3P (Dy,Dy) : DyN Dy =0, DyUDy > DF1UDE?,
wP1Da (2.5.71)

Dy > DEL w(0) =0, u(l) = g(m)}.

The monotonicity conditions on the sets correspond to the assumption that the totally dam-
aged state can only increase, while the partially damaged set can become totally damaged.

We first note that problems (2.5.71) may undergo relaxation with respect to the weak
convergence in H! for v and weak convergence in L' for the sets, understood as the weak
convergence of their characteristic functions. We are then lead to considering the following
relaxed functional

Efwed)i= [ HeuPdoth [ pdosky [ wde (2.5.72)
(0.1) (0,1) (0,1)
where
1— —1
H(m,nm2) = [(77; ) "—bl + 7;2] : (2.5.73)

The fact that it is the relaxed version of 2.5.70 is an immediate consequence of the charac-
terization of one-dimensional I'-convergence, once we observe that

E3P(u, Dy, Dy) = /(0 ) (cx(ovl)\(DlupQ) + bxp, + aXDQ) |/ |? dz

and we can write
1 1 n 1 n 1
= —X(0,1)\(D1UD —XD —XDs-
CX(O,I)\(DlLJDQ) —+ bXDl + aXD2 c (0 1)\( 1Y 2) b 1 a 2

We give a definition of (weak) quasi-static evolution for these energies as follows. Note
that in this definition the monotonicity conditions on D; and Do given in problems (2.5.71)
correspond to conditions on the functions ¢ and ¢ + .

DEFINITION 2.5.1. Given g € AC(]0,T]), with g(0) = 0, we say that (u(t),o(t),¥(t))
is a (three-phase) quasi-static evolution for the energy (2.5.72) if for all ¢ € [0,T] we have
ult) € H'(0,1), u(0) = 0, u(1) = g(t), ¥(t) € L*(0,1), 0 < ¥(t) < 1, p(t) € L2(0,1),
0<oe(t) <1, p(t)+1(t) <1, and the following properties hold

e Damage irreversibility ¢(t) and ¢(t) + ¢ (t) are increasing in time for each
x € (0,1),
e Energy Balance

Efoe(u(t), ¥ (t), o(t)) = Bty (u(0),1(0), (0)) + 2/0 g(s) /(0 5 H(p,y)u'dzds

for all ¢ € 0,71,
e Minimality Condition

Efoe(ult), o(1), (1)) < Efo (v, ¢,4))
for all v : v—u(t) € H, and (@, 1)) such that ¢ > 1 (t) and (t) +o(t) < P+@ < 1.

Now we prove that the limit of the quasi-static evolutions considered in Section 2.3 can
be seen as a quasi-static evolution of a three-phase homogenized material as in Definition
2.5.1. This will be an immediate consequence of the following proposition.
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ProprosiTION 2.19. If (u(t),0(t)) is a quasi-static evolution according to the Defini-
tion 2.4.1 and we set

: 1
(p(t),¥(t) = {(29(t)’ 0 o) < 0, i) (2.5.74)

(201 = 0(1)),20(t) = 1) if O(t) € [5,1),
then (u(t),(t), ¢(t)) is a quasi-static evolution according to Definition 2.5.1, with

_l’_
k1:% and kQ:“Q”,
and
20100 2010 _ 2B1B9
a= , b= , c= .
a1+ g ay + B2 B1 + B2

PROOF. By the definition of (1/(t), ¢(t)) the irreversibility of damage is preserved. More-
over, from a direct computation, using the definition of (i, ), k1 and ko, a, b, ¢ and the
following expression for fuom(0)

-1
{5l+ﬁ2(1—29)+(ﬂ2+a1)29} it 9elo0,3)
_ 23132 23201
Jhom(0) b+ o (o1 1 ctz) 1 1 (2.5.75)

we obtain that

1 1
from(0) = H (g, 1)) and phom(g) = k, /0 o dz + ks /0 Ydz,

which implies immediately the energy balance. It remains to prove the minimality property.
To this end we Jjust need to show that for any admissible test pairs (p, ) for E3X (v,v,¢)
(i.e. such that ¢» > ¥(¢) and ¥(t) + ¢(t) < ¥ + @ < 1) we can construct an admissible test
functions 6 > 6(t) for EM (v, §) such that

EX(0,0) = EX(v, 9, @)
It is enough, given (¢, ) such that ¢(t) + ¢(t) < 1+ @ < 1, to define § = ¢/2 if 1) = 0 and
0 = (¢ 4+ 1)/2 otherwise. This choice allows to conclude. O

COROLLARY 2.20. Let (u®(t), D*(t)) be a family of approrimable quasi-static evolutions
for the inhomogeneous two-phase damage energy E . (u, D). Denoting by D5(t) = D*(t) N
([0,5) +&eN) and D5(t) = D*(t) \ ([0, 5) + eN) the triple (u°(t), Di(t), D5(t)) converges (up
to subsequences) to a triple (u(t),01(t),02(t)) in the L? x L' x L'-weak convergence such
that, defining @(t) = 2(61(t) — 02(t)) and P(t) = 202(t), (u(t),(t), p(t)) is a (three-phase)

quasi-static evolution in the sense of Definition 2.5.1.

PRrOOF. The proof is an immediate consequence of Theorem 2.18 and the characterization
of §(t) in terms of 6;(¢) and 02(t) (see Remark 2.15). O

38



CHAPTER 3

Convergence of Regularized Damage Evolutions to
Homogenized Threshold Solution

3.1. Main result

The main original result in this chapter is given in Theorem 3.6. We prove that the strong
quasi-static evolution (i.e. without homogenized effects) associated to the perimeter penalized
energy (0.0.19), converges to a weak quasi-static evolution (i.e. with homogenization effects)
related to the relaxed energy in (3.2.1) (see below). The minimality condition which is satisfied
by the limit is proved to be the one introduced in [43] and by this the evolution limit satisfies
threshold properties. We restrict our analysis to a bidimensional body occupying the region
Q) C R? with zero boundary conditions, which can move just in the orthogonal direction to
the plane in which the body is embedded (antiplane case) and we consider an external force
f(t) = f(t,x) which acts on the body. For simplicity sometimes we identify sets D with
associated characteristic function xp.

3.2. Introduction

As we explained, when we deal with the energy given by (0.0.11) we can not expect
a quasi-static evolution that maintains a well define region of the damage. Moreover we
remarked that the process of minimizing of (0.0.11) led to consider the relaxed version

Eior(u, A,0) = Eg(u, A) + k:/ Odx (3.2.1)
Q

with

Fu(u, A) = % /Q AVuVudz — (f(¢), u)

where A € Gy (al, BI).

So, it is reasonable to consider for each time ¢ a “density function” § = 6(z) (instead of xp(z))
to describe the density damage in x. If we want to maintain the idea that the minimality
condition for an optimal set D at time t is given with respect to the sets D that contains
D, a possible way to translate this property in the relaxed framework is requiring that this
condition is verified by sets D™ that approximate the optimal density function 6 (in the sense
of characteristic functions).

Precisely, given A € L>®(Q; F(«, 8)) and 6 € L*°(£;]0,1]) and a sequence D™ such that

Xpn — 0
g pn E\ A
we define G@({D”}) as the subset of G(al, BI) given by all symmetric matrices A that are the

G-limit of a subsequence of o, with D™ O D™ and such that y Pn X 6. The idea, introduced
in [43], is to give a definition of energetic quasi-static evolution for the energy (3.2.1) using
the minimality condition with respect to this set as follows
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DEFINITION 3.1. Given f € WL([0, T); H-1(2)) we say that (A(t),0(t)) is an energetic
quasi-static evolution for the energy (3.2.1), if for all ¢ € [0,7] we have 0(t) € L*>°(€;[0,1]),
A(t) € Goqy(al, BI) and the following properties hold:

1. Damage Irreversibility: 6(t) is increasing in time and A(t) is decreasing in time;
2. Energy Balance:

Eior(u(t), A(t), 0(t)) —Etot(U(O),A(O),H(O))—/O (f(s), uls))ds;

where u(t) is the solution in Hg () of
—div(A(t)Vv) = f(t) in Q

3. Minimality Condition: there exists a family of sequences of sets D" (t) increasing
in time, such that for every ¢ € [0, T,

{ Xpr(t) = 0

opn(t) < A
and for every (A, 0) such that A € G@({D”}) we have
Erot(u(t), A(t),0(t)) < Eror(v, A,0)
for all v € H} ().

REMARK 3.2. In a previous paper (see [33]) a different (weaker) definition of energetic
quasi-static solution was given. The difference was only in the minimality condition, where
the competitors were chosen in a smaller space. Precisely for all t € [0,T] one required that
0(t) € L>=(8%10,1]), A(t) € Gy (al, BI) satisfied the following property instead of 3.:

3b. Minimality condition:

Bulu(t), A1) < Bulo. D)+ [ (1= 0(0)ida

for allv € HY(Q), 6 € L>®(,[0,1)) and for all A € Gylad, A(t)).

In [33] was proved the existence of an energetic quasi-static evolution with the minimality
condition as in Remark 3.2 and that the evolution (A(t),6(t)) can be approximated by a
sequence of (damage) sets D™(t), increasing in time, such that

G
which guarantees the well-posedness of the minimality condition in the Definition 3.1. It is
important to remark that the set G5({D"}) is strictly bigger than the set Gz(al, A(t)) (see

Remark 4 in [43]) which means that Condition 3. implies Condition 3b..
The first result, due to Garroni and Larsen in [43] is the following

THEOREM 3.3. There exists (A(t),0(t)) energetic quasi-static evolution for the energy
(3.2.1) in the sense of Definition 3.1.

At this point in [43] was investigated whether this solution was also a threshold solution,
and to this aim they introduced a relaxed version of the threshold solution of the Definition
0.2:
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DEFINITION 3.4. (A(t),0(t)) is a threshold solution with threshold A > 0 if for every
t € [0, 7] there exists a sequence D"(t) such that o pn =N A(t) and X pn () 56(t) in L™
and the following hold
e Monotonicity: D"(t) is increasing in time;
e Threshold: considering the solution u" of
—div(opnpyVv) = f(t)
we have that for every § > 0, the set in which there is no damage but threshold is
exceeded by at least ¢,
Up :=={x ¢ D"(t) : |Vu"(t)| > A+ 0}
satisfies
|Upn] — 0
e Necessity of Damage: For all E,, C D"(T) with liminf |E,| > 0, we have that

Vo > 0 and VAt > 0 small enough, there exists 7 < T — At such that, setting v"
to be the solution of

—div(opr(rian\aEg, VU") = f(T + At)
where AE,, := E,, N[D"(1 + At)\D"(7)], we have that the subset of AFE,, in which
the threshold is almost exceeded,
AE? :={z e AE, : |Vu"™(z)| > A — &}
satisfies
liminf |AES| > 0

n—oo
-If [ 0(t)dx is not continuous at T', then we also require that V¢, /T and VE, C
D™(T)\D(t,) with liminf |E,| > 0 and for every ¢ > 0, the solution v" of
—div(o’Dn(T)\Ean”) = f(T)
satisfies
liniinf\{ac € E,:|Vu"(z)| >X—0d} >0.

An interesting result proved in [43] is the following

THEOREM 3.5. If (A(t),0(t)) is a quasi-static evolution (Definition 3.1) for the energy
(3.2.1) with dissipation k then it is a threshold solution (Definition 3.4) with threshold \ such

that
NB(B—-a)
N 2av '

In this chapter we start from the results proved in [80] that assure the existence (for each
e > 0) of a quasi-static evolution (u®(t), D°(t)) for the total energy

E; . (t,u, D) := E(t,u, D) 4+ k|D| + ePer(D) (3.2.2)

k

with )

B(t.u.D) = 5 [ aplVulds = (7(0). )

Q
according to Definition 0.1 in which we consider
0 = xp,
E(t,u,0) = E5(t,u, D) 4+ ePer(D)
and B
D(0) = k|D|.

We study the limit of such solution proving the following theorem:
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THEOREM 3.6. Given a quasi-static evolution (u®(t), D*(t)) for (3.2.2), for all t € [0,T]
there exists 0(t) € L>(£2;10,1]) and A(t) € Gy (al, BI) such that (up to subsequences)

Hl

X D= (#) 20(t), and TDe(1) N A(t) and u(t) = u(t),

and it holds

liII(l] ePer(D®(0)) =0. (3.2.3)
E—
Moreover assuming that for t > 0
lim ePer(D(t)) =0, (3.2.4)
e—0

we have that (A(t),0(t)) is a quasi-static evolution in the sense of Definition 3.1.

The rest of the chapter is devoted to the proof of Theorem 3.6. The proof that the quasi-
static evolution with perimeter penalization converges (up to a subsequence) and that the
limit satisfies the monotonicity condition and the energy balance uses standard arguments.
The main difficulty is rather to prove the validity of the minimality condition as in Defi-
nition 3.1. We will show it by using a blow-up argument for which it is fundamental the
assumption (3.2.4).

Even though we assumed (3.2.4) we believe that it must be true in general; our feeling is that
starting from time ¢ = 0 the scale of the damage set becomes fixed and by (3.2.3) it should
be possible to prove (3.2.4) for each t > 0.

We remind a result proved in [43] that it will be useful in what will follow:

LEMMA 3.2.1. Let E C Qand S C Q\E be measurable. Consider the solution up € HZ ()
of the equation
—div(cgVug) =f in Q
where f € H=Y(Q). Then if we set

Eel(E, f) = ;/QO'E|VUE‘QCLT - (f, uE>

we have

AEq = Eq(E, f) — Eel(EU S, f) < WHV’“E’%%S)

3.3. Compactness argument and convergence of the Perimeter at ¢t =0

In this section we prove a compactness result for the quasi-static evolution related to the
energy (3.2.2), we prove a I'-limit result and the convergence (3.2.3), which is fundamental
with assumption (3.2.4), to obtain an energy balance property for the limit of the quasi-static
evolution and to apply a blow up argument to show the minimality condition of the limit.

LEMMA 3.3.1. Given (u®(t), xpe()) a quasi-static evolution for the energy (3.2.2) there
exists functions u(t) € H}(2), 6(t) € L>®(Q;[0,1]) and A(t) € L>=(Q; F(a, 8)) such that, up
to subsequences,

c H! * G
EO R ult), o 200, ope S AQ) (3:3.5)
with 6(t) increasing and A(t) decreasing in time.

PrOOF. The compactness result is proved by standard techniques. It is enough to note
that by the monotonicity in ¢ of D*(t) we deduce that o pe () has equibounded total variation
with respect to the L>°(Q, F(a, #)) metric. Then using Helly’s Theorem (see [57] or [33]),
there exists a subsequence of op () and a matrix A(t) € L>(€2, F(a, 8)) such that, for each
te€[0,T]

G
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By the properties of G-convergence, A(t) inherit the monotonicity by o pe (t)- The same argu-
ment can be made for X pe() in the weak™® topology (as noticed in [33]), thus there exists a
decreasing function 6(t), such that, up to subsequence,

Xpe(r) — 0(t)

for each t € [0, T]. Finally, by the minimality of u*(¢) and the definition of G — convergence,
we immediately obtain that there exists a function u(t) € H'(Q) and a subsequence of u?(t)
such that for each t € [0, 7]

ut(t) = u(t).
U

We now prove a I'-convergence result, for the energy in (3.2.2), without constraint, which
will imply the perimeter property (3.2.3).

LEMMA 3.3.2. Given u € H}(Q) and D C 2 the functional

F®(u,xp) := ;/QO'D|V’U,‘2dx — (f,u) + k|D| + ePer(D) (3.3.6)
I'- converges to the functional
F(u,A,0) = /QAVuVudx —(fyu) + k/ﬂ@da: (3.3.7)
with respect to the following convergences
w20, ope S aA (3.3.8)

with u € H}(Q), 8(z) € [0,1] and A € L®(Q; F(a, ().

PrOOF. Obviously we have that

1
lim inf {2/ ops|Vuf|?dx — (f,u®) + k|D°| + 5Per(D€)} >
Q

£

1
lim inf {2/ ope | Vus 2dx — (f,uf) + k‘|D6|}
Q

&€

and since by Theorem 1.10

ope -+ A if and only if /Q ope|Vul2de - /Q AVuVudz (3.3.9)

we have by (3.3.8) and the lower semicontinuity of the I'-limit
limsinf{;/QaDE|Vu€|2dx — {f,u®) +kyD€y} > (3.3.10)
;/QAVuVud:v— <f,u)+k/90dx (3.3.11)

So the (3.3.11) is the candidate to be the I'-limit. Now we want to prove limsup inequality.
Given 0 € [0,1] and A € Gy(al, 5I) there exists (by definition of Gy(al,BI)) a sequence
(Xph,opn) such that

G
XDhiH and O ph —>A,

moreover we can consider the recovery sequence u” of the I' convergence
/ oo |Vul2dz — / AVuVudz (3.3.12)
Q Q
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and in so doing we obtain

&

1
lim {2/ opn|Vul2de — (f, u") + k| D"| + sPer(Dh)} = (3.3.13)
Q

1
2/JDh|Vuh|2dx—<f,uh>+k‘]Dh (3.3.14)
Q

and since it is a pointwise convergence it implies that, calling F”(u, D) the T'-limsup, we have
1
F'( D" < 5 [ ol Vo — () + D"
Q

S0, passing to the limit in h and using the lower semicontinuity of the I'-limsup we conclude
that

li}anF”(uh,Dh) < ;/QAVuVud:): —(f,ul) + k/ﬂ@d:r,
which conclude the computation of the I'-limit of (3.3.6). O
By previous Lemma we prove the convergence result (3.2.3).
LeEMMA 3.3.3. Given (u(t), Xp-(;)) quasi-static evolution for the energy (3.2.2) it holds
ePer(D*(0)) — 0 (3.3.15)
when € goes to zero.

PRrROOF. Since (u®(t), D%(t)) is a quasi-static evolution we have in particular that, at time
t =0, (u®(0), D?(0)) minimizes the functional

1
Flu, D) = 2/ op|Vul2dz — (f,u) + k|D| + ePer(D) (3.3.16)
Q
without any restriction on the set. Moreover u°(0) is a mininum point for

/ﬂ 0 (0| Vo 2dz — (£(0),v)

so by the property of G-convergence we have
/ 0 ()| Ve (0) Pz — / A(0)Va(0)Vu(0)dar
Q Q

So passing to the limit in € in the functional (3.3.16) with «*(0) and D®(0) we necessarily
obtain that
ePer(D°(0)) — 0.

3.4. Energy Balance and a first minimality property of the limit

In this section we prove that the limit (u(t), 6(t)) of the quasi-static evolution (u®(t), D*(t))
satisfies properties (1), (2), and (3b) as in Definition 3.1 and Remark 3.2.

PROPOSITION 3.7. Given the limit (u(t),0(t)) and A(t) of the quasi-static evolution
(us(t), D°(t)) and o pe(y) for the energy (5.2.2) according to the convergences in Lemma 3.5.1,
then, assuming (3.2.4), it satisfies the properties (1), (2), and (3b) of Remark 3.2.

PROOF. The proof is standard and it follows closely the strategy of Theorem 3.1 in [33].
As proved in Lemma 3.3.1 there exists up to subsequences the limit of u®(t), D*(t) and o pe
which we call u(t), 6(t) and A(t), such that A(t) is decreasing and 6(t) is increasing and so
the property (1) is satisfied.
The energy balance is immediate: it is consequence of the energy balance at ¢ fixed passing
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to the limit and using the perimeter convergence assumption (3.2.4).
Now we focus on the minimality property. The minimality of (u®(t), D?(t)) for the energy
(3.2.2) gives

% / 0 pe(o |V (1) 2 — (F(£), 4 (£)) + K[ DF(8)] + e Per(DF (1)) (3.4.17)

Q

<;/ o0 [Vo2dz — (f(£),v) + k|D'| + ePer(D') (3.4.18)
Q

for all v € H}(Q), for all D' D D#(t). Testing the above inequality with D’ = D¢(t) U E, for
FE C ), and using that

Per(D*(t) UE) < Per(D®(t)) + Per(E),
(3.4.17) becomes

;/QoDs(t)]VuE(t)Fd:c —(f(t),u(t)) (3.4.19)
g% /Q op|Vv|?dz — (f(t),v) + ePer(E) + k/Q(XDE(t)UE — xpe)dx. (3.4.20)
Since o pe(y) <, A(t) and u®(t) satisfies —div (o pey Vus(t)) = f(t), we have
% / AW Vu(t)Vut)de — (F(1), u(®)) (3.4.21)
Q
=lim {;/QaDe(tﬂVuE(t)Fdx - /Qf(t)ua(t)dz} (3.4.22)

Moreover by the locality of the G-convergence we have
G
ODe(tuE — A(t)XQ\E + axE (3.4.23)
and, by the equivalence with the I-convergence (see Theorem 1.10), given v € H(f2) there

1
exists a (recovery) sequence v¢ € H}(2) with v° L v such that

lim sup {; /Q UDs(t)UE‘VU€’d$ — <f(t)7’1)5>} (3424)
= ;/Q(A(t)XQ\E + axg)VoVudz — (f(t),v). (3.4.25)

Finally noting that e Per(E) — 0 and that

lim {/(XDa(t)uE - XDs(t))de} :/(1 — 0)xpdx
e—0 o) [¢)
we obtain (using also (3.4.21) and (3.4.24)) the following inequality

1 /
/Q AW Vu(t)Vu(t)dr — (1), u(t)) < 3 /Q AVoVode + k /Q (1 - 0(t))xpde

for all v € H}(2) and for all A’ = A(t)xa\g +axe for all E C Q, and so by density we obtain
the minimality condition (3b) of the Remark 3.2.

O

REMARK 3.8. Let note that the possibility to have the energy balance for the limit is equiv-
alent to the convergence of the perimeter (3.2.4). Indeed, let assume that the energy balance
holds for the limit. Using the energy balance for the quasi-static evolution (u®(t), D*(t)) and
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the fact that e Per(D®(0)) goes to zero (up to subsequence) we have by the energy balance at
€ fized that

a(t) + kD ()] + ePer(D(t)) = Egy (0) — /O (f(8),u"(1))ds

and passing to the limsup we have

Eu(t) +k /Q 0(t)dz + lim sup(=Per (D (1)) = Eyor(0) — /0 (), u(t))ds

and using the energy balance for the limit of (u(t), X pe(+)) we have that the right hand side
term is equal to

Ea(t)+k / 0(t)dz

Q
which implies that up to subsequence

6li_I)1r10(a€Pe7“(D5(t))) =0
for all t € [0,T].

Since the convergence (3.2.4), as we will see, is the key point to prove the minimality condition
as in the Definition 3.1 it means that if we have an increasing function 0(t) (and u(t)) which
is approrimated by a quasi-static evolution D*(t) (and u®(t)) of the energy in (3.2.2) and
such that it satisfies (a priori) the energy balance related to the energy (3.2.1) then it is a
quasi-static evolution for this energy.

3.5. Minimality Condition

In this section we will prove the main Theorem of the Chapter, which reduces now to
prove the minimality conditions in Definition 3.1. It will be consequence of the fact that u®(t)
satisfies a threshold property in the limit (see Step 1 in the proof). This property is implied
by fact that, thank to the (3.2.4), we can have a convergent blow-up of u*(¢) on a large
number of squares 5 C  whose limit satisfies a sharp threshold property (see Proposition
3.10) which is consequence of a minimality property of that limit (see Lemma 3.5.2).

The first part of this section is devoted to the possibility of make the “blow up argument”
which allows us to prove, in the second part of the section, the minimality condition of the
Definition 3.1.

3.5.1. The blow-up argument. In this subsection our purpose is to show that we can
find a region (square) of € in which (u(t), D*(t)), after a change of scale, has a subsequence
that converges to a pair (7o(t), Do(t)) that satisfies a first threshold condition in that region.
To do it we need to construct a partition of 2 with good properties. To avoid heavy notation
we sometimes neglect the dependence of ¢ underlining the dependence of x.

We need also to introduce some notations: given a square Q5 := Q°(x) C € with center in
x% and length size p. we define u$(z) as the restriction of u®(z) on this square and we define

the following blow up on it (see Figure 1)
- 1 ~ 1 1
05 (2) == —(ui (pew + 25) = %), Df = —(D°NQ; —17), Q(0):=—
Pe Pe Pe
where % is the mean value of u®(z) on Q5.

(Qf —7)
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Pe

FiGure 1.

REMARK 3.9. Let note that, for each € > 0, we can construct a covering of Q of disjoint
squares such that

Per(D5(t),9) = Z Per(D*(t),Q5),

indeed the possibility to choose x; such that this property is satisfied is due to the fact that
the perimeter of D*(t) is equibounded. Indeed, fized arbitrary family x5, we consider a vector
a = (a1,as) € [0, ps)? and the related partition made by squares

Q (25 +a)

traslation of Q5 on the vertical line of az > 0 and on the horizontal line of ax > 0.
To prove the property we just need to show that

Ja € [0, p.]? such that H'(OD®(t) N OQ (x5 4+ a)) =0
for every i € N. By contradiction we suppose that
Va € [0,p.)*  Jig : H'(OD(t) N OQ° (25, + a)) > 0,

but using the Fubini Theorem we have
Pe Pe
H2(OD*(t) N Q) > / / HY(OD*(t) N OQ° (x5, + a))dasdas,
o Jo

so we have H2(OD?(t) N Q) > 0 which implies that Per(D%(t),Q) = HY(OD(t) N Q) = oo
that is a contradiction. From now we assume that this property is verified by the family of the
squares will consider in the future.

Now we want to show for every ¢ > 0 that the squares Q5 that define the partition of €
are “almost all” such that the blow-up function v5(¢) has finite norm on it and the perimeter
of D5 (t) is equibounded. It will be fundamental to have a convergent subsequence.

So we start defining the set of squares in which, given p., there is “too much perimeter”

Joi={i: Per(D°(t),Q5) > 4p.} and  UJ.:= |J @

i€,
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and we note that if j ¢ J. we have

Per(D5(1),Q1(0)) = W(Dzw = 4p€p15 -

Moreover we define the set of squares in which, for each ¢, the norm of u®(t) is “too large”

i.e. fixing an arbitrary large constant M > 0 we define

ieIM
It is immediate to have an estimate on the measure of UIM:

Do @l > #12-Mp2 = M| | @5

ieIM i€IM
and since
> e O)llage < v ®llme) < C
eIM
we obtain o
UM < i

(3.5.26)

LEMMA 3.5.1. Assume (3.2.4) holds, then there exists a sequence p. — 0 such that

e it holds
{UJ:| — 0

when € goes to zero;
e for every § > 0 there exists a constant ¢ > 0 and a set of indexes

A= i s Il @llne) < eo?)
such that, considering ¢ sufficiently small, it holds
J@il=191-9
1€Ad
e if j € A? then for every ¢ > 0 there exist a constant ¢; > 0 such that
195 ()l 511 0)) < 1

with ¢; not depending on ¢.
PRrOOF. To prove the first property we use Remark 3.9. We have

Per(D*(t ZP@T (D(t),Q5) > Z Per(De(t),Q5) > #J: - 4pe
1€

and defining A\ := ePer(D*°(t)) we have

Ae 1
#J < =
€ 4pe
Then choosing p. := )\f/Q (which goes to zero when ¢ goes to zero) we obtain
\1/2
(UJe| < e p2 ==

that goes to zero.
To prove the second statement we start defining

A= ()N (1)
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and so we have

Ja-o|Ueu U o

ieAM 1€Je ieIM

which implies using (3.5.26) and (3.5.27)

U &

1€AM

C
> |9 = U] = UL > 9] = o:(1) = 57

so choosing ¢ sufficiently small and M sufficiently large we conclude.
Now we prove the third property. Let remark that since j € Ag it holds

a5 (6) 711 (e) < co? (3.5.30)

Now by the definition of v5 it holds (we neglect dependence on ¢ underlining the dependence
on x)

~& 1 £ £
/ IV ()| 2da :/ V(L (pee + 25)) P
Q'(0) Q10)

pe

1
_ / (Vi) (pet + 25) P = 2/ Vs () 2de < e,
Q1(0) Pe Q5

where the last inequality comes from (3.5.30).

Now, since o5 is not (a-priori) zero at the boundary of Q'(0) we need to show a similar bound

for the L2-norm of 17? to have the boundness in H!. We have

1 1
175»1:2611‘:/ —(us(pex + 25) — 4 de:/ uE(y) — 6 |2dy.
Lo B@Pdr = [ ) )P = i) =

Now using Poincare-Wirtinger inequality

1/ B 5 1 N 1
— [ Iu5(y) —ujldy < Cp / IV (u5(y) —ue-)!dyzc’/ |V (y)|dy
P? Q5 I ! EPQL Q5 I I Pg Q5 !

and, again, by (3.5.30) we conclude that 05 is equibounded also in L2(Q(0)).
O

Now we prove that, for each ¢ € [0, 7] we can extract in Q'(0) a subsequence of the pair
V5(t), X 5e (t)) such that it satisfies a minimality condition in this square respect to add more
J Ds

damage set and respect to functions with the same value of 5 on the boundary.
From now the partition {Q¢ }ien will be fixed and such that it satisfies properties of previous
lemma.

LEMMA 3.5.2. Considering the family {Q%}., and an index j € A?, there exists, for every
t € (0,77, a subsequence (13;5’“ (t),XD;k(t)) and a pair (0o(t), Do(t)) s.t.
J

1 1
1. 55 (t) ™ To(t), and X5t () =5 Xy i Q1(0),
2. (Do(t), Do(t)) satisfies
/ 0 o0 [V 0 (D) 2dz + K| Do(t)] < / op|Vol2dz + k| D| (3.5.31)
Q1) Q1(0)
for all D D Dy(t), D € Q(0) and for all v s.t. (v — p(t)) € HA(Q'(0)).
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PROOF. As we have seen before there exists ¢; and c¢g positive constants such that
195 (O 71 (Q1(0)) < e1 and Per(Dj(t)) < o
and by the weak compactness property of H 1 and compactness property of BV function
(Per(D5(t)) is the total variation of the function x D (t)) we can extract, for every t, a con-

vergent pair of functions, whose limit we call (o(t), Do(t)).

Now we show the minimality property of such limit.

It is useful, for what will follow, to define for S C 2 the duality between a given f € H~1(Q)
and u € H}(Q) as

(fyu)s ::/SgVudm

where g is (one of ) representative function of £, i.e., a function g € L?() such that —div(g) =
f in weak sense.

We choose as competitor for (u(t), D*(t)) in (3.2.2) a pair (v, D) such that v = u*(¢) in (Q5)°
and D such that D = D#(¢) in (Q5)° and D N Q5 = (D*(t) N QF) U E° with E° C Q5 the
rescaling of an arbitrary set £ C Q'(0) . In so doing we obtain by the minimality condition
of u¢(t) and by these choice of test functions

/5 0 pe(1)| V5 (1) [Pd — (f(t), u5(1)) @z + kID(t) N Q5] + ePer(D°(t) N Q5)

J

< /QE UD(t)]Vv|2dx — <f(t),v>Q§ + kDN Q§| + ePer(DN Q;),
j

which becomes, making the scaling = p.y + 25, and defining f*(y) := f(py + ZL‘?)

J

/ 0 e (OVT5 (1) 2y — pe(F(1), 5 (1)) g — (F7(0), 75 (D) g
Q1 (0)
+E[D5(t) N QY (0)] + piper([);.(t) nNQY0) <

/Q <oy “Bstouel Vol dy = (50, v)gy + D5 () U E) NQ10)

+piper(([>§.(t> UE)NQ(0))

with v such that v = ¥5(t) + u; () on the boundary of Q'(0). Now we want to pass to the
limit as € goes to zero. Note that for the mean value @ (t) we have, using Holder inequality
(neglecting dependence on t),

1 1 1 9 1/2
u; = uj(y)dy < (Q??(/ u;(y dy) >

which goes to zero when ¢ goes to zero since j € Ag. Moreover (up to subsequences) x5 is

a convergent sequence and by the definition on p. we have that (¢/p.) converges to zero.

Then we remark that, for each ¢ € [0,T] Per(D;5(t), Q'(0)) < c2 and that Xpe(ty — Xbo(t)
J

in L'(Q*(0)). Finally, we have that (up to subsequences) o 5. (t) strongly converges to o, (t)

J
in L?(Q'(0)) and that V5 (t) weakly converges to Vig(t) in L?(Q*(0)). So using all these
properties we can pass to the limit and obtain the energy minimality (3.5.31). O

Now we will show that (7g(t), Do(t)) satisfies a threshold condition in Q'(0).
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PROPOSITION 3.10. (@g(t), Do(t)) satisfies the following threshold property:
[Vop(t)| < A

a.e. in D§(t) with A = B(Qﬁo‘fa) for each t € [0,T].

PRroOOF. The idea is to prove the claim by contradiction using the minimality property
(3.5.31). We suppose (by contradiction) that the set in which |V9y| exceeds the threshold
outside the damage region has positive measure; we consider a small square @ of this region
and we damage it with a lamination. Then we will show that there exists an admissible test
function for (3.5.31) such that, considered the damage added by lamination, makes the total
energy lower than the one given by (7, Dy). We will follow the steps used in [43].

We suppose that the set
U :={z € D§(t) : |Vio(t)| > A}
is such that
|U| >~ >0.
Now we consider a square Q C Q'(0) with center in a point Z € U such that (see Fig.2)

U

Vg

Q.

Q'(0)
FIiGURE 2.

1) z is a Lebesgue point for 9y and V1, i.e. it holds

1
lim e — ﬁoi—@oypdy:()
25 B @ S W)
for all p > 1 (and the same for V@y), where B,(Z) is the ball with center z and
radius 7. -
2) two sides of ) are orthogonal to Viy(Z);
3) defined 0(x) := 0o(Z) + Vio(Z) - (x — ) we have

70 — 91210, < <IQ

|Do N Q| < €[Q)
Note that since we are assuming that in U we have |V7y| > A there exists § > 0 such that
|Voo(Z)| = A+ 6. Graphically we have
We can divide the proof in 3 steps.
As first step we will show that considering in @ test functions with the same boundary
condition of ¥ (instead of ©y) we can decrease in this square the total energy given by the
pair (0, 0) (without the forcing term) using a process of lamination, i.e. we will show that

B3%Q|  (3.5.32)

N |

ng {E2/(0.0.Q): (0 0) € BY@.D < Q) < B (0,0.0) -
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FiGURE 3.

where

w -1 _
Bl (v,D,Q) = Q/QUDIVU2dx+k|DﬂQ|

To do it we need a technical result to match the boundary conditions of the test function
(which will be a piecewise linear function) with the boundary conditions of ¥.

In the second step, using the previous one, we will show that in Q we can lower the total
energy given by (y(t), Do(t)) using test functions with the same boundary conditions of @i (t)
and choosing ¢ sufficiently small, i.e. we will show that

ing { B/ (0. 0/.Q)+ (0~ i(t) € H(Q). D' < @} < B (0n(0). Do(0),Q) - 55510
(3.5.33)

+ 05(1)|Q‘
(3.5.34)

Finally in the third step we will use the previous steps to construct an admissible pair for the
inequality (3.5.31) that has in Q*(0) a total energy lower than the one given by (7g(t), Do(t))
and so the contradiction.

Step 1: To avoid heavy notation we can assume that £ = 0 and 0p(Z) = 0 and so we have
0(x) = Vio(z) -

We consider the continuous periodic function z(y) such that z(0) =0, z(1) = A+ § and

ﬁ .
Z(y) = ot ifwe (0.d) (3.5.35)
N, ifyeld1)

where d is univocally determined and it turns to be d = A(gfa) and we define

Daz—{er:z’(i.)

It is easy to see that 0. converges strongly to ¥ in L?(Q) and that it is bounded in H'(Q).
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FiGURE 4.

Now we match the boundary conditions of 0. with the ones of ¥ using the cut-off function

. 17 if ye Q\QR
P(y) = {o, ity e On ., (3.5.36)

and such that |V¢| = i in Qr\Qgr—, where R € (0, |Q|1/2) and p € (0, R) and we define
we = @0 + (1 — ¢)0,.

Let remark that we can choose R such that

lim lim |Vwe|?dz =0 (3.5.37)
p—0e—0 QR\QR—M

lim lim |Vw. — Vie|>dz = 0 (3.5.38)
p—0e—0 Onr

indeed by definition of w. we only need to prove the first one and we have

1
/ Vwe|*de < — |0, — 02 dx +/ |Vo|?dx +/ Vo, |*dz.
QRr\QR—p K JQRrR\QRr—p Qr\QR—p Qr\QR—p

The first term on the right hand side of the inequality goes to zero when & goes to zero by
the L? strong convergence of 0, to ¥, while the second term goes to zero when ju goes to
zero. To show that also the last term goes to zero we just need to prove that there exists
R € (0,|Q|"/?) and a constant C' > 0 such that

Vo> <C in Qr\Qr_,

but this is immediate since 9. is bounded in H'(Q) (choosing p suitable small). By the
(3.5.37) and the (3.5.38) follows that the energy given by (we, D) is arbitrarily close to that

N

given by (0., D) which is (with a simple computation)

SAAA+0)Ql + 510l

The second term is the product of k with the scalar d where k is the dissipation linked to
the threshold A by the relation in the statement. With this choice of A we have that the
energy given by v(x) (with no damage but exceeding the threshold) can be decreased putting
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damaged in a way to bring the strain outside the damage region down to the threshold \ (see
Remark 1 in [43]). So, we conclude that

inf {1 / op |Vw|?dz + k| D'| : (w— 1) € HY(Q), D' C Q} < 15A(A+ §)|Q| + 16)«5@]
2 Jo 2 2

(3.5.39)
wf /A~ A 1 21 A
= By (0,0,Q) — 5/85 Q|
(3.5.40)
where the equality comes from the fact that
wfia o Ay L A
Eiof (0,0,Q) = 5801 +6)°|Q)
Step 2: we start showing that by the properties (3) of Q we have for each t € [0, 7]
| Ejof (50(2), Do(1), Q) — Eyef (8,0, Q)| < 0-(1)|Q)| (3.541)

indeed we have

Ef (5o(t), Do(t), Q) — Epef (6,0,Q) = /Q 7 ooy Vo (1) Pdz + k| Do(t) N Q| - B /Q Vi |*da
(3.5.42)

<5 /Q (Vi) — [Vol2)dz + EDo(t) N Q| (3.543)

and using the property for numbers |a|? — [b|> < |a — b|? + 2|a — b]|b| we obtain (using also
Holder inequality) that

Epf (50(t), Do(t), Q) — Epf (8,0,Q) < C /Q Vao(t) — Vol2da + k[Do(t) N Q| (3.5.4)

with C' > 0, and using the properties (3) we have (3.5.41).

Now considering the inf problem in (3.5.34) we note that we can use as test function h(z) :=
w(z) + (Vo(z) — v(z)) where w(z) is an arbitrary admissible test function in the inf problem
in (3.5.32), so, using (3.5.41) we obtain the inequality (3.5.34).

Step 3.

We come back to the square Q'(0) and consider the problem

inf {1/ op |Vw|?dz + k| D'| - (w — 0(t)) € H} (QL(0)), D' € Q*(0),D' D DO}.
w,D’ | 2 Q1(0)

Using the previous steps we can construct a pair (w, D) with D’ 2 Dy and w = @ (t) outside
() such that

Eiot(w, D', Q(0)) < Eor(90(t), Do(t), Q*(0)) + (—%552 +0:(1))|Q]

So for £ << 1 we have a contradiction since with an admissible competitor the total energy
decreases more than the one given by the pait (0g(t), Do(t)). O

3.5.2. Proof of the main Theorem.
In this subsection we prove the main result of the chapter stated in Theorem 3.6 that is
considering the quasi-static evolution (u®(t), xp-(;)) we have that, up to subsequences, the
G-limit A(t) of opey), the weak limit u(t) of u*(t) and the weak* limit 6(¢) of x pe() define
a quasi-static evolution as in Definition 3.1.
To do it we divide the proof in two steps. In the first one we will prove that it holds the
threshold condition of the Definition 3.4 for (u®(t), Xp<(+)) and op-(;), then using this fact,
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in the second step we will prove that A(t), u(t) and 6(t) satisfy the minimality condition
introduce by Garroni and Larsen (see Definition 3.1). In this way since these limits satisfy
the energy balance and the damage irreversibility for the energy (3.2.1) (by Theorem 3.7) we
have that they define a quasi-static evolution in the sense of Definition 3.1.

PrRoOF. Step 1.

Given f(t) € H~1(Q) we note that by the minimality condition u®(¢) is the unique solution
of

—diU(UDa(t)VUE(t)) = f(t)
Now defined
A‘g ={x € (D(t))°: |Vu(t)| > A+ 6} (3.5.45)
with § > 0, we want to prove that
|A% — 0 (3.5.46)
when € goes to 0.

We proceed by contradiction: suppose there exists v > 0 s.t. lim sup, | A%| = 7. So considering
e small enough we have |A%| > 7 and, considering the set of indeces A (see Lemma 3.5.1),

g
5 <142 =D 1AINQE + D 142N Qi
€AY i¢ AV
using (3.5.28) we obtain
> lAinQs| > 2 —v

i€Ad
which implies that there exists an index j € AY such that
145 NQs| > (2 - u)@. (3.5.47)
T2 €

Considering this index j we can make in Q; the blow-up argument of previous section, so
defining (neglecting the dependence on t)
~&

1 _
U5 (@) i= ~(ujlpew + 25) — )

- 1
D= ((D°NQ5) —5)—

Pe
we can apply Lemma 3.5.2 and call their limits (up to subsequences) Dy and 7.
In this way (3.5.47) becomes

Q1 (0)]
Q-
Now we want to pass to the limit in € to have a contradiction, and to this aim the weak-
conveirgence of V0.(t) is not enough, so we prove that (at fixed ¢) the convergence is strong
in H-.
We have for each ¢ € [0,7] (and up to subsequence) ¥5(t) — ¥o(t) in H'(Q'(0)) so, since
H!(Q'(0)) is an Hilbert space we just need to prove the convergence of the norms. By
compactness we have strong convergence for each ¢ € [0, 7] (and up to subsequence) of (%)
to To(t) in L*(Q%(0)), that means we need just to show the L? strong convergence of the
gradient. To this aim we note that 5 (¢) satisfy the Euler-Lagrange equation

[{z € QUON\D5(®) : [Vi| > A+ 3} > (% — ) (3.5.48)

—div(abj Vis) = g5
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with ¢5(z) = pe f(p-x+25), and using as test function v = ¥5(¢) —¥o(t) in the weak formulation
we obtain

| on Vi) = Vi = (550~ - [ ap, Viod)(Vi50) - V(o)
Qi) Qo
and since for each ¢ € [0, 7] (and up to subsequences) o5(t) —o(t) — 0 in H(Q) and g5 —0
in H~! the first term on the right hand side converges to zero. At the same time by the L*-
strong convergence of 0y (t) to o (t) we have that also the last term in the right hand-side

goes to zero, and since it holds
o / IV (1) — V()P < / 0 pe (0| VT (1) — Vi (t)
Q(0) Qo) 4

we obtain the strong L?-convergence of the gradient (up to subsequences). Now passing to
the limit in the subsequences in (3.5.48) we have

Q1(0)]

>0
€2

H{z € QY (0)\Dy(t) : |Vio(t)| > A+ 6} > <g — ,,)

since v can be chosen arbitrarily small. Otherwise, since j € AY it holds by Proposition 3.10
that

[{z € QU0)\Do(t) : [Vao(t)] > A} =0
and so a contradiction.
Step 2.
Now to prove that A(t), u(t) and 6(¢) satisfy the minimality condition as in Definition 3.1,

we first show that, for every ¢ € [0,7] , (u®(t), D*(t)) is an almost minimizers for (0.0.11) in
the following sense:

Ea(uf (1), D°()) + k| D°(1)| (3.5.49)
< {Eelw, D)+ kw} o) (3.5.50)

where
Eu(v, D) = / op|Vultdz — (f,v),
Q

for all D D D#(t). For each ¢ and ¢ we fix D and we call the related minimum point in (3.5.49)
v = u°(t). Considering test set D = D*(t) given by

D(t) = D°(t) U EF
with E° such that
ESNDe(t)=10

and using Lemma 12 in [43] we have

Ea(f (1), D) — a0, 0°0) < P P 0 01, o ey (355D

Introducing the set
A‘g :={x ¢ D°(t) : [Vu (t)| > A+ 4} and Bg ={x ¢ D°(t) : |[Vu(t)| < A+ 4}
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which divide the undamaged domain (at time t) in two regions, one in which the gradient of
Vue(t) exceeds the threshold A + ¢ and the complementary one the right hand-side term in
(3.5.51) can be written as

(B—a)B cr 2 (B—a)B e 2
L /A TP CE /B P

It can be proved that |Vu®(t)|? can be seen as sum of a term which is equiintegrable and
one which goes to zero in measure (see [42] for details) and since by Step 1 u®(t) satisfies
the threshold property, we have \Ag\ goes to zero when € goes to zero, which implies that the
first term goes to zero in the limit in €. The second term can be estimated as

(8- )8 e BB o o (1 o(B-a)f  (Ba)A\ .
m/Bvawt)m2@|E1<A+6>—(k+6 P4 0= e

where the last equality comes from the relation between A and k. So we have

Ea(u®(t), D*(1)) = Ea(a°(t), D*()) < 0:(1) + k|E®| + 05(1)| E°|
By this estimates using that £ N D®(t) = 0 we have

Ea(u(8), D*(8)) + FDE(8)] < Bu(@, D¥(£)) + KID(®)] + 0.(1) + 03(1)

and passing to the limit in § we obtain (3.5.49). Now given 0(t) = 6(t,z) € [0,1] and A(t) =
A(t,z) € G m)(aI, BI) we can consider D?(¢) D D9(t) such that D=(¢) = 6(t) and T ey
G-converges to A(t) and passing to the limit in € we obtain the minimality condition as in
Definition 3.1. (]
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CHAPTER 4

Dynamic of the damage: Energy and threshold approach

4.1. Main results

The main original result of this chapter is given in Theorem 4.1. We prove that a mini-
mizing sequence (uy(t), Dy(t)) for minimum problems for the time-discrete energy in (0.0.11)
with a discrete version of kinetic term converges to a pair (u(t), 6(t)) satisfying a (weak) ho-
mogenized version of elasto-dynamic equation of (0.0.21), an energy inequality, irreversibility
of the damage and a threshold property. In the second part, using a different approach (deal-
ing directly with the momentum equation), we show that the solution of the problem (0.0.21)
for discrete time considering the damage updated at each time step through a threshold crite-
rion, converges (as the time step goes to zero) to a couple (u(t),0(t)) satisfying, also with this
approach, a (weak) homogenized version of elasto-dynamic equation of (0.0.21) (see Theorem
4.7). In the final section we suggest a definition of Threshold solution.

4.2. Energy approach

To show the existence of an evolution (in terms of displacement and damage) for the
(weak) homogenized version of Euler-Lagrange equation of (0.0.21) we will apply explicitly
the well-established method for showing existence for rate-independent processes ([59, 61,
66, 67]) adjusted to the coupling with the inertial term. As explained in the Introduction
of this thesis the strategy consists in a discretization of the time and to solve minimum
problems at next time steps. Then, from such solutions, after having defined piecewise and
affine functions the idea is to pass in the limit in the partition of the time through some
compactness property and to verify that the limit satisfies an Euler-Lagrange equation of the
motion. We start defining the formulation of the incremental problem.

4.2.1. The formulation of the incremental problem.
For every n € N, we fix a time scale At = nip with 0 < p < 1 (this restriction will be clear
at the end of the proof of the Lemma 4.2.2) and we consider a partition of the time interval
[0,T] given by points ¢t = 0 and ¢} with ¢ > 1 such that ¢} — ¢ ; = At. To avoid heavy
notation, sometimes we write ¢; instead of ¢'.

Given f € WL([0,T); H-1(Q)), Q C R™, with n > 1, we consider the energy functional
1
E(t,u, D) = 2/ op|Vul2dz + k|D| — (£(£),u) (4.2.1)
Q
and starting from initial conditions Do := @ and (ug,vo) € H'(Q) x L?*(Q) we define

(uB, D) := (up, Do) and iteratively (u?, D?) € H(Q) x P(2) as follows:
e We choose (4}, D}) such that

_ 1@ — uo 2 1 {|u — ug 1
E@t,at, DY)+ = || -+—— —v < inf E(tt,u,D)+ = — + —
(ty,ay, DY) 5 At 0L27u€Hé;D2D0 (1 ) o | Az OL2 2
(4.2.2)
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and, fixed D7, we define u}' be the minimizer of

1lu—ug 2
E(t},u, D) + = - . 4.2.3
(D7) + 5 |5 o) (423)
e Analogously for 7 > 1 we choose (%}, |, D, ;) such that
N 1| at, —ul  ul =l |?
E(tiy, @i, D) + 5 : A - Atz L <
1|uw—u?  ul —ul, 2 1 (4.24)
inf E(t} ,u,D)+ = (R e :
weH}; DODI ( i1 U )+ 2 At At 2 2'n
and fixed D}, | we define v, ; be the minimizer of
llw—u?  ul —ul |
B(u, DIy, t0) + = B =1 | 4.2.5
(u7 i+1> z—|—1> + 2 At At 12 ( )

We define D,,(0) := Dy and for every t € (1}, ¢}, ;] we define the following piecewise constant
and affine functions

n n
Yit1 — U

it =l unlt) =l (¢ ) L D) =Dy (426
At
Coud g (=) (et —ud o ud -y N . pim
un(e) = it () (M i~ n e FE). (42)
an(t) u’ﬂ(t)
A
—
g

Y
Y

FiGure 1.
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In this energetic framework the main result that we will prove is the following:

THEOREM 4.1. Let (un(t), Dy (t)) as in (4.2.6) and (4.2.7).
Then there exists u € W1°°(0,T; L*(Q)) N L>®(0,T; HE(Q)), 6(t) € L>=(2;[0,1]) and A(t) €
L>(Q; F(a, B)) such that, up to subsequences,

1 * G
un(t) & u(t), XD, (t) — 0(1), D) — At) (4.2.8)

with O(t) increasing and A(t) decreasing in time.
Moreover (uy(t), Dn(t)) and the limit (u(t),0(t), A(t)) are such that:

e Euler-Lagrange equation: for every ¢ € L*(0,T; HY(Q)) N Whi(0,T; L*(Q)) it
holds

T _ . . T B T
_ /0 /Q Wt da di+ /Q W(T)$(T)dz— /Q (0)p(0)da+ /O /Q AW)Vu(t)V e d di = /0 (F(t), 6) dt
e Energy Balance inequality: given

Pua(t) == 503 + 5 | AOTVuVuttido -+ [ o(e)da (10 ),

it holds
t
Buo(t) < Bunl0) — [ (7(s),uls))ds, (42.10)
0
e Threshold condition: for each § > 0 it holds
li_r)n {xz & Dy(t) : [Vup(t)| > A+ =0 (4.2.11)
2k
with A == 4| ———
BB — «a)

This result will be consequence of propositions and lemmas proved in next subsections.

4.2.2. Convergence result and threshold condition. In this subsection we want to
prove (4.2.8) using compactness properties and an a priori estimate following [27] . We will
also prove the threshold condition in (4.2.11) following the blow-up argument proposed in
[43] and used in Chapter 3.

LEMMA 4.2.1. For each j =0,..|T/At] it holds

. G ti .
\un(t)\%2+/Q<7Dn(t)Wun(t?+1)de—i-At/O ||vn(s)||§2ds+m/0 /QaDn(t)\Vun(s)Pdmds

ti+1 2 2 ? 2
- / (Fu(5), iin(s))ds + / 0 )|Vt (0) 2z + [[5(0) 2 — (B — @) 3 / IVl Pde
0 Q i—0 Y DR \DY
(4.2.12)

PROOF. Since uj, ; is the minimum point for the functional in (4.2.5) it satisfies the
following weak Euler-Lagrange equation

n V', Vd Bl L) P g (L oy =0, (4.2.13

for each p € HL ().
Choosing ¢ = uj’, | — ui* we have
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2

n n

ul , —ul
1

A S

At

n (2 n n
/QUD?HWWH‘ _/QUD?HV%‘HVUZ‘ d:):—i-/Q

Uity — U —u g ;
_ de — (fiF1 (W, —ul)) =0
/Q At At x < n (uz—i-l U; )>

(4.2.14)

. . N ST 1 9 R
and using the identity §||g||L2 - /Qg ~hdx = 5”9 —h|[72 — §HhHL2 with g = Vi, /opp,
and h = Vu} /oDr, for the first two terms on the left side of the previous equality and

—u’ ult —
g=—"_ " and h = =1 for the second two terms we easily obtain
At At
2 2
uilyy — g Uy —up Ul =y
At 12 At At L2

—|—/QUD?H|VU?JF1’2CZJJ-I-/QO’D:‘LH|VU?+1—VUdex

n 2

. ut —u’
_ 1+1 n n n|2 7 1—1
=2(f" ’Ui+1_“z‘>+/QUD?+1‘VUi‘ dx+‘At

L2

Summing over ¢ =0, .., j and using the identity opy = opr — (8 — a)XDZnH\DZL we have for

t e (t,tj]
2

Ui — Uy

J
A7 +Z\|At1}n(t)H%Q +/0Dn [Vl | d:v—i—Z/ opr,, | Vuity — Vul'|2da

L =0

:22 (U — ))+/QJDH(O)|Vun(0)|2d;p+||u(0)||%2 - Z/ IVl 2dz

z+1\D;,'n
From Wthh follows immediately (4.2.12) by definitions in (4.2.6) and (4.2.7). O

Let note that from the previous lemma we have immediately that for each ¢ > 0

. 2 noVI2, 4+ A KA 2 a4 A H Vi 2 4
[in ()72 + al|Vun (34 1) |72 + At ; [on(8) |20t + At [V (2)]| 72t

(4.2.15)
< BIVun(0)|| g2 + ||U(O)”%2 + 2Hf||L2(O,T;H 1 ))Tl/2 tgf(?}T{ l|tn ()| 22 -
in which the right-hand side above is bounded as long as M,, := n?gmz}] ln ()| 72 is bounded.
From (4.2.15) we immediately have that
Mg < BIVu(0)[I7 2 + 14(0)17 2 () + 21 £l 20,7510 T * M. (4.2.16)

This implies that M,, is bounded, and so is the right-hand side of (4.2.15). From this
estimates we obtain also that

i) u, is bounded in W1H°(0,T; L?(2)) N L>=(0,T; HY),
ii) i, is bounded in L>(0,T; H'(f)).

By the definition of the sequences u, and v, and the minimality of v, ; we deduce that for
a.e. t € [0,T] we have

[ inttodet [ ap,Van®Vods = (fa(0).0 (4.2.17)
Q Q
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for every ¢ € H}(Q2) which implies that

/Q on()6dz| < (Blin(®) e + |fal®) )]l

for every ¢ € H}(2) and hence by i) we have that

iii) v, is bounded in W1>°(0,T; H=(Q)).
As in [27] is easy to have that up to subsequence u,, — u in H'(0,T; L?(Q)) and v, — v in
HY0,T; H~1(2)). We also have that @(t) = v(t) in L*(Q) a.e. t € (0,T). Indeed it holds

i1
i (6) = 2Ol = [n(Er) = 0a®llrs < [ 7 o(6)ads <

i

which goes to zero when n — oo (remind At = 1/nP with p > 0). By this we conclude that
v(t) = u(t) in H~! , and since by (4.2.15) and (4.2.16) we also have that v, is bounded in
Whee(0,T; L?(£2)) we obtain by a density argument that

(W(t), Q) -1y = (V) @) p2xrz = (Wt), @) g-1ms = (U(t), @) 12512

that is v(¢) = u(t) in L?(Q).

Moreover using Helly’s Theorem and properties of G-convergence and arguing as in Lemma
3.3.1 (Chapter 3) it is easy to obtain that there exists a subsequence of (un(t), Dy (), op, 1))
and there exists u(t) € Hg(Q), 0(t) € L>=(;[0,1]) and A(t) € L>=(Q; F(«, 3)) such that (for
such subsequence)

1 *
un(®) Su(t),  Xpuw O, opue > A(), (4.2.18)

with 6(t) increasing and A(t) decreasing in time, for each t € [0,T]. This conclude the first
part of Theorem 4.1. We now prove the threshold property as stated in (4.2.11).

PROPOSITION 4.2. Given (un(t), Dy(t)) as in (4.2.6) it holds the following threshold con-
dition:

nh—n>1<>o {x ¢ Dp(t) : [Vup(t)| > A+ =0 (4.2.19)

for each 6 >0 and X\ := m,

PRrROOF. We first prove the result for (u]', DI') then by a convexity argument we will easily
obtain the claim. The first part of the proof is strictly similar to the one in [43] and we will
follow the same steps as done in Chapter 3.

Given a set @) C €2 we define

1
E(u,D,Q) = 2/Qam;wm+k|DmQ|.

We define
E":=El's:={x ¢ D" : |[Vu}'| > A+ 0}
and we suppose by contradiction that there exists § > 0 such that
limsup |E's| = 21

n—aoo

with 7 > 0, which implies that (up to subsequences)
|E"| >n (4.2.20)

for n > n for a fixed 7 >> 1.
In the first part of the proof we show that for n >> 1 (so using (4.2.20)) there exists an
explicit constant ¢ > 0 and (@}, D}') admissible for the minimum problem (4.2.4) such that

E(a}, D},Q) < E(uf, D}, Q) — ¢ (4.2.21)
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i.e. decreasing the elastic part of the energy in the whole (2.
In the second part we will consider also the kinetic part of the problem obtaining competitors
which total energy is less the one given by (u]', DI') and so a contradiction because of the
minimality property of (u}', D).

Part 1.
Now for each n > n we consider a covering of E™ made of squares @) such that

1) the center Z of the square is in E,, and it is a Lebesgue point for «} and Vu7, i.e.
it holds
1
im ——
r—0+ | B (Z)| /B, (3)

(and the same for Vu]') for all p > 1, where B, (Z) is the ball with center z and
radius 7.

2) two sides of ) are orthogonal to Vu]'(Z);

3) defined a(x) := ul(Z) + Vul(z) - (x — ) we have

|ui (%) — ui' (y)[Pdy = 0

n

[[ui = a?”?{l(Q) < el@

DI N Q| < elQ

Let note that since @ is a square of a covering of E™ it depends on n, d and ¢ and by definition
it depends also on € and its measure goes to zero when € goes to zero. Moreover for each ¢ it
is a fine covering of E™ so we can choose a finite number of disjoint square to cover E™.

We can divide the proof of the first part in 3 steps.
As first step we will show that considering test functions in each ) with the same boundary
condition of 4} in Q) (instead of u') we can decrease in this square the elastic energy given
by the pair (a},) using a process of lamination, in particular we will show that for each

o > 0 there exist v}’ and DZ” such that

E(v}, D}, Q) < E(u',0,Q) — %Bﬂ@l +0|Q)| (4.2.22)

with v* = 4} on 0Q).

To do it we recall a technical result (used also in Chapter 3) to match the boundary

conditions of special (almost) test functions (which will be piecewise linear functions) with
the boundary conditions of u}'.
In the second step, using the previous one, we will show that in each square Q we can lower
the energy given by (u, DI') using a test function with the same boundary conditions of u'
and choosing ¢ sufficiently small, i.e. we will show that for each s > 0 we can choose € small
in such a way that there exists w;* and lA)fl C @ such that

E(d}, D}, Q) < E(uf, D}, Q) — %552@\ +0|Q| + 5(Q| (4.2.23)

with @' = u}* on 90Q).

Finally in the third step we will use the previous steps to construct an admissible pair for
the problem (4.2.4) that has in  the elastic energy lower than the one given by (u', D).
Step 1.

We consider an arbitrary square of the covering of E™. To avoid heavy notation we can assume
that z = 0 and «]'(Z) = 0 and so we have a}'(x) = Vu}(0) - x

We consider the continuous periodic function z(y) such that z(0) = 0, z(1) = A+ § such that

B, ifye(0,d)
‘(y) =4 a™ ’ 4.2.24
#(v) {)\, ity e (d,1) (4.2.24)
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(Vul(0)—Na

S and we define
_ ._ u;' (0)
) == Ty
u;' (0)

oi={r € @G ) = 2

It is easy to see that ¥!, converges strongly to @? in L?(Q) when h — 0 and that it is

where d is univocally determined and it holds d =

H

n

bounded in H!(Q). Now we match the boundary conditions of v;', with the ones of 4 using
the cut-off function (cfr. details see [43], Remark 12)

o(y) = {07 ity e On (4.2.25)

and such that |[V¢| = L in Qr\Qr—, where R € (0, 1Q|*/?) will be suitable chosen and
€ (0, R) and we define
vy = o + (1 — @)vy,.
Let remark that we can choose R such that

lim lim Vol |? = (4.2.26)
#—=0h—0 JQr\Qr—, '
lim lim Vol — Vo[> =0 (4.2.27)

pn—>0h—0 Qr

By the (4.2.26) and the (4.2.27) follows that the energy in |Q| given by (v}, ﬁfh) is arbitrarily
close to that given by (v}, ﬁfh) which is (with a simple computation)

SOV O)IQ]+ 580IQ

So, we conclude that for each o0 > 0 there exists vl

such that Z
. 1
E(v}, D}, Q) < E(0}y,, D}, Q) + o = E(u,0,Q) — SA(Vui(0)] — A?Ql+0|Q| (4.2.28)

=o', and D' := DI, (with h << 1)

< B, 0.Q) — 35%Ql + 0l (4:2.29)

where the last inequality comes from the fact that (|Vu?(0)] — A) > ¢ and so the (4.2.22).
Step 2.
We start showing that by the properties (3) of @ we have

|E(u?, D, Q) — E(@?,0,Q)| < 0-(1)|Q)| (4.2.30)

indeed we have
E(ul', D", Q) — E(@l'0,Q) = / oo [V Pdz + K| D 1 Q| — B / ValPdr (4.231)
Q Q
< ﬁ/ (Va2 — |Va?[2)dz + k|DP A Q| (4.2.32)
Q

and using the property for numbers |a|? — [b|? < |a — b|> + 2|a — b||b] we obtain (using also
Holder inequality) that

E(u}, D!, Q) — E(u}',0,Q) < C/ (|Vul — Va?|?)dz + k| D N Q)| (4.2.33)
Q
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with C' > 0, and using the properties (3) we have (4.2.30).

Now considering @} := v} + (u} — u}'), with v as in (4.2.28), it has the same boundary
condition in @ of u'. So by (4.2.22) and (4.2.30) we have that for each s > 0 we can take ¢
sufficiently small in such a way that

B, D}, Q) < B, D} Q) — 3851Q1 +01Q] + 1@, (12:34)

i.e. the inequality (4.2.23).
Step 3.
We come back to whole 2 and consider the problem

1
inf {/ op |Vw|?dz + k| D'| : (w —ul) € HY(Q),D' D DZ"}
w,D’ | 2 Q

Iterating the previous steps for each square of the covering of E™ we can construct for each
s> 0and o > 0 a pair (@', D}') with D O DI and D} = D} outside E", and w] = u
outside E,, such that

~ 1
E(w}, D}, Q) < E(uf, D}', Q) + (—5552 + 5)|E"| + o E"| (4.2.35)

And since for n > n, e << 1 and § > 0 we can have ¢ and s small as we want we obtain that
there exist ¢ > 0 such that

E(Uvzl’DZZaQ) SE(U??Dzl’Q)_C

i.e. the inequality (4.2.21).

Part 2.

Now we link the result for the elastic part and dissipation of the energy of (u, D) with the
(almost) minimality property of (u]', D}*) for the total energy (elastic+kinetic) in such a way
to obtain a contradiction and so the validity of (4.2.19). By the (almost) minimality property
of (u, D}') we have

1[|ul —ul ul  —ul |2
E(U?,Dzn) 4= i i—1 i1 i—2 S
E( ~n Dn) + 1 ﬂ)? B u?—l u?—l - u?—2 2 1 -
AR REEY N AU ey 2n

with (@}, D}') as in (4.2.35).
Now we focus on the second term of the right side of the inequality, and to avoid heavy
notation we call

Wi — Uz Ui g — U g U —upl g
A= R B .= A7 , and C:= At
We have
1 2 1 2
SIA=BIE. =S lC - BIZ (4.2.37)

1
# 5[ (14 Bl e = Bl ) (14 Bl +1C - Bl )| @239

1
<5 IC = Blja+ [HA — Ol ( |4~ Clla + 40,%@-)} (4.2.39)
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where the constant C,, ; is an upper bound for the kinetic part of the discrete solution i.e. it
is such that:

Tl —uwiy  wiy —uily <O
> Ung
At At 12(9)
Explicitly we have (in the notation of Part 1)
ot — o o —
A= Cll2) = ' S S = sz i (4.2.40)
At At LZ(Q) At LQ(Q)
n _ gn
> - Y X Ui (4.2.41)
QeEn L2(Q)  QeEn bz
At > A=) @ = @)l a0 (4.2.42)
QeEn

By the convergence of v}, to u;', when h goes to zero, we obtain finally the estimates

< [E"[on(1)
=Tal A
By this estimates we have that the second term of the right side of (4.2.36) satisfies

1A = Cllr2(0) (4.2.43)

2

1 Hw? R u?fz < Lljuf —uwi g wilqg —uly
At At -2 At At
L2(@) (4.2.44)
|E”\ on(1) ) [E"| on(1)
2At ) |Q| At
and combining (4.2.35), (4.2.36) and (4.2.44) we obtaln that for each n

ol 1 L EMon(1) on(1) 1
E |<— 5/6’6+s+<7|Q! + <20"ﬂ T Q| 2At > |Q|At> 2in =0

but, for fixed n > 7 and € << 1, we can have (choosing appropriate competitors) h, s and o
small as we want (as we noticed in step 3 of part 1), so such that

1 ‘En’ Oh(l) Oh(l) 1
Eul — = 2C), .
| |< 2ﬁ(5+8+0‘+<07+ 0] 24t ) j0|At i

and so a contradiction.
This proves that for each ¢ > 1

h_r}n H{z ¢ D} : |Vui'| > A+ 0} =0. (4.2.45)
Finally by a convexity argument we obtain the claim in (4.2.19). Indeed, for each ¢ € [0, T
there exists ¢ > 0 such that ¢ € (¢, ¢}, ;] and so by definition of u,(t) and D,(t) we have
{z & Dn(t) : [Vun(t)] > A + 6} =

N N t—tr t—tr (4.2.46)
{z & D1 ¢ |V (1— At >+V Uikl A > A+ 0}
Obviously we have
n t—t7 n t—1t n t—t7 n t— 17
‘Vui (1 T AL ) + Vuityy IEE |Vu; !(1 R ) + quiHyT (4.2.47)

and since x ¢ Dy, | we also have that 2 ¢ D;' and by (4.2.45) we obtain that for each ¢ > 0
there exists n >> 1 such that for each n > n

66



Vuilg| <A+d+e and [V <A+d0+e¢ (4.2.48)
for ¢ D7, ;. Combining (4.2.46), (4.2.47) and (4.2.48) we conclude the proof. O

4.2.3. Euler-Lagrange equation and Energy Inequality. In this subsection follow-
ing the strategy in [30] we prove that the limit (u(t), 6(t), A(t)) satisfies the energy inequality
(4.2.10) while following the strategy in [17] we prove that it satisfies a weak form of the
following Euler-Lagrange equation

i — div(A(t)Vu) = f in (4.2.49)
with zero boundary condition.

PROPOSITION 4.3. Given (u(t),0(t), A(t)) limit of (un(t), Dn(t),0p, ) it holds

T . . T T
_ /0 /Q W(t)o da di+ /Q a(t)p(t)da— /Q w(0)$(0)da+ /0 /Q A()Vu(t)Ve d dt — /0 ((j(;;,()@ dt
for every ¢ € L*(0,T; H}(2)) N WHL(0,T; L*(Q)) -

PROOF. Integrating in time (4.2.17), with ¢ € L%(0,T; H}(Q))NnW11(0,T; L*(Q)), taking
the limit as n — +oo and denoting by o () the weak limit in L*(Q) of o, ;) Viin(t) we obtain

/()T/Szu(t)édxdt+[2u(t)¢(t)dx/Qu(o)gb(O)der/OT/ngqﬁdxdt/OTU(t()Eg)

We only need to show that o(t) = A(t)Vu(t) a.e. t € (0,T). Let us denote by 6(t) the weak-*
limit in L>°(€2) of xp,, (). By the monotonicity in t of the damage sets D, (t) we deduce that
O(t) = [, 0(t) is increasing and hence continuous up to a countable set of points in (0,7).
Let us fix 7 € (0,7) be a point of continuity of O(t) and h > 0. Integrating in time (4.2.17)
from 7 — h to 7 (and multiplying by 1/h) we get

/O’Dn(T) (][ Vi, (t) dt) Vodr =
Q T—h

_/Q o (T) — Zn(T - h)gbdx +/Q (]{h(gDn(T) — 0 p (1)) Viin (t) dt> Vo dx +]€ih(fn(t),<b>

(4.2.52)
with ¢ € H}(2). We define
i :][ a0 dt @ :][ u(t) dt
T—h T—h
and we denote by i, the unique solution of the following elliptic problem
A—div(UDn(T)Vﬂn) = —div(A(7)Va) in Q (4.2.53)
Un(1T) =0 on 0.

As a consequence of the G-convergence of op, (- to A(7) we deduce that i, converges to u
weakly in H}(Q) and hence that i, — i, — 0 weakly in H}(Q). Using i, — iy, as test function
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in (4.2.52) and (4.2.53) we get
[ opol ¥l —anPas =~ [ O =0 G ) g
Q Q

/Q <][ — XDn )\Dn(t)Van(t) dt) V(ﬂn — ﬂn) dx

o (=

- /Q A(T)Vav (i, — )

From this, using the boundness of v, and the convergence to zero of @, — 4, we get

/UDn AV (G — )| *d </ (][ — Q)X D, (\Dn (1) VU (t )dt> |V (tn, — )| dz + 0(1)

[/ (/[ B = alxpaenone |Vun<>|dt>2dasr||V<an—an>um+o<1>

(4.2.54)

where we applied Holder inequality. Now by Jensen inequality and Remark 1 and (4.2.19),
we get

T 2 T
/Q<][ hXD,L(T)\D,,L(t)Wﬂn(tﬂdt) dﬂﬁé/ﬂj[ hXD,L(T)\Dn(t)|Vﬂn(t)‘2dtdw

< Vi, (t)|? da dt
][rh/n(r)\Dn(t) | ) (4.2.55)

<M " |Du(r)\ Dat)] dt + o(1)
T—h

SM|Dyp(7) \ Dn(7 — h)| + 0o(1) .

Applying Young’s inequality from (4.2.54) and (4.2.55) we obtain that there exists a constant
C > 0 such that

/Q |V (i, — @) |*dz < C|Dyn(7) \ Dp(1 — h)| + o(1), (4.2.56)
i s /Q IV (i, — )| 2dz < C(O(7) — O(r — ). (4.2.57)

From this we get

2
/(7[ tyVin(t)dt —op, (- Vun> dx <2/ (7[ — Q)XD,(r \Dn(t)\V&n(tﬂdt) dx

+232 / |V (G, — i ) |2 d
<C(O(r) —O(T —h)) +o(1).
Now by the definition of ,,, taking the limit as n — 400 we get
2
/ (7[ F)dt— Alr )va) dr < C(O(r) — O(r — 1)) (4.2.58)
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Using the fact that a.e. 7 € (0,7T) is a Lebesgue point of o(7) and u(7) and a continuity point
for ©(7), taking the limit as h — 0 we get

/ |o() — A(T)Vu(r)Pde < lim C(6(7) = O(r — h)) =0, (4.2.59)
(9] —

which concludes the proof. O

Finally remains to prove the energy inequality (4.2.10). This is done in the next Lemma
in which we use the same technique as in [30] We define

1 1
Eipi(t,u,0,A) := 5”””%2 + 2/ AVuVudr + k/ Odx — (f(t),u)
Q Q

LEMMA 4.2.2.
Given (u(t),6(t), A(t)) the limit of (u,(t), xp, (t),oD, (t)) and

Eiot(t) := Epor(t,u(t), 0(t), At))
it holds
Eio1(t) < Eto1(0) _/0 (f(s),u(s))ds

ProoF. Considering (u,,, D}, ;) we have by almost minimality condition (4.2.5)

1 2

1|l —ul
AUD?+1|VU?+1|2d$+k’D?+1|+2 =

n __ ,mn
R |

At At
2

, ([, uiha)
L (4.2.60)

— n N
2 <fz+17u> + Qin

2

n n__ ,n
U—uy U Ui

At At

1 1
< / op|Vu|*dz + k|D| + =
2 /o 2

with D O D and u € H'(Q).

We consider as test set D = D7, |\ E) with E) such that
L4 Dzn_t,_l 2 E)n
e hND} = 0
o |Ex =MD = D7)

with A € (0,1).
It is easy to see that it implies

DI = MID7| = |Dial) + D], and  op =opp,

+ (B — a)xE,-

We use this test set D in the right hand-side of (4.2.60) which becomes

1 -«
/ UD?+1|VU2de+(B2)/ Vul*de
Q Ex

2
4.2.61
w—up - || R

At At

1
+ EX(|D}'| — |Ditql) + kIDi | + B

- <fzz-17u> +

12 21’[”&

Now we consider as test function % := uj | — A(uj,; — u}'), and since

1 A

_ _ 1 -2
3 L oon Ve~ () = 5 [ ooy, 1VataPde 4 A(252) [ oo, 9t aPde

A2 n n n n n n n n
+ Q/QUD?HV%‘ Pdz 4+ A(1 — )\)/QUD?HV%‘HVUZ‘ dr — (fsuien) + M it — )
(4.2.62)
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and

2

1j|lu—u u — i g 2 1 u?_H —uloup —uy 2 22 u?_H —uy
2| At At |2 2 At At 2 2 At |2 (4.2.63)
B /\/ wiy = g (g — d
Q At At At ’
Considering (4.2.60), (4.2.61), (4.2.62), (4.2.63) and dividing by A we have
2—A n 12 wr —upoul —ul g\ Ul —uy
" r d 1+ T 7 i+ g
( 2 )/QUDZ'“’WZ“‘ w+/g;< At a ) A
—(1- )\)/ 0D, VUi Vu jdx
Q
A Al —ul])?
< 2/QUD:-;1|VU1~1|26136+ B %tz (4.2.64)
(8—a) _
+ k(D7 = [Dia]) + Va|*dz
2 2N
At Uit % ‘
+ < +1» At >+ )\an
We note that the first and third term of the left hand-side satisfy
2—A n |2 n n
), opr,, [Vuiy[“dz — (1= A) A oD, VU Vi, d
(4.2.65)

> (1 —A)/ opr,, Vuit V(uyy — ug)dr.
0

Now considering the following identities (see [30] pag. 14,15-16):

. /O‘Dn Vui 1 (Vui — Vui)de =

1+1 At 7,+1
/ /Upn Vg (s) Vi (s )ds—l—— /aDn Vi, (s) Vi, (s)ds

i+1

2

o / uihy —uioul —uy (u?-i-l - U?) 1wy — i
o\ At At At 2| At |
1 u — u . 2 At tiv1 9
| IRt = ; d
At Lo + 9 . "Un(S)‘ S

>\ 2 _ i+1
o 2/Qapn |Vui|*dx = 2At/ /aDn |V, (s)|?ds
tz+1
—/ /O’D." Vun(s)Vi(s)ds
t;
)\At i+1
/ /apn |V, (s)|*ds



and using (4.2.65) the inequality (4.2.64) becomes
741 At i4+1
(I—=X / /O’Dn Vuy,(s)Vig(s)ds + (1 — A / /O‘Dn Vi, (s) Vi, (s)ds

At [tn

2
+ - |00 (5)]ds

lﬂ _,w

At 2 At

L2 2 t;
/ / Vun(s)? (s)Vi(s)
< opr, Vuy(s)|°ds — = / /UDn Vu,(s)Vu(s)ds
2At t
/\At tit1 tit1 )
T e oz [ ity

tz+1

_ N 1
k(D[ — Dz+1l)+(6—a)/ |Vu|2dx+/ (Fitr,on () s + 5
E) n

i

(4.2.66)
Which can be rewritten in the form
i+1
/ / 0br,, V() Vit (s)ds + k(DY ] — |DP)
1 ||uit g —ug 2 1| uf =y 2 NN 2
s S| o s 3 =t (5)2d
2 || At o] e PR A
A i+1 i4+1
e t/ /gDn V(s |d5+2At/ iin () ds
i1 ti+l ) 1
2At/ /am Vuun(s)|2ds + +(5 —a)/ |Vu|2dx—/ti (F(5), un())els + o
(4.2.67)

Moreover let note that the first term on the left side of the inequality is (integrating by part)

2—-A
—_— [/ UDZnJrl|Vun(ti+1)|2da: - / UD?|Vun(ti)|2da: + (B — a)/ |V, (t;)2da
4 Q Q0 D7, \D?

(4.2.68)

with
(B— a)/ |V, (t;)]2dz > 0 (4.2.69)

7,+1\Dn

Let remind that At = -1 and let take A = 2 with 0 < p < ¢ < 1. In such a way, summing

npP nq
over i = 0,1,...7 and sending n to infinity we have by properties of convergence of uy,(t),

Dy(t) and op, () that

Eror(u(t), 0(t), A(t)) < Eior(u(0),6(0), A(0)) —/0 (f(5), u(s)ds)

which concludes the proof.
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REMARK 4.4. On the opposite energy inequality.
Let note that Theorem 4.1, doesn’t prove that an energy equality holds but only an inequality
one. The inequality missing in the Theorem is

Euor(t) > Epy(0) — /0 (F(s), uls))ds (4.2.70)

It is interesting to mote that in literature a lot of models of damage, plasticity, fracture in
which the equality is obtained include a viscosity term, which gives a compactness property
strongly used to prove the opposite inequality (see e.g. [27, 52, 75] and reference therein).
In [30] it is studied a quasi-static evolution for a linearly-plasticity model and the missing
inequality is obtained without the necessity of this compactness property (although it holds).
However, since there’s no damage evolution in such model the elasticity tensor remains con-
stant in time and this helps to prove the opposite inequality. Such difficulty is also stressed in
[76] (Remark 2.7) in which is proved only the same side of our energy inequality but in the
framework of the “entropic” solution.

Here we want just to show where are the difficulties to prove the opposite inequality using
standard methods. A first possibly approach should be to use minimality (and almost mini-
mality) properties in (4.2.4) (and in (4.2.2)) to obtain and iteration formula, and then pass
to the limit. But in so doing we arrive to obtain the following inequality

E(uiyr, D) + Fi(uit) +o(n) > E(uf, DY) + Fi(uj')

where )
E(v, D) = 2/ op|Vol|%de + k|D| — (f,0)
Q
and .
R N
Fl’ = = o
@) =3 "4 N S

which results to be not easily iterable because of the form of the kinetic part.
Another approach could be to start from equality (4.2.12) and pass to the limit using the fact

that .
j
— lim (-« / Vu?zdxz—k/ﬁtd:r+k/90dx.
Jim G-ad [ [ o0z <k [ o00)

which can be easily proved. But the very big problem in the equality (4.2.12) is the limit
n
lim At/ a / oD, 1) Vin(s)|dsdx

Indeed since we have not compactness property for the sequence Vi, (s) we can not prove
that such limit goes to zero. A way to have this compactness property could be to have in the
problem a damping term as in [27], which is not our case.
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4.3. A Threshold approach

In this section, to study the damage evolution of our model defined in (0.0.21) we use
an alternative approach, based on tackle directly equation in (0.0.21) instead of consider the
energy associated. Such idea comes from the fact that both in the energetic approach for
dynamic both in the model with the perimeter (studied in Chapter 3), the solution satisfies a
threshold condition in the undamaged region (see respectively (4.2.19) and (3.5.45)-(3.5.46)).
So this leads to investigate if it’s possible to construct a solution of the problem imposing
directly some threshold condition.

4.3.1. The formulation of the incremental problem.

We fix n € N and we start solving problem (0.0.21) with no damage and until the gradient
of solution u has not exceeded a threshold A > 0 on a set of measure greater than 1/n.
Then we damage this set and we solve again (0.0.21) with the new damage and updated
initial conditions with the same criterion as in step 1. Iteratively we construct a sequence
of function (v™(t), D"(t)) that we show (as consequence of results in [17]) to converge to a
pair satisfying, also using this approach, a weak relaxed version of the momentum equation
in (0.0.21).

We also take care to construct the partition of [0, 7] in such a way that the intervals have
size less (or equal) of 1/n.

Starting with fixed initial condition p € H}(2) and ¢ € L*(Q2) and external loading f(t) €

H~1 we solve step by step the equation (0.0.21), defining at each step the damage set (ac-
cording to the threshold criterion).

Step 1.
We start from ¢t = 7 := 0, no damage, and fixed threshold A > 0. We consider v™%(z,t) the

solution of the problem

b — dio(5V0) = f(t):
v(t,z) =0 in 092

v(0,2) = p(a): (4.3.71)
(0, ) = q(x)
we define
D'(t):={x € Q:3s€[0,t): |[Vu" Oz, s)| > A}
and

. — 1
Tll/n = inf{t >0:|DYt)| > ﬁ}

The first time step of the partition is given by
: 1,
71 := min{7p + . Tl/n,T}.

Let note that by definition the characteristic function x p1(;) () is monotone (increasing) in
time for each x € {2, which allows to define the "updated” damage DT as

= D7)
where D! (7;") is characterized by

Xpr () (E) = lim XD1(s)(T)-

S*}TI
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Step 2.
Analogously we consider v™1(z,t) the solution of the problem
U — di”U(O’D?VU) = f(t);
v(t,x) =0 in 092

o(m,x) = 0" (ry); (4.3.72)
o(ry, @) = 0"0(m)
and defining as before
DA(t) :={x € Q\D} : Is € [r1,1) : [V (z,8)| > A}
and )
712/” = inf{t > : |D*t)| > ﬁ}
L
= mi — T},
To := min{m + o Tiym }
we can define the "updated” damage D3 as
= D} UD(r)
where D?(7;7) is characterized by
Xp2(rfy (@) = 51_113; XD2(s) (2)-
Step k+1.
Iterating the process we arrive to consider v™*(z,t) the solution of the problem
b — div(opp Vv) = f(1);
v(t,z) =0 in 092
o(ri ) = v () (4.3.73)
O(1g, ) = 0V (1y)
and again defining
DFHL(t) := {x € Q\DY : 3s € [y, 1) : [V™F(z,5)| > A} (4.3.74)
and .
T{C/—;l =inf{t >y : \Dk+1(t)\ > ﬁ} (4.3.75)
1
Tk+1 = HliIl{Tk + ﬁ’ Tf/—tzl’ T} (4376)
we obtain the damage Dy | as
Diyy = DpuDM(rE ) (4.3.77)
where DFL(7,f 1) is characterized by
Xproirr, ) (@) = i Xpeege ().
At this point we define D"(t) := 0 if t € [0,71) and
D"(t) := Dy and V" (t) = o™ (1) (4.3.78)
if t € [T, Tk+1), we have by construction that v™(t) satisfies (at least formally)
¥ — div(opnp)Vv) = f(t);
v(0,2) = p(x); (4.3.79)
0(0,2) = q(x)

for each t € [0, 7.
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REMARK 4.5. By definition of the partition given by {1 }r>0 we have that

1
T — Th—1 < —
n

and that there exists M = M (n) such that Taf =T

REMARK 4.6. The amount of damage added at each time step depends by how T4 s
chosen in (4.3.76) and by the property of (dis)continuity of D*(t).
In case that T4 # ¢ 1/n (and 141 # T) we have that
1

Dl \DR| = DM (A5 )] < — (4.3.80)

In case that 111 = (and 111 # T) we have two possibilities:

if Tk is a continuity pl(gnt for | D¥+1(t)| then

| D \D}| = [DF(11)] = % (4.3.81)
otherwise if Ty11 is a discontinuity point for |D¥T1(t)| then it holds

IDE\DE| = DM () > (135)

4.3.2. Convergence result and weak momentum equation. In this subsection,
through a more general result due to Casado et al. in [17], we will precise in which sense the
equation in (4.3.79) is solved and we stress a result of homogenization.

THEOREM 4.7. Let f € WHY0,T; H-Y(Q)). The pair (v(t), D™(t)) constructed as before
satisfies the following weak momentum equation:

T
/ / d:cdt—/ o pn(y) VU (t)p(t)drdt = //f t)dxdt (4.3.83)
0

for each ¢ € D([0,T]) x HE(Q), with initial boundary conditions (p(x),q(x)). Moreover it
holds a.e. in [0,T)
" @NZ2 + " @7 < Clllallz + Ipllzz + 1F @)1F-1) (4.3.84)

with C' > 0.
Furthermore there exists v € L>(0,T; H3(2)), 0(t) € L>°(0,T; L*°()) and A(t) € L>=(0,T; F(a, 3))
such that (up to subsequences)

v —~ v in L®(0,T; Hi(Q)) (4.3.85)
Xp, — 60 in  L%(0,T;L>()) (4.3.86)
Tpn() — Alt) (4.3.87)

with (u(t), A(t)) satisfying the following (weak) momentum equation

/ / d:cdt—/ A(t)Vo" (t)p(t)dxdt = //f t)dxdt (4.3.88)

for each v € D([0,T]) x H (), with initial boundary conditions (p(x), q(x)).

This theorem is consequence of two results proved in [17], the first one is the following
and the second one is given in Theorem 4.9 (we write them in the more abstract form).
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THEOREM 4.8. Let V. C H C V' Hilbert space, (-,-) the scalar product in H and (-,-)
the dual product between V and V'. Given A € BV (0,T; L(V, V")) with A(t) symmetric and
hyperbolic operator, f € M(0,T,H), g € BV(0,T;V), p(x) € V, q(z) € H, then there exists
unique u € L*°(0,T; V) with uy € L>=(0,T; H) solution of

) =

i+ AQt)u(t) = f(t) + g(t);
u(0) = p(); (4.3.89)
w(0) = q(z)

in the following weak sense

(i(t),v) + (At u(t),vy = (f(t),v) + (g9(t),v) in D'(0,T), for each v € V;

u(0) = p(x) (4.3.90)
w(0%) = q(x)
Moreover it holds a.e. [0, T
la@) 7 + @ < Clall} + 1P + 11 IR, + 191 By 0,70m) (4.3.91)
a.e. i t.
Applying this result with V = H}(Q), H = L*(Q), g =0, f € WH(0,T; H™1), A such
that A(t): = —div(opn)V-) with D"(t) C Q defined as before we have that there exists

unique v" € L®(0,T; H} (Q)) with 9" € L>(0,T; L?(9)) satisfying (4.3.83) and (4.3.84). The
only thing that we must prove to apply this theorem is that

A€ BV(0,T;L(HS, H™))

i.e. that
A oL 1)) (= sup At ti1 11y < 00
1Al By (0,r;c(m2,5-1y) ook <tm_T];H N m-1)
We have
[A(:) — ACCi-t) | £ ag 1) == sup [(A(ti) — A(ti—1)ell g (4.3.92)

pEHG [l =1

= sup  {  sup  ((A(t:) - A(ti-1)p), 9)}  (4.3.93)
peHg, |l y1=1 d€HG, ||l y1=1

=(f—a) sup/ VpVedx (4.3.94)
Dn(t;)\D"™ (ti—1)
< (B = a)[D"(t:)\D" (ti-1)| (4.3.95)
which implies that
HAHBV(O,T;L(H(%,H%)) = [Oztodil.l‘)ﬂm:ﬂ ;(5 —a)|D™(t:)\D" (ti-1)|
= (8 —a)|D™(T)\D"(0)| < co (4.3.96)

so we can apply Theorem 4.8 to our case

The second part of Theorem 4.7 is a direct consequence of the following theorem proved in
[17] that guarantees the possibility to pass in the limit in the problem (4.3.79) having that
the limit of v, satisfies the homogenized version of the hyperbolic equation in (0.0.21).
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THEOREM 4.9. Given A, € BV (0,T; L(V,V")) symmetric and hyperbolic operator, p, €
HY ), gn € L2(Q), f e WH(0,T; H71(2)) such that for almost every t

An(t) S5 A@t) (4.3.97)
H1
Pn — P
L2
n — 4
then the unique solution u"(t) (in the weak sense of (4.3.90)) of
it — div(An() V) = f(1);
u(0) = p(x) (4.3.98)
u(0) = q(x)
is such that (up to subsequence)
u = uoin L(0,T; HE(Q))
™ 2 in L0, T; L2 (Q))
with u(t) that solves (in the weak sense on (4.3.90)
i — div(A(t)Vu) = f(t);
u(0) = p(x) (4.3.99)
u(0) = q(x)
Applying this theorem to the problem (4.3.79) we immediately obtain the second part of
the Theorem 4.7.

REMARK 4.10. Threshold property. -
The evolution (v(t), D™(t)) given in (4.5.78), in case of continuity of the measure |D*+1(t)]
(see definition (4.3.74)) at the point t = 11, satisfies the following threshold property:

Hz e (D"(t))° : [Vv"(x,t)] > A}| — 0 (4.3.100)
when n goes to infinity. Indeed fized t € [0,T] we have that there exists k > 0 such that
t € [Tk, Tk+1) and by definition of v"™(t) and D™(t) we have that (4.3.100) reduces to prove
that

H{x € (Di 1 \Dy) = |Voi| > A} — 0 (4.3.101)
since by construction |Voi| < A in (D). Now, since we are supposing that (for each

k> 0) |D*Y(t)| is continuous at the point t = 141 we have that (see Remark 4.6 equations

(4.3.80) and (4.3.81))

_ 1
DR \Dy| = |DF (144)] < -

from which follows the validity of (4.3.101) and so the threshold property (4.3.100).

The previous remark and the threshold property proved for the solution obtained through
an energetic approach (see (4.2.19)) suggests to give a definition of evolution in the hyperbolic
case using a threshold formulation as done in the elliptic case as in [43]. This is presented in
the final remarks of the present thesis.
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Conclusions and Perspectives

We have presented a damage model for which the study of the relations between quasi-
static evolutions (q.s.e.), I'-convergence and homogenization effects turn to be very efficient,
showing moreover interesting threshold properties.

In this framework we proved, in the 1-D case and for an oscillating energy, a commutative re-
sult between q.s.e. and I'-convergence which is not covered by the well known theory presented
in [64]. To do it we considered approzimable q.s.e. which allowed to characterize the measure
for the damage sets. A first open question is whether it is possible to obtain the same result
without require explicitly the approximability property, or in other words, whether each q.s.e.
for the model presented is also an approrimable q.s.e.. A second open question is whether
this results can be obtained, and in which sense, in the n-D case. We still believe that the
mechanism will be similar (i.e. the one-dimensional problem captures the main features of
this process). Nevertheless, since in more than one dimension many different microstructures
are possible for a composite material, the precise statement for the corresponding damage
evolution must be more abstract or involve very fine properties of the G-closure.

For the perimeter-regularized energy we proved the convergence of the related g.s.e. to a q.s.e.
for the relaxed energy in the sense of the evolution proposed in [43], which implies threshold
properties for the limit. This result confirms the validity of the homogenized q.s.e. defined
in [43] instead of the previous definition proposed in [33]. We believe that the perimeter
penalization term goes to zero for the optimal damage set (as € goes to zero), as we assumed,
but till now the proof of it is an open problem (except for the time ¢ = 0).

In the dynamic framework we presented two different approaches to study the damage evolu-
tion that brought to consider homogenization effects for the evolution. We proved that both
limit evolutions can be approximated (by construction), they satisfy a monotonicity property
for the approximating damage sets and a threshold property (in case of continuity of damage
for the threshold approach). By these we propose here a definition of a Threshold evolution
which strictly follows the definition given in [43] for a non-dynamic problem. Such definition
turns to be more intuitive than an energetic one and it could be easier to study through
numerical computation methods:

DEFINITION 4.11. Given the equation
it — div(AVu) = f(t) (4.3.102)

we say that (A(t),u(t)), with A(t,z) € G(a, B) and u(t,x) € H}(Q), is a threshold evolution
if there exist A > 0 and (D, (t), uy(t)) such that

ﬁn - div(aDn(t)Vun) = f(t)
on, <A, Un(t) = ult)

and

1) Dy, (t) is increasing in time,
2) For each t >0

[z € DE(t) : |[Vun(z, t)] > A+ 6} — 0
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for each 6 > 0 when n — oo
3) For each T' > 0 and for each E,, C D, (7T) : liminf |E,| > 0 defining

T:=1inf{t > 0:|E, N D,(t)| > 0}
and considering v, solution of

oy, — div(op, ()\E, VUn) = f(1)
vn(0,2) = uy (0, ) (4.3.103)
(0, 2) = 0y, (0, )
then, for each § > 0, and At << 1, it holds
liminf [{x € D, (t) N Ey : |Vo,(t,x)| > XA —0,t € [1,7 + At]}| > 0.

As remarked in Chapter 3, through a very similar definition, it was proved in [43], that
for elliptic problems, a particular solution obtained using an energetic approach is also a
threshold evolution. A first question is whether the same result is still valid in the hyperbolic
case. Moreover is not clear which relation there is between the limit solution found through
the two different approaches and if (at least) one of them is a Threshold evolution according
to Definition 4.11. Finally we think that a threshold criterion could be useful in some way
for the uniqueness of the problem, selecting a solution among all the possible evolutions, but,
till now, this direction is not investigated yet.
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