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Abstract

We introduce models for static and quasi-static damage in elastic materials, based on a strain threshold,
and then investigate the relationship between these threshold models and the energy-based models
introduced in [17] and [15]. A somewhat surprising result is that, while classical solutions for the energy
models are also threshold solutions, this is not the case for nonclassical solutions, i.e., solutions with
microstructure. A new and arguably more physical definition of solutions with microstructure for the
energy-based model is then given, in which the energy minimality property is satisfied by sequences of
sets that generate the effective elastic tensors, rather than by the tensors themselves. We prove existence
for this energy based problem, and show that these solutions are also threshold solutions. A byproduct
of this analysis is that all local minimizers, in both the classical setting and for the new microstructure
definition, are also global minimizers.

1. INTRODUCTION

Many phenomena in mechanics, such as fracture, plasticity, and damage, have
been studied through variational models. These models, both static and quasi-
static, are often inspired by a threshold criterion — fracture occurs where the stress
has a sufficiently large singularity, plastic behavior starts where the stress reaches
the yield surface, and materials undergo damage where the stress exceeds a given
threshold. The main advantage of a variational formulation for these problems is
the ease of showing existence of global minimizers (even if only for a relaxed energy).
On the other hand, threshold criteria are local (in space), so that the correspon-
dence between these variational approaches and the threshold becomes suspect. In
particular, one would expect that if an energy based approach captures the thresh-
old criterion, then, since threshold criteria are local, local minimizers should be
threshold solutions. Hence, in order for global minimizers to correspond to thresh-
old solutions, there should be no local minimizers besides global minimizers, when
the norm defining locality is local in space (e.g., L, but not L°°). Yet frequently
in these variational models, there is a difference between local and global minimiz-
ers (e.g., [9], [11], [12], [18], [16]), or at least uncertainty about whether there is a
difference ([17], [15]).

Additionally, if there is equivalence between the energy formulation and the
threshold criterion, a new issue arises if the energy needs to be relaxed. Namely,
this means that the threshold criterion also needs to be relaxed (i.e., there are no
solutions to the threshold formulation, but there are approximate solutions that
develop microstructure). A natural weak form of the threshold criterion then needs
to be formulated. When one considers quasi-static evolution, the correspondence
between the energy and threshold formulations should be maintained, so that the
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weak form of the threshold formulation suggests the correct relaxation for the energy
based formulation. For the quasi-static damage model that we consider, what
seemed to be the most natural class of competitors in the energy formulation needed
to be modified in order to correspond to the threshold point of view. This is
discussed further and in detail in Remark 3.3.

For these reasons (and others — see the note on dynamics at the end of this
introduction), our view is that there can be substantial value in formulating models
using threshold criteria explicitly, as these models can then be compared to the
energy-based ones, leading to either support for the existing models, or possibly
to their improvement or correction. Indeed, our unrelaxed threshold formulation,
which we describe shortly, strongly supports the unrelaxed energy formulations
in [17] and [15]. On the other hand, as just described, our relaxed formulation
requires a refinement of the formulation in [15]. More specifically, it requires that
the relaxed energy formulations be posed in terms of sequences of sets that generate
microstructure, rather than in terms of the effective behavior of the microstructure.
This new energy formulation appears to be more physical than the one in [15], which
suggests that the monotonic G-closure as described below might not be the right
object for quasi-static evolutions.

To begin, we first outline the variational model for damage proposed by FRANC-
FORT and MARIGO [17] and the quasi-static model by FRANCFORT and (GARRONI
[15]. In these models, two states, undamaged and damaged, are given by two elastic
well-ordered tensors, A; and A,,, and the energy of each displacement w is given by

/QW(e(u))dx—/quda:,

is the symmetrized gradient and

where e(u) = V“%V“T

1 1
Wi(e) = min{QAsse, 2Aw55+k:} ,

where k can be viewed as the cost (per volume) for the material to undergo damage,
or the energy dissipated (per volume) when the material undergoes damage. This
energy density is not quasi-convex, thus in the minimization procedure we expect
microstructure, which requires relaxation. The quasi-convex envelope of W can be
represented as follows

. . 1
Qe = i i, (e e
where Gg(As, Ay) is the G-closure of A, and A,, mixed with volume fractions 1 —©
and ©.

Given an external loading f(t) parametrized by time, a relaxed quasi-static evo-
lution for this model (that also includes irreversibility of damage) was constructed
in [15]. There, it was proved that there exists a time parametrized family of elastic
tensors A(t, ) (mixture of A, and A,, with proportion ©(¢,x)) satisfying a mono-
tonicity property (irreversibility of the damage), a minimality condition (described
in detail below) and an energy balance.

In the case O(t,z) € {0,1}, i.e., O(t,-) = xp)(+), we say that D(t) is a strong
solution of this energy-based formulation.

We now describe the new models for damage evolution based explicitly on a strain
threshold, without any reference to an energetic cost for damage. We restrict our
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analysis to the scalar (anti-plane deformations) isotropic case (A5 = al and A,, =
BI). Our formulation is based on three principles. First, damage is irreversible,
so that the damaged region is increasing in time; second, there exists a damage
threshold A, such that in the undamaged region, the strain is at or below A; and
third, damage only occurs as is necessary in order to maintain the second condition.
The first two conditions are straightforward, but a precise formulation of the third
is not as obvious. As an illustration, consider a one-dimensional homogeneous bar
being strained along its length by a boundary condition at its endpoints, so that at
every time the strain is constant along the bar. When the difference in boundary
conditions at the endpoints is large enough, the material cannot remain undamaged
and still satisfy the threshold condition. The question then is, where does damage
occur? There are really only two possibilites: i) damage occurs everywhere, and
ii) damage occurs at an arbitrary location, in a region just large enough so that
the second condition remains satisfied. We adopt the latter view, for the following
reason: to say that, mathematically, the bar is homogeneous is to say that we are
modeling a bar that is almost homogeneous, in which case the damage threshold will
vary from point to point. Points with lower thresholds will undergo damage first,
and once enough damage has occurred for the threshold condition to be satisfied in
the undamaged region, no further damage will occur.
Still, formulating this last condition for quasi-static evolutions seems necessarily
a bit technical, and we considered more than one formulation, finally settling on
the following, which we found to be the most straightforward to work with. We say
that ¢ — D(t) is a threshold-based quasi-static damage evolution with threshold A
if
(1) Monotonicity: t — D(¢) is increasing
(2) Threshold: Setting opu) I := alxpr) + BI(1 — Xp()) and u(t) to be the
solution of
—div(op)Vu(t)) = f(t),
we have |Vu(t)] < A a.e. in Q\ D(t)
(3) D(t) is necessary: VE C D(t) with |E| > 0, and all At sufficiently small,
dr <t — At such that if we consider the solution v of

—div(opr4anar Vo) = f(1 + At),

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

We will show in Theorem 4.4 that there is a correspondence between the k in
[15] and the threshold A such that if a set-valued function D is a strong solution
to the variational formulation in [15], then it is a solution of the above threshold
problem. We note that the other direction holds also, but we are currently unable
to show this for the relaxed formulation, and so we do not discuss this direction
further here.

A corresponding “microstructure”’-based threshold model is more difficult to
formulate, and the connection to [15] is more delicate. Because any threshold model
must involve pointwise properties of deformation gradients, there are difficulties in
formulating a relaxed model just in terms of weak limits of approximating sequences.
Instead one can use the pointwise properties of deformation gradients corresponding
to sequences of damage sets {D,,} that generate the relaxed solution A. For the
most natural microstructure version, there is a problem in making the argument
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that there exists a sequence {D,,} that generates the [15] microstructure solution
and is also a threshold solution. This is due to the fact that we cannot conclude that
the D,, have any (reasonable) minimality property, even asymptotically. The reason
is that if a sequence of mixtures of strong and weak materials (i.e., undamaged
and damaged) generates an effective elasticity tensor A, and another sequence of
mixtures with more weak material (in the sense of set inclusion) generates a tensor
A’, it is not necessarily true that A’ is obtainable as a mixture of A and the weak
material. Yet it is only with respect to such mixtures that [15] evolutions are
minimal. This fact and its consequences on relaxed formulations are detailed in
Remark 3.3. We were therefore led to define an energetic formulation explicitly in
terms of the mixtures that generate the effective tensors, which has solutions that
are also solutions of our relaxed threshold formulation.

The following remark, based on a simple computation, is a hint that the energy
formulation is equivalent to the threshold formulation with threshold A.

Remark 1.1. We consider the Dirichlet problem on (0,1) with u(0) = 0 and
u(l) = A+ 0, and we compute the elastic energy corresponding to no damage and
also the energy of the solution corresponding to the damaged set D = (0,d), with d
chosen so that u satisfies w' = X in (d,1) (this corresponds to d = %} In the

first case, the energy is E = $3(A+6)%. In the second case Eq = 2A\B(A+6). We
notice that the statement

EFE—-FE;>kd < 6>0

is true exactly when the damage energy penalty k = % That is, having
a damage region of (0,d) minimizes the energy exactly when this is just enough
damage to bring the strain outside the damage region down to the threshold \.

Finally, we show that all local minimizers (and even all stable states) for our
energy model are global minimizers.

We end this introduction by noting that, while an energetic formulation for dy-
namics with damage is not so clear, with a threshold, there is a natural preliminary
formulation, based on the same three principles as the quasi-static formulation:
irreversibility, threshold, and necessity. Namely, we have

(1) Monotonicity: t — D(¢) is increasing
(2) Threshold: Setting op)I := alxpe + BI(1 — xpw)) and u to be the
solution of
Ut — le(O’DVU) = f(t)
subject to appropriate initial conditions, we have |Vu(t)] < A a.e. in Q\
D(t), for every t € [0,T]
(3) D is necessary: VE C D(T') with |E| > 0, and all At > 0, the solution v of

Vit — diV(O’D\EV’U) = f(t),

subject to the same initial conditions as u, satisfies |Vo(z,t)| > A for some
x € D(t)NE and t € [r,7 + At], where

7:=inf{t: |[END(t)| > 0}.
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2. PRELIMINARIES AND NOTATION

2.1. Homogenization. Homogenization is the main tool in the relaxation of the
energy-based models. We recall, for the readers’ convenience, the notions of ho-
mogenization and of G-convergence (see, e.g., [13], or [36] for the more general case
of nonsymmetric linear operators and H-convergence), and specialize them to the
case of two-phase mixtures of linearly elastic materials.

Consider a sequence A™ € L>®(Q; F(a, 3)), where 0 < o < 3 and

Fla, ) = {fourth order tensors B with symmetries B;;xr, = Brnij = Bjikh

such that Bee € [ale|?, Ble|?], & symmetric € RVXNY,

We say that A" <, A, A € L™(Q; F(a, B)), iff, for every body force f €

H~YQ;RY), the solutions u™ of the equilibrium equations
—div(A"e(u™) = f, u" € H}(QRY),
. . . ny s . ny . (Vu"+(Vu™)") .

where the linearized strain tensor e(u™) is given by e(u™) := =——=———, satisfy

u™ — u, weakly in H(Q;RY)
(2.1)

Are(u™) — Ae(u), weakly in L2(£; RN*N),
where u is the solution of

—div(4e(u)) = f.

Note that in the case of symmetric tensors the first property of (2.1) is enough
to characterize G-convergence and the second condition, which is in turn essential
in the nonsymmetric case, can be obtained as a consequence.

Now, let B and C be the stiffness tensors (Hooke’s laws) of two phases, that is
elements of F(a, 3). We look, for any mixture of those two phases — that is for any
characteristic function y of, say, phase B — at a new elastic material with stiffness

oy = xB+ (1—-x)C.

Considering a sequence of characteristic functions x” - © (which from now on
we understand to mean weak-* convergence in L (2)), we investigate the possible
G-limits of oy». The properties of G-convergence that will be needed are

e Compactness: for any sequence A™ € L>(Q; F(«, 3)), there exists a subse-
quence, A¥ and A € L>®(Q; F(a, §)) such that A*(™) <, A;

o Convergence of the energy: if A™ <, A, then, with «™ and u defined as
above,

/A"e(u")e(u") dr — / Ae(u)e(u) dx;

Q Q

o Metrizability: G-convergence is associated to a metrizable topology on
L%(Q; F(a, 8));

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

e Locality: if B™ <, B, A" <, A, and x is a characteristic function on €,
then xB" + (1 — y)A" -5 vB + (1 — ) 4;
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e Periodicity: if A"(x) := A(nz), with A € L>([0,1]"; F(a,B)) periodic,
then the whole sequence A™ G-converges to A°, which is the constant tensor
given by

(22 Wee= int [ A+ e@)eteo) i
¢ periodic J[o,1]¥
In the case of a two-phase material, we consider o,»(z) = x(nz)B + (1 —
x(nx))C, with x a characteristic function on [0, 1]V, and we speak of peri-
odic mixtures with volume fraction © := f[O,l] ~ X dy of material B.
The set of all G-limits resulting from the periodic mixture of B and C'
with volume fractions © and 1 — © is denoted by Ge(B,C).

The relevance of this set is clarified by a famous unpublished result of localization
due to Dal Maso and Kohn (see [38] for the nonlinear case). It claims that the
range of all possible mixuters of B and C is given by periodic homogenization.
More precisely if © € L*>(,[0,1]) and we denote by Gg(B,C) C L>®(; F(a, f))
the set of all possible G-limits of oy, where x™ 20, then

(2.3) Go(B,C) ={A € L®(Q F(a,B)) : A(z) € Go»)(B,C), ae. in Q}.

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 localization result mentioned above is given by

G(B,C)={A e L®(Q;F(a, 3)) : 30 € L>=([0,1]V;[0,1]), such that
A(z) € Go(z)(B,C), ae. in Q}.

3. ENERGY BASED SOLUTIONS

The idea of the formulation given in [15], which was inspired by [17], is that the
G-closure of Ag; and A, is the right space for both solutions and their competitors,
when describing the minimality properties of solutions. Due to irreversibility, the
minimality property of damage is only with respect to adding further damage.
This is naturally formulated in [15] as the minimality, for each ¢, of (A(t),©(t))
with respect to competitors (A’,0’) such that A" € G(A(t), Ay). Furthermore,
this evolution can be approximated by a sequence of sets D, (t) (the damage sets),
increasing in ¢, such that

G *
XDn(t)Aw + (1 - XDn(t))As — A(t) and XD, ) — @(t) .

However, rather surprisingly, even though (A(t),©(t)) has this seemingly natural
minimality property, the sequence D, (t) (and, indeed, any such approximating
sequence) does not have good optimality properties, since if D,, C D}, for each
n € N, it is not generally true that the G-limit of (a subsequence of) op, is in
G(Ay, A(t)) (see Remark 3.3).

The point is that while the material damage being modeled can occur on a
very small scale, it is always a finite one. Hence, the relaxed formulation needs
to be viewed as an approximation for damage occurring on a very small scale, but
without microstructure. The energy formulation with relaxation therefore needs to
be consistent with the formulation for finite, albeit small, scales. Below we give
a definition of energy minimization based on this idea, but first we introduce the
space of competitors that we will use.
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From now on, with a little abuse of notation, we define
op = XgAw+ (1 —xg)As.

Given A € L>(; F(a, 8)) and © € L>(€,[0,1]), with A(z) € Gow)(Aw, As)
a.e. x € ), and a sequence of sets D,, such that

Xp, = ©
oD, i A s
we give the following definition.

Definition 3.1 (Constrained G-closure). We denote by G({D,}, Aw, As), which
we call the constrained G-closure, the subset of G(Ay, As) given by all symmetric
tensors A’ that are the G-limit of a subsequence of op: satisfying D;, D D,. If

XDr, X0 we say that A’ € g@’({Dn};Aw7AS)'

In the seqlAlel, since A, anAd A, are fixed, the constrained G-closure will be simply
denoted by G({D,}) (and G ({D,})).

Definition 3.2 (Energy Minimizing Evolution). Given f € WH1([0,T], H=1(Q)),
we say that (A(t),0(t)) is a quasi-static evolution for the Energy Minimization
Problem (EMP) if for eacht € [0,T], we have ©(t) € L>=(Q2), A(t) € Gow)(Aw, As),
and they satisfy the following properties
(1) Monotonicity: A(t) is decreasing and ©(t) is increasing as functions of t;
(2) Energy balance: The total energy

E(t) = /Q %A(t)e(u(t))e(u(t)) dx — (f(t),u(t)) + k/Q@(t) dx
satisfies
&0 = £0) = [ (f(e).u(e)) do
) of

where u(t) is the solution in HE (S
)

—div(A@t)e(u(t))) = f(t) in Q;

(3) Minimality: There exists a time-indexed family of sequences of sets Dy (t),
monotonically increasing in t, such that for every t € [0,T],

XD, = (1)
G
op,t) — Alt),
and for every (A’,0') such that A’ € Gor({Dy}) we have

35) [ SAOCeu(v) dz = (500 +k [ O0) ds
< /Q §A’e(v)e(v) dx — (f(t),v) + k/ﬂ@’ dz,

among all v € H (Q;RY).
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Remark 3.3. Note that the minimality condition in Definition 3.2 of quasi-static
evolutions is stronger than the one given on [15]:

1

(3.6) /Q S A@)e(u(t))e(u(t)) dz — (f(2), u(t))

< / %A’e(v)e(v) de — (F(),0) +k [ (1 —0()0 da,

Q Q
among all v € HJ(Q;RY), 6 € L>*(Q,[0,1]) and A'(z) € Goz)(Aw, A(t)) a.e.
x € Q. Indeed for every t € (0,T] and any E C Q we can apply the minimality
condition of Definition 3.2 to the pair (A’,0") given by A’ = xp A, + (1 — xg)A(t)
and ©' = (1—0O(t))xe + O(t). By the locality of the G-convergence this pair is an
admissible competitor for condition (3) of Definition 3.2. Indeed A’ € G({D,(t)})
(A’ being the G-limit of op,yur for any sequence Dy(t) satisfying (3.4)) and
(1—=0(t)xe + O(t) the weak* limit of xp, yur- On the other hand we have that,
ae. x € Q, Al(x) € Gyrz)(Aw, A(t)) with § = xp. As a consequence of (3.5) we
deduce

| 3A@eCuOu) de = (re).u(0)

1

< min [ S0y + (1 x) A)e()elo) do — (F(0),0) + & [ (1= 0(0) d
veHL(Q) Jo 2 E

Thus we deduce (3.6) using the fact that for every A’ such that A'(z) € Gp(z)(Aw, A(t)),

with 0 € L>(£,]0.1]), we have A" € Go(Ay, A(t)) and there exists a sequence of

sets By, such that xg, Ay + (1 — xE, )A(t) S A and XE, — 0, hence

lim min /Q %(XEh,Aw + (1 —xp,)A@R))e(v)e(v) de — (f(t),v) +k/(1 —0(t))

h—ooveH; () o

R
— )/QiAe(v)e(v) dx—<f(t),v>+k/9(1—@(t))e da.

veH}(Q

Note that the argument in Remark 3.3 can in particular be used to show that
(3.7) G({Dn}) D G(Aw, A) = UeGo(Aw, A).

This inclusion can be strict as shown in the following example, and this implies
that Definition 3.2 is strictly stronger than the one given in [15] (and that [15]
solutions cannot be shown to be threshold solutions). A natural interpretation of
this difference is that the only admissible competitors for (A(t),©(t)) in [15] are
states with at least as much damage, and all additional damage must occur on a
larger scale than the relaxed damage represented by (A(t), ©(t)).

Example 3.4. We show with an explicit example that given A € G(A,,, As) and
a sequence {D,} of sets such that op,_ G-converges to A, the set G({D,}) can be
strictly larger than G(A,,A). In other words we show that we can construct a
sequence D], D D,, such that op, G-converges to a tensor A" with A" ¢ G(A,, A).

We give the example in two dimensions for scalar problems, but the same con-
struction can be also done in general. Consider A, = 81 and A,, = al, where
B > « and I denotes the 2 x 2 identity matrix. Consider also a ball B of radius
r,0<r< %, centered in the unit cube and then consider the sequence of periodic
sets D,, such that xp, (x) = xs(n(z — [z])), where [z] denotes, with a little abuse
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0|0 |0|0
©0]0|0|0
0]O0|0|0O
00|00
©0|l0|0]|O0
0| 0| 0O0|O0O

FiGURE 1. The periodic set D,

of notation, the vector whose components are the integer part of the components
of x (see Figure 1).

Since each set D,, is invariant by 90° rotations, it follows from the homogeniza-
tion formula (2.2) that the effective matrix corresponding to this microstructure is
isotropic, i.e., there exists 3’ € («, 3) such that op, G-converges to 1.

Now let E = {x : |z1 — %| < R}, withr < R < % Clearly B C FE and the
corresponding periodic sequence FE,, (the lamination satisfying xg, () = xg(n(z —
[x]))) contains D,,.

ol ololololo
Clolololol0o
oo o010
ololol0l0 0 I

FIGURE 2. The periodic set F,, D D,,, a lamination

It is well known that the sequence op, G-converges to a 2 x 2 matrix A’
that by construction belongs to G({D,}) and also belongs to the boundary of
G(al,BI) := UgGe(al,BI). On the other hand the set G(al,3'I) is strictly
contained in G(al,I) (except for the point al). We know in particular that

A'2
B
p

Gla.B)

Glof)

FIGURE 3. G(al,B'I) C G(al,BI)

OG(ad,BI) N G(al, ' T) = al, as shown in Figure 3 where the sets G(al, 8I) and
G(al,'I) are represented in terms of their eigenvalues A; and .
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Hence A’ ¢ G(ad,3'I) and this shows that G({D,}) D G(al,3'1).

Remark 3.5. Notice that in [15] the solution constructed by a discrete time ap-

proximation satisfies the extra property, not explicitly stated in the definition, that

A(t) € G| _1-ew) (Aw, A(8)) for every s < t. This may be not true for a solution
T—o(s)

of Definition 3.2 as constructed in Theorem 3.7. On the other hand, solutions of
Definition 3.2 satisfy A(t) € Gow)({Dn(s)}) for every s < t.

Definition 3.6 (Strong Energy Minimizing Evolution). We say that the set func-
tion D(t) (the damage set at time t) is a quasi-static evolution for the Strong Energy
Minimization Problem (SEMP) if the pair (o0p), Xp()) is a solution of (EMP).

In the following theorem we prove the existence of a solution to Definition 3.2.

Theorem 3.7. For every f e WHY[0,T], H= X)), there exists a solution (A(t),0(t))
of (EMP).

Proof. We follow the proof obtained by discretization in time in [15]. There, the
issue was the existence of a solution for a weaker formulation than the one stated
in Definition 3.2, where the minimality condition (3) is satisfied for a smaller class
of competitors, i.e., A’ € Go/(Aw, A(t)) (see Remark 3.3). This difference does
not change dramatically the strategy of the proof, but requires a slightly different
definition of the incremental problems for the discrete approximation.

Given the interval [0, T] and given n € N we consider a partition {¢?"};—0. ., with
0=0,t, =Tand t} -t | < % (and m ~ nT). We now construct a piecewise
constant approximation of the solution starting from the almost minimizers of an
appropriate incremental variational problem, that is defined as follows.

Given t" we denote fI'(-) = f(t7,-).

Step 1:The first time step t§ = 0.
At the first time step, we wish to almost minimize, over (v,xp) € H(Q) x
L (2:{0,1}),

Etot('UyDny) = / 2

, [1 (XDAw + (1 - XD)As)e(v)e(v) + /fXD} dz — (fo,v),

with fo := f(0). We choose a sequence of subsets D& C € such that

miln Etot(v7D7f0)

in  Ey(v,DE, fo) < inf + =
min  Eiot (v, D fo)_l% o oF

veHL(Q)

Step 2: The subsequent time steps.
Given n € N, for every i € {1,...,m} we then can choose the sequence {Dfn} with

Dﬁn D) Di‘il,n (where Dlg,n := D), such that
1
min  Ep (v, DF_ )< inf min  Fo (v, D, f1 —_
vGH(}(Q) tot( ’ z,nafz ) — DQD,Z{LH ’UEH&(Q) tot( ) ,fz )+ 2“‘1](3



THRESHOLD-BASED QUASI-STATIC BRITTLE DAMAGE EVOLUTION 11

Step 3: The discrete approximation.
For every n € N we can define a piecewise constant in time sequence of sets D (t),
nondecreasing in t, by

DF(t):= DFf if 7 <t<t?y andi=0,..,m—1.

in

We then extract a subsequence in k, still denoted by D¥(-), such that for every
t € [0,T] we have

XDk (1) — On(t)
as k — oo

G
opk(t) = Xpk 1) Aw + (1 = XDk 1)) As — An(?)

for some ©,,(t) € L*(£,[0,1]) and A,,(t) € L>®(Q; F(a, 3)), with A(t, z) belonging
to Go, (t,0)(Aw, As) a.e. in €2, both monotonic in ¢. Thus (see for instance [15] The-
orem 3.1 and Remark 3.3) we can also extract a subsequence of n such that there ex-
ists ©(t) € L>(Q,[0,1]) and A(t) € L*>(Q; F(a, B)), with A(t, z) € Got,2)(Aw, As)
a.e. in 2, satifying
O, (t) = O(t)
as n — 0o

An(t) 55 A1)

for every t € [0,T]. Finally by a diagonal argument we can find a sequence k(n) —
k

oo as n — oo such that the sequence of sets D, (t) := Dn(n)(t) satisfies for every
te0,T]
XD, () = O(1)
G as n — 00.
T, (1) — At)

Note that the monotonicity of D, (-) and ©(:) are guaranteed by their construc-
tion. It remains to show that (©(t), A(t)) satisfies the energy balance (property (2)
of Definition 3.2) and the minimality (property (3) of Definition 3.2).

Step 4: Minimality property.
Fix t € [0,T] and consider D;, D D, (t) such that op, G-converges to some A’ and
Xp:, weakly * converges to some ©'. By the definition of D,,(t) we have
in E , D, (1), fo(t)) < in E ,D! . f.() +o(1

ueIII}(l}I(lQ) tot (U, Dn (), fn(t)) < ve%(l}l(lﬂ) tot (U n fn(t)) +o(1)
where f,(t) is the piecewise constant in time approximation of f given by f,(¢,-) :=
f(ty, ) ifty <t <ty ,,and o(1) — 0 asn — oo. By the definition of G-convergence
and using the fact that f,,(t) — f(t) strongly in H~1(Q2) we get

3.8 in E(v, A(t),0(t), f(t)) < in Fe(v, A, 0 f(t),
(3.8) vér}ﬁr(lm tot (0, A(t), O(2), (1)) verlr}ér(lm tot (v f(®))

where with a little abuse of notation we denoted

Eror(v, A, 0, f) = /

i [;Ae(v)e(v) + kO | dx — (f,v).

From (3.8) we deduce (3.5), which concludes the proof of minimality.
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Step 5: Energy Balance.
From the definition of D’.C in Step 2 and the appropriate choice of each vz’fn we get

Eiot (0f 1, DYy f1') = min  Eyoy(v, D, f1)

veEHL()
1
< inf min  Fo (v, D, -
DDDF | vEHA(Q) tot( 1)+ 21k
n 1
< EtOt( Vi1 nVfol,n?fi )+ m
1
< Eyot(v, DY n n y —
= UE%IE(IQ) t t(v i—1,m» 171) + <f271 i 7vz 1 n> + 2i+1},
Then iterating the above relation from j € {0,...,m} to 0 we obtain
d 1
min EOan,"< min  FEy (v, DE, fo) + Z,vz )+
veHL () (0 Djn 1) ver(e) 0 fo) ; ) T

Then by the definition of D, (t) for every t € [t},1},,) we get

J

Erot(0(8), Du(t), fa(1)) < Eior (0a(0), D (0), £(0) = D _{f' = Iy, va(t7)) + 0(1)

i=0
as n — oo, where v, (t) denotes the solution in Hg () of

—div (op, 1)e(v)) = fu(t) in Q.
Then using that

fr+ AAti — /() A f(r) as At — 0 for a.e. 7

and taking the limit as At — 0 we obtain

E(t) < £(0) - / (o), ulr))dr .

The proof of the inverse inequality is standard and based on the fact that from the
construction of A(¢) it is easy to check that (A(t), ©(t)) is an admissible competitor
for the minimality condition at time s < ¢t. A detailed proof can be obtained as a
particular case of the proof of the more involved inequality (4.16) (see also [15]).

4. THRESHOLD FORMULATION

We consider now the case of A; and A,, isotropic: A, = 81 and A, = al. We
also restrict our attention to the scalar case (i.e., functions that take values in R
rather than in RY).

Given D C , from now on, with a little abuse of notation, op will denote the
scalar function

op :=axp+B(1—xp)-
First we formulate a definition for the classical situation in which the damage at

time ¢ occurs in a set D(t), rather than needing to represent the damage region as
a limit of a sequence of sets.
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Definition 4.1. D(t) is a solution of the Strong Threshold Problem (STP) with
threshold X\ if the following hold:

(1) Monotonicity: t — D(t) is increasing;
(2) Threshold: Setting u(t) to be the solution of
—div(ope) Vu(t)) = f(t),
we have |[Vu(t)] < X a.e. in Q\ D(t);
(3) D is necessary:
o VE C D(T) with |E| > 0 and all At small enough, 37 < t — At such
that if we consider the solution v of
—div(opr4anar Vo) = f(1 + At),
where AE := EN[D(t + At) \ D(7)], we have |Vv| > X in a subset of
AFE with positive measure.
e If D is not continuous at T, then we also require that VE C D(T) \
D(T™) with |[E| > 0 and D(T ™) := Uz D(t), the solution v of
—diV(UD(T)\EVU) = f(T)

satisfies |Vo(x)| > X in a subset of E with positive measure.

Theorem 4.2. If D(t) is a solution of (SEMP), then it is a solution of (STP) with
2
threshold X\ satisfying k = %

The above result can be obtained as a special case of the more general Theo-
rem 4.4 below, which is not restricted to the classical situation of damage occuring
in sets. We first need the following definition for threshold-based damage for the
weaker setting in which there is damage microstructure.

Definition 4.3. (A(t),0(t)) is a solution of the Threshold Problem (TP) with
threshold X if for everyt € [0, T there exists a sequence { Dy (t)} such that op, )1 g
A(t) and xp, 1) — O(t) in L, and the following hold
(1) Monotonicity: Dy,(-) is increasing;
(2) Threshold: For the solution u, of
—div(op, 1) Vun) = f(t),
we have that Y6 > 0, the sets in which there is no damage but the threshold
s exceeded by at least §,
U, :={x ¢ Dy(t) : [Vun(z)| > X+ 5},
satisfy
|Un| — 0;
(3) Necessity of the damage:
e For all E,, C D,(T) with liminf |E,| > 0, we have that Y6 > 0 and V
At > 0 small enough, there exists T < T — At such that, setting v, to
be the solution of
—diV(O’D”(TjLAt)\AE” V’Un) = f(T + At),
where AE,, := E, N [Dy, (7 + At) \ D, ()], we have that the subsets of
AFE,, in which the threshold is almost exceeded,

AE’ :={x € AE, : |Vo,(x)] >\ -6},
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satisfy
liminf |AES| > 0.

o If [, ©(:)dx is not continuous at T, we have the following additional
requirement: Vt, /' T and VE, C D,(T)\ Dy, (t,) with liminf |E,| >
0, and for every 6 > 0, the solution v, of

—div(op, )\E, Von) = f(T),
satisfies

liminf [{x € E, : |Vo,(z)] > A=} > 0.

Theorem 4.4. If (A(t),O(t)) is a solution of the (EMP), then it is a solution of
2
(TP) with threshold \ satisfying k = %

We will need the following two simple estimates in the proof.

Lemma 4.5. Let E C Q and S C Q\ E be measurable. Consider the solution
up € H}(Q) of the equation

(4.9) —div(cgVug)=f in,
where f € H=Y(Q). Then if we set

EalE. f) = /Q 05| Vug 2de — (f, up)

we have

(B—a)p

AEel = Eel(Evf)_Eel(Eusvf) S 20 HVU’E”%Z(S)

Proof. We follow a similar lemma in [27]. Setting ¢ := upus — ug, we have from
(4.9) that [, 0pVug-Vodr = [, f¢dr. Then

2
It follows that

AE, = 1(ﬁw)/ \VuEPdm(ﬂfa)/VuE.wdz—%/ opus|Vol2de,
S S Q

1 1
AEq < 5(8 = a)|[Vugllzs) + (8 = ) [Vusllz(s) Vol L2s) — 50l Vol7acs)-

Viewed as a function of ||V@| r2(s), the right-hand side is of the form f(z) =

%ca2 + cax — Lax?, which has a maximum at z = . Therefore, substituting

2
B%“aHVuEHLa(S) for [[Vo| r2(s) and simplifying, we get

p—a)s
(410) AEel S %HVUEH%P(S)

Next, we have
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Remark 4.6. If Q, is the usual unit cube in RN and if the sequences {uy}, {v,}
are each bounded in H'(Q1) and are such that u, — v, — 0 in L?(Q1), then a
straightforward computation shows that there exists 0 < R < 1 such that, if for
each 0 < v < R we define w,, by

Wy, = ¢un + (1 - ¢>Un

with ¢ the cutoff function equal to 1 in Q1 \ Qr and equal to zero in Qr—~ (where
Qr denotes the cube with the same orientation and center as Q1, but side R) and
such that |Vé| = L on Qr \ Qr—, then

¥
lim lim |an|2dx =0
’Y_)O n—oo QR\QR*W

and also

(4.11) lim lim \Vw,, — Vo, |*dz = 0.

y—0n—oo Qr

The only issue in the computation is to choose R so as to avoid concentrations in

|Vu,|? and |[Vv,|? on 0Qr.

Proof of Theorem /.4. By Definition 3.2 we have that there exists a sequence {D,, ()}
(monotonically increasing in t), such that op, )1 g A(t) and xp, ) — O(t) in
L>(Q) and for which the Minimality property (3) is satisfied. We will show that
{Dy(t)} also satisfies properties (2) and (3) of Definition 4.3. Both conditions are
proved by contradiction, using the following strategies.

If property (2) is false, then there exists § > 0 such that the sets U, do not
eventually have small measure. We can then localize to nice points in U,, and add
laminates of damage corresponding to the damage sets in Remark 1.1. This creates
a competitor D!, to D,,, whose energy is lower on the order of limsup,,_, . |Ux],
contradicting the minimality of D,,.

Proving condition (3) is somewhat more subtle. If (3) is not satisfied, then there
exists a sequence of sets E, C D, (T) with hnniloréflE"I =~ > 0, and there exist

§ > 0 and At \, 0 such that for all 7 small enough, the sequence of sets AE?
satisfy |[AES| — 0 as n — oo. This suggests that the sets E,, C D, were not
necessary at time 7 in order for the strain in the undamaged region to remain
below the threshold, and so it should not have been worth the cost to add the slices
AE, = E, N [D, (7 + At) \ D,(7)] to D, (7). A difficulty is that as At \ 0, these
slices in general disappear, so we need a way to keep account of this sub-optimality
even as At \, 0. Using the fact that in AE,, we are below the threshold by §, we
show that if we consider a new dissipation coefficient ks on FE,, corresponding to
the lower threshold A — 4, then we have an energy balance with this new coefficient
on E,,, contradicting the energy balance with the original coeflicient.

We first prove that property (2) is satisfied. Suppose it is false, so that there
exists § > 0 such that

(4.12) limsup [{z ¢ D,(t) : |Vuy ()] > A+ =v>0.

Set U, := {x ¢ Dy (t) : |Vun(z)| > A+ d}. Note that for every € > 0 the set QF of
all cubes @) that satisfy the following conditions

i) The center xq is in U,, and is a Lebesgue point for Vu,,, u,, and xy,
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ii) Two sides of @ are orthogonal to Vu,(x¢), which we label 7,
iii) Setting u; () := ny - (x — x0) + un(20), We have
lun — up® |l (@) < €lQ|
and
) 1D, N Q| < el
is a fine covering of U,, (except possibly for a set of measure zero). Therefore for

every given € and n we can choose a countable collection of disjoint cubes in QF,
{Qi}, such that

|En \ UiQi] = 0.
Step 1.
In each cube we will perform a construction that lowers the energy of D,,, which
we now illustrate for a single cube Q that we assume to be centered at the origin.
We also assume, without loss of generality, that u,(0) = 0 and we set 1 := 7, and
Uy 1= u% . We also define for each open set S C Q)

1
Buat(w.D.1.8) = 5 [ o|Vulde ~ (fu)s + KD
S

as above when S = () we will omit the dependence on S in the notation and with
(-,-)s, with a little abuse of notation, we denote the localization of the reprentative
of f to S. More precisely, for f € H=1(f2), there exists g € L?(2,R") such that
[ =divg, ie., (f,u) = [, gVudaz for all u € Hg(2). Then

<f7U>s:/gVudw vu e H'(S).
S

We first consider Ey,; for functions that agree with u, on 0Q), rather than with
up. We claim that

inf {;/ o0 | Vwl2de — (f(t),w)g + kD] : w—uy, € HY(Q) and D' C Q}
Q

1
(413) S Etot(uﬂ7®7 f(t)’ Q) - 5552|Q| .
This can be seen by first considering the one dimensional function
Sy if y € (0,d)
2(y) =

My +Bad ifyeld ),

where d := %. We extend z to all of R by periodicity and to RY by

)

for z € RY. Notice that the sequence v. converges to Uy in L?(Q) and is bounded
in H'(Q). Hence, we can apply Remark 4.6 to (Q, u,, v ), producing w that agrees
with u, on 9@ and whose total energy is arbitrarily close to

SIQIBAA+3) — (1), ) + 55010

(see also Remark 1.1). Then a straightforward calculation gives (4.13).



THRESHOLD-BASED QUASI-STATIC BRITTLE DAMAGE EVOLUTION 17

Step 2.
We next claim that in each cube @ in Q7 we have

inf {;/ op | Vwl?de — (f(t),w)q + k|D'| : w—u,(t) € HY(Q) and D' C Q}
Q

(4.14) < Buorlu (), Da(t), £(1), Q) ~ 555°1Q] +0(1)[Q

where o(1) — 0 as € — 0, uniformly with respect to n. This follows from Step 1
once we note that by properties (iii) and (iv) of @) we have

| Etot(un(t), Dn(t), f(t), Q) — Erot(uy, 0, f(t), Q)] < 0(1)|Q)]

and that we can make minimizing sequences for the inf in Step 1 admissible for
the above inf by adding u,(t) — u,,, introducing an error o(1)|Q|, with o(1) — 0 as
¢ — 0 independent of n.

Step 3.

We return now to our disjoint family of cubes {Q;} and, using Step 2, we construct
a competitor (w,, D!,) for (u,(t), D,(t)) in Q, with D!, D D, (t), that agrees with
(un(t), Dp(t)) outside UQ; and is such that

Eot(wn, Dy, f(£)) < Eyot(un(t), Dn(t), f(t)) — %WQ Z |Qil + o(1) Z |Qil -

Now up to a subsequence op, G-converges to some A’ € Ger(al, BI), with xp, N
©’. In particular A’ € Go/({D,}). Then taking the limit as n — co we get

min{Eor(w, A, €', (1)) : w € Hy(Q)} < Eyor(u(t), A(t), O(t), f(t))*%/6’527+0(1)7

which contradicts the minimality of (u(t), A(t), ©(t)) for € small enough.

We now prove that property (3) is satisfied. Assume first that [, ©(-)dz is
continuous from below at 7', in which case we assume by contradiction that there
exist:

i) a sequence of sets E,, C D, (T), with lim |E,| =~ > 0,
ii) 6 >0,
iii) a sequence At \, 0
such that for all 7 < T and for each term in iii) satisfying At < T — 7, we have
that the function v,, in Definition 4.3 (3) satisfies

(4.15) liminf |[AES| =0,

where
AES == {x € AE, : |Vu,(x)] > X — 4}
and AFE,, := E, N (Dy(7 4+ At) \ D,(7)).
We set ks to be the dissipation coefficient corresponding to the threshold A — 4,
so that ks = (A — 6)2W.

Claim: u satisfies

(4.16) &) (ks = ) = £0) = [ (o). ulo) do
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where

£t /A Vu(t)Vault) de — (f( +k/@

This together with the equality in Definition 3.6 implies that v = 0.

Proof of claim: For each fixed At we consider u at discrete-times t; = iAt.
Define

. 1
Ee(Da(ts), f(t:)) == UEIII}:%T(IQ) {Q/QUDn(ti)WUFdx - <f(ti)vv>:|
and set AE,(t;) := E, N AD,(t;) and AD,(t;) := D,(t;) \ Dn(t;—1). We then
have, from Lemma 4.5 and from (4.15), that

Eei(Dn(ti), f (i) + ks | AEn (t:)] + 0(1) 2 Eer(Dn (i) \ AEn(t:), f(t:))

with o(1) — 0 as n — oco. We take the limit as n — oo (and take subsequences as
necessary) so that

XaB, () — Op(t;)

and we get

Eo(A(t:), f(t:)) + ks </Q GE(ti)dm> > Ee(Aac(ts), f(t)),
where

(4.17) Eq(A, f) == min [;/QAVUVUCZ:U— (f,vﬁ

vEHS(Q)

and Aa¢(t;) is the G-limit of op, (1, )\aE, (t;)I- Then we use the minimality prop-
erty in Definition 3.2, noting that since D, (¢;) \ AE,(t;) 2 Dy(t;—1), the pair
(Aac(ti), O(t;) —Og(t:)) is a competitor for (A(t;—1),O(t;—1)), and from (4.17) we
get

Eq(A(t;) Jrk(/@ dxf/@E d:v>+k5</@E dx)
> Ea(A(ti 1), F(ti1)) — (F(ts) — [t +k/@ 1)

where u®t(t;) is the minimizer for E.(Aa¢(t;), f(t;)). Since

Z/ XAE, (t;) converges to both Z/ Op(t;) dr and vy,
—Jo — Jo

where ya; = lim,, o |E,ND,,(tar)| (again dropping to a subsequence as necessary)
and ta; = [4;] At (i.e. it is the last element in the partition of [0,7] such that
0 <T —tar < At), summing the last inequality over i gives

Ee(A(tar), f(ta)) +k (/Q O(tat) do — ’YAt) + ksyat

> Ba(A(0).10) + k [ 0(0)d ~ S {(8) = f(tioa).u®2).

Q

g
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Since A(t;) < Aat(t;) < A(t;—1) and A(t), being monotonic, is continuous at
a.e. t, and since f € W11([0,T], H=1(2)), by the continuous dependence of u on
A, we get

L2

uBt (1) == u(r) for a.e. 7.
Moreover A
fr+ 4t - f(7) z, f(r) for a.e. T
At
and hence

T
ST = ) ) — [ () ) ar.
As a consequence of the energy balance we get that the total energy £ is continuous
and then £(ta:) — E(T) as At — 0, which, together with the fact that ya; — v as
At — 0, gives (4.16).

Finally, we consider the case that [, ©(t)dx is not continuous from below at
T. We assume by contradiction that there exist sequences ¢, ,/ T and FE, C
D, (T)\ Dy(t,) with liminf,, . |E,| = v > 0, together with 6 > 0, such that the
minimizer v, for Eo (D, (T) \ Ey, f(T)), i.e., the solution in H}(Q) of

—div(op, (r)\E, Vvn) = f(T),
satisfies
liminf [{x € E,, : |Vu,(z)| > A -0} =0.
From Lemma 4.5 we see that, as above,
(4.18) Eei(Dn(T),T) 4 k| Dy (T) \ En| + ks|En| + (f(T) = f(tn), un(T)) + O(1)
> Eel(Dn(tn)vtn) + k|Dn(tn)‘
Taking the limit as n — oo, we get
E(T) — (k —ks)y = E(T),

a contradiction.

5. IMPLICATIONS FOR LOCAL MINIMALITY AND STABILITY

We conclude the paper discussing the notions of local minimality and stability
for the energetic model consider in Section 3. We will see that our threshold point
of view can also be used to show that there are no local minimizers or stable
configurations besides global minimizers.

The most natural norm for defining “small” increments of damage is the L' norm
on characteristic functions, since this is the same as the measure of the increment.
Of course, the L>° norm would not allow any “small” increments at all. So, we will
consider the L' norm in defining local minimality and stability of damage.

Given A € L*(; F(a,3)) and © € L>(Q,[0,1]), with A(z) € Ge(y)(Aw, As)
a.e. x € ), and a sequence of sets D,, such that

Xp, —©

G
0p,, A )

we give the following definition.



20 ADRIANA GARRONI AND CHRISTOPHER J. LARSEN

Definition 5.1. We say that ({D,}, A, ©) is a local minimizer corresponding to
f € H7Y(Q) if there exists € > 0 such that for every A" € Gor({D,}) with ©' €
B(©,¢) (the ball in L' centered at © with radius € ), we have

E.(A,0,f)+ k:/ Odr < E (A0, f)+ k/ O dz.
Q Q
Furthermore, given f € H=1(2), we say that ({D,}, A, ©) is stable if

Ea(A.0.1) +h [y Odr — Ba(A'.0'.f) ~k [, &'dr _

lim sup sup
e—0 ©/€B(©,2) €
A’eGgr ({Dn})

We now show that all local minimizers, and even all stable damage “sets,” must
be global minimizers.

Theorem 5.2. If ({D,}, A, ©) is a local minimizer corresponding to some f, then
(A,0) is a global minimizer. Furthermore, even if the triple is only stable then
(A, ©) is a global minimizer.

Proof. We suppose (A, ©) is not an (EMP) global minimizer, and show that ({D,,}, A4, ©)
is not a local minimizer. Since it is not a global minimizer, there exists ©' €
L>(9,]0,1]), with ©' > O, and A’ € Go/({D,,}) such that

(5.19) Eel(A,f)Jrk/Q@dx> Eel(A’,f)—i—k/Q@’ d.

We first show that © > ©. From the definition of G({D,}) there exists a

sequence of sets D;, 2 D,, such that xp:, A0 and opr, =Ny
Take u,, to be the minimizer of Eiut (-, Dy, f), and similarly «], the minimizer of
Eiot(-, Dl,, f). Then from (5.19) and the fact that ©' > © we have

1 1
lim {/ JDn|Vun|27/ fun/JD;®|Vu;L|2+/fu'n] >0,

while from the minimality of u, we have

1 1
lim {/apn|Vun|2—/fun—/aDn|Vu;|2+/fu4 <0.
n—oo |2 Jq Q 2 Jo Q

But if lim,, o | D/, \ Dy| = 0, since {|Vu/,|?} is equi-integrable (see, e.g., [14]), then

0 < lim [/ op, |Vul,|* - / op: |Vu;|2] = lim (ﬁfa)/ |Vul, |2 =0.
n—oo Q Q " n—oo DI\D,,

Hence, there is a contradiction unless ©’ > ©.

As a consequence of (5.19) we also get that |Vu,| exceeds A somewhere in D/, \
D,,. More precisely we have that for some § > 0, the sets G2 := {x € D/, \ D,, :
|Vug(x)] > X+ 3}, satisfy

limsup |GS| > 0.

n—oo

In fact if for every § > 0 we had
(5.20) limsup |G| =0,

n—oo
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using (4.10) we have

Eei(Dy, f) = Ea(Dy,, f) < ks| Dy, \ Dy + %Hvunué(cg) :

This, taking the limit as n — oo, using (5.20), the equintegrability of Vu,, and the
arbitrariness of §, contradicts (5.19).

So, dropping to a subsequence, we have x¢s 59 > 0in L>(Q). We choose
a point xg € Q) that is a Lebesgue point for § and 6(z¢) > 0. Now, given any
e > 0, we can choose a ball B, with |B| < ¢, such that [,6dx > @9(960)7 ie.,
lim, .o |G N B| > %'e(xo) > 0. Then, just as in the proof of condition (2) in
Theorem 4.4, by adding laminates of damage within G® N B, the energy of D,, can
be lowered in the limit by at least %562%9(950). The triple ({D,}, A4, ©) generated
by the union of D,, and these laminates then has lower energy than ({D,}, A, 9)
and © € B(0,¢), and so ({D,}, A, ©) is not a local minimizer.

In fact, this also shows that

Ey(A0,f)+k[,0de—Eq(A,0 f)—k|[,0'd 1
lim sup sup it /) fQ :c i /) fQ * > — (362,
e—0 ©’eB(O,¢) € 2
A’€Ger({Dn})
and so ({D,}, A, ©) is not stable. O
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