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FATIGUE EFFECTS IN ELASTIC MATERIALS WITH VARIATIONAL DAMAGE
MODELS: A VANISHING VISCOSITY APPROACH

ROBERTO ALESSI, VITO CRISMALE, GIANLUCA ORLANDO

ABSTRACT. We study the existence of quasistatic evolutions for a family of gradient damage models
which take into account fatigue, that is the process of weakening in a material due to repeated applied
loads. The main feature of these models is the fact that damage is favoured in regions where the
cumulation of the elastic strain (or other relevant variables, depend on the model) is higher. To prove
the existence of a quasistatic evolution, we follow a vanishing viscosity approach based on two steps:
we first let the time-step 7 of the time-discretisation and later the viscosity parameter € go to zero.
As 7 — 0, we find e-approximate viscous evolutions; then, as ¢ — 0, we find a rescaled approximate
evolution satisfying an energy-dissipation balance.

Keywords: Fatigue; Gradient-damage models; Variational methods; Vanishing-viscosity approach
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1. INTRODUCTION

In Material Science, fatigue refers to the process which leads to the weakening of a material due to repeated
applied loads, which individually would be too small to cause the direct failure of the material itself. Macroscopic
fatigue fractures appear as a consequence of the interaction of many and complicated material phenomena oc-
curring at the micro-scale, such as, for instance, plastic slip systems and coalescence of micro-voids, [38] [34] [36].
Fatigue failure is extremely dangerous, since it often occurs without forewarning resulting in devastating events,
and is responsible for up to the 90% of all mechanical failures [37]. The main reason is that it is very difficult, in
real situations, to identify the fatigue degradation state of a material. Therefore, its prediction still represents an
open challenge for modeling and simulation at the cutting edge of mechanics.

Fatigue favours the occurrence of damage and fracture in different types of materials, both brittle and ductile.
When the stress level is high enough to induce plastic deformations, the material is usually subjected to a so-called
low-cycle fatigue regime; instead, high-cycle fatigue occurs if the stress is below the yield stress such that the
strains are primarily elastic. Models where fatigue effects are induced by the cumulation of plastic deformations
have been recently studied in [3] 4, 2] 1] and [9], 11, 12].

In this paper we study a phenomenological material model where damage is the only inelastic phenomenon
and the fatigue weakening of the material is a consequence of repeated cycles of elastic deformations. Our work
is inspired by the recent paper [5], where the authors propose a similar model in the one-dimensional setting and
to which the reader is invited to refer to for further mechanical details.

As usual, damage is expressed in terms of a scalar variable which affects the elastic response of the material and
may be interpreted as the local percentage of sound interatomical bonds. In contrast to many previous damage
models [19} 27, [7] [40, [39] 23] 24 [25], in this paper the dissipation depends not only on the damage variable itself,
but also on the history of the evolution. Indeed, damage is favoured in regions where a suitable history variable
has a higher value. This history variable is defined pointwise in the body as the cumulation in time of a given
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function ¢ that may be the strain, or the stress, or the energy density, according to the model. As a consequence,
the material may undergo a damage process even if the variable ( remains small during the evolution.

We are here interested in proving the existence of quasistatic evolutions for this model in a two-dimensional
antiplane shear setting, following a vanishing viscosity approach. To present in detail our result, we introduce
the time-incremental minimisation problem corresponding to a time discretisation t§ := z% = i7, for the un-
knowns a:  — [0,1] (the damage variable) and u: 2 — R (the displacement) assuming that the previous states

J o 9)i—1 .
(e, up,)5—o are known:

€ i—12
sl —ai 72}

o 1 1 o o
(ag,up) € argmin{f/,u(a)‘Vufdx—i— f/|Voe’2dx+/f(V,§ Yoyt —a)dz +
2 2 27y,
o

1—1
asay Q Q

The functional minimised above consists of three parts: the internal energy, given by the sum of the elastic
energy and the damage regularisation term; the energy dissipated from the previous state; and the viscosity
term, depending on a small parameter . The elastic response is affected by the factor u(a) > 0, where p in
nondecreasing in «, according to the fact that « = 1 represents a sound material and o = 0 a completely damaged
one. (Notice that the constraint o < a?jl enforces the irreversibility of the damage process.) The L? norm of Va
is the usual regularising term in gradient damage models (see the aforementioned works and [16}, 10} [I3] for coupling
with plasticity). The dissipation term characterises the present model in comparison to other damage models,
since the fatigue term f(Vk’ ~1) weights the damage increment. For every j, the history variable ij is defined by
) J
V=Yl - ot

h=1
where Clg represents the elastic strain, or the stress, or the density of the elastic energy at time ¢} . Notice that

ij = fot"jc |Ck (s)| ds, where Ci(s) is the piecewise affine interpolation of ¢/. The function f is nonincreasing, so
that in the minimisation it is more convenient to take o lower where the cumulation Vki ~! is larger. The viscosity
term prevents o, to be too far (in LQ) from the previous damage state a};_l

The approach that we follow consists of two main steps: as, e.g., in [27 [7] 40, 39, 23] 24], we let first the time-
step of the discretisation 7, and later the viscosity parameter € tend to 0. More precisely, the starting point is to
define for every k the discrete-time evolution (. (t), uc x(t)) as the piecewise affine interpolation of (o, u) and
to derive a priori estimates (cf. Proposition which guarantee that || k|10 r.mt(0)), tekllmio,rwie@))
are bounded uniformly with respect to k (not with respect to €) and ||ac k|lw1.1 07,11 (@) > Ue kllwrrorwie@)
are bounded uniformly with respect to £ and ¢, for some p > 2.

We exploit the a priori estimates H' in time to pass to the limit as k — +oo: for every € we obtain
an e -approzimate viscous evolution (ae(t),u.(t)) characterised by an equilibrium condition in wu.(t), a unilat-
eral stability condition in «.(¢) (referred to as Kuhn-Tucker condition), and an energy-dissipation balance (cf.
Definition |4.1)).

The a priori estimates W in time allow us to reparametrise the ¢-approximate viscous evolutions and to
obtain a family of equi-Lipschitz evolutions (ag(s),ug(s)) in a slower time scale s. At this stage we let ¢ — 0
and obtain an evolution (a°(s),u°(s)) together with a reparametrisation function ¢°(s) that permits the passage
from the slow to the original fast time scale ¢. In Theorem [5.1] we prove that (a°,u°) still satisfies an equilibrium
condition in u°(s), a unilateral stability condition in a°(s), and an energy-dissipation balance. However, the

1,1

dissipation in the energy balance weights the rate of damage with a function f°(s) < f(V°(s)), where V°(s) is
the history variable associated to the evolution (a°,u°). An interesting issue, that we were not able to solve, is
to determine whether there are explicit examples where this inequality is strict and fo (s) is actually the correct
weight to consider in the energy-dissipation balance.

In the mathematical treatment of the present model some technical difficulties arise. Here we discuss the main
issues in the a priori estimates and in the limits as K — +o00 and € — 0.

The proof of the a priori estimates rests upon the manipulation of the Discrete Kuhn-Tucker conditions
and evaluated at two subsequent times t;'c_l and ti, respectively, as e.g. in [32 23] 29] 24, [11), 25]. The
resulting estimate contains in the right-hand side also discrete-time derivatives at time ¢, ', in contrast to
the aforementioned works, where only discrete-time derivatives at time t; appear. These additional terms are due
to the presence of the fatigue weight f (V,j ~1) in the dissipation for the i-th incremental minimisation problem
and prevent the immediate application of the discrete Gronwall estimate used in the previous works. We refine
the usual technique to overcome this issue in 7.

The main difficulty in deriving the properties of the e-approximate viscous evolutions (ae(t),us(t)) consists
in passing to the limit as k — +oo in the dissipation term containing the fatigue weight f(Vz x(¢)). The a priori
estimate on ||ue k|l g1(0,7.wi.p() only guarantees that Vi — Vie weakly in L2(0,T; LP(;R?)), and this
convergence is not sufficient to deduce the convergence of V., to Vi, even in the paradigmatic case where (
is the elastic strain, namely when the history variable is V(t) = fot |Vu(s)|ds. To circumvent this problem
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we first let f(Vex(t)) converge to some f.(t) weakly* in L>(Q) for every ¢ by an Helly-type theorem (cf.
Lemma , to get an evolution (ae(t),us(t)) satisfying the Kuhn-Tucker condition and the energy-dissipation
balance with f-(t) in place of f(Vz(t)) (cf. Propositions and . At this stage, we exploit the convergence
of all the terms of the discrete-time energy-dissipation balance to the corresponding ones in the continuous-time
energy-dissipation balance. This improves the convergence of &, r to d. (Proposition, allowing us to deduce
that Vi, — Vie strongly in L2(0,T; L”(Q;R?)) and thus that f.(t) = f(Vi(t)). Eventually, we obtain the
existence of an eg-approximate evolution.

The scenario when € — 0 is radically different. Indeed, here the energy-dissipation balance does not help to
improve the weak convergence Vi — V4° for the rescaled evolutions (a2 (s),us(s)), due to the rate-independence
of the system as ¢ — 0. As a consequence, the limit evolution is formulated with ]”VC’(S)7 the weak *- L°° limit of
the fatigue weight reparametrisations f(V.=(s)), in place of f(V°(s)). This motivates why we pass to the limit in
two steps, rather than directly taking a simultaneous limit 7% /ex, — 0, k — 400, as in the framework developed
in [30, 26] and followed in [25].

2. ASSUMPTIONS ON THE MODEL

Vector-valued functions. In this paragraph we let X be a Banach space. We will often consider the Bochner
integral of measurable functions v: [0,7] — X . For the definition of this notion of integral and its main properties
we refer to [8] Appendix] or to the textbook [I8]. The Lebesgue space L?(0,T;X) is defined accordingly. We
recall that, if p € [1,00) and X is separable, the dual of L?(0,T;X) is ) (0,T; X"), where %—i— i =1 and X’
is the dual of X.

For the definition and the main properties of absolute continuous functions AC([0,T]; X) and Sobolev functions
WP(0,T; X), the reader is referred to [8, Appendix]. We recall here the Aubin-Lions Lemma [6, 35] about the
compactness property enjoyed by W?(0,T;X). Let Y be a Banach space compactly embedded in X, and let
1 < p,q < oo. Then the space W = {v € L?(0,T;Y) : v € L%(0,T;X)} is: 1) compact in L?(0,7T;X) if p < oo;
2) compact in C([0,T]; X) if p=o00 and ¢ > 1.

In this paper, the Banach space X will be either a Lebesgue space LI(U;R™) or a Sobolev space W4(U),
where U is an open set of R™. Given an element v € LP(0,T; LY(U;R™)), p,q € [1,00), we identify it with the
function v: [0, T]xQ — R™ defined by v(t;z) := (v(t))(x).

The norms || - ||z» and || - ||y1,» without any further notation will always denote the LP-norm and the
WP _norm with respect to the space variable x, respectively.

The reference configuration. Throughout the paper,  is a bounded, Lipschitz, open set in R? representing
the cross-section of a cylindrical body in the reference configuration. The deformation v: QxR — QxR takes
the form v(z1,z2,23) = (21, ®2, x5 +u(x1,22)), where u: @ — R is the vertical displacement. In this antiplane
shear framework, the two dimensional setting is the physical relevant one. This assumption gives the compact
embedding H'(Q) in LP(Q) for every p € [1,00), which we employ in the a priori estimates.

We assume that 92 = 9pQ2UINEY, where Op2 and In( are relatively open sets in 92 with OpQNINQ =D
and Hl(apﬂ) > 0. A Dirichlet boundary datum will be prescribed on the set dpf2.

In order to apply the integrability result [2I] to our problem (see Remarkbelow), we assume that QUAONQ
is regular in the sense of [2I], Definition 2]. (Notice that in dimension 2 this regularity assumption on QU dn$Q is
satisfied, e.g., when the relative boundary 9(OnT") in O consists of a finite number of points.)

It is convenient to introduce the notation Wa_Dlg(Q) for the dual of the space {u € whe' () : u=0o0ndpQ},

1 1
where = + = =1.
>t

The total energy. Following [20], the damage state of the body is represented by an internal variable a: Q —
[0,1]. The value « = 1 corresponds to a sound state, whereas o = 0 corresponds to the maximum possible
damage. As usual in gradient damage models [33], the system in analysis comprises a regularizing term || Va2, .
In particular, the damage variable a belongs to the Sobolev space H'(Q).

For every a € H*(Q) and u € H*(Q), the stored elastic energy is defined by

1 2
5/u(a)‘Vu| dz .

Q
We make the following assumptions on the dependence of the shear modulus g on the damage variable «:
p: R = [0,400) is a C"'(R), nondecreasing function with x(0) > 0,
u(B) = (0) for B<0, u(B) = p(1) for > 1. (2.1)

The regularity assumption on g is needed in the proof of Proposition (see (3.14])). The condition (2.1) on u
forces « to take values in [0,1] in the evolution (see Remark [3.1)).
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The total energy corresponding to a damage state o and to a displacement u is

E(a,u) = %/,u(a)|Vu|2dx + %/|Va|2 dz. (2.2)
Q Q
Notice that the constant % in the gradient damage regularisation term does not play a role in the mathematical
treatment and may be replaced by any positive constant.
We compute here the derivatives of the total energy. Note that an integrability strictly higher than 2 is required
on Vu to guarantee the differentiability of the energy with respect to «.

Lemma 2.1. The following statements hold true:
i) Let uw € WHP(Q), with p > 2. Then the functional o € H(Q) — E(,u) is differentiable and
@n(a). ) = 5 [1(@)|Vuf 5o+ [Va Vide, (2.3)
Q Q

for every o, B € H'(Q).
i) Let a € H'(Q). Then the functional u € H*(Q) — E(o,u) is differentiable and

(Ou€(a,u),v) = [ p(a)Vu - Vodz,
[

for every v € H*(Q).

Proof. We only prove i), the proof of i) being trivial. The derivative of %HVozHiz simply gives the second integral
in (2.3]). As for the differentiability of fu(a)\VuF dz, let us fix a, 8 € H'(Q), and § > 0. By Young’s inequality

we have 5
‘M,wf < llz= 18] [Vul* < €181 + | Vul"]
where ¢ = -2, < oo. Thanks to the embedding H'(Q) € LY(Q), we can apply the Dominated Convergence

p—2
Theorem to deduce that the functional o € H*(Q) + £ (a, u) is Gateaux-differentiable and its Gateaux-differential
is expressed by (2.3)). Moreover, since u € W P(Q), with p > 2, and H'(Q) € L"(Q), for any r € [1,00), it is
immediate that the functionals in i) and ii) are Fréchet-differentiable. g

Fatigue and damage dissipation. The damage dissipation is affected by the cumulation of a suitable variable
of the system during the history of the evolution. This variable may be for instance the elastic strain, the
stress, or the density of the elastic energy, according to the material model. In the general case, we consider
a function depending on the damage variable a and on the elastic strain Vu: we take, for given evolutions
a € AC([0, T}; L2 [0,1])), u € AC([0,T); WHP(Q)), with p > 2, £+ 1 < 1 the function

(1) = g(a(t))Vu(t) , (2.4)
where g € CV1([0,1]). (In the following we will guarantee that the damage variable takes values in [0,1], see
Remark one could also assume g € C**!(R) and constant in (—o0,0] and [1,00) as done for u, the difference
is that the terms involving ¢ are constant in the incremental minimisation, see ) For instance, if g(a) =1,
then ¢ is simply the elastic strain; if g(a) = p(a), then ¢ is the stress.

By our assumption on the evolutions «, u, we have that ¢ € AC([O,T};L2(Q;R2)), so we consider the
corresponding cumulation

Ve(t;z) = V() ::/0 ’é(s;x)\ds, x €, (2.5)

defined as the Bochner integral in L*(Q).

In the notation = represents the fact that we do not write in the following the dependence of the
cumulated variable from ¢. We shall also use the notation Vj, V., etc. for the cumulated variable corresponding
to Ck, (-, etc. given by for ay and uy, a. and wu., etc., respectively, specifying the correspondence in each
case.

We notice that one could consider other possible choices for the variable ¢, for which the results of this paper
still hold. For instance, one could take ¢(t) = g(a)|Vul?, with 6 € [1,p) , so ¢ € AC([0,T]; L*/?(2)) (see also
the observations in Proposition and Lemmas and , This covers, e.g., the case where ( is the density
of the elastic energy, i.e., when g(a) = p(a) and 6 = 2.

For every measurable function V: Q — [0,+00), playing the role of the cumulation of (, and for every 3 €
H'(Q) with 8 <0 a.e. in Q, representing the damage rate, we define the corresponding dissipation potential by

RWN%:—/ﬂWBM, (2.6)
Q
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where

f:[0,400) = [0,400) is a Lipschitz, nonincreasing function with f(0) > 0.
The regularity assumptions on f, g are used in the proof of Proposition (see (3.14)), and in Lemmas
and [4.4]

v

Figure 1. Graph of the function f appearing in the dissipation potential. The higher the value of V', the
smaller the weight f(V) in the damage dissipation. Recall that V plays the role of the cumulation of the
variable (.

According to the general theory of Rate-Independent systems [28], R naturally induces the following dissipation
between two damage states a1, € H' (€2;10,1]) with aq < a2 a.e. in

D(ar,a2;V) :=R(az —a; V). (2.7)

Remark 2.2. The dissipation potential R that we choose here slightly differs from the one proposed in the model
of [B]. In that paper, the dissipation potential features an additional term depending on the gradient of the
damage variable. More precisely, using the notation of our paper, a choice more coherent with [5] would be
R(&,Va,Ve; V) = [, f(V)(—a + Va - Va)dz. We explain here two reasons that lead us to the decision of not
including the term Va - V& in the dissipation potential.

The first reason is a mathematical one. Note that a generic evolution «(t) may not satisfy the inequality
—&+Va-Va > 0; the validity of this condition is however crucial for a physically consistent notion of dissipation
potential. Our approach to the problem does not guarantee the a prior: fulfilment of this condition.

The second reason is a modelling one. The model proposed in [5] is an approach to fatigue fracture via a phase-
field model. In a classical phase-field model (without fatigue), the energy dissipated by a fracture is approximated
by an energy of the form [,(1—a)+ £|Val®dz, and in that case the term [, 2|Va|® dz should be interpreted as
part of the dissipation. This explains why in [5] the rate of %|Vo¢|2 appears in the definition of R(&, Va, Va; V)
and the fatigue weight f(V') also affects this term. In contrast, our aim is to study damage models, whereas the
approximation of fracture via damage is not in the scope of this paper. For this reason (as already done in other
papers about damage models [27, [7, 40}, 39} 23] 24 [25]) we interpret fQ %|Va|2 dx as part of the internal energy
of the system. In particular, the rate of %|Va|2 does not appear in the definition of the dissipation potential.

Boundary conditions and initial data. For every @ € H'(Q;[0,1]) and for every w € H(Q), the set of
admissible pairs (a,u) with respect to the damage variable @ and the boundary datum w is defined by:

A (@,w) = {(a,u) € H(QxH" (Q) : 0<a<@ae inQ, u=wondpQ}.
The quasistatic evolution will be driven by a boundary datum satisfying
we H (0, T; WHP(Q), (2.8)

where p > 2 is a suitable exponent that is chosen according to Lemma The p integrability of Vw is needed to
control the increments of the displacement with those of the damage variable (cf. Lemma. The H' regularity
in time of the boundary datum is needed for the proof of the a priori bounds in Proposition (see (3.26])).

We prescribe initial conditions aog € H'(Q) and uo € W'P(Q) at time t = 0. We assume, consistently
with , that the initial cumulation V, = 0 for notation simplicity. Taking a generic initial cumulation
Vo € L*(2) with Vo > 0 ae. in Q does not entail any mathematical difficulty. (Note that, in that case,
definition should be modified accordingly by adding the initial cumulation V5 .)

We require

8a€(ao, UO) € L2 (Q) . (29)

Notice that one could also assume that ag and wup are stable with V_; = 0, so that the Euler conditions in
Lemma hold for ¢ = 0 too. The assumption is slightly more general, since, for instance, the initial
condition ap = 0,up = 0 is always admissible, no matter whether it is stable or not.
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3. INCREMENTAL MINIMUM PROBLEMS

Construction of discrete-time evolutions. We fix a sequence of subdivisions (t};)fzo of the interval [0,7],
where t := %T are equispaced nodes. We denote the step of the time discretisation by 7, = % For notational
simplicity, we omit the dependence of 7, on k and we use the symbol 7. Moreover, we fix € > 0.

We define the discretisation of the boundary datum w by w} := w(t};), 1=0,...,k.

Let af, := ao, u} := uo, (i := g(ao)Vuo, and V¥ := Vo = 0. Assuming that we know o} ' and V™', we
define (o, uj) as a solution to the incremental minimisation problem (cf. ([2:2)), (2-6)), for the definition of
& and D)

min {E(a,u) + D, oy VI + Slla—ai e ¢ (ayu) € F(a wi)} (3.1)

and we set (i := g(ak)Vul and
Vi Vit G -G =200 -
j=1

The existence of a solution to is obtained by employing the direct method of the Calculus of Variations.
Remark 3.1. Tt is immediate to see that af is a solution to the problem
min {S(a,u};) + D, ay LV + o llo — a3 ae HY(Q;[0,1]), a < ai_l} , (3.2)
where u = u!, is fixed. Notice that o} is also a solution to the problem
min {E(Q,U};) +D(a,af VT + o llo — M - ae H(LR), a< ozi_l} , (3.3)

where also competitors o with negative values are taken into account. Indeed, let us fix a competitor for the
problem (3.3)), namely o € H*(Q;R) with a < ai ' and let us set a’ := max{a,0}. We employ the fact that
o™ is a competitor for (3-2), the assumption (21]), and the fact that ) ' > 0 to obtain

E(akyuk) + Dlak, ol 5 Vi) + £ ok — af 2
<E&(atup) + Db o VY + Sl —al 3.
< E(ayup) + Do,y 5 Vi) + g2 lla —ag [7e
This proves the equivalence between and .

We define the upper and lower piecewise constant interpolations by

Ek(t) = t}c ) ak(t) = a;:c ) Hk(t) = u’/LC ) Zk(t) = CI’; ) Ek(t) = w;c )
tk(t) = t;:l ) gk(t) = CM;;1 ) @k(t) = u;:l ) Qk(t) = 4;71 ) wk(t) = w271 )

and
Vi(t) =Vt forte (£ th],

for i =1,...,k and @(0) := ao, Tx(0) := uo, Vi(0) := Vo =0, while ¢, (T) :=T, a,(T) := af, u, (T) := uf.
Moreover, we consider the piecewise affine interpolations defined by

ar(t) :==ay "+t -ty Dag,

ug(t) ==y " (-t g,

G(t) =+ (=t e, fort e [ttt

for 1 =1,...,k, where

i _i—1 ) i i1 . i i1
2oL oy ) e i, Sk—C
Q1= T ’ Up = T ) Ck . T ’

and define wy, as the affine interpolation in time of w. We set also
t—1,(
v = vit) + B0 60 ). (3.4)
It is not difficult to verify that Proposition [A] yields
t
Vil = [ 16u(o)] ds (35)
0

in the sense of Bochner integral in L*(Q).
Note that in the above definitions we dropped the dependence on & for notation simplicity.
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A priori bounds on discrete-time evolutions. We start the analysis of the discrete evolutions by deducing
higher integrability properties of the strain. Following the idea of previous papers (see, e.g., [23]), we apply a
result proved in |21, Theorem 1] (see also [22] Theorem 1.1] for an extension to the case of elliptic systems with
the symmetric gradient in place of Vu) regarding the integrability of solutions to elliptic systems with measurable
coefficients and with mixed boundary conditions.

Remark 3.2. By |21, Theorem 1], there exist a constant C' > 0 and p > 2 depending on ||u|/Le such that the
following property is satisfied: for every a € H*(Q;[0,1]), for every p € [2,p], and for every £ € Wnggf(Q), the
weak solution v € WP (Q) to the problem

{ div(pu(a) Vo) = ¢ in Q,
v=20 on Op§?
satisfies
vllwe < cHél\ng;g-
In the following lemma we apply the regularity given by Remark to deduce higher integrability of Vuy(t)

and to control the increments of the displacement u with the increments of the damage variable «.

Lemma 3.3 (Higher integrability of the strain). There exist p > 2 (depending only on ||p||re ) and a constant
C >0 (depending only on ||p|lres, [|t'[|L=, and ||w]|p s o 7.w1.5qy) ) such that

[k (@) [lwp + llu, (O)llwrs + lus®)llwrs <, fort €0,T] (3.6a)
il < C[low(Ollza + @] . fort € 0,71\ (8. ik, (3.60)
for every p € [2,p), where ¢ = %.

Proof. Let p > 2 be the exponent given in Remark To prove (3.6al), let us fix t € (_t};l, ti] for i € {1,...,k}

(notice that the inequality is trivial for ¢ = 0). By (3.1)), the function wj, minimises £(aj,,u) among all u € H*(Q)
with v = wy, on OpQ. Therefore uj, is a weak solution to the problem

{div(p(afc)Vufc) 0 in 2,

S (3.7)

uj, = wy, on Op<).
By Remark we have that

ke — whlwes < Clldiv (u(ad)Vek) 16 < Clallze [kl
D

which implies (3.6a]) (recall the definition of wy, Uy, Uk in terms of the family of w} ).

To prove (3.6b), let us fix p € [2,p) and ¢t € (ti~t,th) for t € {1,...,k}. By (3:7) for i and i — 1 we get that

the function v := u} — u?l —wi + wzfl is a weak solution to the problem
{ div(,u,(oz;;_l)Vv) =/ in Q,

(3.8)
v=20 on dpfl,

where ¢ := div((u(c) ") — ple)) Vug) — div(p(eg ") (Vwy, — Vw, ")) . Notice that £ € WB_Dlgf(Q) by (3.6a). By
Remark [3:2] and by Hélder’s inequality we deduce that

[olhwr < Clllly e < O[llGaloh) = (o) Vui oo + (i) (Vi = Va2

< Ol Nl Nl — o e Vsl s + o ook — i~ s

since 1 =
q

. By (3.6a)) and dividing by 7 we conclude that

1_1
P P

ik llwr.e < C[llak s + ekl 5]
hence the thesis. ]

We are now in a position to derive the Euler conditions satisfied by the damage variable in the discrete
evolutions. These conditions are also called Discrete Kuhn-Tucker conditions, since we have a constraint of
unidirectionality on the damage variable. They are a fundamental ingredient to deduce the a priori bounds in
Proposition (3.5
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Lemma 3.4 (Euler equations). For every t € [0,T]\ {t,...,tF} we have
(0a€(aik(t), Tk (t), B) + R(B; V(1) + e(d(t), B) 2 = 0. (3.9)

for every B € H'(Q) such that 8 <0 a.e. in Q. Moreover

(Ba & (@ (1), Tk (1)), cuk (1)) + R (t); V(1)) + ellén(t) |72 = 0. (3.10)
Proof. Let us fix t € (ti ', tL) for some i € {1,...,k}. Let 8 € H'(Q) with 8 < 0 a.e. in Q and let § > 0.
Since af, solves (3.3) and ai + §3 < oz;;l, we get

0 < &(ai, + 08, uk) + Dok + 08,07 Vi) + 5 llak + 08 — op 72+
= E(ag,u) = Dlag, i Vi) = 5 llak — i I7e

Dividing by & and letting § — 07, by (2.3) we get

%/u’(ai)‘VuHZﬂdx+/Vai-V,def/f(Vk"*l),deJre/diﬂdx20.
Q Q Q Q

This concludes the proof of (3.9) . ‘ _
To prove (B.10), notice that aj, — day < ap " for 0 < § < 7. Since «j, solves (3.3) we get that

0 < E(aj, — 86, uk) + Dlag — 6dg, ap Vi 1) + £llag — 6dg, — o 72+
— E(ak,ui) — Dlaj, o Vi) — Ellai — o 7z

Dividing by 6 and letting 6 — 07, by (2.3)) this implies (3.10). a

The following proposition ensures that the evolution of « and u is H! in time uniformly in k for fixed e, and
AC in time uniformly in k and e, with values in the target spaces H'(Q) and WP (Q).

Proposition 3.5 (A priori bounds). Let p be as in Lemma There exists a positive constant C independent
of €, k, and t such that for every € >0, k€N, t € [0,T)\ {t%,...,t¥}, p <P, it holds that

elléw ()2 < Cexp (Cﬂ;”) , (3.11)
Te() 5 Te(t) 5 ()
€ | (s)|| 71 ds + € llak(s)llirs ds < Cexp (CTEZ) (3.12)
0 0
T T
/ [léek ()] m1 ds+/ [k (s)|lwip ds < C'. (3.13)
0 0

Proof. We only need to show the estimates on (), since the estimates on u(t) simply follow from (3.6b).

We start with computations which are common in the proofs of all the three inequalities in the statement.
The starting point is to obtain an estimate on the time increments of &y (t) by testing the Euler equations at
two subsequent times of the time discretisation. To do so, we fix i € {2,...,k}. The case i = 1 requires slightly
different arguments. By evaluated at a time ¢ € (ti ', i) we get that

(O (e, ui), k) + R(éks Vi) + el |72 = 0.
On the other hand, by testing with 8 = dj, at a time ¢ € (£, %, ¢, '), we get
(Oa (it up ), k) + R(Gk:; Vi™?) + 6@y di) 2 > 0.
Subtracting the second inequality from the first one, we infer that

(Oa(a,ul) — Oalal ul ), ah) + R(dg; Vi) — R(ah; Vi 2) 4+ ela) — al ' k)2 <0,
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namely,
elah — &t ad)2a + / (Vai - Vai™l) - Vai da
Q
1 i i—1)2 i i12] <4 i i—2\] -4
35/[u'<ak DIVu | = i (ah)| Vui }akdm/[f(vk D= FG)éhda
Q Q
]- ’ 1—1 i—11]2 P2 .4 1 / —1 / 7 12 .4
<5 mila )[‘Vuk |” = [Vuk| ]akd$+§ [H (o )*M(%)MVW{ ay dz
Q Q
+\If LW/Vi71*Vi72 &kl dx
171 Vi pal It 5.1
Q
]- (3 [3 [3 71— -7 1 7 17— 2.4
< 5l ||Lw/!wk + Vul||Vug — Vup Jdk| de + 5|m”\|m/|ak — oy Y| Vui ||| da
Q
+01F e / G - 216k de
Q
< o[ [[Vuk + Vi | [[Vak ] laklen + | Vai]3, ok}
= L2 k|l ppllCkllLn k|lpp kIl L
+ Ve | i ek llza + (Vi |, laklen |-
In the last inequality we have chosen p € (2,p) and g1 € (2,00) such that % + i = %, and we have employed
the identity
— G =gl ) = glog ) V' + glay ) [V, = Va7
that gives
Jl167 - 62kl ae < T(\|g'||mo|\w§:1um||a g kLo + gl || Vil IHLPHaknm) RNNERE)
Q

We remark that, taking ¢ := g(a})|Vui|®, with 8 € [1,p) we could also get the conclusion in (B.14) with ¢} > ¢
such that % + qi, = %7 in place of g1 . Indeed
1

Gt =GO = Mgl ) = 9@ DIV 4 gl IV = Ve,
and since, by the Mean Value Theorem,
IV = 1V < 00V |+ [V )~ (V™ = [V )

we have that

/ Kli_l - Cli_2|‘d§c| dz < T(HQ/HLC’O ‘|Vu2_l||Lp Hd};lHLqi Hd;ﬂHLqi
Q

(3.16)
i—1
T gl (I w + 192 )| Vi HLPHakuL%) .
Using the fact that (&), — &b ', ah) 2 > ||l L2 (||o'z};||Lz — ||o'¢};1|\L2) and by Lemma we infer that
ellaklza (llakl o — g lz2) + 7 Vaill7a
< CT[H%HL‘H ekl a2 + e Zor + ol zar lléh lzos + lickllzar (|lbkllwr.z + |\u‘;§j1|\wl,5)] (3.17)

< vl + laklor e ar + okl 3s + Nk s

where ¢o := % € (2,00) and 7 = max{q},q2} € (2,00). We labelled the constant in the last inequality with c;

in order to keep track of it in the sequel. By the compact embedding H'(Q2) € L"(Q) (notice that Q C R?), we
have that for every § > 0 there exists a constant C5 > 0 such that for every 8 € H'(Q)

IBIZ < 8lIVBIIZ2 + CsllBI7r < 8lIVBIZ2 + CsllBllr 1B 2 - (3.18)
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Adding ¢ 7]|é;]|7- and Z||éill72 to both sides of (3.17), choosing & suitably small in the previous inequality,

and multiplying by 2 we have that
2laklize (lakllzz — 65 lee) + 21 Zliaklor (léker = i ler) + ZlaklG 10
3.19
< e (Jliklm + ik s ) + 2e2Z Gkl 16k e
Let us set
%
.in2 .12 .q
A= [ll6kl32 + e ZlaklE- Bii= [ Zéklm
1 .
Ci = o [kl + ok 5] Di = c2Zlléklp -

The quantities above are actually defined for every ¢ = 1,...,k. When i = 1, we define Cy := , /CQ%HU:J]inl,;B.
Denoting by a; := (||é4 |12, \/e1Z |6k ||lLr) , we get that

léillez (Ilaklle = lai ™ lez) + e 2 lakllor (llékler — lai ar ) = ai - (@ — aiz) 5.20)
> fail (Jai] —lai-1]) = Ai(Ai — Ai-1).
Since 7 < & we have that
a2 o2 a2 Li g2 -
Zléilin = Zlleilin + Zlleilin > Zlakll?s + Slakli > Zllailie + S llail -
cr [y 402 i A2 (3.21)
> < [éklze + e Zllakl | = 205747
Collecting (3.19)(3.21) and setting y := c3 T, we obtain that
2Ai(A; — Ai—1) + 2vA} + B} < C} +24;D;, (3.22)

for every i =2,... k.
Proof of estlmate (3.11). Here we prove a slightly stronger inequality with an additional term on the left-hand
side. Specifically, we show that

ellax(®)lz + e Zllax(Oller | < Coxp (S7u(1)) - (3.23)

By the inequalities 24;(A; — A;—1) > A7 — A, and D; < CTA;, from (3.22)) we get in particular that

A} - AL ST+ OTAY,

for i=2,...,k. We fix h € {2,...,k} and we sum the inequality above for ¢ = 2,..., h, deducing that

h h
eA? — A2 < EZC?-FCZTA?. (3.24)
i=2 i=2
We claim that
eA? < C[acf LA i] : (3.25)
Once (3.25)) is proven, summing (3.24)) and (3.25)), by the initial assumption on w (2.8)) we conclude that
h
A, < C[L+ 3 r(llik s + ik Ins) + ZTA"’] <cli+i+ ZTAQ] (3.26)
= i=1
for every h =1,...,k. By a discrete Gronwall inequality on ¢A? we deduce that
2 1 th
eAj < C(l + g) exp (C’?’ﬂ) (3.27)

for every h =1,...,k. Multiplying by € and taking the square root, we get
h
eAn < Cexp (Ct—k) (3.28)

and thus (3.23).
It remains to prove (3.25). Adding and subtracting 9.&(ao,uo) to (3.10) evaluated at time t € (0,t}), we

deduce that
(0a€(ak, up) — Oa (0o, uo), ci) + Rk, Vo) + (9a (0o, uo), ci) +ellcill72 = 0.
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With computations similar to those previously done in (3.14)—(3.17) and using the assumption 9.&(ao,uo) €
L?(Q), we infer that

ellaklzs + 7IVatlie < Cr || Vuk + Vuollpa||Vallze ok o + [[Vu][7, llak1Ea |
H 1 fllzee ol 1 + 110a€ (o, wo)l L2 |l 2
< Or[liklys + Gk ] + Slakllze + <.
Using inequality as above, it is not difficult to see that

a3z +llaklEn < O [k I3 + kI3 + 1], (3.20)

which in turn implies 3__2§D
Proof of estimate (3.12)). Inequality implies in particular that
eB} <eC? 4+ CrA? (3.30)

for 1 =2,...,k. From we deduce that

cB2 < C[ECE FrAZ 4 ﬂ (3.31)
Let us fix h € {1,...,k}. Summing for i=2,...,h and , by we obtain that

B < clt+ SO (bl + i ) + im?] <cli+i+ ijA?]
i=1 i=1

i=1 =1

and thus, multiplying by ¢ and using (3.27),
h
. h
527’“0&“21 < Cexp (C%") .
i=1

In the equality above we have integrated the exponential function in time and we have used the fact that 7 << ¢.
This concludes the proof of (3.12)).

Proof of estimate (3.13). By the discrete Gronwall estimate proved in [23] Lemma 4.1] we deduce that for
every h=2,...,k

1
2

h h h
(Z(lﬁ-’y)Q(i_h)_le) < ((14’7)_2}114%+Z(1+7)2(i_h)_lci2)% +\/§Z(1+7)i—k—1Di
i=2

=2 =2

=

2

h h 9
{2(1 +9) A2 (1 )P 4(2(1 + y)i*kflpi) } (3.32)

<
i=2 =2
h A h ‘
<SV21479) A 2> A+ TICE 142> (1 49) D,
i=2 =2
Using the estimate
h
2i—h)-1 - 1
v (1+7) <L,
i=2
by the Cauchy-Schwarz inequality we estimate the left-hand side of (3.32)) by
h h 1
YA+ ke < (3o BE)
i=2 =2
for h =2,...,k. Hence (3.32) reads
h
33 472k g
i=2

h h
< C[1+ 1 +7) T A+ Do+ T (il + ik s) +7 20+ k]
i=2 =2
(3.33)

for h =2,...,k. We multiply both sides of (3.33) by 7 and we sum over h = 2,...,k. Using the expression of
the partial sums of the geometric series, it is possible to show that
k

k k
S rléblan < Cl1+edr+ S 7 (b lns + oy ) + 3 rlldkl ] (3.34)

=2 =2 =2
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We refer to [23] Proposition 4.3] or [9] Proposition 3.8] for more details about the computations mentioned above.
Multiplying (3.29) by 7, taking the square root and using the fact that 7 << e, we infer that

Tléklm < O [llikllwe s + léklon +1] -

Adding this last inequality to (3.34]) we obtain that
k

k k
S rlldblan < O+ e+ S r (ks + i ) + 3 rllakl ]

i=1 i=1 i=1

To conclude the proof of (3.13]), we observe that: €A; < C by (3.28]) evaluated for h = 1; the second sum is

bounded by a constant by the initial assumption on w (2.8); the third sum is actually a telescopic sum, namely
k

>~ 7l = [ (ao - af)do < jo.

i=1 3
(]

In order to obtain the energy dissipation balance for the evolution (ax,ur), in Proposition we integrate
in time the energy evaluated on these affine interpolations. We are allowed to do so because they are absolutely
continuous (actually H 1) in time. Since we also employ the Euler equation of Lemma that contains
also the piecewise constant interpolations, we have to estimate the difference of the piecewise affine and constant
interpolations. This is done in the following remark.

Remark 3.6. For every t € [0,T)

B () () 1
laa® ~ @l = || [ qatsras],, < [T laats)lm ds < 7Flaul o o
t t

and therefore, by (3.12)),

llew, = Gill ow 0,21 () < Cer? (3.350)
Similarly, we have
lar — apllzee 0, 1m1 () < 057'% ) (3.35b)
[k — k| oo . 1w ey < Ce72,  for p € [2,7), (3.35¢)
llur — gl oo 0.y < Cer?, for p € [2,5). (3.35d)

Discrete energy-dissipation balance. Here we obtain the energy-dissipation balance, by employing the FEuler
condition (3.10]), correcting with the piecewise affine interpolations in place of the piecewise constant ones.

Proposition 3.7 (Discrete energy-dissipation balance).

E(on(T), uk(T)) + / R (t); Va(t)) dt + / e (8)[22 dt
0 0 (3.36)

T
zs(ao,uo)+/ (@0 (1)) VT (1), Ve (8)) e dE+ R,
0
where Ry, — 0.

Proof. By (3.12)—(3.13)), the piecewise affine interpolations «y(t) and ug(t) are absolutely continuous in t. As a
consequence, ¢ — E(ax(t), ur(t)) is absolutely continuous and

% [5(%@), uk(t))] = (D (an(t), ue(t)), an(t)) + (0u& (o (t), ur(t)), @ (t))
= (0aE(@r(t), ur(t)), ar(t)) + (Ou€ (Qh(t), Uk (t)), wr(t)) + ne(t)

(3.37)

for a.e. t, where
Mk(t) := (O (an(t), uk(t)) — Oa€(k(t), Uk(t)), cu(t)) + (Ou€(a(t), ur(t)) — Ou(ak(t), ur(t)), ur(t)) . (3.38)
Using uk(t) — we(t) as test function in , we deduce that
(Ou€ (@i (1), ur(t)), un(t)) = (Ou€(an(t), ur(t)), we(t)) = (u(k(t)) Vaur(t), Vi (t)) 2
Together with the Euler equation for ay(t) and , this gives

£ [E@r®,u )] = ~ellar 32 — R(x(0: Vo) + (@) Va0, Vi) a +met)  (3:39)

Integrating in time the previous equality, we obtain (3.36) with Ry := fOTnk (t)de.
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Let us show that R, — 0. By Holder’s Inequality, by (3.35a)), by (3.6a), and by (3.13) we deduce that

‘/0 /(,u/(ak(t)) — 1 (@ (1)) | Vur ()| 2 (£) dz dt‘ < C/o /|ak(t) — @ (&)]|Vur () | ()| dz dt

T
1
< C/ levi (8) —= @ ()| 1 [[ure (E) [0 |tk (8) || 1 At < Cer
0
Furthermore by Holder’s Inequality, by (3.6a)), by (3.35¢), and by (3.13]) we infer that

\/0 /p'(ak(t))(|Vuk(t)|2 — |V (1)) (1) der ] < 0/0 /|Vuk(t) b VaR()] [Vue(t) — V()| |aw ()] dz di
Q Q

T
1
< C/ [ (£) + Uk () llw .o [Ju () — Tk (@) lwro |6k () | g dE < Cer
0
Finally, by (3.35a]) and (3.13) we get that

\/0 /(v@k(t)—vak(t)) V(1) da di] g/o () = @Ol [l ()| s dt < Cor® .
Q

This shows that

lim

T
k—+oco 0

(D& (auk (1), ur () — Ouk (@ (L), Tk (1)), dn(t)) dt = 0.

With completely analogous computations it is not difficult to show that
T
lim (0u€(ak(t), un(t)) — OuE(Qr(t), un(t)), ur(t)) dt =0.
k—+oco 0
This concludes the proof. |
We observe that the energy balance (3.36) holds for any couple of times t1 < t2 € [0,7T], as one can see arguing
as in Proposition and integrating (3.39)) in the time interval (¢1,%2).

4. EXISTENCE OF VISCOUS EVOLUTIONS

In this section we pass to the limit as k — +oo (i.e., as the time-step goes to zero). Notice that ¢ > 0
is fixed in this section. The main result is the existence of viscous evolutions, defined as follows. Given a. €
AC([0,T]; HY(Q)), ue € AC([0,T]; H*(Q)) we define, as in ([2.4), ¢. := g(a:)Vue and, as in (2.5),

vt = [ )] as, (4.1)

as a Bochner integral in L?(Q). During the section we are in the constitutive assumptions of Section

Definition 4.1. We say that a function (ae,uc): [0,T] — H'(Q)xW'P(Q) is an e -approzimate viscous evolution
if e € HY(0,T; H*(2)), ue € H'(0,T; WHP(Q)) and the following conditions are satisfied:

(ev0). irreversibility:
[0,7] 5 ¢t — a-(t) is nonincreasing as a family of measurable functions on € ;

(evl): equilibrium: for every t € [0,T], a.(t) and u.(t) solve the (distributional) problem

div(p(a:(t))Vue(t)) =0 in 2, 19
ue(t) =w(t) on dpQ. (4.2)

(ev2). Kuhn-Tucker inequality: for a.e. t € [0,T] and for every 8 € H'(Q) with 8 <0 a.e. in Q we have
(0a€(ac(t), uc(t)), B) + R(B; Ve (1)) + €(=(t), B) 2 > 0. (4.3)

(ev3)s energy balance:

E(ae(T),us(T)) +/O R(Ge(t); V=(1)) dt—&-s/o llde ()32 dt = E(ao,uo) +/0 (u(ae(t))Vue(t), Vir(t)) g2 dt.

All the section is devoted to the proof of the result below.

Theorem 4.2. Let p > 2 be given by Lemma For every € > 0 and p < p there exists an c-approximate
viscous evolution with (ae(0),u:(0)) = (o, uo0) and there is a constant C > 0, indipendent of €, such that

T T
[ 1@l as+ [ el ds <0 (4.4)
0 0
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The strategy of the proof consists in showing first the existence of a weak form of e-approximate viscous
evolution. This satisfies the conditions (ev0)., (evl)., and the (ev2)., (ev3). with a different expression of
dissipation (Propositions and . Such a weak existence result allows us to improve, for fixed ¢, the a
priori convergences of the discrete-time evolutions (Proposition and to express the dissipation in terms of
V-(t), the cumulation of (. (cf. ), so recovering its form in Definition by Lemma

Compactness. We start by exploiting the a priori bounds found in Proposition [3.5] to deduce compactness of
the discrete-time evolutions. By (3.12)) we find a subsequence (which we do not relabel) such that

ar — a.  weakly in H'(0,T; H'(Q)), (4.5)
ur — ue  weakly in H'(0,T; W"?(Q)), for p € [2,D), (4.6)

as k — +oo. (Actually, we also extract a subsequence independent of ¢t such that the convergence in (4.20)
below holds. We do not state this here for the sake of clarity in the presentation.) By the compact embeddings
H'(Q) € LY(Q) and W'P(Q) € LP(R), by the Aubin-Lions lemma [6], and by (3.35) we deduce that

lar — acllcqo,mLa))s 1@k — acllpooo,rLa())s llag — @ellpoeo,r309¢0)) — 0, for g € [1,00), (4.7a)
luk — uellcqo,mzr))s Uk — uellLoeo,r;Lr (), Uy — tellLoco,7;0r(0)) — 0, for p € [2,p). (4.7b)

Moreover, from the inequality |lok| o 07,11 (0)) < C(1+ [|okllwr10,7.m1(0)) and by (3.6a) and (3.35a)—(3.35d)
we deduce that for every ¢ € [0,T] we also have

ar(t), ar(t), a,(t) — ae(t) weakly in H'(Q), (4.8)
ug(t), Tk(t), u,(t) — uc(t) weakly in WHP(Q).

In particular, for every ¢ € [0,7] we have

[

[

lue ()]l w1.p < lminf |ug(t)|y15 < C. (4.10)
k—+oo
In view of the convergences (4.5, (4.6, by (3.13) we get
T T
[ @l ds+ [ ie(s) s ds <0 (111)
0 0

and then V; is well defined in (4.1)).

Energy-dissipation balance and stability. In this subsection we pass to the limit as k — +oco in the discrete
energy-dissipation balance (3.36)). We start by discussing the easiest terms in the energy-dissipation balance,
namely the terms involving the energy, the viscous dissipation, and the work done by the boundary forces. The
dissipation involving the fatigue term requires finer techniques and will be discussed below.

From the pointwise convergences (4.8)—(4.9) and the lower semicontinuity of the energy £ with respect to the
weak convergence of a in H'(Q2) and the weak convergence of u in W'P(Q) we deduce that

E(ae(T),us(T)) < lkiminf E(ar(T),ur(T)). (4.12)
— 400
Moreover, since dy, — de weakly in L?(0,T; L?(2)), we have that
T T
s/ 6 ()22 dt < lim inf (6/ loe(t)]2 dt) (4.13)
0 k—+oo 0
We claim that
T T
kl}r_{l {u(ax(t)) Vg (t), Vi (t)) 2 dt :/ (u(ae(t))Vue(t), Viir(t)) 2 dt. (4.14)
> Jo 0

To show the convergence above, first of all we notice that (@ (t)) Vi (t) — (e (t)) Vue(t) weakly in L*(Q;R?)
for every ¢ € [0,T] thanks to (4.8)—(4.9). In addition, (3.6a) and assumption ({2.8]) imply

[ (@ (6) VT (1), Ve (8)) 12| < © / i (8) | g i (0) | 2 dt < €.

Since Vi (t) — Ve (t) strongly in L?(Q;R?) for a.e. ¢ € [0,T], by the Dominated Convergence Theorem the

convergence in ((4.14) holds true.
We consider now the limit of the dissipation involving the fatigue term. We start with the following lemma,
which shows that the affine interpolation of the cumulation is close to the piecewise constant interpolation.

Lemma 4.3. For every k € N, ¢ > 0 we have that

1£ (Vi) = SV 20, msx2y < O (llanllans o.7:22c00) + i o 701 ) < Ce7e (4.15)
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Proof. By (3.4) and (3.6a) we have

T

Vi(t) - V() = =0 ([g(aka)) — 9oy ()] Vi (£) + gl (6)) [Vun (8) — Vg <t>]) ,
so that

Vit) = Vi)l < (119" Looe [ (0) | T (8)] + Lo, (6)) Vi (1))
< Or(Jaw(®)] + V(1)) -

Thus for any 8 € L?(0,T; L*(Q)) (recall that f is Lipschitz)
/0 / F(Vi(®) — F(VR(@)]18(0)] dz dt < Cr / / (6w (6)] + [Van(®)]) |8(1)] de dt
Q Q

T
< CT/ (Hdk(t)Hm + ”uk(t)”Hl)”/B(t)HLQ de
0
< CT(HO"C”Hl(O,T;L?(Q)) + HUkHHl(o,T;Hl(Q))) 181l L2 0,7;22(0)) -

Recalling (3.12), the estimate above gives (4.15)). We notice that we arrive at the same conclusion also with ¢

defined by g(a)|Vul’, for 8 € [1,p), arguing similarly to what done to pass from (3.15) to (3.16)) in Proposition
]

In the following lemma we show that a strong convergence of the discrete-time evolutions would guarantee the
convergence of the dissipation term. We stress that the a priori bounds on wu(¢) found in Proposition only
guarantee the weak convergence (4.6). Therefore we are not allowed to apply Lemma at the moment.

Lemma 4.4. Assume that the following convergences for axr and uy hold true:

ax = ae  strongly in W0, T; L*(Q2)), (4.16a)
up — ue  strongly in W0, T; WHP(Q)),  forp € [2,). (4.16b)

Then
F(Vi) = f(V2)  strongly in L*(0,T; L*(52)), (4.17)

and
T T
lim R(au(t); Vi(t)) dt = / R(&e(t); Vo(t)) dt, (4.18)
k—+oo 0 0

where the cumulations Vi, and V: are defined in (3.4) and (4.1)), respectively.

Proof. For the proof it is convenient to introduce the function

9(B+h)—gB) .
dg(B,h):==¢4 B ih#0,
g (8), if h=0,
for every B,h € R. Observe that g(8+ h) = g(8) + hdg(B,h) and since g € C**(R)
|dg(B,h) — g'(B)] < llg"|lL==1h|.

Using the function dg, we can write for every s € [0,T]

Cr(s) = dglay(s), man(s))dn(s) Var(s) + g(ay(s)) Vir(s)
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We now estimate Vi — V. by employing (3.5) and (4.1)). For every ¢ € [0,7] we have

JIvitti) =Vettlds < [ [lGtsia) - o) o as
< /0 / . dg(ay (s), Tau(s)) ar(s) Var(s) + g(ag(s)) Vik(s) — ¢’ (ac(s)) ée(s) Vue(s) — g(a(s)) Vie(s)| dz ds

< / / [Tng”umrak(s>|2|vak<s>r+|\g”||mo\gk<s>fas<s>Hak<s>Hm(s)|

+ 119 | oe [6(s) = de(5)|[Van(s)] + 19| |6e (8)[|Var(s) — Vue(s)]|
+ 119 | o e (s) = ac(8)|[ Vi ()] + llgll o [ Vi (s) — Viie ()| | dz ds

< O(llay — acllnso,mza@) llarlwr o) + lloaw — acllwro,re20) 1Tkl Lo (0,7, w12 ()
+ C(7 + |uk — tellpoo (0,7 w12 (0))) llee w1 0,750 0)
+ Cllay, — acllLes o,7;na @) lurllwi1o,rwie @) + Cllus — uellwiao,mwie@)
for ¢ € (2,00) such that %—i— % <z

Notice that we obtain the above inequality also if (. = g(ae)|Vue|?, with @ € [1,5), up to consider ¢’ > ¢
with % + % < % in the estimates of «, since

i’Vulg = 9|Vu‘6_2Vu -Vi.
dt

Let us now integrate in time the inequality obtained above for Vi — V.: using (3.6), (3.13), (3.35), (4.7)),
and (4.16) we deduce that

Vi = Vellro,min10)) = 0,

and then we get (4.17)), since f is bounded.
Moreover, by weak convergence &y — de in L?(0,T; L*(Q))

/OTR(dk(t);Vk(t)) dt = —/OT/f(Vk(t))c’uk(t) dz dt — —/OT/f(VE(t))o'zE(t) dz dt = /OTR(o'zE(t);VE(t)) dt

and, by (4.15),

T
‘/O (Rcu(t); Vi (t)) — R (t); Vi (t))) dt’ <NfVi) = FV 20,1522 p okl a1 o, ms2(0)) < CeT = 0,

as k — 4o00. This concludes the proof. O
Remark 4.5. Combining (4.15) and (4.17)) we obtain that if (4.16b) holds, then
F(Vi) = f(V2) strongly in L*(0,T; L*(Q)). (4.19)

At the moment we do not have convergence (4.16b)) at our disposal, and we cannot deduce that the convergence
of the functions f(Vk(t)) to f(Vz(t)). For this reason, in the following lemma we consider an additional variable
f<(t) in the limit evolution, which later in the proof will turn out to be f(V:(¢)).

Lemma 4.6 (Compactness for the cumulated variable). For every € > 0 there exist a nonincreasing function
t— fo(t) € L™(Q) and a subsequence independent of t (which we do not relabel) such that

F(Vr(t) = fo(t)  weakly* in L=(Q), (4.20)
for every t € [0,T].

Proof. To prove the lemma we apply the generalized version of the classical Helly Theorem given in [17, Helly
Theorem] in the space My (). For every ¢ € [0,T], the sequence (f(Vx(t))), is equibounded in L*(Q2), and
thus is relatively compact in M;(€2) with respect to the weak® convergence. Moreover, the functions f(Vi)
have uniformly bounded variation in M,(Q). Indeed, for s < ¢ we have f(V(t)) < f(Vi(s)) and thus, given a
partition 0 =s0 < -+ < 8, =1, we get

Z/\f(Yk(Sj)) — f(Vi(sj-1))| dz = /f(L/k(O)) = f(Ve(T))dz < || fllLoe-
Q

j=1 Q
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On the one hand, by [I7, Helly Theorem] we deduce that there exists a subsequence independent of ¢ (which
we do not relabel) and a function t — A\ € M;(Q) such that

FWVR))LPLQ 2 N weakly* in My (). (4.21)

On the other hand, for every ¢ € [0,T] there exists a function f-(t) € L>(9) and a subsequence k;(t) depending
on t such that

Wk, (t) = f=(t)  weakly* in L(Q). (4.22)
By - and | we conclude that A\ = fe( )L2 L Q and the convergence in (#.22) holds on the whole
subsequence k Where is satisfied. Notice that f-(¢) is nonincreasing in t. a

The first step is to deduce the existence of an evolution where the fatigue term f(V-(t)) is in fact replaced by the
term f.(t). We first prove one inequality in the energy-dissipation balance for the continuous-time evolutions. The
opposite inequality will follow automatically from the differential conditions satisfied by «., see Proposition
below.

Proposition 4.7 (Energy-dissipation balance in weak form: first inequality). For every € > 0 we have

£(an(T), u.(T)) —/0 /};(t)as(t) dz dt+5/0 lae()]2 dt < &(ao, uo) +/0 (e () Ve (), Vir(£)) 2 dt.
Q
(4.23)

Proof. In order to prove (4.23)), we write the dissipation with the fatigue term as a supremum of finite sums which
are continuous with respect to the convergence (4.20)). Specifically

O0=s0<--<sm=T

[ R a= s {3 [i0santsn - arts)) dr). (424
=1

where the supremum is taken among all possible partitions 0 = so < +-+ < s, =T, m € N, of the interval [0,77].
The supremum is in fact attained on the partition 0 =t < --- < t¥ = T. To check this, let us fix a partition
0=350<:--<8m =T and let us prove that

m k
S [ o) - antorar < 3 / SR (1) = an(th) da

//ka Yo (t) dz dt .

Note that if we refine the partition 0 = so < --- < s, = T by including the nodes t,...,tF, the dissipation
increases, since the monotonicity of f(V) and of aj yields the following triangular inequality:

/ FVi(rs))(an(m) — ax(rs)) dz < / F(Va(ra))(an(r) — ax(ra)) dz + / F(Vi(rs))(an(rz) — ax(rs)) dz

(4.25)

for 0 <7y <732 <7z <T. Therefore we can assume without loss of generality that {19, e (R C {s0,.--,Sm}-
Let us now fix ¢ € {1,...,k} and 1 < h; < £; < m such that tz_l = Sp; < -+- < S¢g; = t;,. Then the sum in in
the left-hand side of (4.25)) can be rearranged as

ko4 E 4

i— Sj— i— i
> Z/ FWVi(si)) (on(si—1) — a(s;)) de = > Z /f Vi 5 ap !~ af) de
z:lg:hl i=1j= 1Q T

7, 1

k tl )
-3 / FEHE T e gt
=10

Now we pass to the limit in (4.24) as ¥ — +o0o. Let us fix a partition 0 = sp < -+ < 8, = T and let us
fix j € {0,...,m}. By (4.8) we have in particular that ax(s;) — ac(s;) and ar(s;j—1) — ac(s;—1) strongly
4.20

||
”Mk

/f (Vi(ti) (er(ty ) — ar(ty)) dz.

in L'(Q) and therefore, by (4.20), we obtain that
/ FVi(55)) (@ (s5-1) — an(s;)) dz — / Foss)(@e(sy-1) — ae(sy)) da (4.26)
Q Q

as k — 4oco.
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On the other hand we have that

sup { i/fe(sﬂ(as(sj'—l) — ac(s5)) dm} _ /OT/J’FE(t)dE(t) dz dt. (4.27)

0=s0< - <Sm=

The equality above follows from a general lemma proved in [9, Lemma A.1] regarding the integral representation
of weighted variations. To check the fulfillment of the assumptions required by [9, Lemma A.1] we remark that:
as € AC([0,T]; L*(9));

as <0 a.e. in Q;

f(t) < f-(s) a.e.in Q for s < t;

there exists a countable set E C [0,7] such that ¢ — f.(t) is continuous for every ¢ € [0,7]\ £ with
respect to strong L? topology (this follows from the monotonicity by [J, Lemma A.2]).

Applying [9 Lemma A.1] with X := L*(Q) and F = L*(Q), we get ([.27).

By (4.24)-(4.27) we conclude that

/ /fg Ge(t)dz dt < hmlnf/ R(ck(t); Vi(t)) dt. (4.28)
We conclude the proof using the inequality above together with (4.12)—(4.14)) and (3.36|). O

Proposition 4.8 (Stability in weak form). Let € > 0. For every t € [0,T], uc(t) is a weak solution to the
problem

div(p(oe(t))Vue(t)) =0 in Q,
{ ue(t) =w(t) ondpQ. (4.29)
For a.e. t € [0,T] and for every 8 € H'(Q) with B <0 a.e. in Q we have
(0a&(ae(t), us(t /f6 (t)Bdx + e(ae(t),B)r2 > 0. (4.30)

Proof. To prove (4.29) it is sufficient to observe that from (3.7) we have that u(t) is a weak solution to the
problem

di ag(t))Vug(t)) =0 in 2,
iv (p(@(t)) Ve (t)) in (4.31)
ﬂk(t) = wk(t) on BDQ,
and pass ) to the limit as k — 400 usmg . ) and .
Let us ﬁx ,8 € H (Q). Integrating (3.9) in time, we get
T T T
—/ (0uE @x (1), T (1)), B) dt+/ /f(yk(t))ﬂdx dt—s/ (G(1), B) 2 dt < 0. (4.32)
0 0 0
Q

First of all, we claim that for every t € [0, 7]
~ (Oal(ae(t), ue(t)), B) < lim inf —(0a& (ak(t), u(t), B) - (4.33)
Indeed, since Vuc(t)3 € H(Q), by we have
_ /H’(ae(t))’Vus )[*Bdz = lim [— /,u/(ozg(t))Vﬂk(t) : Vug(t)ﬁd:r]

i
<tmint [ [ (@e@)va o] [~ [ee| o sar]
and thus ! ’
_ /u’(ag(t))|Vug(t)}2ﬂdx < lim inf [—/u'(ag(t))\vak(t)mdx] , (4.34)
for every t € [0,T]. Morerver, by ’
| / (0 (1) — ' (@0()) [V () B x| < Ol (8) — Ol o 4 () .o 1Bl

(4.35)
< Cllae(t) —ar(t)||e — 0  uniformly with respect to ¢,
where ¢ € (2,00). Furthermore, by (4.8])
/Vak(t) -VBdx — /Vae(t) -VBdx, (4.36)
Q

Q
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for every t € [0,T]. Summing ({4.34] we obtain

Moreover, by convergence (| -) we have

/ FVr(®)Bdz — / Ft)Bda (4.37)
Q Q
for every ¢ € [0,T].
Finally, implies
e / (Gk(t), B) 2 — / (Ge (), B 12 (4.38)

forevery 0 <t1 <ta <T.

Collecting (4.33)), (4.37), ([#.38), and by , we infer that
ta ta - ta
7/ (0a&(ae(t),us(t)), B) dt+/ /fs(t)ﬂdm dtfs/ (ae(t),B)r2 dt <0

ty ty ty
Q

for every B € HL(Q) and 0 < t; < t2 < T. By the arbitrariness of ¢, t2, a localisation argument gives (#.30). O
Remark 4.9. Using (4.29) we can improve the convergence in (4.7b)), namely for every € > 0

llur — uelleqo,rpwre )y, e — tellpoo o rwiea)ys 1y — UellLooo,mwie)y — 0, forp € [2,p). (4.39)
Indeed by (4.31)) and (4.29) we deduce that the function v := u(t) — ux(t) — w(t) + Wi (t) is a weak solution to
the problem

div(p(ae(t))Vo) = inQ,
v=0 on JdpQ},

where £ € Wa s doed by = div ((1(@e (1)) — e (£))) Ve () + div (u(ae (1) (VB () — V(). By

Remark- , , and we deduce that
[k (t) = ue(@)llwr.r < C[Ilﬁk(t) — ac(®)llzal[we(®)lws + o= ()| Lal[wi () — w(t)\lwl,ﬁ]
< O[[[@(t) = a=(®)lls + [@e(t) = w(®) lwr.s] =0
uniformly with respect to t, for a suitable ¢ € (2, 00). The convergence of uj, and u, follows from 7.

Proposition 4.10 (Energy-dissipation balance in weak form). For every € > 0 we have

E(0re(T), us(T)) — / / Fo(t)ae(t) da dt + < / e ()]122 dt = & (a0, uo) + / {(u(ere () Ve (£), Vb (£)) 12 .

Proof. One inequality has been proven in Proposition [£77] To prove the opposite inequality, we observe that
t — E(ac(t),us(t)) is absolutely continuous and

B0, 0-0)] = (0uE(@e0) ue(0)), 0(0)) + (D (e (1), (1), e 1)

dt
> /ﬁ(t)ds(t) dz — ellée ()72 + (ula= () Vue(1)), Vi (t) 12

for a.e. t € [0,77], where in the last inequality we have used (4.30) and (4.29). Integrating the previous inequality
in time, we complete the proof. O

The energy-dissipation balance obtained in Proposition above allows us to get the desired strong conver-

gence (4.16b|).

Proposition 4.11 (Strong convergence of discrete-time evolutions). For every € > 0 we have
ar — ae  strongly in W50, T; LY(RQ)), forq € [1,00), (4.40a)
uk — ue  strongly in W50, T; WP(Q)),  forp€[2,D). (4.40b)
Proof. From Proposition and Proposition and using the convergence of the work term , we deduce
that

lim [5(Oék(T),Uk(T))+/O R(a(t); Vi(t)) dt—|—5/0 [l (2)]]7 2 dt]

k—+oco

= E(a:(T),u:(T)) —/O /f;(t)o'cg(t) dz dt—l—a/o llée (t)]|72 dt .
Q
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Notice that if (ax)r and (bg)r are two sequences such that ar + b — a+b and a < liminfy ag, b < liminfy, by,
then ar — a and by — b. Therefore, by (4.12)), , and (4.28) we obtain that

T T
Jim / Hdk(t)HQdet:/ e (8)|22 dt .
0 (0]

k—+oco

As a consequence

g, — G strongly in L?(0,T; L*()). (4.41)

We want to deduce the strong convergence (4.40a) from (4.41). In order to do so, we shall control |4.(t) —
U (t)||wip with [|&e(t) — ar(t)||ze for some g € (2,00), as we did in the proof of (3.6b). For this reason it is
necessary to slightly improve the integrability in the target space in (4.41). More precisely, we claim that for
every ¢ € [1,00)

&y, — G strongly in L'(0,T; LY(Q)). (4.42)

Indeed, let us fix 6 € (0,1) and g > 2 (the case g < 2 being already covered by (4.41])) and let us define r > ¢ in

such a way that * = g + 1%9 . Using the interpolation inequality between the spaces L*(Q) and L9(Q), Holder’s

q
Inequality, (3.13)), (4.11), and (4.41)) we obtain that
T T 0 0
[l = el at < [l = 602 I64(0) - a1

T . . 6 T . . 1_9

< ([ Nen) - acolle ae) ([ lan® - aco)lm a)

0 0
T 0

< c(/ loe(t) = (@) ) =0

0

as k — 4oo. This proves (4.42).
We are now ready to prove (4.40a)). Differentiating (4.29)) in time and by (3.8]) we obtain that for a.e. ¢ € [0,T]
the function v := 4. (t) — ur(t) — w(t) + we(t) is a weak solution to the problem

div(p(ae(t))Vo) =€ inQ,
v=0 on dpf?,

where £ € W, 17() is defined by

¢:= —div (u’(ag ()6 (1) (Ve (t) — Vi (t))) —div (u(ae(t)) (Vir(t) — vwk(t)))

+ div((,u(gk(t)) _ /A(ag(t)))Vﬂk(t)) + div((M(Qk(t)-&-rdk‘r(t))—#(ﬁk(t)) _ ,u/(ae(t))dg(t))Vﬂk(t)) .

Observe that for a.e. t €

T

plag () +7ag(t)—plag(t) M/(as(t))ds(t)’

< [Menttrae@ el _ya, (6)an ()| + |1 (@(®) — 1 (ae(®)][an®)] + |1 ()] |ar(t) - é-(0)

< C[T|ak(t)\ + g (8) — ac ()] an(®)] + | () — dg(t)|]

a.e. in Q. Therefore, by Remark [3.2] (3.6a)), (3.6b), and (4.10) we get that

[ (8) = the (D) 1.0 < C[Hde(t)HLqHus(t) — Uk (Ollwr.er + llon () = ()15
+ [l () — ae (Bl Lallir O llwr.er + 7llcw @)l Lal[@(®)]lwr .5
+ [l () — ae (Bl La | (O o Tn () [[wr.e1 + [l (t) — de(t)]|La Hm(t)|\wl,5]
< C[Hde(t)l\m llue (8) = w () llwr.p0 + [l () = ()]l

+ [l () — ae (Bl Lalln Ol g + 7llar ()l + llar(t) — ds(t)l\m] ;
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where ¢,r € (2,00), and p1 € (2,p) are suitable exponents. Integrating in time the previous inequality and by
Hoélder’s Inequality we obtain
[l — uEHLl(O,T;leP(Q)) < C[||a8||W1=1(0,T;H1(Q))”ui - ﬂk”LW(O,T;WLpl(Q)) + [Jwk — wHWLl(O,T;leﬁ(Q))
+ llay, — OCSHLOO(O»T;LQ(Q))||O‘kHW1’1(O,T;H1(Q)) + TlldkHWLl(O,T;Hl(Q))
+ |ldu — O.‘EHLl(O,T;L‘J(Q)):|
< C[”Us = Uk|| oo (0,0, 101 () F 1wk — w11 0, 7w1.50))

+ [lay, — ac||Looo,msna)) + T + ||k — dsHLl(O,T;LQ(Q))} .

By (4.39), , 4.73)), and (4.42)) we conclude that the right-hand side in the inequality above converges to zero
as k — 4o0. |

Proof of Theorem[{.3 For fixed € >0, Propositions and show that (ae,ue), obtained by (4.5)), (4.6) as
weak limit of a sequence of discrete-time evolutions (o, ur), satisfy the conditions of Definition in a Weak
sense. In fact, (ev0)., (evl). hold, while (ev2)., (ev3). are satisfied with f.(¢) in place of f(Vs(t)), where f.(t)

is such that (cf. ([£20))

for every ¢ € [0,77.
Actually we find, in Proposition that a posteriori we have an enhanced convergence for the displacement
evolutions that guarantees the strong convergence

F(Vx) = f(Ve)  strongly in L*(0, 75 L*(2),
by Lemma (4.4)) and Remark We conclude that for a.e. ¢ € [0,T]]
() = F(V=(0),

so that (ev2)., (ev3). are satisfied with f(V:(¢)) and (ae,us) is an e-approximate viscous evolution. The

estimate (4.4]) follows immediately from (4.11)). O

We conclude this section by a characterisation of the energy balance for e-approximate viscous evolutions, that
will be employed in the next section to pass to the limit as ¢ tends to 0. We first deduce the following lemma.

Lemma 4.12. Let (aec,u.) € HY(0,T; H'(Q)) x H'(0,T;W"P(Q)) satisfies (ev0)., (evl). of Definition .
Then (ev8)e for (ae,ue) is equivalent to:
(ev3)c: for ae. t € (0,T)

(00 (e (1), ue (1)), de () + R(ce (); Va(t)) + €llce(t)]|72 = 0. (4.43)

Proof. Being ., u. absolutely continuous (in time) we get that ¢ — £(ae(t), us(t)) is absolutely continuous and

% [E(as(t),ug(t))] = (DaE(ac(t), uc(t)), de(t)) + (DuE(ac(t), ue(t)), te(t))

= (Ba€(ac(t), ue (1)), Ge (1) + (ulae(6) Vue (8), Vi (1)) 12 |

using (evl).. Differentiating in time (ev3). gives then the equivalence between (ev3). and (ev3’).. O

FWk(t) = fo(t)  weakly* in L=(Q),

(4.44)

Remark 4.13. Arguing in a similar way (cf. also Proposition and [I1], Proposition 4.2]) it is not difficult to
see that if (ae,uc) € H'(0,T; H'(Q) x WHP(Q)) satisfies (ev0)e, (evl)e, (ev2)e of Deﬁnitionand

(ev3)e:

E(0(T / R(Ge (t); Va(t)) dit + / = (8) 122 dt < E(ao, uo) + / ({0 (6) Ve (), V(1)) 12 dt.,

then (ae,us) is an e-approximate viscous evolution.

Let us introduce some notation in view of the characterisation of the energy balance for e-approximate viscous
evolutions. We denote by HX(Q) the functions 8 € H'(Q) with 8 <0.
For (a,u) € W0, T; HY(Q)xH'(Q)) and f € L*(Q) (that we regard as an element of (H'(Q)) with
(f,B8) = [, fBdx) we define
D(g) = sup(—g,8) for every g € (H'(Q)),  W(a,u, J) i= O(ula,u) — J) , (4.45)
BeF

where

Fi={p e H.Q): |62 <1}
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Employing Lemma we obtain the following characterisation of the energy balance, which is invariant under
time reparametrisation.

Proposition 4.14. Let (ae,us) be an e-approzimate viscous evolution. Then with the notation above we have
that

ellae(®)ll 2 = W(as (), us(t), FV(t))), (4.46)

and one may recast the energy balance (ev3): as
5(as(T)7ua(T))+/ R(ce(t); Ve(t)) dt+/ l[éte (t)[| 2 W (as(t), ue(t), f(Ve(t))) dt
0 0 - (4.47)
= E(aw,uo) +/0 ((ae(t))Vue(t), Vw(t)) 2 dt.

Proof. By (ev2). we get that for every 8 € H! ()

e(@(t), B) = (=0a€(ac(t), us(t)), B) + R(B; Ve(t)) -
On the other hand Lemma implies that the equality above is attained for 5 = % and this gives ,
since B is in F and R(B; Vz(t)) = — [, f(Vz(t)) Bdz. Then follows immediately from the energy balance
(ev3).. O
Remark 4.15. Arguing in the same way of [I1, Lemma 4.4] (see also [31, Lemma A.2]) we deduce that

®(g) = da(g,G) for every g € (H'(Q))',

where

G:={he (H" () : (h,B) >0 for every 8 € H-(Q)}, da(g, @) == min{||h||;2: h € L*(Q), h+g € G}.

5. VANISHING VISCOSITY LIMIT

This section concerns the asymptotics of the viscous evolution, whose existence has been proven in Section @,
under the constitutive assumptions in Section [2] as the viscosity parameter e vanishes. We use a rescaling
technique, common to many other works (see e.g. [14, 23, 24, 11]). Let {(ce,ue)}e>0 be a family of e-approximate
viscous evolutions satisfying the uniform W' bound in time , for a given p < p, where p is given by
Lemma The existence of these evolutions has been shown in Theorem For € >0 and t € [0,T] we set

t t
20 i=t+ [ el ds+ [ (o) lwss ds. (5.1)
0 0
Then s? is absolutely continuous and
se(ta) —so(t1) >ta—t1  forevery 0 <t <to < Sc:=s2(T),

in particular s? is strictly increasing and bijective on its domain. We denote by ¢2: [0,S:] — [0,7] the inverse
of sg. In view of (4.4), we have that T < S. < C, for C > 0 independent of ¢, and then, up to a subsequence,
S. — S as € —» 0, with S > T. We define the rescaled evolution on [0, S:] by setting

aZ(s) = ac(te(s)), ui(s) =ue(t(s)), C2(s):=Ce(t(s)), VI(s):=Ve(t2(s)), wi(s):=w(t(s)). (5.2)

Up to extending 2 with t2(S:) in (S, 5], for S :=sup,.,S: (¢ small), we assume the rescaled functions above
defined on the fixed time interval [0, S]. By a change of variable we have from (4.1) that

V(s) = / 1E2(0)|do a.e. in Q, for every s € [0, 5].
0

Since (5.1)) gives that t2 is nondecreasing and that

te(s2) = t2(s1) + lac(s2) — a2 (s1)llar + llus(s2) — u(s1)llwrp < 52— 51 (5-3)
for every 0 < s; < s3 < S, we deduce (cf. also e.g. [14] [I1] [24]) that, up to a (not relabeled) subsequence
(t2, a2, ul) = (t°,a°,u’) weakly™ in WH™(0,5;[0, T]x H" (Q)xW"P(Q)), (5.4)

for a suitable (t°,a°,u°) with
°(s) + [|&°(s) || mr + [|2°(8)lwrp <1 for ae. s € [0, 9].

Moreover, in view of the equicontinuity (with respect to ) of (ag,u?), it follows that for every s € [0,S5] and
Se — 8
al(sc) — a’(s) weakly in H' (), ul(se) = u’(s) weakly in W"P(Q). (5.5)
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Similarly to the analogous situation in Section the weak convergences above are not enough to guarantee
pointwise convergence for the cumulations of the strains, even if the cumulation of ¢°

Ve(s) = / ’éo(a)| do a.e. in Q, for every s € [0, 5]
0
is well defined as a Bochner integral in L?(2). We may only say, passing through an Helly type selection principle
as in Lemma that there exists f°: [0, 5] — L% (), increasing in time for a.e. fixed z € Q, such that
F(VE(s)) = f°(s) weakly™ in L=(Q), for every s € [0,5] . (5.6)

However, differently from Section[d] in view of the loss of the viscous term in the limit evolution we are not able
to improve the convergences a posteriort, so to express fo in terms of V°, but we prove only an inequality,
see Proposition [5.4]

We obtain then the following existence result for limit of rescaled e-approximate viscous evolutions, that we
call rescaled quasistatic viscosity evolutions, which is the main result of the paper.

Theorem 5.1. With the notation above the function (t°,a° u®) € W(0,5;[0, T|x HY(Q)xW'?(Q)), defined
as limit of rescaled e -approzimate viscous evolutions in (5.4)), satisfies the following properties:

(ev0) irreversibility:
[0,5] 3 s+ a°(s) is nonincreasing as a family of measurable functions on ;
(evl) equilibrium: for every s € [0,5], a°(s) and u°(s) solves the (distributional) problem
div(u(a®(s))Vu’(s)) =0 inQ,
{ u®(s) =w(t) on dpQ.

(ev2) first order stability: for a.e. s € [0,S5]\ U° := {s € [0,5]: t° is constant in a neighbourhood of s} and
for every B € HY(Q) with B8 <0 a.e. in Q we have

(0a€(a(s),u"(s)) = (), 8) > 0. (5.8)

(5.7)

(ev3) energy balance:
S - s
E(0°(S),u’(5)) - / (F°(s),6°(s)) ds + / 16°() |2 T(a® (5), u°(s), F°(5)) ds

s
= &E(ao,u0) +/O {(u(a®(s))Vu’(s), Vi’ (s)) ds.

Moreover, for every s € [0,5] we have that

E(a° (5),u (5)) = lim £(2(s), uS(s)), (5.9)
s _ s s
— [P0y ds == [ (02 @).6200) ds = lim [ R 0:V2 ) ds.

and

167 @l Wa(6). 0 (6). () ds = i [ 1622w (5), 2 0). FVE (1) s

Remark 5.2. The stability condition (ev2) is equivalent to W(a°(s),u°(s), f°(s)) = 0, by the definition of W
, so that the term in ¥ in the energy balance gives a contribution only in the zones where the evolution is
not stable. Notice also that W(a®(s),u®(s), f°(s)) = da(da&(a’(s),u(s)) — f°(s),G), (cf. Remark a sort
of L?-distance from the (first order) stability set G.

Remark 5.3. If (t°,a°,u®) € WH(0,S; [0, T|x H (Q)x WP (Q)) satisfies (ev0), (evl), (ev2), then (ev3) is equiv-
alent to say that for a.e. s € [0,5]

(0aE(a®(s),u°(5)) = (), d°(s)) + [|° (5)l| L2 U (a°(5),u” (s), F*(5)) = 0, (5.10)
arguing as done for Lemma by differentiation. Notice that, by definition of ¥ (4.45)), we have
(0aE(°(5),u°(5)) = [°(5), B) + [1Bll2 ¥(a®(s),u’(s), f°(5)) > 0, (5.11)

for every 8 € H*(Q) with 8 <0 a.e. in Q.
By the convergence of the energies (5.9) we deduce the following relation between f° and f (Ve).

Proposition 5.4. For every s € [0,5]

o) < f(V°) ae in€. (5.12)
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Proof. In this proof we use the notion of essential variation of a time-dependent family of functions, whose
definition is given in Definition in the Appendix. Here we recall that, by Proposition M

V() = ess Var(cZi0,5) = esssup {30 16(s5) — 255}

O0=s509< " <sm=s

Jj=0
Hence, since f is nonincreasing, we have that for every partition 0 < so < -+ < $m < 8
£V, <f(Z|(€ s7) — (s 1)|) a.e. in Q. (5.13)

Indeed
Zlge 8] CE Sj— 1)‘<V()

as functions on Q. By (5.5) and (5.9) we have that Vu2(s) — Vu°(s) in L?(Q) for every s € [0, 5], so that

¢2(s) = ¢°(s) in LQ(Q),
and then
Zle (s5) = 2 (s5-1) |—>Z|C (si) = ¢°(sj—1)|  in L*(Q) (5.14)
Jj=1

as € — 0 for every fixed partltlon. Testing (5.6) with characteristic functions of any Borel set B C £ and
employing (5.13), (5.14), we can pass to € — 0 and obtain

/f°<s>dxs/ (ZIC 85) = Clsy)l) d,

that gives, since B C 2 Borel is arbitrary,

<f(Z|C 55) °(sj- 1)|)

By the arbitrariness of the partition, and since f is nonincreasing, this implies

fo(s) < f(essVar(g‘o;O,s)) ,
and (5.12)) follows because V°(s) = essVar(¢°;0,s) by Proposition [A.4] O
Remark 5.5. By Proposition we have that the first order stability (ev2) holds also for f(V°(s)) in place of
f°(s), that is for a.e. s €[0,S]\U° and B8 € H'(Q), 8 <0, we have

(0a&(a’(s),u’(s)) = f(V°(s)), 8) = 0.

However we can guarantee only the inequality

S ~

E(0°(S),u*(S)) - / F(V(s)),6°(s)) ds + / 16 () 12 (0 (s), u(s), F(5)) ds

’ s
> E(ao,u0) +/0 (u(a®(s))Vu’(s), Vi’ (s)) ds.

in place of (ev3), if we consider f(V°(s)) instead of fe.

Proof of Theorem[5.1] Since in general ¢° is not invertible, we consider its left and right inverse, defined by
s2 (t) :==sup{s € [0,5]: t°(s) <t} forte (0,7],s2(0):=0,
s (t) == inf{s € [0,5]: t°(s) >t} forte[0,T),s (T):=S.

For every t € [0,T] we have that ¢°(s° (t)) =t =1t°(s>(¢)) and

52 (t) < lim iélf s2(t) <limsupsg(t) < s3.(t), (5.15)
£ e—0
while s (t°(s)) < s < s3(t°(s)) for every s € [0,S]. The set
S°:={te[0,T]: s> (t) <si(t)} (5.16)

is at most countable, and
U° = |J (s2(8),s3(1)) .- (5.17)
tese
Arguing as done in Proposition by (5.5), we pass (evl). to the limit and obtain (evl), while (ev0) is
immediate from the pointwise convergence of ag(s) to a°(s) for every s € [0, S5].
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Proof of (ev2). It is enough to show that A° C U°, where

A° = {s€[0,S]: ¥(a’(s),u’(s), f°(s)) > 0}. (5.18)

Arguing as in the proof Proposition to obtain (4.33) and (4.37), we deduce that for every 8 € H(Q) and
every s € [0, 5]

(~0uE(0°(3). () + °(s). B) < lim nf(~0nE (0 (s),u2(s)) + F(V2(5)). ).
so that, passing to the supremum for 8 € H (),
T(a®(s),u’(s), f°(s)) < lim inf U (ag(s), us(s), (V' (s))) - (5.19)

By (2.3) and the convergences (5.5) we have that the map s — (—9.€(a°(s),u°(s)),3) is continuous for every
B € HL(Q). Also s — (f°(s), 8) is continuous: indeed

(2 )=V i), A <1 e 181 [ 16 o de <17 o ([ 7162012 d0) 18 < Cloa=si)le
since )
1€ (@)l = llg'(@2(0)) &2 (o) Vul(o) + g(a2(0) Vil (o) ||z < C(|62(0) ||t + Vil (o)l2) < C,
and we pass to the limit as ¢ — 0 to get
[(J%(s2) = (1), B)] < Cls2 = 51)|Bl2
Therefore s — (—0..E(a’(s),u’(s)) + f°(s), B) is continuous, and
s U(a®(s),u’(s), f°(s)) is lower semicontinuous. (5.20)

In particular, A° is an open set. We now follow closely the argument in [I1] Theorem 5.4, proof of (ev3) therein],
to say that
limsup #2(s) >0 for a.e. s € (0,5)\ D°, (5.21)

e—0
where D° := {s € (0,5) : £°(s) = 0}.
Arguing by contradiction, there exists a measurable set B C (0,5) \ D° with positive measure such that

lim£2(s) =0 for every s € B,
e—0
te being nondecreasing. Since the functions t2 are 1-Lipschitz, the Dominated Convergence Theorem implies
that
lim [ #2(s)ds=0.

e—0 Jp

On the other hand, from t2 — ¢° weakly* in W (see (5.5))

lim Lig(s)ds:/ t°(s) ds,
B

e—=0 Jp

/ t°(s)ds > 0,
B
that follows from the definition of D°.
By (5.19) and (4.46) evaluated in ¢ = t2(s) (cf. (5.2))) we deduce

0< W(a(s),u(5), F°(s)) < liminf W(aZ(s), us(s), F(VE(5))) = liminf el (12(5)) | 2 = liminf e

and this contradicts

[[&2(s)ll 2
te(s)
for a.e. s € (0,5)\ D°. This implies that £°(s) = 0 for a.e. s € A°. Being A° open by 7 every s € A° has

an open neighborhood where £° = 0; then A° C U°, because t° is Lipschitz.
Proof of (ev3). Looking at the version of the energy balance proven in Proposition 4.14} this is invariant
under time reparametrisation. Then, by the change of variables t = t2(s) we get

S S
5(0@(5)#2(5‘))+/0 R(ag(s); V2 (s)) d8+/0 l[6:2(s)ll 2 W (a2 (s), uc(s), F(VE(s))) ds

=0

s (5.22)
= £(o0.u0) + [ (u(a(s) Vu (). V()2 ds.

Arguing as done in Proposition to deduce (4.28)), we obtain

-/ (P ds= s {i@’(sj),a"(sj_l) —a®(s7))}

O0=s50< " <sm =35
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and then, since and give
((s5):a°(s5-1) = a°(s)) = Wm (F(VE(s5)), @l (s5-1) — a2(s;))

e—0
for any s;—1, s;, we deduce

5 _ s
—/0 (f°(s),a°(s)) ds < liminf [ R(ag(s);V:(s)) ds, (5.23)

e—0 0

recalling (4.27). Moreover, we claim that

[ 1 @)l W@ (), (5), () ds < timint [ 29 a (020 ul(0) SV s, (5:21)
A° A©

Indeed, for every compact set C' C A° and every continuous function ¢: C — [0,400) such that

U(a®(s),u’(s), f°(s)) > ¥(s) forevery seC,
by the compactness of C' and (5.19)), for e sufficiently small we get
W(al(s),us(s), f(VE(s))) > ¥(s) forevery s€C.

Then, by approximating the semicontinuous function s — ¥(a°(s), u°(s), f°(s)) from below by continuous func-
tions, in order to prove (5.24)) it is sufficient to show

1@l v(e)ds < imint [ 62(5) 22 w(s) ds
c e c

for every compact C' C A° and every continuous function ¢: C — [0,400). This is done as in [I1, Theorem 5.4]
or [I4, Lemma 6.4], using a localisation argument and the fact that for every ¢ € C.(Q) with ||¢|p2 = 1 the
functions s — (p, &2(s)) are equi-Lipschitz on [0,.S] and converge to s+ (p,&°(s)) for every s.

By (5.23), (5.24), and the semicontinuity of the internal energy (cf. ([4.12)) we obtain the lower semicontinuity
of the left hand side of the energy balance .

Let us now study the limit with respect to ¢ of the right hand side of . Since for every t € [0,T]\ S° it
holds that s° (t) = lime_,0 s2(t) (see (5.15)), then

ac(t) = a®(s>(t)) in H(Q), ue(t) = u®(s2(t)) in WHP(Q),

and
T

/0<u(a°(s‘i(t)))Vu°(si(t)),Vw(t)>L2dt:1im (e (t))Vue (t), Vir(t)) g2 dt

e—0 Jq

by the Dominated Convergence Theorem. On the other hand,
T s
/0 ((a®(s2(1)))Vu® (s2(2)), Vi () L2 dt = /O (u(a®(s2(t°(s)))) Vu® (s ((t°(s))), Vi (t°(s)) £°(s)) 2 ds

S
- / ((0° () Ve (s), Vi° (5)) 12 ds,

since °(s) = 0 for a.e. s € U° and s° ((t°(s)) = s for a.e. s € [0, 5]\ U°. Therefore the right hand side of
passes to the limit and we conclude the energy balance (ev3).

The terms at the right hand side are continuous with respect to & since are separately lower semicontinuous
and their sum is continuous with respect to €. This concludes the proof. O

We conclude by showing some properties of an evolution (¢°, a®,u°), obtained as limit of rescaled e-approximate
viscous evolution, in the spirit of e.g. [I4] 23| [II]. We are in particular interested in its description in the time
subset U° C [0, S], where it is not rate independent: if a° remains constant in (s1,s2) C U°, then all the evolu-
tion is trivial in (s1,s2) (Remark ; on the other hand, if &@° > 0 in space in a time interval, up to a further
time reparametrisation we have that the system is governed by an equation satisfied in the transition between

the initial and final configurations: this equation (see (5.25) and (5.26]) in Proposition [5.7)) corresponds formally
to consider 1 as viscosity parameter in (4.43)) in Lemma governing the e-approximate viscous evolutions.

Remark 5.6. If &°(s) = 0 for every s € (s1,s2) C U°, then u°(s) = 0 for every s € (s1,s2) C U°. Indeed, by
definition of U®, it follows that ¢°(s) = t°(s1) and w°(s) = w°(s1) for every s € (s1, s2), and then u°(s) = u°(s1),
the unique solution of

min /u(ao(sl))\VUFdx,

u=w°(s1) on IpQ

by (evl) in Theorem [5.1]
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Proposition 5.7. Let (s1,s2) C A° (with A° defined in (5.18)) containing no subintervals where &°(s) =0 in
Q for a.e. s, and let for every s € (s1,s2)

o= [ o @z o
a2 U(a(o),u (o), f(0))
Then o is locally Lipschitz and stricly increasing, the function
of(r)i=a(o7(r)) forr € o((s1,52))

has bounded variation and is continuous into H*(Q), and
16° (o™ ()72 [(Bad (0 (r),uf (1)) = FH(r), 6*(r)) + ll6* () 7] = 0, (5.25)

for every v € 07" ((s1,52)), where w*(r) :=u(0}(r)), fH(r) := [*(e™ ().
If, moreover, &°(s) is not 0 for every s € (s1,s2) and ||&°(s)||L2 > 0k for every K € (si,s2), then o is
locally bi-Lipschitz, of is locally Lipschitz, and

(9a&(f(r), b (r)) = FH(r), & (r)) + ||6* (r)|[72 = 0. (5.26)

Proof. By and (5.20), for any K € A° we get that TU(a®(0),u’(0), f°(0)) > 6x > 0 for 0 € K. Then o
is locally Lipschitz on (s1,s2), and it is strictly increasing by the assumptions that in no subintervals of (s1, s2)
we have a°(s) = 0 in Q. This gives also o'
with bounded variation, since a° is Lipschitz.

The change of variables s = o~ '(r) in gives

(a&(f(r),uf (r) = H(r), 6 (07 (r)) + W(H (), (r), A (1)) [|6° (07" ()] 2 = O,

continuous and strictly increasing, so that o is continuous and

that is
16° (0™ (M)l 22 (Bal (@ (1), uf (1)) = FH(r),a° (27 (1)) + W (a (1), u* (r), FH(r)) [6° (o' (")[72 =0,  (5.27)

for every r € 0 '((s1,52)) and every f € HL(Q). Now o is weakly differentiable in H'(Q) at a.e. r €
07 ((s1,52)), and we have the chain rule

&)y =a (o (r 4, Py =a (o t(r \Il(au(r),uﬁ(r),fu(r)) a.e. in
( )_ (Q ( )) dt@ ( )_ (Q ( )) ||dO(Q71(T))||L2 i Q (528)

for a.e. 7 such that ||&°(o *(r))||z2 > 0. Then and imply
16° (o™ ()2 [ (Ba (0 (1), uf (1) = FA(r), 6 (07 (1)) + (6*(r), 6° (0" (M))u2] =0,

Recalling that W(a#(r), u?(r), f#(r)) > 0 for every r € o~ (s1,s2), the two previous inequalities imply (5:25). At
this stage, (5.26) follows easily since ||&°(o™'(r))||22 > 0 for every r € o~ ((s1,52)). O

As usual in an analysis based on time rescaling, one could see that in the original, faster, time variable ¢ € [0,T],
the evolution is rate-independent outside an at most countable number of jump times, which is a subset of S°
introduced in . In order to describe the evolution of the system during these jump, one has to employ the
description given by Remark [5.6] and Proposition [.7] Here we do not perform directly this analysis, based on
inverse rescaling in time, since it would be very similar to that in e.g. [I5, Section 5] and [I1 Proposition 6.7], to
which we refer the interested reader.

A. AUXILIARY RESULTS

The essential variation. In this appendix X denotes a measure space. We do not label the measure on X and
the notions of L? space and of a.e.-equivalence refer to the measure on X . Moreover we fix n > 1.

We define here the notion of essential variation, namely the variation for a time-dependent family of measurable
functions, in the sense of a.e. inequality.

Definition A.1. Let us consider a function ¢ — ((¢), with {(¢): X - R™. Let 0 < s <t < T. The essential
variation of ¢ in the interval [s,¢] is the function ess Var((;s,t): X — [0, +oo] defined by

ess Var((;s,t) :=  esssup {ZK(sj) —((sj_l)\},
s=so<<sm=T * 7
where the essential supremum is taken over all partitions 0 =sg < --- < s, =t, m € N.
Remark A.2. For every t1 <ty < t3 we have

ess Var(C; t1,ts) = ess Var(C; t1,t2) + ess Var(¢; to,t3) a.e. in X .

For completeness, we recall here the definition of the essential supremum of a family of measurable functions.
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Definition A.3. Let (v;)ier be a family of measurable functions from X to [—oo0,00]. Let 7: X — [—00, 0]
be a measurable function such that

(i) > wv; ae. in X, for every ¢ € I;
(i) if v: X — [—o00,00] is a measurable function such that v > v; a.e. in X, for every i € I, then v > T
a.e.in X.

The functions U is called an essential supremum of the family (v;)icr. In fact, there exists a unique (up to a.e.

equivalence) essential supremum T of the family (v;);er. We denote it by esssupv; :=7v.
iel

In the next proposition we provide an explicit formula for the essential variation of a function ¢ that is

absolutely continuous in time. A quick survey about the notion and the main properties of the Bochner integral
can be found in the appendix of [§]; for a more detailed treatment of the subject we refer to [18].

Proposition A.4. Let p € [1,00), and let ¢ € AC([0,T7]; LP(X;R"™)). Then
ess Var(¢; 0, ) (z /|§rw|dr, forae ze X,

where the integral in the right-hand side is a Bochner integral in LP(X).

Proof. We start by claiming that

ess Var(¢;0,-) € AC([0,T); LP(X)) and % ess Var(¢; 0,t) = |¢(t)] in LP(X). (A1)
To prove the claim, let us fix s <t and a partition s = so < --+ < $,, = t. By the absolute continuity of { we
obtain that

N sJ1|—Z\/ G dr]<z/ Ol ar= [l ar (A2)

Jj=1 %i

a.e. in X, where the last integral is a Bochner integral in LP(X). Note that the second inequality in (A.2) can
be proven, e.g., with an approximation argument via step functions. Taking the essential supremum in (A.2), by
Remark [A2] we deduce that

ess Var(¢; 0,t) — ess Var(¢; 0, s) < /t|C(T)| dr a.e. in X. (A.3)

Inequality (A.3) computed for s = 0 yields, in particular, that essVar((;0,t) € LP(X) for every t € [0,T].
Moreover, it shows that ess Var((;0,-) € AC([0,T]; LP(X)). By (A.3) and by Lebesgue’s Differentiation Theorem
for vector-valued functions [I8 p. 217] we get that

d ess Var(C;0,¢) = lim ess Var(¢; 0,t) — ess Var((; 0, s)
dt s—t— t—s

< 4]

if ¢t is a differentiability point for ess Var(¢;0,:) and it is a Lebesgue point for |C|, the limit being taken with
respect to the LP-norm.
On the other hand, s < ¢ is a particular partition of the interval [s,t], therefore
[C(t) — ¢(s)] < ess Var((;0,t) — ess Var((; 0, s)

a.e.in X .

t—s t—s

Taking the limit as s — ¢t~ with respect to the LP-norm of both sides, we obtain
: d
I<(t)] < —essVar(C;O,t) a.e. in X,

if ¢ is a differentiability point for ess Var(¢;0,-) and ¢. This proves that J; ess Var(¢;0,t) = |C(t)|
Finally, since ess Var(¢;0,-) € AC([0,T]; LP(X)), we conclude that

¢ t
ess Var((; 0, t) :/ %ess\far((;(),r) dr :/ [C(t)] dr a.e.in X .
0 0
|
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