ON THE APPROXIMATION OF QUASISTATIC EVOLUTIONS FOR THE
DEBONDING OF A THIN FILM VIA VANISHING INERTIA AND
VISCOSITY
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ABSTRACT. In this paper we contribute to studying the issue of quasistatic limit in the context of
Griffith’s theory by investigating a one-dimensional debonding model. It describes the evolution
of a thin film partially glued to a rigid substrate and subjected to a vertical loading. Taking
friction into account and under suitable assumptions on the toughness of the glue, we prove
that, in contrast to what happens in the undamped case, dynamic solutions converge to the
quasistatic one when inertia and viscosity go to zero, except for a possible discontinuity at the
initial time. We then characterise the size of the jump by means of an asymptotic analysis of
the debonding front.
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INTRODUCTION

In most of the models within the theory of linearly elastic fracture mechanics the evolution
process is assumed to be quasistatic, namely the body is at equilibrium at every time. This
postulate seems to be reasonable since inertial effects can be neglected if the speed of external
loading is very slow with respect to the one of internal oscillations. However, its mathematical
proof is really far from being achieved in the general framework, due to the high complexity
and diversity of the phenomena under consideration. We can rephrase the problem, commonly
referred as quasistatic limit issue, as follows: is it true that quasistatic evolutions can be approx-
imated by dynamic ones when the external loading becomes slower and slower, or equivalently
the speed of internal vibrations becomes faster and faster? Nowadays only partial results on the
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F1GURE 1. The deformation of the film at time ¢ is represented by the displace-
ment (xg,0) — (zo+ h(t, o), u(t, zp)). The function w(t) is the vertical loading,
while ¢(t) is the debonding front.

theme are available; we refer for instance to [19] and [25] for damage models, to [8] in a case of
perfect plasticity and to [16], [17] for the undamped version of the debonding model we analyse
in this work. The issue of quasistatic limit has also been studied in a finite-dimensional setting
where, starting from the works [I], [28] and with the contribution of [22], an almost complete
understanding on the topic has been reached in [26]. A common feature appearing both in finite
both in infinite dimension is the validation of the quasistatic approximation only in presence of
a damping term in the dynamic model. Because of this consideration, in this paper we resume a
particular kind of debonding model previously inspected in [I7] taking in addition viscosity into
account. In [I7] the authors proved that, due to lack of viscosity, the resulting limit evolution
turns out not to be quasistatic, even in the case of a constant toughness of the glue between the
film and the substrate. Thanks to friction, we are instead able to give a positive answer to the
quasistatic limit question in the model under examination, covering the case of quite general
toughnesses.

We refer to [5], [11], [I2], [13], [I4] for an introduction to one-dimensional debonding models
from an engineering point of view; a first analysis on the quasistatic limit in these kind of
models is instead developed in [I0], [I5]. The rigorous mathematical formulation we will follow
throughout the paper has been introduced in [7], used in [16], [I7], [I§] for the undamped case,
and adopted in [23] and [24] for well-posedness results in the damped case.

The mechanical system we consider describes the debonding of a perfectly flexible and inex-
tensible thin film initially glued to a flat rigid substrate and subjected to a vertical loading w
at an endpoint. The deformation of the film takes place in the half plane {(x,y) | > 0} and at
time t > 0 is given by (z,0) — (z+ h(t, z), u(t, x)), where the functions h and u are the horizon-
tal and the vertical displacement of the point (z,0), respectively. In the reference configuration
the debonded region is {(z,0) | 0 < z < ¢(t)}, where ¢ is a nondecreasing function representing
the debonding front and satisfying ¢(0) = £y > 0. See Figure |1, By linear approximation and
inextensibility of the film the horizontal displacement A is uniquely determined by the vertical
one u, so the only unknowns of the problem are v and the debonding front 4.

Since our aim is the analysis of the behaviour of the system in the case of slow loading and slow
initial velocity we introduce a small parameter € in the model, so that the vertical displacement
ue (we add the subscript to stress the dependence on ¢) solves the dynamic problem:

(), ) — (u)au(t, ) + v(u)y(t, 1) =0,  t>0,0<z < le(t),

ues(t,0) = w(et), t >0,
ue(t, Le(t)) =0, t>0, (0.1)
u5(0,$)2U0($), 0<a <y,

(ue)e (0, 2) = euy (), 0<z <l
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where ug and w1 are given initial data, while v > 0 is a parameter which tunes the friction of air.
The evolution of the debonding front £, will be established later on by suitable energy criteria,
in the context of Griffith’s theory.

In the above equation the speed of the waves is one, while the one of the external loading
and initial velocity is of order €. Actually we are interested in studying the limit as the speed of
internal vibrations becomes faster and faster, so we need to consider the time-rescaled functions

(ue(t,x),ﬁe(t)) = <u5 (é, x) iy (é) ), which solve:

e2uf,(t, x) — us, (t, x) + veus(t,x) = 0, t>0,0<z<l(),

u®(t,0) = w(t), t>0,

us(t, ¢°(t)) =0, t>0, (0.2)
uf(0,x) = up(x), 0 <z </,

uz (0,2) = up (), 0 <z </,

plus Griffith’s criterion ruling the growth of £¢. In this rescaled setting internal waves move
with speed 1/e, while the speed of the loading w and of the velocity u; is of order one. The aim
of the work is thus to analyse the limit as € goes to 0T of this rescaled pair (uf, £°).

The paper is organised as follows. Section [I| deals with the dynamic model: we first introduce
the energy criteria governing the evolution of the debonding front and we present the concept of
(dynamic) Griffith’s criterion. Then we collect the known results, proved in [7], [I7], [23] and [24],
on the time-rescaled problem coupled with Griffith’s criterion. In particular Theorem
states that there exists a unique dynamic evolution (uf,¢¢) for the debonding model.

In Section [2| we instead analyse the notion of quasistatic evolution in our framework; we refer
to [20] for the general topic of quasistatic and rate-independent processes. We then provide an
existence and uniqueness result under suitable assumptions, see Theorem

The last two Sections are devoted to the study of the limit of the pair (u®, (%) as € goes
to 0. In Section |3| we exploit the presence of the viscous term in the wave equation to gain
uniform bounds and estimates for the vertical displacement u® and the debonding front ¢°.
Finally in Section [4 we prove that if ¥ > 0, namely when friction is taken into account, and
requiring suitable assumptions on the toughness of the glue, the limit of dynamic evolutions
(uf, £¢) exists and it is the quasistatic evolution we previously found in Section [2| except for
a possible discontinuity at time ¢ = 0 produced by an excess of initial potential energy. We
conclude the paper by giving a characterisation of this initial jump.

NOTATIONS

In this preliminary Section we collect some notations we will use several times throughout
the paper. Similar notations have been introduced in [7], [24] and also used in [16], [17], [23].

Remark 0.1. In the paper every function in the Sobolev space W'P(a,b), for —oco < a < b <
+oo and p € [1,+00], is always identified with its continuous representative on [a, b].

Furthermore the derivative of any function of real variable is denoted by a dot (i.e. f, 0, ¢,
o), regardless of whether it is a time or a spatial derivative.

Fix ¢y > 0, ¢ > 0 and consider a function £¢: [0, +00) — [{p, +00), which will play the role of
the (rescaled) debonding front, satisfying:

= € C%([0, +0)), (0.3a)

¢2(0) = £ and 0 < f*(t) < 1/¢ for a.e. t € (0, +00). (0.3b)
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Given such a function, for ¢ € [0, +00) we introduce:

O (t) :=t—elo(t), °(t) :=t+el°(t), (0.4)
and we define:
w®: [ely, +00) = [—ely, +00),  wi(t) == ¢ 0 T (2).

We notice that 1° is a bilipschitz function since by it holds 1 < zf (t) < 2 for almost
every time, while ¢° turns out to be Lipschitz with 0 < ¢°(¢) < 1 almost everywhere. Hence
©° is invertible and the inverse is absolutely continuous on every compact interval contained in
©°([0, +00)). As a byproduct we get that w® is Lipschitz too and for a.e. t € (e, +00) we have:

1— el (v (1))
L el (e (2))
So also w® is invertible and the inverse is absolutely continuous on every compact interval

contained in w® ([0, +00)). Moreover, given j € NU {0}, and denoting by (w®)’ the composition
of w® with itself j times (whether it is well defined) one has:

0 <w(t) = <L

£

L) = ==

dt mﬁfﬁ)cif(ws)j(‘ps(t))’ for a.e. t € (wsfl((ws)*j(—do)),—l—oo). (0.5)

It will be useful to define the sets:

O = {(t,x) [t >0,0<x <L)},
7o={(tx)eQ|t<T}.

For (t,z) € Q° we also introduce:

R (t,x) U R5,;(t, )
(0.6)

Ratx UR2]+1tx)
7=0

In order to avoid the cumbersome definitions of m = m(e,t,z), n = n(e, t,z) and R;(t,x) we
refer to the very intuitive Figure
Finally, for £ € N, let us define the spaces:

L2(F) := {u € L2 () | u € L*(Q5) for every T > 0},
HF(QF) := {u € HE (Q°) | u € H*(Q) for every T > 0},
H*(0, +00) := {u € Hf (0,+00) | u € H*(0,T) for every T > 0},
CO (g, +00)) := {u € C%([lo, +00)) | u € CO([ly, X]) for every X > £}

We say that a family F is bounded in H* (0, 400) if for every T' > 0 there exists a positive
constant Cr such that ||ul| ko) < Cr for every u € F. We say that a sequence {up}nen

converges strongly (weakly) to u in ﬁk(O, +00) if for every T' > 0 one has u, — u (u, — u) in
H*(0,T) as n — +o0.
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1. TIME-RESCALED DYNAMIC EVOLUTIONS

In this Section we give a presentation on the notion of dynamic evolutions for the considered
debonding model, gathering all the known results about its well-posedness, see Theorems [1.5|

and Remark We refer to [7], [17], [23] and [24] for more details.

We fix v > 0, ¢y > 0 and we actually consider a slight generalisation of the rescaled problem

[0:2):

us(t,0) = we(),

us(t, 65(t)) = 0,
us (0, 2) = ug(x),
uz (0, 2) = ui(x),

2us, (t,x) — us, (t,x) + veus(t,x) =

0, t>0,0<z<le(t),
t >0,

t >0,

0 < x <y,

0<x</ly,

(1.1)
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in which also loading term and initial data depend on the (small) parameter ¢ > 0. We require
they satisfy the following regularity assumptions:

w® € H'(0,+00), (1.2a)
ug € HY(0,0), u5 € L*(0,4). (1.2b)

and they fulfill the compatibility conditions:
ug(0) = w(0), wug(lo) = 0. (1.3)

Remark 1.1. By solution of problem (T.1) we mean an H' () function which solves the
(damped) wave equation in the sense of distributions in Q¢ and attains the boundary values w®
and u§ in the sense of traces, while the initial velocity u§ in the sense of H~1(0, ().

To state the rules governing the evolution of the rescaled debonding front ¢ we consider the
following rescaled energies, defined for ¢t € [0, 4+00):

e (t)
E°(t) = ;/0 (e%u (t,0) + uS(t,0)?) do; (1.4a)

t ple(7)
A%(t) = V/ / eus (1,0)* do dr; (1.4b)
0 JO

WE(t):/o W (T)us (7, 0) dr. (1.4¢)

They represent the sum of kinetic and potential energy, the energy dissipated by friction and
the work of the external loading, respectively. We postulate that our model is governed by an
energy-dissipation balance and a maximum dissipation principle, namely the pair (u®, ¢¢) has to
satisfy:

L2 (1)
E5(8) + A°(t) + / k(o) do + WE (1) = £5(0),  for every ¢ € [0, 00), (1.5a)
Lo

where k: [{p, +00) — (0,400) is a measurable function representing the toughness of the glue,
and:

(t) = max {a € [0,1/¢) | k(£(t))a = G5, (t)a},  for a.e. t € (0,400), (1.5Db)

where G, is the (rescaled) dynamic energy release rate at speed e € [0,1). Formally it can
be seen as the opposite of the derivative of the total energy £¢ + A + W¢ with respect to the
elongation of ¢ and it measures the amount of energy spent by the debonding process. We refer
to [7], [11], [177], [24] and [27] for its rigorous definition and properties.

As proved in [24] the two principles are equivalent to dynamic Griffith’s criterion:

0 < 5(t) < 1/e,
ngs(t)(t) < K(€5(1)), for a.e. t € (0,400). (1.6)
(G2 (1) = R(E@)] ) =0,

The first row is an irreversibility condition, which ensures that the debonding front can only

increase; the second one is a stability condition, and says that the dynamic energy release rate
cannot exceed the threshold given by the toughness; the third one is simply the energy-dissipation

balance (|1.5al).
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Remark 1.2. We recall that Griffith’s criterion (|1.6) is also equivalent to an ordinary differential
equation for £¢:

2 (1) = 1max Go(t) — w(E(2) or a.e o0
C(t) = - {Gg(t)Jrn(ﬁf(t))’O}’ for a.e. t € (0, +00). (1.7)

See [7] and [24] for more details. We will not make use of this formula in this work, but it can
be helpful for further analysis and researches on the topic.

Before presenting the known results about the coupled problem (|1.1)&(|1.6) we introduce a
function which will be useful in a representation formula for the solution of (1.1). Given a
function © € L%(QF) we define:

HE[O](t, z) ::% [//e(m) O(r,0) do dr — //Re_(t,x) o(r, o) dadr] for (t,2) €5, (1.8)

where RS (t,z) are as in . Here are listed the main properties of H¢, under the assumption
that (¢ satisfies (0.3):

Proposition 1.3. Let © € L2(QF), then the function HE[O] introduced in is contin-
uous on QF and belongs to f[l(QE). Moreover, setting H°[O] = 0 outside QF, it belongs to
C9(]0, +00); H(0, +00)) and to C*([0, +00); L?(0, +00)).

Furthermore for a.e. t € (0,400) one has:

me 1 , (@) (1) SVi(s)
L0 = > L0 [ © ( W) 4
- d =L (e (1) 3
me 1 ) P (@) (1) (WF )L (1.9)
-y St | o <T, T<w><t>> ar
= dt (we)I+1(t) €
+ 15 (t),

where m& =m?®(t) is the only natural number (including 0) such that (W)™ (t) € [0, (w®)~1(0)),
while I is defined as follows:

. (ws)me(t) WE me .
) = %(wa)m ) /O o <7, H;”) dr, if (W)™ (1) € [0, 200),

while if (W)™ (t) € [elo, (w¥)71(0)) it is defined in this other way:

(1) = ™ () / o <T, W”g(t)”) P

Finally for a.e. t € (0,+00) it holds:

HE[Ol(t, (1)) = ————9°[O](t — el*(1)), (1.10)
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where for a.e. s € ¢°([0,+00)) we define:
1

‘ (@) (s) €)i(g) —
RCIOEED Sl C | o (r =) 4r
25 ds v (@) () €
n-—l , ¥ H (W) (s)) — (W)
. d(we)j(s)/ o (TT(“’)(S)) 4 (1
2 =0 ds (wa)j(s) 9
1d, [, -
+ 5&(“’ )" (s)15(s),
where n® = nf(s) is the only natural number (including 0) such that (w®)" (s) € [—elo,ely),
while
(R L O) — (wE)
_/ © <7—7 T(wg)(S)> dTa Zf (ws)nE (8> € [-860,0),
0
L) =9 e eyne R Cr iy eyns
/ S <7‘, —(w ) is) - T> dr — / ) <7‘, T (wg) (S)) dr, otherwise.
0

L (W) (s)
Proof. The regularity of H*[O] can be proved in the same way of Lemma 1.11 in [24], so we

refer to it for the details. The validity of ((1.9) is a straightforward matter of computations, see

Figure [2| for an intuition and also Remark 1.12 in [24]. To get (1.10]), always referring to Figure
and to [24], we compute:

HE[O](t, £(1))

nf—1

> (e

QEX

Jj=0

J(t—ele(t

I (t—el*(1)) + :ft(ws)jﬂ(t—l-&ﬁa(t))) /@ <T’ I(t—el=(t))— T> &

3

DN | =
&\m

e L ((we)d (t—ele(t
q P ()T 1(’5*555('5))) o\ .
(wa)j+1(t+€£€(t))> / o (T, T — (w ) (t—é" (t))) dr

I(t—el*(t)) + o .

&\a

(we)7 (t—et=(t))
d e\n® € d eynt+1 € € €
E( )" (t=el (1) + 4 (W) T (el () | L (E-elt(1)),
and we conclude by using ((0.5]).

Lemma 1.4. Let © € L2(Qf) and consider HE[O] and ¢°]
tively. Then for a.e. s € ¢°([0,+00)) N (0, +00) it holds:

1 1 [ _
F[6](s) — 5 HOL(5,0) = —2/ o <T, = 5) dr. (1.12)
Proof. We start computing by means of and :
29°[©](s) — H"[O]x(s,0)

- 5 L6 [ e Le(r

~

g

O] given by (1.8)) and (1.11)), respec-

€ 1((015)] g

S [ o (e

w?)7(s) <
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me—1 , (W)’ (s) €)i(s) —
-> d(wE)J(S)/ o <T7 WPls) =7 T) dr
= ds e ()i (s)) €
me—1 , (S O)) —(WE)it
+ d(wE)]+1(S)/ C_) (7_7 T (W ) (S)> dT
=0 ds (ws)j+1(s) g
+ W) ()L5(s) — Ii(s) = ()

There are only two cases to consider: n°(s) = m®(s) or n°(s) = m®(s)+ 1. We prove the Lemma
for the first case, being the other one analogous. So we have:

€1 e—1 Vi .
&) — s iwa (g v ) TM -
0= ¥ e | o~ )

=0 <7 we)IH(s) 2
nf-1 , (I O)) ~(WE)
-3 i) [ o (n ) (113)
=0 ds (w“:)j(s) g
d e\n® € €
£ (W) ()T5(5) — TE(5) = (1),

Exploiting the fact that in (1.13]) there is now a telescopic sum and by using the explicit formulas
of If and I§ given by Proposition [I.3] we hence deduce:

A (D aat O) — (W)™ ¢= () _

sns g

5 n® (S e\nt o
/ o (LY o,
€
wa 1( s)n —1 s)) o e\nt
_ e / o (T, T(w><5>> dr
s)nE &
we)"* (S e\n® _
/ o (X WrY oy
€
©=71(s) _
= — / O (T, T S) dr,
B €
and we conclude. O

Finally we are in a position to state the main results about dynamic evolutions of the debond-
ing model, namely solutions to coupled problem ([1.1))&(|1.6]). These two Theorems are obtained
by collecting what the authors proved in [7], [17], [23] and [24].

Theorem 1.5 (Existence and Uniqueness). Fiz v > 0, {y > 0, € > 0, assume the functions
w®, ug and uj satisfy (L.2), (1.3)) and let the toughness k be positive and satisfy the following

property:
for every x € [{y, +00) there exists § = §(z) > 0 such that k € CO([z,z + J]).

Then there exists a unique pair (u®, (%), with:

o [fF e qo’l([O,—i—oo)), 5(0) = £y and 0 < (5(t) < 1/e for a.e. t € (0,400),
o u € HY(QF) and uf(t,x) = 0 for every (t,z) such that x > (°(t),
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solution of the coupled problem (|1.1])€(1.6)).

Moreover u® has a continuous representative which fulfills the following representation for-
mula:

wE(t + ex) — éfg(t bex)+ éff(t ex) — vHRE| (1 3), if (1 3) € OF,

0, otherwise,

ut(t,z) =

where f€ € fll(—aﬂo, +00) is defined by two rules:

S 2 rs/e
5 cws(s) — %ug (g) - 52/0 w (o) do — ew (0) + %ug(O), if s € (0, g,
1 s) = S 2 p—s/e
i (-2) - 52/0 (o) do — Sug(0), if 5 € (=elo, 0],
(i) (s + e£(s)) — % F(s+26(s)) + % F(s — et(s)) = 0, for every s € (0, +00),

while H® is as in (|1.8).

In particular it holds:
uf € C([0, +o0); H' (0, +00)) N C([0, +00); L2(0, +00)).
Furthermore one has:
Ul (t,0) = e (t) — 2f5(t) — vH®[u],(t,0),  for a.e. t € (0,400), (1.14a)
2
1 ele(t)
and for ac € [0,1/¢) the dynamic energy release rate can be expressed as:

Wt £5(1)) = [f'a(t—gef(t))+uga[u§](t—gef(t))}, for a.e. t € (0,+00), (1.14b)

A= @) vl - )] orae te (0 400),  (113)

where g¢ has been introduced in (1.11]).

Gia (t) =2

Remark 1.6 (Regularity). If the data are more regular, namely:
w® € H*(0,400), u§ e H?(0,4), u5e HY(0,4),

if the (positive) toughness s belongs to C%!([fy, +00)) and if besides (L.3) also the following
first order compatibility conditions are satisfied:

ui(0) = w*(0),

(15 (00) =0, 5(00)? <20 (t0)) or (ui(lo) 20, i5(t0)> <05 (00)* =2m(le), 200) <),

then the solution ¢ is in H2(QF).

Theorem 1.7 (Continuous Dependence). Fiz v > 0, {5 > 0, € > 0, assume the functions
w®, uf and u§ satisfy (1.2), and let the toughness k be positive and belong to CO*([¢y, +00)).
Consider sequences of functions {w5 }nen, {uf, Jnen and {u5, }nen satisfying and (1.3),
and let (u5, £5) and (u®, (%) be the solutions of coupled problem (1.1)) &(L.6) given by Theorem
corresponding to the data with and without the subscript n, respectively. If the following conver-
gences hold true as n — +00:
ug, — u§ in H'(0,4), u§, — ui in L*(0,4p) and wi, — w® in H' (0, +00),

then for every T' > 0 one has as n — +o0:

- 05— f in WHL0,T);

- ué, — u® uniformly in [0, T] x [0, +00);
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us, — uf in H'((0,T) x (0,+00));
- g, — uf in CO([0, T); HY(0,+00)) and in C1([0,T]; L*(0, +o0));
- (uS)(+,0) = us(-,0) in L2(0,T).

2. QUASISTATIC EVOLUTIONS

This Section is devoted to the analysis of quasistatic evolutions for the debonding model we
are studying. We first introduce and compare two different notions of this kind of evolutions
(we refer to [4] or [20] for a wide and complete presentation on the topic), then we prove an
existence and uniqueness result under suitable assumptions, see Theorem

Fix g > 0; throughout this Section we consider a loading term w € C%([0, +0c)) such that
w € AC([0,T]) for every T > 0 and a toughness x € C%([{y, +00)) such that x(z) > 0 for every
T > fo.

Definition 2.1. Let A: [0,+00) — [fo, +00) be a nondecreasing function such that A(0) = £y
and let v: [0,+00) x [0,+00) = R be a function which for every t € [0,+00) satisfies v(t,-) €
HY(0,4+00), v(t,0) = w(t), v(t,x) = 0 for x > \(t) and such that v,(t,0) ewists for a.e. t €
(0,400). We say that such a pair (v, ) is an energetic evolution if for every t € [0, +00) it
holds:

o A(t) 1 /. A
(S) 2/ vr(t,U)Qda—i-/ k(o) do < 2/ @<0)2d0+/ k(o) do,
0

X £ 0 fo .
for every A > \(t) and for every © € H'(0,\) satisfying ©(0) = w(t) and 9()\) = 0;
1 [ A(t) t 1 [bo
(EB) / ’Um(t,O')QdO'—{—/ k(o )do+/ w(T)vg(7,0)dr = 2/ v:(0,0)? do.
0

2 t 0 0
Here (S) stands for (global) stability, while (EB) for energy(-dissipation) balance. Roughly
speaking an energetic evolution is a pair which fulfills an energy dissipation balance being at
every time a global minimiser of the functional (v, \) 5 fo 2do + fz o) do, which is

sum of potential energy and energy dissipated to debond the ﬁlm
On the contrary, this second Definition deals with local minima of the total energy:

Definition 2.2. Given A and v as in Deﬁnition we say that the pair (v, \) is a quasistatic
evolution if:
(i) A is absolutely continuous on [0,T] for every T > 0 and \(0) = {y;

(ii) v(t,z) = w(t) (1 — /\Q(Ut)> X[, (), for every (t,z) € [0,+00) x [0, +00);

(iii) the quasistatic version of Griffith’s criterion holds true, namely:

>0,
%1:\) :) < k(A(1)), for a.e. t € (0,400).
340 — k)] Ao =0,

Similarities with dynamic Griffith’s criterion (|1.6]) are evident, with the exception of the term
1 w(t)?
2 \(t)2
quasistatic energy release rate as Ggs(t) = —0\Eqs(t), where the quasistatic energy Eqs is simply
the potential one, kinetic energy being negligible in a quasistatic setting. By means of (ii) we

can compute Eys(t) =3 fO v (t,0) 2do = 5%, from which we recover Gys(t) = %w(t)) Thus

>
—~

which requires some explanations: like in the dynamic case we can introduce the notion of

(iii) is the correct formulation of quasistatic Griffith’s criterion.
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For a reason which will be clear during the proof of next Proposition we introduce for = > g
the function ¢, (z) = x?k(z). When needed we will assume one or more of the following
hypothesis:

( 1) ¢ is nondecreasing on [{y, +00);

K2) ¢, is strictly increasing on [{y, +00);
(K3) ¢, is strictly increasing on [(y, +00) and ¢, (x) > 0 for a.e. x € (fo, +00);

) IETOO Pr(x) > ;trgf&%w(tf for every T > 0, and ¢, (¢o) > %w(0)2.
It is worth noticing that (K1) ensures local minima of the energy are actually global, as stated
in Proposition Conditions (K2) and (K3) instead imply uniqueness of the minimum, see
Proposition Finally the first assumption in (KW) is related to the existence of such a
minimum, replacing the role of coercivity of the energy, which can be missing.

Proposition 2.3. Assume (K1). Then a pair (v, \) is an energetic evolution if and only if:
(0) A is non decreasing on [0,400) and \(0) = lo;

(s1) v(t,x) = w(t) <1 — Aft)) X[o,a)] (), for every (t,z) € [0,+00) x [0, +00);

1 w(t)?
(s2) 30?2 < k(A(t)), for every t € [0, +00),
w(t)? () t wlr w(0)2
(eb) % )\((tt)) —l—/g k(o) do —/0 w(T) )\((7_)) dr = % gj) , for every t € [0, 4+00).

Proof. Let (v, A) be an energetic evolution, then (0) is satisfied by definition. Now fix ¢ € [0, +00)
. 1 A®
and choose A = A(t) in (S). Then we deduce that v(t, -) minimises the functional = 5 / o(0)?do

among all functions @ € H'(0,A(t)) such that 9(0) = w(t) and ©(A(t)) = 0, and this implies
(s1). Choosing now o(z) = w(t) (1 - f) X[o ;\}( x) in (S) and exploiting (s1) we get:

1w(t)2 A(t)
30 +/€0 k(o)do <

1w(t)? A A
7w(At) +/ k(o) do, for every A > A(t).
2 )\ %

1 t 2 T
This means that the energy E;: [A(t), +00) — [0, +00) defined by Ei(z) := Qw(x) +/ k(o) do
Lo

has a global minimum in = A(t) and so E;(A(t)) > 0, namely (s2) holds true. Finally (eb)
follows by (EB) exploiting (sl).

Assume now that (o), (sl1), (s2) and (eb) hold true. To prove that (v,\) is an energetic
evolution it is enough to show the validity of (S), being (EB) trivially implied by (eb) and (s1).
So let us fix ¢ € [0,+00) and notice that (s2) is equivalent to ¢, (A(t)) > fw(t)?. By (K1) we
hence deduce that ¢, () > Jw(t)? for every z > A(t), i.e. Ey(z) > 0 for every z > A(¢). This
means that E; has a global minimum in = A(¢) and so we obtain:

1 w(t)2 /)\(t) 1 w( )2 A ~
= + k(o)do < —— —1—/ k(o) do, for every A > A(t),
2 A1) Ji 2 A to

which in particular implies (S), since affine functions minimise the potential energy. O

If we do not strenghten the assumptions on the toughness s there is no hope to gain more

regularity on A, even in the case of a constant loading term w > 0. Indeed it is enough to

consider k(x) = %;’2 (in this case ¢, is constant) to realise that any function satisfying (o)

automatically satisfies (s2) and (eb).
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Lemma 2.4. Assume (K2). Then any function X satisfying (o), (s2) and (eb) is continuous.

Proof. Let us assume by contradiction that there exists a time ¢ € [0,400) in which A is not
continuous, namely A~ (f) < A*(f). Here we adopt the convention that A~ (0) = A(0) = /.
Exploiting (s2), (eb) and the continuity of x and w we deduce that:

1 w(t)? .
— < 2.1
e Rl (21a)
1 w(f)? /)\+(t) 1 w(f)Q /)\_(t)
— -+ k(o)do = = -+ k(o) do. 2.1b
2\*H(t) % (o) 22 (t) t (o) ( )
By using (K2), from (2.1) we get:
M) 1 1 1 M) (o) — w(F)?)2
O:/ ﬂada—w52<— ):/ £ do
A (D) (@) 5 AT(t)  AT(t) A () o?
L\ Y
> (60 ()) — gu(h) )A Ldrz0
(t)
This leads to a contradiction and hence we conclude. O

Lemma 2.5. Assume (K2) and let \ be a function satisfying (0), (s2) and (eb). If there exists a
time t € (0,+00) in which (s2) holds with strict inequality, then X is constant in a neighborhood

of t.

Proof. Let us consider the function:

w(t)? * t w(T
O(t,x) := ;(;) —{—/£ k(o) do —/0 w(T) )\((T)) dr, for (t,x) € [0,400) X [{y, +00),

which is continuous on its domain. Moreover the derivative of ® in the direction z exists at
every point and it is continuous on [0, +00) X [{p, +00), being given by:

1u(®)?
2 g2
Since by assumption @, (¢, \(t)) > 0, by continuity we deduce that:
&, (t,x) >m >0, forevery (t,z) € [a,b] X [¢,d], (2.2)

O, (t,x) = k(x) —

where [a, b] X [¢,d] C (0,+00) X [€y, +00) is a suitable rectangle containing the point (¢, A(¢)). By
continuity of A (given by Lemma [2.4)), we can assume without loss of generality that A([a,b]) C
[c,d]. Now we fix t1, ta € [a,b], t1 < ta, and by the mean value Theorem we deduce:

(12, Alt2)) — D(t2, A(11)) = B2, )(A(82) — A(t1)),  for some € € [A(t2), A(t2)] € [e, d].

From this equality, exploiting (2.2]) and (eb), we get:

Ata) — A(#) < %(@(tg,)\(tz)) Bt (1)) = i(@(tl,x(tl)) B(t2, A(11)))

= o (o (1 -0 +/fw 5)

== . w(T)w(T)< ) dr 2

t2 t1
m€2 / [ 7)ldr.

3
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Since w is absolutely continuous we can also assume that the interval [a, b] is so small that:

I 1
mf%/a |w(T)w(T)|dr < 3
From (2.3)) we hence deduce that A(t2) = A(¢1), and so we conclude. O

Remark 2.6. Lemmas and hold true even weakening a bit assumption (eb). It is indeed
enough to assume that:

, 1w(t)? /A(t) /t ow(T) . o
the function ¢ — — + k(o)do — w(T d7 is nonincreasing in [0, +00). (2.4
5@t Hede [ ang 0,+00). (24)

The only changes in the proofs are in (2.1b)) and in the first equality in (2.3)): in this case they
become an inequality.

We now introduce a notation, already adopted in [2] to deal with quasistatic hydraulic frac-
tures: given a continuous function f: [a,b] — R we define by f, the smallest nondecreasing

function greater or equal than f, namely f.(x) := m[ax] f(y). We refer to [2] for its properties,
y€la,x

we only want to recall that if f € W1P(a,b) for some p € [1,+00], then also f. belongs to the
same Sobolev space and f«(z) = f(2)x{s=y.}(*) almost everywhere.

Proposition 2.7. Assume (K2) and let X be a function satisfying (o), (s2) and (eb). Then:
1
At) = ot (max {2(102)*(75), ¢H(€g)}) , for every t € [0, +00). (2.5)

Proof. Let A satisfy (o), (s2) and (eb). By using (s2) we get ¢.(A(t)) > jw(t)? for every
t € [0, +00), and since the left-hand side is nondecreasing we deduce:

r(A(t)) > max {;(w2)*(t), qb,{(ﬁo)} , for every t € [0, 400).

Since by (K2) the function ¢, is invertible, we finally get that A(t) > A(t) for every ¢ € [0, +00),
where we denoted by A the function in the right-hand side of (2.5).

Since by Lemma we know A is continuous on [0,+00) and since by construction the
same holds true for A, we conclude if we prove that A(t) = A(t) for every ¢ € (0,+0c0). By
contradiction let ¢ € (0,400) be such that A(¢) > A(¢). By (K2) this in particular implies

_ 1w(t)? _ _
that k(A(t)) > 21/1\}((532, and so by Lemma [2.5| we get that A is constant around ¢. Since \ is
nondecreasing we can repeat this argument getting that A is constant on the whole [0,#]. This
is absurd since it implies:

¢/~c(£0) = ¢I€()\(O)) = gbn(A(E)) > an(j‘(f)) > ¢/€(£0))
and so we conclude. [l

Remark 2.8. As in Remark the conclusion of Proposition 2.7/ holds true replacing (eb) by
(2.4). This will be useful in the proof of Proposition

Finally we can state and prove the main result of this Section, regarding the equivalence
between the two Definitions [2.1] and and about existence and uniqueness of quasistatic
evolutions.

Theorem 2.9. Assume (K3). Then a pair (v, \) is an energetic evolution if and only if it is a
quasistatic evolution. -
In particular, if we in addition assume (KW), the only quasistatic evolution (v, \) is given by:
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o U(t,x) =w(t) <1 /\(t)> Xjo ) (®),  for every (t,z) € [0,+00) X [0, +00),
o \t) = ¢! (max{;(wQ) (1), ¢n(€0)}> ,  for every t € [0,400).

Proof. Let (v, A\) be an energetic evolution. By Proposition we get v satisfies (ii) and A
satisfies (o), (s2) and (eb). Moreover by Proposition A is explicitely given by and
hence by (K3) it is absolutely continuous on [0,7] for every T > 0, being composition of
two nondecreasing absolutely continuous functions. Differentiating (eb) we now conclude that
quasistatic Griffith’s criterion (iii) holds true and so (v, \) is a quasistatic evolution.

On the other hand checking that any quasistatic evolution satisfy (o), (s1), (s2) and (eb) is
straightforward, and hence by Proposition the other implication is proved.

Let us now verify that, assuming (KW), the pair (7, \) is actually a quasistatic evolution. By
(KW) X is well defined and (i) is fulfilled. The only nontrivial thing to check is the validity of
the third condition in the quasistatic Griffith’s criterion (iii). We need to prove that for any

. < S <o Lw(t)?
differentiability point ¢ € (0, +00) of A such that A(¢) > 0 it holds x(A(t)) = 21;((5))2 . From the
explicit expression of j\, namely:

5 w(t)w(t)
At) = ——=—X{w2=(w?),>26,.(¢c)} (1), for a.e. t € (0,+00),
(bn()\(t» { (w?)+>2¢x(€0)}
we deduce that in ¢ =  we must have w(f)? = (w?).(f) > 2¢.(fo) and so it holds:
- 1 _ 1
6u(D)) = e { L), 0),00(80) | = Jul@ P
and we conclude. g

3. ENERGY ESTIMATES

In this Section we provide useful energy estimates for the pair of dynamic evolutions (u®, ¢¢)
given by Theorem [1.5] These estimates will be used in the next Section to analyse the hmlt as
€ —>~OJr of both u® and ¢¢. From now on we always assume that the positive toughness x belongs
to C%!([¢y, +00)). When needed we will also require the following additional assumptions on
the data:

(H1) the families {w}eso, {u§}es0, {euS}teso are bounded in H'(0,+o00), H(0,4) and
L?(0,4p), respectively;
(KO) the function & is not integrable in [{g, +00).

Remark 3.1. Whenever we assume (H1), we denote by ¢, a subsequence for which we have:
w™ — w in H'(0,400) and w®" — w uniformly in [0, T for every T' > 0, (3.1)

for a suitable w € H* (0, 4+00). This sequence can be obtained by weak compactness and Sobolev
embedding. By abuse of notation we will not relabel further subsequences.

The first step is obtaining an energy bound uniform in ¢ from the energy-dissipation balance
. As one can see, we must deal with the work of the external loading W¢, so we need to
find a way to handle the boundary term u(-,0). Next Lemma shows how we can recover it via
an integration by parts.



16 FILIPPO RIVA

Lemma 3.2. Let the function h € C*([0,400)) satisfy h(0) = 1, 0 < h(z) < 1 for every
€ [0,400) and h(z) = 0 for every x > £y. Then the following equality holds true for every
€ [0,400):

L[ty
5 | (07 + s (r0)?) ar
fo . t 60
= —/ / 6 ui (1,0)? + ui(7,0)2> dodr — 1// / h(o)eu; (1, 0)us,(,0)dodr (3.2)
0 JO
Lo
—€ </ h(o)eu;(t,o)us(t,0)do —/ h(o)eus(o)ug(o) da) :
0 0

Proof. We start with a formal proof, assuming that all the computation we are doing are allowed,

and then we make it rigorous via an approximation argument. Performing an integration by
parts we deduce:

;/Ot <€2w5( )2 4wl (T, 0)2) dr = ;/Ot (6 us (,0)% 4 s (, 0)2> dr

_ 1 /th(O) (5 u§ (1,0)% + ui (7, 0)2) (=1)dr

:_//EO 9 sut( )2 s (r, )):|(O‘)d0d7’
:_//ZO' ) (205 (7, 0)? + 5 (7,0)?) do dr

/ / ' 8 Ui (7, 0)ugy (7, 0) + ug (T, U)uiz(7,0)> do dr = (%).

Exploiting the fact that u® solves problem ([I.1) we hence get:
Lo |
= —/ / z-: u (7, 0)? —I—ui(T,a)Q) dodr
o
- 1// / h(o)eus (1, 0)us(T,0)dodr

Lo
— 5/ / Eutt T,0)u(T,0) + euy (T, a)uix(7,0)> do dr.

Now we conclude since it holds:

Lo
/ / autt T,0)us(T,0) + eug (1, 0)ug, (T, U)) dodr

:/ZO h(a)/ —[euit 00| (7) dr do
OZO 0 /

:/ h(o)eu; (t,0)us(t, o) da—/ h(o)euf(o)ug(o) do.
0 0

All the previous computations are rigorous if u® belongs to H 2(QF), which is not the case. To

overcome this lack of regularity we perform an approximation argument, exploiting Remark
and Theorem
Let us consider a sequence {u§, }nen C H2(0,4) such that u, (0) = u§(0), uf, (¢) = 0 and

converging to u§ in H1(0, /) as n — +o0; then we pick a sequence {ws,}neny C H?(0,4+00) such
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that we (0) = w®(0) and converging to w® in H'(0,+00) as n — +oo; finally we take another
sequence {u§, tneny C H'(0,4y) converging to uj in L?(0,¢y) as n — +oo and satisfying:

el () fi (00— 2n(lo), it 05, (€02 > 2n(t0).

ui, (0) = wi(0),  ui,(lo) = €
0, otherwise.
Denoting by (u5, £5) the solution of coupled problem ([1.1])&([1.6)) related to these data, we deduce

by Remark [1.6[ that uS belongs to H?()%.), and so by previous computations (3.2)) holds true for
it. By Theorem equality (3.2)) passes to the limit as n — +oo and hence we conclude. O

Thanks to previous Lemma we are able to prove the following energy bound:

Proposition 3.3. Assume (H1). Then for every T > 0 there exists a positive constant Cp > 0
such that for every e € (0,1/2) it holds:

(1)
E5(t) + A%(t) +/ k(o)do < Cr, for every t € [0,T7, (3.3)
I

where E° and A® are the energies defined in (1.4al) and (|1.4b)).

Proof. We fix T > 0,t € [0,T], € € (0,1/2) and by using the energy-dissipation balance (|1.5al)
we estimate:

20
E°(t) + A°(t) + /Z k(o) do = £5(0) — We(t)

1/t 1/t
§5€(0)+/ w5(7)2d7+/ ul (1,0)? dr
2 Jo 2 Jo

1—¢?

=20+ - /Ot W () dr 4 /Ot (i () + v5(7.0)%) dr = ().

By Lemma [3.2] and by applying Young’s inequality, we can continue the estimate getting:

_g2 gt
(%) < 56(0)+1 5 /Ow%)?dr

+ < max |h(z)| +u> /Ot ES(T)dr + €&°(t) +€£°(0).

IE[O,ED]

We conclude by means of Gronwall Lemma and exploiting (H1). g
As an immediate Corollary we have:

Corollary 3.4. Assume (H1) and (K0). Then for every T > 0 there ezists a positive constant
Ly > 0 such that 5(T) < Ly for every € € (0,1/2).

In order to improve the energy bound given by Proposition [3.3| we exploit the classical ex-
ponential decay of the energy for a solution to the damped wave equation. Following the ideas
of [2I] we adapt their argument to our model in which the domain of the equation changes in
time. For this aim we introduce the modified energy:

~ 1 @ ) ) 1 e 9
EE(t) := 2/ e“ui (t,0)"do + 2/0 (us(t,0) —ri(t,0)) do, fort € [0,+00),
0
where r¢(¢, x) is the affine function connecting the points (0,w®(t)) and (¢¢(t),0), namely:
x

re(t,x) == w(t) (1 — EE@)) X[o,e=1)) (%), for (¢,z) € [0,+00) x [0, +00). (3.4)

The main result of this Section is the following decay estimate:
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Theorem 3.5. Assume (H1) and (K0) and let the parameter v be positive. Then for every
T > 0 there exists a constant Cp > 0 such that for every t € [0,T] and € € (0,1/2) one has:

~ ~ t . —_T
E5(1) < 4E5(0)e™E + O / (5(7) + 0 (1) + u (7,002 + 1)e ™" dr, (3.5)
0
h (T)l'{1” 1}>0d01 defined as foll
wnere m = ml\v, = —1min s an ) are aejyinea as joLlows:
92 2//‘9‘ 2 M% —"_M%" /’LT :u’T
L Lr\?
o = =T and i =v <T> , (3.6)

T T

with Ly gien by Corollary[3.4.

Remark 3.6. Estimate (3.5 actually still holds true for » = 0, but in this case m = 0 and so
the inequality becomes trivial and useless.

To prove this Theorem we will need several Lemmas. As before we always assume that
e€(0,1/2).

Lemma 3.7. Assume (H1). Then for every T > 0 the modified energy £ is absolutely contin-
uous on [0,T] and the following inequality holds true for a.e. t € (0,T):

. 20 ,
E<(t) < —v / e (t,0)? do + Cr(E(8) + 7 (£)? + wa(t, 0)? + 1), (3.7)
0

where Cr is a positive constant depending on T but independent of €.

Proof. By simple computations one can show that:
1 we(t)?
2 le(t)
Now fix T' > 0. The modified energy E° is absolutely continuous on [0, 7] because by (3.8) it is

sum of two absolutely continuous functions (see also Proposition 2.1 in [24]). By (3.8 and the
energy-dissipation balance (1.5a)) we then compute for a.e. t € (0, +00):
1 dw(t)?

W) =80 - 5 =)

E5(t) = E°(t) for every t € [0, +00). (3.8)

. 20
— _R(F()E() — v / cul (1, )2 do — i (£ (t, 0)
0
FQ ()
> o O

Recalling that ¢¢(¢t) > ¢y and since by (H1) the family {w®}.~¢ is uniformly equibounded in
[0,T] we conclude by means of Young’s inequality. O

Always inspired by [21], for ¢ € [0, +00) we also introduce the auxiliary function:

- (1) ve [E® 5
Fe(t) == / e%u (t, o) (u(t,0) —1°(t,0)) do + 5 (u*(t,0) = r°(t,0))" do.
0 0
Lemma 3.8. Assume (H1) and (K0). Then for every T > 0 one has:
— el (t) < FE(t) < (i + ph)EE(D),  for every t € 0,7, (3.9)

where p3 and pk have been defined in (3.6)).
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Proof. We fix t € [0,T] and by means of the sharp Poincaré inequality:

]
/ ’ flo)2do < ;2@2 / ’ #(0)%do, for every f € Hi(a,b), (3.10)

together with Young’s inequality we get:

()
52/0 ui (t, o) (u(t,0) — r°(t,0)) do

> L2 () T L2 (t)
% [fﬂ-(t)/o 52uf(t,0)2 20 /0 (ua(t, o) — 7“5(15,0))2 da]

e L2 () L5 (t) _
< L(t) [;/ 82u§(t,0)2 do + ;/ (u‘;(t,a) — ri(t,a))ZdU] < 6,uOT56(t).
0 0

IN

A
™

™

From the above estimate we hence deduce:

~ (1) N
—epES(t) < — 62/0 ui (t, o) (u(t,0) — r°(t,0)) do| < F=(t)

— gs t 2 gs(t)
< epdE (1) + % 752) /0 (W (t, o) — r(t,0))° do
e(uf + pp)E°(t),
and we conclude. O

Lemma 3.9. Assume (H1) and (K0). Then for every T > 0 the function F¢ is absolutely
continuous on [0,T] and the following inequality holds true for a.e. t € (0,T):

= (1) ~ )
Fe(t) < 2/ e2ui (t,0)? do — E°(t) + C’Tf-:Q(ti/‘s(t)2 —I—ZE(t)Q), (3.11)
0
where Cr is a positive constant depending on T but independent of €.

Proof. Fix T > 0. By exploiting the fact that u® solves problem ([1.1)) we start formally com-
puting the derivative of F¢ at almost every point ¢ € (0,7):

'Lg _ e 2 € e 2 € € €
Fe(t) = / e2ui(t, o) (uj(t,0) — i (t,0)) d0+/0 eugy(t, o) (u(t,0) — r°(t,0)) do
fs(t)

+ ve —re(t, o)) (ui(t, o) —ri(t, U)) do

Sc\

£2(t)

o
/ 28 (8, 0) (G, 0) — 15(t, o)) do + / (1, 0) — 15(t,0)) (1o (t,0) — 15, (1, 0)) do

0

2 (t)
— V/O er; (t,0)(u*(t,0) —r(t,0)) do
2 (t) 0]
= / e2us (t, o) (ui (t,o) —ri(t,0)) do — / (us(t,0) — ri(t, 0'))2 do
0 0
2 (t)
— V/O er; (t,0)(u®(t,0) —r°(t,0)) do.

By means of an approximation argument similar to the one adopted in the proof of Lemma

one deduces that F* is absolutely continuous on [0, 7] and that the formula for F¢ found with
the previous computation is actually true.
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To get (3.11]) we use the sharp Poincare inequality (3.10) and Young’s inequality:

= e, ) - 1 @ 1 (€@
Fe(t) <2 /0 u(t,0)? do — 28°(1) + /0 u(t,0) do + /0 25 (1, 0)2 do
vl 77-2 L2 (t) a a 9 ge(t)Q L (t) 5 . )
+§ Vﬁa(t)Q/O (u*(t,0) —re(t,0)) do + v 2 /0 e“ri(t,o)*do

20

- 1 [® 1 [E®
<2 e2us (t,0)? do — 285 (t) + 3 / e2uf(t,0)*do + 2/ e2rf(t,0)? do
0 0

02 (t) e 2 pee(t)
/ (us(t,0) — ri(t, a))2 do + % <l/€ (t)> / e2ré(t,0)* do
0 0

s

_l’_

(1) (1)

=, 1
<2 e2uf (t,0)? do — E°(t) + 3 (1+ l/'u/%") 62/ rE(t,0)? do.
0

S— wim S—

To conclude it is enough to use Corollary (H1) and to exploit the explicit form of r¢ given

by (3.4]) getting:
() ,
/ ro(t,0)2 do < Cp(dF (1) + 6(6)2).
0

O
We are now in a position to prove Theorem
Proof of Theorem[3.5, We fix T > 0 and we introduce the Lyapunov function:
De(t) := E°(t) + 2?m]-—6(t), for t € [0, 7.
From we easily infer:
(1- 2m,u0T)5~€(t) <D(t) < (1 + 2m(uf + ,u%p))ge(t), for every t € [0, T,

and so in particular by definition of m we deduce:

%Ee(t) < D°(t) < 2E°(t), for every t € [0,T]. (3.12)

Moreover we can estimate the derivative of D* for a.c. ¢t € (0,T) by using (3.7) and (B.11) and
recalling that e/¢(t) < 1 and that 4m < v:

De(t) = E5(1) + 2 Fe (1)

2m ~

£5(t) .
< —(v—4m) / eus(t,0)? do — — &M +Cr (65 (t) + 0 (t)* + uS(¢,0)* + 1)
0

2Um ~ .
< —?mgs(t) + Cp (6 (t) + 0 (1) + uS(£,0)% + 1).

By we hence deduce:
De(t) < —%ﬁf(t) + Op () + (8?2 +uS(6,0)2 + 1), for ae. £ € (0,T),

from which for every t € [0, T] we get:

~ ~ t to .
DE(t) < D(0)e ™™ + Cr / ((r) + 0 (7)* s (r, 0 4+ 1)e ™5 dr.
0

We conclude by using again (3.12]). O
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4. QUASISTATIC LIMIT

In this Section we show how, thanks to the estimates of Section dynamic evolutions (uf, %)
converge to a quasistatic one as ¢ — 0", except for a possible initial jump due to an excess of
initial potential energy. The rigorous result is stated in Theorem [419] Also in this Section we
assume that x belongs to C%!([¢, +00)).

4.1. Extraction of convergent subsequences. We first prove that the sequence of debonding
fronts £¢ admits a pointwise convergent subsequence.

Proposition 4.1. Assume (H1) and (K0). Then there exists a subsequence e, 0 and there
exists a nondecreasing function £: [0, +00) — [{y,+00) such that

lim ¢°7(t) = 4(t), for everyt € [0,+00).

n—+400o

Proof. The result follows by Corollary and by a simple application of the classical Helly’s
selection principle. O

In order to deal with the convergence of the vertical displacements u® we exploit the energy

decay (3.5):

Proposition 4.2. Assume (H1) and (K0) and let v be positive. Then for every T' > 0 the

modified energy £ converges to 0 in L'(0,T) when ¢ — 0F. Thus there exists a subsequence
€n \¢ 0 such that:

lim &£(t) =0, for almost everyt € (0,400).

n—+oo
Proof. We fix T > 0. Theorem ensures that:
E5(t) < 45‘3(0)6_”5 + Cr(p® xn°)(t), for everyt e [0,T],
where the symbol * denotes the convolution product and for a.e. ¢ € R we define:
o7 (1) = (1) + (1) + (1,0 + 1) xpory (1),
7 () = €™ X100 (£):

Furthermore by (3.8) and (H1) we get that £5(0) is uniformly bounded in &, and so by classical
properties of convolutions we estimate:

_ too
18N L0 < C /0 e dr 4 Crllp* 1 )

€ 9
<O+ Crlofln@lnllow = —(C+ Crllp |l @)-

Now we bound the L!-norm of p° by means of (H1), (K0) and recalling that by Lemma [3.2| and
Proposition we know that [[ug(+,0)(|z2(,7) is uniformly bounded with respect to e:

l* Il 1y = €(T) = lo + "I Z20 7y + Iu2(, 012207y + T < O

Thus we deduce that £ — 0 in L'(0,T) when ¢ — 07 and so we conclude by using a diagonal
argument. O

Similarly to what we did in Lemma we need to understand the behaviour of uZ(+,0) when
e — 0% before carrying on the analysis of the convergence of u®.
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Lemma 4.3. Let the function h be as in Lemmal|3.2. Then the following equality holds true for
every t € [0,400):

1/t (i () + (w5(7.0) ~ r5(7.0))?) dr
— _/ /Zo ‘ 5 ui (1, 0)? + (ufc(T,J) —re (T, J))2> dodr
—V/ /ZO o)euS (1,0) (W (7, 0) — 15(7,0)) dordr

% (4.1)
—€ (/ h(o)eu;(t,o / h(o)euf(o)ug(o) da)
0 0
Lo ’LUE(t) wE(O)
. / h(o) < e i) = (o ))
Lo e o €
+€/ / o)eug (T, J) wi(r)e (726(7_;;} (e dodr.
Proof. The proof follows by using exactly the same argument adopted in Lemma [3.2] recalling
the explicit formula of the affine function ¢ given by (3.4)). O
Corollary 4.4. Assume (H1) and (K0) and let v > 0. Then for every T > 0 one has:
Uz (-,0) —15(-,0) = 0, in L*(0,T) as e — 0T,
Moreover, considering the subsequence €y, given by (3.1) and Proposition one gets:
ui™(,0) — Y L*(0,T) as n — 400, (4.2)

e )
where w is given by (3.1) and ¢ is the function obtained in Proposition .

Proof. We fix T > 0 and we simply estimate by using (4.1]) and recalling that by (H1) the family
{w*}<>0 is uniformly equibounded in [0, T:

T 2
/0 (ui(ﬂ 0) —ri(r, O)) dr

TNE 5 € T . 2 T je KE(T)&
/O g (T)dT—i-&(E (t) + € (0)+/0 W (7) dT+1+/05€ (T)/O \ut(T,U)|deT)].

By Holder’s inequality and since f¢ (t) < 1 almost everywhere we then deduce:

<Cr

1

T 02 (7) T (1) 2 TLy L
/ el® (1) / |ui (1,0)|dodr < \/TLr / / ui(1,0)?dodr | =4/ ——A(T)2.
0 0 o Jo

eV

By means of Proposition [3.3] we hence obtain:

/OT (u5(r,0) = r5(r,0)*dr < Cr [/OT E(r)dr +e (I Pa +1) + \/g] ,

We conclude by using (H1) and Proposition
The proof of (4.2) trivially follows by triangular inequality, recalling that by (3.4) we know

that r°,(¢,0) = 1;5((0) for every t € [0, +00). O

We are now in a position to state our first result about the convergence of u® to the proper
affine function.
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Theorem 4.5. Assume (H1), (K0), v > 0 and let €, be the subsequence given by (3.1), Propo-
sitions and [{.3. Let £ be the nondecreasing function obtained in Proposition [{.1. Then as
n — 400 one has:

o c,ui"(t,-) — 0 strongly in L*(0,+00), for every t € (0,400)\Jy,
o ut(t,-) — u(t,-) strongly in H'(0,+00), for everyt € (0,+00)\Jy,
where Jy is the jump set of £ and:

u(t,z) := w(t) <1 - it)) X[, (),  for (t,x) € [0,+00) X [0, +00),

with w given by (3.1)).

Proof. By (3.1) and by Proposition it is easy to see that for every ¢ € [0,+00) one has
rén(t,-) — u(t, ) strongly in H'(0,400) as n — +oo, thus we deduce:

lentu§™ (£ M0, 10y + 185 (t) = w(t, ) 310 4o0)
< C (Jlentg™ (8, Moo + 107 (8 ) = 150 () 0,00y + 1757 (1) = 0t Vs 0,400 )
< C (et (6 )32 0 400y + 1054 (8 ) = 75 (6 W20 400y + 17 () = 0t )0, 40
= O (E(t) + 17 () = 0l M 0100y ) -

where we used Poincare inequality. N
To conclude it is enough to show that lim & (¢) = 0 for every ¢ € (0,+00)\ Jy. By (3.1)

n—+4o0o
and (3.8)) this is equivalent to prove that:
1w(t)?
ngrfoo E(t) = 211;((2) , for every t € (0,+00)\ Jy. (4.3)

By Proposition we know that holds true for a.e. ¢t € (0,400). To improve the result
we then fix t € (0,400)\Jy and we consider two sequences {s;}jen and {t;};en such that
0 <s; <t <ty the limit in holds true for s; and t; for every j € Nand s; 7t t; \(t as
j — +o0o. By the energy-dissipation balance we hence get:

t; Ex
50 (k) + / T (r)usr (7, 0) dr < 50 (t) < E(s;) + / "t (r)ur (7, 0) dr.
¢ ¢
Passing to the limit as n — +o0o and exploiting Corollary together with (3.1)) we deduce:

lw(tj)2 - /tj u')(T)w(T) dr <liminf & (¢) < limsup £ () < lw(sj)Q - /Sj w(T)w(T) dr.

2 U(t)) o) n—-+00 n—+400 ~ 2 U(sy) o(t)
Passing now to the limit as j — 400, recalling that ¢ is a continuity point of ¢, we finally obtain:
lw(t)* . . . Lw(t)?

- <1 f&(t) <1 En(t) < =
2 i(p < RRRET) S Imaw T < 5T
and so we conclude. O

We want to highlight that the viscous term in the wave equation forces the kinetic energy to
vanish when € — 07. Indeed this phenomenon does not happen in [I7], where on the contrary
the presence of a persistent kinetic energy due to lack of friction is the main reason why the
convergence of u° to an affine function occurs only in a weak sense (see Theorem 3.5 in [17])
and the limit pair (u, ¢) fails to be a quasistatic evolution.
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4.2. Characterisation of the limit debonding front. Our aim now is to understand if the
limit function ¢ solves quasistatic Griffith’s criterion. We thus need to pass to the limit in the
dynamic Griffith’s criterion (1.6]). Next Proposition deals with the stability condition.

Proposition 4.6. Assume (H1), (K0), v > 0 and let { be the nondecreasing function obtained
in Proposition[{.1. Then for every 0 < s <t one has:

t ()2 t
E((T))z dr g/s k(l(T))dT,

where w is given by (3.1)).
In particular the following inequalities hold true:

LW < (et 1), for every t € [0,+0) (4.4a)
2€+<) <k , for everyt € [0,+00), Aa,
Ve ((t)) < k(L™ (t)), for everyt e (0,+0c0), (4.4D)

where €T and €~ are the right limit and the left limit of £, respectively.

Proof. Let e, be the subsequence given by (3.1) and Proposition By (1.15) we know that
for a.e. t € (0,400) one has:

1—€né5n(t) ey . 5 gb’s"(t) o )
2mF (t —enln(t)) _211.)5n(t)F (e (1))~ (4.5)

where we introduced the function:
Fer (o) = for (o) + vg™[us")(0), for ae. o € (—enly, o (+00)).

Here we adopt the notation ¢ (+00) = . liin ©°"(t), which exists since ¢°" is strictly increasing.
—+00

We want also to remark that ¢ (+o00) > 0 for n large enough (actually it diverges to +oo
as n — +o00), indeed ¢ converges locally uniformly to the identity map as n — +oo by
Corollary By means of (1.14a]) and of the explicit form of fé» and ¢°[u;"] in (—eplo,0) we
deduce that:

En _
Gan fen 1) () =

u2(0,0) + v (g [57)(0) — S H="15"]1(0,0)), iF 0 € (0, 0% (+00),

1
Fe (o) = 1 02 1 o v (¢ o
ignu‘i” <—€n> — §u8n (_8n> — 2/0 uin <’7‘,€n> dT, ifoe (_5n£070)-
Thus, thanks to (1.12)), we obtain:

1 ¢~ 1(0) _

2 En

| R o 1. o v Wsnilg(:) T—0 )
SEnty (—571)—2110 (_€n>_2/o u;" | T, - dr, if o € (—e,p,0).

By the stability condition in dynamic Griffith’s criterion ((1.6) we hence deduce that for every
0 < s <t one has:

/:,i(eﬁn(T))dT > [ — 2/ () pen (oo (7)) ar

R enlén (T ¢€n

/Wt) o F (o) do = (s, 0),
= " o=:1"(s
pen(s) (o)

For (o) = (4.6)
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Thus, by dominated convergence we infer:
t
/ k(€(T))dr > limsup I°" (s, t).
s n—-+4o0o
We actually prove that the limit in the right-hand side exists and it holds:

lim 7" (s,t) / e (4.7)

n—-+oo

If (4.7) is true, then we conclude; to prove it we reason as follows. We first assume s > 0, so
that ¢°*(s) > 0 (for n large enough) and we can write:

enfe L[ Xm0 0100 10 1)
I (8,t)—2/0 1/}571(@571—1(0')) <2F (U)> X[07¢sn(t)](0)d0-

By means of the properties of ¢°» and ¢°", see (0.4) and the subsequent discussion, and re-
X[g=n ()05 (1] ()
e )

[a®" || Lo (0,0) < 1 and a®" — x5 in L'(0,%) as n — 4-00. So we conclude if we prove that:

calling Corollary it is easy to see that the function a" (o) := satisfies

2F°" X[0,p5n (1)) — %, in L(0,t) as n — +oo, (4.8)

since the function w/¢ belongs to L>(0,t). To prove (4.8) we estimate:

HQF X[ogpen ()] €‘L2(0t)

q

< enllw™

1
g () (e i(o) _ 2\
v +v / / ug" T,T ZVar |do | + Cen.
L2(0) 0 o €n

By (H1) and (4.2)) the first and the second term go to zero as n — +oo. For the third one we
continue the estimate:

e=n(t) [ petn (o) _ 2
/ (/ ug" (T, T 0) d7'> do
0 o En
= (t) e () _+\2 @ (t) et (o) _+\2
< /@Enl(a) - U)/ ug" (7’, 750>d7' do = /Enésn(gf”l(a))/ ug" (T, Ts U)dT do
0 o n 0 o n

e (t)  pt . 0 2
< C Sn’u,t” (T, B > X[0.7<Pen—l(a.)} (T) drdo (49)

n

En 2
T—0
= Ct / / anut < T, - > X[0.7<Pen—l(a.)} (T) dodr
£en ()
<q / / enluin (v, 0)2 do dr = en%Afn(t),

which goes to zero by (3.3] , and we conclude in the case s > 0.

If instead s = 0 we can write:
1 (0 1 ¢ (o) _

JEn (07 t) — / I — Enuin (_0> _ugn (_J> —I// uin (7_7 T O'> ar | do
2 Jenty Yo (pn (o)) En En 0 En

1 t 1 En 2
2 ), ey (@) o (o)
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1 [T w(r)?
Reasoning as before one can show that the second term goes to 3 / g((T))z
0 T
we conclude if we prove that the first one, denoted by J*, vanishes in the limit. To this aim we
estimate:

0 2 2 VR
Jen < C lenQUin <_U) + ugn (_U> + 1/5n/ uin (7_’ T 0'> dT] do
—enlp En En 0 En

< enC (llents™ [22(0,0) + 1657 320,00y + A7 (67 7(0)))

dr as n — 400, so

We thus conclude by means of (H1) and (3.3]), since ¢ ~1(0) is uniformly bounded with respect
to &, thanks to Corollary O

Now we pass to the limit in the energy-dissipation balance (|1.5al).

Proposition 4.7. Assume (H1), (K0), v > 0 and let w and ¢ be given by (3.1) and Proposi-
tion respectively. Then there exists a positive measure p on [0, +00) for which the following
equality holds true for every t € [0,400):

w(t)? £t (1) t w(r Lo Lo
;EEZ) +/£OH(J) da—/ou')(T) E((T; d7+p([0,t]) = lim inf <;/05n2u§”(0)2d0 + ;/Oug"(a)Q da) ,

n——+0o

where €, is the subsequence given by (3.1) and by Propositions and .

Moreover for every 0 < s <t one has:

w(t)? ot (t) t w(T w(s)2 £~ (s) s w(r
;ﬁfz) +/KUH(U) da—/ow(T) E((T)) dr+pu([s,t]) = ;K_((i) +/£0R(U) da—/ow(T) 6((7')) dr. (4.10)

Proof. By classical properties of BV functions in one variable (see for instance [3], Theorem 3.28)
it is enough to prove that the function f: (—d,+00) — R defined as:

1 [t 1 [t
lim inf B /6n2u§”(0)2 do + /0118”(0)2 da) , ift e (—4,0],

n—-+o0o 0 2

f(t) = 2 o(t) ¢
1w(t) / / o w(T) .
- + [k(o)do — | w(r dr, if t € (0,400),
210 S ) (0 29)
belongs to the Lebesgue class of a nonincreasing function. Indeed in that case u:= —Df does

the job.

We actually prove that the right limit f* is nonincreasing. We fix s,t € (-4, +00) such that
s < t and we consider all the possible cases.

If s > 0 we pick two sequences {s;};en, {t;}jen such that for every j € N one has s < s; <
t < t;, sj and t; do not belong to the jump set of £, and s; s, t; \(t as j — +00. By the
energy-dissipation balance we hence get:

=n (1)) £2n (s;)

£ (1;) + /Z 5(0) do + /0 i () (7, 0) dr < E50(s;) + /Z k() do + /0 " i (e (r,0) dr.

0 0

Passing to the limit as n — 400, by Theorem [£.5] and by exploiting Corollary [£.4] together with
(3.1) we deduce:

Lu(t,)? | 1) Gowln) _Lw(s)? ) S ()
5 i) +/£ Ii(O‘)dO‘—/O w(T) e dT§§ i(s,) —i—/f K(U)do‘—/o w(T) o) dr.

0 0

Passing now to the limit as j — +oo we get fT(¢) < fT(s).
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If s € (—6,0) and t > 0 we consider a sequence {t¢;};cn as before and by means of the
energy-dissipation balance we infer:

e () t; 1 Lo 1 Lo
E(t5) +/ k(o) do +/ W (T)uir (1,0)dr < E°7(0) = 3 /aﬂui" (0)?do + B /118” (0)%do.
£ 0 0 0

Passing to the limit as n — 400 and then j — 400 we hence deduce that also in this case
frt) < f7(s).
If finally both s and ¢ belong to (—4,0), then trivially f*(¢) = f*(s) and so we conclude. O

The measure p introduced in the previous Theorem somehow represents the amount of energy
dissipated by viscosity which still is present in the limit. Indeed it can be seen as a weak*-limit
of A% as ¢ — 0". The rise of such a limit measure occurs also in [25] in a model of contact
between two visco-elastic bodies. Of course, to obtain the desired quasistatic energy-dissipation
balance (eb) we need to prove that p = 0, namely that A° vanishes as € — 0%. To this aim, we
first prove that the limit debonding front £ is a continuous function; this is, however, a crucial
step for getting (eb) from ([4.10]). As in Section [2] to reach the result we need to strenghten the
assumptions on the toughness «.

Corollary 4.8. Assume (H1), (K0), (K2) and let v be positive. Then the nondecreasing function
¢ given by Proposition [{.1] is continuous in (0, +00).

Proof. The result follows arguing as in the proof of Lemma by means of (4.4b]) and (4.10));
see also Remark [2.6] O

Proposition 4.9. Assume (H1), (K0), (K3) and let v be positive. Then the following energy-
dissipation balance holds true for the nondecreasing function £ obtained in Proposition [{.1:

Lu(? | [0 () Tw(0)
2 z((t)) +/e+(0) () da_/o () 6((7)) dr= 2e+((g)’ forcvery t € (0. rec), (L4

where w is given by (3.1)).

Proof. By Corollary we know ¢ is continuous on (0, 4+00), by (4.4a) we deduce ¢ satisfies
stability condition (s2) in (0, 4+00), while by (4.10]) the function

1w(t)? 52 Lo w(n)
tr—>§ o) +/z0 ﬁ(a)da—/o w(T) oo dr,

is nonincreasing in (0, +o0c). Thus, by Proposition and Remark we deduce that £ has the
form (2.5)), with £*(0) in place of £y. By (K3) and by means of Theorem [2.9| we hence conclude.
Indeed we point out that, under our assumptions, condition (KW) is automatically satisfied: by

i = +(0)) > w(0)?
(K0) and (K2) we deduce xEI—Poo ¢x(x) = +oo and by (4.4a) we have ¢.(¢7(0)) > sw(0)*. O

Previous Proposition shows that the measure p introduced in Theorem [£.7] is concentrated
on the singleton {0}. This means that friction dissipates all the initial energy at the initial time
t = 0. Up to now we have thus proved that, under suitable assumptions, the limit pair (u, /)
is a quasistatic evolution starting from the point £*(0). The aim of the next subsection will be
characterise the value £1(0).

4.3. The initial jump. In this subection we show that the (possible) initial jump of the limit
debonding front ¢ is characterised by the equality £1(0) = \ li+m £(t), where £ is the debonding
—r+00
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front related to the unrescaled dynamic coupled problem:

(

Ty (t, @) — Uge(t,2) + vle(t,2) =0, t>0,0<x<(t),
a(t, 0) = w(0), t>0,
a(t, £(t)) =0, t>0, (4.12)
(0, z) = up(x), 0 <z <Ay,
at(o,l‘) =0, 0<.1‘<£0,
0<i(t) <1,
Gé(t) (8) < K(£(1)), for a.e. t € (0, +400). (4.13)

Gy ® = ()] Ut) = 0,

Here we are assuming that ug € H'(0, {y) satisfies uo(0) = w(0) and ug(¢y) = 0. Moreover,
as before, we consider v > 0 and a positive toughness x which belongs to C%!([¢y, +00)). We
also need to introduce stronger conditions than (H1):

(H2) the family {w®}.¢ is bounded in H(0,+00), u§ — ug strongly in H(0,4y), euS — 0
strongly in L?(0,4y) as e — 0.

(H3) w® — w weakly in H(0, +00), u§ — g strongly in H(0,4y), eu§ — 0 strongly in
L?(0,0p) as € — 0F.

Remark 4.10. Assuming (H3), by the compact embedding of H'(0,T) in C°([0,T]) we deduce
that for every T > 0 we have w® — w uniformly in [0,7] as € — 07.

Remark 4.11. As explained in Section [1| the pair (@,#) solution of (4.12))&(4.13) fulfills the
energy-dissipation balance:

g(t) Lo
E(t)+ A(t) + / k(o)do = ;/ tig(c)? do,  for every t € [0, 4+00), (4.14)
o 0

where £ and A are as in (T.4a)) and (1.4b) with ¢ = 1 and @, £ in place of u¢ and (.

We want to notice that, assuming (H2) and considering the subsequence &, given by Remark
one can apply Theorem deducing that actually the pair (1, (7) is the limit as n — +oo (in the
sense of Theorem [1.7) of (u.,, /., ), where this last pair is the dynamic evolution related to the
unrescaled proble (replacing w, ug, u1 by w®, ug*, ui") coupled with dynamic Griffith’s
criterion. ~

We denote by ¢; the limit of £(¢) when t goes to +00. Before studying the relationship between

¢; and £7(0) we perform an asymptotic analysis of the pair (u,¢) as t — +oc.

Lemma 4.12. Assume (K0). Then for every d > 0 there exists a time T5 > 0 and a measurable
set N5 C (Ts,+00) such that |Ns| < & and ((t) < § for every t € (Ts, +00)\ Nj.

Proof. First of all we notice that by (K0) we deduce from the energy-dissipation balance (4.14)
that ¢; is finite. Then we fix § > 0 and we consider T5 > 0 in such a way that £; — £(Ts) < 62.
Introducing the sets:

NDs := {t > Ts | { is not differentiable at t},
My = {t > Ty | { is differentiable at ¢ and E(t) >0},
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we then define Ng := NDsU M;. By construction E(t) < ¢ for every t € (T5,+00)\ Ns, while by
means of Cebysév inequality we deduce:
1 [t x l — EN(T(;)

|Ns| = |Ms| < — U(r)dr =

<4,
0 J1y

5 <
and we conclude. O

All the next Propositions trace what we have done in the previous Sections to deal with the

analysis of the limit of the pair (u°,¢°) when ¢ — 0T. For this reason the proofs are only
sketched.

1w(0)?
Proposition 4.13. Assume (K0). Then one has lim E(t) = Lw(0) .
t—4o00 2 El
Proof. As in Section [3| we introduce the modified energy:
~ 1 i 1 [l :
E(t) = 2/ (t,0)*do + 2/ (@z(t,0) — Fo(t,0))" do, for t € [0, +00),
0 0

where

7(t,z) := w(0) (1 - Z(xt)) X[0,i(1)] (x), for (t,x) € [0,+00) x [0,400).

Repeating the proof of Theorem we deduce that the following estimate holds true:
~ ~ t P
E(t) < 4E(0)e™™ + C’emt/ {(1)e™T dr, for every t € [0, +00), (4.15)
0

where m is a suitable positive value and C' is a positive constant independent of ¢t. By means of
Lemma now we show that the second term in (4.15]) goes to 0 when ¢ — +o00. Indeed let
us fix § > 0 and consider Ty, N as in Lemma then for every t > Ts we can estimate:

b Ts - 3 3
e Mt / Ur)e™dr = e ™ O(T)e™ dr + / (r)e™ dr + / ((T)e™ dr
0 0
(T(;,t)ﬂN(; (Tg,t)\N[;

Ts . t
< e ( / {r)e™ dr + e Ny| +8 [ e dT>
0 Ts

—mt o s mT 1
<e (r)emTdr+0 1+ —|.
0 m

t .
Letting first ¢ — 400 and then § — 07 we hence deduce that lim e~ ™ / £(7)e™ dr = 0 and
0

t—+o0
so we get . Einoog (t) = 0. Now we conclude since like in (3.8]) we have:
s, Tw(0)?
Et)=¢&E(t) + Lw(0) , for every t € [0,400).

2 (1)

Lemma 4.14. Assume (K0). Then the following limit holds true:

tginoo % /Ot <ﬂm(0, 0)+ lg((f))y dr = 0.
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Proof. The proof is analogous to the one of Corollary By using (4.1) with the obvious
changes, for every ¢t > 0 we obtain the estimate:

/Ot <ﬁm(a, 0) + "g((f;f dr < C (/Ot E(r)dr + £(1) +Z(t)> <cC </Ot E(r)dr + £(0) +el> .

From this we conclude by applying de I’'Hopital’s rule since in Proposition [4.13| we proved that

lim £(t) = 0. O
t——+o0
Proposition 4.15. Assume (K0). Then {1 satisfies the stability condition at time t = 0, namely:
1 w(0)?
2 @ =)

Proof. The idea is to pass to the limit as ¢ — +oo in the stability condition in Griffith’s criterion
(4.13), as we did in Proposition Since here we want to compute a limit when ¢ grows to
+00, as in Lemma we need to average the stability condition, getting:

IR I
/ k({(o))do > / G: (0)do, for every t € (0, +00). (4.16)
t 0 t 0 £(o)

By de I’'Hépital’s rule the left-hand side in (4.16|) converges to x(¢1) as t — +oo, while to deal

with the right-hand side we argue as in the proof of Proposition For the sake of simplicity
we introduce the time ¢* > 0 which satisfies t* = ¢(t*), so that for every t > t* we can write:

/G da> G (o) do

1/so(t> 11 ( 0.0) /¢1<a)~< g )2 ; (4.17)
=7 -5 | Uz(o,0) +v w (7,7 —o)dr o,
Bl g(g1(o)? v

where we used the explicit formula for GZ(U) (o) given by (4.5) and (4.6), with the obvious

changes. By means of Lemma |4.14] and since th+m @ = tlg_n @ =1 it is easy to infer:
—+00 o0
1 [e® 11 1 w(0)?
lim / (0,02 do = 7“’(2) . (4.18)
t—=+oo t Jg 1/1(@_1(0')) 2 2 61

Moreover, by using estimate (4.9)) in the proof of Proposition and recalling that the dissipated
energy A is bounded by (4.14)), we deduce:

1 @) 1 &~ Ho) 2
tlim n / e / u(t,7 —o)dr | do=0. (4.19)
Tt tJo g(gio) \e

From (4.18)) and (4.19) we can pass to the limit in (4.17) deducing that:

2
lim inf ~ /G o) do >1“’(0),
t—+00 2 f%

and so we conclude. O

We are now in a position to compare the value of £*(0) with ¢;.

Lemma 4.16. Assume (H2) and (K0). Then ¢; < £1(0).
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Proof. We fix t > 0 and we consider the subsequence &, \, 0 given by Remark and Proposi-
tion .1l Then one has:

t
(t)= lim ¢(t) = lim ¢ ( ) .
n—-+4+o0o n—-+oo En
Now we fix T' > 0 and by monotonicity we deduce /., (é) > (., (T) for n large enough. Thus,
by means of Theorem [I.7] we get:

lim £, (t) > lim £ (T) = iT).

n—+4o0o En n—-+4oo

Hence /(t) > £(T) and by the arbitrariness of ¢ > 0 and T' > 0 we conclude. O
Proposition 4.17. Assume (H2), (K0) and (K3). Then the following inequality holds true:

1 w(0)2 /€+ (0) 1 U)(O)2 /31

— + k(o)do < — + k(o) do.

2 (+(0) A (o) 2 4 A (o)

Proof. By Proposition Corollary 4.8 and the energy-dissipation balance (1.5a)) we know that
for every t > 0 it holds:

. o 1 [h 1 w(t)? £) t w(r)
Jim A (t)—u([O,t])—Q/o to(0) do — 5 o) —/Ko( )da+/ (7 )6(7) dr,

where ¢, is the subsequence given by (3.1)) and by Propositions u 4.1{and |4.2) . By means of (4.11])
we hence deduce:

] . _ 1 Lo ] 1w(0)2 f+(0)
ngl—&l—looA (t) = 2/0 to(o) do — 5F(0) /Eo k(o) do. (4.20)

By a simple change of variable we now notice that:

t/en Ley, (T) t ple, (T)
A (t) = V/ / (Ugn)t(T,O')2 dodr > 1// / (ue, )e(T, 0)2 do dr,
0 0 0 0

and so, by Theorem we get:

lim A (t) > u/ / 2dodr. (4.21)
n—-+0o0o

Putting together (4.20) and (4.21]) we finally deduce:

1 [t 1w(0)2 7O

2/0 tg(o) do 27 (0) /20 k(o)do > tl}inooy/ / 2dodr = 7:_lglrnoo.,él()
To conclude it is enough to recall that by energy-dissipation balance (4.14)) we have:

1 Lo f(t)
YORS / to(0)2do — £(t) — / k() do,  for every t € [0, +00),
0 Lo

and so by Proposition [£.13] we obtain:

Lo w(0)2 15
lim A(t)zl/o uo(a)Qda—l (0) —/K k(o) do.

t——+o0 2

Corollary 4.18. Assume (H2), (K0) and (K3). Then {1 = £1(0).
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Proof. By Lemma we already know that ¢; < ¢£1(0). As in Proposition [2.3| we introduce
the energy:
Lw(0)* [7
Ey(x) := Lw(0)7 +/ k(o) do, for x € [{y, +00).
2 £
By Proposition we get Fo(£7(0)) < Fy(¢1), while by Proposition and (K3) we deduce

that Eo(z) > 0 for every = > £1, namely Fj is strictly increasing in (¢1,400). Thus we finally
obtain ¢; = £1(0). O

Putting together all the results obtained up to now we can finally deduce our main Theorem:

Theorem 4.19. Fiz v > 0, {5 > 0 and assume the functions w®, uf and uj satisfy
and for every e > 0. Let the positive toughness k belong to 60’1([50,—#00)) and assume
(H2), (K0) and (K3). Let (u®, () be the pair of dynamic evolutions given by Theorem[1.5 Let
en and w be the subsequence and the function given by Remark and let {1 be defined as
6= lim 0(t), with (i, €) solution of [@12)&[@E13). Then for every t € (0,+00) one has:

t—+o0

(a) lim €= (t) = £(t),

n—-+o00

(b) equi™(t,-) — 0 strongly in L*(0,+00) as n — +o0,

(c) usn(t,-) — ult,-) strongly in H'(0,+00) as n — +oo,
where (u, ) is the quasistatic evolution given by Theorem starting from £1 and with external
loading w.
Moreover, if we assume (HS3), then we do not need to pass to a subsequence and the whole
sequence (uf, (%) converges to (u, ) in the sense of (a), (b), (c) for everyt € (0,+00) ase — 0T.

Remark 4.20. Under the same assumptions of the above Theorem the convergence of the
debonding fronts can be slightly improved by classical arguments. Indeed, since ¢¢ are non-
decreasing continuous functions and since the pointwise limit ¢ is continuous in (0, +00), we
can infer that the convergence stated in (a) is actually uniform on compact sets contained in
(0, +00).

We want also to recall that for every 7' > 0 the convergences in (b) and (c) holds true
respectively in L?(0, T; L?(0, +00)) and L?(0,T; H'(0, 4+00)) too, as we proved in Proposition
under weaker assumptions.

Remark 4.21. We want to notice that Theorem [2.9) ensures the limit ¢ is an absolutely contin-
uous function, so one could guess that the convergence of the debonding fronts ¢ even occurs
in I/Vlf)cl (0, 400), but unfortunately we were not able to prove it. Of course this last conjecture
could be true only under the assumptions of Theorem otherwise neither the continuity of
the function /¢ is expected. Our idea to attack the problem was getting good a priori bounds
on £¢ via the explicit formula , but we found the task hard due to the high nonlinearity
of the formula. Thus better ideas or better strategies are needed to validate or to disprove our

conjecture.

5. CONCLUSIONS

In this paper we have proved that dynamic evolutions of a damped debonding model are a
good approximation of the quasistatic one when initial velocity and speed of the external loading
are very slow with respect to internal vibrations. In light of [I7], in which the failure of this
approximation in the undamped case (even with constant toughness) is shown, it is clear that
the presence of viscosity, or more generally the presence of some kind of friction, is crucial to
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get this kind of result. As previously said, the importance of viscosity was already observed in
finite dimension and in some damage models.

Although in our work we have been able to cover cases of quite general toughness x, we
however needed to require some assumptions on it to develop all the arguments. First of all
we have always assumed continuity of x and furthermore conditions (K1), (K2) or (K3) have
been used to prevent the case of a glue whose toughness oscillates dramatically. It is worth
noticing that we did not make use of them until Corollary thus our previous analysis is
suited to deal with wild oscillating (but still continuous) toughnesses too. Going further in the
analysis without that assumptions requires a deep understanding of the measure p introduced
in Proposition This kind of study has been developed in [26] in finite dimension, but a
generalisation to our infinite dimensional setting seemed hard to us. The idea in [26] relies on
the introduction of a suitable cost function which measures the energy gap of a limit solution
after a jump in time, and hence characterises their counterpart of measure u.

It is easy to imagine that without condition (K1) we lose uniqueness and continuity (in time)
of quasistatic evolutions, since in that case local but not global minima of the energy can exist.
However a more careful analysis on the quasistatic limit could be useful to select and characterise
those quasistatic evolutions coming from dynamic ones, and thus somehow more physical.

A more drastic scenario may even appear in the case of a discontinuous toughness, covered
however by Theorem [I.5] The failure of the quasistatic approximation in this framework was
observed in [10] and [15] where the authors considered explicit examples of piecewise constant
toughness k; they noticed that on discontinuity points of s the limit solution does not fulfill
Griffith’s criterion, which has to be replaced by a suitable energy balance. This is in line with
Proposition (which however should be proven without assuming continuity of ), where the
appearance of the measure p in takes into account this feature. A similar phenomenon
emerges in [25] too. As we said before a more complete comprehension of ;1 may thus open new
perspectives in the understanding of the topic of quasistatic limit.

Finally we want to mention that different kind of frictions may be considered in the dynamic
model, replacing the viscous term w;(t,x) in the wave equation for instance by —uyy.(t,x)
(Kelvin-Voigt model, see [9], [27]) or by a convolution term of the form f0+°° —h(T) U (t—T, ) dT
(viscoelastic materials, see [6], [9], [27]). To our knowledge an analysis of debonding models
under the action of these kind of viscoelastic dampings is still missing in literature.

We leave all of these questions and proposals open to further research.
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