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A weak formulation for a rate-independent delamination evolution with
inertial and viscosity effects subjected to unilateral constraint
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We consider a system of two viscoelastic bodies attached on one side by an adhesive where a
delamination process occurs. We study the dynamic of the system for small strains, subjected
to external forces, suitable boundary conditions, and an unilateral constraint on the jump of the
displacement at the interface between the bodies. The constraint arises in a graph inclusion, while
the delamination coefficient evolves in a rate-independent way. We prove the existence of a weak
solution to the corresponding system of PDEs.
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1. Introduction

The mathematical problem. Within this paper we show the existence of solutions to the following
evolution problem: we consider a system of two sufficiently smooth open and connected sets §2;
and £2, in Rd, with d < 3, which have I" as common boundary. Let us denote by v the normal
versor on I oriented in such a way that it points outside 2, (inside £2;), and by n the unit outer
normal to 2 = dp 2 U dn £2. Given an external force f : [0, T] x £2 — R%, a boundary traction
g :[0,T] x dy2 — R?, and a boundary datum w : [0, 7] x dp2 — R?, we look for functions
u: [0, T]x (R =92,UR) >R z:[0,T]xI" = [0,1],and 5 : [0, T] x I' — R, satisfying

pii —diveo = f on$2, (1.1a)
o = C%(u) + uCle(i), (1.1b)
ov=K[ulz+n onl, (1.1¢)

with the internal variable z satisfying

220, (1.1d)
£ <0, (1.1e)
z>0 = %K[u]'[u]—aso, (1.1f)
Z(%K[u]-[u]—a) -0, (1.1g)
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coupled with boundary conditions

d
u=w ondps2, a_u =g ondySs2, (1.1h)
n
and with the constraints
[u] -v =0, (1.11)
Ml-v>0 = n=0, (1.1j)
[u]-v=0 = n<0. (1.1k)

In the equations above [u] := u, —uj represents the jump of u at I', i.e., the difference between the
two traces of u, respectively from £2, and £2;. The real function ¢ = 0 on I" is assumed constant
in time, and C° and C' are positive definite and symmetric tensors mapping R?*? into itself, K
is a positive definite and symmetric tensor mapping R? into itself, e(u) := %(Vu + VuT) is the
symmetrized gradient of u, and p and u are positive constants. Finally % and Z represent the time
derivatives of u and z, respectively, while ii is the second time derivative of u.

The system of equations above describes the evolution of a delamination process in the
approximation of linear elasticity (that is, when only small deformation gradients are allowed).
Here £21 and 2, are the reference configurations of two visco-elastic bodies whose displacement
is represented by u. The tensors C° and C! are the elasticity tensor and the visco-elasticity tensor,
respectively, while K is the elasticity tensor for the adhesive, usually called elastic coefficient of
the adhesive, and represents its reaction to the discontinuity of the deformations [u] on I'. The
variable o represents the Cauchy stress tensor, so that the quantity ov is the force that the body
£2, acts on §21. The two bodies are glued along the interface I, and the efficacy of the adhesive
is represented by the variable z. An high value of z provides a great effect of the glue, while a
small value means that deterioration of the adhesive, consequence of high stresses and movements
of the bodies, has taken place and hence the glue is less effective. In particular z = 1 means that
the adhesive is perfectly sane, and z = 0 corresponds to the status when all its macromolecular
links have been broken and no resistance to bodies separation is observed. This dependence arises
in the equation for the interaction force between the bodies (1.1c). The variable 7 in this equation
represents a reaction which must avoid interpenetration of the bodies. Specifically, the constraint
of interpenetration (1.11) provides an instantaneous normal reaction at I" as soon as [u] - v = 0,
preventing the bodies to interpenetrate. Equations (1.11)—(1.1k) are equivalent to the condition

N € 0o +00) ([] - V), (12)

where 0/} +o0) denotes the subdifferential of the indicator function Iy 1 o) of the interval [0, +00),
defined as the map that takes the value O on such interval, and +oo outside it. Notice that such
description is only formal, since the variable 7, as we will see, is not defined in a pointwise sense
(both in time and in space), but it will be well defined only in the dual of a suitable Sobolev space.
This unilateral constraint is the classic Signorini frictionless condition, and a process satisfying
it is also referred to as evolution in MODE I, in contrast with evolutions in MODE II, where
the constraint is bilateral, i.e., [u] - v = 0. The latter corresponds to processes where only shear
displacements are allowed at the interface.

We study this process in the setting of a dynamic evolution, arising in the hyperbolic equation
(1.1a) (that, to be precise, turns out to be parabolic due to the presence of the damping term e(at) in
(1.1b)). Here pii is the inertial term, p being the mass density of the body, assumed constant, and
the constant u in (1.1b) is the viscosity of the material.
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Delamination framework and main result. Delamination models are more and more studied in the
recent years. As an introduction to evolution in delamination, see, e.g., [15] where the quasistatic
model is considered, and [22] for a dynamic model where also thermal effects are considered (for
evolution problems in delamination we also quote, among many, [20], [4], [21], [23], and references
therein). The evolution of the internal variable z is based on the concept of Frémond delamination
(see [11, 12] and the general monograph [13]). The treatment of unilateral constraints in contact
mechanics with adhesion was introduced and developed by many different authors. Let us quote the
general monograph [9] for a classical approach, and [10] for more recent references. The model we
consider was previously introduced by T. Roubicek, who proves existence of solution of evolution
in MODE 1I (i.e., with the bilateral constraint [u] - v = 0) in [26]. Then the same model was
considered with the addition of viscosity of the adhesive in the subsequent papers [27] and [28].
Notice that in our equations no spacial derivatives of z appear, even if some space regularity of z
can be derived by the equation (1.1c), since the value of z at x € I" depends implicitly on the values
at the neighbor points, by such equation. However there exist other models of delamination where
partial derivatives of z enter in the equations (see, e.g., [4] and references therein). It is also worth
to refer to [16] for a similar model with unilateral constraint without inertial effects.

The main result of the paper states the existence of weak solutions to (1.1), thus extending the
results of existence in [26] to evolutions in MODE 1. In order to prove existence of a solution to
problem (1.1) for every initial data for u, 1, and z in suitable spaces, we need to reformulate the
equations in a weaker sense. In particular such weak formulation is needed to treat the unilateral
constraint (1.11), which in turn represents the principal difficulty for the proof of existence. The
main tool to face it is inspired by the pioneer paper [5], whose arguments we adapt to our situation.
Different approaches to unilateral constraints for contact problems in the framework of dynamic
evolutions (i.e., of hyperbolic systems of PDEs) exist and can be found in [2]. Here the obstacle is
treated in an implicit way, by the use of variational inequalities.

Two remarks about the model. In our model it is remarkable the presence of the viscosity term
wCle(it), that provides more regularity of the displacement. In particular its presence implies that
the strain u belongs to the Sobolev space H ([0, T], H'!), which entails strong compactness also
for its jump [u]. As suggested in [16, Remark 2.2] it is possible to consider, in the dynamic case
(i.e., when inertia cannot be neglected), a hyperstress term that together with inertia provides the
required estimate for the jump. Without this, it seems harder to prove a-priori estimates for the jump
that allow to pass to the limit in the flow rule (see Step 3 in Section 4 for details). Moreover, the
regularity condition v € H'([0, T], H') combined with the Aubin-Lions Theorem allows to prove
the strong convergence in L2([0, T'], L?) of the velocities 1€ of suitable approximating solutions.
This convergence is crucial for our approach, since it allows to apply the so-called Minty trick
(Lemma 2.4) to prove that constraint (1.2) holds true at the limit (see Step 4 in Section 4 for
details).

Let us finally compare our result with the one in [18, Section 5.2.3]. Here the considered model
with the cone condition (5.2.39b) is exactly the same of us. In particular [18, Proposition 5.2.11]
provides the existence of a weak solution to this system of equations which is very similar to our
notion of solution. The main difference between the formulation in [18] and ours stands in the fact
that the notion of weak solution in [18, Definition 5.1.1] does not explicitly identify the reaction
term 7 in (1.2) that indeed does not appear in the weak equation (5.1.8) (compare with (3.2)). The
solutions captured in [18, Proposition 5.2.11] are in fact those satisfying the regularity condition
(5.1.14), while with our approach and notion of weak solutions we cannot preclude a-priori the



82 R. SCALA

existence of solutions whose jump velocity [1] shows discontinuities in time (compare also with [5,
Remark 2.4]).

The simplified model. To study problem (1.1) we first make some nonrestrictive simplifications.
In what follows we assume that the constants p and p are equal to 1. Moreover, since we treat
homogeneous materials, the elasticity tensors C°, C!, and K, are assumed constant, and we suppose
they are all equal to Id, the identity matrix. Since we always fix a Dirichlet boundary datum, the
Korn inequality ensures that we can replace the symmetrized gradient by the full gradient Vu. On
the other hand we want to study a large class of unilateral constraints for the normal jump of the
displacements, so that we are led to replace the function Iy 4 o) by a general lower semicontinuous
and convex function j : R — [0, +o¢], with j(0) = min j = 0. After simplifications, the resulting
system of equations reads

W—Au—Au=f onSf2, (1.3a)
(Vu+Vuyy =[ulz+nv onl, (1.3b)
(1.3¢)
with z satisfying
z=0, (1.3d)
<0, (1.3e)
1
z>0 = §|[u]|2—oc<0, (1.3f)
1 2
Z(E“”” —a) =0, (1.3g)
and with the constraint
ne€dj(ul-v). (1.3h)

Such system is coupled with the boundary conditions
u=w ondpSs2, Vu-n=g ondyS2, (1.31)

for some boundary datum w : dp£2 — R? and boundary force g : Iy 2 — R?. Equation (1.3g)
implies the threshold condition

%|[u]‘2<a Y (1.4)

This resulting model and the original one, apparently different, are instead mathematically
equivalent, the technicalities involved in the simplified problem being exactly the same, and all the
results can be trivially adapted to the original case. Indeed the arguments used to prove existence of
solutions to Problem (1.1) and to its regularized version are based on standard a-priori estimates on
Vu and [u] which are obtained thanks to the positiveness of tensors C°, C!, and K, and not by their
specific forms. In particular, using this and the Korn inequality we infer that there exists a constant
C > 0 such that
C%(u) : e(u) = C|Vul?,
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and similar formulas for C! and K. Also, the norm | T Ku] - [u]dx is equivalent to |- I[u])?dx.
The choice C® = C! = Id, K = Id is adopted for convenience and to simplify the exposition.
Finally, also the simplification w = 0 can be easily generalized to the non-homogeneous case; this
issue is addressed in Section 4.1, where we use standard arguments, as for instance the one adopted
in [27, Theorem 3.9].

In Section 3 we reformulate Problem (1.3) in a weak sense. Such weak form is somehow
reminiscent of the energetic formulations for rate-independent systems (see [17], [19], and [25]; for
the general theory of rate-independent systems, see [15], [18]). The energetic formulation of a rate-
independent system that evolves in a time interval [0, 7'] usually arises in a equilibrium condition
which holds at every time ¢ € [0, 7], and an energy equality, which provides that the energy stored
and dissipated by the system balances the work done on the system by the external forces. Actually
our formulation does not provide an energy balance, but only an energy inequality, since at this
stage we are not able to prove that the additional dissipation due to the presence of the unilateral
constraint (1.3h) exactly balances the external work. We can only show that the energy dissipated
by the constraint, which provokes instantaneous reaction at I" and then discontinuities in time of
the velocity field u, is less or equal to the external work. On the other hand, we prove that the
flow rule for the variable z is still satisfied in a weak sense, condition expressed by property (b’)
of Definition 3.1 below. Let us emphasize that this equation is not needed in presence of an energy
balance, since it can be readily deduced from it and the other weak equations of motion.

With the energy inequality in place of the equality, our formulation of solution is more familiar
with the one adopted by Mielke and Roubicek (see [18, Definition 5.1.1]). For these reasons we call
our notion of weak solution local solution, in accordance with this theory.

The approximate problem. In order to prove our existence result (Theorem 4.1), we proceed
approximating the Problem (1.3) by a regularized one. Specifically, we fix € € (0, 1), and denote by
j € the Moreau-Yosida regularization of j. Denoting the subdifferential of j€ by € := dj¢, i.e., the
Yosida approximation of d;, we study the approximate problem

¢ — Au —Au = f on$2, (1.5a)
(Vus + Vv = [u]z€ + B([u] -v)v onT, (1.5b)
with z€ satisfying
z€ =0, (1.5¢)
¢ <0, (1.5d)
1
>0 = §|[u€]|2—a$0. (1.5e)
1 2
Y . € _ —
(510 =) =o. (1.50)

and the boundary conditions
u¢=w ondpf2, Vu®¢-n=g ondyS$2, (1.5g)

The constraint is implicit in (1.5b), where, noting by 7€ the reaction term (thus replacing 5€([u€]-v)
by 7€), it reads

n® €9 ([u]-v). (1.5h)
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For the approximate problem, the existence of a solution is provided in the framework of an
energetic-type formulation. This consists of a weak equation of motion, a weak formula for the
flow rule, and an energy balance. The former reads

(i1, @) + (Vit, Vo) + (Vuc, Vo) + (B (€] - v). [¢]) = (f.0) = {z[u]. [p]).  (1.6)

for all test function ¢ in an appropriate space, and where the duality product (-, -) are intended in the
respective topology. The first part of the flow rule is expressed by the condition that the function z¢
is nonincreasing in time, is non-negative, and that at every time ¢ € [0, 7] it holds

(. x)>0 = %[ue(t,x)] <a(x) forae xel. (1.7)

As already mentioned, equation (1.5f) can be deduced from the previous two conditions and the
energy balance

S+ [ (@] v + 5 [ oo+ 3 |veo)?

t
+ / IVi€|2dt — / az€(t)dx
0 r
1

1 1 t
= Yool +/ 7<(wol - v)dx + —/ zoluoPdx + Va2 —f azodx +/ (o),
2 r 2 Jr 2 r 0
(1.8)

valid for every time ¢ € [0, T].

Benefiting of the regularity of j€, the existence of an energetic solution to the approximate
problem is readily obtained by adapting standard results in delamination theory. For this we mainly
refer to [26] and references therein.

Then we pass to the limit as € tends to 0. Thanks to standard a-priori estimates it is possible to
show that the triple (u€, z€, B€([u€]-v)) tends to a triple (u, z, n) with respect to suitable topologies,
the latter being a local weak solution to Problem (1.3) as in Definition 3.1 below. In particular, it is
seen that condition (1.7) passes to the limit, while in order to let (1.6) pass to the limit we have still
to integrate it with respect to time, and thus getting rid of the second time derivative of u by parts
integration. The resulting weak equation is

— (1, ) + (T).o(T)) + (Vii, Vo) + (V. Vo) + (1. [¢] - v)
= (u1.9(0) + (L. 0) — Clul. [, (1.9

where the duality products are intended in appropriate spaces (see Section 2). As for the energy
balance, as said, we prove that an energy inequality holds at the limit. In order to guarantee that
(1.5%) is still valid at the limit, we prove an additional condition, obtained from (1.3g) integrating by
parts in time, namely

/Fz(tz)(%uu(tz)]iz—oc)dx—Lz(rl)(%|[u(t1)]|2—a)dx—[fzﬁz([u]-[L't])dxdt =0,

(1.10)

for every time interval [t1, 2] C [0, T].
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The main difficulty in the proof of Theorem 4.1 relies in the lack of compactness of the family
of functions B¢([u€] - v) in L2([0, T] x I'). Indeed it is possible to prove that these terms are only
uniformly bounded in the larger space H ([0, T], H -2 (I")). Therefore, since the limit function 5
only belongs to H~1([0, T], H -3 (I")), in order that (1.3h) makes sense, we have to relax the notion
of subdifferential d; . This relaxation is described in Section 2.1 where we first extend the operator j
to a new operator § defined on the space L2([0, T] x I'), then we restrict it on H ([0, T], H> ()
and consider its subdifferential with respect to this new topology, noted by f,,. Within this weaker
notion of constraint, it is no longer true that (1.3h) is satisfied in a pointwise sense. Nevertheless it
is still possible to recover some regularity from the condition 1 € By ([u]-v), and a finer description
of it also elucidates the link between the strong pointwise inclusion (1.3h) and that intended in
the weak sense. This is a standard procedure which has been adapted from [29], [5], [28], and is
based upon convex analysis results contained in [6] and [14]. Similarly defining the correspondent
operators §€ on L2([0, T] x I'), it is shown that their subdifferentials 93¢, still noted by A€, tend
in the sense of graphs to the weak operator 8, (see Lemma 2.3). Then, adapting standard results of
the theory of maximal monotone operators allows us to prove that the limit constraint is satisfied,
namely,

n € Bu([u] - v). (1.11)

The previous argument, synthesized in Section 2.2 and Step 3 of the proof of Theorem 4.1 was
previously used in [5], where the authors consider a general obstacle acting on the whole 2. The
argument turns out to be very general and can be easily adapted to the present situation.

Structure of the paper. 'The paper is organized as follows: In Section 2 we introduce the notation
and all the preliminaries on the mechanical setting of the problem. Moreover, in Subsections 2.1
and 2.2 we describe the general procedure to relax and approximate the constraint. In Section 3 we
introduce our notion of weak solution to Problem 1.3a and provide the existence of approximate
solutions. The last Section 4 is devoted to the proof of the existence result, Theorem 4.1.

2. Preliminaries

Setting. The apparatus for the delamination process consists of two elastic bodies, whose reference
configuration is represented by the disjoint bounded open sets £2; and £2,. We assume that £2;
and £2, are connected, and that their common boundary I := 9£2; N 32, has positive (d — 1)-
dimensional Hausdorff measure, i.e., ¥4 ~1 (I'") > 0. We denote by v the unit normal vector to I,
oriented in such a way that it points from £2; into §2,. We set

Q:=2,UR, while £ :=int(27U 2>), 2.1

the latter being the inner part of the closure of £2. The external boundary of £2, i.e. 3£2, splits
as 02 = dpf2 U In 2, representing the parts of the boundary where we will impose Dirichlet
and Neumann conditions, respectively. We also denote by dp£2;, := dp§2 N 02, and dp $2; =
dp £2 N 9£2,, and we will make the geometric assumptions that both dp £2; and dp §2, have positive
(d — 1)-dimensional Hausdorff measures. We denote by n the external unit normal to 382. Crucial
will be the hypothesis that

d(0p$2,I') > 0. 2.2)
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The latter, where d(-, ) is the Hausdorff distance between sets, ensures that there exists a smooth
function ¥ on R that takes the value 0 on dp 2 and 1 on I".

Notation. We introduce the space
Vi={ueH (2):u=00ndp}, (2.3)

with dual V. Note that in general u € V does not belong to H'! (£2), since it might have nonzero
jump on the interface I". The jump of u € V on I', denoted by [u], is defined by [u] := uy — uy,
the difference between the traces of u on I", from £2, and §2; respectively. With this convention the
scalar product [u] - v represents the normal displacement between the two bodies, which in turn will
be positive if they are a positive distance far, while a negative value means that interpenetration is
occurring.

We also introduce the following space

V:=H'(0.T],V). 2.4)
Similarly, for all ¢ € [0, T], we introduce the space VU, := H'([0,], V). Let
Z := L*(I" [0, 1]). (2.5)
The following space will play a crucial role in the following discussion.
% := H'([0,T], H?(I')), (2.6)
and its counterpart ¥, := H'([0,1], H%(I")) for all ¢ € [0, T']. Sometimes we will deal with
H?(2) = {u e H*(2,RY) :u = 0 on 82}, (2.7)

and with its dual space, denoted by H ~2(£2).
The scalar products in L2(£2, R¢) and L2(I") are noted by

(,") .97,
respectively, while the scalar products in L2([0, T] x £2, R?) and L?([0, T] x I') are
¢ "

This convention reflects the idea that integration only in space is represented by only one bracket,
while double brackets are used for integration both in time and space. When we integrate in a
subinterval [0, ] C [0, T] we will add a label ¢, namely,

(G PR (O A

are the scalar products in L2([0,] x £2,R¢) and L2([0,¢] x I'), respectively. The symbol || - ||
usually denotes both the norms in L2(§2, R?) and L2(I"). The norm in a general Banach space X
is denoted by || - ||x-

The duality pairing between a Banach space of functions on §2 and its dual (for instance the
duality between V' and V) is denoted by (-, -), whereas if the functions are defined on I" we will



DYNAMIC DELAMINATION WITH UNILATERAL CONSTRAINT 87

use the notation (-, -)”" (for instance the duality between H 3 (I') and H 3 (I")"). We use the double
brackets when we deal with a space of functions in the time-space. For instance, the duality pairing
between L2([0, T], V') and L2([0, T], V) is denoted by {(-,-)), and for any ¢ € (0, T), the symbol
{(-,-)); denotes the duality pairing between L2([0,¢], V') and L2([0,¢], V). The duality pairing in ¥
and ¥, are denoted by (-, -)7" and ((-,-))T, respectively.

We define, for all u € H'(£2),

V() = %\[u”z. 2.8)

It is also convenient to define the operator T : Z x V — V' as
(rGaogh= [ zlul-lolds 2.9)
r

forall ¢ € V. Since 0 < z < 1, by the continuity of the trace operator from V in L?(I") (whose
norm is denoted by C > 0), we have

/FZ[M] lpldx < ([[]lllell < Cllulvlely. (2.10)
which implies T (z,u) € V' with || T (z,u)||ys < Cllully, forall (z,u) € Z x V.

. . . 1 .
Extension operators. We also need to introduce the linear operators S; : H2(I"'R?) — V,i =

1,2, defined as follows. For all ¢ € H 2 (I'"R%) we define u(¢) as the unique harmonic function in
HY(£2, U £2,,R%) with boundary condition ¥ = ¢ on I', u = 0 on 0§2p, and g—z = 0on d092y.
Then we define

Si(p) = u(@)xe; (2.11)

fori = 1,2, where yg; is the characteristic function of §2;. It is easy to check that the operator S;
is linear and continuous, i.e., there exists a constant ¢ > 0 such that

ISi(@)lv < cllell (2.12)

HE (MR
fori = 1,2, and that [S1(p)] = —[S2(¢)] = ¢.

External forces. 1If there are external forces f € L?(2,R?) and g € L%(dy2,R?) the total
external load is defined as

(£.0) = (f.9) +/ - odsx, (2.13)

N

for all ¢ € V. It easily follows that £ € V’. The weak equation for the stress field ¢ €
L2(£2,R4*4), that is

@Yo =)+ [ g
N2
for all ¢ € V, implies that
dive = f a.e.on 2,
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and
o-n=g aeondyf2.

In what follows, we will only assume that there exists an external load £ € V’, so that, considering
also the inertial term, the equation of motion becomes

(ii, ) + (0, Vo) = (£, 9), (2.14)

for all ¢ € V. Equations (1.3a) and (1.3b), when coupled with homogeneous Dirichlet and Neumann
conditions, thanks to notations (2.14) and (2.9), can be expressed in weak form as

(it @) + (Vit, Vo) + (Vu, Vo) + (B([u] - v). ¢) = (£, 9) = (T(z. ). ). (2.15)

for all ¢ € V. Unfortunately we are not able to provide a solution of (2.15) for all times ¢ € [0, T'],
but we will further need a weaker formulation (see Section 3).

As far as the evolution of the delamination variable z is concerned, we assume it satisfies
equations (1.3¢e), (1.3g), and (1.3f). Here @« € L°°(I") is a positive function that represents the
energy (per area) dissipated on the interface I'. This is a delamination threshold that the elastic
stored energy of the adhesive V([u]) must reach to start the delamination process (equation (1.4)).
We assume that

a>c ae.onl, (2.16)

for a fixed positive constant ¢ > 0.

2.1  The unilateral constraint

We assume that j : R — [0, +00] is a convex and lower semicontinuous function such that j(0) =
minj = 0. We denote by 8 := dj the subdifferential of j, which turns out to be a maximal
monotone operator from R to 2.

We introduce the functional J on L2(I") as

J(v) = /Fj(v)dx ve LX), 2.17)

where the value of the integral may well be +oc if j(v) ¢ L'(I"). The subdifferential of J in H is
defined as the multivalued operator J from L2(I") to 2L2(D) quch that, given u € L2(I"),

L*(I"') 3 v belongs to 3J (1) < J(w) —J(w) = (v,w —u)l  Yw e L2(IN). (2.18)
It is well-known that J coincides with the operator 8 in L2(I"), in the sense that, v € 8J(u) if and

only if v(x) € B(u(x)) for a.e. x € I'. In a similar way we introduce the functionals § and §; on
L?([0, T, L*(I")) and L?([0, ], L?(I")), respectively, by

T ¢
9(v) :=/0 /Fj(v)dxds 9:(v) :=/0 /Fj(v)dxds. (2.19)
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The multivalued operator 39 on L2([0, T] x I') into 2L2(0.TIxD) qybdifferential of 9, is defined as
follows:

Lz([O, T] x F) > v belongs to 33(u) < $(w) — Y(u) = (v.w —u)’,
forallw € L2([0, T] x I'). (2.20)

As for J, the subdifferential of § (and the analogue §,) is still interpreted in the pointwise form S,
and we will still adopt the notation 8 = 0§.

Relaxation of the constraint. We want now to introduce a relaxed notion for the operator §, seen as
an operator on the space ¥ C L2([0, T], L2(I")). To this aim, we first set $3 := 9Ly, the restriction
of § to ¥. Hence we can consider its subdifferential 033 with respect to the duality pairing between
¥ and ¥’. Namely, if § € ®' and u € ¥, we say that

EedYn) & In(w)—9xw) = (& w—u)l Ywex. 2.21)

Consistently with the definition of 8, we will denote the operator 033 by By (W standing for
“weak”). Similarly proceeding for the functional §,, we are led to define the subdifferential d3; %
of the operator §; 3% := J;Ly, and thus using equivalently the notation B ;.

In this general setting it is not true anymore that f,, coincides with the operator § in a pointwise
sense. Indeed if v € By (u), the pointwise value of v is not anymore defined when v € ¥’ \ L2(Q).
However we can still recover some regularity of v from the condition v € B,,(u). Following the
argument of [29, Prop. 2.1] (which, in turn, is based on the results of [7]), it is easily seen that if
& € Bw(u) then there exists a bounded Borel measure § such that (&, p)) = fOT [ @dT for all
¢ € RNC([0, T]x I"). We thus say that the measure § represents &£ on C([0, T x I"). Moreover, we
obtain the following relation between the measure 3 and the original constraint 8 (cf. [7, Thm. 3]
for further detail): noting as § = §; + T the Radon-Nikodym decomposition of T, where T, (T,
respectively) is the absolutely continuous (singular, respectively) part with respect to the £ x #4~!
measure on [0, 7] x I", we then have

Saue L'([0, T x I), (2.22)
Sa(t,x) € B(u(t,x)) forae. (t,x) € [0,T] x I, (2.23)

T T
((Eu))—[) /FTau dxdt =sup{/(; /Fr;d'j's, n e C([o, T]XF), nel-1,1];. (224

In other words, the absolutely continuous part T, of T satisfies the constraint pointwise (in view of
(2.23)), while the singular part T is characterized by (2.24).

Moreover, it could be said more about condition (2.24), in the case that j = I[o,to0). Namely,
denoting by T; = p|Ts| the polar decomposition of T, where |T| is the total variation of Ty,
following the lines of [14, Thm. 3] one may prove that

p € o +o0)([u] - 1) |T5] —ae.in [0,T] x I (2.25)

This means that the singular part of T is supported on the set where [u]-n = 0 and that here it holds
p = —1. In some sense, also the singular part of T is partially reminiscent of the expression of the
operator .
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Actually, the characterization (2.25) is proved in [14] in the case when ¥ is replaced by H (£2),
with £2 a bounded domain of RY, and may be likely extended to the present situation. We drop the
proof since it would be much technical and of low interest.

2.2 Approximation of J

For all € € (0, 1), we introduce the convex and lower semicontinuous map j €, the Moreau-Yosida
regularization of j. As for j, we set

ﬁé = 3j€,

the Yosida approximation of 3, and recall that B¢ is globally e ~!-Lipschitz continuous
Similarly to J, we introduce the functional J€ on L2(I") as

J€(v) :=/Fj€(v)dx ve L3I, (2.26)

where again the value may well be +o0 if j€(v) ¢ L1(I"). Similarly the functionals §¢ and §¢ on
L?([0, T], L?>(I")) and L?([0,¢], L?(I")) are defined by

T t
§¢(v) := / / Jj€(v)dxds §5(v) = / / j€()dxds, (2.27)
0 r o Jr
respectively. The operator 03¢, subdifferential of §¢, is readily defined as

LZ([O, T]1x I') 3 v belongs to 33 (u) < 3¢ (w) — §°(u) = (v, w — u)’,
forallw € L2([0,T] x I'), (2.28)

and similarly 035, the subdifferential of §;. Also in this situation the operators dJ €, d3¢, and 93¢,
coincide with the operator € pointwise, that is, v € 03¢ (u) if and only if v(¢, x) € € (u(z, x)) for
ae. (t,x) € [0, T]xI.

Lemma 2.1 The operators J€ (3¢, and §5) converge to J (3 and 3;, respectively) in the sense of
Mosco-convergence in L2(I') (L?([0, T] x I') and L*([0, t] x I'), respectively).

The proof of this is a consequence of the fact that j¢ ' j pointwise and of [1, Theorem 3.20].
We are now interested in restricting the operators ¢ to the space ¥ and looking at their
subdifferential in this new topology. First, the following can be said.

Lemma 2.2 There holds:

(a) The function B¢ is a monotone operator from R into H'.
(b) Forallu € R, the function 5€(u) belongs to the subdifferential of §€ at u (denoted by dy §€),
seen as an operator from ¥ into W' (actually, 0% € is univalued and I 3¢ = B€).

Proof. To prove (a), we see that if v € ¥ it results B€(v) € L2([0,T], L?(I")) C ¥’ thanks to the
Lipschitz continuity of 8¢. Moreover, 8¢ is a monotone operator on L2([0, T], L(I")), so that for
allu,ve ¥

(B ) = B()u =) = (Bw) = B<(w),u —v)" = 0.
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Let us prove (b). By definition, 8€(u) belongs to the subdifferential of §€ at u as an operator on
L?([0, T, L*(I")). Thus we have

(B, v —u)" = (B<), v —u)" < §(v) - §°(w),
for all v € ¥, and the thesis follows. ]

Now the desired approximation property of € is expressed by the following fact.
Lemma 2.3 The monotone operators € = 03 3¢ converge to the maximal monotone operator
0xY = B in the sense of graphs, i.e.,

Vix,y] € By 3F[x€,y1€ B¢ suchthar [x€,y¢] — [x,y],

where the convergence is intended with respect to the strong topology of ¥ x ¥’

The proof is obtained thanks to the monotonicity of the functionals §€, and then owing to [I,
Theorem 3.20] and [1, Theorem 3.66].

It is straightforward that Lemmas 2.2 and 2.3 apply also the the operators 8§ and B, ;, for every
fixedt € [0, T1].

The following Lemma will be crucial to prove our main result:

Lemma 2.4 Let the monotone operators Ay tends to the maximal monotone operator A in the sense
of graphs (operators from R into 2% ). Let v, — v weakly in R, &, — & weakly in ®', and assume
€n € An(vn). If

lim sup((&,. va )" < ((£.0) T

then & € A(v).

Proof. The proof is an adaptation of [1, Proposition 3.59]. Since A, tends to A4 in the graphs sense,
for all [x, y] € A there exists a sequence [x,, y,] tending to [x, y] strongly in ¥ x K’. Then, by
monotonicity of A,, we have

(En — ynrvn —xa)T = 0. (2.29)

Passing to the limit we get
lim sup{(£n. va)) " = (v, X)) (2.30)
and so by hypothesis, (&, v)T = (v, x))T", which is equivalent to
=y v—x)" =0.
Now the thesis follows by the arbitrariness of [x, y] € A and the maximality of A. U

REMARK 2.5 Let us remark that all the previous results do not appeal to the specific definition of
the space ¥. Indeed they hold true for a general Hilbert space ¥, provided that ¥ C L? C ¥’ is
an Hilbert triple, i.e., the duality pairing between ¥’ and ¥ satisfies {{v,u)) = ((v,u)) whenever
veL?
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3. Weak formulation
We are now in position to define the notion of local solution to Problem (1.3).

DEFINITION 3.1 Let T > 0, let £2 and £2 as in (2.1), let ug,vg € V, zop € Z, and £ €
L%([0,T], V'). Then we say that a triple (u, z, 1) is a weak solution to (1.3) on [0, 7] with initial
conditions ug, vg, and zg, if

ue H'([0,T],V) nWwh([0,T], L*(2)), (3.1a)
e H'([0,T], H'(2)) n BV ([0, T], H (%)), (3.1b)
z€ L=([0,T],Z) N BV ([0, T], L' (I)), (3.1¢)
nen. (3.1d)

is such that u(0) = ug, 1(0) = vg, z(0) = zo, and satisfies conditions (a), (a’), (a"), (b), (b’), and
(c) below.

(a) The following weak equation of motion holds: for all ¢ € U we have

— (@, @) + ((T), (1)) + (Vit, Vo) + (Vu, Vo) + (0, [¢] - v)
= (v0,9(0)) + (L. ¢) — (zlul. [eD)". (32)

Moreover
(i1, o)) + (Vir, Vo)) + (Vu, Vo)) = (£, ¢)), (3.3)

forall € H' ([0, T], H} (£2)), for all ¢ € [0, T.
(a") The following restricted weak equations of motion holds: for all ¢ € [0, T'] there exists n, €
¥, N ¥’ such that

— (@, @)r + (1), (1)) + (Vit, Vo) r + (Vit, Vo) + {(ne, ] - v)){
= (v0,9(0)) + (L. ¢)r — (1ul. [W])] . B4

for all ¢ € V,. Moreover 7, satisfies the property that, for all ¢ € ¥, with p(¢) = 0, we have

(ne.of = (m.@)", 3.5)

where ¢ denotes the extension to ¥ of ¢ € ¥, such that ¢(s) = 0 fors € [¢, T].
(a”) We have

n € Bw([u]-v), (3.6)
and for all ¢ € [0, 7] it also holds
Ne € Bw.i([uro,l - v). (3.7

(b) for almost every x € I the function ¢t — z(¢, x) is nonincreasing and

z(x) =0 forae.x €T, 3.8)
1
§|[u(t,x)]|2 >a(x) = z(t,x)=0 forae.xel (3.9

forall t € [0, T].
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(b") for all times #; and ¢, with 0 < #; < t, < T it holds

LZ(IZ)(%|[u(I2)]|2—oz)dx—/Fz(tl)(%’[u(tl)“z—a)dx
—/tt2ﬁz[u] -[u]dxdt = 0. (3.10)

(c) the following energy inequality holds

S 4+ ()] ) + (V). 202)) " + 5 [Vute)

+ / ’ IVit|*ds — (. z(22)) » + (. 2(11) -

1 ro
< 3 [a)|” + 7 ([un]-v) + (V). z@) "+ 5| Vuten|®
+ [tz(;:,u)ds, 3.11)
forae.t1,t € [O, T], 1 <t

Notice that the definition above is given for a generic external load £ that can also have (but not
necessarily) the form (2.13).

3.1  The approximate problem

In this section we introduce the energetic formulation of the approximate problem (1.5). Also for
the approximate problem we restrict our attention to the homogeneous Dirichlet condition

u€ =0ondpR x [0, T]. (3.12)

DEFINITION 3.2 Let us fix € € (0, 1), let (ug,v9.20) € V xV x Z,and £ € L2([0,T], V). A
couple (u€, z€) satisfying

u¢ e H'([0,T1. V) n Wh([0,T], L*(2)). (3.13a)
u¢e H'([0,T], V'), (3.13b)
z€ e L°([0.T].Z) n BV ([0.T], L'(I)). (3.13¢)

is called a weak (energetic) solution to Problem (1.5) if u€(0) = ug, u€(0) = vg, z¢(0) = zp, and
the three following conditions hold:

(a¢) for every time ¢ € [0, T'], it holds

— (@, @ )e + (10, 9(1) + (Vi€ Vo) + (Vus, Vo), + (B (] -v), 9)]
= (u1,9(0) + (L. 0)r — WL )] . (3.14)

forall ¢ € Vy.
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(b€) for almost every x € I the function ¢t > z€(¢, x) is nonincreasing and

z¢(x)=0 forae . x€eT, (3.15)
V([u(t.x)]) >a(x) = z°(t,.x)=0 foraexel (3.16)

forall t € [0, T].
(c) the following energy balance holds

@+ <] v + (V0).#0) 2 veo?
! € Zd _ € r
+/0 [Vic||>ds — (a, (1))
r
= Sl + 7% (ol -v) + (V{[uol).20) 4+ 21 Vuoll> — (@ 20)" + (L.d B.17)

forallz € [0, T].

Note that, thanks to (3.13a) and (3.13b), equation (3.14) can also be written in the standard form

(€. ) + (V€. Vo) + (Vus. Vo) + (B[] -v). [D)] = (L. o) — (] [0])] .
(3.18)

forallp € U, forall ¢ € [0, T].

REMARK 3.3 Condition (b€) only ensures that (1.5d) and (1.5¢) hold. Equation (1.5f) is not explicit,
but the presence of both (b€) and (c€) ensures that it is satisfied in a weak sense. In fact (b€) and
(c€) imply that for all times #; and ¢, with 0 < t; < t, < T it holds

/er(tz)(%ﬂué(tz)nz — a)dx — /F ze(tl)(%|[u€(t1)]|2 — oe)dx
— ftz /1‘ z€[u€] - [u€]ldxdt = 0. (3.19)
1

Equation (3.10) can be seen exactly as the integration by parts in time of (1.5f).

The existence of energetic solutions to problem (1.5) is standard. It can be carried out following
the lines of the proof of existence of energetic solutions of the problem in [26, Definition 2.1]. We
do not give a detailed proof, referring to [26, Appendix] and references therein for further detail.
Here we just recover some fundamental steps in order to highlight the small differences between
the cited case and our. The argument consists in a time discretization procedure and a variational
implicit scheme as described below. To simplify notation in the rest of this section we drop the label
€.

For all integer n > 0 we divide the interval [0, T'] in n equal subintervals of length T := T /n.
Wesett' :=irt,

n no.__ no.__
Ug = Uo, U_y ‘= Uop — T, Zg = 20,
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and define £} := %f;’;“ L(s)ds for all n > 0. Then for 1 <i < n we recursively define u? € V

as a minimizer of

_n n  _ .n 2
1”” Uicg Uiy ”i—z”

1 1
U(u) = 5 + §||Vu||2 + o IVu— Vui, |12

i r
+ () v) + (V(0).2) — (ghu. (320)

and z{’ € Z as the minimizer of

Wi (z) := (V([u?]),z)r —(a,z—z" )T, (3.21)

among the class of all z € L2(I[0,1]) such that z < z!' . Computing variations at these
minimizers we find out
Vul!’ —Vu

up —uiy up —ui, ) i1
_ L9) + (Vul', Vo) + (— il v )
( . . @)+ (Vui, Vo) . @

r r
+ (B v).[o]) + (B L) 2iy) " = (8 g) =0, (322)

for all ¢ € V, while

/ V([u?l)ndx —/ andx =0, (3.23)
rn{z}>o0} rn{z}>o0}
foralln € L2(I'), n <0, and
n r r
(V(©D.n) =@’ =o, (3.24)
if 1 is such that, for some € > 0, z' = €n € [0, z;—] a.e. in I". The minimality of z}’ implies also
r r
(V([u;’]), - z;'_l) — (.2 =z )T <. (3.25)
Now, standard a-priori bounds are provided for the functions u,, z;, and v, defined as the unique
piecewise affine (on [¢]"_,, 77 forall j = 1,..., n) maps satisfying u.(¢}') = uj, z:(t]') = z, and
vr(t;’) = v}’ = %(u;’ — u;.’_l), forall j = 1,...,n.In particular we find
ur = u weakly in H'([0,T]. V), (3.26a)
u.(t) =~ u(t) weaklyinV, foreveryt € [0, T], (3.26b)
ze =z weakly* in L*([0, T], L*(I")), (3.26¢)

as T — 0. Moreover # € H'([0,T], V'), z € BV([0, T], X’) for any Banach space X such that
LY(I') C X', t = z(t, x) is nonincreasing, and

v; —~u  weakly* in L°°([O, 7], H), (3.264d)
U — i weakly in L*([0, T], V'), (3.26¢)
zp =z weakly* in BV([O, T1], X’), (3.26f)

z:(t) = z(t) weakly* in L°°(I") for every t € [0, T]. (3.26g)
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To deduce (3.26e) we argued by comparison in (3.22) and used the fact that, for fixed €, the function
|B€(s)| has linear growth in s. Condition (3.22) is easily seen to pass to the limit in an integral form,
thus providing condition (a€). Condition (b€) is proved in the following Lemma:

Lemma 3.4 Condition (b€) holds for (u, z) in (3.26).

Proof. Since u; - u, is bounded in H'([0, T], W4(£2)) for g < %, we can assume

[ue] - [ue] = [u] - [u]  strongly in L*([0, T], L"(I")). (3.27)
forr < % =2ifd =3,orr < +o0ifd < 2. Let i, and Z; be the piecewise constant maps on
[0, 7] such that 9i(t) = u}_| and Z;(¢) = z'_, forall¢ € [t;—1.%;) andi = 1,...,n — 1. Hence it
is not difficult to see that, up to a further subsequence, it holds

[iic] - [iic] = [u]-[u]  strongly in L>([0, T], L"(I")), (3.28a)

2. =~z weakly* in L*([0, T], L*(I")), (3.28b)

2, =~z weakly*in BV ([0,T], X'), (3.28¢)

Z.(t) = z(t) weakly* in L°°(I") for every t € [0, T]. (3.28d)

Conditions (3.23) and (3.24) are equivalent to

/ V([i(2)])ndx —/ andx = 0, (3.29)
Nz (£)>0}

I'n{z;(¢)>0}

forall n € L(I"), n <0, and

(v([#0)) TI)F — (@’ =0, (3.30)

if n is such that, for some € > 0, z]' = en € [0,z ], fort € [t;—1. ;).
Moreover there exists { € L°°([0, T] x I') such that

Xiz.>0y — ¢ weakly* in L°°([0, T] x F). (3.31)
Thus from this, (3.28a), and (3.29), we infer

V(D). ty)" = (@.cy )" =0 (3.32)

for all Yy € L2([0,T], L?>(I")), ¥ < 0. Let us show that {¢ > 0} D {z > 0}; from this and the
arbitrariness of ¥ we will obtain that

V([u,)]) <) ae ontheset {z(r)> 0}, (3.33)

fora.e.t € [0, T]. Tothis aimset A := {(¢t,x) € [0, T]x " : 0 = {(t,x) < z(t, x)}. Using (3.28b),
by Fubini and the Dominated Convergence Theorem, and then by the fact that Z; < 1, we find

Os/zdxdt = lim | Z.dxdt sf)({21>0}dxdt =/§dxdt,
A A A A

=0

which proves that |A| = 0 and the claim follows. O
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To prove (c€) we first test (3.22) by ¢ = u? — u}_,, then sum the obtained expression with
(3.25). Hence, summing over i = 1, ..., n, we obtain the approximate energy inequality

T

T
) 1
| el 519

1 1
ST = S ol +

T

1
— Z|Vunl?
S1Vo ] + 3

T T
/0 Vi |2ds + /0 IVitelds + J<(@u(T)] - v) — I ([uo] - v)

— (2N + @ 20)” + (V([e(D)]). 2:(D) = (VoD z0)”
< (Lo ) + (o] - i) =[] - [ite], 21))F~ (3.34)

Passing to the limit in the last formula, where it is easily seen that the third and sixth terms in the
left-hand side, and the last term in the right-hand side, tend to 0, we get (c¢€) with <. To prove the
opposite inequality the arguments are standard and we address to [26, Appendix] and references
therein.

4. Existence result

In this section we state and prove our main result, which provides the existence of solutions as in
Definition 3.1.

Theorem 4.1 Let T > 0, ug, vo € V, zo € L*(I,[0,1]), £ € L2([0, T], V"), then there exists
(u, z,n) a local solution of (1.3) in the sense of Definition 3.1.

For all € € (0,1) let (u€,z€) be an approximate solution of Problem (1.3), as given in
Definition 3.2. Now we divide the proof in several steps.

Step 1. The following apriori estimates for the approximate solutions (1€, z€) hold true. There
exists a constant M > 0 such that

1Nl g go,m1,v) < M, (4.1a)
lullw .00 o,71,5) < M, (4.1b)
1 11 o, 71, 512029y < M- (4.1c)
150 L2 g0 17,51 (&y) < M- (4.1d)
z€llLoe(0,1,2) < M, 4.1e)
Iz¢lBvo, .1y < M. (4.1f)
1B (] - W)L o1, (ryy < M, (4.1g)

for all € € (0, 1). Moreover
18°(u1- ) [ + 1B (€T v) [, < M, 4.2)

and forall ¢ € [0, T]

|8 (T V) 3, + [18(T V)i |, < M. 4.3)

forall € € (0, 1).
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Proof. For all € € (0, 1) the energy balance (c€) of Definition 3.2 implies

1 . € € € € € F 1 € . €
Sl O + 74 ] -v) + (V([10).250) -+ SV O + IV V2o v
+ (o, 20 — Ze(t))r
- € 1 1 - €
= CO + «‘Q»u »t < CO + E”‘Q”iz([o,t],V’) + 5”” ||]%2([0,t],y)

1. . 5 1 cena
=C + Euuéan(mJ]Xg) + §||vué||L2([0,z]xQ)’ 4.4)

where Co i= Ly |2+ (V(u§h, 25) + 7 (wol-v)dx+ § [ Vo, and €1 i= Cot 1212 1 o
From (4.4) we obtain [u€(¢)||> < C(1 + ||u€||i2([0 {x2))- and the Gronwall Lemma implies that
there exists a constant M > 0 such that

i€ 0)|* < M forall z € [0, T, (4.52)

for all € € (0, 1), and hence (4.1b) holds. Note that M is a positive constant depending on the
problem data, but independent of €. From (4.4) we also get

Il 1 o, 77,7y < M. (4.5b)
J(u¢@)]-v) < M forall ¢t € [0, T], (4.5¢)
(V([;f](z)), zf(z)) < M forallz € [0,T], (4.5d)
Iz¢llLoe 0,11, 2) < M, (4.5¢)

for all € € (0, 1). Thanks to the monotonicity of z€ and (2.16), the boundedness of the term (&, zg —
z(t)) = f(f (ar, 2€)dss, implies (4.1f). Moreover we find

|7 (z¢ (). u¢(0))|

o < M forallz € [0,T],. (4.5)

Letnow ¢ € H %(F :R%) be a test function such that 1 - v = 1 on the whole I'". Let ¢ be the
extension of ¥ on £2; defined as ¢ := S;(¥) (see (2.11)),sothatp € V. Letus set ¥ (¢, x) := ¢(x)
forall t € [0, T] and x € £2. Then we test (3.2) by ¢ = u + ¥, with § € (0, 1). We obtain (recall
¢ = 0on §2;)

T T
(uE(T),uf(T))—(uﬁ,ug)—f ||if||2dt+/ a’uf(r)-wczx—/ 8u3-11/dx+f IVuc|>dt
0 21 2, 0
1 2 1 2 T
+ | Vus (D) |” — 2| Vu§| +/ / 8Vu€-Vl1/dxdt+/ §Vu(T) - VWdxdt
2 2 0 21 21

T
— | 8Vu§-VW¥dxdt + / / BE (€] - v) (] - v — 8)dxdt + (=€, [u€|* — suc - v)
21 0 r

= (L.us) + (L. 8¥)).
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Thus, since |B€(x)| < §7'|B¢(x)(x — §)| for € € (0, 1), it follows

T
8/ /|,3€([u€]-v)|dxdt
0 r
< [ [T+ S [ o e ?
- 0 2 0 L4(F) 2 0 2
Ly ez (T2 L Lo 2
sl @ + [ e Par+ [ |vae|ae+ S vacn)
0 0
LT € 1 € 2 17 2 LT €2
o R R A e g A R
T
+/ (£,8W)dt + C; < Ca, (4.6)
0

for some constant C;, C, > 0 independent of € € (0, 1). Here we have used the Young inequality
in the first estimate and the estimates obtained so far in the last one. This entails (4.1g). Thanks to

the continuity of the embedding L' (I") ¢ H -3 (I'), valid for d < 3, the continuity of the trace,
together with (3.14), implies that

”iiE”Ll([o,T],]fI—z(g)) < M, (4-7)

so that (4.1c) follows. Moreover, arguing by comparison in (3.18) with ¢ € H'([0, T], H} (2))
(i.e., [p] = 0), estimate (4.1a) implies (4.1d).

Let us now prove (4.2) and (4.3). For every ¢ € ¥ let @(¢,-) := Si(p(t)) € V, so that
® e H'([0,T], V). Since @ € V, from (3.14) we write

(B (€T - v). @)e| < 1€l L2 qo.qx e 1R L2 qo.c1x2y + 1O M@ Il + [ 1P O) ]
+ IVl L2q0,0x2) I VPl L2 o.e1x2) + IVl L20,0x2) I VP L2 10,61x2)

+ 1T u) 2o, 1PN L2qo.0,vy + 1L 20,0, 19 L2 G0,61,v)
< Gl|?]lv, < Cllellx,, (4.8)

for all ¢ € K, where we have used (4.1b), (4.1a), (4.5f), and the continuity of the map S;. This
shows that

18T - v)e o |

w S Mforallt €[0,T], 4.9)
t
and in particular

[ 81T v)|

for all € € (0, 1). If we repeat the argument in (4.8) with an arbitrary extension @ € U of ¢, we see
that estimates (4.9) and (4.10) hold also in the spaces UV} and V’, respectively, i.e.

w <M, (4.10)

18€ (1] - v) L o,0) H,U; < M forallt € [0,T], “4.11)
|8 (11 v) [ < M. (4.12)
for all € € (0, 1). This concludes the proof of Step 1. U
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Step 2. There exist (u, z, n) satisfying (3.1) such that, for a subsequence of € — 0,

u® —~u  weakly in #'([0, T], V) and weakly* in W"*°([0, T]. H), (4.13a)
€ —u  strongly in L*([0, T], H) and weakly in H' ([0, T], H™'(£2)), (4.13b)
u¢(t) = u(t) weakly in 1:172(.9) forallt € [0, T], (4.13¢)
z€(t) — z(t) weakly* in L°°(I") forall ¢t € [0, T], (4.13d)
BE([u€]-v) =~ n weakly in ¥ and V', (4.13e)

with
z € BV([0,T], L'(I)). (4.13f)

Moreover (a) is satisfied, and for all ¢ € [0,T) there exists n, € H; such that, for the same
subsequence,

BE([u€] - v)o,n— n: weakly in ¥ and V;, (4.14)
with 7, satisfying (a’).

Proof. From (4.1a), (4.1d), (4.1e), and (4.1f), we deduce that there exist u € H'([0,T],V) and
z € L*([0,T].Z) N BV([0, T]; L'(I")) such that, for a subsequence of ¢ tending to 0,

u® —u weaklyin H'([0,T], V), (4.15a)
u® =~ u  weakly* in W"°([0, T], H). (4.15b)
u€ —u  weakly*in H'([0, T], H'(£2)), (4.15¢)
z€ =~z weakly* in L*([0, T], L*(I")), (4.15d)
z e BV([0.T], L'(I")). (4.15¢)
and in particular
u(t) — u(t) stronglyin H forall ¢ € [0, T], (4.15f)
u(t) > u(@) weaklyinV forallz € [0, T]. (4.15g)

Moreover, the continuity of the trace from V to H 3 (I',R?) and the compactness of the embedding
H2(I'RY) ¢ L™(IRY), forall r < 24=D imply that

d-2
[u€] — [u]  strongly in L2([0, T], L*(I, RY)), (4.15h)
[u¢(t)] = [u@)] stronglyin L™ (I R?) forallz € [0, T]. (4.151)

Similarly, by (4.15g), we find that

T(z¢,u€) — T(z,u) weakly in V’,
T(z€(1).u®(t)) — T (z(r), u(r)) weakly in V' for all # € [0, T]. (4.15j)
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Condition (4.1c) implies that 1€ are functions uniformly bounded in BV([0, T], H 2(£2)). We
can then employ a generalization of Helly Theorem [8, Lemma 7.2], providing a function v €
BV([0,T], H™2(£2)) such that

u€(t) = v(r) weakly in H=2(82) forall t € [0, T].

Since (4.15¢) holds, we can identify v with 1, everywhere on [0, T']. Moreover condition (4.1b)
entails that such convergence must hold in H, i.e.,

u(t) — u(t) weaklyin H forallz € [0, T]. (4.15k)
By (4.1f), again the Helly selection principle implies
z€(t) — z(t) weakly*in L°°(I") forall ¢t € [0, T]. (4.151)

Since V' is compactly embedded in H, tllanks to condition (4.1a) and (4.1c), we can apply [30,
Corollary 4] with X =V, B=H,Y = H72(£2), and p = 2, in order to obtain that

u€ —u  strongly in L?([0, 7], H). (4.15m)

Besides, condition (4.10) and (4.12) imply that, up to a subsequence,
B([u€]-v) = n weaklyin®" andin V', (4.15n)
for some 1 € ®’. We have obtained (4.13). Let us now define 7, as the element of ¥’ N K} such that

(ne, @) == (1, D)¢ — (1(1), P(1)) + (ur, D(0)) — (Vii, V),

where again @ := S;(¢p) is the extension of ¢ to £2 x [0, T] obtained by the map Sy in (2.11),
in such the way that @ € U and [@(¢)] = ¢(¢) for all ¢ € [0, T]. It is easy to check that, by the
same estimates as in (4.8), the map 1, belongs to ¥’ N K/ and it can be identified as an element of
V’ N V;. Now, convergences (4.15) imply that we can pass to the limit in (3.14), so that (with no
need of extracting a further subsequence)

BE (€] - v)o,n— n: weakly in ®" and V' for all z € [0, T]. 4.17)

Moreover the same limit takes place in the weak topology of ¥/ and ’U’L. In particular we have
obtained equations (3.2) and (3.4). In the case that ¢ € H'([0,T], H} (£2)) also equation (3.18)
passes to the limit thanks to (4.15c), providing (3.3). O

Step 3. Conditions (b) and (b’) hold.

Proof. Let us first see that condition (b€) of Definition 3.2 passes to the limit. Since |u€|? is bounded

in H1([0, T], W14) for ¢ < %, we can assume, by (4.13a), that

|[u€]|2 - |[u]|2 weakly in H' ([0, T], W'~1/44(I)), (4.18)
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so by Sobolev embedding

|u€]|* = |[]]>  strongly in L2([0, T], L" (")), (4.19)

for r < % =2ifd = 3,orr < 400 if d < 2. Moreover, since for all ¢ € [0, T] it holds

[[u€(@)])?> — |[u(t)]|> weakly in W'=1/24 ("), we also get
[u€ ()] SN [u(®)] 2 strongly in L™ (I"). (4.20)
|0 @] = |l

Thus we argue as in the proof of Lemma 3.4, obtaining (b).
We prove that also condition (3.19) passes to the limit. Thanks to (4.13d) and (4.20) it is easily
seen that for all ¢ € [0, T'] the convergence holds

/;f(r)(%“ue(t)”z—a)dx—>/FZ(Z)(%|[M(Z)]|2—a)dx.

In order to prove that for all #; < ¢, it holds

/ttZ/FZé[uf] - [u€)dxdt — /ztz /1: z[u] - [)dxdt,

we first note that by (4.1f) we may apply the generalized Aubin-Lions Lemma [24, Corollary 7.9]
obtaining

z€ -z strongly in L2([0, T], W'=V24(rY), (4.21)

for some g < %, where we have used that the compact and dense embedding W'~1/4-4(I") ¢ L”

implies L™/0=1 < w'=1/2:4(I"y compactly for all 1 < r < ‘Zq__qq. Thus the thesis follows from

this and from (4.18). O

Step 4. Condition (a”) holds true. Moreover we have

u® —u strongly in L*([0, T]. V), (4.22)
u€(t) - u(t) stronglyin V forallz € [0, T]. (4.23)

Proof. In order to prove (a”) we apply Lemma 2.4 with ve = [u€]-v, & = B([u€]-v), v = [u] - v,
and & = 7. Thanks to (4.13a) and (4.13e) it is sufficient to check that

limsup (@), u )" < (nu)” (4.24)

e—>0

Using (3.14), we write
(B (- v). [T - v) "

. . 1 1
= /0 i€ (1> dt — (1€(T)., u(T)) + (vo., uo) — EIIVMG(T)II2 + EIIVMoll2

T
- /0 IVas [2de — (T u) ) + (Louc).  (@.25)
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It is seen that
T T
tim (7)) = [ 0 @I dr = [0 o) ds
€—> 0 0

= (T (z(6).u(@®)), @)’ (4.26)

thanks to (4.13d) and (4.19). Therefore thanks to (4.13a), (4.13b), (4.15g), (4.15k), (4.13b), and
(4.26), we see that the lim sup of (4.25) is less or equal to

T 1 1 T
|| vilPar = Gy m) + o.o) = 19D + 5 1Vuol? ~ [ [Vulas
0 0
F (TG0 ) + (20 = (.0 - )T @27
by (3.2), and (4.24) is proved, i.e.,

n € Bw(u]-v). (4.28)

If we fix any ¢ € [0, T'] and repeat the previous limit (4.25) with T = ¢, thanks to (4.14), the same
argument shows that

Nt € ﬂw,t([ul-(o,t)] : V)~ (4.29)
Now, thanks to the monotonicity of the operators 8¢ we have
(B (] -v) =, [T - v —[u] - v) " =0,

hence passing to the limit we infer the opposite inequality in (4.24). In particular this implies that
the limit of the expression (4.25) is exactly (4.27), and then we obtain

: 2 _ 2
EIE)I}) ”VMGHLZ([O’T]X_Q) - ”VMHL2([0,T]><.Q)
lim [Vuc(@)||*> = |Vu()||*> forallt € [0,T],
€—>
getting (4.22). O

Step 5. The energy inequality (c) holds.
Proof. In order to obtain this we first write the approximate energy balance (3.17) for a couple of

times 11,1, € [0, T], t; < t2, and then let ¢ — 0. The convergences obtained so far show that all the
terms pass to limit but J€(u€(¢)) and fOT |IVuc||dt. Convergence (4.13a) readily infer

T T
/ IVail|de < liminf/ V€| de,
0 e—>0 0

and then it remains to prove the convergence of the term J€(u€(¢)) to J(u(t)) for a.e. t € [0, T].
The inequality

J([u(@)]-v) < linl)iglfJE([uE(t)] ‘). (4.30)

is true thanks to (4.15f) and to Lemma 2.1. Moreover it can be proved that the liminf in the right
hand side is actually a limit and that equality holds for a.e. ¢+ € [0, T]. The proof of this fact is
identical to the one in [5, Step 5], which we refer to. Therefore we can pass to the limit in (3.17) for
a.e. 1,1 € [0, T],Il < I. O
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4.1  Existence result: Nonhomogeneous case

We describe here how to obtain existence of local dynamic solutions as in Theorem 4.1 satisfying
a nonhomogeneous boundary condition. In order to impose a Dirichlet condition, we fix a map w
satisfying the following hypotheses

we H'([0,T], H'(£2)) n Wh>([0, T], L*(£2)), (4.31a)
w e HY([0,T], H'(£2)) N BV ([0, T], H%(£2)), (4.31b)
w0) =uy w(0) =vg ondpSf2. (4.31c¢)

Note that the condition w € H'(£2) implies [w] = 0. Then the following theorem holds true.

Theorem 4.2 Let ug, vg € HY(2), zo € L*(I',[0,1]), £ € L?([0,T]. V'), then for any w
satisfying hypotheses (4.31), there exists a triple (u, z, ) with

u—we H(0,TL.V)NWw-([0,T], L*(2)), (4.32a)
we H'([0,T], H'(2)) n BV ([0, T], H(£2)), (4.32b)
ze€ L*([0,T],Z) n BV([0,T], L' (I")), (4.32¢)
new, (4.32d)

such that u(0) = ug, u(0) = v, z(0) = zy, satisfying the conditions (a), (d’), (a”), (b), (V') of
Theorem 4.1, and the following energy inequality

(c') fora.e. t; <ty €0, T] it holds

i) — e+ I ([u@)] ) + (V). 20) 4 [ Vuten)

t
+/ IVii|2ds — (o, z(12)) -
t

1

< %Hu(n) — ()| + 7 ([ue)] - v) + (V(u(tl)),z(tl))F

1 123 12
+ E||W(z1)||2 — (2, z0)r +/ (0, Vib)ds +/ (& — 1,1 —)ds, (4.33)
151 t

1
with o = Vu + V.
Let us remark that the boundary condition

u(t) = w() ae.ondps2, forallte][0,T], (4.34)

is implicit in condition (4.32a).

The technique of the proof is standard and we only sketch it. We apply Theorem 4.1 with external
force £ replaced by £ := £ — ) + Aw + Aw € L2([0, T], V'), hence providing a triple (ii, Z, )
which is a weak local solution as in Definition 3.2, with homogeneous Dirichlet condition. Setting
u := # + w and observing that [u] = [i] since [w] = 0, conditions (a), ("), (a”), (b), (b’) readily
follow, as far as (4.32), and then (4.34). In order to obtain (c¢’) we must argue in a different way,
following the lines of the proof of (c) in Theorem 4.1. This relies in letting € go to O in the energy
balance of the approximate solution %€, and dealing with some elementary algebra.
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5. Concluding remarks

Within this paper we have proved the existence of a solution to Problem 1.3 in a weak form. In
particular, as we have seen, this weak form involves an equation of motion written in duality with
test functions in the space V := L2(0,T;V) N H(0,T; H). Notice that this space is a space
of functions in both the time and space variables. To the present stage, it seems very difficult to
find a stronger formulation involving the duality with a space of test functions independent of time.
This is due to the fact that the reaction term 7 is found only as an element of V’, and in particular
might be a measure concentrated in some discrete time set. The presence of such concentration
phenomenon is quite intuitive in the one dimensional case, where we might imagine that the two
bodies (strings) are separate and collide in a precise instant, after which they separate again. The
instant of collision is the only one where the reaction is nonzero, and then concentrated. On the other
hand, the presence of such concentration points being the only responsible for the discontinuities
of the velocity field 1, cannot be apriori ruled out, as shown in the example of [5, Remark 2.4]. In
this paper the authors treat a general evolution driven by a damped wave equation with unilateral
constraint, which, neglecting the internal variable z, overlap also the situation considered in the
present paper.

Another consequence of this concentration phenomenon, and then of the discontinuities of the
velocity field, is the difficulty to establish an energy balance. This is somehow due to the fact that
we cannot test equation (3.2) by ¢ = u, since this does not belong to V. On the other hand it
is reasonable to claim the existence of solutions satisfying the energy balance, and to consider
them as the “physically admissible” ones (in the specific example in [5, Remark 2.4] it is shown
as there exist more then one solutions, some of them satisfying the energy balance). It seems to us
that the method provided here of approximating the solution by regularized ones fails if we wish
to prove the energy balance, since it does not give sufficiently strong compactness criterion for
the approximating evolutions. The proof of the energy balance is, at the present stage, the most
challenging open question left by the argument proposed so far.

Let us finally remark that the method of approximation has been firstly proposed in [5] and then
adapted to a problem of delamination in [28]. In this last paper the author consider a problem similar
to (1.3), but with the addition of viscosity in the adhesive which provide different difficulties in order
to argue by approximation. Some other techniques to treat second order evolutionary problems with
unilateral constraints, based on the use of variational inequality, exist and can be found, for instance,
in [2].
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