LIMIT OF VISCOUS DYNAMIC PROCESSES IN
DELAMINATION AS THE VISCOSITY AND INERTIA VANISH

RICCARDO SCALA

ABSTRACT. We introduce a model of dynamic evolution of a delaminated
visco-elastic body with viscous adhesive. We prove the existence of solutions
of the corresponding system of PDEs and then study the behaviour of such
solutions when the data of the problem vary slowly. We prove that a rescaled
version of the dynamic evolutions converge to a “local” quasistatic evolution,
which is an evolution that satisfies an energy inequality and a semistability
condition at all times. In the one-dimensional case we give a more detailed
description of the limit evolution and we show that they behaves very similar
to the limit of the solutions of the dynamic model in [28], where no viscosity
in the adhesive is taken into account.

1. INTRODUCTION

Recently the field of contact mechanics is becoming more and more studied,
thanks also to the numerous engineering applications and simulations. The problem
of delamination is an important part of these modellings. The setting consists of
two elastic bodies glued by an adhesive on an interface. External forces and high
stresses due to elastic deformations of the bodies may break the macromolecules of
the adhesive, weakening its effect. Such process is irreversible, in the sense that the
deteriorated adhesive cannot be repristinated. The state of the adhesive is described
by the delamination coefficient z, that is a function defined on the interface which
takes values in [0, 1] (see Section 2). Untill the glue is effective the movements of the
bodies at the interface are costrained. Moreover some constrains at the interface
are always considered due to the non-interpenetrability of the two bodies or to the
pressure of the system (see Section 2). A rate-independent approach to this problem
has been introduced in [16] and carried on by many authors. In the present paper
we do not adopt this approach for the delamination process, since we also consider
the viscous effects related to the debonding of the adhesive. Such term makes the
system no more rate-independent. In the bulk we take into account the viscosity
and inertia of the material, neglecting instead the thermal effects. In [25] and [24]
it is considered a system where also thermal effects are analysed, while no viscosity
of the delamination coefficient is considered. Terms related to friction have been
studied in different settings where inertia is neglected (see, e.g., [23], [4]).

In the first part of the paper we prove an existence result for solutions of the PDEs
system related to the model described. We also prove the existence of solutions with
specific constrains on the strain field at the interface. This is obtained by letting go
to infinity the value of a penalization term. Similar existence results for dynamic
of delaminated bodies are also provided in several other papers, e.g., [4], [24], [25],
where different viscosity terms are studied. We are interested in considering all
the dissipative effects due to viscosity in order to develop a vanishing viscosity
analysis in the second part of the paper. To be precise, we study the asymptotic
behaviour of such solutions when the external forces and boundary data vary in
a still slower way. Such analysis coincides to study the asymptotic behaviour of
the solutions when the viscosity and inertia vanish in a very specific ratio. If the
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viscosity goes to zero as e, then the density of the body (inertia) must vanish as
€2. In particular, such analysis is different from the standard vanishing viscosity
approach, that is the asymptotic analysis as only the viscosity tends to zero (for
similar approach, see, e.g., [12], [8], [31], [21], [15], [17], [18], [20], [22], [28], [29],
[27]). We remark that also a vanishing viscosity analysis, keeping fixed the density
of the body, is possible in order to obtain a dynamic solution of the problem with
neglected viscosity, even if this is not the aim of the present paper. This analysis is
done on a similar model in [28]. Analysis like the ours have already been made in
different settings (see, e.g., [1], [10]). In many cases the solution corresponding to
a dynamic system tends, as € goes to zero, to the quasistatic evolution of the same
system. This means that the limiting function is, at every time, a stationary point
of the energy functional of the system. In particular, for a quasistatic evolution, a
energy balance holds true. We refer to [16] and [30] for the quasistatic model. In
[10] dynamic evolutions of a visco-elasto-plastic body are considered and, letting
the parameter e vanish, it is proven that such solutions approximate a quasistatic
evolution in perfect plasticity. However there are systems whose dynamic solutions
do not converge to a quasistatic evolution. The limiting function is proven to satisfy
only an energy inequality, showing a lack of energy that disappeared misteriously.
The quasistatic limit shows indeed discontinuities in time, where it jumps from a
minimum of the energy u~ to another v . In some cases it is possible, using an ad-
hoc rescaling of the time variable, to prove that at each jump the limiting solution
runs istantanously between the initial state u~ and the final state u™, following the
trajectory of a solution of the dynamic problem which has ™ as limit at —oo, and
ut at +00. See [1] for a finite dimensional analysis of this fact. In [28] a dynamic
model for adhesive contact of visco-elastic body is considered, neglecting viscosity
on the interface. When the viscosity tends to zero the solutions of such problem
approximate an evolution which satisfies a semistability condition and an energy
inequality. An asymptotic analysis for the slow-load limit (the same analysis of
ours) is also discussed. In the second part of the present paper we prove, as for
the evolutions considered in [28], that the slow-load limit satisfy a semistability
condition and an energy inequality. Such conditions turn out to be the same of
the corresponding conditions obtained in [28]. However in the presence paper a
different argument and proof are needed to prove the semistability condition, due
to the presence of the viscosity in the adhesive, that in the passage to the limit
yields an additional lost of energy. This result generalizes the analysis in [28] to
the case with viscosity. Moreover at least in the one-dimensional case, we give a
finer description of the behaviour of the solutions of the limiting system, i.e., of the
energy inequality and the semistability condition. We consider the example given
in [28, Section 4], where it is proven that under suitable external load, the limit
obtained by vanishing viscosity shows a jump where the delamination coefficient
switches istantanously from 1 to 0. Theorem 4.14 shows that our limit behaves
in the same way, and coincides with the limit in [28] at least in the time interval
before the jump occurs.

The final aim of the work is to give the basis for analyzing whether jumps occur
for the limiting solution.

2. RRELIMINARIES

Reference configuration and notation. We consider an hyperelastic body
that occupies a bounded open domain Q C R?, d > 1, with Lipschitz boundary.
We suppose that

Q=0 UT"'UQy,
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where I' is a Lipschitz surface which is the common boundary of the two disjoint
connected and open sets 27 and 2. The body is perfectly elastic on €7 U Qs
while the surface I' represents the interface where €2 and {25 are glued and where
delamination may occur. We denote by v the normal to I' that points from €2; into
Q9. We also suppose that the boundary 92 writes as the union

0Q := 0pQ U INQ,

where Op€) and O are the closure in 9f) of two disjoint open sets with common
boundary. We assume that dp§2 has positive (d — 1)-Hausdorff measure and that
it has nonnegligible intersection with both 9Q; and 9.

In the sequel the symbol M, (A, R¥) denotes the space of Radon measures on the
open set A with values in R*. The symbol jon‘f denotes the space of symmetric
d x d real matrices. ‘

Stress and Strain. The class of admissible displacements of the delamination
problem is the space H'(£2; U Qy,R%). It is convenient to define

HL(Q1 UQe;RY) := {u e H'(Q UQy, RY)) : =0 on dpN}. (2.1)

The jump on T of a displacement v is denoted by [u] = us —u1 where uy and us are,
respectively, the trace on I' of u € H'(Q1,R%) and u € H'(Qy,RY). The continuity
of the trace operator from H*(Q;, R%) into Hz (I, R%) reads

5
lull 2y < S llullz i), (2.2)

for a positive constant , and then we have
I[ulll e < vllullmy - (2.3)

The symmetric gradient e(u) of u € Hb (1 U Q2,R?)) is defined as
1
e(u) := i(Vu + (Vu)h).
In HL (1 UQy;RY)) the following Korn inequality holds

lull i < Blle(w)llzz  for every u € Hb (S Uy, RY), (2.4)

for a positive constant 3.
The two elasticity tensors C° and C' are symmetric and positive definite, there
exist positive constants «; and 5; such that

aolnl? < () < Bolnl?, (2.5)
arlnl® < (C'n,n) < Bilnl?, (2.5b)

for all n € R?*4, It is convenient to introduce the following notations
Qofe) = 3{C7%c), (2.6)
Q1(e) = (Cle,e), (2.7)

for all e € L?(Q21 U Qy, RYXY).
The stress o satisfies the costitutive relation

o = C(u) + uCle(u), (2.8)

where 1 > 0 is the viscosity parameter in the bulk. Then the second principle of
dynamics reads

pii(t) — dive(t) = f(t) in Q, (2.9)
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where we assume that the mass density of the elastic body is the constant p > 0.
Together with (2.9) we require that the following boundary conditions are satisfied

u(t) =w(t) on dpL, (2.10a)
o(t)yv =g(t) on INQ, (2.10b)
o(t)v = =VV([u(t))z(t) onT, (2.10c¢)

where V' and z are the potential and the delamination coefficient introduced in
the next Section. We can define the total external load of the system L(t) €
Hp5 (91U, RY) by

for all ¢ € HL(2;UQ, R?Y). To deal with (2.9) and (2.10), we define the continuous
linear operator divp : L2(£2; U Qy, R4¥4) — HBl(Ql U Q9,RY) by

(divpo, @) := (o, e(p)), (2.12)
for every o € L?( U Qy, RYXY) and every ¢ € Hp, (21 U Qy,RY). Hence, if f(2),

g(t), a(t), u(t), OpQ, and OnQ are sufficiently regular and L£(¢) is the total external
load defined by (2.11), then (2.9), (2.10b), and (2.10c) are equivalent to

pii(t) — divpo(t) = L(t) + T(u, 2), (2.13)

where equality holds in HBl(Ql UQs, R?), and where T'(u, z) is the linear operator
on H;' (91 UQy,R?) defined by (2.17) below. In weak form (2.13) reads as

(pii(t), ) + (o (1), e(p)) = (L(t), ¥) — (VV ([u]) - [¢], 2)r, (2.14)
for every ¢ € HE(Q1 U Qq,RY).

Delamination parameter and energy stored by the adhesive. As in the
modelling approach by M. Frémond (see [13], [14]), at a fixed time the state of
the glue on the interface I' is described by the variable z : I' — [0,1]. The state
z(z) = 1 means that the adhesive is completely undestroyed, while z(z) = 0 means
that the molecular links are all broken and the interface is totally debonded at
x € I'. The deterioration of the glue is considered irreversible, that is the variable
z is a nonincreasing function of the time. This turns into the condition

z <0.
The class of admissible delamination parameters is denoted by
Z:={zc*T):0<2<1}.

During the evolution of the system the energy needed to delaminate is denoted by
a € L>(T"), and such energy is dissipated in two ways, by heat production, whose
cost we denote by a3 = ai(z) > 0, € T, and by creation of new delaminated
surfaces, whose cost we denote by a — a1 := ag = ag(x) > 0, x € I'. Hence the
dissipation due to these effects in the time interval [t1, t2] reads

Da(tr, ta) = —[2<a0+a1,2(s)>pds. (2.15)

When evolution is quite fast we also consider the dissipation due to the viscosity
of the glue. We consider a parameter y = u(x) > 0, z € T', for which the energy
dissipated by viscosity effects during the delamination process in the interval [t1, ¢2]
reads
ta
Do (1, 1) = / (u2(s), 2(s))rds. (2.16)
ty

In the sequel we will adopt the simplier (but not retrictive) hypothesis that pu is
constant on I' and coincides with the friction y introduced in (2.8).
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The energy stored in I' by the adhesive is modelled as follows: let V : R™ — R
be a smooth nonnegative and covex map such that
(i) V(0) = 0 and V(x) > 0 if x # 0. In particular z = 0 is the only local
minimum of V.
(i) VV : R™ — R™ is Lipschitz with constant L > 0.
(iii) There exists 1 < § < 6* and C > 0 such that |V (z)| < C(|z| + 1) for all
r € R%.
Here 6* = 400 for d < 2 and §* = 4=1 for d > 2. Since from (i) VV must vanish
at the origin, property (ii) has the following consequence

(iv) For all x € R™ it holds |VV (z)| < Ll|z|.

The energy stored on I' at a fixed time then reads:
&r(u, z) == (V([u]), 2)r.

We remark that in dimension d < 3 we can take V([u]) := 1K[u] - [u] where K is
called elastic coefficient of the adhesive. Such matrix is supposed positive definite
and symmetric. With this choice we see that the growth of V in (iii) above is § = 2.
In higher dimension such a choice cannot be done for compactness reasons that will
be clear in the proof of Theorem 3.1.

For allu € H}(Q1UQ2,R?) and 2 € L>=(T) we define T'(u, 2) € Hp' (U, RY)

as

(T(u, 2), ) = (VV([u]) - [¢], 2)r, (2.17)
for every ¢ € HE(Q1 U Qa,R?), so that, from (2.3), one has

(T (u, 2), o) < [IVV([u)llz2 Ml e2llzll oe < 2L [|ull gy ol l[2] 2o

which implies that there exists a positive constant C such that
1T (w, 2)| gy < Cllullary 2]~ (2.18)

Mechanical constraints and delamination process. When delamination
occurs on the interface I' it may happen that the two parts 21 and 2 of the body
separates. In particular cavitation phenomena or shear movements may occur.
Such phenomenon arises by the appearance of a non-zero jump of the displacement
on I'. Since interpenetration of 2; and {23 must be avoid, classically such jump is
constrained to have a nonnegative normal component. Such condition is known in
literature as Signorini contact condition. A generalization of the Signorini condition
is usually considered, in the following way. Let D(x) C R? be a convex and closed
cone, possibly depending on = € I'. This induces an ordering relation on the set of
functions v : I' — R?, as follows,

v1 <X vg if and only if ve(z) — v1(z) € D(x) for a.e. z €T.
The dual ordering <* induced by the negative polar cone to D is given by
¢ =* 0 if and only if ((z) <0 for all w € D(z), for a.e. z €T.
Possible choices for the cone D(x) are the following,
D(z) ={veR%:v-v(zx) >0}, (2.19a)
D(z)={veR?: v v(z) =0}, (2.19b)

the first case being the classical unilateral Signorini contact condition, the latter
being considered when cavitation cannot occur, for instance in systems under high
pressure. The delamination mode (2.19a) and (2.19b) are usually refered to as
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Mode I and Mode II respectively. The constraint on the jump [u] and the normal
stress t(o) := ov on I' than reads

[u] =0, (2.20a)
t(o) + T(u, 2) =* 0, (2.20b)
(t(o) +T(u,2)) - [u] =0. (2.20c)

The behaviour of the variable z is strictly connected to the evolution of [u].
Whenever [u] varies this has the effect of destroying molecular links on T, that turns
into a decrease of the corresponding glue state z. When the glue is completely
erased, that is z = 0, any change of [u] will not require energetic cost due to
delamination. This is expressed by the costitutive equations

£ <0, (2.21a)
d< —ps, (2.21b)
Z2(d 4 puz) =0, (2.21¢)
d €l + V([u]) - «a, (2.21d)

where 01 1) is the subdifferential of the function Ijg 1}, that is the function with
equals 0 on [0, 1] and +oo on R\ [0, 1]. The paramenter p > 0 is the viscosity of the
adhesive. Let us remark that as soon as z = 0 equations (2.21b)-(2.21d) lose their
significance and system (2.21) reduces to z = 0, and no restriction to the evolution
of [u] is prescribed. At the same time, when z > 0 system (2.21) reads

£<0, (2.22a)
2(V([u]) + pz —a) =0. (2.22D)

Since z is a function defined on the interface I', equations (2.21) and (2.22) must
be intended to hold everywhere on T'.

3. EXISTENCE OF UNCONSTRAINED DYNAMIC SOLUTIONS

Theorem 3.1. Let £ € L*([0,T), Hp' (21 U Q2;RY)), ug,v9 € Hp(Q1 U Qp, RY),
and zo € Z. Then there exists a triple (u, o, z) with

u € L*([0,T), H5 (21 U Qa, RY)), (3.1a)
w € L2([0,T], H5 (1 U Qy, RY)) N L2([0, T], L*(21 U Qo, RY)), (3.1b)
i € L*([0,T), Hp' (21 U Qg, RY)), (3.1c)
o € L*([0,T], L* (1 U Qo REXD), (3.1d)
z € HY([0,T], L*(T")) N L>([0, T], L>=(T)), (3.1e)
satisfying, for a.e. t € [0,T],
pi(t) — div o(t) = L(t) + T(u, 2), (3.2a)
o(t) = COBu(t) + uC' Eu(t), (3.2b)
on €,
3(t) <0, (3.3a)
2(@)(RV ([u(t)]) + pz(t) —a) =0, (3.3b)
on T,

V([u(®)]) + pi(t) —a <0, (3.4)
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on T'N{z(t) > 0}, and with initial data
u(0) =wup, w(0) =wvg, 2(0)= 2. (3.5)

Remark 3.2. Let us remark that, when £ takes the form (2.11), in the regular
case, (3.2a) means that

o)y = =VV([u(t))z(t), (3.6)

on I', and
pii(t) — dive(t) = f(¢) in Q, (3.7a)
o(t)v =g(t) on INQ. (3.7b)

This is proved as follows. Integrating by parts (2.14) we get
<pu’ 90> - <diV0’, 90> - <£7 80> =
—(VV([u]) - [¢], )1 — (ov, [¢])r — {0V, p)aya, (3.8)

where v represents both the normal versor to I' pointing from €2 into Q5 and the
outer normal to INQ . If we set [p] = 0 we obtain the strong form (3.7), which
together with (3.8) implies
(VV([u]) - [o], 2)r = ={ov, [e])r,
that is (3.6).
To prove Theorem 3.1 we procede by time discretization, and solve a minimal

problem at every dicrete time. For all integer n > 0 we divide the interval [0,7] in
n equal subintervals of length 7 := T /n. We set ¢ :=ir,

n __ n o n ..__
Uy = Uo, U_q ‘= Up — TVg, 20 = 20,

and define L := % fttn“ L(s)ds for all n > 0. Then for 1 < i < n we recursively
define u? € HL (2 UQ2;R?)) as a minimizer of

U () =2 I T 2 0 )+ V() 2
+ S (Cheu—uf ), elu—uf ) — (L7, u), (3.9)

and 2]’ € Z as the minimizer of
Wi(z) = %IIZ =2 l1ze + (V([w7]), 2)r = (o 2)r. (3.10)

Computing variations in the variable v at the minimum u}" of (3.9) we get

n
U—U;_q Uiy — U9

= - R )+ (Ce () e()

+ %(Cl(e(%”) —e(uiy)) e(p)) = (L) = (VV([ui]) - [e], 2 e, (311)

for every ¢ € H'(Q; U Q;R?). Instead taking variations n of the minimum 27 of
(3.10), and taking into account that z; must be non-negative, we get

V([ mrngeso) + = — 2 1m)r — (e, mr > 0, (3.12)
T

for every n < 0.
Moreover, if the variation n < 0 is such that z; + en € [0, z;_1] for some € > 0,
then we will have equality. Denoting by V(z;) the set of such variations, we have

V(D) mie + £ = 2 me = (e =0, (3.13)
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n n

for all n € V(z;). Now we set v} := % and define the following piecewise
linear (or constant) functions
ul .yt
up(t) = ul + (t — ) - —~ for t € [t7, 1 1),
T
2t =2t
a(t) = 2 (- ) S for t € [t7,17,.),
T
ono =
o () = 0 (¢ — ) 0 for t € [t7,17,,),
T
L-(t) =LY for t € [ti', ), (3.14)
for i =0,...,n — 1. The fact that
L, — L strongly in L*([0,T], Hp' (91 U Qq, RY)), (3.15)

is standard and will often be tacitely used in the sequel. The following statement
holds.

Proposition 3.3. There are a function u € H'([0,T], H5 (1 U Q2,R?)) and a
function z € L>([0,T],L*(T")) N Z such that
ur —u  weakly in HY([0,T], Hb () UQy, RY)), (3.16a)
ur(t) = u(t)  weakly in Hy(Q1 UQy, RY), for every t € [0,T], (3.16b)
2y =z weakly* in L°°(]0,T], L*(T)), (3.16¢)
zr(t) = z(t)  weakly* in L°°(T) for every t € [0,T],, (3.16d)

as T — 0. Moreover i € H*([0,T], Hp' (1 U Qy,RY)), z € H'([0,T], L*(T)), and

v, =4 weakly* in L>(]0,T], L*(Q U Qs, RY)), (3.16e)
by =i weakly in L*([0,T), Hy' (9 U Qa,RY)), (3.16f)
2. — % weakly in L*([0,T)], L*(T)). (3.16g)

Proof. We choose ¢ = ul! —ul ; and np = 2" — 2" ; in (3.11) and sum it with (3.13),
we get

— uy o P, ur = Ul ur = U,
e B

+ Qole(uf)) — Qole(ul 1)) + 5 {C0(e(u?) = e(uly)),e(uf) — e(ufy)
+ﬁ<<cl<e<u?>—e< D) eluf) = efuf ) — (L7 uf =l y)

(a, (27" = 72 ))r +(VV([uf]) - [uf —ui 4] 2 1)r
.G~ e Bl — 27 <o. (3.17)

Using the notations introduced in (3.14) and keeping into account that

(VV([ui]) - [ —wia], za)r + (V([d]), (2 = 2i80))e =

= YV([ur]) - [ir] = VV([ui']) - [tir]dt, 23" 1), (3.18)

ti—1
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we can rewrite (3.17) as follows

tn
P n P n PT [ n
Sl (EIE: = Slor () l1Z + 5 / 1071122t + Qo(e(ur(t)))
t’!L

i—1

£ £ £
— Qo(e(ur (1)) +7 [ Qole(ir))dt + p Ql(E(ﬂT))dtJru/ 27112 dt

n n n
ti— 1 ti— 1 ti—l

—/ti (a, ze)dt + (V([ur (87)]), 2 (7)) = (V ([ur (G1)]); 2 (81))

n
i—1

S/ti <LT,uT>dt+/ti (VV([ur]) - [ir] = VV([ul]) - [itg], 27, )rdt. (3.19)

n
i—1 i—1

Using the Lipschitzianity of VV, the continuity of the trace operator (2.3), and the
Korn inequality (2.4) we write
t

(VV([ur]) - [ar] = VV([f]) - [ir], 221 )rdt] < TkL/t_i Ila-]l3d

|
tn

i—1 i—1
tr tr
<rio? [ il < 728 [ et Bac (3.20)
25 [
Summing over i = 1,...,j expression (3.19) and then using (2.5), one gets

¢

p n pT ’ . o n
Slor ()12 + */ o7 172t + =~ lle(ur (7)1
2 2/, 2

n n

apT [

t;} tj
+7 ; He(itr)Hszdt—kalu/o ||€(ﬂr)||%2dt+/i/0 H%H%zdt
t?
fA<mmm+wwwmmwm

t;’ t?
g/ <L‘T,u7>dt+7-L~y252/ le(t)||22dt + C, (3.21)
0 0

for a constant C' > 0 depending on ug, vg, 20, i, p, but independent of 7. Now we
write

125 ! t A 7
<£.,.,i1,.,.>dt < — HL:THiI—ldt + 5 ||iL7-H%(1dt
0 2 Jo D 2 Jo

A2
<2 [ et Badi + C, (3.22)
0
where we have used the Korn inequality (2.4), C > 0 is a constant depending on the

squared norm of £ € L2([0,T], Hp' (21 UQ2,R%)) and on a fixed arbitrary positive
number A, but independent of 7. Then (3.21) implies

tm T
P pr [ o I
Sl DIz + 5 /0 lolI72dt + - le(ur (7)1 +u/0 127113 2dt

+MW*®AjW@M@ﬁ*Aj@zﬂHﬂwmﬁﬁha@»éC,@%)

where 6 := ’\Tﬁz + 7Ly%p?% and C is a positive. Since for A sufficiently small and 7
small enough all the terms in the left hand side are positive, we entail that all such
terms are bounded. In particular there is a constant L > 0 such that

le-()lI7- < L, (3.24)
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for all ¢ € [0,7T], n and 7 = 7(n). So that there are an increasing sequence ny and
a function e € L°°([0, T, L2(Q1 U Q2, R¥X%)) such that

sym

e(tr(n,y) — e weakly* in L ([0, T7, L2 U Qq, R¥XdY), (3.25a)

Sym

as k — oo. We will write 7 — 0 for & — co. Using the Korn inequality, from (3.24)
we get for all ¢ € [0,7]

ur@®llm < C, (3.25h)

for some constant C' > 0. This implies that, up to a subsequence, there is a function
u € L=([0,T], H5 (2 U Q9,RY)) such that

u; —u  weakly* in L([0,T], H5 (2, U Qy, RY)), (3.25¢)

as 7 — 0. (3.25¢) also implies that e(u(t)) = e(t) for a.e. t € [0,7]. Moreover
(3.23) gives, up to passing to another subsequece,

e(i:) =1 weakly in L*([0,T], L*(Q1 U Q2, RESD)), (3.25d)
v, = v weakly* in L>([0,T], L*(£; U Qy,R?)), (3.25¢)
z; = 2 weakly* in L>°([0,T], L*(T")), (3.25f)
Z, — h weakly in L*([0,T], L*(T)), (3.25g)

as 7 — 0, for functions [ € L2([0,T], L*(Q1 U Qg,ngXnﬁl)), v € L*([0,T], L*>(Q U
09, RY)), 2 € L>=([0,T], Z), and h € L?([0,T], L*(T)). Moreover z, are all functions
with bounded variation on [0,7], and their variations are bounded by the same
constant. A generalization of Helly Theorem (see Lemma 7.2 of [7]) then implies

that
zr(t) = z(t)  weakly* in L>(T), (3.25h)
for all t € [0,7] as 7 — 0, for a function z € L2([0,T], Z).
Writing z,(t) = 2z + fot 4-(s)ds and multiplying by a test function in L?(T") we
see that h(t) = Z(t). Multiplying 2, by a test function in L'([0,T], L*(T)) it is
easily seen that it must be Z = 2. A similar argument shows that I(t) = e(u(t))

for a.e. ¢t € [0,7]. The Korn inequality and (3.25d) implies that there is a function
@€ L2([0,T], H5 (91 U Q2,RY)) such that

iy — 4 weakly in L2([0,T], H5 (91 U Qg,R)), (3.251)
and writing u, (t) = ug + fot ur(s)ds, arguing as before, we entail that u in (3.25¢)
belongs to L2([0, T], H} (21 U2, R?)), that @ = 1, and also that

ur(t) — u(t) weakly in Hp(Q; UQy,RY), (3.26)
for all ¢t € [0,T).
From (3.11) it follows
pir(t) = —divp (COer () + pCle, (1) 4+ L7 — T(u-(t]), 2 (7)), (3.27)

for all ¢ € [t},t},,] and all i. From the continuity of the operators divp and T', and
from the convergences (3.25) we see that the right-hand side of the last expression
is uniformly bounded in L2([0, T], Hp' (Q; R%)), so that the same is true for ¥, and,
up to subsequences, there exists & € L2([0,T], Hp' (1 U Qq, R?)) such that

v, — 0 weakly in L2([0,T], Hp" (2 U Qg, RY)). (3.28)
Now, v.(t) — i, (t) = (7 — (t —}))o-(t) when t € [t} ¢} ], for all i, so that

fOT [vr =7 |3, 1 ds = g fOT (|07 12,1 ds, which, for the boundedness of 0., tends to
D D
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zero. In particular, by (3.251), since & = 4, we find out that @(t) = v(¢) for a.e.
t €10,T] and

vr, iy — 0 weakly* in L([0, T, L*(; U Qy, RY)). (3.29)
Finally we write v-(t) = vo + fot 0-(s)ds and multiplying by a test function in
L2([0,T), H5 (21 U Q2,RY)) we get u(t) = vo + fot 9(s)ds, and then we get that 4

is differentiable in time and i = o € L2([0,7], H5' (Q1 U Q2,R?)). This concludes
the proof. 0

Corollary 3.4. For the same subsequence of Theorem 3.1, it holds

[us] = [u]  weakly* in L([0,T), H?(T)), (3.30a)
[ur(t)] = [u(t)] weakly in H? (T), for everyt € [0,T], (3.30Db)
[u- ()] = [u(t)] strongly in LYT), for everyt € [0,T], (3.30¢)

for every 1 < q < q¢* with q% = 2(‘id121) if d > 2, g8 = +oo otherwise.

Proof. (3.30a) and (3.30b) are straightforward consequence of (3.16a), (3.16b), and
continuity of the trace operator. (3.30c) follows instead from (3.16b) and the fact
that the embedding H 3 L9is compact for all ¢ < g*. O

Let us introduce the piecewise constant functions
Uy = ur(t]) for t € [t7',t}"1),
Zr = 2. (1) for t € [t7, 1 1), (3.31)

forall i < (n—1). It is easy to show that convergences (3.16a), (3.16b), and (3.16d)
holds true also for 4, and Z, in place of u, and z.. Now we are ready to prove the
first Euler condition.

Proposition 3.5. Let u and z be the functions obtained in Proposition 3.3. Then
it holds

(pii, @) + (COe(u) + pCle(w), e()) — (L, @) + (VV([u]) - [¢], 2)r =0, (3.32)
for all o € H:(Q1 U Q9,RY) and for a.e. t € [0,T].
Proof. We start from (3.11), that with the notation introduced above reads

plie, @) + (COelitr) + uCelitr), e(9)) — (L7, 0) + (VV (its]) - [g]. Z1)r = 0.
(3.33)

For v € C((0,T)) we write
/ (el + HCelin), (@) — (rr) + (VY ([ir]) - [l 20 o
-/ o i, (3:31)
and letting 7 — 0, thanks to (3.25) we get
/ " (Coefu) + HCeli), ) — (£, + (V) - Tl )

T .
_ /O plis, @)t (3.35)

Arbitraryness of ¢ then implies (3.32). O
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In order to prove the next Lemma we need to recall the Fréchet-Kolmogorov
Theorem. For all h € R? we introduce the h-translation in R?, that is the function
sp @ LY(RY) — LY(R?) defined by s, (f)(x) := f(z + h) for all z € R? and f €
L'(R?). Then the following Theorem holds true.

Theorem 3.6 (Fréchet-Kolmogorov). Let B be a subset of L'(R®) such that for
all f € B it holds f = 0 out of a bounded set U C R?. Then B is a relatively
compact set in L' (R?) if and only if there exists a continuous non-negative function
w:RT = R such that w(0) =0 and || f — sp(f)|l1 < w(h), for all f € B and for all
h € RY.

See, e.g., [5] for a proof.
Lemma 3.7. For all g >1 and t € [0,T] we have
z:(t) = z(t)  strongly in LI(T). (3.36)
Proof. Since
2= argmin ge.c., (V([u) = 0, 20r + o1z = 2oy,
we see that the value of z;(x) in x € T is exactly the minimizer in [0, z;_1(x)] of
(V([ws(@))) - al@), 2)r + 5|z = 201 2), (3.37)

so that, denoting a(z) := V([u;(z)]) — a(z), we can explicitely compute the value

of zi(x). If 2(z) := —La(x) + zi—1(x) is the minimizer of (3.37) on R, then we have,
omitting the symbol z,
2>z =4 a<0 = Zi = Zi—1,
0<z2<z_.1 & 0<a< 521;1 = z; = —ia + 2i—1, (338)
z2<0 <~ a>$zi,1 = z; =0,

from which it follows

wir = —(a A Hzi,l)"‘, and z; = zj_1 — (Za Azi_)t. (3.39)
T u

From (3.30c) and the definition of V' we see that V([u,])(t) is a converging
sequence in L'(I',RY). So that from Theorem 3.6 we get a function w : I' &
R?~1 — R such that w(0) = 0 and

fur]?(t) = su(fu- ]2 ()L < w(h), (3.40)

for all h € R?~! and for all 7 and ¢ € [0,7]. Without lose of generality we can also
suppose that ||a — sp(a)]l1 < w(h), since a € L(T).

For fixed 7, let us prove by induction on 4 that ||z; — sp(2;)]]1 < Zfu}(h). Indeed,
using the expression of z; obtained above, we have

20 = sn(zi)ll o2 = ||z¢_1—<ga Azioa) = (sh<zi_1>—<£sh<a> Asn(zi-1) ") e

T T
< lzicr = sn(zic)ller + [l—a = —sn(a)|| 1
i W\ %i [ [ v

(t—1r T i
—w(h)+ —w(h) = —w(h), 3.41
. (h) p (h) . (h) (3.41)
where the first inequality follows by the fact that the function (z,y) — x — (zAy)™
is 1-Lipschitz in both the two real variables, and the second inequality follows by
the inductive hypothesis. Now, recalling that 7 = %, (3.41) implies that for all T
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and ¢ € [0,7] it holds ||z (t) — sp(z-(t))]1 < %w(h) Since z,(t) € [1,0], we have
|z (t) — sp(2z-(t))| < 1, and then also

[127(t) — sn(z ()l <

Using (3.25h), the last formula implies (3.36). O

w(h). (3.42)

=4

We are now ready to prove the conditions governing the flow rule.

Proposition 3.8. Let u € L>®([0,T], H'(?)) and z € L*([0,T],L>(T)) be the
functions defined in (3.25c) and (3.25h). Then for a.e. t € [0,T] it holds
(V([u@®]), ) + ullz@)l7 — (o, 2(6)r =0, (3.43)
and
(V([u®D);m) {200y + nlZ(E), mr — (@, n)r =0, (3.44)
for alln e L*>(T"), n <0.
Proof. Let us fixt € [0, T, and for all 7 we decompose the interface I" as the union of
the three sets ' = ALUBLUC! where, if t € [t;—1,¢;), then AL := {2, =0 < 2;_1},
Bl :={z; = zi_1}, Ct :== {0 < 2z; < z;_1}. We recognize these three cases as the
three options of (3.38), so that it is readily seen that
V([ur))2r + pl2:)? — a2, =0, (3.45)
on B! and C?, while on A%
V([us]) + pz2r —a>0. (3.46)

The latter being true for all ¢ € [0,T]. In particular, for every positive smooth
function ¢ on [0, T}, recalling that z. < 0, we have

/0 (V(ur]), 2005+ 1201 — o 2)r) odt < 0. (3.47)

We would like to pass to the limit in (3.47). To this aim, we first observe that
from (3.30c) and the definition of V' we see that actually V([u,])(t) is converging
in L?(I',R). Thus we have V([u,]) — V([u]) strongly in L?([0,T], L*(T)). This
together with (3.16g) and the Fatou lemma implies

T
/0 ((V([u]), 2hr + Hll]2 — (00 2)r) pdt < 0. (3.48)

Now formula (3.12) provides

/0 ((V([a-]); mragz, >0y + m{zr, mr — (@, n)r)pdt > 0. (3.49)

for all n < 0. We note that, by definitions of 2, and Z: it holds x(z >0} = X{z,>0}-
From Lemma 3.7 we know that z; — z strongly in L'(I' x [0,7]), so that we can
suppose it converges almost everywhere in I x [0,7]. As a consequence we entail

Hmsup x (2. >0y 2 X{z>0}-

Then, from (3.49), taking into account that n < 0 and that V([u.]) — V([u])
strongly in L*(T x [0,7]), we obtain

T
/0 (V ([t} 1) ooy + 1(Ea e — (o mhr) it > 0, (3.50)

for every smooth nonnegative function ¢ on [0, 7], and for all < 0. From arbitrari-
ness of ¢ we get (3.44). Now, plugging n = Z we recover the opposite inequality
of (3.48) provided Z = 0 almost everywhere on the set {z = 0}. But this is a
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straightforward consequence of the fact that z is non-negative, then (3.43) follows

and the Proposition is proved.
d

Proof of Theorem 3.1. Let us prove that conditions (3.32), (3.43), and (3.44) im-
plies equations (3.2) and (3.3). Equation (3.2b) holds by definition, while (3.2a) is
expressed by (2.14), that is exactly (3.32). From arbitrariness of n equation (3.44)
readily implies

V([u(t)]) + u2(t) —a <0 ae on I'n{z(t) > 0},

that is (3.4), while (3.43) implies (3.3a) and (3.3b), keeping into account that z is
nonnegative and nonincreasing. To prove (3.5), we use (3.16b), (3.16d), and the
fact that u,(0) = up and z,(0) = 2 for all 7. It remains to show that 4(0) = wvo.
We first note that (3.16e) and (3.16f) imply that

v, =4 weakly in H'([0,T], Hp' () U Q2,R?),

so that we entail v, (t) — u(t) weakly in Hp' (2, UQq,R?) for all ¢ € [0,T]. Thesis
follows since by definition v, (0) = vy for all 7. O

When we deal with nonhomogeneous boundary datum the existence theorem is
stated as follows:

Theorem 3.9. Let L € LQ([O,T],Hgl(Ql U Q2;RY)), ug,vg € HY (g U Qg,RY),
20 € Z, and let w € H'([0,T], H5 (2, RY)) with w € H'([0,T], Hp (2, R?)) be such
that w(0) = ug and w(0) = vy on IpQ). Then there exists a triple (u, o, z) with

u € L*([0,T), H(Q1 U Q; RY)), (3.51a)
w € L2([0,T], H(Q1 U Qa; RY)) N L([0, T), L (4 U Q93 RY)), (3.51b)
i€ L*([0,T), Hp' (1 U Qa,RY)), (3.51c)
o € L*([0,T], L* (91 U Q; RESD, (3.51d)
z € HY([0,T), L*(T")) N L>([0,T), Z), (3.51e)
satisfying
pii(t) — divpo(t) = L(t) + T(u, 2), (3.52a)
o(t) = Coe(u)(t) + puCle(u)(t), (3.52b)
on Q for a.e. t € [0,T), the Dirichlet condition
u(t) = w(t) on OpLY, (3.52¢)
for a.e. t € [0,T], the relations
() <0, (3.53a)
2@)(V([u(®)]) + nz(t) — a) =0, (3.53Db)
on T,
V([u(t)]) + p2(t) —a <0, (3.54)
on T'n{z(t) > 0}, for a.e. t € [0,T], and the initial data
u(0) = ug, w(0) =wvg, 2(0)= 2. (3.55)

The proof is essentially the same of Theorem 3.1, that can be easyly arranged.
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Proof. We set w™; := w(0) — 7w(0), w = w(tl), wl := % fori =0,...,n,
then we define the piecewise affine functions

wr =w + (t— tf)M for t € [t} t} 1), (3.56a)

T
wr = O 4 (t— th) L T for ¢ € [t7, 17 ), (3.56b)

T

for i =0,...,n — 1. The fact that
w, —w strongly in H'([0,T], H*(Q,R?)), (3.57a)
w, = strongly in H([0,T], Hp' (Q,R%)), (3.57b)

is standard and easily checked. We also define the piecewise affine function [-
0,T] — Hp'(Q,R?)) by setting

Iy := pi; — divp(Cle(w,) + uCle(w,)), (3.58)
so that property (2.5), the continuity of divp, and (3.57) imply that
I, =1 strongly in L*([0,T], HBl(Q,]Rd)), (3.59)

where [ := pii — divp (Ce(w) + uCle(w)). Arguing as in the proof of Theorem 3.1
we solve the minimum problems (3.9) and (3.10) with £ —I(¢?) in place of L] and
denote by u* and 2] their minimizers. Standard arguments taking into account re-
lation (3.59) ensure one that the same estimates (3.23) hold for the functions u’, z,,
v!. defined as in (3.14). So that we found functions v’ € H*([0,T], H}(Q1 UQ2, RY))
with @ € H'([0,T], Hp' (Q; U Qq,R?)) and z € L=([0,T], L*(T)) N H'([0,T], Z)
such that

ul =/ weakly in H'([0,T], H5(Q1 U Qy, RY)), (3.60a)
ul (t) = u/(t)  weakly in H5(Q1 U Qo, RY), for every t € [0, T], (3.60b)
2y =z weakly* in L°°([0,T], L*(T)), (3.60c)
z:(t) = z(t) weakly* in L*°(T") for every t € [0,T],, (3.60d)
vl — 4 weakly* in L>([0,T], L?( U Qy, RY)), (3.60e)
ol — i’ weakly in L2([0,T], Hp' (Q1 U Qa,RY)), (3.60f)
2, — % weakly in L([0,T), L ( ). (3.60g)

(
[0
Moreover we also get (3.12), (3.13), while (3.11) is replaced by the following
p(0r, @) + (COe(it],) + uCle(i), e(p)) + (VV([@]) - [¢], Z-)r
= <£~T - lNTﬂ §0>a (361)

for all ¢ € H}, and for a.e. t € [0,T]. Arguing as in Proposition 3.5 we see that
(3.61) passes to the limit as 7 — 0 and leads one to

p(ii', @) + (Ce(@,) + uCle(ur), e(9)) + (VV([u]) - [¢], 2)r
for all p € H}, and for a.e. t € [0, T]. If we define u := u’ +w, observing that, since
w € HY(Q,RY), [w] =0 on T, then (3.62) reads

plit, @) + (COe(u) + uCle(), e(p)) + (VV([ul) - [¢], 2)r = (£, ). (3.63)
At the same time (3.12) and (3.13) pass to the limit like in the case of homoge-

neous boundary datum, and give rise to the same equations (3.43) and (3.44). The
conclusion easily follows. O

The following Proposition provides the energy balance of the system.
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Proposition 3.10. Let u be the solution of Theorem 8.9. Then for all 0 < t; <
to < T, the following energy balance holds

gllft(tz) —(t2)]|Z2 + Qole(u(t2))) + (V([u(t2)]), z(t2))r + H/t Qu(e(it))ds

ta

th) 1211Z2ds —(a, 2(t2))r = gllﬂ(tl) —w(t)l|72 + Qole(u(tr))) — (o, 2(t1))r

+ (V([u(t1)]), z(t1))r + / 2(0, e(w))ds + / (L — pw, 4 —w)ds, (3.64)

t1 t1
where o = CPe(u) + uCle(i).

Proof. We put ¢ = @—w in (3.62) and sum this expression with (3.43). Integrating
in time on [t1,t2] we get (3.64). O

3.1. Processes in Mode II. In order to prove the existence of solution of the
problem in Theorem 3.9 which also satisfy constrains as in (2.20), we use a standard
argument dealing with a penalization term.
Let D C R? be the convex and closed cone defined in (2.19b). Let ® : R — R
be a smooth nonnegative and convex map such that
(i) ®(0) =0 and ®(z) > 0 if 2 # 0.
(ii) The derivative ® of ® is Lipschitz with constant L > 0.
(iii) There exists 1 < § < ¢* and C' > 0 such that |®(x)| < C(|z| + 1)° for all
z €R.
2(

Here ¢* = +oo for d < 2 and ¢* = dd%;) for d > 2. As for V, property (ii) has the
following consequence

(iv) For all z € R it holds |®'(x)| < L|z|.
Now we define V:RIxT — R the function V(y,x) := ®(dist(y, D(x)). We then
define V : LY(T') — LY(T) as V([u(z)]) = V(Ju(z)],x) when [u] € LY(T). Finally,
for all positive integers h > 0, we set V}, := hV.

Let us remind the constraint conditions on the jump of [u] that we want to
satisfy. They read

[u(t)] = 0, (3.65a)
o(t)v 4+ T(u(t),z(t)) =* 0, (3.65b)
(o(t)v + T(u(t),z(t))) - [u(t)] = 0. (3.65¢)

for a.e. t € [0,7]. Since o(t) is not in general an element of L*(I',R%), we prove a
theorem where the solutions satisfy (3.65) in a weak form.

Theorem 3.11. Let D be the cone in (2.19b) and let L, ug, vo, 20, and w be as
in Theorem 3.9. Then there exists a couple (u, z) satisfying (3.51), (3.52c), (3.55),
and such that, for a.e. t € [0,T], it satisfies conditions (3.43), (3.44), and

u(t) € D, (3.66a)
(pii, @) + (uCle(w) + COe(u), e(p)) + (VV([u]) - [¢], 2)r = (L, ), (3.66b)
for all ¢ € H}, with [p] - v = 0.

We will give a sketch of the proof, being it very similar to the one of Theorem 3.1.
Moreover, for simplicity, we will only treat the case with homogeneous boundary
datum.
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Proof. Let u} be the minimun of the potential

n n
s R

OB IR 2 Qlew) + (V (), )

T

+ %(Ce(u — ), e(u—uiy)) — (L7 w) + [Vallu] - )|y, (3.67)

and 2" the minimum of (3.10). The discrete Euler condition then is

PUTMEL M T ) 4 (COeu),ele) + ([ -v), [g] e

T T

+ g@l(e(uzl) —e(uih)) ele)) — (L) + (VV([ui]) - ], 2')r = 0, (3.68)

for all o € HL(2;UQs, RY). Arguing in the same way as in proof of Proposition 3.3
we obtain the same bounds and convergences (3.16) and the further information

IV ([ur ()] - )20y < C. (3.69)

Passing to the limit as 7 — 0 we obtain that the functions u;, € L>([0,T], H* (2, U
Q2;RY)) and 2, € H([0,T], L*(T")) satisfies (3.43), (3.44), and, in place of (3.32),

(piin, @) + (COe(un) + uC'e(in), e()) + (VV ([un)) - [¢], zn)r
= (L,9) — (Vi([un] - v), [¢] - V)r, (3.70)

for all ¢ € H} (21 UQo, R?) and for a.e. t € [0, T].
The same argument for Proposition 3.10 gives the following energy balance

i (1) 3 + Qole(un) (1)) + V (fun(t)]), (6} + / Q1 (e(iin))ds
o / 2 ]22ds — / (e + 11V (an (8] - vl oy
= Dol + Qufe(u)) + {V(fua) a)r ~ [ (£, i), (3.71)
0
for all ¢ € [0,T] We write

t ) 1 t ) 6)\ t ) )
/ (L. in)ds < = / 121, ds + 2 / le(in) |3,
0 2)\ 0 D 2 0

where A = £ so that, plugging this into the energy balance (3.71) and using (2.5)
we obtain that there is a positive constant C' independent of h such that

Fraco2lin (03 + 22 le(un) 1)1 + (V (fun (1)), 20 + 222 / le(iun) |3ds
o / 2 l12ds — / (e + 1V (un(®)] - )iy < C. (3.72)

Thanks to this apriori estimate we have that there exists u € H'([0,T], H}, (3 U
05, R%)) and z € H'([0,T], Z) such that, up to a subsequence,

up — u  weakly in H'([0,T], Hh (4 UQa, RY)), (3.73a)
up(t) = u(t) weakly in Hp, (2 U Qq, RY), for every t € [0, 7], (3.73b)
zn — z  weakly™ in L>°([0, T, L*(T")), (3.73¢)
zp(t) = 2z(t)  weakly* in L*°(T") for every t € [0, T, (3.73d)
z, = 2 weakly in L*([0, 7], L*(T")). (3.73e)
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as h — +o0o. The proof of this fact is identical to the proof of Proposition 3.3.
Moreover, since the Sobolev embedding H? < L4(T) is compact for all 1 < g < ¢*,
(3.73b) implies

[up(t)] — [u(t)] strongly in LY(T), for every t € [0,T], (3.73f)

for all 1 < g < ¢* as h — +oo. By definition of V},, one has ||V}, ([un(t)] - iy =
RV ([upn (t)] - v)||1(ry, so that (3.72) implies

V([un(t)] - v) = 0 strongly in L*(T"), for every t € [0,T], (3.73g)
as h — +o0, and in particular we get that xpe([un(t)] - v)[un(t)] - v — 0 almost
everywhere on I" for all ¢ € [0,T]. This implies the important condition

[u(t)] € D. (3.74)

Thanks to convergences (3.73) it is now easy to pass to the limit as h — 400 in
(3.43) and (3.44). Indeed, passing to the limit in the first one, we get the inequality
(3.48), thanks to (3.73d) and (3.73f). To get (3.44) we argue as in the proof of
Proposition 3.8, getting also equality in (3.48), and then (3.43). Instead (3.70)
passes to the limit in the case that [¢] - v = 0 providing condition (3.66b). This
concludes the proof. O

Corollary 3.12. Let (u,z) be a solution of (3.1), (3.43), and (3.66). Then the
energy balance (3.64) holds.

Proof. The proof is the same as Proposition 3.10, since % satisfies the constraint
[¢4] - v = 0 and we can employ (3.66b) with ¢ = @ — w. O

4. LIMIT OF SOLUTIONS IN RESCALED TIME

In this section we study the asymptotic behaviour of dynamic evolutions when
the rate of the external loads and the boundary conditions become slower and
slower. This can be done throught a suitable rescaling of the data. If we start with
an external load £ and a datum w on [0,T], we set £¢(t) := L(t/e) and we(t) :=
w(t/€) so that £ and we® are defined on [0,T/e]. If (u, z¢) is the solution given
by Theorem 3.9 with these data, we are interested into studying their behaviour as
e — 0. To handle with this, another rescaling is required. We define (uc(t), z.(t)) :=
(uf(et), z¢(et)), in such a way that the functions (u., z¢) are now defined on the same
interval [0, 7. A straightforward change of variables shows that (u., z) solves the
same equations of (u, z), with a scalar ¢ appearing besides all the terms with one
time derivative, and €2 appearing beside the second derivative. In other words,
this rescaling provides that (ue, z¢) are the solutions of the beginning delamination
problem with a density mass equal to pe? and a viscosity parameter equal to pe.
For simplicity in what follows we simply replace p by €? and pu by e.

Now we are ready to compute the analysis of (u., z.) as the parameter ¢ vanishes.
We will restrict to the dimension d < 3, and we will assume that the potential V' ([u])
has the form

where K is called the elastic coefficient of the adhesive, and is constant on T.
We assume also that K is positive definite, that is (K[u] - [u])r is a an equivalent
norm on L?(I',R?). Such hypothesis are classical in literature. Moreover we will
need to assume more regularity on the data. In particular we suppose that w €
H2([0,T], H,(Q,RY)) and £ € H([0,T], Hp' (Q,R%)).

We first state the Theorem in the case of homogeneous boundary datum.
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Theorem 4.1. Let £ € H'([0,T], Hy' (2, RY)) and ug, vy, 20 as in Theorem
3.1. Let (ue,ze) be a solution of the problem in Theorem 3.1, then there exist
ue L([0,T], H5(Q1 UQs)) and z € L?([0,T), Z) such that, up to a subsequece,

ue — u strongly in L*([0,T], H5(Q1 U Qg, RY)), (4.1a)
ze =z weakly* in L*([0,T], 2), (4.1b)
ze(t) = z(t)  weakly* in L>(T)for allt € [0,T], (4.1¢)

as € = 0. There also exist two nonnegative Borel measures pu, € M([0,T] xT') and
wp € M([0,T] x Q) such that, for the same subsequence

€22 — p, weakly* in M([0,T] x T), (4.1d)
eCle(te) - e(tie) — pp weakly* in M([0,T] x Q). (4.1e)
as € = 0. Moreover (u, z) satisfies for a.e. t € [0,T] the semistability condition
(CO%(u(t)), e(p)) + (Klu(®)] - [¢], 2(t)r = (L(t), 0, (4.2)
for all o € H(Q1 U Q9,RY), and the energy equality

Qo(e(u)(t2)) + (%K[U(tz)] [u(t2)], 2(t2))r — (o, 2(t2))r — (L(t2), ultz))

= Qo(e(u(t1))) + <%K[U(t1)] [u(t)] 2(t)r = (e, 2(t))r — (£(8), u(t1))

+ o (Jt1, t2] X T) 4+ pp(Jt1, t2] x Q) +/ 2<£,u>ds, (4.3)

t1
fora.e. 0 <ty <ty <T.

The proof of the theorem is essentially the same of [28, Proposition 3.2], with the
only difference that we have the addition of viscosity in the adhesive. We summarize
some important steps and emphasize some differences, and then refer to [28] for a
complete discussion.

Proof. Step 1: apriori bounds. We recall the energy balance for the solution
(ue, 2¢), that is

6—||u€(t)||§2 + Qole(ue)(t)) + <1K[ue(t)] [ue(B)], ze(0))r + 6/0 Qu(e(te))ds

2
+e/ 2el2ds - /<a s

= ¢*luol|7 +Qo(e(uo)>+<%K[uo] - [uo], o)1 + /O (L, c)ds. (4.4)

Integrating by parts in time and then using the Cauchy and the Korn inequalities,
we see that the right—hand side of (4.4) is bounded by the quantity

L PO+ [ etulis,

for some constants Cy, C7 > 0 depending on the data of the problem but inde-
pendent of €, and for an arbitrary constant A > 0. Setting \ = g‘g, from (4.4) we
obtain

(Ol + Sl O + Gl 0)] - a0 200+ e [ et
+e/0 213 2ds — /()(a,zg)p < Qifo —1—01/0 lle(ue)||2ds, (4.5)
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and in particular, since all the term in the left-hand side are non-negative, we entail

le(ue)(®)]3 < € + C/O le(ue)3ds, (4.6)

for some constant C' > 0 independent of e. The Gronwall Lemma then implies that
the right-hand side of (4.5) is bounded by a constant. This provides the following
estimates: there exists a constant C' > 0 such that

le(ud)(t)]|3 < € for all t € [0,T], (4.7a)
1
<§K[u6(t)] Jue(®)], ze(8)))r < C forall t € [0,T], (4.7b)
el|ic(t)]2 < C  forall t € [0,T], (4.7¢)
T
| eletiigas < c. (4.70)
0
T
/ ellzc||3ds < C. (4.7¢)
0
and arguing as in [28, Proposition 3.2] we find z € L*°([0,T], £) such that
ze(t) — z(t)  weakly* in L>(T), (4.8)
for all ¢t € [0,T]. The boundness
luc@) |l < C  forall t €[0,T], (4.9)

implies that there exists u € L ([0, T], H3(Q1 U Qg,R%) such that, up to a subse-
quence,

ue — u weakly* in L°([0, T], H5(Q; U Qa, RY)), (4.10a)
[u]e = [u] weakly* in L“([O,T],H%(F,Rd)), (4.10b)

as € — 0. Finally, the bounds (4.7d) and (4.7e) show that the functions €2 and
eCle(ti) - e(te) are uniformly bounded in L([0,7] x I') and L'([0,T] x ) respec-
tively, so that there exist two nonnegative Borel measures p, and pu; such that, up
to a subsequence,

€22 — p, weakly* in M([0,T] x T), (4.10c)
eCle(ue) - e(tte) — pp weakly™ in M([0,T] x Q). (4.10d)
Step 2. The two following key lemma is proved in [28, Proposition 3.2].

Lemma 4.2. For all ¢ € H' (2, U Qy,RY) and all ¥ compactly supported real
smooth function on [0,T], it holds

T T
lim [ (Klue(s)]1(s) - [#], 2e(s))r =/()(K[U(SW(S)‘[@]7Z(S)>r~ (4.11)

e—0 0

Lemma 4.3. It holds

/ (KJu(s)] - [u(s)], 2(s))rds < lim inf / (Klue(5)] - [ue(s)], 2c(s))rds.  (4.12)
0 0

e—0

Step 3. Let ¢ be a smooth and compactly supported positive function on [0, T
Multiplying equation (3.63) by ¢ and integrating in time on [0,7] we obtain

T
/0 ((C%(ue) + eCle(c), () + (Klue] - [¢], ze)r)vds

_ /O (€ite, Q) + (L, Pyibds. (4.13)
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Lemma 4.2 allows us to pass to the limit obtaining, thanks to (4.7¢), (4.7d), (4.7e),
(4.8), (4.10), and the arbitrariness of 1,

(CO%(u(t)), e(p)) + (Klu(®)] - [¢], 2(t))r = (L(t), 0), (4.14)
for all p € H} (21 UQy,R?) and a.e. t € [0,T]. The
Taking ¢ = u, in (3.62) and then integrating in time on [0, ¢] we obtain

€ (te(t), ue(t)) + ;Ql(e(ue(t))) +/0 €[l + Qo(e(uc))ds

= o) + §Ou(e(u)) — [ Klud-lul zr + (Coudds, (313

and taking into account the bounds (4.7¢), (4.7d), and (4.7e), letting ¢ — 0, we
entail

e—0

Jim /0 Qo(e(ue)) + (Kfug] - [ud], z)rds = /O (£, u)ds. (4.16)

From (4.14) with ¢ = u, the right-hand side equals fot Qo(e(w)) + (Klu] - [u], z)rds.
Now,

/0 Qo(e(uw)) §1i£11>iglf/0 Qo (e(ue))ds,

and, from Lemma 4.3,

/0 (K[u] - [u], z)rds < lim inf/O (Klue] « [ue], ze)rds,

€0
so that by (4.16) we entail that equalities hold, and hence
ue — u strongly in L2([0, T], H5(Q1 U Qa, RY)). (4.17)
In particular this gives that for a.e. t € [0,7] one has
uc(t) — u(t) strongly in H(Q; U Qa, RY), (4.18)
[ue](t) — [u](t) strongly in H? (I, RY), (4.19)
so that, thanks to (4.8), we also have
(Klue] - [ue], 2 () = (K[u] - [u], 2())r, (4.20)

for a.e. ¢ € [0,7]. This allows us to pass to the limit as e — 0 in (3.64), getting
(4.25).
Step 4. The same argument of [28, Proposition 3.2] applies to prove (4.3).
O

Theorem 4.1 easily generalizes to the case of nonhomogeneous boundary datum.
Let us remark that in this case u € H' and no longer in H}, so convergences (4.1)
hold with this dirrerence.

Theorem 4.4. Let £ € H'([0,T], Hy'(Q,R?Y)), w € H?([0,T], H5(Q,R?)), and
Ug, Vo, 2o as in Theorem 3.1. Let (ue,zc) be the solution given by Theorem 3.1,
then there exist u € L*([0,T], H(Q1 U Q2)) with u(t) = w(t) on p, and z €
L3([0,T], Z) such that for a subsequece (4.1) hold as € — 0 and for a.e. t € [0,T]
the semistability condition holds

(Co%(u(t)), e()) + (Klu(®)] - [¢], 2(t))r = (L(2), ), (4.21)
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for all ¢ € HE (1 U Qa, R%). Moreover the energy equality

Qo (e(u)(t2)) + <}K[u(t2)] [u(tz)], 2(t2))r — (@, 2(t2))r — (L(t2), ultz) — w(ta))

2
=Qo(e(u(t1))) + %K[u(fl)]'[u(tl)h z(t))r —(L(t),u(tr) —w(t1)) — (o, z(t1))r
b et ta] X D)+ i (Jtas o] % ) — /t (L u— w)ds +/t (o, e(i))ds, (4.22)

is true for a.e. 0 <t; <ty < T, where o := Cle(u).

Proof. The following energy balance holds

€2 t

) = O+ Qofe(u(6)) + (5Eluc(0)] - [ae(®) () + ¢ [ Qu(etii))as
0

+ 6/0 IZel|72ds —(ax, ze(t))r = €*[lvo — wollZ2 + Qole(uo)) (e, 2(0))r

+ (%K[uo] * [uo], z0)T +/0 (0, e(w))ds +/0 (L — 2,1 — ) ds, (4.23)

where o, = C(u.) + eCle(u.). We then write
[ €= s < 0, ut) = )] + [ 12— wlds +C
0 0
< CIL@) - lle(ue(t)) — e(w(t))l]2 + C/O ]|z [le(uc) = e(w(t))|l2ds + C
< C+ Clle(ue(®)ll2 + C/O le(uc)||2ds

t
[0
<O+ ZOHe(uE(t))H% + O/O le(ue)|3ds,

for some constant C' > 0 possibly different from line to line. Moreover

T coy [T

T
| ctinas<cic [ el + 5 [ eta3s
0 0 0

and
t T T
|/ (€2, e — ) ds| < c+e2/ g1 (i) ods < c+62/ le(a)|2ds.
0 0 0
Hence the right-hand side of (4.23) is bounded by
Qo 2 ' 2 ear [T 2 2 T 2
C+ 1 le(uc®)llz + € ; lleCue)ll2ds + == ; lle(tc)l[zds + € ; lle(a)[|2ds,
and we are lead to
€2 . 2 (87s) 2 1 ¢ .2
5 @Iz + Flle(ue) @)l + (GKlue®)] - [ue(®)], ze(t))r + ; [[Zcllz2ds
ey — 262 1 Lo ¢
+ 2 et ias - [tazor 00 [ eolids, (420
0 0 0
for some C' > 0. This again implies (4.6) and the apriori bounds (4.7). The proof
now is very similar to the previous and can be arranged straightforwardly. U

An immediate consequence of (4.3) is the following:
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Corollary 4.5. Let (u,z) be the evolution obtained in the previous theorem. Then

Qo(e(u)(t2)) + éK[U(tz)] [ult2)], 2(t2))r — {a, 2(t2))r — (L(t2), u(t2) — w(tz))
<Qo(e(u(tr))) + <%K[U(t1)]'[u(t1)], z(t1))r —(L(t1)u(t1) —w(t1))
o 5t — /t U u— w)ds +/t (o, e(i))ds, (4.25)

forae 0<t; <ty <T.

Remark 4.6 (Limit of processes in mode II). The limit of evolution with
constrains as provided by Theorem 3.11 is straightforwardly arranged. The limit
(u, z) will satisfy for a.e. t € [0,T] the property

u(t) € D, (4.26)
while the semistability condition (4.21) is replaced by
(COe(u(t)), e()) + (Klu()] - [¢], 2(0)r = (£, ), (4.27)
for all p € HL (21 UQy, RY) with [¢] - v = 0.

We are now in position to discuss the flow rule of the limit evolution (u,z). The
presence of the viscosity term Z in the flow rules (3.43) and (3.44), in contrast to
[28] where the flow rule is rate-independent, makes the following analysis necessary.

Lemma 4.7. For a.e. (x,t) € I' x [0,T] it holds

1
iK[u(a:,t)] Ju(z,t)] — a(z) <0 or z(z,t) = 0. (4.28)
Proof. By (3.4), for all € > 0 it holds
1 .
(§K[U6] [ue] — €z — a)X{zg>0} <0.

Up to a subsequence we have that x(. oy — ¢ weakly* in L>°([0,T] x T') for
some ¢ € L>®([0,T] x T'). Thanks to (4.7¢) we know that ez, — 0 strongly in
L2([0,T],L*(T)), while thanks to (4.9) and (4.19) we know that $K[uc] - [u] —
1K[u] - [u] strongly in L'([0,T], LY(I)), so that at the limit as e — 0 the previous
relation gives rise to

1

(3Klu] - o] — )¢ <0, (4.20)
almost everywhere on [0,7] x I'. Now the thesis follows if we prove that ¢ > 0 on
the set {z > 0}. Let A := {(t,z) € [0,T] xT' : 0 = ((¢,x) < z(x,t)}, and let us
prove that |A| = 0. Then suppose |A| > 0. From the fact that z.(t) — z(t) weakly*
in L>(T") for all ¢ € [0,77], the Fubini Theorem and the Dominated Convergence

Theorem implies that
0< / z = lim Ze,
A e—0 A

but, on the other side we see that the right-hand side must be zero. Indeed we claim
that z. — 0 strongly in L'(A). Since z. < 1, the claim follows if we prove that
[{ze > 0} N A] — 0. But this is true since [{ze > 0} NA| = [, x(z.50y = [, ¢ =0
by hypothesis, and the lemma is proved.

O
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Now we prove that there is a representant z : [0,7] x I' — [0,1] in the class of
z € L*([0,T]xT) such that for a.e. (t,z) € [0,T]xT there exists the time derivative
G Z(t, ) € R. Let us define

Z(t,z) := lim inf z(t,y)dy, (4.30)
6—0 Ba.s
where B, 5 is the ball in I' centered at x and with radius 6 > 0. It turns out that
such limit exists and coincides with z(t, z) for a.e. (¢t,x) € [0,T] x I'. Moreover for
all x and all 0 < t; < to < T it holds z(t1,x) < Z(te, z), since this inequality holds
for z. and we have fB z(t,y)dy = limeo [ 2e(t,y)dy for all § > 0 by (4.8). In
particular for all fixed = € T the function ¢ — z(t x) is nonincreasing so that it is
differentiable almost everywhere on [0,7]. Note also that with such definition for
all ¢ € [0,T] the function Z(t,-) coincides with z(¢,-) almost everywhere on I', that
is Z(t) is a particular representant of z(¢) in L>°(T").
For z the following is true.

Lemma 4.8. For a.e. (t,z) € [0,T] x T it holds

(Kt 2)] - [u(t, 2)] — ale))2(t,2) = 0. (4.31)

Proof. For all real numbers 0 < a < b < T and all open set A C I we can define
the total variation of z. on [a,b] X A as

Var(ze, [a,b] X A) := (x4, ze(a) — z.(b))r, (4.32)

that defines a nonnegative measure on the Borel subsets of [0,7] x I'. Defining
similarly the total variation of z we see that Var(z.-) — Var(z,-) weakly™*
the space of nonnegative Radon measures Mb([O T] x T'). Writing z.(a) — z.(b) =
- f; 2c(8)ds and similarly z(a)—z(b) = — f D;z(s)ds where Dy is the distributional
derivative in time, we also obtain that for all Borel set BC [0,T] xT,

7/ z < Var(z, B) < Var(z., B) = 7/ Ze, (4.33)
B B

where the first inequality is due to the fact that —Zz is only the part of —D,Z that is
absolutely continuous with respect to the Lebesgue measure, while the second one
follows by the lower semocontinuity of the mass.

Now from the fact that 1K[uc] - [u] = $K[u] - [u] strongly in L'([0,T], L'(T)) we
have that 1K[uc(t,2)] - [uc(t, )] = $K[u(t,2)] - [u(t, z)] for a.e. (t,z) € [0,7] x T.
Let us define C := {(t,z) € [0, T] xI": z(t,x) # 0, +K[u(t,x)]-[u(t, z)] — a(z) # 0}.
From the fact that z is nonnegative and nonincreasing it is straightforward that
Z = 0 on the set z = 0, so that condition (4.28) tells us that |[CAC’| = 0, with
C":={(t,x) € [0,T] xI: z(t,x) # 0, +K[u(t,z)]- [u(t,z)] — a(z) < 0}. Let us then
prove that |C’| = 0. Suppose it is not the case, so that for some n > 0 it holds that
|Cr| > 0, with Cy, == {(t,2) € [0,T] x T : 2(t,z) # 0, 3K[u(t,2)] - [u(t,z)] — a(z) <
—1}. Thanks to the pointwise convergence of 1K[u] - [uc] to 3K[u] - [u] we can find
a subset B C C,, with positive measure and a number ¢y such that for all € < ¢
and all (¢,x) € B it holds K[u(t, z)] - [ue(t, £)] — a(x) < 0. This means that, thanks

0 (3.3b), z.(t,z) = 0 for all € < ¢y and all (¢,2) € B. So that

0= —lim 262—/2,
e—0 B B
where we have used (4.33). But since —Z% is nonnegative we find z = 0 almost
everywhere on B, contradicting the hypothesis. U



LIMIT OF VISCOUS DYNAMIC PROCESSES IN DELAMINATION 25

Let us define € : [0,T] — R the energy of the limit evolution (u, z) obtained in
Theorem 4.1 as

1

&(t) :=Qole(w)(t)) + (GK[u(®)] - [u(®)], 2(t))r

—{a, z(t))r — (L(t),u(t)) —l—/o (L, u)ds, (4.34)

for all t € [0, 7). Inequality (4.25) says exactly that £ is an essentially nonincreasing
function. Essentially means that there exists a negligible set N C [0,7] such that
£ is nonincreasing on [0,7]\ N. We can then always extend it to a (unique) left-
continuous nonincreasing function on the whole [0,7]. As a consequence the new
€ is discontinuous on an at most countable set Jg C [0,7], and this set does not
depend on the value of £ on N. We will also denote by J. the subset of [0, 7]
where the function z is discontinuous with respect to the strong topology of L!(T).
Since z is a nonincreasing function with values in [0, 1], we see that J, is at most
countable as well.

Theorem (4.1) shows that the evolution (u, z) limit of (u., z) satisfies the sta-
bility condition almost everywhere on [0, 7]. The next Lemma gives a more precise
description of the set of times where stability holds, and at the same time tells us
that we can change the map u € L*°([0,T], L*(Q2, R?)) on the negligible set N in
such a way that the energy & is globally nonincreasing.

Lemma 4.9. Suppose t € [0,T]\ (Jg U N) is such that z is continuous at t with
respect to the strong topology of L*(T), i.e. t & J,. Then the stability condition
(4.2) holds at such t.

Moreover there exists a representant of u € L>([0,T], L?(,R%)), still denoted
by u, such that the stability condition (4.2) holds at all t € [0,T]\ J, and the
corresponding energy (4.34) is nonincreasing and continuous at all t € [0,T]\ J..

Proof. Condition (4.2) tells us that u(t) is the (unique) minimizer in HE (U, RY)
of the potential

1
We(u) := Qole(w)) + (GK[u] - [u], 2(t))r = (L(t), u). (4.35)
Let us denote by M(t) := min W;. The fact that z is continuous at # entails that
also M is continuous at . Let us choose a sequence t,, such that t,, ¢ N and u(¢,)
satisfies the stability condition (4.2) for all n > 0, then we have

lim E(t,) = lim (M(t,) + (a, 2(ta)) — /0 (£, u)ds)

n—oo n— 00

— M) + (o, 2(B) — /O (£, uhds = E(B), (4.36)

where the last equality follows from the continuity of £. This says that W(u(t)) =
M (t), which, thanks to the uniqueness of the minimizer of Wj, entails that () is
such minimizer, so that it also satisfies (4.2), and the first part of the statement is
proved.

Let us now fix ¢ € [0,T]\ J,, if we choose t, such that t, — ¢ and u(ty,)
satisfies the stability condition (4.2), formula (4.36) still holds with ¢ replaced by
t thanks to the continuity of z and proves that we can redefine u at all points
t € N\ J, as the minimizer of W;. We see that the new u coincides with the
old one almost everywhere and satisfies (4.2) at all t € N \ J, by definition. This
concludes the proof, noting that the new & corresponding to the new u is continuous
on [0,T]\ J.. O
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Remark 4.10. A consequence of Lemma 4.9 is that the set of times ¢ € [0,7]
such that the new u(t) does not satisfy the stability condition (4.2) is an at most
countable set. Let us denote it by S,. Lemma 4.9 then reads

(Su U JE) C J..

Another consequence of this fact is that at any time where z is continuous, also u
is continuous with respect to the strong topology of HE(Q1 UQg,R?). If we denote
by J, the set of times where u is discontinuous, then J, is at most countable and
Ju C Js.

Another consequence of Lemma (4.9) is that the definition of the new u implies
that for all t € [0,77] \ J. relation (4.28) holds true for H4 t-a.e. x € Ty.

Let us finally remark that, with the new definition of &£, the energy inequality
(4.25) holds for all t1,t5 € [0,T] \ Js.

Theorem 4.11. Suppose that there exists 0 < s < T such that z(t,x) > 0 at a.e.
x €T for all0 <t <s. Then the energy & is constant on [0, s]\ J,, i.e. E(t) = E(0)
for allt € 10,s]\ J,. In particular p, =0 on [0,s] X T and pup =0 on [0, s] x Q.

Proof. Taking into account (4.25), it suffices to show that £(0) < £(s). To prove
this, for all integers n > 0 let us choose a sequence of times 0 =ty < t; < --- <
t, = s such that t; € [0,7]\ S, for all i < n and such that max;,, [t;+1 —t;| = 0
as n — oo. The minimality of W;, at w(t;) implies Wy, (u(t;)) < We, (u(tiy1)) for
all 0 < i < n. This is equivalent to

Qo(e(u(ti))) — Qole(u(tiv1))) — (L(t:), u(ts)) + (L(tiv1), u(tiv1))
+ (Rlu(t)] - [ulto)] 2(t)r — (GRRultis)] - [u(tin)] 2(ti)r

1
< (GKlultirn)] - [ultivn)], 2(t:) — (1 ))r + (L), ultivn) — ults)
<A 2(t) — 2(tiga))r + (L(tiv1) — L(E:), ultitr)), (4.37)
where in the last inequality we have used (4.28) with Remark 4.10. Summing this
expression for ¢ = 0,...,n — 1 we obtain

Qo(e(u(0))) — Qole(u(s))) = (£(0),u(0)) + (L(s), u(s))

+ (GEIO)] - [u(0)] 20))r — (GRu(s)] - [(5)] 2(5))
< {0 2O — (o 2()r + S (Eltin) — L) ultin)), (438)
=0

but the last term tends to f;(ﬁ, u)ds as n — oo thanks to the regularity of £ and
the fact that J, is at most countable. So that the inequality above implies exactly
£(0) < &(s), and the thesis follows. O

Remark 4.12. If we do not redefine the functions £ and u as in Lemma 4.9,
Theorem 4.11 still holds, with the only difference that the equality £(t) = £(0)
holds only for a.e. t € [0,s]\ (N U J,). To see this it sufficies to apply the same
proof with the only difference that we have to choose the times ¢; in the set where
(4.21) holds for the original w.

4.1. The one-dimensional case. In this section we consider the case d = 1.
Without lose of generality we set € :=]0,1[, Qg :=] — 1,0[, " := {0} and 9pf? :=
{~1,1} and assume that C° = 1 and K = 1. We denote by u the displacement,
and we want to study an evolution with Dirichlet conditions u(t,1) = a;(t) and
u(t,—1) = a_1(t) for all t € [0,], and external forces L(¢,x). This arises imponing
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w(t,z) == a_q(t)+ = (a1 (t) —a—1(t)). We assume that at the initial time we have
20 = 1.
Let us first state the following preliminary fact:

Lemma 4.13. £ € Hy'(] — 1,0[U]0,1[,R) if and only if there exists F € L?(] —
1,0[U]0, 1[) such that (L,¢) = —(F, @), for all ¢ € H(] — 1,0[U]0, 1, R).

Proof. We can write

(L,0) < Cillellar < Callealla,
thanks to the Poincaré inequality. In particular, since the linear map A : HBl —
L3(] — 1,0[U]0, 1[) given by A(p) = ¢, is bijective, we see that the map £ o A~}
belongs to the dual of L2(]—1,0[U]0, 1[), and then there exists F' € L?(]—1,0[U]0, 1[)
such that £o A7 () = —(F, %) for all ¢ € L?(] — 1,0[U]0, 1[). The claim follows
by writing ¢ = ¢,. O

Lemma 4.9 guarantees that (u, z) satisfies (4.21) and (4.25) everywhere on [0, T\
J.. Now we prove that, up to suitably change the function ¢ — (u(t), 2(¢)) on a
negligible set, we can assume that such conditions are satisfied for all ¢ € [0, T[. In
the one-dimensional case z(t) is just a real number, and convergence (4.1c) ensures
that z is nonincreasing, and then coincides with Z defined in Lemma 4.8. We define

Z(t) := slif? z(s).

In particular Z is left-continuous. Let S, C [0,T] be the set of all ¢ at which (4.21)
does not hold. Then for all t € S, we define '(t) as the (unique) solution of
problem (4.21) with z(¢) replaced by 2(¢) and boundary datum w(t). Then we set

a(t) = {u’(t) iftel

u(t) otherwise.

Not to weight up the notation since now on we will still denote (@, 2) by (u, z).
Let us remark that, thanks to Lemma 4.9, the fact that z is left-continuous at
all t € [0,t1], it is easily seen that the energy (4.34) turns out to be globally
nonincreasing, i.e. it is a nonincreasing function on the whole interval [0, ¢;].

In other words we have first redefined z in order that it is left-continuous, and
then we have redefine u as in Lemma 4.9. Thanks to the left-continuity of z we see
that the proof of Lemma 4.9 provides that the new u satisfies (4.21) on the whole
[0,1].

When (¢, z) are fixed, (4.21) is equivalent to the fact that u is the minimizer of

the functional ) )
u— §(uw,uw> + §[u]2z — (L, u),
among all the functions u € H'(] — 1,0[U]0, 1[) with u(1) = w(t,—1) and u(—1) =

w(t,1). Equivalently, this is expressed by the following system of equations

—Ugy (t, ) = L(¢, ) on ]—1,0[ U ]0,1],

Uz (t,0) = [u(t, 0)]2(t)

u(l) = w(t,—1)

u(—1) = w(t, 1).
It is not difficult to compute explicitly the solutions of such system. Let F €
H([0,T], L*(] — 1,0[U]0,1])) be the function, provided by Lemma 4.13, such that
(L(t),p) = —(F(t), pz) and set G(t,z) := [ F(t)(y)dy for all z €] — 1,0[U]0,1],
the solution u = u(t,z) of (4.39) takes the form

u(t, ) = {G(t 1) = G(t,2) +9(t) g (e — D) +w(t, 1) ifz>0

@
G(t,=1) = G(t,2) + g(t) ey (v + 1) +w(t, —1) if 2 <0,

(4.39)

(4.40)




28 RICCARDO SCALA

where g(t) := G(¢,1) — G(t,—1) + w(t,1) — w(t, —1). We can compute

[u(t)] == 15(22@). (4.41)
Let us define
= it {5 [u(H)]? —a > 0},
_ irtlf{%[u(t)}z — a0, (4.42)

and let these values be T' if the corresponding infima are computed on empty sets.
Obviously we have ty < t;. We see that the times ¢ty and ¢; depend only on g and
the value of z, in particular

. g(t) = V2a
_ngf{z(t)g Wor }
= inf{z(t) < 9(2 \/ﬁf 1. (4.43)

The energy (4.34) reads

= 5 (t,2), 0 (1,2)) + 3 [u()2(0) — 02()

Et) =3

PO, (0) ~ wa0) ~ [ FE).0(5) — s (9)ds
- [ taals) (o)),
0

and plugging the formulae found above in this expression we obtain

_Lg(t)*2(t) (G(0,1) = G(0, =1))(w(0,1) — w(0, -1))
E0) =312 W~ 2
_/t 9(s)g(s) o(s)
o 1+2z(s) 7

We will now employ a standard formula providing the expression of the distri-
butional derivative of the composition of a smooth function with a function with
bounded variation (see, e.g., [32], or [2]). If z : [0,7] — R is a BV function and
f : R? — R is smooth, such formula applied to the function t — f(t, z(t)) reads

Dif(-2() =
FiC 2L + fa( 2() Dezeo+ Y L — fs,2(s7))]0s,  (4.44)

seRT

where f; is the derivative of f with respect to the i-th variable, £! is the Lebesgue
measure on R, Z is the continuous representant of z on the set C,, the set where
z is continuous, z(s™) (resp. z(s7)) is the limit from the right (resp. left) of z at
s € R, and J, is the Dirac delta at s € R. We use this formula to compute the
distributional derivative of £. Let us recall that the function z itself is continuous
at every t except at the jump times. Therefore we find

(1 g(t)?
2 (1+22(¢t ))

2(st) 1 g(s)z(s) )
+se%:T]< 1+2Z ) T3tz ) e )) s,

D,E(t) —a)(2+ 29

(4.45)
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where Z and ¢ are the absolutely continuous part of D;z ¢, with respect to £1
and the Cantor part respectively. We can write the jumps of (4.45) in the following
equivalent way

z(t7) 1 2
- Z / ,L)z - adr)és. (4.46)
s€[0.T] 2(tt) 2 (1 =+ 27")

From the energy inequality we know that the energy is a nonincreasing function, so
that its total derivative (4.45) must be a nonpositive measure on [0,7]. Since the
absolutely continuous, the Cantor and the jump part of this measure are mutually
singular, they must all be nonpositive. This applied to the jumps implies that the
integrals appearing in the sum (4.46) are all nonnegative. On the other hand we

have
z(t7) 1 2 z(t7) 1 2
/ *L)Q_Old’rg/ 7%—ad8§0,
2(t4) 2(1—|—27‘) 2(t+) 2(1+2Z(t ))

2
where the first inequality follows from the fact that r — % (1‘7+(82)T)2 — « is nonin-
creasing, and the second inequality follows untill ¢ € [0,¢;]. Moreover, the first

1_g(s)°
2 (1+2r)2
case, while if g(s) = 0 the second inequality is strict since @ > 0. In particular we
find out that no jump can occur in the interval [0, ¢1].

We claim that, if there is a jump of z, than such jump is unique and takes place

at t = t1. Moreover z(t) = 0 for ¢ > t;. Without lose of generality suppose t; < T

inequality is strict if g(s) # 0, since r — — « is strictly decreasing in this

2
Since z is left-continuous, the function %% — « is left-continuous, so that by
2
definition of ¢ it holds 19t < 0, and there is a sequence t; \, t; such

2 (042202
that f(tx) > 0 for all k. Again, since f is left-continuous we obtain that for all
d > 0 the set of all ¢t such that f(¢) > 0 has positive Lebesgue measure on [t,t1 +4].
This, thanks to (4.28), implies that z(t) = 0 for ¢ > ¢, getting the claim.

Let us now consider the Cantor and absolutely continuous part of (4.45). We
1__g(t)?
5(152;;@))2 -

a=0}={te|0t]: =zt = %} This is the set where the continuous

function g(t) coincides with f(t) := v2a(1+422(¢)). We claim that the distributional
derivatives of the BV functions g and f coincide on A. It is a particular case of a
more general fact provided by [19, Theorem A.1]. As a consequence we get

§=2v2a(% + 3°),

which implies that ¢ = 0 since the right-hand side is absolutely continuous with

respect to the Lebesgue measure. Moreover we find out that z = 7 12 g.

see that Z and 2° might concentrate only on the set A := {t € [0,1] :

We can summarize our discussion with the following results, which holds in the
1-dimensional case:

Theorem 4.14 (1-dimensional case). Let (u,z) be the limit of dynamic processes
giwen by Theorem 4.4. Then there is a representant of z that is left-continuous.
Let to, t1 be as in (4.43). Then there is a representant of w such that u(t) is the
solution of (4.39) for allt € [0,t1]. For these representants, still denoted by (u, z),
it holds that z is constant on the interval [0,tg] and it is such that z(t) = 0 for
t > t1. Moreover z can jump only att =t1, 2°=0 on [0,T], and £ is concentrated
on the set
_ oy 9 —V2a
A= {t € [to,t1] : 2(t) er 1, (4.47)



30 RICCARDO SCALA

where it also holds z = ﬁg, with g(t) := G(t,1) — G(t,—1) + w(t, 1) — w(t, —1).
In formula

1

5 TQQXA-

In terms of the data of the problem we can state the following:

Theorem 4.15. Let (u, z) be the limit of dynamic processes given by Theorem ./
with initial condition z(0) = zo > 0 and suppose z is left-continuous. Let
to:= inf {g(t) > (1 + 2z)V2a}, ty == inf {g(t) > (1+220)V2a},
te[0,T] t€[0,T]
then it holds z(t) = zo if t < to, 2(t) =0 ift > t1, 2 = ﬁg)@, and z can jump
only at t =t1.

Corollary 4.16. If g(t) is strictly increasing and is such that g(0) < (14 2z0)v2a,
then there is only one solutiont > 0 of (4.47) and z(t) = zo fort <&, while z(t) = 0
fort >t.

Proof. In such a case tg = t; = t. Note that hypothesis g(0) < (1 + 220)Vv2«
prevents that ¢ = 0. O

The last statement proves that the function (u, z) given by an external load and
boundary condition as in the example of [28, Section 4] coincides with the couple
of such example. We emphasize that Theorem 4.14 refers to a couple (u, z) which
evolves without constrains on the jump. However, if the jump remains positive,
as in the example of [28, Section 4], the evolution itself satisfies the constraint of
mode I.

We conclude the section with the following remark, that show that the conditions
we have obtained by the analysis of the limit (u,z) is not sufficient to conclude
whether jumps occur or not.

Remark 4.17. Suppose that the function g € C*®(R) be such that g(0) = 0,
g(1) = 3v2a, ¢g(2) = V2, and g is strictly monotone in the intervals [0, 1] and

[1,2]. Let then z = 1 on [0,1], 2(t) = 22229 for t € [1,2], and #(t) = 0 for t > 2,
Then let u(t) be the solution of (4.39), i.e. the function in (4.40). For such (u, 2)
we see that (4.21) holds by definition while (4.45) shows that (4.22) holds true with
s = pr = 0. This is an example of an evolution satisfying the conditions of the
limit of dynamic processes with initial condition zy = 1, and which does not show
any jump, actually being smooth in time. However it is still not clear if there exists
some dynamic process whose limit is such function. In particular it is not clear if
the measures p; and p, must be strictly positive, as in the case of Corollary 4.16,
or may vanish.

Acknowledgements. The author thanks prof. Gianni Dal Maso for his sug-
gestions, discussions, and stimulating support.

REFERENCES

[1] V. Agostiniani, Second Order Approximations of Quasistatic Evolution Problems in Finite
Dimension Discrete Cont. Dyn. Syst. A 32 no. 4 (2012), 1125-1167.

[2] L. Ambrosio, N. Fusco, D. Pallara, Functions of Bounded Variations and Free Discontinuity
Problems Oxford Clarendon Press, (2000).

[3] V. Barbu, T. Precupanu, Convezity and Optimization in Banach Spaces 2nd rev. ed. Reidel,
Dordrecht, (1986).

[4] E. Bonetti, G. Bonfanti, R. Rossi, Global ezistence for a contact problem with adhesion Math.
Meth. Appl. Sci., 31 (2008), 1029-1064.

[5] H. Brezis, Functional analysis, Sobolev spaces and partial differential equations Springer,
(2010).



LIMIT OF VISCOUS DYNAMIC PROCESSES IN DELAMINATION 31

[6] H. Brezis, Operateurs Mazimauz Monotones et Semi-groupes de Contractions dans les Espaces
de Hilbert North-Hollande publishing company, Amsterdam, (1972).

[7] G.Dal Maso, A. De Simone, M. G. Mora, Quasistatic Evolution Problems for Linearly Elastic-
Perfectly Plastic Materials Arch. Ration. Mech. Anal. 180 (2006), 237-291.

[8] G. Dal Maso, A. DeSimone, M.G. Mora, M. Morini, A Vanishing Viscosity Approach to
Quasistatic Evolution in Plasticity with Softening Arch. Ration. Mech. Anal., 189 (2008),
469-544.

[9] G. Dal Maso, A. De Simone, F. Solombrino, Quasistatic Evolution for Cam-Clay Plasticity:
a Weak Formulation via Viscoplastic Regularization and Time Rescaling Calc. Var. Partial
Differential Equations 40 (2011), 125-181.

[10] G. Dal Maso, R. Scala, Quasistatic Evolution in Perfect Plasticity as Limit of Dynamic
Processes, Submitted paper. Preprint available at: http://cvgmt.sns.it/paper/2206/.

[11] N. Dunford, J. T. Schwartz, Linear Operators, Pure and Applied Mathematics series, New
york (1976).

[12] M. Efendiev, A. Mielke, On the Rate-Independent Limit of Systems with Dry Friction and
Small Viscosity. J. Convex Anal. 13 (2006), 151-167.

[13] M. Frémond, Equilibre des structures qui adhérent & leur support, Comptes Rendus Acad.
Sci. Paris, 295 (1982), 913-916.

[14] M. Frémond, Adhrence des solides, Journal de Méchanique Théorique et Appliquée, 6 (1987),
383-407.

[15] D. Knees, A. Mielke, C. Zanini, On the Inviscid Limit of a Model for Crack Propagation.
Math. Models Methods Appl. Sci. 18 (2009), 1529-1569.

[16] M. Kocvara, A. Mielke, T. Roubicek, A rate-independent approach to the delamination prob-
lem. Mathematics and Mechanics of Solids, 11 (2006), 423-447.

[17] G. Lazzaroni, R. Toader, A Model for Crack Propagation Based on Viscous Approzimation.
Math. Models Methods Appl. Sci. 21 (2011), 2019-2047.

[18] G. Lazzaroni, R. Toader, Some Remarks on the Viscous Approzimation of Crack Growth.
Discrete Contin. Dyn. Syst. Ser. S 6 , 1 (2013), 131-146.

[19] G. Dal Maso, P. G. Lefloch, F. Murat, Definition and Weak Stability of Nonconservative
Products. J. Math. Pures Appl. 74 (1995), 483-548.

[20] A. Mielke, R. Rossi, G. Savaré, BV Solutions and Viscosity Approzimations of Rate-
Independent Systems. ESAIM Control Optim. Calc. Var. 18, 1 (2012), 36-80.

[21] A. Mielke, R. Rossi, G. Savaré, Modeling Solutions with Jumps for Rate-Independent Systems
on Metric Spaces. Discrete Contin. Dyn. Syst. 25 (2009), 585-615.

[22] A. Mielke, L. Truskinovsky, From Discrete Visco-FElasticity to Continuum Rate-Independent
Plasticity: Rigorous Results. Arch. Ration. Mech. Anal. 203, 2 (2012), 577-619.

[23] M. Raous, L. Cangémi, M. Cocu, A consistent model coupling adhesion, friction, and uni-
lateral contact. Comput. Methods Appl. Mech. Eng., 177 (1999), 383-399.

[24] R. Rossi, T. Roubicek, Thermodynamics and analysis of rate-independent adhesive contact
at small strains. Nonlin. Anal., 74 (2011), 3159-3190.

[25] R. Rossi, T. Roubicek, Adhesive contact delaminating at mized mode, its thermodynamics
and analysis. Interfaces and Free Boundaries, 14 (2013), 1-37.

[26] R. Rossi, M. Thomas, From an adhesive to a brittle delamination model in thermo-visco-
elasticity. WIAS preprint 1692, (2012).

[27] T. Roubicek, C. G. Panagiotopoulos, V. Mantic, Quasistatic adhesive contact of visco-elastic
bodies and its numerical treatment for very small viscosity. Preprint (2013).

[28] T. Roubicek, Adhesive contact of visco-elastic bodies and defect measures arising by vanishing
viscosity. SIAM J. Math. Anal., 45 (2013), 101-126.

[29] T. Roubicek, Mazimally-dissipative local solutions to rate-independent systems and applica-
tion to damage and delamination problems. Nonlin. Anal, Th. Meth. Appl., submitted (2013).

[30] T. Roubicek, L. Scardia, C. Zanini, Quasistatic delamination problem. Cont. Mech. Thermo-
dynam., 21 (2009), 223-235.

[31] R. Toader, C. Zanini, An Artificial Viscosity Approach to Quasistatic Crack Growth. Boll.
Unione Mat. Ital. 9, 2 (2009), 1-35.

[32] A. I Volpert, S. I. Hudjaev, Analysis in Classes of Discontinuous Functions and Equations
of Mathematical Physics. Boston Nijhoff, (1985).

(Riccardo Scala) SISSA, MATHEMATICS AREA, VIA BONOMEA 265, 34136 TRIESTE, ITALY
E-mail address: rscala@sissa.it



