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DYNAMICS OF TWO LINEARLY ELASTIC BODIES CONNECTED BY A HEAVY
THIN SOFT VISCOELASTIC LAYER

ELENA BONETTI, GIOVANNA BONFANTI, CHRISTIAN LICHT, AND RICCARDA ROSSI

ABSTRACT. In this paper we extend the asymptotic analysis in [I8], performed on a structure consisting of two
linearly elastic bodies connected by a thin soft nonlinear KelvinVoigt viscoelastic adhesive layer, to the case in
which the total mass of the layer remains strictly positive as its thickness tends to zero.

We obtain convergence results by means of a nonlinear version of Trotter’s theory of approximation of
semigroups acting on variable Hilbert spaces. Differently from the limit models derived in [18], in the present
analysis the dynamic effects on the surface on which the layer shrinks do not disappear. Thus, the limiting
behavior of the remaining bodies is described not only in terms of their displacements on the contact surface,
but also by an additional variable that keeps track of the dynamics in the adhesive layer.

1. INTRODUCTION

PDE systems coupling bulk and surface equations play an important role in several applications. In particu-
lar, they are used to describe different physical situations in which two spatial scales are involved: a macroscopic
scale for the bulk domain and a microscopic scale to capture dynamics on a thin layer located at the boundary.
Among others, models for contact with adhesion between rigid bodies represent an important application of
this kind of approach. Indeed, these models couple mechanical and thermal properties of the involved bodies
and of the microscopic configurations of the thin adhesive layer between the bodies.

In a macroscopic description, this layer is considered as a part of the boundaries and dynamics of the
physical variables are described by boundary equations. This feature occurs, e.g., in the models for contact
with adhesion between a viscoelastic body and a rigid support analyzed in, e.g., [3], [4], and [5]. Such models
are derived from the theory for damage in thermoelastic materials by FREMOND [10, [I1]. Specifically, the
related energy functionals and dissipation potentials are written both in the bulk and on the surface and,
accordingly, bulk and surface equations are recovered via a generalization of the principle of virtual powers.
The main idea is to account for the effects of the microscopic forces, responsible for the degradation of the
adhesion on the interface between body and support, in the energy balance. While the PDE systems from [3],
[4], and [5] are rate-dependent, delamination can also be treated as a rate-independent phenomenon, see e.g.
[15, 21]. In that modeling context as well, the microscopic damage in the interface is assumed to influence the
strength of the adhesion and unilateral conditions are accounted for to ensure non-penetrability between the
adhering bodies.

A possible validation of this kind of models, coupling bulk and surface phenomena, could be provided by
deriving the surface equations from equations set on a thin layer, as the thickness of the layer tends to zero.
This kind of asymptotic analysis has been tackled in the literature using different analytical techniques and
modeling approaches. One possibility is to develop a formal asymptotic expansion method as in [14] [7 [12].
For damage and delamination, we refer to the asymptotic analyses carried out in [I, 2]. In the context of rate-
independent modeling of delamination, instead, I'-convergence type techniques were used in [19] to show that
Energetic solutions to a system for isotropic damage converge to an Energetic solution of a delamination model
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as the thickness of the layer between the two bulk bodies, where damage occurs, tends to zero. Indeed, the
Energetic weak solvability notion for rate-independent processes, consisting of an energy-dissipation balance
and of a stability condition that involves the minimization of a suitable functional, allows for the usage of the
variational techniques at the core of the analysis in [19] (see also [8, [I]).

A rigorous approach based on variational convergences techniques has been carried out for this kind of
problems, in the rate-dependent framework, in a series of papers, cf. e.g. [16, [I7, I8, 13]. In particular, this
paper follows up on the analysis developed in [I8], where the authors derived an asymptotic model for the
dynamics of two linearly elastic bodies connected by a thin viscoelastic layer by means by of a nonlinear
version of Trotter’s theory of approximation of semigroups, cf. [22]. More specifically, in [I§] the model was
obtained by studying the asymptotic behavior, as some parameters accounting for geometrical and mechanical
data vanished, of the structure consisting of the two adhering bodies, perfectly bonded through the adhesive
layer. The analysis was carried out under the further assumption that the total mass of the adhesive layer was
vanishing. Hence, the limit model obtained in [I§] describes for the dynamics of two adhering bodies subject
to a mechanical constraint along the surface S the layer shrinks to. Its constitutive equation is of the same
type as that for the layer (nonlinear viscoelastic of Kelvin-Voigt type).

In this paper, we aim to extend the asymptotic analysis in [I8] by considering the case in which the total
mass remains strictly positive; indeed, this is what the term ‘heavy’ in the title refers to. As in [I§], the
cornerstone of our analysis will be the reformulation of the original problem, in which the interface is given
with a positive thickness, in terms of a nonlinear evolution equation in a Hilbert space of admissible states with
finite mechanical energy, governed by a suitable maximal monotone operator. Our convergence result shall then
be obtained by resorting to a nonlinear version of Trotter’s theory of approximation of semigroups of operators
acting on variable Hilbert spaces, see [20]. Albeit relying on the same theoretical tools as those of [1§], our
analysis here is significantly different. Indeed, since the dynamic effects in the thin layer do not disappear, the
limiting contact condition between the two remaining bodies shall not only involve their displacements along
the interface but an additional variable, too, which accounts for the asymptotic behavior of the layer and whose
analytical treatment within Trotter’s theory calls for suitable arguments. Of course, such a variable may be
eliminated so that the constraint appears as viscoelastic with long memory, cf. Sec.

Plan of the paper. In Section 2 we specify the setting of the problem, starting from the formulation of
the model when the thickness of the interface is positive. Then, in Section 3 we recast this problem as an
abstract evolution equation in a Hilbert space, governed by a suitable maximal monotone operator. Staying
with this formulation, in Section 4 we carry out our asymptotic analysis, as the thickness of the layer between
the two adhering bodies vanishes, by means of Trotter’s theory. In this way we prove the main result of this
paper, Theorem Finally, in Section 5 we give some further comments on our result, and hint at some
extensions.

Throughout this paper, we will use the following notation.

Notation 1.1 (General notation). We will denote the orthonormal basis of R? by (e1, e2,e3). Given a vector

I~

€ = (&,£,8) € R3, we will use the symbol ¢ for (&1,&2), so that we will often write (£,&3) in place of
(€1,&2,£3). The symbol tr (A) will denote the trace of a R3*? matrix, R3X2 the space of (3x3)-symmetric

Sym

matrices, equipped with the standard inner product, and Lin(R2%3) the space of linear mappings from RZ%3

to RS;H? Given two vectors &, ¢ € R3, we shall denote by ¢ ®s ¢ their symmetrized tensor product, defined by
1

¢ ®g ¢ is the symmetric (3x3)-matrix with entries 5(@-@ +&G)i,i=1,...,3. (1.1)

With any subset O C R3 we will associate its characteristic function yo, defined by xo(x) = 1 if z € O,
and xo(z) =0if x € R\ O.

Finally, throughout the paper, the symbol C will denote various constants that may differ from one line to
the other.



2. SETUP OF THE PROBLEM

Let us specify the setup of our problem, namely the study of the dynamic response of a structure made up
of two adhering bodies connected by a thin adhesive layer, subject to a given load. First of all, the reference
configuration of the structure is a bounded connected open subset Q2 C R3 with a Lipschitz boundary 0.
Hereafter, we will denote by S the set

S = QN {(xr1,22,23) €R? : 23 =0} and assume that its Hausdorff measure 3*(S) > 0. (2.1)
In what follows, we shall identify S with its projection onto R? and therefore treat it as a subset of R2.

Notation 2.1. For a function u € H(Q\S;R3), we will denote by u™ (u~, respectively), its restriction to the
open set QF := {x = (11, 29,73) € Q : +x3 > 0}, which is a function in H'(Q¥). The symbols vs(ut) and
vs(u™) will denote the traces of ™ and u™, respectively, on the set S. Moreover, we will use the notation

jump of u across S: [u] ==7ys(®) —vs(u™). (2.2)

Throughout the paper, we will assume that there exists g > 0 such that
B, :={z = (x1,22,23) € Q : |x3| <ep} is equal to S x (—eg,¢ep) - (2.3)
For 0 < € < g9, we will assume that the adhesive occupies the layer B, := S x (—¢, &), while the two adhering

bodies shall occupy the sets QF := {z = (z1,72,23) € Q : +a3 >e}. Welet Q. := QX UQ- =Q\ B.. We
will use the notation

SE.={recQ: x3=+e}, B =5 x(0,¢), B :=5x (—¢,0) (2.4)

and assume that adhesive and adhering bodies are perfectly stuck together along S. := S+ U S . This means
that the jumps across Se both of the displacement « and of the normal stress geg are zero, cf. (2.8d) and (2.8d)
below.

We consider a partition of 92 = I'p UI'y such that I'p has positive two-dimensional Hausdorff measure and
positive distance from B.,; we assume that, during the time interval (0,7, the structure is clamped on I'p
and subjected to volumetric and surface forces (on I'y := 9Q \ I'p), with densities f and g, respectively. We
let TS :=TI'p N {+x3 > 0}.

The adhering bodies are modeled as linearly elastic materials with a strain energy density W such that

sym >’

1
W(x,e) = 5@(1‘)6 e for a.a. x € Q and for all e € R2X3 with

a € L=(; Lin(R3%3)) such that 3o, 8> 0 for a.a. 2 € Q for all e € R2%3 . ale]? < a(z)e-e < Blef?.

sym sym
The adhesive is assumed homogeneous, isotropic, and ‘viscoelastic of Kelvin-Voigt generalized type’. Its strain
energy density reads as

A
Wi, u(e) == §|tr(e)|2 + ple]* for all e € RZSS, with A, > 0 the Lamé constants.
We will denote by DWy ,(e) its differential at any e € R3*3. Observe that
2Wiu(e) = DWiy(e) - e > 2ulel*  for all e € RS, (2.5)

Dissipation in the adhesive is modeled through a dissipation potential D : R3X3 — [0, 00) such that D is

sym
convex and fulfils
Ipel,2], 3,8 >0 VecR¥3 . olelP < D(e) < B (le|P+1); (2.6)

sym

we will denote by 9D : R2X3 = R3X3 its subdifferential in the sense of convex analysis. Indeed, in system (Z.8))

sym sym
below the functional D shall be multiplied by a positive constant b that accounts for the intensity of viscous



effects. Finally, we assume that the density v of the structure takes two different positive values in €. and B,
namely

with (2.7a)

p*(x) for a.e. x € (),
() =

P for a.e. x € Bq,
p*: Q0 — (0,00) a measurable function s.t. 30 < p,,, < pps fora.a. € Q2 p, < p*(z) < pm. (2.7b)

Then, the model for the dynamic response of the structure, in the case the thin adhesive layer still has a
‘positive thickness’, is described by the following PDE system.

yuy — div(o) = f in x(0,7), (2.8a)
o= a(x)e(u) in Q. x (0,7), (2.8b)
o = Mr(e(u))l + 2pe(u) + b in B. x (0,T), with € € 0D(e(uy)), (2.8¢c)
[oes] =0 on SE x (0,7T), (2.8d)
[u] =0 on SF x (0,7T), (2.8¢)
w=0 on I'p x (0,7), (2.8f)
on=g on 'y x (0,7), (2.8g)

where I denotes the identity matrix and e(u) the symmetric linearized strain tensor related to the displacement
vector u, defined by e;;(u) = %(@ui + diuj), 4,5 = 1,...,3. We will supplement system (Z.8)) with the initial
conditions

u(0) = wo, ut(0) = v in Q. (2.9)
Note that the strong formulation (2.8)) of the problem in the case the thickness of the adhesive layer is strictly
positive indeed corresponds to the formulation of the momentum balance equations written in the two bulk
domains. However, in what follows we will be able to provide an asymptotic result only for a variational (weak)
formulation of system (Z8) with the Cauchy conditions (Z9]), namely
Problem (P): Find u: Q x [0,T] — R3 sufficiently smooth fulfilling 2.8f), @9), and such that there evists
& € 0D(e(ur)) satisfying

/ Yug - vde —|—/
Q Q.

/Qf.vd:ch/FNgwd?fQ(x)

for all v sufficiently smooth in Q and vanishing on I'p.

ae(u) - e(v)dz + /

BE

DW,(e(u)) - e(v)dx + b/ &-e(v)dz
Be (2.10)

In the next section, we will show that Problem (P) has a unique solution in a suitable sense. In Sec. dlwe will
then determine the asymptotic behavior of the solutions to Problem (P) when the quintuple of geometrical and
mechanical data (g, A, u, b, p) that characterize the structure is regarded as a quintuple of positive parameters
Gn = (&n, Ans fny by pr), Suitably converging to a limit g (cf. the upcoming Hyp. [AT]).

3. EXISTENCE AND UNIQUENESS OF SOLUTIONS TO PROBLEM (P)

We will rigorously prove our existence result for Problem (P) relying on the, by now classical, results from
[6]. For the asymptotic analysis we shall resort to a nonlinear version of Trotter’s theory of approximation of
semigroups, acting on wvariable Hilbert spaces. This approach in fact relies on a reformulation of system (21I0)
as an abstract evolutionary equation involving semigroups on suitable Hilbert spaces. In what follows, we
recapitulate this formulation, as proposed in [18], and recall the existence result proved therein, cf. Theorem
B2lahead. Since we will keep the quintuple of parameters g = (e, A, u, b, p) fized in this section, in the following
lines we shall not highlight the dependence of the solution u, and of the functionals/operators/spaces entering
into the variational formulation of Problem (P), on g.



From now on we will assume that the body and the surface forces fulfill
FeBV(0, T L*(R?), g€ W2(0,T; L*(In; RY)). (3.1)

Here and in what follows, BV([0,T]; X) shall denote the subspace of L*(0,T; X) consisting of all the elements
whose distributional derivative with respect to time is a bounded Radon measure on (0, T), valued in X. Along
the footsteps of [18] we seek a solution to Problem (P) of the form

u=u’+u". (3.2)
In B2), u® is the unique solution of the ‘stationary’ problem
u®(t) € Hf (4 R?), @(u®(t),v) = L(t)(v) for all v e H (4 R?) and all t € [0,T7, (3.3a)

where Hf._(€; R?) denotes the closed subspace of H'(€2; R?) consisting of the elements with zero trace on I'p;
hereafter, the notation Hi(G;R?) will be systematically used for any G C R3, I’ C dG. Furthermore,

o(v,0") = /Q ae(v) - e(v')dz —|—/B DWy ,(e(v)) - e(v')dz for all v, v' € Hf_ (4 R?), (3.3b)

€

L(t)(v) :== /1‘ g(z,t) - v(z)dH*(z) for all v € Hp (4 R?) and all t € [0, T]. (3.3c)

Since, for every fixed ¢t € [0,T] the operator g(t) — wu®(t) is linear and continuous from L?*(I'n;R?) to
H{(Q2;R?), we find that

u® € W»*°(0,T; Hp (4 R?)). (3.4)

Given such u®, the remaining part u* of u can be obtained by solving the following evolutionary problem:
Find u* : Q x [0,T] — R? sufficiently smooth fulfilling 2.81), the Cauchy conditions u*(0) = ug — u°(0) and
Ou* (0) = vg — Gru(0) in Q, and such that there exists £ : B. — R satisfying & € 0D (e(0(u* + u®))) a.e. in B
and

/Q O ()4 (8)) - v + /

Qe

ae(u’(t)) - e(v)dx + /

B.

DW,\,H(e(ur(t)))-e(v)dx—i—b/ ¢ e(v)da

Be (3.5)

= / f(t)-vdx  forallv e HL (Q;R?).
Q

In [18], the existence of a (unique) solution to the Cauchy problem for [B.5]) was proved by reformulating it
as an abstract evolutionary problem. Similarly arguing, we introduce the following problem

{%x(t) + AX(t) 3 F(t) inH foraa. te(0,7), (3.6)

X(0) = Xo,
with H a (separable) Hilbert space (that will turn out to be the space of possible states with finite mechanical

- i.e., (kinetic+strain) - energy), A : H = H a maximal monotone (multivalued) operator, and F € L(0,T; H).
More precisely, we consider the space

H:= Hp_ (4 R?) x L*((;R?) (3.7a)
endowed with the following inner product and induced norm
(X, X') := @(u,u') + k(v,2"), |X]* = (X, X) for all X = (u,v), X' = (v/,0) € H,

) (3.7b)
with k(v,v') := / v’ dz for all v,v" € L*(Q;R?),
Q



and ¢ defined in ([3.3L). Observe that the norm induced by the bilinear form ¢ is equivalent to the standard
Sobolev norm on H%D (€; R?) by Korn’s inequality. We introduce the operator A: H = H, with domain

D(A): = {x = (u,v) €H : (1) v € HE (UR?)
(2) 3 (w,§) € LA(Q;R3) x L?(B-;R?) with £ € 9D(e(v)) a.e. in B, s.t. (3.8a)

E(w,v") + ¢(u,v") + b/ ¢ e(v')dz =0 for all v' € Hf (Q;RS)} :
B.

defined at every X = (u,v) by

AX = ( _0“ )+{( _Ow ) . wasin (m)@)}. (3.8b)

For later use, we recall the following result from [I8], establishing a link between the equation defining the
resolvent of A and the Euler-Lagrange equation for the minimization of the functional

J: HllD (R} =R, J(v):= %k(v,v) — k(a,v) + %(p(v,v) + o(t1,v) + b ; De(v))dz, (3.9)

with (¢1,12) € H given.

Proposition 3.1 ([I8], Prop. 3.1). The operator A is maximal monotone on H and its resolvent (I+A)~1 :
H — H is given for all (11,%2) € H by X = (I+A)~Y(¢1,2) if and only if
J(0) <d(v)  for allv € HE (;R?),

X = (u,v) with @ and v fulfilling {_

3.10
’U,:’l_)+’l/)1. ( )

We now consider the Cauchy problem [B.6]) with H from (B.7a), A from (B.8]), and the data F and Xq given
by

F= (—atue, %) ) Xo = (ug,vo) — (u°(0),0) such that Xg € D(A). (3.11)

We denote by X* = (u,v") the solution to ([B.6]), which exists, unique, in W>°(0,T;H) thanks to, e.g., [6,
Prop. 3.4]. By the careful definition of H, A, and of the data F and Xg, it can be easily checked that u* and
that v" = 0¢(u" + u®) solve the Cauchy problem for ([B.3)).

Setting u := u" + u®, we ultimately find the unique solution to Problem (P). This is summarized in the
following result.

Theorem 3.2 ([18], Thm. 3.1). Let the data f, g comply with B and let (ug, vo) € (u°(0),0)+D(A). Then,
the Cauchy problem ([B8) with H, A, and the data F and Xo from @), BI), and BII), respectively, has
a unique solution X* = (u*,v") € W1°(0,T;H). Hence, there exists a unique u € Wl’OO(O,T;H%D (L R3)) N
W?222(0,T; L2(;R3)), given by u = u® + u*, that satisfies ZI0) for all v € H%D (;R3) and for almost all
t € (0,T) and complies with the Cauchy conditions ([2.9]).

4. ASYMPTOTIC ANALYSIS

In this section we address the asymptotic behavior of a sequence (uy), of solutions to Problems (P,)
corresponding to a sequence ¢, = (€n, An, tin, bn, prn) of mechanical and geometrical parameters that satisfy
the suitable conditions. As the overall density of the structure depends on the parameter p,,, we shall denote
it by 5. The requirements in Hypothesis [£.1] below in particular reflect the fact that the adhesive layer has
vanishing thickness and that the total mass of the adhesive layer remains strictly positive.



Hypothesis 4.1. We suppose that
3 lim gn = goo = (Ecos Aoos Hoos boos Poc) (4.1)
n—o0
such that

(1) 4 € {0} x [0,00) x [0,00) x [0, 00] x {o0};

(2) I\ ) € [0,00] % [0,00] s.t. (A, 1) = limp_so0 (L H—)

(8) limy, 00 bnen = 0 and 3b € [0,00] s.t. b= lim,,_, o 8,’,3—2'1, where p € [1,2] is given as in (2.0);
(4) i€ (0, 00] if min{I*(I'5)} = 0;

(5) imsup,,_, %’j: < 00;

A comparison between Hypothesis 1] and the analogous assumption [I8| (H2)] reveals that the only differ-
ence lies in condition (6) on the asymptotic behavior of the sequence (py,)n; condition (6) does indeed encompass
the fact that the total mass of the adhesive layer is strictly positive, in the limit. As we will see, this will make
the limiting problem significantly different from that considered in [I8].

Actually, for the sake of simplicity and to highlight the main points in our analysis, in this paper we shall
confine the discussion to the case in which (X, i) € [0,00) x (0,00). In the upcoming Section EIl with sort
of heuristic arguments we propose a candidate PDE system for the description of the limiting behavior of
the structure under Hypothesis ] on the parameters (gn),. As we will see, such a system may be somehow
‘guessed’; also based on the analysis previously performed in [18], cf. also [13].

In accordance with the approach developed in Sec. Bl the limiting system will be formulated as an evolution-
ary equation in a suitable Hilbert space, governed by a nonlinear maximal monotone operator. Next, in Sec.
A2l we will carry out the asymptotic analysis via (a version of) Trotter’s theory of approximation of semigroups
on variable Hilbert spaces.

4.1. A candidate for the limiting behavior. The functional framework for the limiting problem is naturally
obtained by studying the behavior of sequences (X, )n = (un,vp), of possible mechanical states, uniformly
bounded in the Hilbert spaces H,, from (3.7, namely

H, == Hp_ (9 R?) x L*(Q;R*) endowed with the norms | - [,, and the inner products

X, XN o= o (u, u') + ky(v,0") for all X = (u,v), X' = (v/,v') € H  with

(4.2)
Pn(v, ') = [o_ae(v)-e(v)dz+ [; DWy, u,(e(v)) -e()dz for all v, v € Hf (% R?),
kp(v,0') = st prov’ dz + st pnov’ dz for all v,v" € L2(;R?).
Therefore, for uniformly bounded mechanical states (X,)n, = (un,vn)n the following estimates hold for a
constant C' > 0 uniform w.r.t. n € N:
kn(Vn,vn) = / p*(2)|vn|? dz +/ pnlvn|?dz < C, (4.3a)
zzn En
On(Un, up) = / ale(u,)|? dz —|—/ DWy,, . (e(uy)) - e(un)dz < C. (4.3b)
En BEn

Let us now draw some conclusions from (Z3]).

First of all, observe that, via a simple change of variables estimate (£3al) may be rephrased as

kn(vn,vn) = / 0 (@) v, |2 da + pnen/ |7, [on)|Pde < C (4.4)
£ B

n



in terms of the operator .7, that maps a function v into the function .#[v] defined by

Fe|v)(&, x3) :=v(&,exs) forall x = (&,23) € B:= S x (—1,1)

and all measurable functions v on B, = S X (—¢,¢). (4:5)
By virtue of Hypothesis EE1(6) and condition (2.7h) on p*, from the bound ([@4]) we deduce that the pair
(1) (Xa.,Vn;-7%,[Un])n, up to a subsequence, weakly converge,
I (va,vB) € L*(;R?) x L*(B;R?) : XQ., Un — Vg in L4 R?), 7, [va] — vp in L*(B;R3).  (4.6)

Thus, we may describe the limiting kinetic state by two velocity fields vg and vp that effectively represent the
limiting behavior of the velocity in the adhering bodies and in the adhesive layer, respectively.

Secondly, we may deduce that there exists a pair (uq,up) € Hp (Q\S;R?) x L?(B;R?) such that, up to a
subsequence,

(2) the functions xq., e(un) converge weakly to e(ug) in L?(; R**?);

(3) the traces on SE of u,, considered as elements of L?(S;R?), converge to the traces on S of us (ie.,
the restrictions of ug to QF) strongly in L2(S;R3);

(4) the functions .7z, [u,] converge to up weakly in L?(B;R3).

Let us shortly justify properties (2)—(4). Indeed, following the lines of the proof of [I8, Lemma 4.2], from the
first two bounds in ([@3a) and (431, via Korn’s inequality and a standard diagonalization argument we infer
that there exists uq € |, - HE_ (4 R3) (with Q,, = Q\By) such that, up to a subsequence, for all 5 > 0 there
holds u, — ug weakly in H'(€,; R?). In turn, there exists e* € L?*(Q; R2*3) such that xq,, e(u,) = e* weakly
in L?(Q;R3%3). Clearly, the restriction of e* to any €, coincides with the restriction to Q, of e(uq) (i.e. the
symmetric part of the distributional gradient of ug). We thus conclude that e(ug) € L*(Q;RE%3
uq € Hf_ (2\S;R?)), and convergence (2) holds. Next, we repeat the very same arguments as in Step 2 of
the proof of [I8, Prop. 4.3], to conclude convergence (3). In order to check (4), we will first of all show that

(S, [un])n is bounded in L?(B;R3). To this end, we first of all employ the key inequality

) (whence

3C>0VneNVwe H ((GR?) :

1
—/ lw|*dx < En/ |w|* d& + Csi/ le(w)[*dx + Csi/ le(w)]? d,
2 /s, Sen Be, .

n

(4.7)

(cf. [18, (4.20)]), whence

1
—/ [, |? da < En/ [, |? da 4 Ce? / |e(un)|2dx—|—/
2J)p s Q. B

En €n n En

|e(un)|2dx> .
Now, since

/S g dz /S (s () P+ s (uy) ) d,

En

we find that the first integral on the right-hand side is estimated by Ce,,. Furthermore, by (£3h) we have that

/ le(up)[2dz < C.
Q

€n

Finally,

9 9 (1) [—;% (2)
e le(un)|*de < = DWi, u. (e(un)) - e(un)dz < Cep,
B B

En M" En



where (1) follows from (2.5) and (2) from the assumption that £* — i > 0, cf. Hypothesis [41] (recall that we
confine here our analysis to the case i € (0,+00)). All in all, we conclude that

En/ |- [un])? da = / |u,|?dz < Ce, whence / |7 [un]*dz < C.
B B B

En

and convergence (4) follows.

Moreover, since

1
[ tetwPas == [ feen 22w da. (45)
Be,, €n JB
where we have introduced the notation
ce(w); for 1<i,j<2
e(e,w)ij = 4 $(ediws + Dzw;) for 1 <i<2 j=3 for all w € H'(B;R?),
Jsws fori=75=3

the convergence in the sense of distributions of .7, [u,] implies that
(5) e(en, Sz, [un]) converge to dzup ®s ez weakly in L?(B;R? x R3);
(6) up € HaS(B;Rs), with
Hy, (B;R?) := {u € L*(B;R%) : d3u € L*(B;R*)}; (4.9)
(7) the traces of up on
St:=8x {1} and S~ := S x {1}, (4.10)
hereafter denoted by vg+(up) and treated as elements of L?(S;R?), coincide with the traces on S of
u(iz, denoted by ’ys(u(iz).
Indeed, while items (5) & (6) are obvious, (7) follows from observing that the traces of u, on SZ coincide with
the traces of (.7, [u,])* on ST, and then taking the limit as n — oo.

In view of the above considerations, we thus expect that the Hilbert space of possible limiting states with
finite energy will be

H:=U x V with (4.11a)
U= {u = (ug,up) € H(Q\S;R?) x Hy,(B;R?) : ys(ua™) = vs= (up)}, (4.11b)
V= {v = (vq,vp) € L*(Q;R?) x L*(B;R?)}, (4.11c)
endowed with the inner product (and related norm)
X, X) = p(u,u’) + k(v,0"), |X]* = @(u,u) + k(v,v) forall X = (u,v), X' = (v/,v") € H, (4.12a)
where
o(u,u') = / ae(ugq) - e(ug) dx +/ DW5 ;(93up ®s e3) - (Fzup ®s e3)dz, (4.12b)
Q\s B
k(v,v") z/p*|vg|2dx+ﬁ/ log|?dx. (4.12¢)
Q B

The limiting pseudopotential of dissipation is defined by

_ — bD>P if b € [0, 00),
D : L3(B;R®) — [0, o0 D(q) = (4 e3) oo 0, 00) (4.13a)
I10y (¢ ®s e3) if b= oo,
where Igy is the indicator function of {0} and
D(te
DP(e!) = 1i?isup % for all ¢’ € R (4.13Db)



and p € [1,2] is given as in [2.6). It is not difficult to check that

Iy (g ®se3) <oo & q=0. (4.14)
In what follows, we shall assume
Hypothesis 4.2. We suppose that
36>030€(0,p) Ve eRYE : |D()=D>P(e')] < 5(1+]€/|). (4.15)

Hence, we can introduce the evolution operator A : H = H with domain (cf. (@I4))
D(A): = {X = (u,v) €H : (1)v € U and dzup = 0 if b = oo,
(2) 3 (w,€) €V x L*(B;R?) s.t. £ € 0D(d3vp ®s e3) a.e. in B,

k(w,v") + p(u,v") +/ ¢ (O3vp®sez)dr =0 for all v’ € U as in (1) } ,
B

(4.16a)
defined at every X = (u,v) by

AX = ( _0” ) + {( _Ow ) . was in (mzl)@)}. (4.16b)

With the same arguments as for the operator A from (B.8)), it can be easily proved that A is maximal monotone
in H. Moreover, with the very same arguments as for Proposition Bl one can check that the resolvent of A
satisfies

X+ AX 3 (¢1,2) for every (11,19) € H,
with X = (@, 0), if and only if

{H(U) < d(v) for all v € U, (4.17a)
=10+
with
1 1 —
J:U=R, J):= Ek(v,v) — k(a,v) + icp(v,v) + (11, v) Jr/ D(03vp®ses)dx. (4.17b)
B

By arguing as in Section 3, the expected limit of the sequence (u, := ug + ul,), (cf. 32)) of the solutions
to Problems (P,,) will be the sum of some u¢, solution to a limiting ‘stationary’ problem and some u*, solution
to a limiting evolutionary problem. More precisely, we will have that u® = (u$,, u%) € W°(0,T;U), with u$
affine in z3 (cf. Remark [£4] ahead) is the unique solution to

e(u®(t),v) = L(t)(v) forallveU forallte][0,T], (4.18)

with ¢ from (£I2D) and L from ([3:3d). Instead, u* is the first component of the solution X* = (u*,v") to the
following abstract problem

{%X(t) + AX(t) 3 F(t) inH for a.a. te(0,7), (4.19)

X(0) = Xo,
with Xg specified later on and F given by

F= (—atue, (pé,o)) : (4.20)

We postpone to Section Bl some comments on the variational formulation of the initial-boundary value problem

EI19), cf. (5I) and (B4) ahead.

In the same way as for the Cauchy problem (B.6) with the forcing term F from [B.IT), the results in [6, Sec.
I11.2)) yield



Proposition 4.3. If Xg € D(A) and if (f,g) satisfy BI), then @I has a unique solution X' = (u*,v") €
WL (0, T; H).

We set
X = (u®,0), X=X+ X°® (4.21)
We are now in a position to outline our argument for proving the convergence of the sequence (u,, = u¢,+ul),
to u = u®+u":
(1) the convergence of u¢ to u® will be obtained in Proposition .11 ahead, as part of the proof of
(2) the convergence of ul, to u*, stated in Theorem [ T5lahead. For proving it, we will resort to a nonlinear
version of Trotter’s theory of approximation of semigroups acting on variable spaces, as developed in

the Appendix of [20]. The need for such a theory is motivated by the fact that the functions u}, and
u* do not belong to the same space.

The proof of Theorem [£.15] will be carried out throughout Section
We now conclude this section by specifying the structure of the solution u® = (ug), u$;) to the limit stationary

problem ([@IF)). In particular, we will show that u$; is affine in x3.

Remark 4.4. Let u® = (u,u%y) € W2°°(0,T;U) be the unique solution to [EIR) with ¢ from (@I2D) and L
from ([B3d). Then u® satisfies

/ ae(ug)(t) - e(vg)dx Jr/ DWs5 ;(0sug(t) ®s e3) - (O3vp ®s e3)dx
Q\s B
(4.22)
N / g(t) - vo dF*(x) for all v = (vq,vg) € U and for all t € [0,T].
I'n

Choosing now vg = 0 and vp as an arbitrary test function ¢ € C°(B;R?) leads to
/ (7 05(up)1 Dzp1+71 D3(up)2 D3 pa+(A4271) D3(u)3 Dapz) dz =0 for all p € CF(B;R?),
B

where 03(u$); denotes the ith-component of the vector dzu$;. This implies that the function zg — u$ (2, x3,t)
is affine.

4.2. Convergence. Throughout this section, we will implicitly assume the validity of Hypotheses 1] and [£.2]
and of conditions ([B.I]) on the problem data f and g. In particular, we shall omit to invoke these assumptions
in all of the statements of the various results, with the exception of Theorem [4.17]

In the next subsection we shortly recapitulate the basics of the result from Trotter theory that we shall use
to prove Theorem [4.15

4.2.1. Recaps on Trotter’s theory of approzimation of semigroups. Let us first fix some preliminary definitions.
We consider
a sequence (H,,), of Hilbert spaces, with inner products (-, ), and norms |- |,

and a ‘limiting’ Hilbert space H, such that for every n € N there is defined an operator P, : H — H,,, linear
and continuous, fulfilling the following properties:

There exists C' > 0 such that for every n € N and X € H there holds |P,X|,, < C|X]; (4.23a)
For every X € H there holds lim |P,X], = |X]. (4.23b)
n—oo

Next, for a given sequence (X,,), with X,, € H,, for every n € N, we will say that
(Xy)n converge to X € H in the sense of Trotter if ~ lim [P, X—X,|, = 0. (4.24)
n—oo

We are now in a position to recall the result from [20] needed for our analysis.



Theorem 4.5 ([20], Thm. 5). Suppose that the Hilbert spaces Hy,, H fulfill (23). Let A, : H, = H,,

A : H = H be maximal monotone operators, let F, € L'(0,T;H,), F € L'(0,T;H), and let X° € D(A,),

X% € D(A). Let (Xp)n, X be the weak solutions to the Cauchy problems

{%Xn(t) + A X (t) 3 Fp(t) inHy, for a.a. te(0,T),

X, (0) = X9,
(4.25)
LX(t) + AX(t) > F(t) inH for a.a. t € (0,T),
X(0) = X°.
If .
lim |P,(X%) = X%, =0 and lim |Pn(F(t)) — Fr(t)]ndt =0 (4.26)
n—oo n—oo 0

and if for every A > 0 and X € H we have that
the sequence ((I + AA,) " (P, (X)))n converge in the sense of Trotter to (14+ MA)"*(X) as n — oo,  (4.27)

(where we denote by the same symbol the identity operators | : H, — H,, and | : H — H), then (X,), converge
to X in the sense of Trotter uniformly on [0,T], namely

lim sup |Pp(X(t)) — Xn(t)]n = 0. (4.28)

n=0 ¢c[0,T)

4.2.2. Setting up Trotter’s theory for our problem. In what follows, we establish the setup in which we shall
apply Thm. We consider the Hilbert spaces H,, from (&2]), while the ‘limiting’ Hilbert space H is given
by (@I1)), with the inner product from ([@I2). Now, in order to apply Thm. we have to introduce a linear
continuous operator P,, : H — H,, that with any element X € H associates a suitable representative P,,(X) € H,,.
Therefore, the operator P, : H — H,, shall have the form

Pr(X) = Pu((ua, up); (vo,vp)) = (Py(ua, up); P (va, vp)) - (4.29)

The choice for the operator P? : V — L?(Q;R3) (with V from ([#IId)) is guided by the idea of describing the
limiting state in terms of two velocity fields, namely we set

Py (v, vp) = Xa., va + (1-xa., )(Z,) " [vs] .- (4.30)

The choice for P¥, specified in (£38) below, reflects how a field like up may be involved in the asymptotic

n?

behavior of (uy,),. Indeed, first of all we consider the unique function u% satisfying

u € HY(B.,; R®) with u(Z, +e,) = u(2,0) for a.a. # € S and

/ DWa,, . (e(uB)) - e(p)dz = / DWs; ;(0sup®ses) - e(en, Sz, [¢])dz  for all ¢ € Hé; Us— (B.,;R?),
B B nUoen

4.31
where H éjnu sr (B.,;R3) denotes the closed subspace of H!(B., ; R?) consisting of the functions with null(traci
on SF USZ . From the functions u; we then derive functions defined on B = S x (—1,1) by resorting to the
operator .7, . Namely, we set

UBp = Sz, [UB]- (4.32)
From (&31) we deduce that the functions up,, fulfill (recall that g+ denote the traces on S* = § x {1}, cf.
1)
up, € H'Y(B;R?) with yg+ (up.n) = vs+ (up) and

1
— [ DWax, u.(e(en,uBn)) - e(en,¥)da = / DW;\,ﬁ(aguB@)seg) e(en,)dx for all ¢ € Hé+us,(B;R3) .
B

En B
(4.33)



The functions up , will enter into the definition of Pj:. Before specifying in which way, however, let us gain
further insight into the properties of the sequence (up.)n in the following result, where we are using the
notation up , for the first two components of the function up ., cf. Notation [l

Lemma 4.6. The following properties hold:

(1) the sequence (Up.n)n converge weakly to Up in L?(B;R?);

(2) the sequence ((up.n)s,e(en,upn))n converge strongly to (ups,dsup®ses) in Hap,(B) x L*(B;R
(with the space Hp,(B) defined analogously as Hp,(B;R3), cf. (@3));

(3) if up belongs to H'(B;R?), then (up.n)n converge strongly to up in L?(B;R3).

svm)

Proof. Let ujy € H'(B;R3) fulfill ve=(ul) = vs+(up). We plug in [@33) the test function ¥ = up, — ul,
thus obtaining

1
— [ DW, p.(e(en,uBn)) - elen,upn —up)de = / DWj\ﬁﬂ(ag’lLB@Seg) ce(en,upn —up)de. (4.34)
B

&n JB

Combining the estimate iDW)\n#n (e)-e> /;—:|e|2 (cf.@2.5)) with the fact that £2 — [ > 0 by Hypothesis L]
from ([@34)) we easily deduce that

3C>0VneN: g/ le(en, upn)|*de < C(1+||e(en, un) || L2(Brs, ))-
B

sym

This implies that the sequence (e(g,, up,n))s is bounded in L?(B;R3 ). We will use this to conclude that

sym
(uB.n)n is bounded in L?(B;R3) via a Poincaré-type estimate, namely

3C>0YneNVze Hy s (B;R?) : / |27 dz < C/ le(en, 2) | dz . (4.35)
B B

We deduce (£37) from estimate ([@.7), written for the function

0 in Q. ,
w =
yzl[z] in B,

&
(observe that . ![z] € H'(B.,;R?) with Vo (7 '[z]) = 0). Then,

/ |22 dar = / (L P =~ [ 12 P e
B B

En Ban
M 1
< = (25n/ |7 2P + CE%/ le(72)|Pda + O)
n Sep Be,,

@ C&?n/ le(# 2] P da
B

En

D [ oo S, (2 DA =C [ felen, )P
B B

where (1) follows from (7)), (2) from the fact that vg= (/7 '[2]) = 0, and (3) from [@S). Next, choosing
z=upnp—uy in [@35) we conclude that

/|uB7n—uE|2dz§C’/ |e(€n,uB1n—uE)|2dz. (4.36)
B B

Since (e(en,up,n))n is bounded in L?(B;R3, ), we infer that (up,,), is bounded in L?(B;R3). Therefore, up

sym
to a (not relabelled) subsequence, the functions (ug n, e(en, up,n))n weakly converge to a pair (g, d3up®ses),



where the identification of the weak limit of (e(ey,, up n))n follows from a distributional convergence argument.
We are then in a position to pass to the limit in (@33)) and thus deduce that the function ap fulfills

up € Hj, (B;R*) with vs+ (ip) = vs+ (up) and for all ¢ € H (B;R?) with vg+ (1)) = 0 there holds

(4.37)
/ DWj\yﬂ(agﬂB@)seg) (03 ®ges)dr = / DW;\Vﬂ(aguB@seg) - (03 ®ges)dx .
B B

Therefore, 05(up—up) = 0 and, since yg+ (ap) = Y5+ (up), we ultimately have that 4 = up. Having uniquely
identified the limit we eventually gain convergence along the whole sequence (g,,),. We thus conclude claim

(1).
Eventually, (£.34) implies

nh_}n;o : 2W5 ale(ensupn))dz = nh_}rrgo ; DWs5 s(e(en, upn)) - €(en, upn)de

1
lim —/ DWa, u.(e(en,uBn)) - €(€n, upn)de
B

n—oo £,

= / DWs5 ;(03up®ses) - (Osup®ses)dz
B

:/ 2W;,ﬁ(63u3®seg)dx.
B

3x3
Sym

) and then (up.,)3 — (up)s strongly

Since the functional g — ([ W5 4(q)dz) "2 induces a norm equivalent to the usual one on L? (B;R

3x3
sym

), we
thus deduce that e(e,,, up,,) converge to dsup ®ses strongly in L?(B; R,
in Hés (B). This gives claim (2).

Finally, suppose that up € H'(B;R?). The analogue of [30), i.e. [, |upn—up|®*de < C [ le(en, up,n—up)|*dz,
combined with claim (2), yields that up,, — up strongly in L?(B;R3). This concludes the proof.

([
We define the operator P% : U — H{_(€;R?) (with U from (ZIID)) by
(S2,) Hupn] (@) = u(x) ifze B,
P (uq,up)(x) := 1 &(x3)ua(®, v3 + sign(zs)en) + (1-&(x3))uq(z) ifz € Bg; \ Bgin, (4.38)
uq(x) it x € Qg
where BZ, B are from (Z4) and ¢ is a function in CZ°(R) such that
1 if |r] < 22,
Er)=4el0,1] ifg << (4:39)
0 if [r| > 220
(namely, for |r| € [5, 222] we set £(r) := &, with &, some element in [0,1]). Note that P%(uq,up) does belong

to Hi_ (9;R?) because u = (uq,up) belongs to the space U from IIL). In what follows, we will often write
P¥(u) in place of P¥(uq, up) for notational simplicity. We are now in a position to prove the following result.

Proposition 4.7. We have that

(1) there exists C > 0 such that for all X € H there holds |P,X|, < C|X|;
(2) there holds limy, o0 |PnX|n = |X],

namely properties (L23) hold.



Proof. We start by recalling that, for every X = (u,v) € H with u = (uq,up) and v = (vq,vp) and with
P.X = (P%(u),P%(v)), we have that

wmm:/ M%@W®+/ pulP? (0) 2 dz
€ B

n €n

+A M%M%MWWM+AIW%MM%MW4%MNw

En En

=17+ 1y + I3 + 1Y,
(cf. (E2), while by ([@I2al) we have
IX|? = /Qp*|vg|2dx + ﬁ/B lvp|?da + /Q\S ae(uq) - e(uq)dx + /B DWs; 5 (0sup®ses) - (Dsup®ses)dx

=L+L+Is+1,.
Now, by the definition [@30) of PY(v) we have that
m+g:/'wmﬁm+/ pul S fos) [P da
Q. B., (4.40)
< [ loaP et puen [ onlds < [ pluaPdot (p+) [ fonf da

Q B Q B
for sufficiently big n, where the last estimate follows from Hyp. EE(6). Indeed, by the dominated convergence
theorem and again Hyp. [4.1] we also have

I{lﬁ’Ig*)Il +IQ. (441)

Further, taking into account that Q., = Q., U (BX \BZ )U (B, \B_, ) and recalling the definition (Z38) of P,
we have

13 :/ ae(uq) - e(ug)dx +/+ . ae(Euq(-+enes)+H(1—8uq) - e(Cuq(-+enes)+H(1—8&)ug) dx
Qe B )\ B¢
0 0 \Ben (4.42)
+/ ae(8ua(-+enes)—(1-uq) - e(§ua(-—enes)+(1-§)uq) dx
Beo\Be,
and it is not difficult to check that, again by the dominated convergence theorem,
IP — / ae(uq) - e(ug)dx —|—/ ae(ugq) - e(uq)dz = I . (4.43)
Q¢ Bey\S
Hence, we also have that I§ < C'I3. Finally, since P¥(u) = uy on B, , we have
= [ DWs(eup)) - elup)da
B.,
1
= DW, . (e(en,uBn)) - €(en, upn)de
n JB
An 2pn,
= / <€—|tr(e(€n, uByn))|2+5L e(sn,uB,n)P) da (4.44)
B n n

1 —
Q/ (Altr(Dsup@ses)*+2/i|Osup@ses|’) da
B

:/ DWs; 5 (0sup®ses) - (Jsup®ses)du,
B

where (1) is due to Hyp. ET(2) and to the strong convergence e(en, up,n) — d3up®ses in L*(B;R3%3) due to
Lemma [£.6)2). Clearly, these arguments also give I§ < CIs. This concludes the proof. O

Even if the convergence notion from (£24)) is the right one from the mechanical viewpoint, it could be of
interest to translate this convergence in terms of some classical conventional convergence notions.



Proposition 4.8. Let (X,)n = (Un, Un)n with X, € H,, for all n € N, converge in the sense of Trotter to some
X = (u,v) € H. Then, the following convergences hold as n — oo

(1) the sequence xaq,, (un,e(un)) converge to (ug,e(uq)) strongly in L*(Q;R?) x L?(Q\S;R3%3);

(2) the sequence yfn[/X-B:I, un] converge to up weakly in L*(B;R?);

(3) the sequence ((-7, [XB., Un])3, €(n, L=, [XB., Un]))n converge to (ups, O3up®ses) strongly in Hy,(B) x
L2(B 2,

(4) moreover, if up € H*(B;R?), then .7z [xB., un] — up strongly in L*(B;R?);

(5) Xq.,vn — va strongly in L*(;R?);

(6) ., [xB.,vn] = vB strongly in L?(B;R3).

Proof. Ttem (1) is an immediate consequence of the definition (£38) of the operator PX.

As for items (2), (3), (4), the key point is to observe that the convergence in the sense of Trotter of (uy,, v )n
to (u,v) yields that (here, for simplicity we will write u, in place of xp., )

/B ()\_n|tr(e(5n,«5ﬂen [uf — “"]))|2+25ﬁ|e(€"’y€n Iz = un]))|2) et

En n

(cf. the calculations for ([@44])), whence
e(en, Lo, Ul — uyn]) — 0 strongly in L?(B;R3%3).

sym

Combining this information with the second convergence in Lemma [6(2), we immediately deduce that

e(en, Lz, [un] — Osup®ses strongly in L*(B;R3%3), whence the strong convergence of (7, [un])s to ups.

n n

This proves item (3). Next, taking into account (£35]) we also infer that the sequence (u% — uy)y is bounded
in L?(B;R3), and then items (2) & (4) follow from items (1) & (3) in Lemma L6

As for items (5) & (6), from the Trotter convergence of (un, vn)n to (u,v) we also deduce, in particular, that

J = / P (UQ—vn)2 dzr —0 as n — 0o,
Q.

Jy = / Pn (Y;l[vB]fxganvnf dz — 0 asn — oo.
B

€n

Now, from J* — 0 we immediately deduce item (5); we then observe that

0= lim J3 = lim [ ppey (vB—%, [XB. vn])2
n—00 n—oo Jp "

Recalling that pp,e, — p > 0 by Hyp. [41I6), we immediately infer item (6). O

4.2.3. Convergence results. In order to apply Theorem establishing the convergence in the sense of Trotter
(cf. @24)) of (Xy)n to X uniformly on [0, 7], it is sufficient to impose suitable conditions on the initial data,
which we shall discuss at the end of this section, and to check the validity of conditions ([@28) and (£27]), with
the operators A,, : H,, = H,, with domains

D(A,): = {x = (u,v) €H : (1)v € HE (O R?)
(2) 3 (w, &) € L*(Q;R?) x L*(B.,; R?) with £ € 9D(e(v)) a.e. in Be,, s.t.
kn(w,v") 4+ @n(u,v) + bn/ ¢ e(v')dz =0 for all v' € Hf (Q;RS)} ,
. (4.45a)
defined at every X = (u,v) by

AX = ( _0” )+{( _0 ) . w as in @1531)(2)}. (4.45b)



and the data
(Fr)n, (X§)n as in @II). (4.46)
Condition (Z1) follows from the following result.

Proposition 4.9. There holds
lim [P ((H-A) " (0)) = ((H-AR) T (P (¥)ln =0 for all ¥ € H. (4.47)

The proof of Proposition[£.9]is postponed after the statement of Proposition [4.11] where we are going to check
([#26). With this aim, we need to impose an additional condition on the external loading g.

Hypothesis 4.10. We suppose that g € W2’°°(O,T; LQ(I‘N;R3)) fulfills
supp(g) N Be, =@ for all t € [0,T) and

if min{H*(I'), H*(T'p)} =0, say H*(I'p) =0, then supp(g) N (09Q,) = 0. (4.48)

Observe that (Z48) guarantees that the support of g lies outside B, and that, if the lower adhering body
is not clamped, then there are no surface forces imposed on its boundary. Under the additional Hyp. [£.10 we
shall have the following result, whose proof is postponed to that of Prop. L9

Proposition 4.11. There holds

(1) im0 [y [PR(F()=Fp(t)],dt = 0;

(2) Timy o0 supy(o, 77 [P (X4 ()= X5, (£)]n = 0,
where, according to the decomposition from [E2T]), X and XS, are the ‘stationary’ parts of the solutions X and
Xn.

Let us now proceed with the proof of Proposition [4.9] which is split into three steps. The main idea
is to exploit the characterizations of the resolvents of A,, and A provided by Proposition Bl and by ({I7al),
respectively. In what follows, we will consider a fized element U = (11, 12) € H.

First step: We prove the following

Lemma 4.12. For all w € U there exists a sequence (wn), C Hp (Q;R?) such that
lim ¢, (w,—Py(w), w,—Px(w)) =0,
n—o0

and each term of

T (10n) = 0, 0n) + () + b [ DleCw))dr + 0 (PG 0,) — i (Ph(2)v0,) (449

converges to the corresponding term of

3w) = gotw,w) + gh(wow) + [ DOwpsse)do + oo, w) — hiva.u),

Proof. Since J is continuous on U, it is sufficient to prove the result on a dense subset of U, namely the set
(HE, (Q\S;R?*)x H'(B;R*)) N U, and to conclude via a diagonalization argument. Then, we set
wy, = P (w).

Now, it follows from Prop. E77(2) that ¢, (wn,w,) = ¢(w,w) as n — oo. The convergence ky(wy,w,) —
k(w,w) stems from the definition (£38) of P¥ and Lemma L6l Indeed,

kn<wn,wn>:/ p*|wn|2dz+/ pulwa? dz.
. B

n En



On the one hand, again taking into account that Q. = Q., U (BZ\BZ ) U (B \B_ ) and recalling (£38) (cf.
the arguments for @42)), we see that [, p*|lw,|[*dz — [, p*|we|?*dz. On the other hand,

J R I L e T Y I AR
Be, B B B

En

due to Hyp. E1(6) and Lemma FE6](3), using that wp belongs to H*(B;R3). Analogously, one can pass to the

limit in the fifth contribution to J,(w,). As for the third term, we have that

bn/B D(e(wy))der = Sﬁl/Bﬂ(e({—:n,ysn[wn]))d:c%/}35(83w3®563)d:c,

En

En

with D given by @EIJ), taking into account that e(e,,. 7, [w,]) — Ozwp®ses strongly in L?(B;R3%3) by

n sym

Proposition .8(3). Finally, to deal with the fourth term we use that

49071(Pg(w1)) PZ(’LU)) = @n(PZ(wl-HU), PZWH—U/)) - (pn(PZ(wl_w)a Pg (wl_w))
— p(h1tw, Prtw) — p(Pr1—w, Y1—w) = 4p(ih1, w) ,

which concludes the proof. (I

Second step: We now show that

Lemma 4.13. Let 0, be the (unique) minimizer of the functional 3, from @49) on H{ (Q;R3?). Then, there
exists U = (0q,Up) € U such that

(1) the elements V,, := (i, 0,) converge to V := (0,) in the sense of Trotter;

(2) every term of J(¥) is estimated from above by the liminf, _,~ of the corresponding term of gn(ﬁn);
(8) U is the unique minimizer of J on U;

(4) 3(B) = liMp—s00 dn (Tp) and V| = limy_ o0 [V -

Proof. Since 3,,(9,) < 3,(0) = 0, the sequence (V,,), is bounded and there exists o = (g, 75) € U such that,
at least along a not relabeled subsequence, there holds

the sequence xq,, (Un,e(0n)) converges weakly to (o, e(tq)) in L*(;R? x R3X3);

)

1) (S, [0n])s, e(en, Sz, [Un])n converges to (Ups, d3vp®Rses) weakly in Hy,(B) x L*(B;R3%3);
(iii) xq. U, converge to U strongly in L?(Q;R3);

)

S~
o O

n

e, [Un] converge to vp weakly in L?(B;R3).

Let us only comment on the proof of (iii): from [, (le(n)]? +|on]*)dz < C and Korn's inequality in Q. /3 we
deduce that the sequence (98**),, defined by v¢** (m)n = (1= &(x3))0n(z) for all z € Q, with £ the function from
@E39), is bounded in H(Q;R3). Hence, ¢ — 9°** with v°*%(x) := (1 — £(z3))vq(z) strongly in L?(Q;RR3).
Likewise, Korn’s inequality in Q% guarantees that the sequence (o),, with 0} (%, 23) 1= &(v3 3 €,)00(2, 3+ €p)
for all € QF is bounded in H*(QF;R?). Hence, v} — v* strongly in L?(Q;R?), with v*(z) := &£(x3)vg(x) for
all x € Q. Now, since v} and 9 := ©,, — v weakly converge to the same limit in L2(2;R?), a fortiori we
conclude that ¥, = 9 + 01" — ¥ in L2(Q;R3).

We use the above convergences for the last two terms contributing to In (Un), and an additional classical
lower semicontinuity argument for the first three terms to conclude Claim (2), at least along a subsequence.
Then, from Step 1 we infer that v is the unique minimizer in U of the strictly convex functional J, namely

Claim (3). Therefore, the whole sequence (T, ), converge, and there holds J(7) = lim, 0 ﬁn(@n) In order to



complete the proof of Claim (4), it suffices to observe that

1 1
lim sup (§@n(vn, @n)+§kn(?7m Un))

n—o0

n—oo

< lim sup (gn(vn)_bn/B D(e(vn))dw—%(PZ(wl),vn)+kn(PZ(¢z),vn)>

En

= J(v) — lim inf bn/ D(e(wy))dx — liminf @, (Py(v1), 0,) + lim k&, (P} (¢2), Oy)
n— o0 Bsn n— o0 n—oo

<J(@)— | D(0svp®ses)dx — (b1, ¥) + k(12,v)
B

1 1 1 1
= 550(17,5) + 5k(@,@) < liminf <§¢n(ﬂn,ﬂn)+§kn(ﬁn,6n)) ,

n—oo

which gives the separate convergences
on(Vn; Tn) = ©(0,0),  kn(Vn,0n) = k(9,0).

Hence, we conclude that
V| = lim [Vp|n. (4.50)

n—oo

Then, we use that
IP.V—V,,[2 = [P,V]2 + [Vu|2 = 2(P,V, V,), -

Taking into account ({50) and the fact that lim,, |Pn\~/|i = |V[2, in order to establish the Trotter convergence
of (V) to V it remains to check that

. YAVENEIVIE
nlingo(P"V’V")” =|V|°.

This stems from convergences (i)—(iv). In order to check this, we use that

on (P (0),0,) = /Q ae(Pr()) - e(v,)dx Jr/B DWa,, u. (e(TB)) - e(T,)dx .

€n

To take the limit in the first term, we combine the facts that xq. e(vn) — e(tq) weakly in L?(Q;R3%3)

sym
and e(P%(v)) — e(vq) strongly in L2(Q\S;R3%3) (indeed, the weak convergence of e(P%(7)) to e(vg) in

Sym

L2(Q\S;R3X3) improves to a strong one by the analogue of convergence (£43])). Then, we find that

Sym

/ ae(Py(0)) - e(v,)dz — ae(Tq) - e(vq) dz.
Q Q\S

Let us now show that

/ DWi,, ., (e(P(0))) - e(vn) dz — / DW5 ;(030p®ses) - (030p®se3)dr. (4.51)
B B

€n

With this aim, we recall that P%(v) = 9} on Be,, with o} the solution to @31]). Then, it is sufficient to
observe

/ DWs, o (e(5])) - () da
B

€n

1

e )s DWa,, u (€(en, 72, [05])) - e(en, L2, [Un]) da
:i : (Antr(e(en, Z=, [05]))tr(e(en, Z=, [Un]) + 2une(en, Sz, [V5]) - e(en, F, [Un])) dz

—)/ (5\|tr(331_)3®563)|2+2ﬂ|331_)3®563|2) dzx :/ DW;\ﬁﬂ(agl_)j_E;@seg) - (03UpR®ges)dx
B B



where the above convergence follows from the fact that e(e,, %, [0%]) — 030p®ses and e(ey, %, [Un]) —
D3vp@ses weakly in L?(B;RZ%?) by Lemmas EL6(2) and convergence (ii) at the beginning of the proof of

Lemma [LT3] respectively. All in all, we conclude that ¢, (P% (), 9,) — ¢(7, 7). Finally, we observe that

kn(P;;(@),@n)z/ p*@minder/

pny;l[@B]@ndxz/ngnp*agandﬁp—”/ 5.7, [Un]dx
Q B Q €n JB

€n €n

Then, convergences (i) and (iv) stated at the beginning of the proof yield that k,(P%(%),v,) — k(7,0). We
have thus established the Trotter convergence of (V) to V. O

Third step: We will show that

lim [PpX — Xyl =0

n—oo

~ (4.52)

with >~<n = (IJF An)il(Pn(\p))
X = (I+A)"1()

by exploiting the characterizations of the resolvents of A, and A from ([B.I0) and ([@IT7al), respectively. Indeed,
it follows from (BI0) that

X = (I +An) " (Pu(t1,12)) = Vo + (Py(11),0),
with \7n = (7,9,,) the unique minimizer for the functional ﬁn from ([£49). Analogously, one has that
X = (I+A)" (1,42) =V + (11,0)
with V = (v,v) and ¥ the unique minimizer of the functional J from (£I7D). Then,

|Pn)~( - >~<n|n = |Pn (\7 + (wlao)) - \7n - (PZ(wl)aO)
= |Pu(V) + (P5i(¥1),0) = Vi = (P5i(¥1),0)| = |Pu(V) =Va| =0
as n — oo due to Lemma [LT3(1). Hence, (£52) follows. This concludes the proof of Proposition F9l |

Let us now carry out the proof of Proposition 411} As

L X9, i* + (1—><an)i
Tn P Pn

n (450) = Xﬂani*v
P P
2

PU
1
P <i*,0> - (i,0> :/ 1P de,
14 Tn n B., Pn

the first claim is a consequence of the dominated convergence theorem. As remarked in [18], condition (Z48)

and

we have that

implies that g — u is a linear mapping with
o (05, (£),1,(8)) < Clg(t) paqrasmsy for all ¢ € [0,T].

Since u°(t) and uS(t) are minimizers of $¢(-,-) — L(t)(*) and 1, (-,-) — L(t)(-), respectively, (1) and the
arguments from the proof of Prop. give that

P, (dXe (t)) _dXG, ()

lim |P,X°(t)—X¢ (t)], = lim =0 fora.a. te(0,7).
n—oo

n—00 dt dt n
But ([B.I) implies that the sequence (P, X*—X¢),, is bounded W?2:°°(0,T). Then, we have sufficient compactness
to establish the uniform convergence in Claim (2) of Prop..ITl This concludes its proof. |

We conclude this section by specifying the additional assumption on the initial data under which we will be
able to state our convergence result.



Hypothesis 4.14. We assume that

IXY € X°(0) + D(A); X% € X¢(0) +D(A,) and lim IP.(X°) = X2],=0. (4.53)

Observe that the first condition imposes a sort of compatibility between the initial state and the initial
loading conditions. The second requirement is a convergence condition that, because of Proposition 9] is for
instance satisfied by

Xp =X (0) 4 (IHA,) " PL(I4+A) 71 (XO=X2(0)).

We are now in a position to apply the nonlinear Trotter-type Thm. 5l to investigate the asymptotic behavior
of the solutions (X%,), C W'*(0,T;H,,) to the Cauchy problems

{%X(t) +AX(t) 3 Fu(t)  inHy foraa. te(0,T), (4.54)

X(0) = X5 — X2(0),

in the Hilbert spaces (Hy, |- |,) from ([#2), with the operators (A, ), from (@45) and the data F,, from (E44]).
Therefore, we deduce that the sequence (X},),, converges uniformly, in the sense of Trotter, to the solution X"
to the Cauchy problem (£I9), with the initial datum X{ = Xo — X°¢(0). This is summarized in the following
theorem, which is the main result of the paper.

Theorem 4.15. Assume Hypotheses [{1], {10, and[{-IJ} Then, the solutions (X,)n to the Cauchy
problems

AX, 4+ A, (Xy—X2) 3 (0%) a.e. in (0,T),

(4.55)
converge to the solution X of the Cauchy problem
d _ .
X FAX=X)3(0,f/p) a.e. in (0,T), (4.56)
X(0) = X9,
in the sense that
1i_>m [Pn(X(t))=Xn(t)]n =0 uniformly in [0,T] (4.57)
and, in addition, there holds
lim X, (¢)|n = |X(?)| uniformly in [0,T)]. (4.58)

n—oo

While convergence (£h7) is guaranteed by Thm. [0 cf. [@2]), the additional [@58) follows from observing
that the sequence (|Xy,(+)|n—|X(-)|)n is bounded in W1>°(0,T), and therefore equicontinuous. This turns the
pointwise convergence to 0 into uniform convergence on [0, 7.

Finally, let us highlight that, in view of Proposition LIT}2), from Thm. we also infer the uniform
convergence of the sequence X,, = X} + X¢.

5. CONCLUSIVE RESULTS AND REMARKS

The variational formulation corresponding to (£350). In this final section we gain further insight into
the variational formulation of the initial-boundary value problem encompassed in the Cauchy problem (56]).
We will distinguish the cases b < oo and b = oo.



When b is finite, a more explicit way of writing ([@50) is

3¢ € 9D(d3vp®ses) such that

/ P Ouug - Yodx —|—/ ae(ugq) - e(thq)dx —|—/ pOyup - Ypdr —|—/ (DW;\ﬁ(@guB@seg)—l—E) - (03¢ p®ses)dx
Q S B B

- f~w9dz+/ g o ddC ()
Q '\

for all 1 € {(Ya, ¥p) € HE, (Q\S:R®)x Ha, (B;R®) : s: (¥p) = 1s(d)},  in (0,7),
(5.1)
supplemented with suitable initial conditions. Hence, the limiting behavior may be described in terms of a
coupled system of two evolutionary, or transient, problems set in Q \ S and in B. Clearly, the stress and the
displacement fields o and uq in the limiting adhering bodies that occupy Q7 and Q™ satisfy the following
relations, written in strong form

P Onug — diveg = f in (Q\S) x (0,7,

oo = ae(ugq) in (Q\S) x (0,7),

ug =0 onT'p x (0,7),

ocon=g on I'y x (0,7, (5.2)

1

F(hea)@t) =5 [

[ﬁ(lixg)att’uB (i, X3, t)
1

+ (((DW;\,ﬁ(az;uB(i',.T3,t)®s€3) + «E) 63) . 63) 63} dzs on S x (0,7).

This corresponds to the transient response to the loading (f, g) of each adhering body clamped on F% and
linked through a mechanical constraint along S. Differently from the case of an adhesive layer with a vanishing
total mass, which was considered in [I8], the contact between the bodies need not be described only in terms
of the traces Ws(ué), 75(1}5) of the displacement and velocity of the sole adhering bodies. In fact, one has
to consider the additional variables (up,vp = Orup) which keep track of the dynamics of the adhesive layer.
These variables fulfill the following equations

ﬁatt’LLB — 83(0'363> =0 in B x (0, T),
op € DW; ,(0sup®ses) + 0D(dsup®ses) in B x (0,T), (5.3)
s+ (up) = vs(ug) on S x (0,T).

Systems (5.2)) and (B3] are supplemented by suitable initial conditions. Such equations are of the same type as
those in the original layer. Of course, the variables (up,vp) may be eliminated and, consequently (see ([@.2])),
the contact condition along S between the two adhering bodies is a nonlocal - in time, only- relation between
the stress vector o3 (&, ))es at the current time ¢, and the history of vs(ug& (2, 7)), with 7 € [0,#]. Finally, from
the last line of (5.2)) we deduce that

1
(0ges)(d,t) — (odes)(d,t) = / popup (T, xs, t)des,
-1
which reflects the fact that the jump of the stress vector on the adhering bodies balances the limiting inertial
forces stemming from the adhesive.

In the case b = oo, the system reads

Ozvg = 0 and

/Qp*attug’l/)dx + /Q\S ae(UQ) . 6(’(/}) dz + 2ﬁ/sat’l)gz’l/)d$ = /Qf . 1/)(1:6 =+ /FN qg- 1/)(13‘(2(;5) (54)



for all ¢» € H}_(€;R?), in (0,7'), again supplemented by suitable initial conditions. Indeed, from dsvp = 0,
supposing that the initial datum for up is independent of the variable x3 we deduce that d3up = 0, and hence
that Juq] = 0. Hence the space for the test functions in (5.4) is HE_(Q;R®). Let us stress that if b = oo then
the relative motion along S is frozen.

Other relative behavior of the parameters (A, t,). As previously mentioned, the analysis in Section H]
has been carried out confining the discussion to the case in which the parameters (X, i) are in [0, 00) x (0, 00).
Let us conclude the paper by examining the singular cases

A
(A1) € [0,00) x {oc};
(A1) € (0,00) x {0};
4 X=7p=0.

In each of these cases, we will explicitly illustrate spaces H, U, V, the bilinear forms ¢ and k, the operator A,
and the function u°, like we have done for the case (), ) € [0,00) x (0,00). We will not give the proof of the
convergence result, as it is a straightforward adaptation of that developed throughout Sec. £2] and we will
leave it to the interested reader. Nonetheless, we will hint at the main point underlying the identification of
the limit problem, namely the correct identification of the space U which, in turn, will be based on the analysis
of the asymptotic behavior of a sequence (uy ), with sup,, o (tn, un) < 00, cf. the arguments in Section 11

Let us start by specifying that in each of the above cases we will have

H=UxV,

V = L*(Q;R3) x L*(B;R?),

(X, X") = p(u,u') + k(v,0") for all X = (u,v), X' = (u/,v") € H,
with the bilinear form k given by ([@I2d), the form ¢ specified in (E.6L), (E7h), (5.8L), and (E.9H) below, the
space U specified in (5.6al), (5.7a), (.8a)), (5.9a) below, the operator A : H = H with domain &

DA)={XeH:(i)ve?,
(ii) 3 (w, &) € V x 0D(3vp@se3) s.t.

k(w, ) + o(u, ) + /B ¢ (03¢p®ses)dr =0 for all ¢ € U},

(5.5a)

and defined by

AX = ( *0“ >+{< 70w ) . w as in (533)(2)}. (5.5b)

The space U featuring in (5.5a))(2) will be specified for each of the singular cases considered (cf. (5.:6d), (5.7d),
(E38d), (59d) below); analogously, ¥ shall be built from v € P in a way depending on the case under consideration

(cf. (B6d), BZd), (E8d), (5.9d) below), with the space
P ={v = (Yo, ¥p) € H'(Q\S;R?) x Hoy(B;R?) : 75+ (v5) = 15(V5)} -

Case 1: (), i) € {oo} x (0,00). In this case we have (recall the notation [2] = ys(2F) —vs(27))

U= {u= (ug,up) € Hp (Q\S;R?) x Hy,(B;R?) : [uq]s =0, d3ups = 0}, (5.6a)

o(u,u') = / ae(ug) - e(ug)dz + ﬂ/ O3t - O3ty d, (5.6b)
\S B

Uu=u, (5.6¢)

=uv. (5.6d)

S



Indeed, the condition 2‘—: — oo implies that, along a sequence (uy,), with sup,, ©n (tn,u,) < oo, there holds
tr(e(en, Sz, [un])) — 0in L?(B), whence the condition d3ups = 0 and, consequently, [uq]s = 0, as encompassed
in the space U from (5.6al). Here, the adhering bodies are in bilateral contact along S and the tangential
component of the stress vector applied along S is given by

— 1 1 R R P
75(0‘5)63 = i§/ (ﬁ(li:cg)@ttuB + (ﬂ@guB—i—Eeg)) dzs on S x (0,7),
1

with o
¢ e aD(63UB®S€3) in B x (O,T),
~ _ 8% b .
pOulip — 2u%/13’§\f s2-teg =0 in B x (0,T),
Yo+ (up) = 'yg(us) on S x (0,7),

supplemented by suitable initial conditions. Observe that only the tangential component of the traces on S of
the displacement in the adhering bodies is nonlocal-in-time. This is a kind of viscoelastic behavior with long
memory when b is finite. When b = oo, since d3vp = 0, the relative sliding along S is frozen.

Case 2: (), i) € [0,00) x {o0}. We have

U= Hp (4 R?), (5.7a)
pluit) = [ aclun) - elup)da, (5.7h)
o\s
U={ve?P: v =0, [ve] =0}, (5.7¢)
5= vgq. (5.7d)
In this case, the condition £* — oo implies that e(en, 7%, [us]) — 0 in L?(B;R3%3), so that dsup = 0 and,

consequently, [uq] = 0. Hence ug satisfies

/Qp*attug-wdz+/s2ﬁattug-wdm/gae(ug)-e(wdz/Qf~wdsc+/FNg~wdﬂf2(z>

for all ¢ € H%D (;R?), in (0,T). The adhering bodies are perfectly bonded and the obtained deformable body
is submitted to surface forces on S corresponding to the limit of the vertical forces in the adhesive.

Case 3: (), i) € (0,00) x {0}. Here we find

U= {u= (uq,ups) € Hp, (A\S;R®) x Ho,(B) : (vs+(up))s = (vs(ug))s}, (5.8a)
olu,u’) = /Q\S ae(ug) - e(ug)dr + /_\/BaguBg - O3u'gs du, (5.8b)
U=7, (5.8¢)
0= (’UQ, ’UBg) . (58(1)

In this case, from ¢, (un,u,) < C we may only infer the information that (tr(e(ey,- %, [un])))n is bounded

in L2(B), and thus only ups is defined and belongs to Ha,(B), with the condition (vg+(ug))s = (ys(ud))s.
Every adhering body is subjected to surface forces along S given by

1 [t N _
75(05[)63 = i§/ (ﬁ(lim)@t (Up, Orups) £ (A@guBgeg—i—Eeg)) dzs on S x (0,7),
-1

with
pO(VB, Orups) — %(0‘363) =0 in Bx (0,7T),
op € Adsupses s ez + 0D (03vpRse3) - in Bx (0,T),
(5= (up))s = (vs(uf))s, 75+ (v8) = Vs(uf) on 5 x (0,7),

supplemented by suitable initial conditions. In this case, the forces are a nonlocal-in-time function (of the
traces on S of the displacements of both adhering bodies) of viscoelastic with long-memory type.



Case 4: A\ = fi = 0. Here

U={u=uq€ H%D (Q\S;R?)}, (5.9a)
o(u,u’') = /Q\S ae(ug) - e(ug) dr, (5.9b)
U=2, (5.9¢)
7= vg. (5.9d)

Here, the estimate @, (un,u,) < C yields no information. That is why, the only conditions are given on vq
and vp; they are involved in the domain of the operator A (cf. (5.5al)) and specified by the space U from (5.9d).
Each adhering body is subject to surface forces along S given by

1

with

1
vs(0)es = ii/ (p(1txs)Owp£es) das on S x (0,T),
—1
_ 0 .
porvg — —(€e3) =0 in B x (0,7),
__ Oy
¢ € 0D(03vpRses) in B x (0,7),
vs+(vB) = 75 (vd) on S x (0,7),

supplemented by a suitable initial condition. These forces are a nonlocal-in-time function (of the traces on S

of the velocity in both adhering bodies) of viscous with long-memory type.
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