Commun Nonlinear Sci Numer Simulat 103 (2021) 105995

Contents lists available at ScienceDirect

Commun Nonlinear Sci Numer Simulat

journal homepage: www.elsevier.com/locate/cnsns

Research paper

Mathematical and asymptotic analysis of thermoelastic shells = m)
in normal damped response contact e

M.T. Cao-Rial?, G. Castifieira®, A. Rodriguez-Ar6s<, S. Roscani®

3 Departamento de Matematicas, Universidade da Corufia,E.T.S. Ndutica e Mdquinas, Paseo de Ronda, 51, 15011 Spain

b Area de Matemdticas, Centro Universitario de la Defensa, Universidade de Vigo, Escuela Naval Militar, Plaza de Espafia, s/n Marin
(Pontevedra) 36920, Spain

¢ Departamento de Matemdticas, Universidade da Corufia, E.TS. Ndutica e Mdquinas, Paseo de Ronda, 51, 15011, Spain

d CONICET - Departamento de. Matematica, FCE, Universidad Austral, Paraguay 1950, Rosario, S2000FZF, Argentina

ARTICLE INFO ABSTRACT

Article history: The purpose of this paper is twofold. We first provide the mathematical analysis of a dy-

Available online 14 August 2021 namic contact problem in thermoelasticity, when the contact is governed by a normal
damped response function and the constitutive thermoelastic law is given by the Duhamel-

4M15ACGO Neumann relation. Under suitable hypotheses on data and using a Faedo-Galerkin strategy,

we show the existence and uniqueness of solution for this problem. Then, we study the

;gAls particular case when the deformable body is, in fact, a shell and use asymptotic analysis
Q74 e .

74K25 to study the convergence to a 2D limit problem when the thickness tends to zero.

74K15 © 2021 The Author(s). Published by Elsevier B.V.
74M15 This is an open access article under the CC BY-NC-ND license
Keywords: (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Thermoelastodynamics
Asymptotic analysis
Shells

Membrane

Contact

1. Introduction

Over the last decades, asymptotic methods have played an important role in the derivation and justification of reduced
models for problems in solid mechanics involving three-dimensional bodies that feature one or two dimensions much
smaller than the others. Take for example the case of rods, where the length is much bigger than the diameter of the
cross section, or the case of plates and shells, who have a very small thickness compared to the extension of the middle
section.

The basis to these methods was introduced by Lions in [1] and they were first applied to obtain models for plate bending
problems (see [2,3]). Also, a thorough compilation of models for plates can be found in [4].

But the application of asymptotic methods goes far beyond plate models, having been used also to justify simplified
models for elastic shells, or beams. The literature is quite vast, and we cite here just some classic works that use the
asymptotic expansion method for the derivation of several beam models [5-8] while presenting also convergence results.
The asymptotic modelling of rods in linearized thermoelasticity was also studied in [7].
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A complete theory for elastic shells models was presented in [9], including models for membranes (elliptic and general-
ized) as well as flexural shells. The asymptotic method applied to these problems leads to two-dimensional problems which
provide an accurate modelisation of the mechanical phenomena of interest, just like their three-dimensional counterparts,
while showing better properties from the practical point of view, namely they can be numerically solved more efficiently,
(see, for example [10,11]). In spite of its background history and growing number of contributions, the theory of asymptotic
analysis for shell structures is far from being a closed subject, particularly when involving contact conditions. That is the
reason why, in a series of recent papers, we studied the asymptotic analysis of viscoelastic shells [12-15]. Two-dimensional
equations have been derived in [16,17] for dynamic shell problems by using asymptotic analysis, although no strong con-
vergence results are provided. Recently, the asymptotic limit of the dynamic problem for thermoelastic elliptic shells was
obtained in [18]. Nevertheless, none of above cited works on shells consider contact conditions on a part of the boundary, a
void which is starting to be dealt with in the recent years, as we shall address below.

The variety of applications to real life problems with contact conditions has drawn the attention of many researchers
throughout the years, and many references deal with its modeling, mathematical analysis and numerical approximation
as long as with the study of the variational inequalities associated to them (see for example [19-23] and the references
therein). Normal compliance and normal damped response conditions are two particular boundary conditions that have
been used in the modelling of contact problems. For example, normal compliance has been used in [24,25] and [26] to
obtain error estimates and convergence results in various situations, like wear and adhesion phenomena for elastic beams,
and normal damped response has been considered in [27-28] to obtain results on the existence and uniqueness of solutions
to some mechanical contact problems.

Also, focusing on dynamic contact problems one can find that several types of material and different boundary contact
conditions have been considered. As an example, one can cite the works of Cocou et. al. in [30-32] for viscoelastic bodies
with Signorini conditions and nonlocal friction for general and cracked bodies respectively. Also in [33] a viscoelastic body
is considered under normal compliance conditions, and in [34] the authors proved some existence and uniqueness results
concerning dynamic contact problems with friction for a viscoelastic material. With respect to dynamic thermo-viscoelastic
contact problems, in [35] the author considered Coulomb friction and in [36] the authors extended the results given in
[33] to this kind of materials.

In the most recent years we have devoted some efforts to the application of the asymptotic method to the analysis of
several contact problems for elastic shells. In particular, in [37] the case of an elastic shell in frictionless unilateral contact
with a rigid foundation was considered, finding a classification of the two dimensional limit problems as membranes or
flexural shells which is just a natural extension of that obtained by Ciarlet et al. in [9] for the case without contact. Then,
in [38] we studied the case of an elliptic membrane shell with arbitrary surface forces and gap function, and provided
rigorous convergence results. Even more recently, in [39] we followed the work in [40] to obtain error estimates for linearly
elastic shells in unilateral frictionless contact with a rigid foundation, by using several corrector techniques and in [41] a
convergence result for elastic elliptic membrane shells under normal compliance contact conditions is presented.

In this paper, we will apply the asymptotic method for the first time to a contact problem for elliptic membrane shells
in thermoelasticity, thus obtaining a two-dimensional limit problem whose validity is confirmed by providing rigorous con-
vergence results. The combination of contact conditions and temperature evolution in a mechanical problem of this kind
leads to a system of coupled nonlinear variational equations for which, to the best of our knowledge, no previous results of
existence and uniqueness of solution were available in the literature (see the seminal paper [36], where a variety of contact
problems in thermodynamics for general domains are studied). That is the reason why we devote the first part of the paper
to analyze the existence and uniqueness of solution for both the three dimensional contact problem and its corresponding
two dimensional limit. Then, we pass to the study of the convergence of the solution of the three-dimensional model to the
two-dimensional one, as the thickness (small parameter) tends to zero, in the particular case of an elliptic membrane.

From the mathematical point of view, the main new challenges in comparison with our previous works are related with
the (weak) convergence of sequences of boundary terms (where the contact conditions are defined). We cannot rely on the
compacity for the trace operator in our functional framework, as we shall see, due to the lack of regularity on the transversal
direction. The contact is modeled with a normal damped response function (see for example [42]) and the constitutive law
follows the Duhamel-Neumannn relation (see [7] and references therein). Other choices can be made in both cases, thus
leading to a vast yet unexplored field of mathematical problems, each one of them with its own mathematical challenges
and with useful applications in real life situations. The present paper will serve of basis for future research in this direction.

The outline of the paper is the following: in Section 2, we present a result of existence and uniqueness of solution for
the proposed contact problem in cartesian coordinates in a general domain, after describing its mechanical and variational
formulations. In Section 3, the deformable body is assumed to be a shell, and the variational formulation of the contact
problem is reformulated in curvilinear coordinates, and scaled to be posed on a reference domain whose thickness does
not depend on the small parameter. Next, Section 4 is devoted to give a brief description of the formal asymptotic analysis
which leads to the obtention of a two dimensional limit problem. In Section 5 the existence and uniqueness of solution for
that problem is proved. Also, Section 5 contains the main result of the paper, namely the rigorous convergence result for
the elliptic membrane case. Finally, we prove the convergence of the solution to the re-scaled version of this problem which
bears the true physical meaning. The paper ends with conclusions and a compilation of possible future work.
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2. A three-dimensional dynamic contact problem for thermoelastic bodies. The normal damped response case

In this section we will present the mathematical model arising when we consider a three-dimensional dynamic problem
for a thermoelastic body when a contact condition is modeled by a normal damped response law. We will also provide a
variational formulation and study existence and uniqueness of solution.

2.1. Statement of the problem

Let Q¢ be a three-dimensional bounded domain which is the reference configuration of a deformable body made of an
homogeneous and isotropic elastic material, with Lamé coefficients A¢ > 0, i® > 0. Let ['® = 92° denote the boundary of
the body, which is divided into three disjoint parts I'{, I'¢ and FS, where the measure of the latter is strictly positive.
A generic point of Q¢ shall be denoted by &° = (%) but notice that through the whole paper, the explicit dependence of

various functions of space and time will be omitted when there is no ambiguity. Let &, ,38, k¢ and p¢ denote thermal
dilatation coefficient, thermal conductivity coefficient, specific heat coefficient and specific mass density, respectively. The
constitutive equation relating the stress tensor components c?l.‘“; to the linearized strain tensor éfj(ﬁg ) components, and the

temperature d¢ is given by the linearized Duhamel-Neumann law (see [7]):
6—6 ekk(us)&] + zﬂa (us) - dT (3)‘8 + 2 )19 51]’ (1)

where efj(v ) = 7(ajvf + 8,1}? ) denotes the linearized deformation operator being §i the partial derivative with respect to
the i — th component. Also, §;; represents the Kronecker’s symbol. We assume that the body is fixed on a part of the bound-
ary, so we consider that the displacements field vanishes on f‘g. Further, the body is assumed to be under the effect of a
heat source ¢, volume forces of density fs = (fi¢) and traction forces of density 0= (ﬁi~5) applied on fi. On the remain-
ing part of the boundary, f‘g, the body may enter in contact with a deformable solid, and the distance between both bodies,
measured along the direction of the normal #° = (7), at the initial time is given by a known function $*. For simplicity, in
the following, we shall take §¢ = 0.

We assume that the normal response on the contact surface only happens when the surface element is moving towards
the foundation, and vanishes when it is moving away. Thus to model contact in the normal direction we are using the
so-called normal damped response (see [23] and references therein). Therefore,

—G¢ = p°(U) on TE x [0, T],
where T > 0 is the time period of observation, a dot above indicates time derivative and p® : R — R, is a non negative
function which vanishes when its argument (the surface velocity) is nonpositive. Specifically, one may use
pe(r) =kfry, (2)
where k¢ > 0 stands for the normal damping coefficient, and we denote by r; = max{r, 0} for any r € R. The mathematical
assumptions for p¢(-) : R — R* are the following:
pP(ry=0ifr<o0,
There exists L, > 0 such that [p®(r1) — p®(r2)| < Lplry — 12|V 1,12 € R, (3)
(B°(r1) =p°(r2))(r =) =0V, eR.
In particular, hypotheses (3) are verified by (2). Regarding initial and boundary conditions, they will be all considered as
homogeneous conditions in the aim to simplify the exposition of the asymptotic analysis which follows. Then, the equations

of the three-dimensional dynamic thermoelastic frictionless contact problem between a regular three-dimensional solid and
a deformable foundation with normal damped response are the following:

Problem 1. Find the displacements field @#° = (iif) and the temperature field be verifying
in Qf x (0,T),
ee) — GE(3AF 4+ 20°) &, (U°) + ¢ in Q° x (0,T),

it =0 on f'g x (0, T),
#=0 on ['§ x (0,T),
50 = on ¢ x (0.7).
— 65 =P, 6; = (65) = on ¢ x (0.T).
ke9sden; = on (¢ UTE) x (0,T),
(. 0) =i°(.0) =0 in ©°,
700 =0 in Q¢

where 6° = (6) is described in (1).
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2.2. Variational formulation of the problem
Let V(Q¢) and S(2¢) be the spaces of admissible displacements and temperatures, defined by
AEY - [ 5 AEV3. 7 3
V() ={v'=@) e [HY(QH]P; 7" =0 on I's},
S(Q°) = {9 e H'(Q%); ¢* =0 on ['F},
respectively. Both of them are Hilbert spaces equipped with the inner products

&)y ) :/Q &5, (9°)&5, (W*)dRe, W, WP e V()

@ s = [, 00058 aw, V" £ e,

respectively. Besides, as long as there is no room for confusion, we shall avoid specifying the domain in the subindices for
the corresponding norms notation. Further, for the sake of simplicity in the formulations to come, we define the following
operators. The bilinear, continuous and coercive forms a’-¢ : V(Q¢) x V(£2¢) — R and a5¢ : S(2¢) x S(£2¢) — R defined by

@) - " (@, 7°) = / Aiikegs (a)es, (o) S,
QE
(@, 9%) > a5 (¢, %) =ﬁ kedepedeedse,
Qf

where Aiikle — 3esiigkl 4 pe(§iksil 4 §il§iky denotes the elasticity fourth-order tensor. The continuous form cf : S($2¢) x
V(£2¢) — R defined by

(9%, 7°) — (9%, ) = / 5308 +200°)@° 88, (i )dRe.
QI‘T
The nonlinear map P¢ : [H1($28)]3 — [H1(26)]* such that

(ﬁf(ﬁa),ff):[ pF (a5)DE A VaEE, i e [H'(QF)]P.
FS

C

Above and below we use the notation for a duality pair (--) in V() x V($2¢) (also for §'($28) x S(Q¢)). The functional
JE () is defined a.e. in (0,T) as

(F(t),ff):/@g e ey dﬁ£+/ﬁi Reoprdle,  Vif eV,
and similarly,
(@ @.¢)= [ F0dr Ve es@).
Then, it is straightforward to obtain the following variational formulation:
Problem 2. Find a pair t — (@ (&, t), 9¢ (&%, 1)) of [0, T] — V(¢) x S(2¢) verifying
peliie, 0) + ave (@, 9) — ¢ (9%, 9°) + <ﬁ€ (@), fﬁ) = (), %) Vi e V(Q9), ae. in (0,T), (4)

i*Yi

BS<1§6, @8) + a5 (9%, @°) + ¢ (98, 1°) = (Q° (). ) V§*© € S(Q). ae. in (0.T), (5)

with # (., 0) = @#i(-,0) = 0 and D¢(-,0) = 0.

In favour of simplicity, we are going to assume that the different parameters of the problem (thermal conductivity, ther-
mal dilatation, specific heat coefficient, mass density, Lamé coefficients) are constants.

Theorem 1. Let us assume that volume forces, tractions and heat source density functions have regularity fg €

H1(0. T; [12(Q25)]?), h® € H2(0, T; [I2(I")]®) and G e H'(0, T 12(2¢)), respectively. Further, assume that k' (-, 0) = 0. Then,
there exists a unique pair (@1 (x.t), 55(&, t)) solution to Problem 2 such that

i@ e [*(0,T; V(X))
fif € [(0, T; [L2(Q)3) N (0, T; V ($2¢)), (6)
e € (0, T; V/($2°)) N L= (0, T; [L2(Q9) ).
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{és e [=(0,T; [2($26)) N [2(0, T; S(Qf)), 7)

D¢ e [=(0, T; L2(2¢)) N [2(0, T; S(2¢)).

Remark 1. The regularity results in (6 c) and (j b) imply that the duality products involving #* and 58 in (4) and (5) can
be replaced by the usual inner products in L2(¢).

We proceed by following the Faedo-Galerkin method. Let {W,-}:i1 be a sequence of functions such that

W eV(QF) Vi, V(QF) = Vm. (8)
m>1
where Vip = (W, ..., W) and Wy, ..., Wy, are orthonormal functions. Similarly, let {s}}z] be a sequence of functions such
that B
§esQ) Vi, S(Q) =] Sm (9)
m=>1
where Sy = ($1,...,8m) and §1, ..., $m are orthonormal functions for all m > 1. The approximated solutions (@™, ™) are

defined by the following problem:

Problem 3. Find the functions @™ : [0, T] — V, and gm: [0,T] — Sp in the form

"R, 0) =Y u"OW®R), IR0 =D IMO§®R).

i=1 i=1
such that
P 9"+ ave @ ") — ¢ (70" + (P ). ) = (P @87, VI € Vi (10)
BS<1§m, ¢m> +aSE DM @M + (@™ a™) = (@4 (1), @), V™ € Sp. (11)

with the initial conditions
i"(0) =a™(0) =0, ¥™(0)=0. (12)
Finding a solution for Problem 3 is equivalent to solving a first order differential equation system
Z(t) =F(t,Z), Z(0)=0.

where Z(t) = (W'(t), ..., v (©), uT(t), ..., up (6), 97° (), ..., ¥ (), with v]’T' (t) = u]m (t). The Picard-Lindeloff theorem gives
a unique absolutely continuous solution in an interval [0, t;;] which depends on the supreme of function F (which does not
depend on time). Then, being the functions F; uniformly Lipschitz in the variable Z, if we prove that the solution Z(t) is
bounded, we can extend the solution to the whole interval [0, T]. .

Now the goal is to obtain estimations in appropriate normed spaces for @™, #m, 9™ and §™. To do that, we can take
7" =" eV and ¢ = #M e S in (10), (11), respectively, and add both equations to have that

. 2 ~ | A 2 N “ . .
;jt{p @0 +ae @, )+ 5| }+a5f(ﬁm,ﬂm) +(Peimy. i)
0 0
= (F@.im)+ (@ ©.5m) (13)
Notice that we shall use the notation |- |o for a (vector or scalar) L2 norm. The same applies for | - ||; to denote a H'

norm. Integrating in [0, t], taking into account (12), the monotonicity of ¢, the coercivity of a"-¢, a%¢, integrating by parts
the term in I'{ and using Korn’s inequality we get

168

. 2 A | a 2
i) +clam@];+ B |Fro)| i)
<R {\f(s)\o

R 2
9m(s) H ds
s

(14)

ﬁm(s)‘ +
0

h* (S)‘ R
0.

@ (s)], o, + |36, ﬁm(s)‘o}ds.

Above and in what follows, C,C denote positive constants only depending on data, whose value may change from one
equation to other. Next, applying Young’s inequality to each term in the right-hand side in (14) and the continuity of the

5
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trace operator, yields that

. 2 A 5 . 2 2
i@+ [ano )+ [Pro| + ds

g A - . 2 R 2 (15)
<cF.w.g)+Cf { am(s)‘0 + @) | + ‘ﬁm(s)‘o}ds
which, applying Gronwall’s Lemma, gives
. 2 . 2 e x .
i@ + @]+ [Prof < b.a) v e vm, (16)

from where,
W e [0, T; [[2(2)P), O™ e [0, T; [2(QF)), @™ e [0, T; V().
Further, going back to (15), we have om e 12(0,T; S(Q¢)) and going back to (13), repeating the process, but keeping the

term
ty. . . t .

[ (B im.dmar = [ cipyzar

0 0
we find that

(@M, e [2(0, T; [*(T)). (17)
Note that all the estimates above are independent of m. Therefore, we can deduce that {ﬁm}m is a bounded subset of
10, T; V(Q)), {*m} is a bounded subset of L(0, T; [[2(Q€)]?), {ém} is a bounded subset of L(0, T; [2(¢)) and

m
[2(0, T; S(£2¢)), and {(ﬁm)+} is a bounded subset of L2(0, T; L*(['¢)).
We now sum Egs. (10) and (11) and write the result at times t +h, with h >0 and 0 <t <T —h, then subtract the
resulting equations and next we take 9" = =im (t+h) - iim (t) € Vip and @™ =9m(t + h) — ﬁm(t) € Sm to obtain

PE(H(E + ) — B (6), 8" (¢ + h) — G () + € (@™ (¢ + h) — @™ (£). 84" (¢ + h) — &7 (£))
+(Pem e+ ) - B @) 87 e+ ) - i)
+ ﬁ8<1§m(t +h) = 9™ (©), D7t + h) — 19’“(t)>+ aSE (O™ (t +h) — O™ (t), O™ (t + h) — D™ (1))
= /Q (F e+ h) = FO) @ (€ + h) = 4 (1)) X + /F : (¢ + by = B (6)) @ (¢ + h) - df' (6)) d
+ [ @ e =g )7+ ) = 57 0)) dF

Integrating in time in [0, t], using the monotonicity of p¢, dividing the resulting inequality by h? and having in mind (16),
we can take limits when h — 0% to have

SN - 257 O, + Sa' @m0, 57(0) ~ 0" @ (0), i7(0))
g [ BEOm@RdE -5 [ B @) + /0 @S (@™ (r), D™ (r))dr
t A, .. t AL .. N t . I3
< /0 /Q fe i deedr+ /0 /F i attar+ /0 /Q S dm ) dedr (18)
Integrating by parts the term on ['¢ above and applying Young’s inequality, we get
PENIM (O[3 — pE1EM(0)[3 + |8 (0|12 + BE |l9m(t)|0 ﬁ5|19m(0)|0 / ||75”"(T)||sdf
<Ok A8>+c/ {1im @3+ 1 IR + 197 @) ar (19)

In order to obtain bounds for |ﬁ (0)|(2) and |1§ (0)|§ we first notice that Egs. (10) and (11) hold for t =0 due to the
compatibility required between initial and boundary conditions. Therefore, taking ¢t = 0 and ™ = iim(0) € Vip in (10) and
pm = z§m(0) € Sy in (11), taking into account the initial conditions, and using Young’s inequality, we obtain

PeIE" (0)12 =[5 Fre (0)i; (0)d&° + fp hi#(0)dy (0)dI™® < §C + Sli" (02,
Be18" 012 = 5. 6705 @) d = 10+ 815" )l
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where 8, and § are sufficiently small positive constants. Next, applying Korn’s inequality and Gronwall’s lemma in (19) we
find

A" 4 1A O - 18 (12 <C
l O+ Ol +19 Ol <C

Again, all the estimates are independent of m. Then, we can deduce that {ﬁm} is a bounded subset of L% (0, T; V(Q£)),
m

{ﬁm} is a bounded subset of L (0, T; [L2(2¢)]?), and {ﬁ’"} is a bounded subset of L*(0, T; L2($2¢)). Observe that the
m

m
boundedness of the different sequences above, and earlier in this proof, imply that there exists subsequences of ™ and 9™,

also denoted by @™ and §™, and there exist elements @, i°, it*, 9¢, #¢ and x ¢ such that

an = @ inl*(0.T:V(QF)), (20)
D U S . A 3 00 . ®

i S i (0. [2(@)]) 0t (0. V(). (21)
i S (o [2(@)]). (22)
9™ = B¢ inl*(0,T:L2(2°)) nL®(0, T: S()), (23)
~.m i€ ~

9 = 9 inl*(0.T;L°(€F)), (24)
(a;")mjm Xt inL2(0,T; 12(FE)). (25)

In order to show that ¢ = (ﬁﬁ)+, we first observe that (21) and (22) imply that
{flm} is a bounded subset of [H' (¢ x (0,T))]°.
m

Since the trace map is a compact operator from HY(Qf x (0,T)) to [2(f*¢ x (0,T)), we can affirm that there exists a subse-
quence of a™ (still denoted by @) such that
™ — ¢, strongly in [L*(T¢ x (0,T))]?,  and then @™ (y) — #° (y) a.e.on T& x (0, T).

Then, being the positive part a continuous function it holds that

(@M, — (@%), a.e. on I'g x (0, 7). (26)
On the other hand, (17) implies that
(M) is a bounded subset of L*(I"¢ x (0, T)). (27)

From (26), (27) and [43, Lemma 1.3] it follows that
(@), — (U, in 2(F¢ x (0,7)).
Since (25) also implies that (ﬁ;ln)+ — x¢in L2 (fg x (0,T)), the uniqueness of weak limits implies that x¢ = (ﬁﬁ)+ and
xm . (#E sr2 L 12(fe
(u,, >+ = (un>+ in 12(0, T; L*(T'¢)). (28)
Consider now 7™ = w; and 9™ = §; in Eqgs. (10) and (11) fixed, and take m — oo. Then,

P (W) + aVF (@ W) — 8 (D W) + <138 (@), wj> = (P (0), W), (29)

(°.8) + % (B°.8) + ¢ (@, 5) = (0°(0). 5), (30)

for all i, j > 1. Next, from (8), (9), (29) and (30) we conclude that (4) holds in D’(0, T) while (5) holds in L>(0, T). Let us
see now that (4) also holds a.e. in (0, T). Indeed, we have that

<ﬁ€(ﬁ8),wj>:_ﬁf(ﬁ8,wj) — " (@, Wy) + ¢ (O W) + (F(6). W;).  in D'O.T).Vj=1

7
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We observe that the left-hand side is in D’(0, T), while the right-hand side terms are in L>°(0, T), from which we deduce
that P¢(#1f) € L*°(0, T; V’) and (4) and (5) hold a.e. in (0, T). Besides, since the initial conditions (12) are null, it is trivial
that, when m — oo, the limit functions have null initial conditions as well, which completes the proof for the existence
and regularity of the solutions. The uniqueness follows form the usual argument of taking two solutions, subtracting the
respective equations with appropriate test functions and using ellipticity and monotonicity to show that, as a matter of fact,
the two solutions are the same one. Details can be found in [44].

3. The three-dimensional shell contact problem

In this section we focus in the particular case when the deformable body is, in fact, a shell. We refer the reader to [9] for
a detailed exposition of the notations and preliminary results which are given below in a summarised form.

Let w be a bounded domain of R2, with boundary y = dw, assumed to be Lipschitz-continuous and let @ denote its clo-
sure. Also, ¥ = (y) stands for a point of @ and S := @(®) for the middle surface of the shell, being 6 € C2(®; R?) an injective
mapping. Besides, in order to define covariant basis on the tangent plane, we require that the two vectors a, (¥) := 9,0 (y)
are linearly independent, for all y € w. Recall that in this context it is usual that Greek indices take only the values {1,2}
while Latin indices range between 1 to 3. We define contravariant basis with the two vectors a* (y) defined by the relations
a*(y)-ag(y) = Bg. Further, the unit outward normal vector to S at a point (y) is denoted by as(y), and it is defined as
the normalized vector product of a; (y) times a,(y). The metric tensor can be given in covariant components dyg := @q - g
or in contravariant components a*f :=a® - a®. Notice that the area element along S is /ady being a := det(a,g). Also, the
curvature tensor can be given in covariant components bgg := a. dgay or mixed components bg :=aP? . byq. Similarly, the
Christoffel symbols of the surface S are defined by Fgﬁ ==a% - dgaq.

We define now Qf :=w x (—¢, €). The boundary I'* = 9Q¢ is divided into three disjoint parts, an upper face I'f :=
w x {&}, a lower face I'¢ := w x {—¢}, and a lateral face which contains I'§ := yg x [—¢, €], where ¥ € y. In what follows,
x° = (xf) denotes a point of Q¢ and 0f denotes the partial derivative with respect to x7. Notice that we can identify x, =

Yo and 3¢ = dy. To describe a three-dimensional shell with S as middle surface, we introduce the mapping ® : Q¢ — R3,
defined by

O(K°) :=0(y) +x5a3(y) V&° = (.X5) = (1, ¥2, %5) € Q°, (31)

and identify ¢ = ©(Q¢). This way, the parts of the boundary of the shell ¢ = G)(FS)Aare defined as well, like for example
the part of the lateral face where the Dirichlet conditions are to be implemented: I'§ = @(T'f), etc. This way, we may
cast this setting as a particular case of the more general framework of the preceding section. Following [9], Th. 3.1-1, if
0 : @ — R3 is injective and sufficiently smooth, then © : Q¢ — R3 is also injective provided that ¢ > 0 is small enough, and
the vectors g7 (x°) := af O(x°) are linearly independent. Thus, under these hypotheses, with the three vectors gf (x°) we
can build the covariant basis at ®(x?). Also, we can build the vectors of the contravariant basis g"¢(x¢), defined by the
condition g - g‘j = (S; Then, we can define the metric tensor in covariant components, gfj =g gj . Notice that the volume
element in the set ©(Q¢) is /gfdx® and the surface element in ®(I'¢) is \/g8dI'® where gf := det(g‘,?j). The metric tensor
in contravariant components is given by gii¢ := gi¢ . g€ and the Christoffel symbols by Fi’;‘e =ghe - 07 g

The expression of the normal components of any vector on @(I'¢) is of particular interest for this problem. Recall that
the unit outward normal vector on x° € I'® is denoted by n¢(x®) while on &° = @(x¢) € @(I'?) it is denoted by f°(X°).
Observe that on I'¢, the normal vector takes the form n® = (0, 0, —1). Besides, from (31) one can deduce that g§ =g3f — a3
and therefore g33¢ = |g3¢| = 1. By using the expression of #° in terms of n? (see, for example [45, p. 41]), we deduce that
i° (8°) = —g3(x°) = —a3(y), where ¥ = @(x*) and x* = (y, —¢) € T'&. Now, if we denote by {e'}? | the cartesian basis on
O(2*), given a field ¥, its covariant curvilinear coordinates () in Q¢ are defined as ¥ (&) = ¢ ®)e' = VE (x6)gHE (&)
with 2° = @(x¢). Therefore, on T'é, we have

Uy =0 -0 = (FA) = (05€) - (—g3) = (g) - (—g3) = —15.

Also, since vifn"»‘8 =—v§ on I'§, it is verified in particular that 7, = (17fﬁ”5) = vfn"’f = —v§. We now focus on the applied
forces densities, whose contravariant components in curvilinear coordinates are defined as:

Fre@)e dge =: fle(x)gt (x°)y/ge (k) dx, e (R°)edDe =: b (x°)ge (x°) /g (x°)dT?,

while for the displacements field, the covariant components in curvilinear coordinates are given by: ¢ (X°) = af ®)e =:
us (x° )g'€ (x¢), with 8 = ©(x¢). Notice that forces and unknowns above depend also on the time variable t € [0, T], but we
decided to keep it implicit for the sake of readiness, since the subject of the change of variable is the spatial component. The
same comment applies in a number of situations below. We also define ¢ (x°) := 55(28) and ¢° (x¢) := §¢ (8°). Regarding
the normal damped response function, we define p®(r?) := p®(r®). Let us define the spaces,

V(QF) = {v¥ = (1)) e [H(Q)’;v° =0 on T}, S(Q2°) = {¢f e H'(Qf); 9 =0 on [§}.
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Both are real Hilbert spaces with the induced inner product of [H!(£2¢)]4, d € {1, 3}, and we denote by I-ll1 q¢ the corre-

sponding norm in both cases, since no confusion is possible. Using these definitions, the following variational problem can
be derived straightforwardly from Problem 2 (follow similar arguments to those in [9] for the linear elastic case):

Problem 4. Find a pair t — (u®(x°,t), 9 (x%,t)) of [0, T] — V(Q2¢) x S(Q2¢) verifying
[ ottty + i) Vg e+ [ Ae el ) e
— [ a0 239 (e s ) 55 ) gsdxtfrg P (—ii§)5 /g dT®
:/Qg f'?fuf\/g’sdxw/w heve JgEdle Y e V(QF). ae. in (0.T).
/QE ﬁ%%ps\/g?dxu/m K (D05 g7P 500" + 0507 050° ) /g’
+/Q£ 08 (BA + 200 ) (€6, 5 (UG + €6, 18°)) /o

:/ ot Jerdx® Vo' e S(QF), ae. in (0,T),
QS
with @€ (-, 0) = uf (-, 0) = 0 and 9¢(-,0) = 0

Above, Aiikl.e — pjikle — aAKlije ¢ c1(Q#), defined by

Aijkl,e = kgij,sgl<l,£ +M(gik,egjl,s _,’_gz’l,sgjk,zs)7 (32)
stands for the contravariant components of the three-dimensional elasticity tensor, and the functions e,H](vs) m,(vs) IS
12(928), representmg the covariant components of the linearized change of metric tensor, are defined by

ej (V) = (851} +0fv5) — T v,
for all v¢ e [H! (98)13. Also note that, as a consequence of (31), the following simplifications are verified:
I3 =Th =0in Q°F, A*F73¢ = A*333¢ = 0 in QF (33)
pe , .

Moreover, in [9], Theorem 1.8-1 it is shown that for Aik.¢ defined as in (32) and & > 0 small enough, there exists a constant
Ce > 0, independent of ¢, such that,

Z |t;j1? < CAATME (x°) byt (34)
ij
for all x® € Q¢ and all t = (tij) € S3 (vector space of 3 x 3 real symmetric matrices).

Remark 2. We recall that the vector field u® = (uf) : Q% x [0, T] — R3 solution of Problem 4 needs to be interpreted prop-
erly. The functions uf : Q¢ x [0,T] — R3 are the covariant, time dependent, components of the “true” displacements field
Ut =ufgh® 1 Qf x[0,T] > R>.

Next, we consider a scaled domain €2 := w x (—1,1) which is independent of the small parameter ¢ and denote by
' = 9Q its boundary where we distinguish three parts: I'; := w x {1}, I'c := w x {-1} and [y := 5 x [-1,1]. A point in
Q is denoted by x = (x1, xz x3) and 9; denotes the i — th partial derivative. A projection map 7¢ : Q — Q¢ verifying that

TE(X) =& = (xF) = (x],%5,X5) = (X1,X2,6X3) € Q¢, is considered, hence, 35 = 9, and 05 = ;83 The scaled displacements
u(e) = (y(e)) : 2 x [0, T] — R3 and vector fields v= (v;) : @ — R3 are defined as uf (%) =: u;(e)(x) and vf(x°) =: v;(x)
respectively, for all x € €, x® = 7¢(x) e Q¢. Besides, we define the scaled temperature ¥ (¢) :  x [0, T] - R defined as
P (e)(x) :=v¢ (&%) for all x € Q2 where x° = 7¢(x) € Q°.

For the sake of simplicity, from now on, we are going to assume that the different parameters of the problem (thermal
conductivity, thermal dilatation, specific heat coefficient, mass density, Lamé coefficients) are all independent of ¢.

Also, let the functions, F,.I;“?,ga,AUk’f be associated with the functions Ff}(s), g(e), Akl (g), defined by FS.(S)(x) -
F{'}'S (*%), g()(x) 1= g (x°) and AUkl () (x) := AUK.£ (x¢) for all ¥ € Q, x* = ¥ (x) € Q. For all v = (1;) € [H'(Q)]3, the scaled

linearized strains, denoted as (e;j(¢)(V)) € [Lz(Q)]gyX,ﬁ or (ejj(e;v)), are defined by

1

eauﬁ(s; V) = 5(8,31/0, + 8a1}ﬁ) - Fgﬁ (S)Up, (35)
1.1

€o)3(8:V) 1= 5 (S 03Va + 0av3) = T (£)p, (36)
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1
€3H3(8; U) = 5831/3. (37)
Notice that from these definitions one can easily check that eﬁ‘j(ve)(ng(x)) =ej;(&;v)(*) for all x € .

Remark 3. The functions Fi’;. (¢),g(e), AUkl (g) converge in C°(2) when ¢ tends to zero. Also, when we consider & = 0 the
functions will be defined with respect to y € @. Note that (36) and (37) present a singularity if £ = 0. In the notation for the
three-dimensional Christoffel symbols we will explicit the dependence on ¢ as Fgﬂ (¢) in order to distinguish them from
the two-dimensional ones associated to S denoted by Fgﬁ.

Another important result that can be found in [9, Theorem 3.3-2] states that under suitable regularity conditions, take
for example @ € C2(@; R3), there exists an gy > 0 such that A/ () is positive-d}e'ﬁnite, uniformly with respect to x € 2 and
g, provided that 0 < & < &;. Besides, it shows that the asymptotic behavior of Al (¢) is the following:

Aijkl (8) — Aijkl(o) + 0(8) and Aotﬂals — Aoz333s =0,

for all &, 0 < & < &g, and

Aaﬂcfr (0) _ )\ao{ﬁaar + M(aaaaﬂr + aotraﬂa)’ Aaﬁ33(0) — )\’a{xﬁ’ (38)

Aa3r73(0) — Ma(xa’ A3333 (0) =A4 Z/L, A(xﬂaB (0) :Aa333 (0) -0. (39)
Moreover, and related with (34), there exists a constant C. > 0, independent of the variables and ¢, such that

D lt517 < CAM (&) (@) tti;, (40)

i,j
foralle, 0 <& <gg forallxeQ and all t = (t;j) € s3.

Notice that the limits are functions of y € @ only, that is, independent of the transversal variable x3. We also recall
[9, Theorem 3.3-1], which provides the asymptotic behavior of Christoffel’s symbols Fs(s), g () and g(¢). Indeed, if 0

C3(@; R3), then

Pog(e) =Tgg —exsbfla + O(e?),  Th,(e) =0(e), Tos(e) =Th(e) =0, (41)
I‘iﬁ (€) = byp — ex3bbyg.  T35(e) = —bY — exsb b + O(e?), (42)
P (e) = a®P + 2ex30°° b + O(e2), g3(e) =83, g(e) =a+ O(e), (43)

for all &, 0 < & < &, where the order symbols O(s) and ©O(g2) are meant with respect to the norm Il 0. defined by
Wl o0 = sup{|w(x)|; x € 2}, and the covariant derivatives b% | are defined by b/‘gla = 8ab/‘§ +Tg, % - Fg[ﬂb‘;. The func-
tions a, by g, by, Fgﬁ and b‘; | are identified with functions in c°(2). Further, there exist constants ag, gg and g; such that
O0<ag<a(y Vyew,
<g<ge)x)<gy VxeQand V &,0 <& < g.
0 (&)(x) VxeQandV e, 0 (44)

Let the scaled heat source q(g) :  x (0,T) — R and scaled applied forces f(¢): Q2 x (0,T) - R3 and h(¢) : T x (0, T) —
R3 be defined by

¢ (x°) =1 q(e)(x) Vx e 2, where 8* = 1°(x) € Q°,
FF= (R =: f(e) = (fi(e))(x) VxeQ, where ¥° = (%) € Q°,
h® = (h'¢)(x) =: h(¢) = (hi(¢))(x) VxeTl,, where ¥ =7°(x) e ['‘.
With regard to the normal damped response function, we define p(e)(r(¢)) := p®(r). Also, we define the spaces
V(Q) = {v= () e [H'(2)P;v=0on Iy}, S(Q) ={p e H'(Q2); ¢ = 0 on Iy},

which are Hilbert spaces, with associated norms denoted by ||-||; o. Then, the scaled variational problem can be written as
follows:

Problem 5. Find a pair t — (u(e)(x,t), 9 (e)(x,t)) of [0, T] — V(2) x S(2) verifying
[ o)z v + s (©)v3)g(e) dx-+ [ AT (e )exi (e ue))en(e: ) (e

10
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1 .
- /9 ar(3h +21) 0 (&) (eq) p(8: 1) (€) + €33 (£: 1)) y/g(£)dx — S /F p(e)(=us(€))vs/g(e)dl’
C

:/ fi(e)v,»‘/g(g)dx+%/ hi(e)viy/2(2)dT Vv € V(Q), ae. in (0,T), 45)
Q r,

/Qﬁﬁ(f:‘)so\/g(s)dw/Qk(aal‘/‘(s)g"ﬂ((?)aﬁw;—28319(8)83<ﬂ) g(e)dx
+/ror(3/\+2u)<p(eanﬁ(8;ﬂ(s))g‘”’(s)+€3H3(8;11(8))) g(e)dx

_ / a(e)p /g(e)dx Vo eS(Q), ae. in (0,T), (46)
Q
with u(e)(-,0) =u(e)(-,0) =0 and ¥ (e)(-,0) = 0.
Remark 4. Notice that the time-dependent version of the linearized strain tensor above is well posed when we define

ej(e;u(e))(t) = ey);(&; ule)(t)).

See for example [46]. Further, as commented earlier, we usually omit the explicit time dependence for the sake of a shorter
notation.

Remark 5. The uniqueness of solution for Problem 5 provided that & > 0 is small enough is similar to Problem 4 and the
regularity obtained for the solutions is analogue. In particular, we find () (-,t) e V(2) and ¥ (&)(-,t) € S() a.e. in (0,T).

4. Formal asymptotic analysis

In order to identify possible two-dimensonal limit problems, we are going to follow the general procedure described
in [9], which has been already used in the framework of contact problems for shells in [37] and [41]. As we shall see, it
depends on the geometry of the middle surface, on the set where the boundary conditions are imposed, and on the order
of the different functions involved. Particularly interesting for us in the present problem is the case of the normal damped
response function. We consider scaled applied forces and heat source of the form

F@E) @) =emf"®), q(e)(x) = emq" (%) Vx e Q. h(e)(x) =™ h" (x) Vx e T,

where m is an integer that will give the order of the respective forces. We also define the scaled normal damped response
function p(¢)(r(g)) = e™t1pm+1(r(e)). Substituting in (45) we obtain the following scaled problem:

Problem 6. Find a pair t — (u(e)(x,t), ¥ (e)(x,t)) of [0,T] - V(2) x S(2) verifying
/Q/J(iia(S)g“ﬂ(s)vﬂ+ﬁ3(8)va)\/g(8)dX+/QA”"'(8)€k|u(8;u(&‘))eiw(s;w g(e)dx
—/Qotr(%+2M)ﬁ(8)(ea|\ﬂ(8;v)g“ﬂ(8)+€3|\3(8;v)) g(&‘)dx—/r e"p™ (—uz(e))v3y/g(e)dD

:/ 8"'fi*"’vﬁ/g(8)dx+/ emHimy. /a(e)dT Yu e V(R), ae. in (0,T), (47)
Q

ry

[ B9 @pVE@dn+ [ k@ (@16 (01059 + 500 (€)020) (e
+ [ or 3+ 2000w e 10 (6) + €3 1ce)) 3

:/ emqmp/g(e)dx V¢ € S(R), ae. in (0,T), (48)
Q
with u(e)(-,0) =u(e)(-,0) =0 and 9 (e)(-,0) = 0.

Assume that @ € ¢3(@; R3) and that the scaled unknowns u(e), ¥ (¢) admit asymptotic expansions taking the following
form:

u(e) =ul +su' + 2 + .., (49)
V() =00 + 89! + 202 + ...

where u9 € V(Q), w e [HI(Q)]?, #0 € S(Q), ¥4 € H(R), j > 1. Assumption (49) implies the following asymptotic expansion
of the scaled linear strain:

1
— . _ _p—1 0 1 2,2 3,3
e j(e) = eyj(e:u(e)) = 2 illj il €y ETeq e

1
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The interested reader can check the expression of el'ﬁ in terms of u}' and the geometry in [9], and as an extension of what
is featured in this paper, in [44].
The same applies to the expansion of e;;(¢; v) for an arbitrary v € V(£2), of the form
ey j(e:v) = L) + ¢l (v)+8e,‘“(v)+...

lH] illj

Upon substitution on (47) and (48), we can characterize the terms involved in the asymptotic expansions by giving values
for m and grouping terms of the same order. In this way, taking in (47) the order m = —2 and particular cases of test
functions, we reason that f’2 =h'=0 and p~! =0, which leads to d;u® = 0. From (48), we reason that ¢g~2 =0 and
find that 9390 = 0. Thus the zeroth order terms of both unknowns would be independent of the transversal variable xs.
Particularly, u° can be identified with a function & € V(w), and ©#° can be identified with a function ¢° € S(w) where

V(o) :={n= ) e[H (@)P;ni=00ny}, S):={pecH (®);:¢=0ony).
Taking m = —1, and using particular cases of test functions, we reason that f~' = h® = 0 and p® = 0 and we find that

;=0 Aa” ﬁeglw + (4210883 = ar(3r+21)0°, e 5= yaﬁ(Eo),

OtH

where
1
Yap (M) = 5(8ﬁna +0amp) = Tggno — bapns, (50)

denote the covariant components of the linearized change of metric tensor associated with a displacement field n;a’ of the
surface S. From (48) we reason that g-! = 0 and find that 939! = 0.

With these results in mind, for m = 0, expanding AU (0) and taking v =17 € V(®) and ¢ € S(w) leads to a set of two-
dimensional equations which will be presented and analyzed in the following section, in the framework of the elliptic
membrane shells, where it is well posed.

5. Elliptic membrane case. Convergence

Guided by the formal asymptotic analysis developed in the previous section, we need now a functional framework in
which the limit problem is well posed and we can find rigorous convergence results. To do that, we now focus in the
particular case in which the middle surface, S, is uniformly elliptic and, further, it is clamped on the whole lateral face, that
is ¥o = y. These kind of shells are known as elliptic membrane shells.

Further, we assume the hypotheses that emerged from the formal asymptotic analysis, specifically

fE® =@, qe)®) =q°x) Vxe Q, h(e)(x) =ch'(x) Vxe T,

p(e)(r(e)) = ep' (r).
Since there is no room for confusion, in the following we omit the superindices indicating the order of the functions in-
volved.

In [9, Theorem 2.7-3] we are provided with a two dimensional Korn’s inequality for the case of elliptic membrane shells.
Thus, there exists a constant ¢y, = ¢y (w, ) > 0 such that

12

12
(Z Ima 3., + Inslﬁ,w> <cm (Z Iyaﬁ(n)léw> Vi € Vi (), (51)
o o,B

where Vy(w) = Hg (w) x H(} (@) x L2(w) is the appropriate space for guarantying the well-posedness of Problem 7 below.
In this section and in the sequel, C represents a positive constant which is independent of ¢ and the unknowns and whose
specific value may change from one equation to other. Besides, for the sake of simplicity, we assume that all the parameters
involved are constant. Also, the notation v stands for the average on x3, i.e, v := %fll v(x3)dxs.

It is in this context that the limit two-dimensional equations found following the formal asymptotic analysis of the
previous section are well posed, as we shall see.

Problem 7. Find a pair t ~ (§(y,t), ¢ (y,t)) of [0, T] — Vi (w) x H(} (w) verifying

2 [ pEany +Emvady+ [ @ o @ vapady -4 [ ST ety ) Vady

- /F p(~£5)n3v/adl = / Fipi/ady V= () € Vu(w). ae. in (0.T). (52)
3M+2 .
2/ ( (A ;;MM) )Wﬁdyﬂfwkaa{a“ﬂa,swﬁdy

12
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2 ; .
af AUOR 2 gty @)Vady = [ Quiady Vg e H@), ae.in O.T), (53)
Y w
with £(-,0) = £(,0) =0 and £ (-, 0) =
Above, we have used Fi := [, fidxs + hi, with hi (-) = hi(-,+1) and Q := ", qdx3. Also, a®#?T denotes the contravariant
components of the fourth order two-dimensional elasticity tensor, defined as follows:

a*Bot .~ %a“ﬂa‘” +2(a%° af™ 4 a7 af?). (54)

Notice that there exists a constant c, > 0 independent of the variables and ¢, such that
D ltapl® < cea®P7T W)tortap, (55)
a.p

for all ye @ and all t = (tp) € S2 (vector space of 2 x 2 real symmetric matrices). The following result shows that there
exists a unique solution for this problem.

Theorem 2. Let w be a bounded domain in R2, let @ € C2(&; R3) be an injective mapping such that the two vectors ay = 0,0 are
linearly independent at all points of @. Let fi and q € H' (0, T; L2(2)), hi € H2(0, T; L2(I"}.)) and assume (3). Then the Problem
7, has a unique solution (&, ) such that
EeL®(0.T:Vy(w)). &eL®0.T:[L2(@)]) NL*(0.T: Vy(@)). & e L*(0.T:[L2(w)]’).
¢ e L2(0,T; L () NL*(0, T; Hy (@), ¢ € L%(0,T; 1*()) N1*(0,T; Hy (@),
Proof. Like in Theorem 1, we will use a Faedo-Galerkin approach to prove the existence part. Then, a proof by contra-

diction will show uniqueness.
Existence: Since Vj;(w) is a separable space, there exists a countable base {v™} c Vj;(w) such that

Vu(@) = | J V. where Vi = Span{v'. v?, ..., v"}.

m>1

Similarly, there exists a countable base {x™} c H& (w) such that

H{(w) = U Sm, where Sy =Span{x', x2,.... x™}.

m=>1
We now formulate Problem 7 for the finite dimensional subspaces:
Problem 8. Find a pair t — (§"(y.t), c™(y.t)) of [0, T] — Vi x Sy verifying
arp(3A +2u)

2/ p(éﬁa“ﬁnz+é?n§”)ﬁdy+/ a"ﬁ‘”ym(ém)ya,s(n"")«/ﬁdy—4/ Az SO Vap (1) Vady
~ [ P&y vadr = [ Fgrady vam— o) < Vi, ¥ £ 10.T) (56)
C w
(3)“+2M) ‘m,,m maapB m
2/( P )C’”w \/de+2/wk8a§ a*Poge™ady
4/ “T“A(:I\; 21 maaﬂyaﬂ(g"")ﬁdy:/ Q™Vady Vo™ e Sm, Vte[0,T], (57)

with & (-,0) = £€™(-,0) = 0 and ¢™(-,0) = 0

Now, the classical theory of systems of ordinary differential equations guarantees the existence and uniqueness of solu-

tion for Problem 8. Taking ™ = f;‘m in (56) and ¢™ = ¢™ in (57), adding both expressions and integrating the time variable
in [0, t] gives

. 203\ 4+ 2u)? t
PIE O, + SIE D2, + (;3 v W)m(maw 2k [ dr (58)
t
- [ [ rgpengovara= [ [ aeen ey (58)
0 Jo

+/0 /wL fi(r)dx3$fm(r)ﬁdydr+/()[ /R hf(r)g'im(r)\/adrdr, (58)

13
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where we have introduced the following norms:
M = [ a0y + (na)2)ady ¥ € 112 @)F,
which is equivalent to the usual norm |- |, because of the ellipticity of (a*#) and the regularity of 6. Also,
Iz, = /wa“"“ym(n)yaﬁ(n)ﬁdy Vi € Vu(w).
which is a norm in Vj; (@) because of the Korn inequality (51) and the ellipticity of a®#°7 (see (55)). Finally,
1l = [ dupa®?oypvady,

which is a norm in H& (w) equivalent to the usual || -[|;, because of the ellipticity of (a*P), the regularity of 6 and the
Poincaré inequality. Further, in [18, Theorem 3] we included, as a standalone theorem, a result that can be found inside the
proof of [9, Theorem 4.4-1], which shows that we can define a kind of trace operator on upper and lower faces, continuous,
in X(Q) := {v e [2(Q); 93v e [2(R)}. Moreover, there exists a constant ¢; > 0 such that

) 5 172
IVl @, ory < Cl(|V|o.sz + |33U|0,9)
for all v € X(2), which also implies that there exists a constant c; > 0 such that

172

Mvsllzr.or < €2 (Z lej (e V)|%_Q> Vv e V(). (59)
ij

By using the monotonicity of p, the Holder inequality in the right-hand side terms of (58) and using [18, Theorem 3] for

the terms on I', followed by the use of Gronwall inequality, we obtain that the following weak convergences take place for

subsequences indexed by m as well:

gn S EinI¥O.T:Vy(), & = &in L°°<0,T; [Lz(a))]3>, (60)
¢mo = ¢in (0. TP (@), ¢~ ¢ in (0. T Hy (), (61)
(-E) 2, xin O @) (62

Notice that (62) is a consequence of the Lipschitz continuity of p, the fact that p(0) =0, and the boundedness of its argu-
ment. Using these convergences back in (56)-(57), we can formulate the following limit problem:

Problem 9. Find a pair t — (&§(y,t), ¢ (y.t)) of [0, T] — Vy(w) x H& (w) verifying
- - wBot ot (BA +2
2 [ oy +Ems)vady+ [ a7 yor @ yapnvady -4 [ HHEELE2
w w w

A+20
- / X nsadr = / Fipi/ady V= (1) € Vu(w). a.e. in (0.T),

2/ ( a7 Gh+ 20" )éwﬁdy+2/ ke £ a*P 9 /ady

ca“Py,p () vady

A+20

4/ arpt(3A+2u)
A+20

with £(-,0) = £(-.0) =0 and £ (-,0) =

CEEE 0 pathy, g (€)vady = [ Qpvady Vo € HY@). ae.in (0.T),

Now, to identify the term on I'¢, we will use an argument of monotonicity (see, for example, [33]). We first define for
any given ¢ € H1(0, T; [2(w)), with ¢ (0) = 0, the following quantity:

[ [ (pE) - p(=§(1) €5 ) ~ $r)) Vadr dr > 0.
From (58) we find that
= [ [ Foirovadydr—plgn o, - J1E"O 1R,
a 230 +2p)° t
+ [ [ aryenvaayar- (5+W)|cm<t>lé.w—2kfo eI, dr
. t . . .
/ / &P ) (~d)vadrdr— [ [ ~p(~g(r) E(r) - $(r) adr .

14
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Thus, on one hand

t S : 1
0 <timsupx” < [ [ Fngrvadydr- plEf, - 51501,

m—oo
a2(3h+2p)?

t t
2 2
+f /CUQ(r)§~/5dydr—<ﬂ+ e )|z<r>|0,w—2k/0 1E O, dr

- / f X (1) (= (r))vadT dr / / —p(—h () (s (r) — p(r))vadT dr,
0 JI¢ 0 JI'c

where he have used the weak upper semicontinuity of various terms. On the other hand, doing in Problem 9 the substi-
tutions n = &, ¢ = ¢, then the summation of both equations, followed by the integration in [0, t], and using the resulting
identity into the inequality above, we find that

t . t ) ¢ . . .
0= ffo /FCX(T)&(r)«/adFdrf/O v/rcx(r)(—qb(r))«/adl“dr—fo /rc —p(=h(1) (E(r) — ¢p(r))vadT dr

t . . .
- /0 [r (X (1) = p(—$(™)) () — §(r)) VadT dr.

Therefore, by using arguments adapted from those in [19, p. 55], we deduce that y = p(—§3). Indeed, this is because we
can always take ¢ = & — ¢ with ¢ > 0 and ¢ € H1(0, T; [?(w)), with ¢(0) =0, to find

t .
05_/ / (X (1) = p(=§3(r) + c@(r)))¢(r)vadT dr,
0 JI'¢c

and take ¢ — 0, from where y = p(—éfg,). Therefore, we find that Problem 9 is indeed the same as Problem 7.

We find now additional regularity for &, & and ; The process is similar to what we have done above, in the proof of
Theorem 1, so we omit it. The interested reader can consult the details in [44].

Particularly, we find that

IE"O)3, +1EmO)3, <C. Vte[0.T].

and further
.m t .
18" 112, + 2k /0 NEmM M2, dr <C Ve e[0.T].

Therefore, the following weak convergences take place for subsequences still indexed by m.

g L EmIOTwe) & L Einr(on[@]), (63)
cm mic ¢ in12(0.T: [*(w)). ¢™ = ¢ in [*(0.T: Hy (). (64)

Uniqueness: We proceed by contradiction. We first assume that there exist two solutions (El, ¢1 and (&2, £2). Define E:

g & and { = - 2. Now, take 7 :é in the version of (52) for &' and 5 = —£ in the version of (52) for £%. We then
sum both expresions to find that

2/ p(Eaa’Ey +§3§3)~/5dY+f a"‘ﬁ“ym(émﬂ(g)\/&dy74[ W;a“ﬂyaﬂ(g)fdy
- /r (P(—£)) — p(—£2))3/adr" = 0.

Similarly, take ¢ = ¢ in the version of (53) for ¢! and ¢ = —¢ in the version of (53) for ¢2. Then, we sum both expresions
to find that

FGA+2W?2 N = : wpa F 30+2u) -, :
2/( aT)L+2MM );;J&dy+2/wkaa;a ﬂaﬁg\/ady.;_zl/;)W{a ﬁyaﬂ(g)\/ady:().

Then, we add both expressions above and integrate with respect to the time variable in [0, t], to find

a2(3h +2u)?

KR 1 —
PIED a0 + 51EOI, + (ﬁ+ o

)IC(f)IéerZk/o IS Ia.edr

=[] (&) - p(-gm)E o - o) vara <o (65)
where we have used the monotonicity of p. We deduce from (65) that é =0 and ¢ = 0, thus showing uniqueness.
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In what follows, and for the sake of simplicity, we assume that for each ¢ > 0 the initial condition for the scaled linear
strain is

e;;(€)(0,) =0, (66)
this is, the domain is on its natural state with no strains on it at the beginning of the period of observation.

Theorem 3. For the case of elliptic membrane shells, let (u(e),¥(e)) denote the solution of the three-dimensional scaled
Problem 6 (for m =0). Then, under the assumption that 0 € C3(®; R3), and hypotheses (3) and (66), there exist functions
¥, Uy € HY(Q) ae. in (0, T) satisfying ® =0, uy, =0 on y x [—1,1] and a function uz € L2(Q) a.e. in (0, T), such that

(@) ¥(e) > B, ug(e) — ug in H(Q) and u3(e) — uz in [2(R) a.e. in (0,T), when & — 0,
(b) ¥ and u = (u;) are independent of the transversal variable xs.

Moreover, the pair (u, %) is indeed the solution of Problem 7.

Proof. The proof has a similar structure to the one given in [9, Theorem 4.4-1] for the elastic elliptic membrane shells
case. Therefore, some details will be omitted on those steps that can be proved similarly to what is done in there. Below, all
references to (47) or (48) have to be thought of by taking m = 0 and omit the superindices. The proof consists of six parts,
numbered from (i) to (vi).

(i) A priori boundedness and extraction of weak convergent sequences. For & > 0 sufficiently small, there exist bounded se-
quences, also indexed by &€, and weak limits as specified below:

Uy (€) = Uy in [®(0.T:H'(Q)). u3(e) = u3in L[*(0.T;[2(Q)).
-0 3 e—0
i) & win (0T [P@]). ey 5 e in (0.1 2(9)
D) = B inL®(0.T:[*(Q)). u?d(e) — ¥y in [2(0, T: [3(R)),
e—0 -0
71039 (g) — 31 in [2(0,T; 2(R)).
-0
Moreover, ¥, uy =0 on 'y x [0, T].

Above and below, e;;(e; u(¢)) will be shortened to e;;(e) := e;;(e; u(¢)) for the sake of readibility. In this step we
take v =u(e) in (47) (see Remark 5) and ¢ = ¥ (¢) in (48) and sum both expressions to find

/Ql)(ﬁa(g)gaﬁ(??)uﬁ(r‘?)+ﬁ3(8)ﬂ3(8))@dx+/QAijk'(8)€k||1(8)éi\|j(8) g(e)dx
+/Qﬁﬁ(e)z?(e)@dwrAk(aaﬂ(e)fﬁ(e)aﬁﬂ(S)+;—2830(8)8319(8)) g(e)dx
- [ piseise)Vgerdr
- /foui(e)\/g(T)dH/F ity ()y/g(e)dT" + /Q g9 (e) /g(e)dx. (67)
We now introduce the following norms:
V0 1= [ g )05 + 02)2)VaE)dx Vo < 2@
which is equivalent to the usual norm |- |y o because of the ellipticity of (g%P (¢)) and the regularity of ©. Also,
117 ¢).q = /QAijkl(E)ekul(& v)ey;(e; v)V/2(e)dx Vv € V(RQ),
which is a norm in V() because of the Korn inequality (see [9, Theorem 4.4-1]) and the ellipticity of AUk (¢). Finally,

1191 lgcer.c2 = /Q Bu 02 (£)50+/2(e)dx,

which is a seminorm in S(€2). Because of the uniform ellipticity of the tensors and matrices involved, and the properties
of g(e), we are going to be able to use constants independent of & in the estimates below. Indeed, going back to (67), we
obtain

d, . 1d d k
£ O (100) 2 0 + 3 B o) + 5 (D @)1 o) 4 KIDE) 1y + 51857 )

- /F p(—tis(e))iis (¢)/g(2)dT + /Q Flis(e)+/g(e)dx + /F Wit (e)/g(e)dT + /Q g0 (£) /2(e)dx.
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Integrating in [0, t] with respect to the time variable, using the equivalences mentioned above, together with the uniformity
with respect to & of the constants involved in those equivalences, integrating by parts the term with the tractions h', using
[18, Theorem 3] and Young’s inequality, we find that there exist a constant C > 0 independent of ¢ such that

() ()15.o + ey () (O[§q + Iﬁ(e)(t)lé,g+/0 (Iaaﬁ(s)(r)lé,g+élasﬁ(e)(r)lé,g)dr
t t t t
- [0 fr p(—u3<s)<r))u3(s>(r)x/g(s)drdrsC(/O lii(e) (1) |3 odr + fo 19 (&) (N3 odr + fo leq ;(8) ()2 odr

t t t .
+/0 |f(r)|%,gzdr+/o Iq(r)lé.gd”r/o Ih(r)lé,ndwlh(t)lﬁ,n)

Hence, by using Gronwall’s inequality and the three-dimensional Korn’s inequality that can be found in [9, Theorem 4.3-1],
all the assertions of (i) follow.

(ii) The limits of the scaled unknowns, u;, ¥ found in Step (i) are independent of x3.

The part corresponding to u; is similar to Step (ii) in [9, Theorem 4.4-1], so we will omit it. Regarding 1, its independence
on x3 is a consequence of the boundedness of {¢~1351% (¢)}.

(iii) Extraction of weakly convergence subsequences on the contact boundary. The norms |u3(&)|o.r., |u3(€)lo,r, are bounded
independently of €,0 < ¢ < g1 almost everywhere in (0, T). Moreover, there exist subsequences, also denoted by (u3(€))¢-o and
(u3(&))e-o Such that us(e) X uz and us(€) X ti3 in L°(0, T; [2(T'¢)).

The first part is an straightforward consequence of Step (i) and (59). For v = u3 (&) we obtain that

[us(&)lor. <Cleyj(&)lo ae. in (0,T).

Then, there exists ¥ € L*(0,T;L*(I'¢)) such that for a subsequence keeping the same notation, it holds us(g) A
¥ in L%(0, T; L2(I'¢)). Since the conditions of [41, Theorem 3.6] hold, we can identify ¥ = us.

For the second part, we first recall that u(e) € V(2) and () € S() (see Remark 5). Next, we use the technique of
incremental coefficients in the time variable, then integrate on [0, t] to obtain the expression similar to (18) in the scaled
framework and without tractions. Indeed,

2Pl O — 2 plie) )3 + 30" () (D), () (6)) — 20 (1(e)(0). i) (0))
l . 5 _1 . 5 t oy .
+5 [ BO@@)ax=5 [ @O+ [ @@ )0).9 @) rar

N T e
S/O /Qf(r)u(s),-(r)dxerr/O /Qq(r)z?(s)(r)dxdr. (68)

Then, we use Korn’s inequality on the left-hand side and apply Gronwall’s inequality to obtain that |e;, j(li)(s)léQ is

bounded independently of &. Then we can proceed like in the first part using (59) for v =u3(¢) to prove that us(¢e) N
ti3 in L0, T; [2(T¢)).

(iv) The limits e;; found in (i) are independent of the variable x5. Moreover, their relations with the limits u := (u;) and ¥
are the following:

illj

1
eullp = YapUh) = j(aauﬂ + dgle) — Fgﬁua — bypus,
€q|3 =0, (69)

ar(BA+2u) A op
— a eaHﬁA
A+20 A+20
Indeed, first taking v=u(¢e) in (35) and » = u in (50) (par abus de langage, since u is independent of x3, but actually
u e [H(Q)]? x [2(R)), taking into account the results in Step (i) and the convergences Toge) > Tg, and F;ﬂ (8) = byp
in c°($2) given by (41)-(43), we have that

(70)

€33 =

eq|ip(e) = %(8/3110,(8) + dglig(e)) — Fgﬁ(e)up(s) — €y|1g = Yap(®) in () a.e.in (0,T).

Moreover, e, g are independent of x3, as a straightforward consequence of u; being independent on x3 (Step (ii)). Besides,
let v € V(2). From the definition of the scaled strains in (35)-(37), we get

. 1 .
geyp(e:v) - 0in [2(Q), cey)3(e;v) > 58311& in [2(R),

8€3H3(8; v) = 831/3 in LZ(Q), for all € > 0.
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Now, we can take as test function ev € V(£2) in (47). Then, taking into account (33), we have

8/90(1'1a(8)g“’3(8)v,s+ﬁa(S)va)\/g(s)stfQA”"’(S)ekm(e)em,-(s;v) g(e)dx
*/QCXT(?’)L+2M)19(8)(83a||ﬁ(5;V)gaﬁ(s)+8€3\|3(5§U)) g(é?)dxfeSfr p(—u3(e))v34/g(e)dl’

:S/Qf'u,- g(e)dx.

Passing to the limit as & — 0, decomposing A/¥ (¢) into the components with different asymptotic behaviour (see (38)-(39)),
the properties of g(¢) (see (44)) and the convergences in Step (i), we obtain the following equality:

/ (2M0a06a|‘3831}g + (A + 2/_L)€3||333U3)\/adx+/ )»a“‘ﬁeauﬁagvg\/adx
Q Q

=/ ar(3h +2)0dsusvadx Vv e V(Q), ae. in (0,T). (71)
Q

By taking particular test functions and using [9, Theorem 3.4-1], we deduce (69). Then, we go back to (71) and use again [9,
Theorem 3.4-1] to deduce (70). The independence of e;3 on x3 is a consequence of this relation, as well.

(v) We find a limit two-dimensional problem verified by functions u = (i1;) and J. In particular, since the solution of this
problem is unique, the convergences on Step (i) are verified for the whole families (u(€))q.o and (9 (€))g-o. We have that
i(t) = (4;(t)) € Vi (w) and 3 (t) € S(w) ae. in (0,T). )

By using [9, Theorem 4.2-1] (parts (a) and (b)), and Step (ii) we obtain that iy € H(} (w) and ¥ € H(} (w). Therefore,
il € Vy(w) ae. in (0,T). Now, let v = (v;) € V(2) be independent of the variable x3. Then, from the asymptotic behaviour of
1"‘7I3 (¢) and I'; () (see (41)-(43)) we find the following convergences when & — 0 (see (35)—(37)):

eaHﬁ(s; U) — yaﬁ(v) = j(aavﬁ + E)ﬁvo,) — Fgﬂl}o— - baﬁvg, in LZ(Q), (72)

eq3(&;v) — %Bavg +b2v, in [2(Q), es3(&;v) =0. (73)

Taking this into account, let us take now v = (v;) € V(2) independent of x3 in (47) and pass to the limit when & — 0. If
we use the asymptotic behaviour of AUk (¢) (see (38)-(39)) and g(¢) (see (44)), take into account the weak convergences

ey (&) A e in L*(0, T; 12(Q2)), simplify by using (69) and consider the precise limits of the functions e;;:(&; v) in (72)-
(73) we obtain the following equality

2 / p (iP5 + tisi3)/ady + / 0BTy, (i) Yo (§)v/ady
w w

art (A +21) 5 3 ]
—4 | Pa v O ady — [ xoaadr

illj

=/ (/ fidx3)ﬂiﬁdy+/ hiv;v/adTl, a.e. in (0, T), (74)
w -1 Ty

where we used Step (iii) and (3) to find that there exists x € L°(0, T;L*(I'¢)) such that p(—ii3(g)) X X. We also used
(70) and, since u, v and ¢ are all independent of x3 (see Step (ii)), we identified them with their averages. Above,
the components a*f97 are defined as in (54). Notice that we can formulate the equation above in terms of test func-
tions = (n;) € [H(l) (w)]?. To do that we just have to take v independent of x3 and consider 5(y) =v(y,x3) for all
(¥.x3) € Q. Further, since both sides of the equation are continuous linear forms with respect to 3 = i3 € [?(w), and
given that H& (w) is dense in L2(w), we find that the problem can be formulated for test functions in 7 = (1;) € Vyy(w),
instead.

Similarly, we now consider ¢ € S(£2) independent of x5 in (48) and pass to the limit when ¢ — 0. Again, if we take into
account the weak convergences in Step (i) and simplify by using the time derivative of (70) we find the equality

3A+2 = -
2/ oF B4 +210)” z?goﬁdy+2/ ko D 0P 5 p/adly
oA +2u ©
4 / arpt(BA +21)
A+20
hence obtaining (53), with ¢ identified with 3.
(vi) The weak convergences are, in fact, strong.
For this step we first consider a case without tractions, that is, we take h = 0. Then we will show the changes to be
made for the case with tractions. In both cases we are using a monotonicity argument. We define the quantity:

Ae) 1= [ p((l(e) ~ t)g (£) i (e) — thp) + (s (e) — ) s (£) 1)V 3(e) e

T =2 0a®Py, () Vady :/ Qovady Vg e Hl(w) ae. in (0,T), (75)

18



M.T. Cao-Ridl, G. Castifieira, A. Rodriguez-Arés et al. Commun Nonlinear Sci Numer Simulat 103 (2021) 105995

+/§2Aijk’(8)(ek\|z(8) — e (€1 (&) — éyypj)+v/ g(e)dx
*/F (p(—us(e)) — p(—u3))(us(e) — us)4/g(e)dl’
+ [ B ) =)@ (@) - 9)ae)dx

+/Qk{3a(19(8)—ﬁ)g“’s(S)aﬁ(l?(e) —19)+;7(33(19(8)—19))2} g(e)dx.

On one hand, we integrate with respect to the time variable in [0, t] and take into account (66) and the initial conditions in
Problem 6 to obtain

2/0‘/\(8)dr=/Q,O((ua(s)—ua)gaﬁ(g)(uﬂ(s)_uﬂ)+(ug(g)_u3)2) ) dx
+ /QAijkl(S)(ek‘“(e) — e ey (&) — eqpj)+/ 8(e)dx
#2 [ [ (s (@) = p(-ta)) (~iis(e) + i) BEAN dr+ [ f(e) ~9)*V/a(E)dx
0 Jre i
t
+2/0 /Qk{aa(l?(g) - z?)g”ﬁ(s)a,g(t?(s) -9) + ;*2(33(19(8) _ 7-9))2}\/,5{(78)(1)((11’, 76)

and as consequence of the monotonicity of p, (40) and (44), we find

t
RS c<|u<e> il + e (e) — eqylEg 4 10(6) — Dg

t 1 t
+/O |8az9(8)—8a1?|ﬁ.9ds+8—2[0 |8319(e)—8319|599d5). 77)

On the other hand, from the expression of A(¢) and making use of (47)-(48) for v=1(e) and ¢ = ¥ (¢), we deduce
that

A(8)=/inui(8) g(e)dx — d%/QAijkl(g)ek”l(s)eillj\/g(T)dX+/QAijkz(S)ekwéiHj 2(e)dx
_%/qu“(“’")gaﬁ(s)”ﬂ@dXJr/Qpﬁag“’s(s)ﬂﬁ g(e) dx
_%/qu3(8)u3@dx+/ﬂpa3u3 g(e)dx
+ [ p(-tis) s (e) — ) VE@T + [ p(-its(e)its /(eI
+/ qﬁ(e)\/g(T)dx_E/ ﬁﬁ(8)19\/g(7)dx+f BO D /g(e)dx

Q dt Q Q
_/Qkaal?g“ﬂ(s)aﬂ(ﬁ(g)_ﬁ) g(g)dx_/gkaaﬁ(f‘?)gaﬂ(é‘)aﬂﬁ 2(e)dx

—;Tfszlcagﬂag(ﬂ(a)—ﬂ) g(s)dx—;—zfgkagﬂ(s)agz? 2(e)dx. (78)

Next, integrate with respect to the time variable in [0, t], take into account the initial conditions given in Problem 6 and
(66), use that d3% =0, and let € — 0. Because of the weak convergences studied in steps (i), (iii) and (v), the asymptotic
behaviour of the functions AUk (¢) and g(e) (see (38)-(39) and (44)) and by using the Lebesgue dominated convergence
theorem, we find that

t t ) t t
lim / Ae)dr = / / Fitty/adxdr — / / pilia®Piig/adxdr — / / pilsisv/adxdr
e—~0Jo 0 JQ 0 JQ 0 JQ
t - t t
—/ /A”k’(O)ekH,e’iHj«/dedr+/ / Xu3ﬁdFdr+/ / qV vadxdr
0 Q 0 I'c 0 Q

t . t
—/ / B9 adxdr —f / kdo9a*P 89 /adxdr. (79)
0 Ja 0o Ja
Moreover, by the expressions of Ak (0) (see (38)—-(39)) and using (69) we have

/ Aijkl(o)ekuléiuj\/adx = / ()haaﬁaar + M(aaoaﬂr + am:aﬁg ))e(,H,éaHﬂ«/ﬁdx
Q Q
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+/ Aa"‘ﬁe3||3éa”5\/ﬁdx+[ ()LGUIEUHT + ()\.+2M)€3||3)é3”3«/adx.
Q Q

Then, using (70), we find that (79) is actually null, since its expression above coincides with the result of adding (74) for
v=u to (75) for ¢ = ¥ (both integrated in [0, t]). Indeed,

t t )
lim/ A(e)dr:/ (/ f'a,v«/adx—/ paaaaﬂuﬁﬁdx—/ pisiis/ddx
e=>0Jo 0 Q Q Q
1 . .
—E/Qa"‘ﬂ”e(,ﬂtea“ﬁ«/EdXJF/r XU3ﬁdF+./Qq29«/adX

a%(B}\‘—FZM)Z q af _
_/9<'8+)»+2M z?z?«/&dx—/ﬂkaaﬁa 8ﬂz9dﬁdx)dr_0. (80)

Now, for the case where tractions are not null, in (78) we have an additonal term
/ hi;(¢)+/2(2 )dT".
r,

When passing to the limit € — 0, the terms with u,(¢) above converge by using compactness arguments, since uy (€) €
H'(22 x (0,T)) and the trace into L2(I" x (0,T)) is a compact operator (see [33, p. 416]). For the term with u3(g), we
have to combine integration by parts and arguments similar to those in Step (iii) with I'c replaced by I'; to find that
U3 (¢e) A i3 in L°(0, T; L2(I";)). We refer the interested reader to [44].

The strong convergences e;;(¢) — ej); in L*(0, T; 12(R2)) also imply the strong convergences for u;(¢), by following
arguments not depending on the particular set of equations, but on the same arguments of differential geometry and func-
tional analysis used in [9, Theorem 4.4-1]. Therefore, we just omit them here and refer the interested reader to said refer-
ence.

It only remains to show that x = p(—ti3). To do that we can reason like in Step (x) in [41, Theorem 5.3].

Remark 6. Notice that unlike what happens in the references [33,36], cited several times in this work, we cannot use
compactness arguments for the convergence of all the contact boundary terms, since in our functional framework (that of
linearly elliptic membrane shells) we do not have enough regularity to conclude that uz(g) € H' (2 x (0, T)). Indeed, we
have found no uniform upper bounds for d4us(e). Furthermore, the trace defined in [47, Theorem 3] is not a compact
operator.

We still have to provide convergence results in terms of de-scaled unknowns. To do that, we first formulate the limit
problem in a de-scaled form. From the scalings in Section 3 we deduce the de-scalings &7 (y) = &;(¥) and ¢¢(y) = ¢ (y) for
all y € @. Therefore, from Problem 7 we obtain

Problem 10. Find a pair t — (§°(,t), £6(¥.1)) of [0, T] - V(@) x H1 (w) verifying
26 [ ey + Em)Vady + s [ a7y € yap On) Vady - / p* (~€5)n5vadr

ol (3A+2 .
~ae [ SHECEE A gty g )ady = [ Fenady Yo = (n) < (@),

304202 -
ZEf (ﬂ+W>ge<pﬁdy+z,s/ ko5ceaP a5 Vady
arih(3A+2u)
+48_/w7)»+2,u

with £°(-,0) = £ (.,0) = 0 and £(.,0) =0,

where we have used F'¢ := [°, fl€dx§ +hi#, with b5 () = hi€ (-, €), and Q° = [°, qedxs.

A brief inspection of the two-dimensional problem above shows that it keeps the structure of its three-dimensional
counterpart, Problem 4, with some terms changing its relative weight due to their new coefficients. That is the case of
the thermal dilatation term in the first equation and more noticeable, the thermal conductivity term in the second one.
We found no record in the existing engineering literature about this contribution of Lamé’s coefficients to these terms.
Experimental results should provide some insight in this direction, but this exceeds the scope of this paper. Note also that
the three-dimensional information is being taken into account in this two-dimensional problem. Indeed, the ¢ coefficient in
most of the left-hand side terms accounts for half the thickness of the three-dimensional shells, while both right-hand sides
include averages in the transversal direction. Moreover, the contact term is posed on a two-dimensional domain, but it is
originated in the boundary of the three-dimensional setting (that is the reason why we keep the notation I'Z). Finally, note
that these terms are of lower order (zero-th order) in terms of &, thus showing that membranes are prone to deform under
external forces and when entering in (fast) contact with a foundation.

wa“ﬂyaﬂ(ég)ﬁdy = / Q°pvady V¢ e Hj(w).
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Finally, regarding convergence, by combining the results in Theorem 3 and [9, Theorem 4.2-1] we can show that

& &€
%/@ma@mmm,%/@ma&mmm

&
%/;%@Q;mﬁmmﬂmmjy
—&

Further, following the same arguments as in [9, Theorem 4.6-1], we can show that the averages of the tangential and normal
components of the three-dimensional displacement vector field converge, as well.

6. Conclusions and outlook

For the particular case of the so-called elliptic membrane shells, we have obtained and mathematically justified a two-
dimensional limit model for a three-dimensional contact problem in thermoelasticity. The contact is modeled by using a
normal damped response function. In the process we used the insight provided by the asymptotic expansion method and we
have justified this approach by obtaining convergence theorems. Also, we have proved existence, uniqueness and regularity
results for both three and two-dimensional problems by combining Faedo-Galerking techniques, monotonicity and compacity
arguments.

There are many problems yet to be studied in this field. To begin with, the contact model considered in this paper is
frictionless. But one can easily think of many real life applications where friction can not be neglected. Further, friction may
be coupled with other tribological effects such as wear or adhesion. Besides, many geometries such as cylinders or cones
are beyond the elliptic membrane framework. Thus, our future work will be devoted to the study of the asymptotic limits
of alternative shell models, such as flexural shells or Koiter shells, when there is contact on a part of their boundary and
where friction is taken into account.
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