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ON A THEORY OF POROUS THERMOELASTIC SHELLS
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Abstract. This paper is concerned with the theory of elastic materials
with voids [1]. In the first part of the paper we establish a nonlinear theory of
thermoelastic shells with voids. We consider thin shells modelled as Cosserat
surfaces. Then, we derive the equations of the linear theory and establish a
uniqueness theorem.

1. Introduction. NUNZIATO and COWIN [1] have presented a nonlin-
ear theory for the behaviour of porous solids in which the skeletal or matrix
material is elastic and the interstices are void of material. In this theory,
the bulk density is written as the product of two fields, the matrix material
density field and the volume fraction field.

This representation introduces an additional degree of kinematical
freedom. The theory is expected to find applications in the treatment of
the mechanics of granular materials and manufactured porous bodies. The
linear theory of elastic materials with voids has been derived by COWIN
and NUNZIATO and COWIN [2]. The linear theory of elastic materials with
voids is one of the simple extensions of the classical theory of elasticity for
the treatment of materials with microstructure (see CAPRIZ and PODIO-
GUIDUGLI [3]). There has been much written in recent years on the subject
of the theory of elastic materials with voids.

The present paper is devoted to the theory of thermoelastic shells with
voids. We consider thin shells modelled as Cosserat surfaces. For the history
of the problem and the detailed analysis of the theory of shells and plates
described as Cosserat surfaces we refer to the work of NAGHDI [4]. Following
the approach of [4] we derive a nonlinear theory of thermoelastic shells with
voids. After presenting some preliminary kinematical results in Section 2,
we derive the basic field equations in Section 3 and the constitutive equa-



112 M. BIRSAN 2

tions in the nonlinear case in Section 4. Next, in the context of the linear
theory, we prove in Section 6 that the uniqueness theorem presented in [4]
still holds for porous shells. Moreover, we establish a uniqueness theorem
under less restrictive conditions, by dropping any definiteness assumption
on the constitutive coefficients.

2. Preliminaries. By definition, a Cosserat surface consists of a
surface embedded in a Euclidean 3—space together with a single deformable
director assigned to every point of the surface (cf. [4]).

Let a body C be a Cosserat surface with its particles identified by
the curvilinear material coordinates ¢ (o = 1,2) and let S and s refer to
the surface C in the reference and deformed configuration, respectively. Let
r = r(0%,t) denote the position vector of the points of s and let d = d(6%,t)
be the deformable director assigned to every point of s. Then, the motion
of a Cosserat surface is defined by

(2.1) r=r(0%1), d=d(¢°,1), (0°) e, tel,

where ¥ is a domain in the Euclidean 2-space and I = [0,00). Also, we
denote the base vectors of s by a, and by as the unit normal to s

or
(2.2) aa:%7 a,-az=0, a3-az =1, (a;,as,a3) > 0.

We consider that
(23) (al, as, d) > 0.

We denote by ang and b,s the first and the second fundamental forms of
the surface s, respectively. We recall the formulae

(2 4) Aaqp = aq " a3, boe,@ = b,@a = —Aq *a3,3 = A3 " AqpB
4|3 = bapaz, baply = bay|s-

where a comma stands for partial differentiation with respect to the surface
coordinates ¢ and a vertical bar denotes covariant differentiation with res-
pect to the metric tensor ang. Throughout this paper we employ the usual
indicial notation: Greek indices take the values {1,2}, while Latin indices
the values {1,2,3}. The sumation convention is also used.

Henceforth we identify the reference surface S with the initial surface
and denote the initial values, at time ¢t = 0, of the above vector fields by
capital letters

R = R(6%) = r(0*,0), D = D(0*) = d(6,0),

(2:5) Au = 2,(6,0), As = ag(6°,0), (6°) € .
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Formulae of the type (2.4) also hold for the reference configuration S.

In what follows p is the mass density at time ¢ and p, is the initial
mass density. In the theory of materials with voids the mass density p has
the decomposition (see [1], [5])

(2.6) p =7,
where v is the density field of the matrix material and v is the volume

fraction field (0 < v < 1). In the reference configuration, relation (2.6) can
be written as

(2.7) Po = VoYo-
In the remaining of this section we shall recall some general kinematical

results which can be found in [4]. Let v and w denote the velocity of a point
of s and the director velocity at time ¢

(2.8) v =r(0%1), w= d(6%,t),

where a superposed dot stands for the material derivative with respect to t,
holding 6 fixed. Then

Ao = Vjo = (Vaja — barv3)a® + (V30 + bava)a®, a3 = —(v3.q + bjvy)a®.
If we introduce the notations a; = cx;a* and Mki = C(ki), then
(29) 27]O¢ﬁ = daﬁ = Va3 + V8la — 2baﬁv37 Na3 = 133 = 0.

The gradient of the director d can be written as

— % —
d,a — )\iaa ’ )\ia =a;- d,oz

(2.10) Ao = dgjo — bapds, Az = dz +03ds.

From the above formulae we obtain the gradient of the director velocity
(2.11) Wo=do=Nga + N,

It is often convenient to employ the relative kinematic measures

1
(212) €ag = §(ao¢,8 - Aaﬁ)7 Riaw = )\ia - Aiom Yi = dz - Dz
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3. Basic field equations. We postulate the basic principles which
are assumed to hold for every motion of a Cosserat surface with voids and
for each part P, of the reference configuration.

Balance of energy is assumed in the form [1]

d 1
— [ pole+ =z (v-v+aw -w+ kvi)|do =
dt [T 2

:/po(f~v+l‘w+pb+r)da+/ (N-v+M-w+ ho— q)ds.
Po OPo

(3.1)

We have denoted by ¢, r and ¢ the specific internal energy, the specific heat
supply and the heat flux, respectively. The vector fields per unit mass f and 1
stand for the assigned force and the assigned director couple (see [4], Section
8), while the vector fields per unit length of 0P,, N and M are the contact
force and the contact director couple. The scalar fields p and h are the
(external) equilibrated body force and the equilibrated stress, respectively
(see [1], [5]). The inertia coefficients o and k are assumed to be prescribed
and independent of time.
Principle of director momentum is expressed by

d
(3.2) / poawdo :/ (pol — m)do + Mds,
dt Jp, . oP,

where m is the intrinsic director couple.
Balance of equilibrated force ([1],[5]) can be written in the form

d

(3.3) — [ pokvdo :/ (pop — g)do +/ hds.
dt P, 0P

o

Here, the scalar field per unit area g stands for the intrinsic equilibra-
ted body force.
We postulate the following entropy inequality

d r q
(3.4) — [ pondo Z/ pPo—=do +/ —ds,
dt Jp, Po 0 oP,

where 7 denotes the specific entropy and 6 is the absolute temperature field.
We mention that all the above field quantities act in the present configura-
tion but are measured per unit length, per unit area or per unit mass of the
material surface of C in the reference configuration.

We also postulate the invariance conditions under superposed rigid
body motions which require that all the above fields be objective. More
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precisely (see [4], Section 8), if two motions of a Cosserat surface {r,d} and
{r*,d*} differs only by a superposed rigid body motion, that is

r*(0%,¢) = rg(t') + Q()[r(0%,) — ro(t)], d™(67,t") = Q(1)d(6%, 1)

where t' = t+ad/, a/ constant, and Q(¢) is a proper orthogonal tensor—valued
function, then the scalar fields p,v,€,7,0,q,r, h,g and p remain unchanged,
while the vector fields obey the transformation laws

N* = Q(H)N, M*=Q()M, m* = Q(t)m,
(F-¥) = QU —¥). (1-aw)* = Q1)1 - aw).

By using the balance of energy (3.1) for some motions which differ by
superposed rigid body motions and imposing the above invariance condi-
tions we obtain, in the same way as in [4], the principle of linear momentum
and the principle of moment of momentum. Thus, the principle of linear
momentum is given by

(3.5) 4 povdo :/ pofdo + Nds

dt Po 5 OP,

and the principle of moment of momentum is expressed in the form

d
dt/ Po(rxv + adxw)do =

(3.6) Po
:/ po(rxf + dxl)do —|—/ (rxN 4+ dxM)ds.
o OPs

By application of the above principles to elementary curvilinear tri-
angles on S (see [4], Section 9) we obtain for the fields N, M, h and ¢ the
expressions

(37) N = Nana’ M = Mana, h = ho‘na, q= qana,

where N, M%, h® and ¢“ transform as contravariant surface vectors and
n = n,A® is the outward unit normal to a curve on S, lying in the surface.

Making use of an analogue of the divergence theorem for a surface
(see [6], p-39) we derive, under suitable regularity assumptions, the local
equations in vector form corresponding to the above principles
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— linear momentum principle

(3.8) N% o + pof = pov

— director momentum principle

(3.9) M, + pol — m = p,aw

— moment of momentum principle

(3.10) ayxN*+dxm+d,xM* =0,

— balance of energy

(3.11) por — q%ja — po + N*-v o +m-w+ M- w o + g0+ h%, =0,
— balance of equilibrated force

(3.12) h% o + pop — g = poki,

— entropy inequality

0.«
(3.13) Pt — por + q% |0 — ¢~ 0 > 0.
If we denote
(3.14) P=N*v,4+m-w+M* - w,+gv+h®v,

and introduce the Helmholtz free energy function
(3.15) b =¢c—nb,
then the energy equation (3.11) takes the form

(3.16) Pol — qa|a — po(nf + 779) - po?j} + P =0.
The entropy inequality (3.13) becomes

0

(3.17) —poth = porf + P — ¢* =% > 0.
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In the remaining of this section we shall deduce the basic field equa-
tions written in tensor components. If we refer N M%, m to the base
vectors a;, we obtain
(3.18) N® = N%a;, M* = M*a;, m = m'a;,
where N®# M7 as well as N®3, M3 and m® are surface tensors under the
transformation of surface coordinates.

If we denote

f= fiai7 1= liai, v = Ciai, w = eiai,
then the principle of linear momentum can be written in the form
(3'19) Naﬁ\a - ngag + pofﬁ = pocﬁ, Na3|a + ba,BNaﬁ + p0f3 - pocg-
The principle of director momentum can be expressed as
Mo‘ﬁm — M3 —mP + p,lP = poael,
(3.20)
Ma3|a =+ baﬂMQﬁ —m® + pol3 = poaeg-

Moreover, the principle of moment of momentum becomes

€[NP +mPd> + MYPr>] =0,
(3.21)
Na3 + (dea _ madS) + M’Y3)\OZ’Y _ Mva/\B’Y =0.

Since the remaining of the basic field equations are scalar equations, it will
suffice to express P in terms of tensor components. We find that

(3.22) P =N+ mid; + M* Nijo + g0 + hD o,
where N7 is defined by
(3.23) N'eP = NP = NP _odP — M€,

The symmetry of N ‘of i (3.23) is equivalent with the principle of moment
of momentum (3.21);.
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4. Constitutive equations. We postulate the following constitutive
equations for a thermoelastic Cosserat shell with voids

= @(aa, d,d.,v,vs,0,60,),
n=1n(aq,d,d,v,v3,0,0,),

N® = N%(a,,d,d ., v,v.3,0,0.),
m = ﬁl(aav da d,"/a V, V.3, 97 9,04)7
M® = M®(a,,d,d -, v,v.35,0,0.),
g=g(as,d,d,v,vg,6,0,.),

h* = h*(an, d,d ~,v,v5,6,0.4),
¢“ =q¢“(aq,d,d ,v,vp,0,0,).

The above constitutive equations are assumed to hold at each particle #* and
for all times, but we have omitted the argument 6 for brevity. By imposing
that the response functions (4.1) satisfy the entropy inequality (3.17) for
all arbitrary values of a,, d,d U U, 6 and 9 we obtain, in the classical
manner, that the constitutive assumptions (4. 1) reduce to

¥ =1(aq, d,d.,v,vs,0)

n= —%7 N® = po % 7 mzpo%v
(4.2) 00 ] 8a,f 8d~
M*® = p(’a?ii’ g= po?;ﬁ’ h® = oa?i?
q¢“ =q*(aq,d,d ~,v,v3,0,0 ),
and
(4.3) —q“0.4 > 0.

By similar arguments as in [4, Section 13], we find that the constitutive
equation (4.2)3 can be replaced by

, , 1 o aw o
af — N'Bo — o B
N N Pl [<8aa ad " 76d77> T

I A
+<aaﬁ Toa e, )|

(4.4)

Another reduction of the constitutive equations (4.2) arise from the
fact that the functions ¥, ¢, N* m,... are objective. Using the Cauchy’s
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representation theorem for isotropic functions (see [4]) we obtain that {/; may
be expressed as a different function of the set of variables

(4'5) V= {aaﬁvdav/\ﬁaaaa O'a}a
where
(4.6) o= (d*)?, 0o = d*)3,.

Thus, we obtain

~

¢ = w(aaﬁa dq, )\Ba707 Oa,V,V 3, 0):

o / o0
=——-, N =NDB>=2, ;

=09 P das

ma:poggja m3 = p, (2(133#}—1—/\3&6&#) ;
(4.7) g ~ 7 G0
o o
Maﬁ = Po ) ]\4063 — Od3 i
P N e Pt 04
A 00

= ] hOé = )
g /00 ay /00 ay’a
6 J—

q- = qAOé(a’yévd'ya)\(;’yaO-’ O~,V, V75797 9,7)'

o~

In the above relations is understood to have the symmetric form

Qap

» (2 )

8aaﬁ 8aﬁa

We can see from (4.7) that the constitutive equations determine only
the symmetric part of N or equivalently only N ‘@B The skew-symmetric
part of N8 as well as N3 can be found from the moment of momentum
principle (3.21), which is therefore regarded as a restriction on the constitu-
tive equations.

An alternative form of the constitutive equations can be found in terms
of relative kinematic measures such as those in (2.12). If we denote by

(4.9) s=(d*)? — (D)2, s = d*X30 — D?A3a,
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then a response function such as 17)\ will depend on v, v g, 0, the set of variables
(4.10) U = {eas, Yas KBa, S, Sa }

and the reference values

(4.11) Ur = {Aap, Do, Nga, (D*)?, D*Aso }.

Thus, the set of constitutive assumptions (4.7) may be written in the form

7/1 = ¢(€aﬁ77m KRpBay Sy Say VsV 3, H,Z/{R),

_ oy ‘o _ e _ OV
n=gg N ENT=reg
ma — poai’ m3 — po 2d387/(/} _|_ )\306871# 5
0Va 0s 054
(4.12) o o0
ay , a3 — 377
M Po Dre M Pod D5,

R A
gipOaV7 7pOaV’a7

«

q = qa(ea577a7 RKBay Sy Say VsV 3, 07 e,a;uR)‘

Finally, we recapitulate the equations which govern the behaviour of an
elastic Cosserat surface with voids. The basic field equations of the nonlinear
theory consist in the equations of motion (3.19)—(3.21), the energy equation
(3.16) with P given by (3.22), the equation of equilibrated force (3.12) and
the constitutive equations (4.12). The heat flux ¢* must satisfy the entropy
inequality (4.3). To the field equations we must adjoin boundary conditions
and initial conditions.

5. The linear theory. We assume that
(5.1) r=R+cecu, d=D+¢ed, v=v,+cp, 0 =0,+¢cT,
where ¢ is a small non—dimensional parameter, v, is the volume fraction field
in the reference configuration and 6, is the constant absolute temperature

in the reference configuration. Clearly,

(5.2) u=u'A;, §=0A;, v=cu, w=2¢d.
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In the remaining of this paper we shall deal with Cosserat shells with
voids whose reference director coincides with the unit normal to the reference
configuration, i.e.

(5.3) D = A;.

According to [4] the above relation characterizes the shells with constant
thickness in the reference configuration. From (5.3) and (2.10) we obtain in
this case

(54) D, = 07 D3 = 17 Aﬁa = _Baﬂv ASa = 0.

Following the classical linearization procedures (also described in [4,
Section 6]) and using (5.4) we finally get the appropriate expressions for
the relative kinematical measures e, g, Kio and 7; in terms of u;, ; and their
derivatives

1
eaﬁ = i(uaw + ’UJ/@|OL) — Ba5U3,
Ya = 6o¢ + U3, + BZUW, V3 = (53,
Fpa = 0pja — Bapds — Bauy s + Bl Bpyus,

K3a = 03,0 + B20y + Blus ~ + Bngu,y,

where all terms are of O(e) and the covariant differentiation is made with
respect to the metric tensor A,g.

In order to deduce the linearized version of the field equations we
must introduce additional assumptions. We assume that N“ M m, g and
h® are all zero in the reference configuration. We further assume that
N M* m, g, h® as well as their derivatives with respect to the surface
coordinates, are of O(e) and that (1 — 1)/, is of O(e), where 7, denotes
the standard entropy in the reference configuration. Thus, we now regard
wi, 05, N9 M mt g, h* o and T, as well as 7 (measured from his reference
value) as infinitesimal quantities of O(e). By denoting this time

fl=f A" I'=1-A",

then we can write the linearized version of the equations of motion (3.19)—
(3.21) in the form

Na'@|a - BgNQB + pof'@ = poﬁ/67

(5.6) Na3|a + BogNP 4 pof3 = poii®
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Maﬂla _ BgMa?) _ mﬁ + polﬁ — ,000655

Ma3‘a + BQBMO"(B —m? + p0l3 = p0a53

(5.8) [N — BIM"P] =0, N** —m* — BYM" = 0.
By virtue of (5.4), relation (3.23) becomes

(5.9) N'of = N'f« = NoF 4 BEpe

Upon linearization, the energy equation (3.16) takes the form
(510) qa|o¢ + poeoﬁ — por =0,

while the equation of equilibrated force (3.12) remains the same

(5.11) h o = g+ pop = pok.

To obtain the corresponding constitutive equations, we remark that
the variables s and s, in (4.9) become in the linear theory and in the hy-
pothesis (5.3)

s = 2737 Sa = R3a;

while the set of variables Ug from (4.11) reduces to {A.g, —Bag}. Thus, the
linear constitutive assumptions take the simpler form:

¢ = %Z)(@aﬁ,%'y Riay P, ()O,ﬁvTv Aaﬁa Baﬁa Vo, 90)7

_ _a/l[} aﬁ _ /ﬁa _ a/lvb 1 8,(7Z)
(512) n= aT’ N =N = poa€a57 m- = poary’i7

at 81/1 _ 871!) o
MY =pogp— 9= Pog W =rog

N3

(5-13) q“ = qa(eaﬁa Yis Kias Py P,5 T, T,oc? Aaﬁ: Ba,@a Vo, 90)-

We remind that the symmetry in (5.12)3 is equivalent with the e-
quation of moment of momentum (5.8);, while (5.8)3 can be regarded as a
constitutive relation for N3.
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According to the linearization procedures and the assumptions made,
the response function ¢ in (5.12) is now a quadratic function of the appro-
priate variables, while the response function ¢* in (5.13) is a linear function
of its arguments.

Since the response function ¢* must satisfy the entropy inequality

(514) _an‘,a Z 07

it follows, by classical arguments, that ¢% must be linear in the tempe-
rature gradient and can depend in addition only on the reference values
{Aup, Bap, Vo, 0o} Thus, (5.13) is replaced by

(5.15) ¢* = kT,

where the conductivity tensor £*° is positive semi-definite.
In the context of the linear theory, the response function v from (5.12)
can be expressed in the form

PRVES % 1C“67§ea5675 + % zCo‘ﬁwmagﬂws + 3C“ﬁ756a5575+
+1Ca67/<53a/157 + 200‘57604,3% + 30‘1576&5%374‘
+4C°‘B"Walim + 500‘5'76,15@,7 + GCaﬁ'YHOLgQO;y"‘
+% 1Ca67a75 + % Qcaﬁlﬁlgaligg + 3Ca57an35 + 4C“56a573+
(5.16) +5Ca5/£a,373 + 4C,a'8€agT + 5C/°‘ﬁmagT + GCaﬁvacp,ﬁ-
+7C% 3005 + % 8C0 0 5+ 9Ceqpp + 100 Kapp+
+10%Ya73 + 2C%3073 + 10" V0T + 20 k3o T + 3C%0 o Y3+
+3C 0 o T + 1C% 0 + 5Caip + 6C%zap + % 1C(y3)%+

1 1
+§ 20902 + 3Cy3p0 + 3Cl’}/3T + 4C/<,OT — §CLT2,

where the coefficients depend on the reference values {Ang, Bag, Vo, 6o} and
some of them satisfy certain symmetry conditions

lcaﬁfvé — 1cvéaﬁ7 20&576 — 2C"/5a,37
(5.17)

108 = (OB, ,CP = ,OB>, gC*B = gCPe.
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From (5.12) we can readily calculate explicit relations for 7, N ‘ap ,mt, M g
and h%, but we do not record these formulae.

6. Uniqueness. We consider the linear theory of Cosserat shells with
voids for which (5.3) holds. The fundamental system of field equations con-
sists of the equations of motion (5.6)—(5.8), the energy equation (5.10), the
equation of equilibrated force (5.11) and the constitutive equations (5.16),
(5.12)2—(5.12)7 and (5.15). We suppose that the constitutive coefficients
nC%P satisfy the symmetry relations (5.17) and that the conductivity ten-
sor k7 is symmetric.

Let S be the surface of the Euclidean 3-space occupied by a Cosserat
shell in the initial reference configuration and let C; (i = 1, 8) be subsets of
0S (assumed to be a piecewise smooth curve) such that

C1UCy=C3UCy=C5UCs=CrUCs =08,
CiNCy=0C3NCy=Cs5NCe=CrNCs=0.

We consider the mixed boundary conditions:

U; = Uj on CyxI, No‘ina:ffon CoxI,
(61) 512(51 Ong3><[, MainaiMi on C’4><I7
p=ponCsxI, h%ng="honCexI
T=TonCy;xI, ¢“ng,=¢qon CgxlI,

where I = [0,00) and the functions in the right-hand sides of (6.1) are
prescribed. To the system of field equations we adjoin the boundary condi-
tions (6.1) and the initial conditions

u;i(0%,0) = ugi (0), ;i (6%,0) = voi(0%),
(6.2) 0;(0%,0) = 60;(0%), 9;(0%,0) = wo; (0°),
. 90(9&70) 900(9 ) 95(90‘7 0) = Mo 904)’
n(0,0) =no(6%),  (6%) € %,

where the functions in the right-hand sides of (6.2) are given and assumed
to be continuous on S. We also suppose that u;, d;, ¢ and T are continuous,
while N;, M;, ¢ and h are continuous in time and piecewise regular on the
appropriate domains.

To avoid repeated regularity assumptions, we assume that ,,C*? and
k“# are continuously differentiable on S, p, and @ are continuous on S and
f%,1*, p and r are continuous on SxI. A solutlon of the mixed problem is a set
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of functions {u;,d;, ¢, T} satisfying the system of equations, the boundary
conditions (6.1) and the initial conditions (6.2) such that they are of class
C! on SxI and of class C? on SxI.

In deducing the following theorems we shall use arguments analogue
to those presented in [7]. We denote the kinetic energy and the internal
energy of the shell by K (t) and U(t), respectively

(6.3) K(t) = / po(VZ 4+ aw? + kp?*)do, U(t) = / poeda, tel.
S S
Theorem 1. Let

1
R(t) :/po <f-v +1lw+pp+ Tr) do —|—/ (N-v+M-w+
(6 4) S oS

0o
.1
+hp — Q—Tq)ds,
forteI. Then
d 1 o
(6.5) — (K@) +U(@t) =R(t) — — | k*PT T gdo.
dt 0o Js o

Proof. Using (3.7), the analogue of the divergence theorem and then
the equations (3.8), (3.9), (5.10) and (3.12) we can write

1
/ <N-v +Mw+ h¢ — Tq) ds =
oS 0o

1
/ <Na-v+Ma-w+h°“<,b— eTqa> do =
S o |a

1 1
:/ (Na|a-v + MW+ h| o — G—Tq“\a - eq“T,a> do+
S o ©

+ / (NYV o+ MW + 7% o) do = / Po(VV + aw-W + kpp)do—
S S

1 1
—/po [(f‘v +1w +pp) + —T(—=0,1 + 7’)] do — /q“fada—f-
S 0o 0o S

—|—/[N°‘-v7a +MYw , + m-w + gp + h%¢ 4|do.
S

Taking into account the notation (3.14) we get

1
(6.6) L0 +/(P + poTh)do = R(t) — /k:aﬁTanga.
dt S 90 S ’ ’
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From the cosntitutive equations in the form (4.2) we see that

poth = P — ponT,
and then
P+ poTn) = potp + po(nT + 1)) = poé,
which shows that (6.6) reduces to (6.5) and the proof is complete. "

Remark 1. By means of Theorem 1, we can prove in the same way
as in [4, Section 26] a uniqueness theorem for thermoelastic shells with voids
in the hypotheses that i is nonnegative, a > 0, a > 0 and k& > 0.

Next, we present a counterpart of Brun’s theorem in the isothermal
theory of elasticity (see [8, p.217]).
For any «, 8 € I we define

G(O‘7ﬁ) =
67) = oo (F@¥(8) + 1a)w(9) + pla)() ~ r(@)T(5) ) dot
. 1
+/63 (N(a)-v(ﬁ) + M(a)-w(B) + h(a)p(8) + eq(a)T(,B)> ds.

Theorem 2. For every t € I the following relation hold

Ut)— K(t) = ;/t[G(t%—T,t —7)—=G(t—T1,t+7)]dr+
0
(6.8) +% / [N'B(0)eap(2t) + M (0)kia(2t) +m(0)y;(2)+

Th(0)p 0 (26) + g(0) (21

—;/Spo[V(O)V(Qt) + aw(0)-w

) + pon(2t)6(0)]do—
(2t) + k@ (0)$(2t))do.
Proof. Let us consider the function £ defined on I by

E(r) =N°P(t—r)eap(t+7)+ M (t - 1)ria(t+ 1)+
+m'(t —7)yi(t +7) + h*(t — T)p,o(t +7)+
+g(t — 7)ot +7)+ poT(t —T)n(t+ 1), TE[0,1].
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Clearly,

E(r)= ij—f = [N/O"B(t —T)éap(t +7)+
+MY(t —T)kia(t +7) +m'(t — 7)Yt +7)+
Th(t = 7)pa(t +7) + gt — 1)@t +7) — por(t — 7)T'(t + 7)]—
(6.9) —[N'B(t — TYeap(t + ) + MOt — 7)kia(t + 1)+
—|—ml(t —1)vi(t+7)+ gt — 1)t + 1)+
+h(t —T)p ot +7) = poni(t + 7)T(t — )]+

Flpon(t = T)T(t + 7) — pon(t +7)T(t — 7)].
Taking into account that p,1) is a quadratic function as in (5.16) and
/ 0
that N @7 = p, v
86a5
the second brackets of (6.9) will cancel others from the third brackets, while
the remaining terms can be regrouped to give

E(1) = [N'P(t — T)éap(t + 1) + M (t — 7)iia(t + 7)+
+mi(t — 1)yt +7)+ gt — 7)p(t + 7)+
+h(t = T)P.a(t + 1) — porni(t — 7)T(t + 7)] -
—[N'B(t + T)eéap(t — T) + M (t 4 T)fin(t — T)+
+m'(t + 7)Yt — 1)+ gt + 7)o(t — 7)+
+h(t+7)p.a(t —7) — pon(t + 7)T(t — 7)].

s ete. (relations (5.12)), one can see that some terms of

(6.10)

The expression in the first brackets frlom the above relation can be put
into another form. Indeed, by replacing N *? by (5.9) and e, Kia, Vi from
(5.5), we obtain

(N + BEMY)(t — 7)(t10 — Baptis)(t +7)+
+MP(t — 7)(Opj + BlBgiis — Bagds — Bliy ) (t + 1)+
(6.11)  4m®(t — 7)(0a + Uz,0 + B0y )(t +7) +m>(t — 7)d3(t + 1)+
+MO3(t — 7) (03,0 + Bloa + Blus.a + BEBJu,)(t + 1)+
+9(t — 1)t +7)+h*(t —T)p,o(t +T) — poni(t — 7)T'(t + 7)].
If we use now formulae of the type

NP (t — 1)iga(t +7) =
= [N*F(t = m)ig(t + 7)o = NP ot = T)ip(t +7),

poi(t = TVT(t-+7) = -pur(t = DT (4 7) = o-lg™(t = DT+ 7)ot

1
g (= T)Talt +7)
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and then replace N m'|a, M O‘i‘a, N3 and h? | from the equations of motion
(5.6), (5.7), (5.8)2 and the equation of equilibrated force (5.11), respectively,
we reduce the expression in the first brackets of (6.10) to the form
[N (t — )it (t + 7) + M(t = 7)0;(t + 7)+
1
+h*(t —T)p(t + 1) + e—qo‘(t —7)T(t + 7))ot
+po[fH(t — T)ii(t +7) + € (t — 7)0; (t + 7)+
1
(6.12) +p(t = T)p(t+ 1) = gor(t = )T (4 7)) -
—po | (t—7) i (t+T)+adt (t—7)6; (t+7)+ kGt —T)p(t+7) | +
1
+0fk’a5T,5(t —T)To(t+7),

since all the remaining terms in (6.11) will cancel each other, as can be
proved by a thorough calculation.

A similar form can be obtained for the second brackets of (6.10), except
that we have to change the roles of (¢t — 7) and (¢ + 7).

Next, by integrating the expression of E (1) (written with the help of
(6.12)) over S and making use of the divergence theorem, we get

/E(T)dU:G(t—T,t+T) —Gt+T1,t—T7)+

S

+/ %po[v(t —71)v(t+71)+aw(t—T1)w(t+ 1)+ kot — 7)ot + 7)|do.
S

If we integrate this relation from 0 to ¢ and take into account that
E(0) = 2poe, we finally arrive to the desired result (6.8). n

Remark 2. By using relations (6.5) (integrated from 0 to ¢) and (6.8)
we can readily deduce separate formulae for U(t) and K (t).

We are now able to prove the following uniqueness theorem
Theorem 3. Assume that:

(i) k%% is symmetric and positive semi-definite;

(ii) the constitutive coefficients satisfy the symmetry relations (5.17);
(iii) po > 0;
(iv) a >0, k>0 and a > 0.

Then the mized problem under consideration has at most one solution.
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Proof. Suppose that there are two solutions. Then their difference,
denoted by {u;,d;, ¢, T}, is a solution of the mixed problem which corres-
ponds to null data. Thus, we conclude from (6.5) and (6.8) that

1 t
2K (t) + //ko‘ﬁfafgda dr = 0.
‘90 0JS

Since kP is positive semi-definite and K (¢) > 0 by definition (see (6.3)), it
follows that

t
(6.13) / / kT T gdodr =0, and
0JS

(6.14) u=0,0=0, p=0o0nSxI.
The last relations and the fact that u,d and ¢ vanish at ¢ = 0 yield
(6.15) u; =0, §; =0, p =0 on SxI.

From (6.5) and (6.8) we also obtain

1t
20(t) + //k‘aﬁT,angU dr =0,
90 0JS

which, in view of (6.13) and (6.15), reduces to

/aT2d0 =0.
S

Since a > 0 we conclude that T =0 on Sx1I and the proof is complete. =
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