Int. J. Solids Structures Vol. 31, No. 20, pp. 2819-2834, 1994
Copyright © 1994 Elsevier Science Ltd
Pergamon Printed in Great Britain. All rights reserved

0020-7683/94 $7.00 + .00
0020-7683(94)E0056-2

ON THE STEADY VIBRATIONS OF THE
THERMOELASTIC POROUS MATERIALS

A. POMPEI and A. SCALIA
Dipartimento di Matematica, Universita di Catania, V. le A. Doria 6, 95125 Catania, Italy

(Received 1 September 1993 ; in revised form 17 March 1994)

Abstract—The problem of the steady vibrations in a linear theory of homogeneous and isotropic
thermoelastic solids with voids is considered. First, integral relations of Betti type are established.
The singular solutions corresponding to concentrated sources are used to derive representations of
Somigliana type. Then, radiation conditions are introduced and a uniqueness result for the exterior
problem is established. The potentials of single layer and double layer are used to reduce the
boundary value problems to singular integral equations for which Fredholm’s theorems hold.

1. INTRODUCTION

The theory of elastic materials with voids is one of the simple extensions of the classical
theory of elasticity for the treatment of porous solids in which the matrix material is elastic
and the interstices are void of material. The theory of elastic materials with voids seems to
be an adequate tool to describe the behaviour of granular materials like rock, soils and
manufactured porous bodies. The non-linear theory of elastic materials with voids has been
established by Nunziato and Cowin (1979). 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 kinematic freedom. The linear theory of
elastic materials with voids has been established by Cowin and Nunziato (1983). An
extension of this theory to thermoelastic bodies was proposed by Iesan (1986). The theory
of thermoelastic materials with voids has been studied in various papers (see e.g. Iesan,
1987 ; Ciarletta and Scarpetta, 1989 ; Chandrasekharaiah and Cowin, 1989 ; Ciarletta and
Scalia, 1990 ; Ciarletta, 1991 ; Ciarletta and Scalia, 1993). In this paper we study the problem
of steady vibrations in the theory of thermoelastic materials with voids by using the
method of potentials developed by Kupradze (1965) and Kupradze er al. (1979). The wave
propagation in the isothermal theory of elastic materials with voids has been studied in
various papers (see ¢.g. Cowin and Nunziato, 1983 ; Nunziato and Walsh, 1977 ; Puri and
Cowin, 1985 ; Chandrasekharaiah, 1987).

In Section 2 we present the basic equations of the dynamic theory of thermoelastic
materials with voids governing the steady vibrations. Within the framework of the linear
theory of thermoelastic materials with voids, Ciarletta (1991), by extending a result of
classical thermoelasticity obtained by Nowacki (1964), has established a solution of
Galerkin type and derived the solutions for steady vibrations corresponding to a con-
centrated heat source and a concentrated extrinsic body force. In Section 3 we use the
solution of Galerkin type to obtain the singular solutions of the field equations cor-
responding to concentrated classical body forces and introduce the matrix of fundamental
solutions in the case of steady vibrations. In Section 4 we derive some useful integral
identities of Betti type. Section 5 is devoted to a representation of the regular solutions. In
Section 6 we present the radiation conditions and establish a uniqueness theorem for the
exterior problem. The fundamental solutions are used in Section 7 to derive representations
of Somigliana type and to introduce potentials of single and double layers. The boundary
value problems are reduced to singular integral equations for which Fredholm’s basic
theorems are valid.
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2. PRELIMINARIES AND BASIC EQUATIONS

Throughout this paper we employ a rectangular Cartesian system Ox; (i = 1,2,3). We
shall employ the usual suramation and differentiation conventions : Latin subscripts (unless
otherwise specified) are understood to range over the integers (1,2,3), summation over
repeated subscripts is implied and subscripts preceded by a comma denote partial differ-
entiation with respect to the corresponding Cartesian coordinate.

Let u, denote the components of the displacement vector field. Then the components
of the infinitesimal strain field are given by

ey = 3(u,+uy,). ()

We consider thermoelastic materials with voids which possess a reference configuration
in which the volume fraction and the absolute temperature T, (>0) are constants. We
denote by ¢ the change in volume fraction from the reference volume fraction and by 3 the
temperature measured from the absolute temperature T,. The constitutive equations for
homogeneous and isotropic thermoelastic bodies are (Iesan, 1987)

f{f ;{{?,,.&j + 2}{36;‘; + g@éej - b&év, ;fg = &@J s

g = —Pe,~So+md, pn=be,+ad+mo, ¢ =k3§, )]
Here ¢, are the components of the stress tensor, A; are the components of the equilibrated
stress vector, g is the intrinsic equilibrated body force,  is the specific entropy, ¢; are the
components of the heat fiux vector, p is the density in the reference configuration, 4, u, f,

b, a, &, m, a and k are constitutive constants, and §;, is Kronecker’s delta.
The equations of motion can be written in the form

i+ pfi = pt,  hy+g+pl = pré. 3)
The energy equation is given by
pTot = g;;+ps. (4)

In eqns (3) and (4) we have used the following notations: f; are the components of the
bedy force vector, [ is the extrinsic equilibrated body force, s is the extrinsic heat supply
and « is the equilibrated inertia. The surface traction t, the equilibrated stress # and the
heat flux ¢ acting at a point x(x;) on the surface X are given by

t=tn, h=hn, q=qn, &)

H

where #; = cos (1., x;) and », is the unit vector of the outward normal to X at x. From eqns
(1), (2), (3) and (4) we obtain the field equations in terms of the displacement, volume
fraction and temperature

pAY A+ (A4 @, 5+ B, — b3+ pf; = piii,
eAp —Ep— Pu,; +ml+pl = px, kAS— BTyt —aTo§—mTo@ = —ps, &)
where A is the Laplacian.
In what follows we study the problem of steady vibrations. We assume that
i =Re [f/(x) exp (—iown], i = Re [F{x) exp (—iwd)],
s = Re [¢'(x) exp (—iwi)], #; = Re [/ (x; w) exp (—iwn)],

¢ = Re [o'(x;w) exp (—iw1)], I = Re [¥(x;w) exp (—iwi)],
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where i = ./ —1, Re[f] denotes the real part of f and w is a prescribed frequency. Clearly,
we can write

e, = Re [e/,(x; w) exp (~iwn], ¢, = Re[t,(x;w)exp (—iw)],
h; = Re [hj(x; w) exp (—iwh)], g = Relg'(x;w)exp (—iwd)],
n = Re [n'(x;w) exp (—iwn)], ¢, = Re [g/(x;w) exp (—iwn)],

where
1
e = 5(“21‘"{"%{,:’),
and

t; = Ae,dy+2uel+ P’ 8, — b, hl = o),
g = —Be,—Lo +m¥, pn’ =be,+a¥+me’, g =k @)

We assume that A+2u, g, p, o and x are positive. We introduce the notations

© Ao, B b , ¢
’ﬁ”) l':—’ ==y, b{=—‘5 *Fiz_n -
# P p b p P 4 o
B m o, ok T
'}’—a, m_gs L"“‘ ﬁ’ X" é‘f‘?}&), ’?“Pa: Tﬁ_pks
7 , 4a am’ m . , ,
Sﬁm];s, a=;, c= o = t;,=pT;, W =aH;, q;=kQ,. (8)

From eqn (6) we obtain the basic set of differential equations of steady vibrations. In what
follows, for convenience, we suppress the primes so that the equations take the form

pAu,+ A+ W, + o, — b3, +0*u, = F,,
Ap—yu,,+yo+md =L, AS+iowT bu,,+iwTico+inTald = S. (9)

The system (9) can be written in the matrix form. As in Kupradze (1965) the vector
v = (vy,0,,...,0,) shall be considered as the column matrix

0, |
v=1-

U

Thus, the product of the matrix 4 = |a,|,x» and the vector v = (v,,v,...,v,,) is an m-
dimensional vector. The vector v multiplied by the matrix 4 will denote the matrix product
between the row matrix |v,,v,,...,0,) and the matrix 4. We introduce the matricial

differential operator
0
A —
¥y ( a)c 2 w)

, (10

5x5

where
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9 & g
Ayl 0)= ot =
rs (ax,w) #5rsA+('l+#) axr 6xs +w 5”, Ar4 ﬁaxr’
0 0
As = _bR’ Au = _yax,’ A =A+%, Ais=m,

. 0 . .
As, = 1wa05x—, Asy =i0Toc, Ass = A+iwT,a.

If we denote
U=(ul’u23u39(p9‘9)’ F=(F19F2aF37LaS)

then we can write the equation (9) in the form
A g U=F
ax @)=

Clearly, we may write

0 0 0
A(—é;, )=A0(0))+A1 (a!w)-i_AZ (6;)’

0 0
el )|

= (n? — = = - -
ars(w) =W 5”, Ay = Q4; = Q;s = A5; = 0’ Asa = Ys

where

Ao(@) = layllsess Ay (%w) _ ]

ags =m, as, =iwlyc, ass=iwT,a, By = Bss = Bs; = B;s =0,
0

0 0 . 0
Brs (a_x>w>=0, B4i—_— _’))5;,’ Bsi=le0b‘6—x,:, Bi4 =ﬂ5;”

2

ox, Ox,’

] 0
B;s = _ba_x,.’ A (5) = po, A+ (A+p)

Ay = Ass =A, Au=A5= Ay =A;s = A45 = A54 =0.
For any real unit vector { = ({,,{,,{;) we have

det A (Dllsxs = (A+2p)p*.

Since 4+ 2u > 0 it follows from eqn (15) that the system (9) is elliptic.
Let A be the adjoint operator of the operator A. Clearly,

~f 0 5} 0
il — 4% A i
A(ax,w> A (w)—A?} (ax,w)+A2 (8x>’

where A* is the transposed matrix of 4.
The adjoint system is

~{0
A(a,w>V=(D,

Where V= (vl, U, U3, Vs, US) and P = (¢1’ ¢2’ ¢35 ¢4’ ¢5)

A'S <-—

0
Ox

)

(1)

(12)

(13)

s
5%5

(14)

(15)

(16)
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The system (16) may be written in the form

uAD, + A+ Py, + 105, —i0Tovs, + 0’0, = ¢,,
AU4 —)Bvr,r+xv4 +iCL)TOCl)5 = ¢4’
ADS +bv,’,+mv4 +i(UT0aU5 = ¢5. (17)

3. FUNDAMENTAL SOLUTIONS

In this section we present the basic solutions corresponding to a concentrated body
force, a concentrated extrinsic equilibrated body force and a concentrated heat source in
the case of steady vibrations. To this end we shall use the results established by Ciarletta
(1991).

If we introduce the notations

0 = A+2wA+0?, 0O, = pA+0?,
O =A+y, s = A+iwToa (18)

then, eqns (9) become

DZur+(l+lu)uj,jr+ﬂ¢,r_b‘g,r = Fr’
Ose—yu,,+m3 =L, O.9+iwTbu,,+ioTice = S. 19)

Let us introduce the notation

Y = 0,00, +yBAO, +ioTo[b* A5 + b(cy + fm)A —me[,].

By using a representation of Galerkin type, Ciarletta (1991) has established the solutions
corresponding to a concentrated heat source and a concentrated extrinsic body force acting
in a body occupying the entire space. We have used the same representation and have
derived the solutions corresponding to concentrated classical body forces. Thus, if we
assume that F, = §(x—~y)d;, L = 0, S = 0, where ¢ is the Dirac delta and j is fixed, then we
find that

uf = 5ijE_ {(A’{'ﬂ)ma Oa+ By +i0)T0[mbﬂ+bC?+b2D3 —mC(/1+u)]}E,kj,

(P(I) = (inOmb+?D4)D2E,ja ‘9(1) = —inO(Cy+b[]3)D2E,js (] = 15 23 3), (20)

where FE is given by

i a; exp (io;1). 21

Beon) =~ e ey

Here r = |x—y| and g, are the roots with positive real parts of the following equation

A+2w)0® +[({wTia+x)(A+2p) + w* + 9B+ iwTb*lo*
+ {ioTo[(A+2u) (ay,—~mc) + w*a+ayB+ by + b(cy + fm)] + 0y} 62
+iw* Ty(ay—mc) =0, (22)
and o, = co/\//:. Moreover,

SAS31:20-F
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4
a'= J] (3=0c?), (s=1,2,3,4). (23)

J=1(i#s)

In the case of the loadings F; = 0, L = §(x—y) and S = 0 we obtain that the solution
is (Ciarletta, 1991)

UV = —(iwToch+O4)P,,
(p“) _ (le0b2A+ D] D4)P9 9(4) = lC!)TO(bBA'—CDI)P, (24)

where P is given by

—1 3 .
P(x;y) = S JZ b, exp (ia;r),

i=1
bi' = (6l —03)(ai—0}), b;' = (3—0})(03—0?),
by! = (63 ~0af)(a3—03). (25)
Finally, the solution corresponding to F; = 0, L = 0 and S = §(x—y) is (Ciarletta, 1991)
u/('s) = (mB+bd3)P,, o® = (byA—m[d,)P, 9° = (ByA+0O,0,)P. (26)
The functions u®, ¢, 89 (s = 1,2,...,5) given by eqns (20), (24) and (26) represent the
fundamental solutions in the case of steady vibrations.
Let I'(x, y ; w) be the matrix of fundamental solutions of the system (9)
r(x}yam) = Hrrs(x’y;w)”5x59 (27)

where

T y;0) =u®, Tuxy;o)=90®(xy),
Cs(x,y;0) =9%(x,y), k=1,2,...,5

If x # y each column I'? (s = 1,2,...,5) of the matrix I'(x, y; ) satisfies at x the homo-
geneous system (9). Thus,

0
A(*,w)l"(x,y;w)=0, X#Y. (28)
0x
Let I'(x, y ; ®) be the matrix of fundamental solutions of the system (17),
~f 0
A(a,w>f'(x,y;co)=0, X # y. 29)

It is easy to prove that

Py, x;0) =T(x,y; o). (30)

4. RECIPROCITY RELATIONS

Let D* be a finite region bounded by the closed Liapunov surface &, and D~ the
complementary of D* U # to infinite space. In what follows letters in boldface stand for
three-dimensional vectors. We say that U = (u,, u,, 43, 4y, us) = (W, 44, #s) is regular in D*
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if u,e C'(D*) n C*(D*) and u,,, (s = 1,2,...,5) are integrable on D*. Let Z(x;8) be the
sphere with the centre in x and radius . We say that U = (u, v, 4s) is regular in D~ if
u,e C'(D7)Yn C¥D) and u,,, (s = 1,2,...,5) are integrable on D~ N Z(0, §) for any 4.

Let A(0/0x, w) be the row matrix with the elements 4,(6/0x, ) 1,/ = 1,2, ..., 5) given
by egn (11). If we introduce the notations

0
LU= A4, (a—%,w)U, r=12,...,5),

then the system (9) can be written in the form
LU=F, LU=L, LU=S. 31

Let 4,(8/8x, w) be the row-matrix with the elements 4,(8/0x,®) (i,j = 1,2,...,5). If
we denote

L (8
L,VzA,(a—Xr,w>V, (r=12,...,5),

where V = (v,v,,vs5), then the system (17) becomes
EiV=¢i, E4V=¢4a E5V=¢s- (32)

Let U = (u,uy,us) and ¥V = (v,v,,v5) be regular vectors in D* which satisfy eqns (13)
and (16), respectively. We introduce the notations

Ty = Au, 0+ pu(u;;+ ;) + Pusdyy—busdy, H, = uy,,

G = Quqs—yu,,+mus, Q,=us;, M=ioTy(bu,,+cu,+aus),

Ty = 20,,8;+ (v ;+0;,) + 040, —i0Tobvsdy, H, =uv,,,

G= A4 —Pv,, +iwTocvs, @ = Vs M= bv,,+mv, +iwTavs. (33)

Then, eqns (31) and (32) may be written in the forms

T}i,f+w2ui =F, H,+G=L, Q,+M=S§, (34)
and
Tji,j+wzvi = ¢, Hi,i+G~= P4 Q~i,i+M = ¢s, (335)
respectively. It follows from eqns (31) and (34) that
UlL;U+ U4L4 U+ U5L5 U= vi(Y},-,,--'l-wzu,-) +v4 (H,",~+ G) +vs (Q,‘.; -+ M)
= T;) ;+ W H)  + (0500 ;=0 ;T — vy Hi— 05,0, +v,G+vs M+ 0 up;.
Applying the divergence theorem, we are led to

0u5

é ou
L+ VA (5;’60) Udv = L (v,-T,;n,+m 6—1: +v; ~671—> da— L+ [E(u,v)

+ Bugv,, +uy 04— YusUs —i0ToCUs0s — busv,, +us vs;

—musv, —iwToausvs +yu, v, —iwTobu, ,vs —w*uw;] dv, (36)
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where

of
’a;" = f,-n,- and E(“, V) = A.u,-,,vj,j + g (ui,j + uj',')(v,',j + Uj’,'). (37)

In a similar manner we find that

{0 604 0v5
L+ UA (6x’ w) Vdv = L (u,-T},n,+u4 n +us El—) da— L+ [E(u,v)

+ Busv,, g 04— YUsvs —iTocusvs — busv,,

+us vs; —musv, —0Toausvs +yu, v, —i0Tobu, ,vs —w*up] dv.  (38)

Thus, from eqns (36) and (38) we conclude that

UAd i,w V—vA i,a) Uldy = UR i,nx V—VR i,n Ulda
D+ ox ox o ox ox’ ’

(39)

where

0 G, [0 . [0
R(E——x’NX>— R"S (—a;’nx) st’ R(a’"x)= Rrs (5;’"X> sxs’

0 0 0 0
R, (5}3”;:) = yéij—a; +Ani5x; +unja_xia Ry =PBn;, Ry = —bn,

- (0 0 "

Ry = Rs; = Rys = R54 = 0, Rij a,"x =Rij a9nx , Ry =y,
" . " . . - 0
R, =Rs5;=Rys=R5, =0, Kis = —iwTobn;, Rus = Rss = R-u = Rss = (40)

'a—;.

Let R,(0/0x,n,) be row matrix with the elements R (0/0x,n,), (i,j = 1,2,...,5). Then,
from eqns (33) and (40) we obtain

0 0 0
Tijnj = Ri (é;,nx) U’ Hini = R4 (‘a-—xanx> U, Qini = RS <a_x,nx) U. (41)

Next, we establish other integral identities. In what follows we denote by fthe complex
conjugate of f. We assume that U = (u, #,, us) is a regular vector field in D* that satisfies
the equation

A (i,w) U=0. 42)
ox

Then, the vector U = (8, &, 15) satisfies the equations

pAG, + (A+wa, , + pa,, —bas, +w’a, =0,
Aﬂ4 - 'yﬂ,_, + xa4 + mas = 0,
Aﬂs —inoba,,,. —inoca4 —'inoaas = 0. (43)
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These equations can be written in the form
T,-N+a)212,- =0, Hi,i+G =0, Qi,i+M =0, 44)
where

T, = Aa, 0+ p(d,;+4;,) + pa,d,; — baso;, B, =a,,,
G =y, —ya,,+mas, Q,=hs;,, M= —iwT,(ba,,+ci,+ails).

In the case of a homogeneous problem, in view of eqn (34), we obtain
J [(7).,+w u;); +ﬂ(Hu+G)ﬁ4+ (Q,.+M)ﬂs]dv— (45)
D+

Taking into account that from eqn (8) we have yc = mf and with the help of divergence
theorem, by eqn (45), we get

j (T, nu+ﬂHna,. Q,nas)da+f
F

Dt

[—E(“, a)
—Buatt; j+ a4u;;) + blusid,  + Asu,, ) + c(usil, +asu,)

B p 1
_;u4 1174,+w uid;+ = xu4ﬁ4 +austis — le T Us, ,ﬁs, dv=0. (46)

In a similar manner we find that

J (Tj,nﬁ+ﬂﬂnu4 Qnus)da+J.

Dt

l:—E(u, a)

— B(Baw; ;+uatl;) + b(@su,, +ustl,, ) + c(@sus +usi,)

1
- gu. a0 ult,+ ﬂxu.,th +ausils + oT, Us ,ﬂs,:l dv=0. 47
It follows from eqns (46) and (47) that

J (T,ma,+ ﬂHn,ﬂ.. + Q,n,us) da— j (Tinu;
F

2
ﬁHinlu4 ani us) da = I usis; dv. (48)
Y To D+
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5. A REPRESENTATION OF SOLUTIONS

,
A (5;,60) U=0.
Theorem 5.1.

Let U = (u,u,, us) be a regular solution of eqn (49). Then

We consider the equation

U = (u(l) +u(2)’ Uy, u5)9

where

A+o)(A+6)(A+cHu® =0, curl u® =0,
A+6Hu® =0, (A+e)(A+0))(A+0du, =0,
divu® =0, (A+d))(A+a3)(A+ad)us =0.

Proof. Equation (49) implies that

pAu+ (4+ p) grad div u+w’u+ B grad u, — b grad us = 0,
Auy+ Yy +mus—ydiva =0,
Aus+iwTycus +ioToaus +iwTeb divu = 0.

By curl curl u = grad div u— Au, the first equation from (52) becomes

(A+2u) grad div u+ w?u—u curl curl u+ g grad u, — b grad u; = 0.

Thus, we can write

u=u® +u?,
where
A+2 b
ul? = — +2 K grad divu— £2 grad u, + — grad us,
1) 1) )
u? = H curl curl u.
w2
Clearly,

curlu” =0, divu® =0.
From eqn (52) we get (uA+ w?) curl u = 0, so that
A+ohu® =0.

Equations (52) imply that

(49)

(50)

(5D

(52)

(53)

(54)

(55)

(56)
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(A+p*) divu+ l+2uAu" - “_2“Au5 =0,
(A+yu,—y diva+mus =0,
(A+iwT,a)us +iwT,b divu+ioT,cu, =0, 57
where
.
A42u
By eqn (57)

{(A +p) A+ (A+iwTia)—iwTomc]+ ﬁA[v(A-}-inoa) +iwTymb]

b . .
+ mleoA[b(A+x) +cy]} divu = 0.

The above relation can be written
A+oH)(A+02)(A+03) diva=0,
where 62, g2, 62 are the roots of eqn (23). Similarly, we find that
(A+e)A+0)(A+odu, =0, (A+d})(A+03)(A+0d)us =0,

and this completes the proof.

6. RADIATION CONDITIONS. A UNIQUENESS RESULT

In this section we study the regular solutions in D~ of eqn (49). We establish conditions
at infinity of Sommerfeld type and show that these conditions ensure a unique solution.

Let U= (u®+u®,u,,us) be a regular solution in D~ of eqn (49). We say that U
satisfies the radiation conditions if

u(x) = o(r'), u? = 0(¢~?),
u (x) = o(r™'), u,;=00?%), (L=4,5)
2)

i) =0¢"),

—iou? =o(r "), (58)

where x = (x,, X2, x;) and * = x;x,. Here, f = O(g) means that f/g is bounded, and f = o(g)
means that f/g tends to zero when g increases.
We introduce the notation

T7 () = [Au, 0+ pu(u; j+u; ). (59
It is known from Kupradze (1965) that if (58); holds then we have

u@(x) =0@¢™"), T@U?P)—iw/uu® =o(r ). (60)
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Theorem 6.1.
Let U= (u®+u?,u,,us) be a regular solution in D~ of eqn (49) that satisfies the
radiation conditions and one of the conditions

u=0, u,=0, u;=0 on#, (61)
T}','nj = 0, H,'n,' = 0, Qin; = O, on c?;- (62)

ThenaV =0, uP =0, 4, =0, u; = 0.

Proof. We consider the sphere Z(0; R) with sufficiently large R such that D* < £(0; R).
Let 0 be the boundary of Z(0; R) and Q& = D™ nZ(0; R). If U = (u,u,,us) is a regular
solution in D~ of eqn (49), that satisfies the radiation conditions and one of the conditions
(61), (62), then by (48) we get

2i
T,

J 8,8;dv = J [ TF (@) —a® T7 (0®)] da+o(1)
Q 8%

= J [u? (T2 @®) +ioy/pa®) — a (Tr (1) —io/ uu®)
oz
—2iwy/p®a®] da+o(1). (63)
Clearly, eqn (60) implies that
To®) +io/u® = o(r~"). (64)
Thus, if we let R — oo and use eqn (64), we conclude from (63) that

1 5 .
R 12 d 1 2 dg = 0.
ol L_ [us v+w\/;-¢ lim Lz [u¥f* da

Therefore

f lus,|* dv =0, Jim J [u®)? da = 0. (65)
D - Jos

In view of Theorem 5.1,
(A+oDHu? = 0. (66)

By a well known theorem [see Kupradze (1965), p. 53] from (65), and (66) we obtain
u'® = 0. It follows from eqns (65), and (58), that us = 0. By using eqns (52) and (58), we
find that u, = 0 and divu® = 0. Moreover from divu'” = 0, curl u'” = 0 and the con-
ditions at infinity we conclude that u” = 0, and the proof is complete.

7. SOMIGLIANA RELATIONS. POTENTIALS

Following Kupradze (1965) and Kupradze et al. (1979), if U = (u,,u,, 43, Uy, us) is @
regular vector field in D* and V' = I (x,y;0), (k=1,2,...,5), ye D*, then eqn (39)
implies that
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Up(y) = J {U(x)é‘ (% , nx) o, y;0)~T®, y;0)R (—% , nx) U(x)] da,

F

' f Y (i,nx) UR do, (k=1,2,...,5. (67
Dt 0x
Taking into account egn (27) from (67) we obtain
d
U(x) = T(x,y; A+, 0 )U(y) |do,
D+ (3y
+ f [A(x,y;cU)U(y)—F(x,y;w)R (%,ny) U(y)} da,, xeD*, (68)
F

where

AGx,y; ) = [1? (;%n) r*(x,y;w)}*. (69)

The following result can be established as in Kupradze (1965) and Kupradze et al.
(1979).

Theorem 7.1.

Each column of the matrix A(x, y; ) satisfies at x the eqn (49), for x # y.

If U is a regular vector field in D~ that satisfies the radiation conditions, then we can
establish a representation of U analogous with eqn (68).

Following Kupradze (1965) and Kupradze et al. (1979), we introduce the potential of
a single-layer

Vix;y) = J I'(x,y; 0¥ (y) da,, (70)

the potential of a double-layer

Wi(x;n) =f A(x,y; o)m(y) da,, (71
F
and the potential of mass
Ux;p) = j I(x,y;0)p(y) do,. 72)
D+

We assume that ¢ is Holder continuous on %, » is Holder continuously differentiable on
Z and p is Holder continuous on D*. As in the classical thermoelasticity (Kupradze et al.,
1979), we have

2 d ]
A(gy—,w)V(x;vﬁ)=0, A(g,w)W(x;n)=0, A(g;c,w)U(x;p)zp, xeD*.
(73)

Moreover, following Kupradze (1965) and Kupradze et al. (1979), we can prove the
following theorems.
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Theorem 7.2.
The potential of the single-layer is continuous throughout.

Theorem 1.3.

The potential of a double-layer has finite limits when the point x tends to ze # both
from within and from without, and these limits are respectively equal to

Wz;n) = —n(@)+ J Az, y;om(y) da,,
F
W (z;n) = in(z) + J Az, y; 0)n(y) da,, (74)
F

the integrals being conceived in the sense of Chauchy’s principal value.
Theorem 7.4.

R(9/0x,n,)V(x;¥) has finite limits as the point x tends to ze # from within and from
without and these limits are

: . .
|2(gon e =+ [ |&(Zn)rero b g,

[R (%m) V(z;',!f)}“ = —Y(@)+ L [R (;%,nz)l“(z,y;w)} y(»da,, (75

respectively.
In what follows we restrict our attention to eqn (49). We consider the following
boundary problems.

Interior problems
To find a regular solution in D* of eqn (49) satisfying one of the conditions

Ut =G, on#, {Iy)
[R (;%,nz) U(Z)T =Gy(2), ze#, (L)

where G, and G, are prescribed vector fields.

Exterior problems
To find a regular solution in D~ of eqn (49) that satisfies the radiation conditions and
one of the conditions

U_ = G35 on gz& (El)
R —(z U - G ZEF (E,)
<az’n:> (Z) - 4(2)’ ze s 2

where G; and G, are prescribed vector fields.

We assume that G, and G; are Haélder continuously differentiable on #, and G, and
G, are Holder continuous on % . We denote by (I9) and (EJ) the homogeneous problems
corresponding to (L) and (E,), (« = 1, 2), respectively.
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We seek the solutions of the problems (I;) and (E,) in the form of the double-layer
potential and the solutions of the problems (I;) and (E,) in the form of the single-layer
potential. In view of Theorems 7.3 and 7.4 we obtain for unknown densities the following
equations

—31@)+ J Az, y;0)n(y) da, = G,(2), I
Ed
U@+ f [R (g,nz) r (z,y;w)}ﬁ(y) da, = G,(2), (1)
Fe 4
@)+ j Alz,y; 0)n(y) da, = G3(2), (Ed)
F
I a
—s¥ @+ J [R (a,nz) I“(z,y;w)]t//(y) da, = G,(2), (E2)
F

ze & . These equations are two-dimensional singular integral equations; they can only be
understood in the sense of principal values. Let us show that the Fredholm theory is
applicable. The integral operator of the problem (I,) may be written in the form

Hn = —n(z)+ J K(z,y;on(y) da,, (76)
¥

where
K(z,y) = 2A(z,y; w).
It follows from eqns (27) and (69) that

K(z,y) = K, (2, )+ K, (2, ),

where

K (z,y) = “krs(z’y) [sxs,

_ H _ i
k. (z,y) = m it 2 [(z,—»,) cos (n,,2,) —(z,—,) cos (n,, z,)],

k4j= 4 = Ky4 =k5j= 75 =k45 =k54 =k55 =0,
Ky(z,p) = O(z—yI""%), az0.

Next, we determine the characteristic matrix of the operator H introducing a local
coordinate system ({,, {,, {3) at each point ze # with the {;-axis directed along the outside
normal to # at z. Let k = ||k, ||5. s be the characteristic matrix of H and ¢ = loullsxs be
the symbolic matrix of the operator H, We find that

ki =ky =kyy =k =kss = =1, ky=—ky, (+#)),
ku=ks=ky=ks; =0, 0,,=0,=033=04,= gss = — 1,

Gy = 27{ik,s (r 3% 5)9 Oy =05 =04 = 05; = 0,

and
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2

U

detg =1 — v,
(A+2p)?

In what follows we assume that

H
S
Gt T

so that the integral operator corresponding to the equation (I,) is of the normal type. Since
H is of normal type and the symbolic matrix is antisymmetric, then the index of this
operator is zero (cf. Mikhlin, 1965).

Thus, we may conclude that the operator H is a Fredholm operator. In a similar way
we can prove that the operators corresponding to the remaining equations are Fredholm
operators in the space of Holder continuous functions.
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