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Abstract In the present paper the linear theory of viscoelasticity for Kelvin—Voigt materi-
als with voids is considered and some basic results of the classical theory of elasticity are
generalized. Indeed, the basic properties of plane harmonic waves are established. The ex-
plicit expression of fundamental solution of the system of equations of steady vibrations
is constructed by means of elementary functions. The Green’s formulas in the considered
theory are obtained. The uniqueness theorems of the internal and external basic boundary
value problems (BVPs) are proved. The representation of Galerkin type solution is obtained
and the completeness of this solution is established. The formulas of integral representa-
tions of Somigliana type of regular vector and regular (classical) solution are obtained. The
Sommerfeld-Kupradze type radiation conditions are established. The basic properties of
elastopotentials and singular integral operators are given. Finally, the existence theorems for
classical solutions of the internal and external basic BVPs of steady vibrations are proved by
using of the potential method (boundary integral method) and the theory of singular integral
equations.
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1 Introduction

The theories of viscoelasticity initiated by Maxwell, Meyer, Boltzmann, and studied by
Voigt, Kelvin, Zaremba, Volterra and others. These theories, which include the Maxwell
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model, the Kelvin—Voigt model, and the standard linear solid model, were used to predict
a material’s response under different loading conditions (see, Eringen [1], Truesdell and
Noll [2], Christensen [3], Amendola et al. [4]).

Viscoelastic materials play an important role in many branches of civil engineering,
geotechnical engineering, technology and, in recent years, biomechanics. Viscoelastic ma-
terials, such as amorphous polymers, semicrystalline polymers, and biopolymers, can be
modeled in order to determine their stress or strain interactions as well as their temporal
dependencies. Study of bone viscoelasticity is best placed in the context of strain levels and
frequency components associated with normal activities and with applications of diagnostic
tools (see, Lakes [5]). The investigations of the solutions of viscoelastic wave equations and
the attenuation of seismic wave in the viscoelastic media are very important for geophysical
prospecting technology. In addition, the behavior of viscoelastic porous materials can be
understood and predicted in great detail using nano-mechanics. The applications of these
materials are many. One of the applications may be to the NASA space program, such as the
prediction of soils behavior in the Moon and Mars (for details, see, Voyiadjis and Song [6],
Polarz and Smarsly [7], Chen et al. [8] and references therein).

A great attention has been paid to the theories taking into account the viscoelastic effects
(see, Amendola et al. [4], Fabrizio and Morro [9], Di Paola and Zingales [10, 11]). The
existence and the asymptotic stability of solutions in the linear theory of viscoelasticity for
solids is investigated by Fabrizio and Lazzari [12], and Appleby et al. [13]. The main results
on the free energy in the linear viscoelasticity are obtained in the series of papers [14-21].
A general way to provide existence of solutions of the initial and boundary value problems
for linear viscoelastic bodies is provided without the need of appealing to transient solutions
is presented by Fabrizio and Morro [9], Fabrizio and Lazzari [12], and Deseri et al. [14].

Material having small distributed voids may be called porous material or material with
voids. The intended application of the theory of elastic material with voids may be found in
geological materials like rocks and soils, in biological and manufactured porous materials
for which the theory of elasticity is inadequate. But seismology represents only one of the
many fields where the theories of elasticity and viscoelasticity of materials with voids is
applied. Medicine, various branches of biology, the oil exploration industry and nanotech-
nology are other important fields of application.

Various theories of viscoelastic materials with voids of integral type have been proposed
by Cowin [22], Ciarletta and Scalia [23], De Cicco and Nappa [24], and Martinez and Quin-
tanilla [25]. In the last decade there are been interest in formulation of the mechanical the-
ories of viscoelastic materials with voids of differential type. In this connection, Iesan [26]
has developed a nonlinear theory for a viscoelastic composite as a mixture of a porous
elastic solid and a Kelvin—Voigt material. A linear variant of this theory was developed by
Quintanilla [27], and existence and exponential decay of solutions are proved. Iesan and
Nappa [28] introduced a nonlinear theory of heat conducting mixtures where the individual
components are modelled as Kelvin—Voigt viscoelastic materials. Some exponential decay
estimates of solutions of equations of steady vibrations in the theory of viscoelastricity for
Kelvin—Voigt materials are obtained by Chiritd et al. [29]. A theory of thermoviscoelastic
composites modelled as interacting Cosserat continua is presented by Iesan [30].

In [31], Iesan extends theory of elastic materials with voids (see, Nunziato and Cowin
[32, 33]), the basic equations of the nonlinear theory of thermoviscoelasticity for “virgin”,
namely in the absence pre-existing stresses (see, Fabrizio and Morro [9], Deseri et al. [13]),
Kelvin—Voigt materials with voids are established, the linearized version of this theory is
derived, a uniqueness result and the continuous dependence of solution upon the initial data
and supply terms are proved. Recently, the theory of thermoviscoelasticity for Kelvin—Voigt
microstretch composite materials is presented by Passarella et al. [34].
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Potential Method in the Linear Theory of Viscoelastic Materials 103

For a review of the literature on elastic materials with voids the reader is referred to
[35—48] and the references therein. A new approach may be found in Amendola et al. [4],
Fabrizio and Morro [9], although this is not limited just to voids. An account of the historical
developments of the theory of porous media as well as references to various contributions
may be found in the books by de Boer [49] and Iesan [50].

In this paper the linear theory of viscoelasticity for Kelvin—Voigt materials with voids
(see, Iesan [31]) is considered and some basic results of the classical theory of elasticity are
generalized. Indeed, the basic BVPs of steady vibrations are investigated using the potential
method and the theory of singular integral equations.

The investigation of BVPs of mathematical physics by the classical potential method has
a hundred year history. The application of this method to the 3D basic BVPs of the theory
of elasticity reduces these problems to 2D singular integral equations (see, Kupradze et al.
[51]). Owing to the works of Mikhlin [52], Kupradze [53], and Burchuladze and Gegelia
[54], the theory of multidimensional singular integral equations has presently been worked
out with sufficient completeness. An extensive review of works on the potential method can
be found in Gegelia and Jentsch [55].

This work is articulated as follows. Section 2 is devoted to basic equations of steady vi-
brations of the linear theory of viscoelasticity for isotropic and homogeneous Kelvin—Voigt
materials with voids with experienced no past strain histories prior of the instant of obser-
vation of the evolution of the body (see Iesan [31]). The basis for generalizing the present
analysis to pre-existing stresses may be found in [20, 21], where the state of the material is
characterized for viscoelastic media. In Sect. 3 the basic properties of plane harmonic waves
are established. In Sect. 4 the fundamental solution of the system of equations of steady
vibrations is constructed by means of elementary functions, and its some basic properties
are established. In Sect. 5 the Sommerfeld-Kupradze type radiation conditions are given and
basic BVPs are formulated. In Sect. 6 the uniqueness theorems of these BVPs are proved. In
Sect. 7 the Green’s formulas in the considered theory are obtained, the formulas of integral
representations of Somigliana type of regular vector and regular (classical) solution are pre-
sented, the representation of Galerkin type solution is obtained and the completeness of this
solution is established. In Sect. 8 the basic properties of the elastopotentials and the singular
integral operators are given. Finally, in Sect. 9 the existence theorems of the BVPs of steady
vibrations are proved.

On the basis of the potential method the uniqueness and existence theorems in the classi-
cal theories of viscoelasticity and thermoviscoelasticity for Kelvin—Voigt materials without
voids are proved by Svanadze [56].

2 Basic Equations

We consider an isotropic homogeneous viscoelastic Kelvin—Voigt material with voids that
occupies the region §2 of the Euclidean three-dimensional space R*. Let x = (x1, X, x3) be
a point of R3, Dy = (%, %, &), and let ¢ denote the time variable.

In the absence of the body force and the extrinsic equilibrated body force, the system of
homogeneous equations of motion in the linear theory of viscoelasticity for Kelvin—Voigt

materials with voids has the following form (see, lesan [31])

uAW + (A + p) graddiva’ + b gradg’ — pii/
+ u AW + (A 4 p*) grad div’ + b* grad ¢’ =0, 2.1
(@A — &)’ —bdiva' — po¢’ + (a* A — £*)¢' —v*diva’ =0,
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104 M.M. Svanadze

where w' = (u, u}, u}) is the displacement vector, ¢’ is the volume fraction field, p is the
reference mass density (p > 0), po = pk, k is the equilibrated inertia (¢ > 0); A, u, b, o, &,
A5, p*, b of, v* EF are the constitutive coefficients, and a superposed dot denotes differ-

. e . ‘./_ﬂ,./_azu/
entiation with respecttozs:u = PP , U= 92"

The system (2.1) we can rewritten as

HoAw' + (Ao + pg) graddivu’ + by grad ¢’ — pii’ =0,

) iy . (2.2)
(oA —&))¢" — vpdivu’ — pg¢g’ =0,
where
A—A+A*a n=pu+ «9 b—b+b*a
0= FYS Ko=HK T 1 TS 0= FYS
5 5 ) 2.3)
= *—, :b *—, = *—.
w=ataiar  w=bivia =ity

If the displacement vector u’ and the volume fraction function ¢’ are postulated to have a
harmonic time variation, that is,

u'(x, 1) =Re[ux)e "], ¢ (x.1) = Re[p(x)e ],

then from system of equations of motion (2.2) we obtain the following system of homoge-
neous equations of steady vibrations

wiAu+ (A + ) graddiva + by grad g + pa)zu =0,

24
(1A +&)¢ — v divu=0,
where o is the oscillation frequency (@ > 0),
A=A —iwA", ni=pn—iou", by =b — iwb*, o =a—iwa”,
. 2.5)
vi=b—iwv, & =& —iwt", & = pow” — &1

Obviously, (2.4) is the system of partial differential equations with complex coefficients
in with are 14 real parameters: A, A*, u, u*, b, b*, a, a*, &, £*, v*, w, p and py.
We introduce the matrix differential operator

2

ADy) = (ApDyY), .  AyDy) = (1A + pw’)8;; + oy + 1) TaIn
J

0 0
A(Dy) =b1—, Ay(Dy) =—vi—, Ay(Dy) = a1 A+ &,
0x; 0x;

where §;; is the Kronecker delta, and /, j = 1, 2, 3. The system (2.4) can be written as
AD)U(Kx) =0, (2.6)

where U = (u, ¢) and x € £2.
On the other hand the system of nonhomogeneous equations of steady vibrations in the
linear theory of viscoelastic materials with voids can be written as follows

wiAu+ (A + @) graddiva + by grad g + pw’u= —pF’,

2.7
(1A +&)p —vidiva = —ps,
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Potential Method in the Linear Theory of Viscoelastic Materials 105

where F’ and s are is the body force and the extrinsic equilibrated body force per unit mass,
respectively. The system (2.7) can be written as

ADyU(x) =F, (2.8)
where F = (—pF’, —ps).

Throughout this article, we suggest that &, # O (the case & = 0 is to simple to be consid-
ered).

3 Plane Harmonic Waves
We introduce the notation
Ho=A+2u,  po=AH20%, m=po—iopg,  f=pow’ &,
@ =i — () d= g b = [ (- 6)7] 3.1)
a; =b>+ o’d, a2=b(b*+v*), as =w2a*ug, ay=a*a; +&*as.
In this section, it is assumed that
w0, uE>0,  at>0,  4uiEr > (b +0%)% (3.2)
On the basis of (3.2) from (3.1) we get
o >0, d* >0, d>0, a; >0, az >0, as > 0. (3.3)
Suppose that plane harmonic waves corresponding to the wave number t and angular fre-
quency w are propagated in the x;-direction through the viscoelastic Kelvin—Voigt material
with voids. Then
uw(x, 1) =Bexp{i(tx; —wn)},  ¢'(x,1) = Byexp{i(tx; — w1)}, (3.4)

where B = (B, B,, B3); By, B;, B, and B3 are constants.
Keeping in mind (2.3) and (3.4) from (2.2) it follows that

{[Ml + +M1)511]T2 - ,0602}31 —ith 8By =0,

(3.5)
if\)]Bl-f—(O(]kz—Sz)Bo:O, l:1,2,3.
From (3.5) for By and B, we have
(/LQ'[Z — pw2)31 — ifblBQ = 0,
(3.6)

iT\)lBl + (O{1T2 - EZ)BO =0.

For the system (3.6) to have a non-trivial solution for By and B; we must set the determinant
of their coefficients equal to zero, thus

arpatt — (Eapn + po’a + b))t + pw’ty, =0. 3.7
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106 M.M. Svanadze

In the same way from (3.5) for B, and B3 we have
(117> — po®)B; =0, 1=2,3, (3.8)
and if 7 is the solution of equation
w2 — pw® =0, (3.9)

then (3.8) have non-trivial solution.

The relations (3.7) and (3.9) will be called the dispersion equations of longitudinal and
transverse plane waves in the linear theory of viscoelasticity for Kelvin—Voigt materials
with voids, respectively. It is obvious that if 7 > 0, then the corresponding plane wave has
the constant amplitude, and if 7 is complex with Im 7 > 0, then the plane wave is attenuated
as x; — +00.

Let {, 77 and 73 be roots of (3.7) and (3.9) with respect to 72, respectively. Obviously,

One may easily verify that 132 is a complex number. Obviously, 7, 7, and 73 are the wave
numbers of longitudinal and transverse plane harmonic waves, respectively.

We denote the longitudinal plane wave with wave number 7; (j = 1,2) by P;
(P-primary), and the transverse horizontal and vertical plane waves with wave number
73 by SH and SV, respectively (S-secondary, see Achenbach [57]).

Lemma 3.1 If the conditions (3.2) are satisfied, then (3.7) with respect to t°> has not a
positive root.

Proof Let n be a real root of the equation
2 2 26
apon’ — (212 + pw’ay + byvi)n + pw’ér =0. (3.10)
Separating real and imaginary parts in (3.10), on the basis of (2.5), (3.1) and equalities
_ . * * 2 _ 2 . * 2

ajpy =apg—az —io(apy + o),  pwEh=E&pw’ +iwE pw’,

Expir + po’ay + by = oy + ape’ +a; — io(uiE — pof* + o pw’ + az)
we obtain the following system

(oo — az)n* — (oo + apw® + ar)n + Epw’ =0,

(anmd + a*po)n® — (niEo — moE™ + o pw® + az)n — E*po® = 0. G4D

As one may easily verify, the system (3.11) may be written in the form
mmn2 =n(azn +a), (3.12)
(«*n + &Ym= n(ax — uim2). (3.13)
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where n; = oy — pw?, Ny = an — &. Obviously, by (3.12) and (3.13) we have nn, # 0.
Taking into account (3.12) from (3.13) it follows that

(*n+ &%) (aan + ap) = ma(a2 — pin2).

and hence,
a*azn(n — o) + uim; — aam + @ EF =0, (3.14)
where
E*az + a*ay
n=—"—"—<0.
a*as

By virtue of conditions (3.2) and (3.3) we have
otay >0, a3 —da\piE* = —[b*d* +4pjde’] <.

Therefore from (3.14) we obtain n(n — no) < 0. Finally, we may write n € ]no; O[ and
Lemma 3.1 is thereby proved. g

We assume that Im7; > 0 (j = 1,2, 3). Lemma 3.1 leads to the following result.

Theorem 3.1 If the conditions (3.2) are satisfied, then through a Kelvin—Voigt material with
voids 4 plane harmonic plane waves propagate: two longitudinal plane waves Py and P, with
wave numbers A, Ay and two transverse plane waves SH and SV with wave number A3; these
are attenuated waves as x; — +00.

Remark 3.1 It is obvious that if plane harmonic waves are propagated in an arbitrary direc-
tion through a Kelvin—Voigt material with voids, then we obtain the same result as given in
Theorem 3.1.

4 Fundamental Solution

In what follows we assume that ‘512 #* ‘c22 #* ‘c32 #* ‘clz. In the sequel we use the matrix differ-
ential operators:

1
@ LDy = (qu(Dx))4x4’

1
L;;(Dy) = M—(A +17)(A +13)8
1
82
— A A b _
o [( 1 +Ml)(0[1 +52)+ IVI] 8X]8Xj (41)
bl d Vi 2 0
Lis(Dy) = — —, Ly(Dy) = (1A + pa®) —,
o 0x; a2 0x;

1 ‘
Liy(Dy) = — (oA + po®), 1, j=1,2,3.
0305
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108 M.M. Svanadze

2
AD) = (Lp(D), .. M) =(A+)(A+5)(A+713), [=1,2.3, w2
Ap(D)=(A+10)(A+13), Ap(A)=0, p.g=1,2,34 p#gq.
We have the following result.
Lemma 4.1 If
ajpipr #0, 4.3)
then
ADLDy) = A(A). 4.4)
Lemma 4.1 is proved by direct calculation.
We introduce the notations
3
YO = (Ype®),. Y=Y cy®, (=123,
j=1
2
Yu() =Y oy, Yy =0, p.g=1234, p#q,
j=1
where
etk > 2 -1 2 -1 .
VX =——"—, ;= 1_[ (" —1]) . ca=—cm=(u-1) . j=12.3.
4 x| I=L1#j '
=Lz
Obviously, Y is the fundamental matrix of operator A, that is,
A(A)Y(x) =5(x)], 4.5)
where §(x) is the Dirac delta, J = (8,,4)4x4 is the unit matrix, and x € R3.
We define the matrix I' = (I'p;)ax4 by
I'(x) =LMD,)Y(x). 4.6)

In view of (4.4)—(4.6) we get
ADYT (x) =ADYLDYY () = A(A)Y () =35(x)].

Hence, I'(x) is the fundamental matrix of differential operator A(Dy). We have thereby
proved the following theorem.

Theorem 4.1 If condition (4.3) is satisfied, then the matrix T (x) defined by (4.6) is the
fundamental solution of system (2.4).

We are now in a position to establish basic properties of matrix I' (x). Theorem 4.1 leads
to the following results.
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Corollary 4.1 If condition (4.3) is satisfied, then each column of the matrix T (X) is the
solution of the homogeneous equation (2.6) at every point X € R? except the origin.

Corollary 4.2 If condition (4.3) is satisfied, then the fundamental solution of the system
miAu(x) + (A + py) grad divu(x) =0, a1 Ap(x) =0,

is the matrix W = (¥pq)axa, Where

1 M 9 1
¥ (x) = (—A(Slj m—__ l )V4(X), Y (x) = —ys(x),
1 Hipn 0x;0x; a;
x| 1 .
Y (x) =¥4;(x) =0, Ya(X) = ———, ys(X)=———, [,j=1,2,3.
87 47 |x|

Clearly (see, Kupradze et al. [51]), the relations
w;(x) = 0(|x|™"), Yu(x) = 0(|x|"),
ux)=¥u(x)=0, [,j=1,2,3

hold in a neighborhood of the origin.
On the basis of Theorem 4.1 and Corollary 4.2 we obtain the following result.

Theorem 4.2 If condition (4.3) is satisfied, then the relations

w,,(x)=0(]x|""), Fpg(X) — W,y (x) = const + O (|x]),

m

W[rﬁq(x) — ¥, (] =0(x'"™")
1 2 3

hold in a neighborhood of the origin, where m =m| +m, + mz,m>1,m; >0,1=1,2,3
and p,q=1,2,3,4.

Thus, ¥ (x) is the singular part of the fundamental matrix I'(x) in the neighborhood of
the origin.

5 Radiation Conditions. Basic Boundary Value Problems

Let S be the smooth closed surface surrounding the finite domain QTin R}, QT =021USs,
27 =R)\Q7T, 2~ =2~ US. The scalar product of two vectors w = (w1, wo, ..., w;) and
v = (vy, v2,..., ;) is denoted by w - v = Z_l,‘=1 w;v;, where v; is the complex conjugate
of v;.

Definition 5.1 A vector function U = (u, ¢) = (U;, U, U3, Uy) is called regular in 2~

(or 271)if

(1) e 20 b\ gl
UecC*2)nc'(27) (orUec?*(2)nc'(2Y)),
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110 M.M. Svanadze

2 3
U= ZU(j)’ U(j) — (Ul(j)’ Uz(j)v s Uij))’
Jj=1
U ect(e7)nc'(20) U =0
1 ) 4 — Y
©) (A+)U ) =0, (5.1)
and
. %) X (el
m—nj U (x) =" ™o (]x|7")  for x| > 1, (5.2)
X

where j=1,2,3,1=1,2,3,4.

Equalities in (5.2) are the Sommerfeld-Kupradze type radiation conditions in the linear
theory of viscoelasticity for materials with voids (see, Sommerfeld [58], Kupradze [59]).
We note that (5.1) and (5.2) imply (for details see, Vekua [60])

UP x) =e*Mo(Ix™Y) for x> 1, j=1,2,3, [=1,2,3,4 (5.3)

It is easy to see that each column of the matrix I'(x) is a regular vector in the domains
27 and £2~. Indeed, each element of the matrix I'(x) satisfies the radiation conditions (5.2)
and (5.3).

In the sequel we use the matrix differential operators

) By = (B;(Dy),.,,  By(Dy=A,Dy),
@ T(Dy, n) = (T;(Dy, ), .

T;;(Dg,n) = /Ll(slj% + Mlnjaixl + anaixj,
3)

P(Dy,n) = (qu(DXv n)) P[j(DXv n):TZj(DXa n),

4x4’

0
Piy(Dy,m) = biny, P4j(Dy,n) =0, P44 (Dy, m) Zdla—n,

d

where n = (ny, n,, n3) is the unit vector, In

l,j=1,2,3.

is the derivative along the vector n and

The basic internal and external BVPs of steady vibration in the theory of viscoelastic
materials with voids are formulated as follows.

Find a regular (classical) solution to system (2.8) for x € £2% satisfying the boundary
condition

lim Ux ={U@)" =f@ (5.4)
Ntsx—>zes
in the Problem (I)y g,
[P(D,,n(2)U)}" =1f() (5.5)

in the Problem (II)Ef.
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Find a regular (classical) solution to system (2.8) for x € £2~ satisfying the boundary
condition

lim U ={U@®} =f@) (5.6)

27 35x—z€eS

in the Problem (I)E,f’ and

{P(D,,n(2)U(@)} =f() (5.7
in the Problem (Il)g ;. Here F and f are the known four-component vector functions, supp F
is a finite domain in £2~, and n(z) is the external (with respect to £27) unit normal vector to
S at z.

6 Uniqueness Theorems

In this section we prove uniqueness of regular solutions of BVPs (K){f; and (K)g ;. where
K=11.

Theorem 6.1 If conditions
3 2
w* >0, 3A 4 2u* >0, a* >0, (Br* +2u*)E* > Z(b* +v*)" (6.1

are satisfied, then the internal BVP (K );{f admits at most one regular solution, where K =
1,1I.

Proof Suppose that there are two regular solutions of problem (K );{ ¢ Then their difference
U corresponds to zero data (F =f=0), i.e., U is a regular solution of problem (K )4{0'
On account of (2.4) from Green’s formulas (see, Kupradze et al. [S1])

f [B(Dy)u-u+ W“)(u,A],u,])]dx:/Tu-usz,
2+ N

_ 99 _
/ [A(p(p + |grad<p|2]dx = / —wtpsz
o+ s on
and identity
/ (gradg -u+ gdiva)dx = / on-ud,S
2+ s
it follows that

/ [W<1>(u,)\1,m)_pw2|u|2+b1<pdivﬁ]dx:/(Tu+b1<pn)~udzs,
o+ S
6.2)
2 2 . - 390_
/ [ gradol? — Exlg] +vldwu<p]dx=a1/—¢dzs,
o+ s an
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112 M.M. Svanadze

where
b 1 o 1 |ou; o
W (ll,)»l,l/bl):§(3K]+2M1)|dlvu| +M]|:E Z B—XI E
Lj=1l#]
Ly o }
31‘1_:] 8x1 axj

Clearly, WO (u, Ay, ) = WO, A, w) —ioW® (u, A%, u*). In view of (6.2) we get

[ IWO@ ) = pouf + ol erad gl — il + by v+ v divug)Jix
o+

9
=/|:(’Ih+b1<pn) .u+a1—¢¢]dzs. 6.3)
s on

On the basis of homogeneous boundary condition and the identity
Im(bpdiva + vy divug) = —a)(b* + v*) Re(p diva)
we obtain from (6.3)
- [W® (w, 2%, w*) — (b* + v*) Re(p divia) + £*|g|* + o*| grad |*]dx = 0.  (6.4)
Obviously, with the help of (6.1) it follows that
%(w +2u*)|divu]* — (b* + v*) Re(pdiva) + &*[p|* = 0
and from (6.4) we have
W(l)(u, A*, 1) — (b +v*)Re(pdivi) + £*¢)? +a*|gradg|* =0.

It is easy to verify that the last equation leads to the following relations

ou: 9 0 ou;
Sy, g, =123

=0, di =0, =
(%) ivu(x) ox T ox,

ox;  0x;
(6.5)

for x € 27F. In view of (6.5) we get WV (u, A, u) =0 and WP (u, 1*, u*) = 0. Hence,
WO (u, Ay, 1) = 0. Finally, from (6.3) we obtain u(x) = 0. Thus, U(x) =0 forx € 2+. O

Lemma 6.1 IfU = (u, ) € C*(£2) is a solution of the system (2.4) for X € §2, then

3 2
uwW=) um®, =) ¢"m), (6.6)
j=1 I=1

where §2 is an arbitrary domain in R, 09 and ¢ satisfy the following equations

A+ V=0, (A+7)e"®=0, =12, j=1,23. (67
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Proof Applying the operator div to the first equation of (2.4) we get

(m2A + pw?®)divu+ b Agp =0,

(6.8)
(1A +&)p — v divu=0.
Clearly, from system (6.8) we have
(A+17)(A+13)diva=0, (A+1))(A+13)p=0. (6.9)

Now, applying the operator (A + ‘512) (A+ 1:22) to the first equation of (2.4) and using (6.9)
we obtain

(A+)(A+1)(A+15)u=0. (6.10)

‘We introduce the notation

3
W= J] (Z-) ' (a+Du, j=1.23,
p=1;p#j

(6.11)
2

o= T1 (=) asse. 1-12
p=Lip#l

By virtue of (6.9) and (6.10) the relations (6.6) and (6.7) can be easily obtained from
6.11). O

Now let us establish the uniqueness of a regular solution of external BVPs.

Theorem 6.2 If conditions (6.1) are satisfied, then the external BVP (K )r.¢ admits at most
one regular solution, where K =1, 11.

Proof Suppose that there are two regular solutions of problem (K)g ;. Then their difference
U corresponds to zero data (F =f=0), i.e., U is a regular solution of the problem (K ) ¢-

Let £2, be a sphere of sufficiently large radius r so that 2+ C £2,. By virtue of homoge-
neous boundary condition (f = 0), the formula (6.3) for the domain £2 = £27 N £2, can be
rewritten as

/ (WO, i1, 1) — po? |l + | grad o|* — &9|* + (brp divaa + v, divug) |dx
o

0
=/ [(Tu+b1<pn) -u+a18—ﬁ¢}dzs, 6.12)

-

where S, is the boundary of the sphere £2,. From (6.12) we have

9
N = lim [(m+b1¢n)-u+a1—‘p¢}d,s, (6.13)
r—00 Sy an
where
N=| [WO>ur*pu*)— (b*+v*)Re(pdivi) + &*|o]* + a*| grad p|*]dx. (6.14)

o-

Obviously, by condition (6.1) it follows from (6.14) that N > 0.
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On the other hand, keeping in mind the radiation conditions (5.3) from (6.6) we obtain
Ux)=e ™MOo(|x|™") for x| > 1, (6.15)

where 1o = min{Im 7, Im,, Im 73} > 0. On account of conditions (5.2), (5.3) and (6.15)
from (6.13) it follows that N = 0. Hence, from (6.14) we get

[W® (u, 2%, 1*) — (b* +v*) Re(p divii) + £*|p|* + o*| grad p[*]dx = 0. (6.16)
.

Quite similarly as in Theorem 6.1 on the basis of (6.1) from (6.16) we obtain U(x) =0
forxe 2. |

7 Green’s Formulas. Representations of General Solutions

In this section, first, we establish the Green’s formulas in the linear theory of viscoelastic
materials with voids, then we obtain the integral representation of regular vector (represen-
tation of Somigliana-type) and the Galerkin-type solution of the system (2.8), and finally, we
establish the representation of the general solution of the system of homogeneous equations
(2.4) by solutions of Helmholtz equations (metaharmonic functions).

In the sequel we use the matrix differential operators A(Dy) and P(Dy, n), where

ADy)=AT(-Dy),  P(Dy,n)=(P,,(Ds,n) P,;(Dy,n) =P,;(Dy, n),

4x4’
Pu(Dym)=vin;,  PuDym)=PuD.n), j=1,23 p=1234,
and the superscript T denotes transposition. _
Obviously, the fundamental matrix I' (x) of operator A(Dy) satisfies the following condi-
tion
Fx) =I"(-x). (7.1)
Let U; be the j-th column of the matrix U = (Uj;)4x4, j = 1,2,3,4. As in classical
theory of thermoelasticity (see, for details Kupradze et al. [49]) we can prove the following

result.

Theorem 7.1 IfU and 0_,« (j =1,2,3,4) are regular vectors in 27, then
/Q {A®)I] U - [00)] AD,) U Jay
- / {[PD,,mT®)] U@ — [U@] PD,, 0)U@)}d.S. (72)
S

On the basis of Theorem 7.1 and radiation conditions (5.2) we obtain the following result.

Theorem 7.2 If U and Uj (j =1,2,3,4) are regular vectors in 2™, then
[ IA®)00] U - [00)] A0 U |y

=— / [[PD,, mT@] U@ - [U@] PO, n)U@))}d.S. (73)
N
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The identities (7.2) and (7.3) are the Green’s formulas in the linear theory of viscoelastic
materials with voids for domains 2% and £2~, respectively.

Keeping in mind (7.1) from (7.2) and (7.3) we obtain the formulas of integral represen-
tation of regular vector (representation of Somigliana-type) for the domains £2* and 2.

Theorem 7.3 If U is a regular vector in 2+, then
Ux) = /S {[PD,, )T (x—2)] U@ — T'x—2)PD,,n)U(2)}d,S
+ /m I'x —y)ADy)U(y)dy. (7.4)
Theorem 7.4 If U is a regular vector in 2=, then
U = - /S {[PD. 0T x - 2] U@ - T - 2PD,. n)U(2)}d, S
+ /,2 T(x—yADy)U)dy. (1.5)

The next two theorems provide a Galerkin-type solution to system (2.8).

Theorem 7.5 Let

u(x) = ML(A + 1) (A +13)w(x) — [ + w) (@1 A+ &) + by ] graddiv w(x)
1

A2
b
— grad wy(x), (7.6)
oLy
v . 1
Px) = —— (11 A + pa?) divw(x) + —— (12 A + po?) wo (%),
Q2 (440231

where w = (w, wy, w3) € C4(2), wy € C*(2), and

(A+ 1)) (A+13)(A+5)wx) = —pF (x),

(A + 1) (A4 13)wo(x) = —ps(x). 7
Then, U = (u, @) is a solution of system (2.8).
Proof By virtue of (4.1) and (4.2), (7.7) and (7.7) we can rewrite in the form
U(x) = L(Dx)W(x) (7.8)
and
A(Q)W(x) =F(x), (7.9)

respectively, where W = (w, wy). Clearly, by (4.4), (7.8) and (7.9) the vector U is a solution
of the system (2.8). O
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Theorem 7.6 IfU = (u, @) is a solution of system (2.8) in §2, then U is represented by (7.8),
where W = (W, wy) is a solution of (7.9) and 2 is a finite domain in R.

Proof Let U be a solution of system (2.8). Obviously, if ¥'(x) is the fundamental matrix of
the operator L(Dy), then the vector function

Wx) = /Q ¥(x — YUy

is a solution of (7.8).
On the other hand, by virtue of (2.8), (4.4) and (7.8) we have

F(x) = AD,)U(x) = ADx)LD)W(x) = A(A)W(x).
Hence, W is a solution of (7.9). O

Remark 7.1 Quite similarly as in Theorem 4.1 we can construct the fundamental matrix
W' (x) of the operator L(Dy) by elementary functions.

Thus, on the basis of Theorems 7.5 and 7.6 the completeness of Galerkin-type solution
of system (2.8) is proved.

Now we consider the system of homogeneous equations (2.4). We have the following
results.

Theorem 7.7 If metaharmonic function ¢; and metaharmonic vector function ¥ =
(Y1, Y2, Yr3) are solutions of equations

(A+17)p;x) =0, j=1,2 (7.10)
and
(A+ )y =0, divy (x) =0, (7.11)
respectively, then U = (u, @) is a solution of the homogeneous equation (2.4), where

u(x) = grad[c1¢1 (X) + c202(%) | + ¥ (x),

(7.12)

P(x) = 91 (X) + ¢2(X)

forx € 2; 2 is an arbitrary domain in R® and
cj [(0511']2—52)#2—171\)1], j=12. (7.13)

B PP
Proof Keeping in mind the relations (7.10)—(7.13) and

(/thj2 + pa)z)cj +b,=0, j=1,2
we obtain by direct calculation

miAu+ (A + @) graddiva + by grad g + pa)zu
= —p grad(ci 1791 + 021392) — (A + 1) grad(c1 1791 + ¢277902)
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+ by grad(g) + ¢2) + p” grad(ci¢1 + c2¢) + 11 AY + po* Y
= —[(n2t} + pw*)cy + by grad gy — [(n273 + pw®)ca + by | grad g, =0.

Quite similarly, by virtue of (7.12), (7.13) and
2 2 _ i
UITjCj—a1Tj+.‘;:2—O, ]—1,2
we have

(1A + &) —vidivu=—(ay 7} — &)1 — (Ollfzz —52)<P2+V1(01T12§01 +62T22§02)
Z(V1T12C|—011T12+52)§01+(U17722C2—011T12+§2)§02=0- d

Theorem 7.8 If U = (u, ¢) is a solution of the homogeneous equation (2.4) in §2, then U
is represented by (7.12), where ¢; and ¥ = (Y1, Y2, ¥3) are solutions of (7.10) and (7.11),
respectively; 2 is an arbitrary domain in R* and cj (j=1,2)is given by (7.13).

Proof Applying the operator div to the first equation of (2.4), from system (2.4) we have

(,uzA + ,oa)z) divu+b;Ap =0,

(7.14)
(1A + &) — vy divu=0.
Clearly, we obtain from (7.14)
(A+17)(A+137)e=0. (7.15)
Now applying the operator curl to the first equation of (2.4) it follows that
(A+ 1) curlu=0. (7.16)
We introduce the notation
o= — 1 N 1 S(A+ 1), wzu—lzcurlcurlu. (7.17)
T, — T =T pw

Taking into account (7.15)—(7.17), the function ¢; and vector function ¥ are the solutions
of (7.10) and (7.11), respectively, and the function ¢ is represented by (7.12).

Now we prove the first relation of (7.12). Obviously, on the basis of (7.10) we may rewrite
the second equation of (7.14) in the form

diVll:C3(p1 +C4(p2, (718)

where

1
Cj:—(%'z—(xl‘[]g_z), j:3,4

Vi
Keeping in mind (7.17), (7.18) and identity

Au = graddivu — curlcurlu,
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from (2.4) we obtain

1 .
u= _Wgrad[uzdlvu-f—blﬁl)] +v

1
= _W grad[(uzq + b)) + (n2cs + bl)fﬂz] +9. (7.19)
Finally, from (7.19) we get the first relation of (7.12). O

Hence, on the basis of Theorems 7.7 and 7.8 the completeness of solution of the homo-
geneous equation (2.4) is proved.

8 Basic Properties of Elastopotentials

On the basis of a Somigliana-type integral representation of a regular vector (see, (7.4)) we
introduce the following notations

Z0(x.g) = /S I(x— Ygmd, S,
Z7(x,g) = / [B(Dy, n(y))T T (x—y)] 204, S,
S

79 (x, ¢, 2*) = / T = )()dy.
2

where g and ¢ are four-component vectors.

As in the classical theory of elasticity (see, e.g., Kupradze et al. [51]), the vector func-
tions ZW (x, g), Z? (x, g) and Z® (x, ¢, 27F) are called a single-layer, a double-layer and
volume potentials in the linear theory of viscoelasticity for Kelvin—Voigt materials with
voids, respectively.

Obviously, on the basis of (7.4) and (7.5), the regular vector in £2* and §2~ is represented
by the sum of the elastopotentials as follows

Ux) =22 (x, {U}") — ZO(x, {PU}') + Z° (x, AU, 2F) forx e 27
and
U(x) =-Z7(x,{U}") + Z"(x, {PU}") + ZV(x, AU, 27) forxe 27,

respectively.
First we establish the basic properties of elastopotentials.

Theorem 8.1 If S € C"*\-r g C™7'(S),0 < p’ < p <1, and m is a non-negative integer,
then:

@ Z(l)(_’ g) € Co,p’(R3) n Cm+1,p’(9‘i) N Coo(g:l:)’

b
® ADHZV(x,8) =0, x€0F,
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(©)
[P(D,,n2)Z"(z,8))" = q:%g(z) +P(D,.n@)Z"(z,g), zeS, (8.1)

(d) 1
P(D,. n(2))Z" (z g)

is a singular integral, forz € S.

Theorem 8.2 IfS e C"*!'P ge C"””/(S), 0<p <p<=1,then:

(a) Z(z)(.’ g) e Cm,p/(é:t) N COO(Q:E),
(b)

ADYZ?(x,8) =0, xe 2%,
(©)

(2260} =180+ 27w g, 25 (82)

for the non-negative integer m,
@ .
7% (z,9)
is a singular integral, forz € S,
(e) -
(P(D,,n@)2? @z g)}" = [P(D,,n@)Z% @z 9],

for the natural number m andz € S.

Theorem 8.3 If S € C'"7, ¢ € COP' (21),0< p’ < p <1, then:

@ ZO(.$.27) e C'7 (R) nCX(2) N C>P (7).

b
® ADYZY (x, ¢, 27)=¢xx), xe,

where 2§ is a domain in R* and 2] C .

Theorem 8.4 If S C'?, suppp =2 C 2, ¢ CO”(27),0<p' < p <1, then:

@ ZO(.$.27) e C7 (R)nCX(27) nC>P ().

(b) _ _
ADVZY (x, ¢, 27)=¢(x), xe€27,

where §2 is a finite domain in R and [_2(; Cc 2.

Theorems 8.1 to 8.4 can be proved similarly to the corresponding theorems in the classi-
cal theory of thermoelasticity (for details, see, Kupradze et al. [51], Chap. X).
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‘We introduce the notation

KVg@) = 80 + 200, Kg)=—18() +P(D, n(2)2" 2. )
KO8 = —35@ + 20w, KV = 160 + (D, n@)2 @0,  ($3)
K.g(z) = —%g(z) + {Z(z) (z,g) forzes,

where ¢ is a complex parameter. On the basis of Theorems 8.1 and 8.2, K9 ( j=1,2,3,4)
and K, are singular integral operators (for the definition a singular integral operator see,
e.g., Mikhlin [52]).

In the sequel we need the following Lemmas.

Lemma 8.1 If conditions (6.1) are satisfied, then the singular integral operators K
(j =1,2,3,4) are of the normal type.

Proof Let ) = (6,7)4,4 be the symbol of the singular integral operator KU
(j =1,2,3.4) (see, e.g., Mikhlin [52]). Taking into account (8.3) we find (for details, see,
Kupradze et al. [51], Chap. IV)

deta ) — <_1>4[1 oo ] _ Gat )G +3m) .4)
2 (A +2u1)? 16(A1 +2u)?

Keeping in mind the relations (6.1), from (8.4) we have
deto ) £ 0. (8.5)
Hence, the operator ) is of the normal type, where j = 1,2, 3, 4. O

Lemma 8.2 If L is a continuous curve on the complex plane connecting the origin with the
point §y and K, is a normal type operator for any { € L, then the index of the operator K,
vanishes, i.e.,

ind ICpy = 0.
Lemma 8.2 is proved in Kupradze et al. [51], Chap. IV.

Lemma 8.3 If conditions (6.1) are satisfied, then the Fredholm’s theorems are valid for the
singular integral operator KD (KW is Fredholmian), where j=12,34.

Proof Let o, and ind KC; be the symbol and the index of the operator K., respectively. It
may be easily shown that

detg, = G207 — puig?
¢ 16(A; + 2u1)>

and deto , vanishes only at two points ¢; and ¢, of the complex plane. By virtue of (8.5) and
deto| =deta " we get ¢; # 1 for j = 1,2. By Lemma 8.2 we obtain

ind KV =indiC; = 0.
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Equation ind K = 0 is proved in a quite similar manner. Obviously, the operators
and K™ are the adjoint operators for X® and KX, respectively. Evidently,

indK® = —indK® =0, indK® = —indk® =0.

Thus, the singular integral operator K (j = 1,2, 3,4) is of the normal type with an
index equal to zero. Consequently, the Fredholm’s theorems are valid for V) (for details,
see, e.g., Mikhlin [52]). O

Remark 8.1 The definitions of a normal type singular integral operator, the symbol and the
index of operator are given in Kupradze et al. [51] and Mikhlin [52].

9 Existence Theorems

Obviously, by Theorems 8.3 and 8.4 the volume potential Z® (x, F, 2%) is a regular solu-
tion of (2.8), where F € cor (2%),0< p’ < 1; suppF is a finite domain in 2. Therefore,
further we will consider problem (K )(f_f for K = I, 1I. In addition, we assume that the con-
ditions (6.1) are satisfied.

Now we prove the existence theorems of a regular (classical) solution of problems (K )(T. ¢
and (K)q ¢ for K =1,1I.

Problem (/ )af ¢ We seek a regular solution to problem (/ )af ¢ in the form
Ux)=Z?(x,g) forxeRF, 9.1)
where g is the required four-component vector function.

By Theorem 8.2 the vector function U is a solution of (2.6) for x € 2F. Keeping in
mind the boundary condition (5.4) and using (8.2), from (9.1) we obtain, for determining
the unknown vector g, a singular integral equation

KWVg(z) =f(z) forzes. (9.2)

By Lemma 8.3 the Fredholm’s theorems are valid for operator V. We prove that (9.2)
is always solvable for an arbitrary vector f. Let us consider the associate homogeneous
equation

K®hy(z) =0 forzes, 9.3)

where hy is the required four-component vector function. Now we prove that (9.3) has only
the trivial solution.

Indeed, let hy be a solution of the homogeneous equation (9.3). On the basis of The-
orem 8.1 and (9.3) the vector function V(x) = ZV(x, hy) is a regular solution of prob-
lem (/)4 ¢ Using Theorem 6.2, the problem (II), , has only the trivial solution, that is

Vx)=0 for xe 2. 9.4)
On other hand, by Theorem 8.1 and (9.4) we get

V@) ={V@} =0 forzes,
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i.e., the vector V(x) is a regular solution of problem (/ )3,0. Using Theorem 6.1, the prob-
lem (/ )&0 has only the trivial solution, that is,

V) =0 forxeR™. 9.5)
By virtue of (9.4), (9.5) and identity (8.1) we obtain
hy(z) = [P(D,,mV(@)}” — [PD,,m)V(2)} =0 forzes.

Thus, the homogeneous equation (9.3) has only the trivial solution and therefore (9.2) is
always solvable for an arbitrary vector f.
We have thereby proved

Theorem 9.1 If S € C27 fe C'7'(S),0 < p' < p < 1, then a regular solution of prob-
lem (1 )af ¢ exists, is unique and is represented by double-layer potential (9.1), where g is a
solution of the singular integral equation (9.2) which is always solvable for an arbitrary
vector f.

Problem (1), ;: We seek a regular solution to problem (/) in the form
Ux)=Z"(x,h) forxe N2, 9.6)
where h is the required four-component vector function.

Obviously, by Theorem 8.1 the vector function U is a solution of (2.6) for x € £2~.
Keeping in mind the boundary condition (5.7) and using (8.1), from (9.6) we obtain, for
determining the unknown vector h, a singular integral equation

K®h(z) =f(z) forzes. 9.7)

It has been proved above that the corresponding homogeneous equation (9.3) has only the
trivial solution. Hence, it follows that (9.7) is always solvable.
We have thereby proved

Theorem 9.2 If S € C%7,f e C*¥(S),0 < p' < p <1, then a regular solution of prob-
lem (1), ¢ exists, is unique and is represented by single-layer potential (9.6), where h is a
solution of the singular integral equation (9.7) which is always solvable for an arbitrary
vector f.

Problem (/1 )0+,f: We seek a regular solution to problem (/7 )af ¢ in the form
Ux)=2Z"(x,g) forxe 2, 9.8)
where g is the required four-component vector function.
Obviously, by Theorem 8.1 the vector function U is a solution of (2.6) for x € £2%.

Keeping in mind the boundary condition (5.5) and using (8.1), from (9.8) we obtain, for
determining the unknown vector g, a singular integral equation

K®g(z) =f(z) forzes. 9.9)

@ Springer



Potential Method in the Linear Theory of Viscoelastic Materials 123

By Lemma 8.3 the Fredholm’s theorems are valid for operator X®'. We prove that (9.9) is
always solvable for an arbitrary vector f. Let us consider the corresponding homogeneous
equation

K®gy(z) =0 forzes, 9.10)

where g is the required four-component vector function. Now we prove that (9.10) has only
the trivial solution.

Indeed, let gy be a solution of the homogeneous equation (9.10). On the basis of The-
orem 8.1 and (9.10) the vector V(x) = Z)(x, g,) is a regular solution of problem (11)5“,0.
Using Theorem 6.1, the problem (11)3,0 has only the trivial solution, that is

Vx)=0 forxeR™. 9.11)

On other hand, by Theorem 8.1 and (9.11) we get {V(z)}” =0 forz € S, i.e., the vector
V(x) is aregular solution of problem (1) . On the basis of Theorem 6.2, the problem (1),
has only the trivial solution, that is,

Vx)=0 forxe 2. 9.12)
By virtue of (9.11), (9.12) and identity (8.1) we obtain
2(2) = PO, mV(@)} — [PD,,mV@} =0 forzes.

Thus, the homogeneous equation (9.10) has only a trivial solution and therefore (9.9) is
always solvable for an arbitrary vector f.
We have thereby proved

Theorem 9.3 If S € C27 fe C*7'(S),0 < p' < p < 1, then a regular solution of prob-
lem (II):{ ¢ exists, is unique and is represented by single-layer potential (9.8), where g is a
solution of the singular integral equation (9.9) which is always solvable for an arbitrary
vector f.

Problem (/ )(I ¢+ We seek a regular solution to problem (/ )(1 ¢ in the form
Ux)=ZP(x,h) forxe 2, (9.13)
where h is the required four-component vector function.

Obviously, by Theorem 8.2 the vector function U is a solution of (2.6) for x € £2~.
Keeping in mind the boundary condition (5.6) and using (8.2), from (9.13) we obtain, for
determining the unknown vector h, a singular integral equation

K®h(z) =f(z) forzeS. 9.14)

It has been proved above that the corresponding homogeneous equation (9.10) has only the
trivial solution. Hence, it follows that (9.14) is always solvable.
We have thereby proved

Theorem 9.4 If S € C>7 fe C'"7'(S),0 < p' < p < 1, then a regular solution of prob-
lem (I)q ¢ exists, is unique and is represented by double-layer potential (9.13), where h is a
solution of the singular integral equation (9.14) which is always solvable for an arbitrary
vector f.
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10 Concluding Remarks

1.

In this paper the linear theory of viscoelasticity for Kelvin—Voigt materials with voids
(see, Iesan [31]) is considered and some basic results of the classical theory of elas-
ticity are generalized. Indeed, the explicit expressions of fundamental solution of the
system of equations of steady vibrations is constructed by means of elementary func-
tions. The Green’s formulas in the considered theory are obtained. The representation
of a Galerkin type solution is presented and the completeness of this solution is estab-
lished. The formulas of integral representations of Somigliana type of regular vector
and regular (classical) solution are obtained. The Sommerfeld-Kupradze type radiation
conditions are established. The basic properties of elastopotentials and singular integral
operators are given. The uniqueness and existence theorems for classical solutions of the
basic BVPs of steady vibrations are proved by using of the potential method (boundary
integral method) and the theory of singular integral equations.

. In the present paper the basic properties of plane harmonic waves in the linear theory

of viscoelasticity for Kelvin—Voigt materials with voids are established. There are two
(P; and P,) longitudinal and two (SH and SV) transverse attenuated plane waves in the
Kelvin—Voigt material with voids.

. It is possible to investigate the basic BVPs in the linear theory of thermoelasticity for

Kelvin—Voigt materials with voids (see, Iesan [31]) by using potential method and the
theory of singular integral equations.

. By virtue of Theorems 9.1 to 9.4 it is possible to obtain numerical solutions of the BVPs

of the linear theory of viscoelasticity for Kelvin—Voigt materials with voids by using of
the boundary element method.
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