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Abstract. The purpose of this paper is to consider two-dimensional version of the full coupled
theory of elasticity for solids with double porosity and to solve explicitly the Dirichlet and
Neumann BVPs of statics in the full coupled theory for an elastic plane with a circular
hole. The explicit solutions of these BVPs are represented by means of absolutely and
uniformly convergent series. The questions on the uniqueness of a solutions of the problems
are established.
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Introduction

Many geothermal fields are naturally fractured systems. Classic double porosity
models the flow between matrix and fractures, under the hypothesis that petrophysical
properties are uniform in each medium. Fractures have the largest permeability and
drive the fluid toward the wells. The matrix, with smaller permeability, only acts as
a source of fluid for the fractures. Double porosity models can be classified as special
cases of this general theoretical concept, applicable to all class reservoirs. The matrix
blocks surrounded by fractures can have several geometries and any size. Fractures have
very little storage, but provide the high permeability conduits to drive the fluid toward
the wells. Matrix blocks have higher porosity and constitute the largest storage, but
have smaller permeability, acting only as a source of stationary fluid for the fractures.

A theory of consolidation with double porosity has been proposed by Aifantis.
This theory unifies a model proposed by Biot for the consolidation of deformable single
porosity media with a model proposed by Barenblatt for seepage in undeformable media
with two degrees of porosity. In a material with two degrees of porosity, there are two
pore systems, the primary and the secondary. For example in a fissured rock (i.e.a mass
of porous blocks separated from each other by an interconnected and continuously
distributed system of fissures) most of the porosity is provided by the pores of the
blocks or primary porosity, while most of permeability is provided by the fissures or
the secondary porosity.

The physical and mathematical foundations of the theory of double porosity were
considered in the papers [1]-[3]. In part I of a series of paper on the subject, R. K. Wil-
son and E. C. Aifantis [2] gave detailed physical interpretations of the phenomenological
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coefficients appearing in the double porosity theory. They also solved several represen-
tative boundary value problems. In part I of this series, uniqueness and variational
principles were established by D. E. Beskos and E. C. Aifantis [3] for the equations of
double porosity, while in part IIT Khaled, Beskos and Aifantis [4] provided a related
finite element to consider the numerical solution of Aifantis’ equations of double poros-
ity (see [2],[3],[4] and the references cited therein). The basic results and the historical
information on the theory of porous media were summarized by Boer [5].

However, Aifantis’ quasi-static theory ignored the cross-coupling effect between the
volume change of the pores and fissures in the system. The cross-coupled terms were
included in the equations of conservation of mass for the pore and fissure fluid and in
Darcy’s law for solids with double porosity by several authors [5,9]. In [10] the full
coupled linear theory of elasticity for solids with double porosity is considered. Four
spatial cases of the dynamical equations are considered. The fundamental solutions
are constructed by means of elementary functions and the basic properties of the fun-
damental solutions are established. The fundamental solution of quasi-static equations
of the linear theory elasticity for double porosity solids is constructed and basic prop-
erties are established in [11]. In [12-15] the explicit solutions of the problems of porous
elastostatics for an elastic circle and for the plane with a circular hole are constructed,
the uniqueness theorems for regular solutions are proved and the numerical results are
given for boundary value problems. Explicit solutions of the BVPs of the theory of
consolidation with double porosity for the half-plane and half-space are considered in
[16,17].

The purpose of this paper is to consider two-dimensional version of the full coupled
theory of elasticity for solids with double porosity and to solve explicitly the Dirichlet
and Neumann BVPs of statics in the full coupled theory for an elastic plane with
a circular hole. The explicit solutions of these BVPs are represented by means of
absolutely and uniformly convergent series. The questions on the uniqueness of a
solutions of the problems are established.

Basic equations and boundary value problems

Let D be a plane with a circular hole. Let R be the radius of a circle with the
boundary S centered at point O(0,0). Let us assume that the domain D is filled with
an isotropic material with double porosity.

The system of homogeneous equations in the full coupled linear equilibrium theory
of elasticity for materials with double porosity can be written as follows [6,10]

pAu + (A + p)graddiva — grad(Bipr + Bap2) = 0, (1)

(k1A = y)p1 + (k12A +7)p2 = 0,
(2)
(k21A + ’Y)Pl + (/f2A — ’Y)p2 =0,

where u = u(uy,us)7 is the displacement vector in a solid, p; and p, are the pore
and fissure fluid pressures respectively. (; and [y  are the effective stress
parameters, v > 0 is the internal transport coefficient and corresponds to fluid trans-
fer rate with respect to the intensity of flow between the pore and fissures, A, u, are
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K12 R21

kio = —, ka = —-. p is the fluid viscosity,

C . K
constitutive coefficients, k; = — —

/o
and ks are the macroscopic intrinsic permeabilities associated with matrix and fissure
porosity, respectively, k15 and kg, are the cross-coupling permeabilities for fluid flow
at the interface between the matrix and fissure phases, A is the 2D Laplace operator.
Throughout this article it is assumed that (7 + 82 > 0, and the superscript "T”
denotes transposition.

Introduce the definition of a regular vector-function.

Definition. A vector-function U(x) = (uq,ug, p1,p2) defined in the domain D
is called regular if it has integrable continuous second derivatives in D, and U(x)
itself and its first order derivatives are continuously extendable at every point of the
boundary of D, i.e., U(x) € C}(D)(CYD); x € D, x = (x1,73). Note that in
the domain D the vector U(x) additionally has to satisfy certain conditions at infinity.

Note that system (2) would be considered separately. Further we assume that p; is
known, when x € D.

Supposing

(pl(x) ) _ ( koA —v = (k12A +7) >¢(X>
p2(x) —(katA+7) kA -y ’
where ¥ = (¢1,19) is a four times differentiable vector function, we can write the

system (2) as
(A + AP Ag;(x) = 0. (3)

With the help of (3) we find the solution of system (2) in the form
Pi(x) = ¢(x) + Aipi(x), pa(x) = (%) + ¢1(x), (4)
where

— kA2 kgt b
Ap=0, (A+A)p =0, A =__"12001_ 2
p=0 (B =0 A= e T T

ko
kikg — kigkay

ki > O, ko > O, v > O, kiko — kiokoy > O, ko > 0.

Al =1 =1\, t =V =1, ko = ki + ky + k1o + koy;

Let us substitute the expression  [1p; + fops  into (1) and let us search the
particular solution of the following nonhomogeneous equation

pAu + (A + p)graddiva = grad[(By + B2)¢ + (A1S1 + B2) 1]
It is well-known that a general solution of the last equation is presented in the form
u(x) = v(x) + vo(x), (5)
where v(x) is a general solution of the equation

PAV + (A + p)graddivv = 0, (6)
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and vo(x) is a particular solution of the nonhomogeneous equation

A
grad | (81 + B2)po — W% ) (7)
1

vo(x)

:)\—i-Q,u

where g is a biharmonic function AApy =0 and Agy=¢, Ap=0.

So it remains to study the problem of finding the functions p;(x), j=1,2.

We consider only the exterior boundary value problems. The interior one can be
treated quite similarly.

The basic BVPs in the full coupled linear equilibrium theory of elasticity for mate-
rials with double porosity are formulated as follows.

The Dirichlet BVP problem. Find a regular solution U(u, py,ps2) to systems
(1) and (2) for x € D satisfying the following boundary conditions:

u=1(z), p(z)=fs(z), pz)=/fuz), z€eS5; (8)

Note that for the domain D the vector U(x) additionally has to satisfy the following
decay conditions at infinity

where o(.) and O(.) are Landau’s notion.
The Neumann BVP problem. Find a regular solution U(u, p;,p2) to systems
(1) and (2) for x € D satisfying the following boundary conditions:

0 0 0
P(5on) U@ =t0) fonls) = o) fom@ = fila) z€S, (10
where f(z), and f;j(z), j = 3,4, are known functions, n(z) is the external unit
normal vector on S at z and P <’ n | U is the stress vector in the considered theory
b
P 3n Uu="T 3n u—n(Sip1 + Fap2) (11)
ax7 - aX’ 1P1 2P2),

0 . . . -
T (8_’ n) u is the stress vector in the classical theory of elasticity,
X

9 9 2
T (a_x’ n) u(x) = M(?_nu(x) + Andivu(x) + u;ni(x)gmdui(x).
Vector U(x) additionally has to satisfy the following decay conditions at infinity

JU(x)
(9:18]-

U(x) = O(1), =O(|z]™?), |zP=27+23 j=1,2 (12)
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The uniqueness theorems

For a regular solutions of the Dirichlet and the Neumann BVPs in D Green’s
formulas:

J1E(u,u) — (Bip1 + Bope)divu]dx = — [ uP(dy,n)Ud,S,
D s

/ {7v(p1 — p2)? + (kyg + ko1)gradp,gradp, }dx

J (13)

+ [ {igradn,? + kalgradps)*} ix =~ [ pP(0y. m)pd, s
D S

are valid, where

2 2
E(uﬂl)I(A+u)(divu)2+u<%_%) +M(0u2 8u1>.

9z, Dz Oz, | Ony
kl k12
op
P(l) (aX, Il)p = a_l’l’ P= (p17p2)‘
k21 k2

For positive definiteness of the potential energy the inequalities p >0, A+ p >0
are necessary and sufficient.

Now let us prove the following theorems.

Theorem 1. The Dirichlet boundary value problem has at most one reqular solution
in the infinite domain D.

Proof: Let the first BVP have in the domain D two regular solutions UY and U®.
Denote U =UW —U®. The vectors UY and U® in the domain D must satisfy the
condition (9); In this case formula (13) is valid and U(x) = C, x € D, where C'is a
constant vector. But U on the boundary satisfies the condition U = 0, which implies
that C' =0 and U(x) =0, x € D.

Theorem 2. The reqular solution of the Neumann boundary value problem U =
const in the infinite domain D.

Proof: For the exterior second homogeneous boundary value problem the vector U
must satisfy condition at infinite (12). In this case, the formulas (13) are valid for a
regular U. Using these formulas, we obtain

U1 = C1 — ETg, Up = Co+ €Ty, p; =py=const, xe€D,
where ¢, ¢, € are constants. Bearing in mind (12), we have ¢ = 0, and

Uy =1, Ug = Cy, P = py =const, xe€D.
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Explicit solution of the Dirichlet BVP for a plane with circular hole

A solution of system (2) with boundary conditions  pi(z) = f3(z), p2(z) =
fia(z), z €S issought in the form (5), where the functions ¢ and ¢; are unknown
in D. On the basis of boundary conditions we reformulate the problem in question as
follows

o(z) = z), ¢i(z) =M(z), z€S, (14)
where

h= kiowﬁ ko) fs + (o + ki) £,

(15)
1
ko

Obviously the function ¢ is solution of the equation Ap = 0 and it is represented
in the form of the following series ([19], p. 281)

hy (k1 + k1) (fa — f3).

o= (%) (Y- v(), (16)

where
v = (coskip,sinky), Yo =(A40,0), Ag= - [ h(0)do,

2 27
1 1
Ay = —/h(@) cos kOdf, By = —/h(@) sin k0d6.
s
0 0

™

The regular metaharmonic function ¢; in the domain D can be written as follows (
18], p. 99)

p1(x) = D Ki(hop)(Zy - vi(¥), (17)

k=0

where Kji(M\gp) 1is a modified Hankel’s function of an imaginary argument, with the
index k.

Ki(Aop) = 0, p— 005 vy = (cosky,sinky);  Zy = (Cy, Dy); Zo = (Co,0);
Cy, Ck, D, are the unknown quantities.

The function hy(z) in (15) can be represented in a Fourier series. Keeping in mind
(17) and boundary conditions (14) we obtain the values of Cj and Dy,

21 21

1 1

= — - - 1
Co= 5 Ko0uR) / (6)dd,  Cy=— KoOuR) / hi(0) coskOdo,  (18)
0 0



Tsagareli I., Bitsadze L.

2

1
Dy = ———— [ hi(0)sin k6do.
F WKk(AoR)/ 1( >Sln
0
If we substitute the values of ¢ and ¢; into (4), we find the functions p;(x) and

A solution v(x) = (v1,v2) of homogeneous equation (6) is sought in the form [14]

po(x) in D.
0 0P5
— (P, + Dy — —2
(%] (X) a$1 [ 1+ 2] 81'2 )
(19)
0 0P3
= —|P P i
’UQ(X) (9,]72[ 1+ 2] + 8:1;1 )
where ®;, ®, and ®3 are scalar functions,
AP =0, AADP, =0, AAD; =0,
0 0
A+2u)—ADPy — p—AP3; =0
¥ 20) g A = hig A8 =0, (20)

6(131

(A +2p) o
(21)

Taking into account (5) and boundary conditions (8), we can write

is the known vector; ¢(z) and ¢;(z) are defined by

where W(z) = f(z) — vo(2)
(22)

(f) (i wi(),

equalities (14). On the basis of equation Agg = ¢ the function ¢y is represented in

the following form
RS 1
T4 2 1—k

vo(z)

where Yy, is defined by (16).
In view of (20) we can represent the harmonic function ®;, biharmonic functions

®5 and P53 in the form
o0 R k
( ) (X1 - v (),

(I)lzz -

k=0
(23)

D, = IiRz (g) - (X2 - Vi (1)),

2 9 o0
o, = FA+20)
H =

0 (f) (X - (),
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where Xy = (Xkir, Xgi2), k = 1,2 are the unknown two-component vectors,
vy = (coski,sin k), s, = (—sin ki, cos k). Using the formulas

9, 0 mng 0 9, 0 mn 0

o~ "Mop " o0 om op " p 0w
the boundary conditions (21) are rewritten in the form
vn(2z) = VU, (2), vs(z) =Vs(z), z€S, (24)

where v, and W, (z) are the normal components of the vectors v = (vy,v) and ¥ =
(U1, Uy) respectively; vs and W,(z) are the tangent components of the vectors
v = (v1,v2) and ¥ = (U, Uy) respectively. Substituting the equalities (19),(23) into
(24), we get

0 10

8p(<bl + ,) — ;%(Dg,

Unp =

_19
p oY

U, =V +noVWy, V,=-—noV;+n Vs,

0
Vs (D1 + @y) + —Ds,

dp

I )
n= (n17n2)7 5 = <_n27n1)7 ny = ?7 ng = ?

Let us expand the functions W, and WV, in Fourier series, that Fourier coefficients
are v, and Oy :

Yo = (701,0)7 Y = (%1,%2)7 00 = (50170), O = (5k1,5k2),

2w 2w
1 1
Yo1 = — / \I/n(g)dg, 501 = —/\I/S(G)dﬁ,
™ ™
0 0

X (26)

Y1 = —
s

0\57

21
1
U, (0) coskfdl, oy = — / U, (0) cos kOdO,
T
0

Y2 =

N | =
3=

27 27
/\115(9) sin k0df, o = /\Ifn(e) sin kOd6.
0 0

If we substitute (25) into (24), then obtained into (26), then passing to limit as p —
R, for determining the unknown values we obtain the following system of algebraic
equations whose solution is written in the following form:

R R(Yi + Ok
Xou:% , X ‘—M[Zu—k(z\—ku)k]

_ _ iR
2 T 0k + 3p)

]{: Y
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doi R (Vei + Oki) 1t )
Xogi = 28 Xy =~ TORIE 19 k=1,2,....
02 29RO+ 3u)”

Thus the solution of the Dirichlet boundary problem is represented by the sum (5) in
which v(x) is defined by means of formula (19), v (x) by formula (7), ¢o(x) by formula
(22) and ¢4 (x) by formulas (17) and (18). It can be proved that if the functions f and
fj» J = 3,4 satisfy the following conditions on S

fe C3(S), fieCS), j=34,

then the resulting series are absolutely and uniformly convergent.

Explicit solution of the Neumann BVP for a plane with circular hole

We sought the solution of the Neumann BVP in the form (4), where the functions ¢
and 7 are unknown in the domain D. Taking into account formulas (4), the boundary
conditions can be rewritten as

op(z) dp1(z)
or ~ M2 R

=hi(z), z€S. (27)

h(z) and hy(z) are given by (15), where f3 = %, fi= s

Thus for the unknown harmonic function ¢ we obtain the Neumann problem, the
solution that is represented in the form of series ([19],p.282)

o == 30 (1) oty 29

k=1 P

where ¢ is an arbitrary constant; Yy = (A, Br),

2 2
1 1
A= — / h(0) cos kOdh, By = — / h(0) sin k6d6.
T T

0 0

The metaharmonic function ¢;(x) in the domain D can be written as (17), where

Z; = (Ck,Dy); Cy, Ck, Dy are the unknown quantities. Keeping in mind (15) and
boundary conditions (27), we obtain the values of Z;, Cj and Dy

2
Co= 27erK (WR / h (6 Cr = m / hi(0) cos k0df,  (29)
0 0
2
Dy, = m/mw) sin k0d6,
where ’
KL() = OKy(§)  OKp(Aop) = MK (Mop),  Ki(AoR)#0, k=0,1,2,....

o¢ op
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Taking into account (10) the boundary condition (9) for T (a—, n) v(z) can be rewrit-
z

o t(2 0) v - 200, s "

where

2 2) = t(a) + n(@)api(a) + bela)] - T (5 0 volo

is the known vector, £ = (21,82); ¢ is defined by (28) and ¢; - formulas (17) and
(18); a=pi+ B2 b=Af+ B

Let us rewrite the boundary conditions (30) in the form

{T (%,n) v(z)]n = Q,(2), {T (%,n) V(z)} - 0, (z), (31)

where {T (8_’ n | v(z)| and ,(z) are the normal components of the vectors
Z n
0 0
T (6_’ n) v and (z) respectively; [T (8_’ n) V(z)] and Q(z) are the tangent
z z

0
components of the vectors T [ —,n | v(z)) and Q(z) respectively.

0z’
o ]
T (a’ “) V)|

()] o255

= (A+p) {
(32)

O,(z) = f.(z) — {T (%,n) vo(z)] , z€S.

S

v, and v, are defined from (25), vq is defined by means of formula (7), where function
wo(x) is the solution of equation Apy = ¢ and represented in the form [14]

o(x) = _f k(1 1_ 1) <§>k_2(Yk vi(¥)),
K—2

r

Y} are defined in (28); ¢; is an arbitrary constant.

Let us expand the functions €2, and (), in Fourier series, those Fourier coef-
ficients are vy = (Vk1,Vk2) and Op = (g1, dk2). Taking into account the formulas
(25),(23) and (32), then passing to limit as p — R, for determining the unknown
values we obtain the following system of algebraic equations



78 Tsagareli 1., Bitsadze L.

kX +2u(k + 1)) X1+

A+ 20
i

A+ 2
k) — Nk R? {k’ + %(2 — k)} } Xioi = i R?,

{<A+2m<1 Bkt

Opi R?

9
At M(k2—3k+2)]Xk2i: -

1

—k(1 + 2k) Xp1; + R? [k:(?) —2k) +
i=1,2, k=12,

where y;; and dy; are the Fourier coefficients of normal and tangential components of
the vector €2(z) respectively.
We assume that the functions f and f;, (j = 3,4) satisfies the following conditions
on S
fe C?(S), fj € C*(S), j=34.

Under these conditions the resulting series are absolutely and uniformly convergent.
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