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Abstract—This paper is concerned with the problem of point force and point charge applied in the
interior of an infinite two-phase transversely isotropic piezoelectric solid. Based on the general
solutions, by using the method of the image source, a series of displacement functions are
constructed. The Green’s functions are obtained when arbitrary constants are determined by the
boundary conditions on the interface. Furthermore, we reduce the present solutions to the extension
of Mindlin results and of Lorentz results for semi-infinite transversely isotropic piezoelectric
materials by suitable substitutions of boundary conditions on the interface. © 1997 Elsevier Science
Ltd.

1. INTRODUCTION

In recent years, intelligent or smart structures and systems have become an emerging new
research area. Piezoelectric material, due to its characteristic direct-converse piezoelectric
effect, has naturally received considerable attention. The fundamental solutions or the
Green’s functions can be used to construct many analytical solutions of practical import-
ance. They are also very important in the areas of study such as point defects, inclusion
particles in materials and, especially, the boundary element method.

For isotropic infinite media, the point force solutions are just the well known Kelvin
results. With regards to the transversely isotropic solids, Pan and Chou (1976) have made
key contributions to the point force solutions for an infinite body. They obtained the
solutions for both the two different cases of the eigenvalues of materials by using a
complicated general solution. Much earlier than this, Hu (1956) had also obtained the
point force solutions for an infinite transversely isotropic solids. Regarding the study of
Green'’s functions for piezoelectric media, Chen (1993) and Chen and Lin (1993) expressed
the infinite body Green’s functions and their derivatives of first and second degree as the
contour integrals over the unit circle by using three-dimensional Fourier transforms. Dunn
(1994) gave an explicit sclution for the Green’s functions for an infinite transversely
isotropic piezoelectric solid by taking Radon transforms, coordinator transformation and
evaluation of residues in sequence. Regarding the plane problem, Lee and Jiang (1994) have
obtained a fundamental solution for an infinite plane by using double Fourier transforms.

The point force solutions for an isotropic half-space had been obtained by Mindlin
(1936) and have been widely referenced. The formula and developing processes of the
Mindlin solutions and their applications can be found in the publications of Lure (1964)
and Brebbia (1984). Phan-Thien (1983) showed that Lorentz’s result could be further
extended to the problem of a point force applied in the interior of a half-space involving a
fixed plane boundary. Pan and Chou (1979a) had obtained the Green’s functions for a
transversely isotropic half-space for both the two cases of eigenvalues. With regard to
piezoelectric media, Wang and Chen (1994) had studied the problem of concentrated
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forces normal to the plane of isotropy applied at the boundary of a transversely isotropic
piezoelectric half-space. Wang and Zheng (1995) had obtained the solutions to the problem
of concentrated forces parallel to the plane of isotropy applied at the boundary of the
piezoelectric half-space. Sosa and Castro (1994) had obtained the solutions to the problem
of concentrated loads at the boundary of a piezoelectric half-plane. Rongved (1955) and
Huang and Wang (1991) studied the problem of a point force applied in one of two bonded
semi-infinite isotropic solids. Dundurs and Hetenyi (1963) extended the study to two
semi-infinite isotropic solids in smooth contact. With regard to the transversely isotropic
materials, Pan and Chou (1979b) studied the Green’s functions for two-phase transversely
1sotropic materials and obtained closed-form solutions for all the four cases the eigenvalues
of the materials might happen to satisfy. Other works concerning this problem can be
found in the publications referenced in those papers. However, for transversely isotropic
piezoelectric media, either for a two-phase media or for a half-space media, the study of
the problem to point force and point charge applied in the interior of the medium has not
been published. This paper, based on the general solution, by using the method of the
image source, systematically studies the problem of point force and point charge applied in
the interior of an infinite two-phase transversely isotropic piezoelectric solid, and obtained
overall solutions. Furthermore, we obtained the extension results of Mindlin and of Lorentz
for a piezoelectric half-space.

For future reference, we quoted the linear constitutive relations for transversely iso-
tropic piezoelectric media as follows:

Ju ov ow 0

G =1y F O s ey
U ey > 9y 6z oz
Ju ov ow o)
O, =Cip5-+Cn 5t o-t+en o
ox Oy 0z 0z

du ov ow o)

Uz:C135+C]3a_y+C33_a~;+e}3/a;
oo ow o0

T, = Cqq —Z+a—y +€|5FV
du ow ¢

Tyr = Cyq4 WZ-+_X' +eISa

du ov ow ao
D:=€31§+e315+e33€£—533?}; )

where a,(t,), D,, u(v,w) and ¢ are the components of stress, electric displacement, mech-
anical displacement and electric potential, respectively ; ¢, e,; and ¢; are the elastic stiffness,
piezoelectric and dielectric constants, respectively.

According to Wang and Zheng (1995) and Ding er al. (1996), there are general
solutions of the coupled equations for the transversely isotropic piezoelectric media as
follows:
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where s, 55, 53 are the three roots of the characteristic equation defined in Ding e? al. (1966),
w is the displacement w and w, is the electric potential ¢ ; furthermore, functions ¥, satisfy
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in which A = (6*/0x?) + (6*/0)?), z; = sz and s = C4¢/Caa-
The coefficients «;, are given by
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where

my =&, (C)3+caa)tersles+es)
my = &33{¢,3+cqa)tes(es+e3)
My = €833+ Cas8y1 + (€15 +€3,)°
My = Cpie33+Cagl)s —(C13+Caa)(ers+e3,). (5)

Substituting eqn (2) into eqn (1), the expressions of stress and electric displacement
are given in terms of functions y;:
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where m =1, 2; 0,, 65, 1.1, T2, T,; and 1,, represent o,, D,, 7.., D,, 7,, and D,, and the
coefficients ¢, w,,, 3,, are given by
& = (30 +e32)8,— 12
Wy = C4450, Wy = €155
Wy = Caq(si+ o)+ ey52
Wp = eps(s;+ o) —& %
Bi = (3301 +e33%2)5,— €13
B = (€331 —&33%,)8,— €31 (7)
With regard to the problem of a point force or point charge applied in the interior of
a two-phase transversely isotropic piezoelectric solid with the interface parallel to the plane
of isotropy, a Cartesian coordinate system is chosen such that the xy-plane lies in the
interface and the point force or point charge is acting at the point (0, 0, #). Assume that the
two half-spaces are perfectly bonded, thus we have the boundary conditions on the interface
(z=0):
u=u, v=ruv, w,=w, (8a)
G = O-:*a Txe = t./xz, Ty = T;'zs D: = D; (8b)

where ()’ refers to the variables in the half-space z < 0 and the other ones refer to those in
the other half-space z = 0.

In the following discussion, the displacements and electric potential are expressed as
the sum of two terms, giving
u=u +u;
v=uv,4+0, (z20)
Wi = Wi +wm2: (m = 192) (9)
where u,, v, and w,,, correspond to the point force or point charge solutions for an infinite
piezoelectric solids ; w,, v, and w,,, are the terms of superposition in order to satisfy the

boundary conditions.
For future reference, we introduce a series of denotations :

’

z, =82, h,=sh, z,=¢5z,
zy=z+h, R;=./X"+y"+z..

z,=z—h, R,=X+y+z., (,j=0,1,2,3)

Zy=zi—h, Ry= ¥ +r+7 (10)

2. SOLUTIONS TO THE PROBLEM OF COMBINATION OF POINT FORCE P IN z
DIRECTION AND POINT CHARGE ¢

This is an axisymmetric problem. Assume

Yo =0, Y, =A;sign(z—h)In(R,+slz—hl), (i=123) 11
where R, = /r’+22, r* = x*+)7, and A, (i = 1,2,3) are arbitrary constants subject to
determination.

Substituting eqn (11) into (2) and (6) yields
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Consideration of the continuity of displacements u,, v, and stress 6., 6,1, T,,; Onz = h

yields
3
Y 4,=0. 2n
i=1

Then, on the neighborhood of the plane of z = A, we cut an elastic layer by using two
planes of z = h +¢. Consideration of the equilibrium of the elastic layer yields two additional

equations:
+ao P+
J‘ J‘ [azl(xayah+8)—O-zl(xﬂyah—g)] dde+P =0 (22)

—oC — o

ch J+m D (x,y,h+e)—D. {x,y,h—&)]dxdy—Q = 0. (23)

-0 J—x

Substituting eqn (20) into eqns (22) and (23), respectively, yields
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3
42y 8,4,—P =0 (24)
i=1

3
4n'y 9,4,4+0 =0. (25)
i=1

Solving the algebra eqns (21), (24) and (25), the constants A; (i = 1,2,3) can be
determined :

A4, = [P(922_932)+Q(92| —931)]/171
A4, = [P(932—912)+Q(93| —'911)]/b1

by =4n[(811 —331) (22— 832) — (821 = 951) (812 = 915)]
A3 = _Al _Az = [P(912~922)+Q(311 —921)]/171- (26)
Assume
Yo=0, Y, = i A;In(R;+z,), (i=1,2,3). 27

j=1

Substituting eqn (27) into (1) and (6) yields u,, v,, w,,;, stresses and electric displace-
ments. By adding these to the corresponding ones of egns (12)-(20), according to eqn (9),
we have

A;x

R 3
u= Z SIgn(Z h) Ru(Ru +5112_h|) +j;1 R'/(R’/+ZU):|

[
[ Ay

3
G g P2 ,,(R.,+z,,>}

3 Az 3 A.z..
o= —3 % (—+z—> (28)

where m = 1, 2, A, are known and A, are nine arbitrary constants subject to determination
by boundary conditions.
In the half-space of z <0, assume

3
Yo =0, ¥i=Y A,In(R;—z;), (i=123). (29)
=1

Substitution of eqn (29) into (2) and (6), respectively, yields the displacements, electric
potential, stresses and electric displacements as follows:
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3 Alx 3 34
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i; j=1 Rij(Rij_ZU) i=Zl ,';1 R/;j
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i=ZI j;l R(R;;—z}) 7 i; j; R'?j
3 3 4% 3 3 A7
Wy = — a:m :j’ a:n = '9:m s (30)
i; j=zl le i=zl jgl R’,zj
it follows from the boundary conditions on the interface stated as eqn (8) that
3 3
—A,»+ZAJ,-= ZA;,» 3D
J=1 j=1
3 3
aimAz'—Jf_ z aijji = - Z a;'mA;‘i (32)
j=1 Jj=1
3 3
—wyAi— Z wleji = Z w;’] A;i (33)
j=1 j=1
3 3
‘gimAi_ Z Sijji = - Z ‘9;mA}i (34)
j=1 j=1

where i=1,2,3and m =1, 2 and 2, @}, I, (i =1,2,3,4,5,m = 1,2) are defined the
same as eqns (4) and (7) except that the material constants are replaced by the corresponding
ones in the half-space of z <0, and 4;;, 4, (i,j = 1,2,3) are arbitrary constants that can
be readily determined by the above algebra equations with eqns (31)—(34).

3. SOLUTIONS TO THE PROBLEM OF POINT FORCE T IN x DIRECTION

Assume
Dyy
l/IO - R00+S0|Z——h|
D,x
P — | = 35
b= g e (=129 (35)

where D, (i = 0,1,2,3) are arbitrary constants subject to determination. Substitution of
eqn (35) into (2) and (6) yields

1 2
D y
U, = — — — —
‘ ° [Roo +50|z— Al Roo(Roo+so|z—h|)2]

3 1 %2
D, | = — 36
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D;
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Dyxy

3
vy = — ——— —xy Yy
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(37

3
W, = —sign(z—h)x ; %m R(R.+s]z—"]) (38)
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The consideration of the continuity of the components w,, ., and 1,,, on z = k yields
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i

3
aimDi = 0, (m = 1,2) (45)
=1

3
wOmDO + Z wile' = O’ (m = ]92) (46)

i=1

Substituting the expression of ,, as shown in eqn (7) into eqn (46) and further using
eqn (45), the two equations of (46) all become

i 5D, =0. (47)

Still, considering the equilibrium of an elastic layer cut out by two planes of z = ~+e¢
on the neighborhood of the plane of z = 4 yields an additional equation, giving

J | f [0 (6, v, ht8)— 1,y (%, v h—)] dx dy+ T = 0. (48)

-0 bty ¢!

Substituting eqn (42) into (48) yields
3
27‘[C44SOD0"2ﬂ z (U,-]Di+T= O (49)
i=1

By solving eqns (45), (47) and (49) the constants D, (i = 0,1, 2, 3) can be determined,
giving
Dy = —T/(4nc,ss,)
Dy = (oty,0030 —03,02,) T/b
D, = (013,00, — 0y, 23,) T/b,
Dy = (o000 — 0ty %,2) T1h,

by = Amcas{s (o) %32 — 031022 ) 452 (03 102 — 06y X3 ) + 83 (%)  Xap — 21 0y2)]. (50)
Assume
o = Dyoy
Rop+ 200
3 Dyx

l//i=z

| = 3). 51
Y Rtz (=123 (51)

Substitution of eqns (51) into (2) and (6) vyields u,, 5, w,,, stresses and electric
displacements. By adding these to the corresponding ones of eqns (36)—(44) according to
eqn (9), we have

2| s ]
u= — = — —
"L Roo+Solz=hl  Rog(Roo +50lz—h|)?

1 ¥ 2 1 x*
Roo+t2o0  Ryo(Roo+200)>] i1 Ri+silz—hl  R.(R.+s|z—h|)’
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where m = 1, 2; Dy, D, (i = 1,2,3) are known and Dy, D;; (i,j = 1,2,3) are 10 arbitrary
constants subject to determination by boundary conditions.
In the half-space of z < 0, assume

, (=1,2,3) (53)

, Loy -
Vo=——y Y=
j=1

00 —Zo0

i
I ’
Rij+z;

Substitution of eqn (53) into (2) and (6), respectively, yields the displacements, electric
potential, stresses and electric displacements as follows:

1 y? ] 3 [ 1 x? }
— Ly | o — + Ly| -
" [Roo—Zoo Riyo (Rio — o) ZZ " R;—z,  Ry(R,—z,)
3 /

Y= — , 00Xy Xyzz

OO(R:)[)—ZIO()) i=1/=1 R (R ;j)z
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1 y: y
VR " (. A
Txm - wOmLOO [ , (R/ _Z/ ) ’3 , , 2 ’ ’ 2
001200 00 R'30(Roo —200)  R'Go(Roo—200)

3 3 1 2 2
+Zw:,,,2L;j[ X X }

Ry(R;—z)  RUR,—z)) RIRy—z,)>
s s 7 1 1
T m = —wOme’ {LOO |: , , , + }}

’ R 30(Roo—200)  R'3g(Riyo—2z00)

3 3 1 1
=Xy ), W ), Lj [ + }
f; j; "LRAR,—z)  RAR,—z,)°

i

3 N 4
a;zxZS;mzf‘i
i=

1 j=1 R’f,-

(54)

Similarly, it follows from the boundary conditions on the interface stated as eqns (8)
that

Do+ Dyo = L(}o (55)
3 3
D+ Z Dji = L}i (56)
=1 j=1
3 3
Ui D — Z WDy = Z & Ly (57)
j=1 i=1
o1 (Dgo— Do) = — w1 Lo (58)
3 3
—wy D+ Z wy Dy = — Z wj L (59)
j=1 j=1
3 3
SimDi+ Z 9ijji = Z S;mL;. (60)
i=1 i=1

where i =1,2,3, m=1,2; Dy, Dy, Ly and Lj; (i,j = 1,2, 3) are arbitrary constants that
can be readily determined by the above algebraic equations.

4. SOLUTIONS FOR SEMI-INFINITE TRANSVERSELY ISOTROPIC PIEZOELECTRIC
MEDIA

From the above results, we can obtain the extension of Mindlin results in elasticity
and of Lorentz results easily.

4.1. Extension of Mindlin results

For this case, the terms on the right-hand side of eqn (8b) are equal to zero, that is,
0., =0,1,, =0,1,, = 0and D; = 0. By setting the right-hand side of eqns (33) and (34) to
zero, respectively, 4;; can be readily determined by the 9 algebraic equations. Similarly, we
can determine D;; by eqns (58)—(60), so they can be conveniently solved as follows :
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Ay = A,(32,95,0,, —32,85,01) — 91,3302, + 911330, + 312,904 — 31 82,05, )/4d,
Ay =24,(81,9:5: =8, %), /d,
Ay =24,(9,%,,— 8.9, )w,,/d,
A =2A45(951935, — 95,83 ) w,, /d,
Ay = A (32235,0,, — 35, 85,0, + 3153505, — 3,1 35,w, + 312905, — 3, 3,w5,)/d,
Ay = 245(91195: = 912%)w,, /d,
Az =2A45(95,93: — 82,951 wy, /d,
Ay =24:(830,95, — 8,135, w4,/d,
Ass = A3(35:35,00, — 35,135,000, — 31:95,02 + 911 35,0, — 31285, 05, + 811 3m5,)/d,
d, = 822931011 — 921953011 — 8128530031 + 811952002, + 81203 03, — 911905, (61)

Dy = Dy
Dji = DiAji/fAia (I’J = 13 2’ 3) (62)

4.2. Extension of Lorentz results

For this case, the terms on the right-hand side of eqn (8a) are equal to zero, that is,
w=0,v=0,w, =0and ¢’ = 0. We can set the right-hand sides of eqns (31), (32) and
(55)—(57) to zero. We can hence determine the constants of 4, and G;.

5. CONCLUSIONS

1. The above solutions are restricted to the case of s, #s #s5; %5 and
51 # 55 # 55 # 7. For other cases of multiple roots, the general solutions have not been
discussed in Ding et al. (1996), their expressions are given in Appendix A. The fundamental
solutions for infinite media and the Green Functions for the two-phase media are listed in
Appendix B.

2. If the two half-spaces are in smooth contact, the boundary conditions on the
interface are:

Wy = Wiy O = Oy {(m=1,2)

Toe = Toe =Ty = Tpe = 0. (63)

Following the same approach as above, the arbitrary constants A;;, 4};, Dy, D;;, L, and
L;; can also be determined by the boundary conditions stated as eqn (63). We thus obtain
the solutions for two smooth contact semi-infinite transversely isotropic piezoelectric solids.
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APPENDIX A: THE GENERAL SOLUTIONS FOR THE CASES OF MULTIPLE ROOTS

The determinant of the characteristic eqn (c7) in Suo et al. (1992) is a third-order polynomial in p?, it is easy
to verify that the equation can be written in the following form

—ap®—bp*—cp*—d =0 (A-1)

where a, b, c and d are the functions of ¢, e;;, &;; they are defined in Ding er al. (1996). It is obvious that if we set

p* = — s, the above equation becomes

as®—bs*+cs—d=0, (A-2)
which is just the eqn (32) in Ding ef a/. (1996). According to Suo er al. (1992), eqn (A-2) can be written
(57 —a?)(s* —2p&s* + &Y = 0. (A-3)
For stable materials, they are restricted so that
«>0, £>0, p>—1. (A-4)

From egn (A-3), we have

2
_ [ (Y (1Y )
o

These expressions ensure that Res; >0 (i =1,2,3).

From eqns (A-5) and (A-4), we can get some useful attributes of s;: when p > 1, s, > 0 and s, > 0; when
p=1,5,=5,=¢>0;when —1 < p < 1, 5, and s; are a conjugate pair, and it is impossible to change them into
pure imaginary roots; whenp = land & =, 5, = 5, = 5, = «.

The general solutions can also be expressed in terms of some ‘‘harmonic™ functions for the cases of multiple
roots of 5;. After performing similar derivations as what Ding ez al. (1996) have done for the case of 5, # s, # 53 # 5,
we have

1. for the case of 5, # 5, = 53

R
dy  Ox  Ox 7 ax
Ny Gy O, n E

P o= — T -

ox dy Jy 72 dy
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o s AL

Wm=11m67+(1 2z, 226 +aafs, (m=12)
1

where

2(2¢4483383 —M3)s5, — (my —3m, 3oty

gy = 2
m; —MmMyS;
e — 2(2c4483353 — 14)s, — () = 3my53)2a,
Ogp =
m, —m,s?
2. forthecase of 5, =5, = &4
0y Oy o 6%y
v 8y T ax tz Yax +a ' 6x 0z,
oo By, o, 0N,
6x+6y+l6 d 8y 0z,
a é &
o = i G40 Sl 2] 4, P i, (= 1.2
1 ZT Zy

where

2[3my (o) +041)5T — Mm%y + (64483357 —m3)81]

x5y = 2
—h,S)

_ 2PBmy (s +045)8T — M oy + (60444557 —M14)5,]

sy =

m —m,s;

The functions ¥, appearing in eqns (A-6) and (A-8), are also satisfied with eqn (3).

APPENDIX B: SOLUTIONS FOR THE CASES OF MULTIPLE ROOTS

Bl. Solutions to the problem of combination of point force P in z direction and point charge Q

(A-6)

(A-T)

(A-8)

(A-9)

a. When s, # s, # 5, # §, in the half space of z > 0, the components of mechanical displacements, stresses,
electric potential and electric displacement are expressed as eqn (28). In the half-space of z < 0, the components

are expressed differently in three cases:
al. when s # 55 # 5% # 5], they have been solved ;
a2. when s} # 55 = 5%, assuming

3 ) , 3 R,
Vi=Y Biln(Ry—z,), (i=12); ¢i=7Y =7
=1 J=1R2/

a3. when 5] = 5} = s}, assuming

’

3 3 Ci .
vi= Y Ciln(Ry—z3), ¥i= )Y 2=, (i=2.3).
i=1 i=1 Rz]

b. When s, # 5, = 53, assuming

2 B, .
W, = sign(z—h)B,In(R, +s)z—h)+ ¥ B,In(R,+z,)+ E}” (i=12)
i=1 i2

By 2 By Byzy
— + _
Ry SRy R},

‘l/3=

bl. when s| # s, # 53 # 5}, assuming

2 D’
=Y DjIn(R;—z))+ R:'*, (i=1,273);
j=1 i2

b2. when s| # 55 # 575, assuming

(B-1)

(B-2)

(B-3)

(B-4)
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v 2 v v
- 3 E33422,

2 . E , ,
Vi= Y E MR —z)+ 2> (=12, ¥j= Yo 1 (B-5)
i=1 i2 j=1 1% 32
b3. when 5| = 55, = 5%, assuming
s e v o G, &Gy Gz
Ui = ¥ GyIn(R,—z)+ == Y= Yt 2 (1=2,3). (B-6)
j=1 12 j=14%y R’I2
c. When s, = 5, = 5,, assuming
. C Ciyz
¥, = sign(z—k)C, In(R,, +§,z—h))+ C,, ln(RH+zH)+R—u+—II%
11 1
¢ G Cz 327 1
o e ( H‘“)» (=23 (B-7)
no Roopy, R i
cl. when s} # 55 # 55 # 5], assuming
no Hizioo
Y= H In(R), —z))+ - + ——  (i=1,2,3); (B-8)
er R/3
il
c2. when s # 55 = 55, assuming
A V4
vi=JhIn(R) )+ 25+ TN (=1,2)
i R}
J A 3273 1
Wy = o *’+Js3( "——): (B-9)
1 R RS R3
c3. when 57 = 55 = 53, assuming
K\, Kj,z
U= K IRy =)+ o+ T
11 R’?l
K, Kz 3272 1
w;=f)+—2“+K;g( ,A) (i=2,3). (B-10)
¥ Rr} 5 3
11 11 11

B2. Solutions to the problem of point force T in x direction

d. When s, # 5, # 53 # 5,, in the half-space of z > 0, the components of displacements, stresses, electric
potential and electric displacement are expressed as in eqn (52). In the half-space of z < 0, the components are
expressed differently in three cases:

dl. when s| # s, # 5% # /|, they have been solved ;

d2. when s} # 5% = 55, assuming

Mooy VR LMy
Vo= gt V= Y e (=125 W= Tt (B-11)
d3. when s} = s, = 54, assuming
Nooy Ny N .
R el =HR,U1‘;,U; w;:;m, (i=2.3). (B-12)
e. When s, # s, = 53, assuming
Vo = Eyy Eyy
Roo+50lz—h|  Roo+2oe
2
vi= Rl.,+iliz—h| +,.:.Rffz,, R,Z(If:jj-z,z)’ (=12
s = sign(z—h) Exx Z Eax Eysx (B-13)

+
Ry:(Ryy +52|2—h) &4 Ry(Ry+220) R

3
22

el. when 5] # 55 # 55 # s}, assuming
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’
00

,
|//0 = 5 7
R+ 250

, 2 Ox Oi3x
Vi= X T R
i Zij 2(Ria—z})

’
i=1 if

(i=123); (B-14)

e2. when s| # s = s}, assuming

¥ = Pooy
0 - ’ ’

R+ 200

v = 2 Pux Pix

= T e o, ((=1,2
A Ry—z Ri(Rp—zia) )

: X Plox
PR T, U T3 (B-15)
: ; 2/(R2] —“Zj) R’;:

e3. when s; = s} = 5%, assuming

Vo= ot
00~ Zg0
X 13x
vim Y 2t CuY
=i Ry—2y 12(R12—273)
2 Oix Qix .
¥ YT TR . i=23) (B-16)
,;Rlz(Rll—zu) R3,
f. When s, = s, = s5,, assuming
Yo = Goy Gooy
’ Roo+solz—h|  Roo+zgo
G x G x Ghx G3x

= +
Vi Riy+si|lz—hl  Ru+zii  RL(R+2zyp) R,

. Gx G x Gox  Gpaxzy, .
Y, = sign(z—h) + + +— (=23 (B-17)
R (R +s11z—A]) * R (R +z1y) R3 5
f1. when 5| # 53 # 53 # 57, assuming
. S0y
Uy =?1m7
00 —Z00
Shx Shx Shx .
=T T ot (=123); (B-18)
v it~ 2 (R —zi) R}
f2. when s} # 55 = s}, assuming
0
Vo=
¢ Roo—z00
hx Thx Thx )
Tl v =12
v Ry —z}, A (R —z3) R'?l
31X Tiox | Thyxzy,
. S (B-19)
Vs R3\(Ry —25y) R3, 3
f3. when 57 = s, = 55, assuming
. Too)
II/O R;)(! 200
v, = Y X MY aX T)3X
YR - Ry (R +21)) R},
X ni2x+ﬂ13lel, (i=23). (B-20)

(= ot
v Ry (R —z211) /3 R,

il

Substituting eqns (B-1)—(B-20) into the general solutions of eqns (2) or (A-6) or (A-8), the expressions of
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mechanical displacement and electric potential are obtained, then by the constitutive relations the expressions of
stresses and electric displacement are obtained. Consideration of the continuity of displacement components , v
and stress components ¢,, 4,, T, on z = h, and of the equilibrium egns (22)—(23) will lead to the following
equations to determine the constants B; and C;

b. B +B,=0 4n3,,B,+47n(9,,B;+34,B;)—P=0 4rn3,B, +4n(8,,B,+9,,B:;)+Q =0 (B-2])
c. Ci=0 4n3,Ci+8,C+85C3)—P=0 4n(9,,C,+3,,C+33,C3)+0=0 (B-22)
where
B4 = [e33(@ay +24y) +e33(2; +240) 152
842 = [eas @2y +241) — €33 (222 +042)] 52
351 = [c33(2uq, +05)) + €3320, +3,)]5,
Bsy = [es3(20g; +as, ) —£33(2004, +255))s, (B-23)

Consideration of the continuity of w,, ,,, t,,, 0n z = 4 and the equilibrium eqn (48), the following equations
are obtained to determine the constants £; and G,

e Bt Ey—as,Ey =0, (m=12) (B-24)
2
WomEo+ Z OB — w4, By =0, (m=1,2) (B-25)
i=1
T
('4450E0—w“E.—w21E2+w4,E3+E=0 (B-26)

where

Wqy = €442 +Caqlla) + €504

Wey = €155y + €501 — €11 %42 (B-27)
Equation (B-25) can be simplified by virtue of eqns (7), (B-27) and (B-24)
0By + 51 E\ 453 E,—5,E5 = 0. (B-28)

The constants E; (i = 0, 1, 2, 3) can be determined by solving the algebra equations (B-24), (B-26) and (B-28).

f 2,6 — .G, —a5,G; =0, (m=1,2) (B-29)
©onGo+ Wi G ~ W4, Gy —05,G; =0, (m=1,2) (B-30)
T
5445060—601161+w4162+w5103+?n:0 (B-31)
where
Ws) = Cqlts; + €505,
Wsy = €15%5; — &y Usz- (B-32)

Equation (B-30) can be simplified by virtue of eqns (7), (B-29) and (B-32)
$0Go+35,(G,—G,) =0. (B-33)

The constants G, (i = 0, 1,2, 3) can be determined by solving the algebra eqns (B-29), (B-31) and (B-33).

After the constants of the fundamental solutions for infinite media are obtained, the constants of 4, and By,
A;and C;, ..., G; and nj; can be determined in pairs by the boundary conditions eqn (8). The control equations
for each pair of constants are similar to eqns (31)-(34) and (55)-(60). With Mathematica, such generation of

equations is easy and much more reliable.



