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Abstract: The Eshelby tensor for two-dimensional (2D) piezoelectric quasicrystal composites (QCs)
is considered. The explicit expressions of Eshelby tensors for 2D piezoelectric QCs are given using
the Green’s function method and the interior polarization tensor method, respectively. On this basis,
numerical examples of the Eshelby tensor for 2D piezoelectric QCs with ellipsoidal inclusions are
discussed in detail.
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1. Introduction

Quasicrystals are a new solid discovered by Shechtman et al. [1] in 1984 with unique
physical and mechanical properties. As a new solid structure, quasicrystals have many
ideal properties, such as low coefficient, low friction, low adhesion, low porosity and
high wear resistance [2,3]. Hence, they have broad application prospects. Ding et al. [4]
established the theory of quasicrystal linear elasticity. Fan [5] studied some problems
of quasicrystal fracture mechanics. Li et al. [6] studied the elasticity and dislocations in
quasicrystals with 18-fold symmetry. Wang et al. [7] investigated the elastic field near the
tip of an anticrack in a homogeneous decagonal quasicrystal.

With the advent of quasicrystal composites materials (QCs), piezoelectric QCs are also
favored by the majority of scholars. The piezoelectric effect is one of the important physical
properties of quasicrystals. The structure of piezoelectric QCs is much more complex
than that of QCs. Rao et al. [8] conducted theoretical research on the electro-elasticity of
quasicrystals. Altay and Dokmeci [9] gave the basic equations for the elasticity problem,
which laid a theoretical foundation for the study of piezoelectric QCs. Zhang et al. [10]
gave the general solution of the plane elasticity of 1D QCs with the piezoelectric effect.
Li et al. [11] expressed the 3D general solutions to 1D hexagonal piezoelectric quasicrystals.
Fan et al. [12] investigated the three-dimensional cracks in one-dimensional hexagonal
piezoelectric quasicrystals. Dang et al. [13] investigated the problem of anti-plane interface
cracks in one-dimensional hexagonal quasicrystal coatings. Fu et al. [14] obtain the Green’s
functions of two-dimensional piezoelectric quasicrystal half-space and bimaterials.

In recent years, the inclusion problems of QCs have attracted widespread attention
from many experts and scholars. Hence, many notable achievements have been made.
Wang [15] obtained an analytic solution for Eshelby’s problem of a two-dimensional inclu-
sion of arbitrary shape in a decagonal quasicrystalline plane or half-plane. Gao et al. [16]
studied the three-dimensional problem of a spheroidal quasicrystalline inclusion, which
is embedded in an infinite matrix consisting of a two-dimensional quasicrystal subject to
uniform loadings at infinity. Guo et al. [17] analysed an elliptical inclusion embedded in
an infinite 1D hexagonal piezoelectric quasicrystal matrix. Guo and Pan [18] studied the
three-phase cylinder model of 1D piezoelectric quasicrystal composites and predicted the ef-
fective moduli of the piezoelectric quasicrystalline composites. Wang and Guo [19] obtained
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the exact closed-form solution of phonon, phase and electric field stress in 1D piezoelectric
quasicrystal composites with the confocal elliptic cylinder model. Zhai et al. [20] investi-
gated the plane problem of two-dimensional decagonal quasicrystals with a rigid circular
arc inclusion under infinite tension and concentrated force.

In this paper, the Eshelby tensors are considered in detail by the Green’s function
method and the polarization tensor method. The analytical expressions are given for the
Eshelby tensors for elliptic cylinder and cylindrical inclusions embedded in a 2D decagonal
piezoelectric quasicrystal matrix. Meanwhile, a numerical example of the Eshelby tensor
for 2D piezoelectric QCs with ellipsoidal inclusion is also given. The effects of the inclusion
aspect ratio and material constants on the Eshelby tensor are discussed in detail, which are
critical to the research on the properties of the quasicrystal with inclusions. The results of
the calculated Eshelby tensor are sufficient to demonstrate the effects of the two methods.

2. Mathematical Formulation

In a fixed rectangular coordinate system (x1, X2, x3), the basic equations for the 2D
decagonal piezoelectric QCs are as follows [9,21]. The constitutive equations without
considering the body force are given by

011 = Ci1e11 + Croe + Cizess + Ry (wig + wpn) + Ro(wip — wyr) — e31E3,
02 = Cipe11 + Cr1€22 + Cizess — Ry(wiy + wop) — Ro(wio — wypr) — ez Es,
033 = Ci3e11 + Ci3e + Cazesz — es3k3,

023 = 032 = 2Cy4e23 — ey5Ey,

013 = 031 = 2Cyy€31 — e5Eq,

012 = 091 = 2Ce6€12 + Ry (a1 — wi2) + Ra (w11 + woy),

Hyy = Ry(e11 — €22) + 2Rze1p + Kywyy + Kywypo,

Hy = Ry(e11 — €22) + 2Rpe1 + Kowyq + Kjwyo, (1)
Ha3 = Kywos,

Hyz = Kqwys,

Hyp = —2Rqe1p + Ra(e11 — €22) + Kywip — Kowyy,

Hy; = 2R1e15 — Ro(e11 — €22) — Kowrp + Kywoy,

Dy = 2e15¢31 + G11E1,

Dy = 2e15€23 + $22 B,

D3 = e31€11 +e31€22 + e33€33 + ¢33E3,

in which Cgs = (Cq1 — C12)/2; ey and w.,; respectively denote the phonon field and phason
field strain; 0;; and H,; stand for the corresponding stress; D; and E are the electric
displacement and electric field, respectively; Cij, K, and R; are the elastic constants of the
phonon field, the phason field and the phonon-phason coupling field, respectively; e;; and
gij are the piezoelectric coefficient of phonon field and dielectric constant, respectively.

In addition, the geometric equations are

1
e = 5 (U +ug),
Wyl = Wy 1, (2)

Ei = _(P,i/

where u; and w, represent the displacement of the phonon field and the phason field,
respectively; ¢ is the electric potential.
The equilibrium equations are

7ijj = 0,
H:xj,j =0, 3)
D;; =0,

where commas denote partial derivatives, and the summation convention applies to re-
peated subscripts.
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Equations (1)—(3) can be compactly expressed with the notation of Lothe and Barnett
as [22]

ew = s(ugy +uy), K=1,2,3, w, K=1,2,3,
ZKI = w’yl - w’y,l/ K= 4/ 5/ uK = Wy, K(: o+ 3) = 4/ 5/ (4)
Ei = _(P,i/ K= 6/ (P, K=6.

Cij LK=123,
Ry 1=1,2,3 K=45

o'ij I= 1, 2, 3, Rkltxj I= 4, 5, K= 1, 2, 3,
Bj=(Hy 1=45 Lju=1{Kyy [=45K=4,5 ()
D; I=6. eij 1=1,23K=6,

ejkl 124,5, K:1,2,3,
&1 I=6K=6.

where Zg;, Uk, & Ij and L(I)jKZ are the matrices of the strain, the displacement, the stress, and

the quasicrystal piezoelectric elastic modulus, respectively.
Then, Equation (1) can be rewritten as

&1 = LijkiZk- (6)

3. Problem Statement

In this section, an inclusion of elliptical shape (2 embedded in an infinite 2D decagonal
piezoelectric quasicrystal matrix R is considered (as pictured in Figure 1). The inclusion
is defined by (x;/a1)* + (x2/a2)* + (x3/a3)* = 1, where a;(i = 1,2,3) are the lengths of
semiaxes of the ellipsoid. The surface of the inclusion is denoted by |(2|.

Composite R3

Figure 1. An ellipsoidal inclusion ) in infinite 2D decagonal piezoelectric quasicrystal matrix R3.

The inclusion is under a uniform stress-free strain and electric displacement-free
electric field, represented by Z,.

The phonon field displacement, phason field displacement and electric potential, Uk,
due to the transformation of the inclusion can be expressed using the Green’s function
as [23,24].

Ux(x) = [[ Grale = x)Zijmds() - [f [ G-z avis), @
a0 Q
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where 7; is the outward normal to ()| and .E’I‘j is the stress and electric displacement, which
is induced by the eigenstrain Zy, i.e., E’I‘j = Ljjx1Zg;- The Green’s functions Ggj(x — x)
can be expressed as [25].

1

/N
GKI(x_x)_ 87‘(2|x7x’| ‘z|:1

Kgpd(z - 1)dS(z), (8)

where J(x) is the Dirac delta function and t is the unit vector in the direction x — x. |z| =1
is the surface of the unit sphere centred at z = 0 and KIZ}Q is the inverse of

Kir = zjziLijrs )

With the divergence theorem, we can obtain that

U, (x) = _LIjAijab//Q/GKI,jl(x_x/)dV(x/)- (10)
Similar to the work of Ref. [25], G jj(x — ¥’) can be expressed as

1 92 ,
Guai(v =) = g rgse | 7Kl ()olz (v ¥)lds ). (1)

By using the properties of the Dirac delta function, we have

aidana _ _
Ug,(x) = 14; 3LIjAij4b/‘Z‘_1Z]'ZIKKIl(Z)g 3dS(z). (12)

The strain field Zg; and eigenstrain fields Z’, can be expressed as the following linear
relationship

Zk1 = Sk1AbZ pps (13)

where Sk 4y is the Eshelby tensor for the 2D decagonal piezoelectric quasicrystal.
In addition, by using the following variable transformations

amz1 = {1, 4220 = {2, 4323 = (3, % =0, % =0, %3 =3

{=(G+a+ C%)%, dS(Z) =maza3l~dS(z), dS({) = dod{s, (14)

1

Ti= (1-03)7c0s0, 5= (1~ 3) " sin6, I3 = 3y,
Equation (12) can be simplified as
1 1 p2m _
Uk (@) = g=LiaZin [ [ 221Kl (2)d0d2s, (15)
Using Equations (2), (4), (13) and (15), Sx;4p can be expressed as

Skinp = {gm Lijap(Griji + Giix), K=k =1,2,3, (16)

22 L1javGrijl, K(=k+3)=4,5,6,

where Gy (z) f f zleKI )dodZs.
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It is very helpful to express Equation (16) explicitly in terms of the matrix material constant.

Skiab = 57 (Cijab (Giiji + Giiji) + Ravij (Girji + Gujie) + €jab (Grejt + Gigjic) ).

Skiab = g (Rijab (Giiji + Guijk) + Kijav (Girjt + Gijk)),

Skiab = 5 (evij (Griji + Giijie) + &jv (Grejt + Gigjic)).

Skiab = 1 (CijabGrijt + RapiiGriji + €jabGisjt),

Skiab = ﬁ (Cijab Giijt + Kijap Grrjt), (17)
Skiab = 7 (€vijGriji + v Grejt )

Skiab = 1= (CijavGeiji + RavijGokijt + €jabGeejt)s

1
Skiab = T( 1]abG61]l + Kz]abG6I]l)

0|

Skiab = 1= (0ijGeijt + EjpGeejt )

inwhicha,b,1,j,k,1 =1,2,3and A, K,I =4,5,6.

According to Equation (17), the expression for the Eshelby tensor of a 2D decagonal
piezoelectric QCs can be obtained. In order to improve computational efficiency, we
can further obtain the Eshelby tensor by the polarization tensor method. The interior
polarization tensors can be defined by [26].

tikja = —/Q Gikja(x —x)dV(x'). (18)

Similarly, using Equation (15), the above equation can be simplified as

-1 .
tikja = fo f xlx] LyknAXmXn)  sin@d¢do,
(19)
sin 6 cos sin 0 sin 0
x1:T¢,x2:T¢, x3:cc;z )

The interior polarization tensor for 2D decagonal piezoelectric QCs can be written as

Tikjia = 1(tikja + tkija + tiaj + tiaj), 0, AK=1,2,3

Tikja = 5(tikja + tikaj), i,j,A=1,23K=4,56

(20)
Tikja = 3(tikja + tkija), i,j,K=1,2,3,A=4,5,6
Tikjia = 3 (tikja + tikia), ,j=1,2,3,A K=4,5,6.

Therefore, the Eshelby tensor for 2D decagonal piezoelectric QCs can be rewritten as

Skiab = Titmn * Lynabs (21)

where the double dot product is used.

Based on Equations (17) and (21), the closed forms of the Eshelby tensor are given
in Appendix A for cylindrical and elliptical cylindrical inclusions embedded in the 2D
decagonal piezoelectric quasicrystal matrix. Comparing the expressions of the Eshelby
tensor obtained by the two methods, the correctness of the results of this paper is verified.
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When the contribution of the phason field is not taken into account, the results of the
degradation are as follows:

5C1] +C12

—Cpy+3C
St = Sx20 = =% Sz = Soont = — e 2
C e
S1133 = 52233 = 3¢5, S1163 = 52263 = 3¢ )
3¢ —C
S1212 = S1221 = So112 = Soa21 = T

_1 1 _ 1
S1313 = 3, 52323 = 1, Se161 = Se262 = 73-

After comparing with the results in Ref. [27], it is found that the two results are
completely consistent. The correctness of the method is further verified.

4. Numerical Examples and Discussion

In this section, numerical examples of the Eshelby tensor for 2D decagonal piezoelectric
QCs with ellipsoidal inclusions are given. The material constants are shown in Table 1 [28,29].

Table 1. The material constants of 2D decagonal piezoelectric QCs.

Phonon (GPa) Cy1 =234.33, C1p =57.41, Ci3 = 66.63, C33 = 232.22, C44 = 70.19,
Phason (GPa) Ky =122, K, =24, K4 =12,
Phonon-phason coupling (GPa) Ry =8.846, R, = 8.846,
piezoelectric coefficient (C/m?) e31 = —4.4, e15 = 11.6, e33 = 18.6,
dielectric constant (10-°C2?/(Nm?)) C11 =112, &» =112, {33 = 12.6.

Furthermore, to avoid the pathology of the matrix caused by the difference of material
parameter magnitude, the material constants can be treated as dimensionless quantities by
the following formula

Eo o Cijki R Rijyi 5oL Gk g KejriCun z  &iCn 23)
ijkl — Ciy 7 Nijkl = R, » Cijk = 633’ wjyl — R12 s Sjk = 2

€33

where waves represent dimensionless quantities.

Observe from Figures 2-5 that there are 23 independent non-zero components of the
Eshelby tensor in 2D decagonal piezoelectric QCs. The Eshelby tensors represented in the
Equations (A1)—(A11) are depicted in Figures 2 and 3. It can be seen that the Eshelby tensors
almost reach their asymptotic values at a3 /a; = 10. The curves in Figures 4 and 5 and S3333 in
Figure 3 gradually vanish with the increasing aspect ratio of the inclusion. From Figures 2-5,
we can see that the Eshelby tensors obtained by the Green’s function method are in a good
agreement with those obtained by the interior polarization method. Furthermore, our results
are consistent with those of Ref. [27] when the contribution of the phason field is neglected.

0.00 — i 0.10
1= O3 g 0—0—0—0—0—0—0—0—0g00—0—0—~
e— o e e e e e el e el e
—0.05| Ss241 Si0s | 0.08
0.06
= o 0.04
o] o ~~S1163 0.02
—020f 0.00
—0.25 —0.02
—0.04
—0.30 <
\\_: S1151 > Interior polarization method ol
TO035  §yp5 o)) ——  Green's function method| — 0,08
—0.40 000 070 0000000 000« —0.10
1 10 100
L
a;

Figure 2. Eshelby tensors relating the piezoelectric response versus the aspect ratio.
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0.7
S111 __om0—0—0—0—0—0—0—0—0—0—0—0—¢
0.6 | 7/»/
S4141
el e e et )T G o G0 o Wl o s Gl o W
05( oo
e

S2323 ; s
0 N\ooomo—o-BR 0000000
0:2F « 0
hS ~ Su33 Lee o
01} /7,V"°<:: O Interior polarization method
/‘// 83333"\‘\_,:\ : (?reen's function method
— OO
0.0 r —————
1
1 10 100
o=
a;

Figure 3. Eshelby tensors relating the phonon field eigenstrain response versus the aspect ratio.

0.35 |_ Interior polarization method
—— Green's function method|

0.30 |\S6363

015 \\i\
54;&
010« N <
$2362\, N\
0.05 Q;zﬂ\\\\ \§
lSGZ?S\ = :;\ — =~ N
0.00 (= 5= = SO o O e O el
} 4111
—0.05 L
1 10 100
as
a;

S
oooo[-__i"_1 ______ OO0
/;"/
Se3t1
—0. o 7
0.005 /; Se33
—0.010} 7

7
—0.015} /
—0.020 /

—0.025 L
1 10 100
as

a;

Interior polarization method|
——  Green's function method

Figure 5. Eshelby tensors relating the interactive response between the phonon, phason and electric
fields versus the aspect ratio.

5. Conclusions

In this paper, the Eshelby tensor for the ellipsoidal inclusion problem in the infinite
2D decagonal piezoelectric QCs matrix is investigated in detail. The explicit expressions
of Eshelby tensors for 2D decagonal piezoelectric QCs are given with the help of the
Green's function method and the polarization tensor method, respectively. On this basis,
numerical examples of the Eshelby tensor are also presented. From the perspective of
numerical results, the equivalence of the two methods is verified once again. It is also
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revealed that the inclusions aspect ratio and material constants have a significant effect on
the Eshelby tensor.
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Appendix A

Based on the Equations (17) and (21), the simplified and closed-form expressions of
the Eshelby tensor are given by

(i) Cylindrical inclusions (a7 = ap, a3 — o)

4R4% 4 4Ry% — 5C11Kq — C12Kq

S =S = , Al
1111 = S2222 8(R,2 + Ry? — CKy) (A1)
4Ry% + 4Ry? + 3C1pKy — C1iKy
S =S = , A2
1122 = Som1 8(CuKi — K2 + Ro?) (A2)
—Ci3K4
S =S = , A3
193 = 533 = g e 6K (A3)
4R12 4 4Ry% — 3C11Kq + C12Kq
S = , A4
- 8(R1% + Rp? — C11Ky) &
R1(C11 +Cp2) (A5)

Sa111 = —Ss122 = Ss211 = —Ss202 = —Sap01 = Sz101 = 8(CKi — R 1 Ry?)’

Ry(C11 + C1p)
S =-S5 = -5 =S5 =S5 =S = , (A6
211 1222 st = 55122 = Snan = S = gom W TR Ry?) (A6)

S1141 = —S11520 = —S2041 = S250 = —S2142 = S2151 =

— Ry (Ky —Ko) (— 4Ry >~ 4R?+3C11 K ~CpoKy) (A7)
8(R12+R2—C11K1)(—2R12—2Ry2+C11 K1 —C12K7)’
S1142 = —S1151 = Sop42 = —S51 = S2141 = So150 =

— R (Ky —Ko) (— 4Ry >—4Ry?+3C11 Ky ~CraKy) (A8)

8(R124+Ry%—C11K1)(2R12+2R2—C11 Ky +C1pKy)’

1
51313 = 52323 = 254141 = 284240 = 255151 = 255050 = 256161 = 256262 = 7 (A9)

e31Kq

S =S = , A10
163 = 526 = 35 T R T T Ry?) (A10)
Sa4152 = Sspa1 = —Sao51 = —Ss5100 =
(2R12+2R22)2+2C11K1K2(C117C12)
4(R12+Rp%—C11K1)(2R12+2Rp?—Cy1 K1 +C12Ky) + (A1)

(C12—-3C11) (K1+Kp) (R34 Rp?)
4(Ry124+Ry%—C11K7)(2R12+2R22—C11 Ky +C1pKy) °
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(ii) Elliptic cylinder (ap/aq = a, az — o)

{Il(<3 +2a)C11Ky + C1pKy —2(1 + a)(Rlz + Rzz)
2(1+a)*(Ry2 + R — Cy1Ky)

St = —

7

a(—C11K1 + (1 42a)C1oK1 +2(1 + a)(Ri* + Ry?))
2(1+a)%*(Ri2 4 Rp2 — C11Kq)
S1133 = — S ELS , So33 = — C1sKs ,
(14 a)(R12 + Ry%2 — C11K) (1+a)(Rq2 + Ry2 — C11Kq)
(Ky +aKp — (1+a)K1)Ry((2 +a)Cp1 Ky — aCpKy —2(1 + a) (R + Ry?)
(1+a)3(Ri2 4 Rp2 — C11K1 ) (C11Kq — C1oKq — 2(Rq2 + Rp2))
a*(aKy + Ky — (1+a)Ky)Ry((2 4 a)C11 Ky — aCppKy — 2(1 4 a) (R4 + Rp?)
(1+a)3(Ri2 4+ Rp2 — C11K1 ) (C11Kq — C1oKq — 2(Rq2 + Rp2))

(K1 + aKp — (1+a)K1)Ra((2 + a)C11Ky — aCipKy —2(1 4 a)(Ri? + Rp?)
(1+a)>(Ry2 + Ry2 — C9 K1) (C11 Ky — C1oKy — 2(Ri2 + Rp2))
a?(aKy + Kp — (1+a)Ki)Ry (2 +a)Cii Ky — aCipKy —2(1 +a)(Ry? + Ro?)

(1+a)3(Ri2 4 Ro2 — C11K1 ) (C11Kq — C1oKq — 2(Rq2 + Rp2))

aez Ky  Sypes = — e31Kq ,
1+4a)(—CniKy + R? + R3) (1+a)(—C11Kq + R} + R3)
—aCy1K; + (2 +a)CiKy 4 2(1 4 a) (R + R,?) G 2

2(1+a)*(Ry% + Ro? — Cp1Ky) FUBE T 41+ a)
a(2+3a)Cy1Ky +aCpKy — 2(1 + a)(Ry% + Ry?) .. @

2(1+a)*(Ry2 + Ro? — Cp1Ky) OB T 41+ a)

(Ky — K2)Rq((1+2a)Cy1Ky — C12Ky — 2(1 +a)(R1? + Rp?)
(1+a)’(Ry2 + Ry — C11Ky) (CriKy — CioKy — 2(Ry% + Ry2))’
a(aKy + Ky — (1+a)K)Ra((1+2a)Cy1Ky — CipKy — 2(1+a)(Ry? + Ry?)

(1+a)°(Ri2 + Rp2 — C11K1) (C11Ky — 12Ky — 2(Ri2 + Rp2))

(K1 — K2)Ra((1+2a)Cy1Ky — C1pKy —2(1+4a)(Ri? + Rp?)
(1+a)%(Ri2 4 Ro2 — C11K1 ) (C11Ky — C1aKq — 2(Rq2 + Rp2))’
a(aKy + Ky — (1+a)Ky)Ry((1+2a)C1Ky — C1oKy — 2(1 +a)(R4% + Ry?)

(1+a)3(Ri2 4 Ro2 — C11K1 ) (C11Ky — C1oKq — 2(Ry2 + Rp2))
(1+a+ a?)Cy1Ky — aCppKq — (1 + a)*(Ry2 4 Rp?)
2(1+a)*(Ry2 + Rp? — CyKy)

St12 = —

7

Sty =

S0 =

7

S1151 = —

S1150 =

S1163 = —
(

Sop11 = —

Sopp = —

Soom =

Soour = —

Sops1 =

Sopsp = —

7

So101 = —

4

a(Ky — K2)Rq (1 + a + a%)C1 Ky — aC1oKq — (14 a)*(R12 + Rp2)
(14 a)*(Ry2 + Ry2 — C11Ky) (CpiKy — CioKy — 2(Ry% + Ry2))
(K1 — K2)Ro((1+a + a?)Cr1Ky — aCipKy — (1+a)*(Ri2 + Ry?)
(1 + 61)3(R12 + R22 — CllKl)(CllKl — C12K1 — 2(R12 + Rzz)) ’
)

Soa2 = —

Soim = —
(K1 — K2)Ry (14 a + a?)Cy1 Ky — aCppKy — (1+ a)*(Ry2 + Rp2)
(1+a)(Ri2 4 Rp2 — C11K1) (C11Kq — C1oKy — 2(Ri2 + Rp2))

a(Ky — K2)Ro((1+ a + a?)Cp1Ky — aCrpKy — (14 a)*(Ry? + Rp?)
(1 + a)3(R12 + R22 — C11K1)<C11K1 — C12K1 — Z(Rlz + R22)>

So151 = —

Ss152
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(—=1+a)aC;3Ry a*(C11 + C12)Ry
S4133 = — P 5 , Sa; = — 30, 5 ,
(14 a)"(R12 + Ro? — C11Ky) (14 a)"(R12 + Rp? — C11Ky)
Syins — a(Cy1 + Ci2)Ry Spy a®(Cy1 + C1p)Ry
a1 = — 353 5 , Sa120 = 30, 5 ,
(14 a)”(Ri% + Rp? — C11Ky) (14 a)"(R12 + Rp? — C11Ky)
(=14 a)aCi3R,y a*(C11 + C12)Ry
Sy133 = — Py 5 , S = — 35 5 ,
(14 a)"(Ry2 + Rp? — C1Ky) (14 a)"(R42 + Ro? — C11Ky)
_ (C11 + C12)Ry _ a(Cy1 + Ci2)Ry
Sipn = — 3 , Sa1 = 3 ,
(1+4a)’(R12 + Ry?2 — C11Ky) (14a)’(R12 + Ry2 — C11Ky)
Suist = (=1+a)?a(Cyy + C12)(Ky — K2)R1 Ry
(1 -+ ﬂ)4(R12 + Rzz — C11K1)(C11K1 — C12K1 — 2(R12 + Rzz))
Sirry — a*(C11 + C12)Ry Girnn (=14 a)Ci3R,
00 = 3 5 , S4033 = — o > ,
(14 a)"(R12 + Ro? — C11Ky) 2(1+a)"(Ry2 + Ro? — C11Ky)
Sunat = (=1 +a)%a(Cyy + Ci2)(Ky + aKy — (1 +a)K; )R Ry
2(1 + a)*(Ry2 4 Ro2 — C11K1)(Cr1Ky — C12Ky — 2(Ry2 + Rp2))”
Suomr = (=14 a)*a(Cyy + Ci2)(aKy + Kp — (1+a)K;)Ri Ry
2(1 + tl>4(R12 + R22 — C11K1)<C11Kl — C]zKl — Z(Rlz + Rzz)) ’
_ a(Cy1 + C2)Ry B a®(Cy1 + C12)R,
Ss111 = — 3 , Ss120 = — 3 ,
(1+a)”(Ri? + Ry2 — C11Ky) (1+a)’(Ri2 + Ry2 — C11Ky)
Sepoy — a%(Cy1 + C12)Ry
5121 = — 355 > ,
(1 +a (Rl + Ry —C11K1)
S - _ (=14a)*(C11+C1) (Ky +aKp — (14+a) KRy Ry
S T (14 a) (R R2—Cr K1 ) (Cir Ky —CroKy —2(Ri24Ro2))
_ 2(Cp1+Co)Ry _ (=1+4)C13Ry
Ssa11 = (1+a)*(R2+Rp2—Cy1Kq) 5233 = (1+a)*(—C11 K +Ry +R,)”
_ a(Cp1+Cio)Ry _ a*(C11+C12)Ry
Ssm1 = (1+a)> (R12+Ry2—Cy1Ky )7 S22 = (1+a)> (R12+Ry2—Cy1 Ky )
Saiy = — (—1+a)*(C11 + C1o)(aKy + Ky — (14 a)K1)RiR,
2(1 + ﬂ)4(R12 + R22 — C11K1)(C11K1 — C1pKq7 — 2(R12 =+ R22)) ’
Sery — (=14 a)%a(Cyy + Cp2) (aKy + Ky — (1 +a)K1) R Ry

4 7
2(1+a)*(Ry2 + Ry? — C11K1)(C11Kq — C1oKy — 2(R12 + Ry2))
(—=1+4)*a(C11+Ci2) (K1 +aKa — (1+a)K; )Ry Ry
1+a)* (R12+Rp2~Cy1 Ky ) (C11 Ky —C1oKy —2(Ri2+R52))”
—(a(2(1+4)>C112K1 2+ fo+Crabo—Crico+Kido
2(1+a)* (Ry2+Rp2—C11K1 ) (C11 Ky —C12Ky —2(Ry2+R,2)

—((2(1 +a)°C112Ky + fo + Crzeg — Ci1fo + K180
2(1+a)*(R12 4 Rp2 — C11K1) (C11Kq — C1oKq — 2(Rq2 + Rp2))
—(2(1+4)°C11 %K1 2Ko?+81+Cip (b1 +¢1)+Ciy (di +f1)
2(1+ﬂ)4(R12+R227C11K1)(C1]K17C12K1 72(R12+R22))I

a(2(1+4)°C11 2Ky Ko +81+Crp (g +11) +Cra (i1 +H1)
2(1+a)* (Ry2+Rp2—Cy1K1 ) (C11 Ky —C12Ky —2(Ry2+R52))”

Ssp51 = mpT

S5151 = Sa141 =

Supa0 = Ssosp =

Sspa1 = —Sa51 =

S4150 = —Ss142

_ _a _ 1
Se161 = 147, Se262 = 114

(=1+a)aez Ry Sps3s = (=1+a)es Ry
(1+4a)*(—Cr1 K1 +Ry2+Rp2)” (1+a)*(—C11 K1 +Ry2+Rp2)”

S1436 =
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(=1+a)es1Ry G — a(—1+a)es Ry
7 1536 — — 7
(1+a)*(—C11Kq + Ry2 + Rp?) (1+a)*(—C11K1 + Ry2 + Rp?)
by = —(—1+ a)*Kp(Ry? — Ro?) 4 K1 (3 + 4a + 74 4 24°) Ry 2 + (1 + 8a + 54 4 24°)R,2,

Soaz6 =

eo = (—1+a)?aKy(Ry® — Ro?) 4+ Ky (2 + 5a + 84 4 a®)Ry2 + (2 + 7a + 44 4 34°)R,2,
co = 2(1+a)’C1pKi2 + (1 +a)*Ka(Ry2 — Ry2),
fo=4(1+a) (R + R;2)%,
do = (5+20a + 17a% + 6a®)Ry? + (7 + 16a + 1942 + 6a°)R,?,
fo=2(1+a)°CroKs% — (=1 +a)%aKa(Ry? — Ry?),
90 = Ka(a(5+42a+a?)Ry? + (24 a +4a® + 5a%)Ry?,
g1=4(1+0a)(Ri2 + Ro2)”,
by = K1((2+a+4a? +a3)Ri% + a(5+ 2a + a*)Ry?),
c1 = Ka(a(5+2a+a?)Ry? + (2 +a + 4a® 4 5a%)Ry?),
d; = 2(14 a)>C1oK Ky + K (2 + 11a 4 842 + 3a%)Ry2 + (4 + 7a + 1022 + 343)R,2,
fi = Ka((4+ 7a +10a% 4 3a%)Ry? + (2 + 11a + 8a% + 3a%)R,?),
91 = K1((1+2a+5a%)Ry? + (1 +4a + a® + 2a3)R,?,
hy = Ko((1+4a + a? +2a%)Ry% + (1 + 2a + 5a%)R,?),
i1 = 2(1+a)3C12K1 Ky + K1 ((3 4 10a + 7a% + 4a3)Rq% + (3 + 8a + 1122 + 243)Ro2,
j1 = K2((3+ 10a + 7a + 4a®)Ry? + (3 + 8a + 11a% + 2a%)R,?).
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