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Derivation of Anti-Plane Dynamic Green’s Function for Several Circular
Inclusions with Imperfect Interfaces

Jeng-Tzong Chen' and Jia-Nan Ke

Abstract: A null-field integral equation is em-
ployed to derive the two-dimensional antiplane
dynamic Green’s functions for a circular inclu-
sion with an imperfect interface. We employ the
linear spring model with vanishing thickness to
characterize the imperfect interface. Analytical
expressions of displacement and stress fields due
to time-harmonic antiplane line forces located ei-
ther in the unbounded matrix or in the circular in-
clusion are presented. To fully capture the circu-
lar geometries, degenerate- kernel expressions of
fundamental solutions in the polar coordinate and
Fourier series for boundary densities are adopted.
Good agreement is made after comparing with
the analytical solution derived by Wang and Su-
dak’s results. Parameter study of wave number
and interface constant is done. In this paper, we
employ the null-field BIE to derive the analytical
Green’s function instead of choosing the Trefftz
bases by using the Wang and Sudak’s approach.
Special cases of cavity and ideal bonding as well
as static solutions are also examined. Besides,
two-inclusions case in the matrix with a concen-
trated force problem is also solved.

Keyword: Time-harmonic Green’s function,
inclusion, imperfect interface, null-field integral
equation, degenerate kernel, Fourier series.

1 Introduction

Analytical as well as numerical Green’s functions
have received many BEM researchers’ attention
[Ang (1987); Ang and Telles (2004); Hwu and
Yen (1991)]. Boundary element method (BEM)
was employed to solve time-harmonic Green’s
function [Kitahara (1985); Denda, Wang and
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Yong (2003); Denda, Araki and Yong (2004)].
Also, dynamic Eshelby problems [Mikata and
Nemat-Nasser (1990); Cheng and Batra (1999);
Michelitsch, Levin and Gao (2002)], piezoelec-
tricity problems [Wang and Zhong (2003); Chen
and Wu (2006); Yang and Tewary (2006); Wu and
Chen (2007)] and scattering problems in elasto-
dynamics [Willis (1980a, b); Talbot and Willis
(1983)] were solved. Although a lot of papers
on homogeneous case were published, only a
few of the time-harmonic dynamic Green’s func-
tions of a circular cylindrical inclusion can be
found [Mura (1988); Mura, Shodja and Hirose
(1996)]. Recently, Wang and Sudak [Wang and
Sudak (2007)] derived an analytical solution for
antiplane time-harmonic Green’s functions of a
circular inhomogeneity with an imperfect inter-
face [Ang and Fan (2004)]. The interface between
the inclusion and the matrix is modeled to the
linear-spring with vanishing thickness. Interface
boundary conditions are tractions equilibrium but
the displacements across the interface are discon-
tinuous. In addition, the stress response is pro-
portional to the linear springs interface with van-
ishing thickness. The key concept of Wang and
Sudak’s method is that they introduced the Trefftz
bases for the solution representation of inclusion
and matrix, respectively. However, the complete-
ness of Trefftz bases needs special case. Our main
concern is to revisit the problem solved by Wang
and Sudak and derive the analytical solution in
an alternative way by using the null-field integral
equation. Based on the null-field integral formu-
lation, the analytical solution will be derived in
a more systematic and straightforward way. Be-
sides, special cases of cavity and ideal bonding as
well as static solutions will be examined.
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2 Derivation of anti-plane dynamic Green’s
function for Helmholtz problems with im-
perfect circular boundaries

2.1 Problem statement and null-field integral
formulation

For a two-dimensional problem with an imperfect
interface, we consider a unbounded matrix con-
taining a circular inclusion of radius a with its
centre at the origin. A time-harmonic antiplane
line force of strength pe~'®" is located at (e,0) on
the x axis either in the inclusion (0 < e < a) or
in the matrix (a < e) as shown in Figs. 1(a) and
1(b). The uy and y; represent the shear moduli
of matrix and inclusion, respectively. The anti-
plane displacement field subject to the concen-
trated load in the matrix is shown below

(V24I)G(x, &) = —L8(x—¢),

Ly
xeD; ife<a (1)

For the infinite matrix with a single inclusion sub-
ject to a concentrated load, we have

(V2 +ki)G(x,§) = “M5( —&),

xe€Dy ife>a (2)

where V? is the Laplacian operator, k; and k), are
the wave numbers for the inclusion and matrix,
O (x— &) denotes the Dirac-delta function, D; and
Dy, are domains of the inclusion and matrix, re-
spectively. The time factor e '’ has been omitted
due to the frequency-domain approach after em-
ploying the separable property. For a linear elastic
body, the stress components are

Ju Ju
Gz’r:ma—r’, Gz’gzmﬁ, xeD 3)
8uM M 8uM

O =Hu=—5"5 0z = Hu =g x€Dy 4

Moreover, we presume that the circular bound-
ary interface is imperfect and homogeneous in the
angular direction [Ang, Choo and Fan (2004)].
The interface boundary conditions are given by
[Hashin (1991); Ru and Schiavone (1997); Wang
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and Meguid (1999)].

I M
Gzr = Gzr = (MM — Lt]),
on the interface r =a (5)

where the non-negative constant f3 is the parame-
ter of imperfect interface. The circular inclusion
is perfectly bonded to the matrix if 8 approaches
infinity. On the other hand, the circular inclusion
is fully debonded from the matrix if B approaches
zero. In order to employ the Green’s third identity
as follows

ff —v(x)V2u(x)] dD(x)
_ / [u(x)(?v x du(x)

—v(x) E dB(x) (6)
we need two systems, u(x) and v(x). We choose
u(x) as G(x,&) and set v(x) as the fundamental
solution U (x, s) such that

VU (x,s) =218(x —s) (7)

Then, we can obtain the fundamental solution as
follows

—inH" (kr)

U(s,x) = 5

(®)
where Hél)(kr) is the zeroth Hankel function of
the first kind and r = |s—x|. In the present
method, we adopt the mathematical tools, de-
generate kernels, for the purpose of analytical
study. The combination of degenerate kernels and
Fourier series plays the major role in handling
problems with circular boundaries. Based on the
separable property, the kernel function U (s, x) and
T (s,x) can be expanded into separable form by di-
viding the source point s = (R, 6) and field point
x = (p, ¢) in the polar coordinate [Chen, Liu and
Hong (2003)]. After exchanging with the vari-
ables x and s, we have

20G(x,E) = / T(s,%)G(s,E)dB(s)

/U an 9G(:8) g 4 UEx), xeD

€)
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where 7 (s,x) is defined by

AU (s,x)

T(s,x)= .

(10)

where ng denotes the outward normal vector at the
source point s. To solve the unknown boundary
densities G(s, &) and dG/dn,(s, &), the field point
x is located outside the domain to yield the null-
field integral equation as shown below:

0= / T(5,%)G(s, & )dB(s)
—/U(s,x)%;;é)dB(s)—l—U(é,x), xe D

B

an

where D¢ is the complementary domain. By using
the degenerate kernels, the BIE for the “bound-
ary point” can be easily derived through either the
null-field integral equation in Eq. (11) or the BIE
for the domain point of Eq. (9) by exactly collo-
cating x on B [Chen, Shen and Chen (2006)].

2.2 Expansion of kernel function and bound-
ary density

Based on the separable property, the kernel func-
tion U (s,x) can be expanded into series form by
separating the field point x(p, ¢) and source point
s(R, 6) in the polar coordinate:

U(s,x) =

Ui(s,x) = = z Endu(kp)Hy (KR)
cos(m(6 — ¢>> R>p

U(s.x) = 2 z Enti (kp)J(kR)

( COS(m(9—¢)),p>R

“ 99

(12)

where the superscripts “i” and “e” denote the inte-
rior and exterior cases for the expressions of ker-
nel, respectively, and g, is the Neumann factor

1 =0
en=14_ (13)
2, m=1,2,...00

It is noted that the larger argument is contained in
the complex Hankel function to ensure the series
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convergence and log singularity. According to the
definition of 7'(s,x) in Eq. (10), we have

T(s,x) =

Ti(s,x) = =24 z Enu(kp)H'\)) (kR)
cos(m(6 - ¢>> B> p

T (s,x) = =24 z enti (kp)J},(R)

| cos(m(6-9)), PR

(14)

The unknown boundary densities can be repre-
sented by using the Fouries series as shown be-
low:

G(s,&)=ap+ Z(a,, cosn6 + b, sinnb),

n=1

seB (15)

%’ﬁé) = po+ Z (pncosnB + g, sinnd),
ng n=1

seB (16)

where ag, ay, b,, po, pn and g, are the Fourier
coefficients. In the real computation, the integra-
tions can be easily calculated by employing the
orthogonal property of Fourier series, and only the
finite M terms are used in the summation.

2.3 Series representation for the Green’s func-
tion of an inclusion case

For the problems with inclusion, we can decom-
pose into subsystems of matrix and inclusion af-
ter taking the free body on the interface as shown
in Fig. 1(c). By collocating x on (a~,¢) and
(a™, ¢) for the matrix and inclusion, respectively,
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the null-field equations yield
0 = —a$kym*ay (kya) [Y(; (kya) —iJ}) (kMa)]

(a¢,cos (m@) + b, sin (m@)) kyym?ad,y, (kya)

|
%L

=<
—
».—A

Ma) — l‘]r,n (kMa)]
m2ady (kya) [Yo (knga) — ido (kypa)]

|
=
S

(Pycos (m) + g, sin (me)) w*aly (kya)

|
M

£<
—
=

Ma) — iy (kMa)]
{ 50(kua)Yo(kure) — ido(kure)]

+ |
M:s £ s

(k@) Y krre) — i (Kae)] cos(mg)

S
il

x—(a",¢9) (A7)

0 = abk;m*al)) (kia) [Yo (kja) — ido (kja)]

S (dycos (md) + by sin(m)) kimPally (kia)

m=1
Yo (k1a) — ity (kja)]
— phm2aly (ka) [Yo (ka) — iJo (kia)]
— Y (py,cos (mo) + g, sin (m)) 7*at, (kia)

m=1
(Yo (kia) — idy (kra)]
x—(at,0) (18)

Interface conditions of Eq. (5) can be rewritten as

= 'UE(MM —u'), ontheinterface (19)
1
— ,LLMIM = ,u,t’ , on the interface (20)

By assembling the matrices in Eqgs. (17), (18),
(19) and (20), we have

™ —uM o 0 ult

0 0 T, -U| |1

0 wuy O W uj

B uw B O t
#LM U

—

—~

£,x)
2D

oS o O
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After rearranging Eq. (22), we have

U ] m _ [ﬁu@,x)]
Ty T+ LU | 0
(22)
The unknown coefficients in the algebraic system
can be determined as shown below:
ag =
— plJo(kme) + iYo(kme)|[BJo(kia) + ki g (kra))
/Zna{lq ity (kia) [~ BlJo(kna) + i¥o(kyra)]
+ ki [Jo(kma) + iY5 (kya)]] + BhitnJo (kra)
Uatka) +i¥g(ka)] } - 23)
PG = pBkit [Jo(kue) + i¥o(kne)|Jo(kra)
J2mapss {kipr Sy k) [~ B LJo(kugat) + Yo (knsa)]
+ ki [Jo(kma) + iY5 (kya)]] + BhtnJo (kra)
Vo(kaua) + i¥g(kua) }  24)

e __
a, =

— plIm(kye) +i¥u(kpse)|[BIm(kia) +kppird,, (kia)]

Jma oy}, (ky) (=B Um(Kkn@) + ¥ (k)]

gt [, (k@) + 88 (nga)]] + Blagbiag o ()
[ kwa) + iy (kya)] | 25)

Pin = PBki[Jn(knse) + iY,u (kye)]J,, (kia)

/mapy{katin (ki) =B T rat) + Yo (krra)]

+ ki [J,,(kna@) + Y, (k@) ] + Bhas s (ki)
Un(kuaa) + i, (ka)] | (26)

where ag, pg, a;, and p;,, m = 1,2,3,... are the

Fourier coefficients of boundary densities for the

matrix. According to interface boundary condi-

tion of Egs. (19) and (20), we obtain the Fourier
coefficient of the inclusion as shown below:

g e
7o 0
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[ai ] #[lgw P tay
Pl e ph
where d, pl, al, and p}, are the Fourier coef-
ficients of boundary densities for the inclusion.
Then, we can obtain the series-form Green’s func-

tion for the matrix by applying Eq. (9) as shown
below:

(28)

G(x,&) = — Sy (k) + Pl (kara)]
[Yo (kup) — ido (kmp)]

oo

_ E Z a kMJ (kMa)—l—pm (kMa)]
=1

(Yo (KMP) Jm (kmp)] cos (m¢)

- %[Yo(kw) —iJo(kyr)], a<p <o (29)
Up

If we expand the fundamental function, we have

G(x,&) = — by (k) + Pl (kara)]
[Yo (kup) — ido (kmp)]

_ E Z a kMJ (kMa)—l—pm (kMa)]

m=1

(Y (knp) — idm (knp)] cos (m¢)

_ ﬁ{Jo(kMe) Yo(kup) —iJo(kup)]

12 dlkyee) Ylhaap) —

m=1

Inlkaup)]cos(mo) }

e<p<e (30)
G(x,&) = — 5 labkndp (kua) + pio (kysa)]
[Yo(kmp) — ido(kup)]

o
=25 lab (k@) + Dl (i)
m=1

[Yon(knap) — il (kaep)] cos(mg)

~ i Jolkuep) Folkvee) — k)
+2m§1 T (kpg ) [V (kpge) — Jm(kMe)]cos(m¢)}
a<p<e

€29)
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2.4 Linear algebraic equation

By moving the null-field point x; to the jth circu-
lar boundary in the limit sense for Eq. (11), we
have the linear algebraic equation

[Ul{t} = [T]{u} +{b} (32)

where {b} is the vector due to the source of
Green’s function, [U] and [T] are the influence
matrices with a dimension of (N +1)(2M + 1) by
(N+1)(2M +1), {u} and {t} denote the column
vectors of Fourier coefficients with a dimension

of (N+1)(2M +1) by 1 in which [U], [T], {u},
{t} and {b} can be defined as follows:
(U Uoi -+ Ugw
Uy U -+ Uy
U] = : : . o
Uvo Uvi --- U
LUnvo Uni NN (33)
Too Tor -+ Ton
To T - Twy
[T]= : : :
[ Tvo Tvr -+ Tawn
Up to b()
u t b]
ful={ W3 (="t} (b}={b2
uy ty by
(34)
where the vectors {u;} and {t;} are in
the form of {af df bt --- dj, b,’i,,}T and
{pk Pt 4 Pk, q,’i,,}T respectively; the

first subscript “;” (j =0,1,2,...,N) in [Ujk} and
[T jk} denotes the index of the j’h circle where
the collocation point is located and the second
subscript“k” (k =0,1,2,---,N) denotes the index
of the k" circle where boundary data {u;} or {t;}
are specified, N is the number of circular holes in
the domain and M indicates the truncated terms of
Fourier series. The coefficient matrix of the linear
algebraic system is partitioned into blocks, and
each off-diagonal block corresponds to the influ-
ence matrices between two different circular cav-
ities. The diagonal blocks are the influence ma-
trices due to itself in each individual hole. After
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uniformly collocating the point along the k" cir-
cular boundary, the submatrix can be written as

[Uj] =
[ U0 UK() U9
Uic(e2)  Ui(e2)  UR(9)

Uik (93) Ujc(¢3) Uji(¢3)

Ui(om) — Uj($om)  Uj(¢2m)

| Ui (1) Uj(9am1) Ut (02nr41)
Uk(on)  U(en)

Ui(62)  Uj'(92)

U%c(%) U%s(%)

. (35)
U%c(.%M) U%s<¢2M)
Ui ($am+1) UG ($am1) |
[Tje]
[ T()  TE(G) T
T (62)  TiE(e) ()
T(9s)  Tie(¢s)  TR(¢3)
T (0om)  Tic(dom) T (9am)
| T (9om1) Ty (9amsr) Ty (damen)
Tic(o) T
T (¢2) T3 (¢2)
T (¢3) T4 (¢3) 36)
T ( (3% Tf;‘f“‘( $om)
T3 (¢oms1) T (dam1) |
_T#Hél)k’X(PjaQ)l)—i’ )
_TmHé k Ix(pj, ¢2) — |

b} ={ =ZH{"k[x(p; 03) — | 37)

\ _Ti”Hél)k IX(pj, anr1) — &|
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where the influence coefficients are explicitly ex-
pressed as

(0w = [ Ulsionn)cos(n6l) Rid6,  (38)
0n)= [ Ulse)sin(n00) Rid6y, (39

TH () = / T(st,xm) cos(nB) Red,  (40)

By

T2 () = / T(sp,x0) sin(n6) Red6,  (41)

By

inwhichn=0,1,2,--- M, m=1,2,--- 2M + 1,
and ¢,, is the polar angle of the collocating points
X, along the boundary. By rearranging the known
and unknown sets, the unknown Fourier coeffi-
cients are determined. Equation (11) can be calcu-
lated by employing the relations of trigonometric
function and the orthogonal property in the real
computation. Only the finite M terms are used in
the Fourier expansion of boundary densities and
kernels. After obtaining the unknown Fourier co-
efficients, we can obtain the interior potential by
employing Eq. (9).

2.5 Derivation of the Green’s function with
several circular holes and inclusions

For the problems with inclusions, we can decom-
pose into subsystems of matrix and inclusion after
one taking free body on the interface. The prob-
lem subject to the concentrated load in the matrix,
we have

[OH] e} = [T {u} + (b} 42)
U {e"} = [T] {u'} (43)

The problem subject to the concentrated load in
the inclusion is shown below

(UMM} = [TY] {u} (44)

[U']{e"} =[] {u' } +{B} (45)
where the superscripts “M” and “I” denote the
systems of matrix and inclusion, respectively.

Similarly, interface conditions of Eq. (5) can be
rewritten as

= 'UE(MM —u'), ontheinterface  (46)
1
— ,LLMIM = ,u,t] , on the interface (G
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By assembling the matrices in Eqs. (42), (43),
(46) and (47), we have

o -uip 0 0 Ju!
0 0 7, -Uf| |1
0O w 0 W uj
B wm B O f

(48)

By assembling the matrices in Eqs. (44), (45),
(46) and (47), we have

iy -uip 0 0 Ju!
0 0 T, -U| |1
0O w 0 W uj
B w B O t

0
Z
_|EUED|
0
0

The unknown coefficients in the algebraic system
can be determined. Then, we can solve the po-
tential by Eq. (9). A general-purpose program
for deriving the Green’s function of Helmholtz
problems with arbitrary number of circular holes
and/or inclusions of arbitrary radii and various po-
sitions involving the Dirichlet or the Neumann or
mixed boundary condition was developed.

3 Illustrative examples and discussions

Case 1: one inclusion in the matrix with a con-
centrated force

Following the same example of Wang and Su-
dak [Wang and Sudak (2007)], we suppose that
Uy = 4y, ¢y = 2cy, and e is located at 1.1a on
the x axis as shown Fig. 1(a). For the static
case (k =0), we can replace the Hél)(kr) by Inr
and redo the procedure. The formulation can be
found in the Appendix A. On the other hand,
the static solution by using the limiting process
(k — 0) is also derived in the Appendix B. The
stress o7, along the circular boundary is shown
in Fig. 2(a). In the real implementation, direct
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substitution of zero k value yields the singular be-
havior in our formulation of Hankel function and
can not be carried out in the program. We se-
lect ka = 0.01 to simulate the quasi-static result.
Good agreement is made in Fig. 2(b) after com-
paring with that of Fig. 2(a). Parameter study
of B on the stress o7, along the circular bound-
ary is done as shown in Fig. 3(a). To simulate
the ideally bonded case, we choose 8 = 1032 in
the real computation. Good agreement is made
after comparing with that of the ideally bonded
case (8 = o). The derivation of ideally bonded
case is also given in the Appendix C. Figs. 3(a)
and 3(b) show that the higher the A value is, the
larger the stress appears. Our results also match
well with those of Wang and Sudak’s data. Fur-
thermore, test of convergence for the Fourier se-
ries using Parseval’s sum are shown in Figs. 4(a)
and 4(b). Figs. 5(a) and 5(b) show the distribution
of displacement (uj = iy |u;| /p) along the circu-
lar boundary versus the wave number with A = 1
by using the Wang and Sudak’s approach and our
method, respectively. Good agreement is made. It
is expected that higher wave number yield higher
oscillation along the angle from 0 ~ 2.

Case 2: infinite matrix with a single inclusion
subject to a concentrated force

We also suppose the same parameters of L; =4[y,
and c¢; = 2cy as the case 1. Here, the source is
located at e = 0.9a in the inclusion as shown in
Fig. 1(b). To verify the accuracy of the present
solution, we compare with the quasi-static result
(kyra = 0.01) for the stress distribution along the
interface as shown in Fig. 6 using the static so-
lution (kyy = 0) as derived in the Appendix A.
Also, an alternative method by limiting the pro-
cess (k — 0) is also given in the Appendix B. Re-
garding the series solution as well as the closed-
form solution for the static case, the result is sum-
marized in the Table 1. Excellent agreement be-
tween the two results is observed from the Fig. 6.
The stress o7, versus kya for different values of A
is shown in Fig. 7. Some amplifications for cer-
tain values of ky;a can be found in the same trend
of Fig. 3(b). Fig. 8 shows the distribution of
displacement (u; = s |u;| /p) along the circular
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Figure 1(a): An infinite matrix containing a circu-
lar inclusion with a concentrated force at & in the
matrix

Figure 1(b): An infinite matrix containing a circu-
lar inclusion with a concentrated force at & in the
inclusion

Mo Mg
Hy
i =£(MM —ul)

/8

Figure 1(c): An infinite matrix containing a circu-
lar inclusion with a concentrated force at & in the
matrix (take free body)
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2
O---analytical result I

eRcos8 - R? |
ol M Re
T Ay +iy,) €+ RY - 2eRcos8

e(Deg)

ast

Figure 2(a): Distribution of o7, for the dynamic
(kpra = 0.01) solution along the circular boundary
(Wang and Sudak’s solution)

25 |

5 K,,a=0, Analytical result

p o = H, ( eacosf —a’
ﬂ(ﬂ1+/lM) e +a —2eacos0

I I I I L I
o 50 100 150 200 250 300 350

0 (Deg)

Figure 2(b): Distribution of o7, for the dynamic
(kpra = 0.01) solution along the circular boundary
by using the present solution

h=o0

TR

kR

Figure 3(a): Parameter study of A = af3/uy for
the stress response (Wang and Sudak’s solution)
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o

kya

Figure 3(b): Parameter study of A = af3/uy, for
the stress response by using the present solution

0.10443
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0.10441

Parseval's sum of real part solution for u; (k,a=4)

0.1044

0.10439

0.10438

4

12
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Termssof Fourier series (M)
Figure 4(a): Test of convergence for Fourier series
with a concentrated force in the matrix (real part)

0.0008

0.0007

0.0006 —

0.0005

Parseval's sum of imaginary part solution for u; (k,a=4)

0.0004 ! ! . !
0 4 8 12 16 20
Terms of Fourier series (M)

Figure 4(b): Test of convergence for Fourier se-
ries with a concentrated force in the matrix (imag-
inary part)

& (Deg)

Figure 5(a): The distribution of displacement uj
along the circular boundary for the case of A =1
(kyya = 1,2,3,4,5) (Wang and Sudak’s solution)

6(Deg)
Figure 5(b): The distribution of displacement u;
along the circular boundary for the case of A =1
(kypa = 1,2,3,4,5) by using the present solution

boundary versus the wave number with A = 1.

Case 3: two inclusions in the matrix with a con-
centrated force

Following the success of the single-inclusion case
to compare well with the Wang and Sudak’s re-
sult, we extend to two inclusions as shown in
Fig. 9. We also suppose the same properties
of u; = 4uy and ¢; = 2¢ypy as the case 1. Here,
the concentrated source is located in the matrix
of e = (2.5,0).Figure 10 shows the variation of
ol = R|cl|/p at the point (—ay, ) for various
distances d = 0.01 ~ 13.The local maximum or
minimum of ¢}, occurs in a period of half wave-
length. The contour of the displacement for the
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25
{ 4
2l —fF 7} anaytical resuit B
.
Tar o = Hy ( a’ —eacosd + 1 (,”12 — Myt )
= AR DY
15l w(y + pyy) € +a’ —2eacos® 2wy + pypy
4
0.5
o
o 50 100 150 200 250 300 350

6 (Deg)
Figure 6: Distribution of o, for the dynamic
(kpsa = 0.01) solution along the circular bound-
ary (e =0.9a)

50

a0

30 |

zr

20 |

Figure 7: Parameter study of A = af3/ for the
stress response (¢ = 0.9a)

6

7
~
e

d(Deg)
Figure 8: The distribution of displacement u;

along the circular boundary for the case of A = 1
(kya=1,2,3,4,5) (e = 0.9a)
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Figure 9: An infinite matrix containing two circu-
lar inclusions with a concentrated force at £ in the
matrix
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Figure 10: Distribution of ¢}, of the matrix at the
position of (a, ) various d
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Figure 11: The contour of the displacement for
an infinite matrix containing two inclusions with
a concentrated force at & in the matrix
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two-inclusions problem is shown in Fig. 11.

4 Conclusions

Two-dimensional antiplane dynamic Green’s
functions for a circular inclusion or two circu-
lar inclusions with imperfect interface have been
successfully derived by using the present formu-
lation. A limiting case of zero wave number
matches well with the static solution. Ideally
bonded case can be seen as a special case of our
solution. Moreover, good agreement is made af-
ter comparing with the analytical solution derived
by Wang and Sudak’s results. Parameter study of
wave number and interface constant is also done.
Following the success of two-dimensional an-
tiplane dynamic Green’s functions, it is straight-
forward to extend to solve screw dislocation prob-
lems [Fan and Wang (2003)].
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Appendix A Static cases

Case 1: a concentrated force in the matrix

For the static case (k = 0) and ideally bonded in-
terface (B — o), we can replace the Hj} (kr) by
Inr and redo the procedure. Then, we follow the
formulation for Laplace problems in [Chen, Ke
and Liao (2007)]. For the problem with an inclu-
sion, we can decompose into subsystems of the
matrix and inclusion after taking free body on the
interface as shown in Fig. 1(c). Then, by col-
locating x on (a~,¢) and (a™,¢) for the matrix
and inclusion, respectively, the null-field equa-
tions yield

0= —2mah— Y, n(ay,cosmg + b, sinme)

m=1
e < ar e e .
—2ralnapi+ Y —(ps,cosm + p;, sinm@)
m=1 1M
p - 1 a
— —[lne— ) —(=)"cos(m
eline— 3. (5 "eos mo)]

x—(a,9) (AD

0=— Y m(a},cosm¢ +bl, sinmp) —2malnap),
m=1
> an i i
+ Z Z(pmcost) +q,, sinm¢)
m=1
x—(a",0) (A2)

Similarly, interface conditions of Eq. (5) can be
rewritten as

— ME(MM —u'), ontheinterface (A3)
I
—uyt™ = pyt’,  on the interface (A4)

By assembling the matrices in Eqs. (Al), (A2),
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(A3) and (A4), we have

ny o -uf 0 0w
0 o 1, -Uf| |1
0O w 0 W uj
B wm B O 7

(AS5)

After rearranging Eq. (AS5), we have

M M M
b

M M M
Ay S ST R LS

itk -

(A6)

The unknown coefficients in the algebraic system
can be determined as shown below:

at] r — ZEILM Ine T
e p(Ba+muy) (2)m
A mr[mpy pr+Ba(tm+ur)] N e
b 0 (A7)
Po 0
e, _ pBL (2ym
i pm mlmp g +Baty+ur)] N e
LZmd

where ag, pg, a;, and p;,, m =1,2,3,... are the
Fourier coefficients of boundary densities for the
matrix. As 8 approaches infinity, we have

at] r — %nliw Ine
a\m
i o) )
0
Ao &
e _ PHI a
le a7 (Uy+Ur) ()"
lan) | 0 |

Then, we can obtain the analytical result for the
static stress 6% = ac!,/p = ac™ / p of the matrix
as shown below:

oo

oM— M (g)’"cosme,

Gxix =
zr zr 7T(IJ1+IJM)m:1 e

a
P
e>a (A9)
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The Wang and Sudak’s closed-form solution is
shown below:

o Uy eacos O —a?
O () \ €2 +a? —2eacosB )’
e>a (A10)

By expanding the Eq. (A10) into Fourier series,
we have

M c
o, =—— apcos(m@), e>a
(Wt Um) m; (m®)

(A11)

where the Fourier coefficient of a,, can be deter-
mined by using the Poison integral formula [Chen
and Chou (2007)] as shown below:

1 /2% eacosO —a®
" 0)d6
a 7'6/0 €2+az—2eacose)cos(m )
1 2= (%)COSG—(%)Z
= %/0 1+(§)2_2(%)C089]Cos(m9)d9
1—(%)? 2
a\m
= (g) , e>a
(A12)

An alternative proof by using the degenerate ker-
nel can also be obtained as shown below:

U (s,x) =Inv/e2 +a2 —2eacos 0
lne—mi1 L(9)mcos(m0), e>a
Ina — E Leymeos(mb), a>e

m=1

(A13)

a—ecosB
da e2+a% —2eacos

~ Y (2 ycos(mB),  e>a

em

am+l1

Y (-4 Vcos(mB), a>e

(A14)
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By multiplying (—a) into Eq. (A14), we can also
obtain the result of static case

Ly a
o, =—— —)"cos (m0),
§ = it 2 (2" os ()

e>a (AlS5)

Therefore, we have proved that our series-
form solution is mathematically equivalent to the
closed-form solution of Wang and Sudak.

Case 2: a concentrated force in the inclusion

Similarly as shown in the case 1, we can obtain
the unknown coefficients as shown below:

r p#l T

y 2l Ina

e pBapy (¢)ym

m miuy[anBuy-+rp (af-rmpy)] \a

be, 0

el = pir (A16)
Po 2am il
Do, pBu (¢)ym

¢ pumlamBuy+rp(aB+muy)] \a
L1md L O |

where a;, pj, a;, and p;, , m =1,2,3,... are the
Fourier coefficients of boundary densities for the
inclusion. As 3 approaches infinity, we have

_ _ P.ul
a Sl Ina
e PUy (g)m
A mup (s + )
b¢ 0
el = Pl (A17)
p 3 2am il
p PH em
q;n Umar(pyr+pr) (&)
LZmd

Then, we can obtain the analytical result for the
static stress ((SxiX =aoc!./p =ac/p) of the in-
clusion as shown below

H i( ) cosmB,

B 27TIJM (g —Hle
a>e (Al18)

A closed-form solution can be obtained by using
the degenerate kernel. By multiplying (a) into
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Eq. (A14), we can also obtain the result of closed-
form solution for the inclusion

o Uy a*—eacos 6
(w4 ) \ €2 +a? —2eacos O

2 _
+_L<gr¢m&>, a>e (A19)
Uy + Um Mg

Therefore, we have proved that the closed-form
solution can be obtained mathematically by using
the degenerate kernel. Based on the Fourier series
expansion, the closed-form solution of Eq. (A19)
yields

S Z amcos(mb),

O, = ag+
T () 2,

a>e (A20)

where the Fourier coefficient of a( and a,, can be
determined by using the Poison integral formula
as shown below:

1 /27 a*—eacos@
I 0)do
¢ n/o e2—|—a2—2eacose)cos(m )
1 27 (92— (%)cos6
=— < < 0)do
n/o [l—l—(g)z—Z(%)cosG]COS(m )
2 @™
@i 2
:(E)’", a>e
a
(A21)
L/M[ Ly ( a’> —eacos 0
0= o m(U+uy) e*+a*—2eacos6

1, u?—

27 Wiy + U

L2y (9)* = (%)cosB
=5 3y 16

2mJo m(s+py) 1+ (5)* —2(5)cos®
i(uf—uMm)
27 Wi+ par

. Uy (%)2—1 i(lvhz—IJMM)
A+ ) (22 =1 20 pu2 + gy

_ M

= Iy a>e

(A22)
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It is straightforward to represent the closed-form
solution into Fourier series solution. On the con-
trary, it always needs special treatment, e.g., Wat-
son transformation if we would obtain the closed-
form solution by way of Fourier series solution.
Here, we do not employ the Watson transforma-
tion, but take advantage of expressions of degen-
erate kernels for the fundamental solution. The
contours of shear stress 0,y = G,,c0s ¢ — O Sin ¢
and 0y, = 0,,sin¢ + 0,9 cos ¢ for a concentrated
force in the matrix and inclusion are summarized
in the Table 2 and 3, respectively.
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Table 1: Series-form & closed-form solutions for the static case (ideally bonded interface)

Concentrated force in the matrix Concentrated force in the inclusion
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Table 2: Stress contours of o, and oy, for the static and dynamic solutions (a concentrated force in the
matrix)
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Table 3: Stress contours of o, and oy, for the static and dynamic solutions (a concentrated force in the
inclusion)
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Appendix C Special cases of § — and 8 =0
Case 1: an ideally bonded case (f — o)

As the parameter 3 approaches oo, the interface
condition yields the force equilibrium and dis-
placement continuity. Then, we follow the for-
mulation for the Helmholtz problem in the case
1. For the problem with an inclusion, we can de-
compose into subsystems of matrix and inclusion
after taking free body on the interface as shown
in Fig. 1(c). By collocating x on (a—,¢) and
(a™, ) for the matrix and inclusion, respectively,
the null-field equations yield Eqgs. (17) and (18).
Then, the interface conditions of Eq. (5) can be
rewritten as

uM =u!,  on the interface (C1)

—uyt™ = pyt’,  on the interface (C2)

By assembling the matrices in Eqgs. (17), (18),
(C1) and (C2), we have

™ —uf 0o 0 ul!
0 o T, -UL| |y
0O wuy 0 W u;
1 0 -1 0 t

(C3)

After rearranging Eq. (C3), we have

A e
1

T 0
The unknown coefficients in the algebraic system
can be determined as shown below:
af) =—pJly (k]d) [Jo(kMe) + iYo(kMe)]
y2maf — kiprJy (ki) Vokna) + Yo (k)]
+ kg tando (k) [y (kaga) + Y, (Kagat)] }
(C5)

po = — ki Jy(ka) [Jo(kye) +iYo (kare)]
J2mapty ]kt (kya) Uo (knsa) + i¥o (kysa)|

~Kuatted (kia) Uy Rava) + 183 Rava)] |
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Y

as, = — pIm(kia) [Jm(kpe) + Y (kyre)]
/na{ — kg iy, (kya) U (knga) + Y (kpga)]

+ gtasd (), (k) + 1Y, (kyea)
(o0))

P = — Pkt (kia) [Jn(knse) + i (kpze)]
/nauM{km,J,’n(k,a) Un(kyga) + 1Y (kpga)]

kg g (ki) [, (kngct) +iy,;(kMa)]}
(C8)

where ag, pg, a;, and p;,, m = 1,2,3,... are the
Fourier coefficients of boundary densities for the
matrix. According to the interface boundary con-
dition of Egs. (C1) and (C2), we obtain the coef-
ficient of the inclusion as shown below:

al_[ da €9
{Pb} {_IJMPS/M} )
a at
mL = n C10
{Pin} {—uMpfn/uz} (10

where d, pl, al, and p}, are the Fourier coef-
ficients of boundary densities for the inclusion.
Then, we can obtain the series-form Green’s func-
tion for the matrix and the inclusion, respectively,
by applying Eq. (9) to have

Glx,&) = ~lagfkuJh kua) + pido (kuva)
[Yo (kup) —iJo (kup)]

oo

=50 Y lakind, (k@) + Pl (i)
m=1

(Y (knp) — idm (knp)] cos (m¢)

_ ﬁ[Yo(kMr) —iJo(kyr)], a<p < oo

(C11)
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Glx,&) = o (kip) { abki[Yf (ki) — i (ki)

— pb¥o (kia) o (kia)] }
ta

e (kip) { kil (ki) = i, (k)]

— Pl [V (ky@) — iy (Kya)] } 0<p<a
(C12)

The absolute amplitude of potential |u| for the ide-
ally bonded case and for the parameter (8 = 102)
are shown in Figs. 12 and 13. Good agreement is
made.

) -2 -1‘v5 ‘1 »0‘.5 6 0.‘5 “1 1‘.5
a=1,P=le=11ky =l kps =2, 1y =4, ttps =1, f=o0, M =70
Figure 12: The absolute amplitude of displace-
ment for an ideally bonded case

Case 2: a cavity case (f =0)

As the parameter 3 is zero as shown in Fig. 14,
the circular inclusion is fully debonded from the
matrix. Similarly as shown in the case 1, we can
obtain the unknown coefficients as shown below:

@ —p  Yo(kne)—ilo(kue)

| 2kmmapns Y (kya)—idj(k

[af ] - [ M—pu MYmO((k/\}/\:/Ieu))—ilJ,,?((kAA::)) (C13)
" kumapy Y}, (kya)—id}, (kya)

where af and a;,, m = 1,2,3,... are the Fourier
coefficients of boundary densities for the matrix.
Then, we can obtain the series-form Green’s func-
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Figure 13: The absolute amplitude of displace-
ment for B = 10°?

tion for the matrix by applying Eq. (9) to have

_Ta
2
— % Z afnkMJ,’n (kMa)
m=1
[Yon (kntp) — id (knap )] cos (m)
P

— m[YO(kMr) —l.]()(kMr)], a S p < o0

agkuJy (kua) [Yo (kup) — ido (kup)]

(C14)

The absolute amplitude of potential |u| for the
cavity case and for the parameter(f = 10732) are
shown in Figs. 15 and 16. Good agreement is also
made.
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Figure 14: A matrix with a debonded inclusion
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Figure 15: The absolute amplitude of displace-

ment for the cavity
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