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Abstract—This is Part II of a two-part paper which analyses the scattering of elastic waves by a
rigid cylindrical inclusion partially debonded from its surrounding matrix. The scattering of SH
waves was solved in Part I by the use of the wave function expansion method and singular integral
equation technique. Here, in Part II, we consider the scattering of P and SV waves by using a similar
approach. As in Part 1, the debonds are modeled as interface cracks with noncontacting faces. Then
the problems are reduced to a set of singular integral equations of the second type in terms of the
dislocation density functions, which demonstrates the oscillatory behavior of the stresses near the
crack tips. By representing the dislocation density functions with Jacobi polynomials, these equations
are solved numerically. Two limiting situations are considered: the long wavelength limit with
arbitrary debond sizes and the small debond limit with Ky = O(1) (where Ky is the shear
wavenumber and r, the inclusion radius). The general solution simplifies in these two limiting cases
and results, similar to those for SH case, are obtained. Finally, the numerical results for the dynamic
stress intensity factors, rigid body motion of the inclusion, and scattering cross-sections are presented
for both P and SV cases, and the low frequency resonance phenomenon, as in SH case, is explored.
Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

In Part I of this two-part paper (Wang and Wang, 1996) the problem of SH wave scattering
by a rigid cylindrical inclusion partially debonded from matrix was discussed. The problem
resulted in a set of singular integral equations of the first kind with the dislocation density
functions being unknowns. A quadrature method was used to solved these integral equa-
tions. The numerical results for the near and far fields were presented, and the explicit
solutions for the long wavelength limit and the small debond limit were obtained. In Part
II, a similar approach will be used to deal with the scattering of P and SV waves.

Figure 1 shows a rigid cylindrical inclusion, with radius », and mass density p,, partially
debonded from its surrounding matrix. An incident P or SV wave propagates in the 0,-
direction. In Fig. 1, the cylindrical coordinate (r, 8, z) is used and the 8 coordinates of the

Fig. 1. A P- or SV-wave incident on a rigid cylindrical inclusion partially debonded from elastic
matrix.
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kth crack tips are assumed to be a, and b, (k = 1-n). Obviously, the problem considered
here is the plane-strain problem. If we treat the debonds as interface cracks with non-
contacting faces, the stresses near the crack tips will have oscillatory inverse square-root
behavior, which makes the problem very difficult to deal with. The singular integral equation
method has been proved to be successful in solving such a problem and has been used
widely in dealing with the elastic wave scattering by a flat interface crack between two
bonded half-space (Srivastava er al., 1978 ; Yang and Bogy, 1985). In the present paper,
this method will be applied to analyse the dynamic problem of arc-shaped interface cracks
between a rigid cylindrical inclusion and elastic matrix.

The scattering of P waves from a partially debonded elastic cylindrical inclusion was
also attacked by Coussy (1983) and Yang and Norris (1992). Coussy (1983) gave the far-
field solution for the long wavelength limit. Yang and Norris (1992) presented numerical
results of near and far fields for arbitrary frequencies. But they limited their analysis to the
special material combinations for which the oscillation parameter vanishes.

2. FORMULATION OF THE PROBLEM

For the present dynamic plane-strain problem, the displacement components in the r-
and 6-direction denoted by u, and », can be expressed in terms of two wave potentials ¢,
and 1, they may be written as (Pao and Mow, 1973) :

_0py 100y
o= T a0 "
o = 1000 Oy

T 00 o

Then the stress—potential relations for the two stress components o,, and 7,5, needed here
become

(0 1¢
G = iovzﬁﬂo +2'u05r< o + - l//o>’

or r 06
> , 2
280, 230y o L8y 1 3%,
Tro0 = Ho| A T i, T o Aast >
roréd 42 00 or? roor ¥ 902
where
V= & l E l o )
orr  ror g ap?
In terms of these potentials, the equations of motion reduce to
Vi +Kiop, =0, Vi, +Ki, =0, (3)

where K|, = w/Cy and Ky, = w/Cr, are longitudinal and shear wavenumbers respectively,

Cro = /(4o +2u9)/py and Cyy = \/p1o/po are wave velocities, and 4. uo, po denote the
Lamés constants and mass density of the elastic matrix.

Without loss of generality, let us consider the incident wave with the form
P (r,0) = A==ty (r,0) = 0, )

for the incident P wave, or



Scattering of elastic waves—II 2819

95(r.0) = 0. Y (r,0) = A==, (s)

for the incident SV wave, where A in above two equations is amplitude.
The following analysis will focus on the incident P wave. The results for the incident

SV wave can be obtained analogously.
Because of linearity, the principle of superposition can be used to decompose the total
potentials in the clastic matrix as

(1, 0) = 0O(r, 0) + 00 (r, ) + 04 (r, 0),
{P (r,0) = @0’ (r, 0) + 90" (r.0) + 4" (7, 0) ©

Yolr, 0) = Y7 (r, )+ 4" (r, 0),

where @f” and Y are potentials for the scattered fields that would be present if the
inclusion were perfectly bonded (Pao and Mow, 1973), while ¢§" and " are those for the
additional scattered fields generated by the debonds which, by the use of the wave function
expansion method (Pao and Mow, 1973), can be written as

(pg)l)(r7 g) = Z AmHEr:)(KL(Jr) e_i”m’

m= —x

(7
W00 = 3 BHD (Knr)e ™,
with 4, and B, unknown. Then from eqns (1) and (2) we have
1 & , .
ug (r,0) = ’ Z (4, KiorH Yy (K or) —1B,mH (Kqor)] e ™™
] n’lfoofw (8)
0.0 == Y, [—id,mHL (Kior) — B, KrorHy) (Kror)] e ™",
and
aW(r0) =50 Y (4, T (Kior) + B, T (Kro)] e
V" m= -
© )
W0 =50 Y (4, T (Kiar) + B, TS (Kror)] e,
}" m= —o
where
{ T (2) = — T8 () = Q@m* — K3 ) HY (2) = 22HLY (2), 10
T{(2) = TSV (2) = 2im[H Y (2) —zH 3 (2)].

For a movable inclusion, we should also consider the motion of the inclusion. Under
the action of P or SV waves, the inclusion will translate and rotate as a rigid body with its
harmonic in-plane motion Ue ™, Ve " and ® e where U and V denote the amplitude
of the rigid body translations in x- and y-directions, respectively, and ® the amplitude of
the rigid body rotation. Decompose U, V and © as

U=UO+0", V=yO4y® @=09+0", (11)

where U9, V' and © are generated by a perfectly bonded inclusion (Pao and Mow,
1973), while U, *", and ®'" are due to debonding, which are governed by the following
kinetic equations
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—nw’rip, U = J rolals) (ro, 0) cos 8 — 18k (ro, G) sin 8] d6

—7

-~

X —nirip, VY = f rolo (rg, 0) sin 0414 (ry, 8) cos 0] dO (12)

-7

n

T
errip O = J el (ro. 0) d0.

—7

Substituting eqn (9) into eqn (12) yields

P

U“)=flﬂA1—A_JHYKKmm)—ﬂBr+B,JHTKKmmH
0

Jywm =rﬁ{_i[z‘h+A71]H(1])(KL0"0)_[B|_Bfl]H(ll)(KTOrO)} (13)
0
)y _ 4_P (1) {r
O = — —| H (Kroro) + Hy” (Kxoro) |Bos
2 Kroro

.

with p = po/p,and 4, ,, B, By unknown.
The interface conditions of the problem may be expressed as

u (ro, 0) = Au(®), vy’ (ro,0) = Av(0), (14)

for a fixed rigid inclusion, or

UV (re, H— UV cos0— V"V sin O = Au(f
{ o (ro,0) (9] as)

v (re, 0) + UV sin@— U cos 0 —r, 0V = Av(0),

for a movable rigid inclusion.
In eqns (14) and (15) Au and Av are the discontinuities of displacements across the
interface, which can be expressed as:

0 O¢(ay, b)

M@={ (16)

Au() = {0 )
Av (0) Oe(ay, by)

Au(0)  Oe(ae, b

with A, and Ay, denoting the CODs of the kth crack.
The total tractions vanish on the crack faces, which implies

ol (ro.0) = —a(0); oy (re,0) = —1(0), 0e(ar. by) a7
where we have denoted ¢(6) = a'(ry, 0) + 09 (ro, 0) and ©(0) = 0 (ro, 0) + 168 (70, 6).

Up to now, the problem has been reduced to determination of unknown coefficiences
A,, and B,, by the mixed boundary conditions (14)—(17).

3. DERIVATION OF THE SINGULAR INTEGRAL EQUATIONS

—imf

Expanding Au(0) and Av(8) in series of e

Au@ = Y Ad e ™. Av@) = Y Ad,e ", (18)

m= —0o0 m= —0

where
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1 n b, L 1 b, o
Aa,, = 51:21 L A (H)e™dl, Av, = E,Z J Av(O) e™ de, (19)

=1 a

we have, from eqns (8) and (14)

{A'ﬁ = roD,, ' [— Knoro HY (Kroro) AL, +imH ) (Kroro ) AD,] (20)
B, = "ODZI [imHSnl)(KLoro)Aﬂm +KL0’"0anl)l(KL0"0)Aﬁm]
with

D, = mzHﬁf)(KLoro)HEJ)(Kmro) _KLOKTOr%Hg)((KLOrO)Hinl)((KTOrO)s @n

for a fixed rigid inclusion.
From eqns (8), (13) and (15) we can see that for a movable rigid inclusion 4,, 4,, and
B, for m # +1 are the same as eqn (20), but that By, A, and B., are different. They are

2

By=rg {KTO"OH%)U/(KTOI’O)_4PI:H§JI)(KTOr0)+ e

T0"0

~1
Hgl),(KToro):l} Az,

Ay = roD7H{[F Kroro HY (Kroro) + (1+ ) HYD (Koro) Ay £i(1 — p) HY (Kroro) A }
B,y =ryDi {411 = p) HY (Kioro) Ay + [Kioro HSY (Krore) F (1+p)H{ (Kyoro)|ADL 1}
(22)
where
D, =(1+p)Kioro HY (Kioro) H'" (K1oro) + (14 p)Kroro H (Kroro) HYP (Kioro)
~ KioKrors HY (Kioro ) HY (Kroro) —4pH'V (Kioro) HY (Kroro).  (23)

It can be shown that when p = 0, that is, the inclusion is an infinitely dense inclusion,
the rigid body motion vanishes. This is the same as fixing the inclusion stationary in space.
Thus, the results for a fixed inclusion can be obtained from those for a movable inclusion
by setting p = 0 and we will focus our attention on the case of a movable inclusion in the
following analysis.

Substituting eqn (9) into eqn (17) and considering eqns (20) and (22), we obtain

0

o Y, [NL"A#@,+Ny2As,Je™" = —o(f)

Oe(ar, by) 24)

po 3 INGVAR,+NIPAG, e = —1(6)

m= —aoC

where N is given in the Appendix.
The continuity of displacements across the interface on the bonding regions implies

Y Ad,e ™ =0; Y As,e =0, 0é(a.by) (25)

m= —oo m= —oo

Equations (24) and (25) are dual series equations of the problem. We will solve them by
transforming them to singular integral equations. To this end, we introduce the dislocation
density functions of the kth crack
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1 ¢ 1 ¢
_ . = — (A = l-n. 26
@ (0) o OH(Auk)’ ¥ (0) e 50( v), k=1-mn (26)

Then following the analysis similar to Part I of this two-part paper, we can rewrite (3.2) as

Fo i by a[+b1 1 Fo n (2 -
7. o— — 9 y_ AT ¥ I3 5o 0 2y et 4
AuO 27T[A1 J;I (g 2 )q’[(%) dga Aum T m lgl J;I (Pl(g) 5 &
27
= ¥g “ b P al+b[ - _L}’i o b 14 imf
) J ” (g— . )w,(o ) f Qe de

which when substituted into eqn (24) yields

i n b, x o b, 0 o
hZ[ J D) Y MUVem Vit f W Y Mf,}”em“-‘”d(}:—a(e)
=1 a m= —x

a m= -

n b, € by 0 o
2,[ZU el Y MED e dl+ j Wi Y Mﬁfﬂe‘mwdc}:—r(e)
! 3

Oela, b)) (28)

with

. a+b r
ME" = ipgr, §;")<C— — 5 '); M = o iN,‘;I”, m#0,s1=1,2 (29)

Considering the properties of Hankel functions H,,(z) as m — oo [cf. Abramowitz and
Stegun (1965)], we have

MO, M3 ~ sgn(m)f— — +0(m )

; m— + o (30)
M, M3 ~ i<d— >+ Oo(m™?)
|
with
2= py(l—x0"), B=—po(l+xs"), @31
where k, = 14+ 2u5(Ao+ 1) ~' = 3 —4 v, and v, represents the Poisson ratio of the matrix.

Introducing the auxiliary functions

Mf;i”=M$”—ﬂsgn(m)+% s=tm#0
(32)

M = M,‘Z”+(~1)Si<a—l~fq~|> s# t,m#0

assuming
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ﬁ{[ME)‘vH-Zi i ML sinm(C—H)]—ioc[nsgn(C—())—(C_a)]} g=1
m=1

2sin <(—;—6>’} SF#Et

P.L0) = ‘ )
(_1)551; {[—ia+2 Y M cosm(C—H):|+2iﬂ1n

(33)
and applying the relations
(& - . (—0
Y sgn(m)e™ " =icot (g—>
iml=1 2
—e™ =9 = insgn({—0) —i({ —0)
im[ =111
- (34)
—e”t % = —21In{2sin (g;>
|m[=1 || 2
Y e =g z 3({ —0—2nm)

\m= —oC

we can transform eqn (28) into a set of singular integral equations of the second type with
Hilbert kernels

n n v 9 by
) %ZJ¢@NN< >@+ZJWKWWWMWMM=—dm

i=1 I=1

n n —f b
OCIZI () — 2£ Z J ¥, ({) cot (%’)dC‘i‘ Y J [0, (P2 + Y (()P22]dl = —1(0)

=1 =1 Jq

Oe(a, by (39)

where ¢, ({) and y,({) should also satisfy the additional single-valued conditions

Jk (D) dl =0, Jk!//k(C) d{ =0. (36)

%

Equations (35) and (36) can be solved by using the method presented by Erdogan and
Gupta (1971) with a slight modification. In next section, we will solve them numerically
for the case of n = 1, i.e. for the case of an inclusion with a single debond.

4. SOLUTION OF THE SINGULAR INTEGRAL EQUATIONS

When n = 1, by using the following substitutions

0 =cé+d,{=cn+d
®(n) = @ (en+d),¥Y(n) = ¥, (en+d)

Fn(’?a é) = -

| (37
@ P (en+d cE+d)

with ¢ =(b,—a,)/2 and d = (b, +a,)/2, eqns (34) and (35) become



2824 Yue-Sheng Wang and Duo Wang

[0 ——iy] {@(5)} ¢ JI [1 0} {(D(n)} c(n—23)
_ + cot——_——dgn
iy 0 W@ mi) [0 1]l¥m 2

VTP PR () 1 (6(cE+d) )
+CJ‘[F21 Pzz}{‘l’(ﬂ)}dn_ﬁ{r(c§+d)}’ &l <1 (38)

)
dn =0, 39
Jﬁl{w)} ! &

where y = o/f is Dundurs parameter or oscillation parameter (Dundurs, 1969) which defines
the oscillatory square-root singularity. When v, = 1/2, which means the elastic matrix is
incompressible (i.e. P wave propagates at infinitely great speed), the Dundurs parameter
vanishes and thus the oscillatory form of the stress singularity should also vanish. In this
case, eqn (38) becomes a set of singular integral equations of the first kind.

To solve eqn (38), we must first uncouple its dominant parts. To this end, we introduce
two new functions f{#) and g(») which are related to ®(y) and W(x) by

and

O(n) S
{W(m} = {g(n)} @
with
[R] = [i _i}. (41)
11

Substitute eqn (40) into eqn (38) and then premultiply eqn (38) by [R]™'. The dominant
parts of eqn (38) will be uncoupled. Forthermore, if we consider that a Hilbert kernel and
a Cauchy kernel have the same singularity, a set of standard Cauchy singular integral
equations with uncoupled dominant parts is obtained

[—V OJ{f(f)} IJ] |:1 0}{/’(’7)} dy J“ [Qn le}{f(’?)} {5(5)}
+- e dy=1""0
0 yllg@®) =) [0 1]lgm)n—¢ 1 L@ @ flg(m) (&)

&l <1 (42)
in which
Qll Q12 _ 1 P” Plz L C(n_é)_ 2
[Qzl sz_[R] [1’21 PZJ[RH'M [COt s é)][1] (43)
e 1 .. folcl+d)
{f(c“)}_iﬁ (] {T(c§+d)}’ (44)

with [/] denoting the unit matrix. f(n) and g(n) should also satisfy

fl {f (")}dr,zo. (45)
1 lgm

According to the general theory of singular integral equations (Muskhelishvili, 1953},
we know that the fundamental solution of eqn (42) is
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P — 5" (1 B,
{Wf(c)}: {(1 OH(1+8) } (46)
W, A="(1+H™
with
1+

1
o0y = —3—ik, By = —3+ii, 4 =5-In (T_—y) (47)

Hence, the approximate solution of eqn (42) may now be expressed as

s A pbBy
{f(f)} _ 5 |:Wf(f) 0 :I{I{IPJ (é)} 48)
g@@) L 0 W(OIB PP

where PPV (&) and PY1*0(&) are Jacobi polynomials, 4, and B; are to be determined.
Substituting eqn (48) into eqn (43) and using orthogonality relation of Jacobi poly-
nomials (Erdogan and Gupta, 1971)

] 0, i#j
J WP PP mdn =1 2 Tt at+ DIG+b+1) i (49)
- ST @itatb+ DIGratrbrn
with T'( ) representing Gamma function, we obtain
A,=8,=0. (50)

Subsequently, substituting eqn (48) into eqn (42), multiplying the first equation of eqn (42)
by W7 (&)PL ™ #Y(&), the second equation by W, ' (§)PL (&), and then integrating
both equations over & from —1 to 1, we have an infinite system of linear algebraic equations

/11— )2 _ x - _
T}gl(;a,u/mAkH + Y [CUVA+CLDB) = F,
j=1
iy ! k=0,1,2... (51)
1—7?2 _ w _ _
TY%*M’BM + 2 [C5VA,+CEPB) =G,
j=1

J

where we have used eqns (49), (40), the following relation

1 dp J1=?
—ny(f)PE“‘”"(é)JrEJ Wr(n)P}-“"’”(n)n—_"E: 2iV PCImRE), i <1 (52)
—1i

and the similar relation for P#1*(¢).
The unknown coefficients 4; and B; can be obtained by solving truncated version of
eqn (51) in which C{"(s, ¢ = 1,2), F; and G, are given in the Appendix.

5. DYNAMIC STRESS INTENSITY FACTORS AND RIGID BODY MOTION OF THE
INCLUSION

We define the dynamic stress intensity factors (DSIFs) K; and K;, by analogy with the
definition of the static stress intensity factors (SSIFs) given by Erdogan and Gupta (1971).
However, one may note that the DSIFs are complex and thus they can not be calculated
by the method of Erdogan and Gupta (1971). Here we present another method to compute
the DSIFs.
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Denote o,(ry, 8) and t,4(ry, 8) as the stresses on the bonded region and define the

equivalent stress components ¢/ (r,, &) and 15 (r, &) as

6P (re, ) 1 6,(ry,0)
= [R]"' . 53
{ng) (rO’ 6)} lﬁ [ ] {Trﬂ (r(] ’ 9)} ( )

The dominant parts of the equivalent stresses may be written as

© .
{a (’0’5)}~LJ {f(n)} dn” > L. -
9(r, &) m)_ lgp)n—¢

It can be shown that the equivalent stresses have the following behavior at the crack tips

) (KBre) =D 1P
{ } { | } L. (55)
15 (o, €) Kflb (ro0)"2(E =1 (&4
{a@(m,@} h KE, (o) (18 (— &~ l)ﬁi} . s
5 (ro, &) ﬁz)z (ro0) "1 =& (=¢-1)n

where K, K{:), K{i}, and K7, denote the equivalent DSIFs.

Substltutmg eqn (48) into eqn (54), we can derive

KEZ)I . 3 0 /I,P(f"lﬁl)(])
{Kﬁ% } B lm ; { p(ﬁ, 1)(1)} (57)
K}Z) R AP(m,ﬁl)(_l)

{Kﬁ; } W=7 ; {B PP (— )} (58)

where we have used the relations

T d -
*-J WP () "—_% = —(L+N[=W PP (O +GF ()]
iKl>1 (39

1! d -
f[ AP n:?é:—(l—v)[—WqP?ﬁ‘ HO+GG (O]

with

- . 1—’}’ _ 3 1—’)1
WAE) =i [—|e—1|"|E+1)F N —i e BT
(&) =i [T e IPIER P, W@ =i [y e 1Pie 1] (60)

and G7 (&) and G (¢) being the dominant parts of WAE)P™/0(€) and W, (&) PP0(&) as

& — 0.
The real DSIFs can be calculated by

KI)( Kier)
{ . }= iBIR] {K@ } (61)

where x = a, or b,.
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The amplitudes of the rigid body translations (RBTs) of the inclusion in x- and y-
direction denoted by U and V and the amplitude of the rigid body rotation (RBR) denoted
by ® may be obtained from eqn (11) where U®, ¥ and ®” may be found in Pao and
Mow (1973) and UV, 7' and ® can be calculated from eqns (13), (22), (27), (27), (37),
(40) and (38). The detailed analysis will not be presented here.

6. SCATTERED FAR FIELD PATTERN AND SCATTERING CROSS-SECTION

By using the properties of Hankel functions in the far field (Abramowitz and Stegun,
1965), the scattered far field displacements can be expressed as the following asymptotic
expressions

™l 2 E 0.0,)

LO

8
o (r, 0) + 0" (r, 0) % 1Ky [—
Kqor

where F,(60,0,) = F9(0,0,)+ F"(8,0,) and F,(0,0,) = F{(0,0,)+ F3V (0, 64). FP (9, 6,)
and F§"(0,0,) are the scattered far field patterns for a perfectly bonded inclusion [cf. Pao
and Mow (1973)]. FV(6,0,) and F§(6,8,) are those due to debonding which, by con-
sidering eqn (8), can be written as

u(r, 0) +u (r, 0) ~ 1Ky,
. ro 4o (62)
JW%M@%)

F(l)(g 0 z ( )mAme—im()

(63)
Fgl)(ga 60) 5 Z (—l)mBme-lme

m* — o

A, and B, in eqn (63) can be computed from eqns (21), (22), (27), (37), (40) and (48). We
will not give here the detailed analysis.
The total scattered energy flux is defined as (Pao and Mow, 1973):

<P‘°>=‘;’Imf[<u‘°>+u“>)* (@ +01)+ @ + ) (@ +ilds (64)

with the asterisk representing conjugation. S is chosen to be a unit-length cylindrical surface
with radius of infinitely large. Considering the asymptotic expressions of the scattered far
field displacements given by egn (62), we have

(P = 47“0.“0K2T0J [(F” +F12 +F + FyP1°] do. (65)

-7

The total scattering cross-section (SCS) is defined as (Pao and Mow, 1973):

<P
(&0

o(w) = (66)

where (¢,) is the time average of the incident flux which can be expressed as (Pao and
Mow, 1973):
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w
(o) = E/JOKLOK%OIAIZ (67)
for the incident P wave, or:
- @ 3 2
(p) = E#OKTolAl (68)

for the incident SV wave.
The SCS can also be calculated by following the elasto-dynamic optical theorem [cf.
Yang and Norris (1992)], which may be used as a check on the numerical computations.

7. THE LONG WAVELENGTH LIMIT

It has been demonstrated by Yang and Norris (1991, 1992) that the dynamic results
reduce to the relevant quasistatic ones in this long wavelength limit. In Part I we have derived
the explicit static solution from the singular integral equations for SH-wave incidence as
the frequency reduces to zero. Here we will consider this limit for P- and SV-wave incidence.
We assume Kqoro «< 1 and Kiorq = O(Koro). Then the kernel P({, 0) in eqn (36) may be
written as

. u a+b
P2 ((,0) =PH(C,0>—;“<C— =) )

2
= ;[nSgH(C—G)—(C—G)H — 21— (@—p)] sin((—0) +o(1)
T T

Plz(Cag) = _le(C’B)
B

=2 Py
2t &

P

2sin (5;9>‘ - %[2;% — (2= )] cos (L —8) +o(1). (69)

Similarly, ¢(#) and t(8) become

{0(9) =1o{1+(1—x¢ ") cos2(8—6,)]+o(1)} 0
1(0) = 1o {(1—x5 ") sin2(6—6,) +o(1)}
where 1, = — oK% A.

If we consider the case of n =1 (i.e. the case of an inclusion with one debond), and
assume b, = —a, = ¢, we can precisely follow the analysis of Section 4 by replacing P, ({,

8), a(6) and t(#) with eqns (69) and (70). Note please, that ¢,({) and ¥,({) or ®(y) and
Y(n) are all real. Therefore eqn (40) may be rewritten as

f) =3[ —i®m)] = g*(n) (71)

where asterisk represents the complex conjugation. Since P, ({, 6) given by eqn (69) and
a(0) and (0) by eqn (70) are all real, we have

le = “Q’lkz’ Q11 = _Q.;.k23 G = —T* (72)

Then the singular integral equation group given by eqn (42) may be replaced by a single
equation as follows
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1 I
—}f(i)-#Ef ";(Tn)édnﬁtcj @i +/*)Q1.1dn = 6(8). (73)

It is quite difficult to obtain the analytical solution of eqn (73) just like we did in Part
I for SH case. Here we will solve it numerically by the method of Erdogan and Gupta
(1971).

The definition of stress intensity factors described in Section 4 may also be expressed,
for crack tip 8 = +c, as

K +iK§ = (,lim.+ Sroc@le—1D)"1(14+0/c) P (g, +11,9). (74)

Following the analysis of Erdogan and Gupta (1971), we have

Ki +iKy = =2if/(1=9)roc lim [W; (O] (75)

If we consider the physical meaning of the incident fields as Kyyry — 0, that is, the
incident stresses give precisely the biaxial loadings at infinity: 7, in f;-direction and
14vo/ (1 —vy) perpendicular to f,-direction, we may say that the above K{" and K} coincide
exactly with the SSIFs presented by Toya (1974) for an arc-shaped interface crack subjected
to above biaxial loadings. For a rigid inclusion, the resuits of Toya (1974) state

0, +it,s = —3(1+ %) P(O)x " (6) (76)
where
X+ (6) — (eio _ eic) - l,fzfi,{(eie _e—iz-) — 12412 (77)
with / given by eqn (47) which differs from 4 in Toya (1974) by a negative sign. P(0) is

P(0) = [iH—3(N, + T..)][exp(ib) — (cos o« — 22 sin a)]
+ (Nyp — T )[(cosa+22sina) exp(—18) —exp(—2i0)] exp [2i8, —24(x—n)]  (78)

where

(14+4i>) (N, —T.)sin® acos 26,

H 2{l+(cosa—2Asina) exp [— 2/ (n—a)]} (79)
and T,, = 15, N, = T, vy/(1 —vp). The SSIFs at crack tip 0 = +¢ are
K +iKj = —3(1+x)P(e)(€) ¥ (c™ " sine)' 7% /1, /c. (80)

The comparison between the numerical results of eqn (75) and the analytical results of eqn
(80) will be displayed in Section 9 and good agreement may be found.

In above analysis we assume that the incident wave is P wave. For an incident SV
wave, ¢(0) and 7(0) may be expressed, in long wavelength limit, as

{0(6) = 1o(1+x5 ) sin2(0—0,) +o(1) 1)
o0) = 1o(1 +x5 ") cos2(0—0g) +o(1)
with 1y = — uyK79A. The DSIFs as Kygr, — 0 can also be obtained numerically from eqn

(75). In this limiting situation, the incident SV wave yields in-plane shear stress —1, at
infinity, which is inclined at the angle 6,, and also results in the rotation @, = — K3, 4/2
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at infinity. Therefore the relevant SSIFs may be obtained from eqn (80) by setting
By =0,+45°and N, = — T, = 1,.

It is seen clearly from eqn (73) that as Koy — 0, ri@,({) and r§y, ({) are of order
A(Kroro)®. Therefore

FJA, FOLA = O(Knro)?) (82
and

U(l) V(l)
iKoAd® KA

= O(Krory) (83)

which mean that for very low frequency, the presence of the debond only produces a change
of order (Kror,)* in the far field displacements and a change of order (Ky,)"' in the RBT,
while the rotation of the inclusion in this limit case behaves like

@(0)+®(1) 1 3
D R — d 1 84
“ean Lcw(o (o)) (84)

which should be the same as the static rotation presented by Toya (1974) as

_ (R

(]
dpg

O, (85)
with H given by eqn (79).

8. THE SMALL DEBOND LIMIT

Yang and Norris (1991) have obtained the explicit solution in this limit for SH-wave
incidence when Kqgr, = O(1). In Part I we have discussed this limit by allowing for arbitrary
frequencies, and the results of Yang and Norris (1991) have been obtained as a special case.
For P- and SV-wave incidence, the analysis will be much more difficult and we will focus
our attention on the case of Kpor, = O(1) for simplicity. It is also assumed K ory = O(Kyory)
and only the case of one debond is considered. Set b, = —a, = ¢. Then under the sub-
stitutions { = ¢n, 8 = &, O(y) = ¢ (cy) and ¥ () = ¥1(cn), eqn (28) becomes

: 1 Be) 1 0
L;,:J CD(n) z MEnlI)eimc(Yl~Cf) d,7+J \P(,,l) Z Mﬁ;z) eimc(ﬂ—g’) dﬂ} — —O'(Cf)

2 —1 m= —oo —1 m= —xc

1

3 | o o
ZL;U D) Y MED 09 dy+ f L IONDY Mﬁf”ei’"“"-@dn}—r(cé)
-1

m= —w —1 m= —0
1<t <1 (86)

where M§” = icuoro NPy and MS® = porom=' NS with N&9 given in the Appendix. Set
P = mc. We have for ¢ « 1

€0 (o]
Z MS;[) elmc(ﬂ*f) — j C*IM[()?? e'p('lff) dp = IS,. (87)

m=—o -

Considering the properties of Hankel functions for large order (Abramowitz and Stegun,
1965), we have
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M! = sen(p)f+o(l), s=1 (88)
=(—=D'ie+o(l), s#¢

with o and f§ given by eqn (31). Substitution of eqn (85) into eqn (87) yields

! ‘ 2ifc!
Ly =1, = C‘BJ sen(p) e dp = P

89
1 r]—é ’ ( a)

1
I,= -1, = ic‘ocj e?=9 dp = 2ic™ 'and(n—&). (89b)

-1

For very small ¢, ¢(c&) and 7(c) behave like o(0) + o(1) and 7(0) + o(1). Therefore eqn (86)

becomes
—aq’(é)—ﬁf 2 4y = —o(0)
n 71’7-6
50 W , el <1 (90)
W
a‘D(f)—nJIn‘_—idn = —1(0)

which can be solved by following the method presented in Section 4. In fact it has an explicit
solution which may be written as [cf. Erdogan and Gupta (1971)]

{@(Cf) = 1f(<) —ig(&) o1

Y() =) +g9()

where

216’(0) W[(é)P(la'ﬁ')(i)

Vi=7 (92)

i17(0
g(f) _ 21‘[( ) Wg(é)P(lﬁiu,)(é)

J1—7?

J©) =

with
1
-3

1
7(0) = — ﬁ[ﬂ (0)—it(0)]

5(0) = [¢(0) +iz(0)]

(93)

and W{¢&) and W,({) given by eqn (46).
The DSIFs defined in Section 5 are

K = —[6(0)+221(0)\/b; Ky = [246(0) —1(0))/P (94a,b)

at the crack tip 6 = +c¢ (i.e. tip b,). In the above equation, & = r,c.

Comparing eqns (94a,b) with the results of Erdogan and Gupta (1971), one may find
that eqns (94a,b) are actually the SSIFs of a flat interface crack between a rigid half-space
and an elastic one subjected to tractive loading ¢(0) and in-plane shear loading t(0) at
infinity. This conclusion is similar to that for the SH case.

Following the analysis of Part I, we find that the presence of a small debond produces
changes of order ¢’ in the scattered far field displacements and motion of the inclusion.
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9. NUMERICAL RESULTS AND DISCUSSION

The SCS, DSIF, RBT and RBR have been computed for rigid/epoxy combination of
inclusion and matrix with one debond. The shear modulus, Poisson ratio and mass density
of epoxy (1o, vo, o) are taken to be the same as those given by Yang and Norris (1992) and
the mass density of the rigid inclusion is assumed to be the same as that of glass. We have
demonstrated in Part I that this combination of inclusion and matrix may provide a good
approximation for the glass/epoxy combination.

The DSIFs for P-wave incidence in 0°-direction and RBR for SV-wave incidence in
the same direction have been computed in the long wavelength limit and compared with
the static solutions of Toya (1974). They are displayed in Figs 2 and 3, respectively. The
computations were performed by expanding f{x) in eqn (73) as a series in approprate Jacobi
polynomials [cf. Erdogan and Gupta (1971)]. For a smaller debond, 6 or 8 terms were
included in the series and for a larger one, 8 or 10 terms were used. The comparison shows
good agreement between the results of the present study and those of Toya (1974).

The normalized first and second DSIFs versus Ky, (which varies from 0 to 5) are
shown in Fig. 4 for P-wave incidence with o = 150°, 8° = 0° and 180°. As we expected, a
resonance peak appears at a low frequency. Its mechanism is similar to that encounted in
the SH case. The resonances at higher frequencies reported by Yang and Norris (1992) for
the “glass”/epoxy (where “glass’ has been adjusted so that the Dundur’s parameter is zero)
do not appear. This means that the effect of the surface waves is negligible in the rigid-
inclusion case (at least when Ky, < 5). The results of the DSIFs for SV-wave incidence
with the same geometric configuration are presented in Fig. 5. The resonance peaks are
sharper and occur at lower frequency than those in Fig. 4. This characteristic of resonances

RIGID / EPOXY P-wave
§ =0°

—— present paper

=== Toya, 1974

Fig. 2. Comparison of the DSIFs in the Jong wavelength limit with the SSIFs calcuiated from Toya
(1974) for P-wave incidence in 0°-direction (6, = 0°).

RIGID / EPOXY SV-wave
— o
8, =0

- present paper

—== Toya, 1974

0 . e 1 i | 1
0° 30° 60° 90° 120° 150° 180°
[+4

Fig. 3. Comparison of the RBR in the long wavelength limit with the static values from Toya (1974)
for SV-wave incidence in 0°-direction (6, = 0°).
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Fig. 4. The absolute-valued DSIFs normalized with the static value vs Kyor, for the P-wave incidence
in 0°- and 180°-direction with & = 150°. (a) The first DSIF. (b) The second DSIF.

may be shown clearly by the motion of the inclusion and will be discussed later. In Figs 4—
7, it is shown that the DSIFs for §, = 0° are higher than those for 8, = 180°. This has been
explained in Part 1.

The numerical results of the DSIFs for a small debond (o = 2°) are plotted in Fig. 6
against Ky for P-wave incidence. The approximate solution in the small debond limit
given by (94a) for the first DSIF is shown by dotted curves for comparison. It is seen that
egn (94) may provide a good approximation when Ky, < 5.

The SCS versus Ky, for P-wave incidence is illustrated in Fig. 7 for 6, = 0° and in
Fig. 8 for 8, = 90°. The low-frequency resonance and its dependence upon the debond size
are very similar to what we have shown in SH case. However, unlike in SH case, the incident
angle 0, has a significant effect on the resonant frequence of the SCS. For an inclusion with
a debond symmetric about the x-axis, the incident P-wave in y-direction (6, = 90°) yields
a stronger resonance at a lower frequency than that in x-direction (8, = 0°), especially when
the debond 1s larger. Figure 9 illustrates the curves of the SCS versus Kyt for SV-wave
incidence in x-direction (8, = 0°), which look very much like those in Fig. 8, except that
the resonance peaks in Fig. 9 are sharper and higher. All these characteristics of the
resonance are closely related to the motion of the inclusion which will be discussed next in
detail.

The in-plane motion of the rigid inclusion may be described by the rigid body trans-
lations (RBTs) along x- and y-axis and rigid body rotation (RBR) around z-axis which are
denoted by U, V, and O, respectively. The RBTs (U, V) and RBR (©) have been computed
for three situations: (i) P-wave incidence in x-direction (0, = 0°); (ii) P-wave incidence in
y-direction (8, = 90°); and (iii) SV-wave incidence in x-direction (6, = 0°). The debond is
located symmetrically about x-axis. The normalized results are displayed in Figs 10-12 in
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Fig. 5. The absolute-valued DSIFs normalized with the static value versus Ko, for the SV wave
incidence in 0°- and 180°-direction with « = 150°. (a) The first DSIF. (b) The second DSIF.
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Fig. 6. The absolute-valued DSIFs normalized with ro\/z for a small debond (« = 2°) with 8, = 0°
and 180°, P-wave incidence. The dotted curve is from the asymptotic approximation of eqn (94a)
for small debond limit.

absolute values. In the first case, only the motion in x-direction exists because of the
symmetry about x-axis, while in the last case, it vanishes because of the antisymmetry. In
the second case, all three kinds of motion take place in a full dynamic state even though
the motion in x-direction and rotation vanish in the quasi-static limit. The motion of the
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Fig. 7. The SCS vs Kyyr, for the P-wave incidence in x-direction (6, = 0°) with « = 1707, 150°, 1307,
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Fig. 8. The SCS vs Kqyr, for P-wave incidence in y-direction (8, = 90°) with a = 150°, 130°, and 90°.
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Fig. 9. The SCS vs Koy for SV-wave incidence in x-direction (6, = 0°) with « = 150°, 130°,
and 90°.

inclusion experiences a low-frequency resonance which becomes stronger as « is increased,
just like the DSIF and SCS. A noteworthy phenomenon is that the resonances for the
translation in y-direction and rotation are more pronounced and occur at a lower frequency
than those for the translation in x-direction. This is why the DSIF and SCS for P-wave
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Fig. 10. The motion of the inclusion for P-wave incidence in x-direction (6, = 0°) with a = 1757,
1507, 1307, 90°, and 50°: RBT in x-direction.

incidence in y-direction and SV-wave in x-direction exhibit a stronger low-frequency res-
onance than those for P-wave in x-direction. An explanation of the mechanism of this
behavior of the low-frequency resonance is imperatively desired.

Finally, the effects of the mass density ratio p,/p, and Poisson ratio v, on the SCS is
displayed in Figs 13 and 14, respectively. As p,/p, is increased and/or v, is decreased, the
low-frequency resonance becomes stronger.

10. CONCLUDING REMARKS

The singular integral equation technique is used in this series of papers to solve the
problems of elastic wave scattering from a partially debonded inclusion. The method allows
for multiple debonds and is proved to be very efficient, especially in dealing with the in-
plane strain problem involving the oscillatory behavior of stresses near the crack tips.
Numerical results are presented for various cases and the asymptotic explicit expressions
in the quasi-static limit and the small debond limit are obtained. They are in good agreement
with those of others [e.g. Yang and Norris (1991, 1992), Coussy (1983), Toya (1974), etc.].
Although the analysis is limited to the case of a rigid inclusion, it can be easily extended to
the elastic case by considering the wave fields in the inclusion. Furthermore, the present
method may also be applied to the case of an elliptic inclusion. Indeed we have used a
similar approach to solve the dynamic problem of an elliptic arc crack which may be viewed
as a special case of an interface crack (Wang and Wang, 1994).

As in the paper by Yang and Norris (1992), the debonds in the present paper are also
modeled as interface cracks of which the faces are assumed not to contact each other. This
assumption results in the oscillatory form of the stress singularity which is impossible in
practical cases. Comninou (1977) presented a new model for a flat interface crack to
suppress this unrealistic singularity by allowing closure of the crack tips. If closure takes
place at the crack tips, the stress singularity has an entirely different character. Zhou et al.
(1987) has applied Comninou’s model to the dynamic case of a flat interface crack and
demonstrated the dependence of the closure region on the frequency. Their model and
method can certainly be used to arc-shaped interface cracks considered in this paper.
However, the analysis is so complicated that it must be reported in a paper longer that the
present one. Therefore, we have to leave it for future study.

Even if we considered the closure of the crack tips, we are still far away from the
practical case. In fact, closure may take place, not only at the crack tips, but also anywhere
on the crack faces and friction may also exist in the closure region. Closure or contact of
the crack faces has significant influence on the low-frequency resonance. Generally, it will
make the resonance not so strong as we have demonstrated in present paper. Indeed, the
analysis involving such closure or contact is of more practical importance. However, the
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Fig. 11. The motion of the inclusion for P-wave incidence in y-direction (6, = 90°) with = 150°,
130°, and 90°. (a) RBT in x-direction. (b) RBT in y-direction. (c) RBR around z-axis.

extent of the closure region and even where the closure takes place will remain in open
conditions of the problem. This will make the problem almost intractable. Therefore, the
closure is ignored in the present analysis for simplicity, which means that the results are
valid only in the situations where the crack is prestressed to remain opening. Such an
assumption has been made in most published works concerning the dynamic problem of
cracks, including the references cited in this paper. In fact, any analytical method is
ineffective if the dynamic contact of the crack faces is taken into account. A computational
scheme, such as finite element method (FEM) or boundary element method (BEM), may
be a powerful tool in dealing with such a problem. For instance, Hirose (1994) has solved
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Fig. 13. The SCS vs Ky, for different values of p,/p, with v, = 0.333, o = 150" and &, = 0", P-wave
incidence.

the scattering problem of a crack with contact-boundary conditions by BEM, while Liu e?
al. (1994) have considered the similar problem by FEM. One may expect that the dynamic
problem of arc-shaped interface cracks with contact faces will be solved by FEM or BEM,
instead of an analytical method, in the near future.

Although the present results are somewhat limited, they are expected to have appli-
cations to fields such as earthquake engineering, nondestructive evaluation of materials,
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incidence.

the forecast of dynamic failure of composite materials and structures, etc. Norris and Yang
(1991) and Coussy (1986) have demonstrated some applications of their solutions. We will
discuss in details the possible applications of the present results afterwards.
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APPENDIX
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For D,, (m # + 1) and D, in eqos (A1), (A2), and (A3), see eqns (21) and (23):
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