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Abstract

The paper examines the in-plane loading of a disc shaped rigid disc inclusion which is embedded in bonded
contact with the plane surfaces of a penny-shaped crack. The mixed boundary value problem governing the
elastostatic problem is reduced to the solution of a system of coupled integral equations, which are solved
numerically to determine results of engineering interest. These results include the in-plane stiffness of the
disc inclusion and the crack opening mode stress intensity factor at the boundary of the penny-shaped crack.
© 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

The disc inclusion problem in the classical theory of elasticity is a particular simplification of
the general category of three-dimensional inhomogeneities. When the physical configuration of
the inhomogeneity allows its modelling as a disc inclusion, the analysis of the inclusion problem
can be considerably simplified. Attention can be focused on the analysis of a variety of inclusion
problems which are essentially mixed boundary value problems related to an elastic halfspace
region. Elastostatic problems associated with disc inclusions have been successfully applied to
examine a variety of problems of interest to the mechanics of multiphase composite materials and
geomechanics. The investigations by Collins (1962), Keer (1965) and Kassir and Sih (1968) are
the pioneering works in this area. Since these original developments, the theory of a disc inclusion
has been applied to a variety of situations involving anchor-type objects used in geomechanical
applications. These studies have taken into consideration non-classical effects such as material
anisotropy, influence of bi-material regions, flexibility of the inclusion, delaminations and cracking
both within and exterior to the inclusion region and the interaction between the inclusion and
externally placed loads. Accounts of these developments are given by Mura (1981, 1988), and in
the recent articles by Selvadurai et al. (1990), and Selvadurai (1994a, b).
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Fig. 1. In-plane translation of a rigid disc inclusion embedded in a penny-shaped crack.

In this paper we examine the problem related to a disc-shaped rigid circular inclusion which is
embedded at the centre of a penny-shaped crack. The problem may be visualized either as a
situation where fracturing has extended beyond the boundary of a rigid disc inclusion or where an
inclusion region is created by the injection of a cementitious material into a geological medium by
hydraulic facturing (Fig. 1). The disc inclusion embedded in a crack is, therefore, an approximate
analogue of the anchor region. In general the rigid anchor region can be subjected to various
modes of deformation. The axial loading of a rigid disc anchor embedded in complete bonded
contact with the faces of the penny-shaped crack was examined by Selvadurai (1989). This result
was extended by Selvadurai (1994b) to examine the case when the axial loading in the presence of
delamination at one face of the inclusion.

In this study we extend the work to include the in-plane loading of the rigid circular disc inclusion
for the particular case when the inclusion is in bonded contact with the faces of the penny-shaped
crack. The in-plane loading of the inclusion is more consistent with situations where the anchorage
is formed at orientations normal to a direction of minimum principal stress exerted, for example,
by self weight stresses. Also, the problem examined considers the case where the rigid disc anchor
or inclusion is located, in bonded contact, at the centre of the penny-shaped crack. Such positioning
is expected to produce an anchorage of highest compliance, which is important to the assessment
of the elastostatic efficiency of the anchorage. The mixed boundary value problem resulting from
the anchor (inclusion)—crack interaction problem is reduced to the solution of a set of coupled
integral equations which are solved in a numerical fashion. Numerical results are presented for the
in-plane stiffness of the inclusion and for the crack opening mode stress intensity factor at the
boundary of the penny-shaped crack.
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2. Governing equations

The associated asymmetric elastostatic boundary value problem can be formulated by employing
the stress function techniques developed by Muki (1960). The stress functions are governed by the
differential equations

V2V2D(r, 0,z) =0 (1a)
V2¥(r,0,2) =0 (1b)
where
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is Laplace’s operator referred to the cylindrical polar coordinate system. The displacement and
stress components in the elastic medium can be expressed in terms of the functions ®(r, 0, z) and
Y(r, 0, z). Considering a Hankel transform development of the governing equations we can show
that the relevant solutions applicable to the region 0 < z < oo take the forms

@(r,0,z) = cos Qr A +zB(O)] e/, (Er) dE (€)

Y(r,0,z) =sin0 J% EC(E) e T, (ér) dé 4

where A(¢), B(&) and C(&) are arbitrary functions. The displacement and stress components
relevant to the formulation of the boundary value problem can be obtained, from (3) and (4), in
the forms

2Gu,(r,0,2) = Corsgf [E{CA) =B (1= &)} {Erdo (Er)
—Ji (N} +28CE) (En]e =dE (5)
2Guy(r,0,z2) = SH:HLOO [E{ =4+ (1 =E2) B} (Er)
—28C(){redo(En —Ji(Entle=dE (6)
2Gu.(r.0,z) = —0089Lx E[EAQ) + B {Ez+2(1-2v)}]e” =/, (&) dE ()
and

0.:(r,0,z) = cos 0 r [E* A + B {(1-2v)& + &z} e, (Er) dE ®)
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GI‘Z (r’ 07 Z) =

Uy E{—E2AE)+ vE—E2)B(E)}{Erdy(Er)— T, (ér)} e dE
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where G is the linear elastic shear modulus and v is Poisson’s ratio.

3. The disc inclusion problem

We consider the problem of a rigid circular disc inclusion of radius ‘@’ which is embedded in
bonded contact with the surfaces of a penny-shaped crack of radius ‘b’. The inclusion is subjected
to an in-plane force of magnitude 7 which induces a rigid body displacement ‘6’ in the plane of
the inclusion. The problem exhibits symmetry about the plane z = 0. Consequently, the problem
can be formulated as a mixed boundary value problem related to a halfspace region 0 < z < 0.
The mixed boundary conditions applicable to the crack—inclusion interaction problem are as
follows ; with displacement boundary conditions

u,(r,0,0) =dcosl; 0<r<a (11)
uy(r,0,0) = —osinf; 0<r<a (12)
u.(r,0,0)=0; 0<r<a;, b<r<ow (13)

and traction boundary conditions

0,.(r,0,0)sin0+0,.(r,0,0)cos0 =0; a<r< oo (14)
0,.(r,0,0)cos0—0,.(r,0,0)sinf =0; a<r< oo (15)
0.r,0,00=0;, a<r<b (16)

Using the integral representations (5)—(10) for the displacement and stress components, the bound-
ary conditions (11)—(16) can be effectively reduced to the following system of integral equations :

- M©E  2(1—2v) 16G5(1—v)
L [L(ﬁ)— T—8v ~ (7=8v) N(é)}Jo(fr) dé == g, 0<r<a (17)

. L@ 2(1-2) |
L |:M(£)— 7—8v) — 7—8) N(é)}]z(ér) dé=0; 0<r<a (18)
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% N@J(ENdE=0; 0<r<a (19)
P: N (ENdE=0; b<r<ow 20)
EL@)y(E) dE =05 a<r< oo 1)
:O EM@,(E dE =05 a<r< oo (22)
% ¢ [L(é)JrM(é)Jr ﬂfﬂ SN =05 a<r<b 23

where the functions L(&), M (&) and N(¢) are related to the functions A(¢), B(¢) and C(&) according
to

28 (1=v)A(&) = 2vN(&) + (1 =20 {L(&) + M (&)} (24)

48 (1=v)B(&) = 2N(&) — L&) —M(9) (25)

282C(E) = L —M(©) (26)
Considering the integral equations (17)—(23) we introduce the following representations

1) = | oo ar= P OTED L[ singen @

M@ = j 19: (02 (E0) di (28)

with ¢,(0) = 0 and the prime denotes the derivative of the function with respect to ¢. Substituting
(27) and (28) into (21) and (22) we find that both equations are identically satisfied. Substituting
(27) into (17) we obtain

Cende 16Go(1—y)  [F[ M©E)  2(1—20)N()
L(rz_lz)wz_ (7—8v) +J [(7—8v)+ (7—8v)

}Jo(ir)df; O<r<a (29)

0
which is an integral equation of the Abel type, the solution of which is given by

32G(1—v) 2 J

Gotr Fadosy | MOFA-2N@lcos@nde; 0<i<a  (0)

0

¢, (1) =

The eqn (23) can be written in the form
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We assume that (31) admits a representation

() O0<r<a

j CENOT @D dE =100 a<r<b (32)

i), b<r< oo

With the help of Hankel transforms, we obtain from (31) and (32)

N(@©) = rrfl (r)J,(Sr) dr+[ 12 (r)J 1 (Er) dr+r rf3(r)Jy () dr (33)
Substituting the value of N(&) defined by (33) into eqns (19) and (20) we find that
O<r<a
Li(r)+ L) +L(r)=0 { (34a,b)
b<r<ow
where
L(r) = [2f(A)L(r, ) d2; (j=1,2,3) (35)
LA = J " @ () d (36)

and the limits of integration in (35) can occupy the ranges (0, @), (a, b) and (b, o) depending upon
the value of ;.
From the results given by Cooke (1963) we note that

2 J\min()“,r) s2 dS

L N (e D

TAF
L(r,2) = (37)

230 i
T max(4,r) S2 [(Sz - }“2)(‘?2 - },.2)] 12

where

b min(4,r) r b a b

J dij dSZJ dsJ dﬂy+J dsJ dz (38a)
a 0 a K 0 a
b 0 b s 0 b

J d;VJ ds=J dsJ di+J dsJ dz (38b)
a max(4,r) r a b a

Using these results the eqn (34a) can be written as

and
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J{ 1) +Fa(9)) s:_rzj BWds oy (39)
0 rr—s’ VA
where
a fi(A)dA
F1(5)=52Jﬁ€2)2; 0<s<a (40)
K} AT =S
N b 2) dA
Fo—e [ L0V, @
a —8
S22 (A) dA
b oSS —

The solution of the Abel integral eqn (39) is given by

~ 2 [ 52 K S+ u
F = —F,(s)—— -+ —log, —
l(s) Z(S) TCJ/; |: u(s2 _u2) + 21/12 Oge S—u

Hﬂ(u)du; O<s<a (43)

Similarly (34b) gives

TV[F,z(S)ﬂLll"”z“(S)]ds= L[ Fi(s)ds (44)
R N e r* Jo J1?—s
where
b 2215 (2) dA
Fi(s) = L \/;2_7/12 (45)
Again, the solution of the Abel integral eqn (44) is given by
2 (e s 1 s+u
Fi(s) = —Fi(s)—— | Fi(w) -5+ 5-log.|—pdu; b<s<oo (46)
T |, (s*—u*) 2u S—u

Also considering (27), (28), (31) and (32) we can show that

_32G4(1—v) 2 “ @, (u)(u? =20 H(u—1) dt
Pi(0) = (7—8v)n n(7—8v)f

8(1=2v) ([*Fi(s)ds = (7 n
+ 780y’ {L 1) + QL F,(s)ds+ 7

where H(x) is the Heaviside unit function. Substituting the value of M(&) from (28) into (18) we
obtain

0 u/ut—1?

rFfS)ds}; O<i<a (47)

b S
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Ja 1o, (NK(r, 1) dt = JW (7—18v) {LE)+2(1-2v)N(O}J,(¢rdé; 0<r<a (48)
where
min(r,7) S4 ds
Kir.n = n(rt)? J‘O (> —s*) (7 =)} @)

Also, introducing the substitution

“ e(ndt
P(S):JS l(lz—sz)”z’ O<s<a (50)
and using the representations for L(£) and N(&) it can be shown that
B T @i(s) 1 [ 2(1—=2v) [“F,(u) |u+s|
P(s) = — 2507 —8v) [ s L @1(0) dl}+ o (T—8n ), u log, u—s‘ du

_ 4(1-2v) J Fy(u) du; 0O<s<a (51)

n(7—8v)s* Jo (u? —s?)

Finally, the eqn (47) can be reduced to the form

~32Go(1—v) 2 a ‘
@i(1) = I—som: T =8 L sP(s)H(s—1) ds
212 P(1) 8(1—=2v) ([*Fi(s)ds = (" m (* Fs(s)ds) .
e T o UO =1 2L Fy(s)ds+ ZL E } 0<t<a (52)
Considering (23) and (32) we have
1—2v) [
f2(r) = ! 7 V)J SLEE)+M(O)J,(Cr)de; a<r<b (53)

Using the values for L(£) and M(&), defined by (27) and (28), in (53) we obtain

fz(r)=(1_22V)[2Ja%(t)dtJI s ds +rﬁl o1 dr } a<r<b (54

T, 0 ([2_s2)1/2(r2_s2)3,ﬂ2 o (rz_t2)3/2

Re-ordering the double integral in (54) and using the result (50) we can write (54) as
(1=2v) [* s*P(s)ds  (1=2v)r [ o@,()dt
Sfa(r) = 5

o o (’,2 _sz)s/z 2 . (r2 . tz)s,wz >

a<r<b (55)

The mixed boundary value problem related to the embedded disc inclusion problem defined by
eqns (11)—(16) is now reduced to the solution of the coupled integral eqns (43), (46), (51), (52)
and (55) for the unknown functions F\(s), F5(s), f>(r), P(s) and ¢,(¢). The structure of these coupled
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integral equations is such that results of practical interest can be obtained only upon numerical
solution of these equations.

4. Load—displacement behaviour of the disc inclusion

The shear stress distribution at the disc inclusion—elastic medium interfaces can be used to
evaluate the in-plane load—displacement relationship for the rigid disc inclusion. The shear traction
on the plane z = 0 in the x-direction is given by

1 [
T, =(0,.cosf—ag,.sinf) = — 2J EL(OJy(¢ndé; O<r<a (56)
0
The resultant force T required to induce the in-plane displacement ¢ is given by
T= —27{ rdr J L) (Er) dE (57)
0 0
Since
» a) “ @) (r)dt
J L)@ (ér) de = 2 Z—J P d (%)
0 a —r r " —r
where the prime indicates the derivative with respect to #, (57) can be reduced to the result
T= _2HJ ¢, (1) dt (59)
0

5. Stress intensity factor at the crack tip

Since the state of deformation induced in the elastic medium as a result of the displacement of
the inclusion is symmetric about the plane z = 0, the mode Il and mode III stress intensity factors
at the boundary of the crack are identically zero. The non-zero mode I stress intensity factor at
the boundary of the crack can be obtained by considering the axial stress o..(r,0) in the region
r > b. Using the result (8), the substitutions (24), (25), (28) and the expressions (27), (33) and (37)
we obtain

4(1—v) ap,(a) 1[“(/)’1(1)(11

(1—2v) 0::(r,0,0) = r /7 — g Ty o (P —12)'2

L4 J Fi9ds 2 [ 2rF, (b) +2rﬁ‘<F3(s)' ds }
nr(1=2v) Jy s(? =)' (1=20) |2 /P —p> 7 ), \ & >(r2—s2)

_2Ja€02(t)dtﬁ s*ds o )
r t [(12 _Sz)l/z(rz _S2)3/2] ?

0 0
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where the prime denotes the derivative with respect to the appropriate argument. The stress
intensity factor at r = b is defined by

Kb = 111;1 [2(r—b)]"?6..(r,0,0) (61)

Using the result (60) in (61) we have

1 F()
n(l—v) p32

K} = (62)
It is noted that the mode I stress intensity factor given by (62) is evaluated only at the location
0 = 0. From (8) it is evident that ¢.. has a variation in 0 which is proportional to cosf and we
further assume that the definition of the stress intensity factor is valid for 0e(n/2, 37/2).

6. Numerical results

We adopt a numerical technique for the solution of the coupled system of integral eqns (43),
(46), (51), (52) and (55) for the unknown functions F,(s), F5(s), f>(r), P(s) and ¢,(¢). The general
procedures for the solution of this class of integral equations are given by Baker (1978) and further
applications are also given by Selvadurai (1993, 1994a, b) and Selvadurai et al. (1990, 1991). The
intervals involved are (0, ], [a, b] and (b, oo]. If N,, N, and N; segments are considered, then we
can define the locations, given by,

x;=(G{—1h, withi=1,2,...,N,+1 (63)

yvi=a+(@G@—1h, withi=12,...,N,+1 (64)
and

zi=z;_ 1 +o(z;_y—z;_,) withi=3,4,...,N;+1 (65)

where h, = a/N,, h, =(b—a)/N,; z, = b; z, = b+ h, and « is a constant of proportionality such
that the interval (b, oo] is approximated in the numerical scheme. Using the above discretization,
the governing integral equations can be written in the form of a matrix equation

[41{X;} = {F} (66)

where i,j=1,2,..., N and N = 3N, + N,+ N;. The matrix [4,] in (66) are the kernel coefficients
in the five integral equations and {X;} are the values of the unknown functions at the collocation
points. The right-hand side of (66) is given as

1 lfl:N1+1,,2N1

{F} = { (67)

0 for all other i

The resultant force on the inclusion can be determined from the function ¢,(¢) in (52) and the
result (59). We have
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T 1 2N1
64(1—v)GAa/(T—8v) E,:,;H

X; (68)

The stress intensity factor defined by (62) and applicable to 0 < 6 < 2%, can be expressed in the
form

_ 32GAcos0
—(T-8n)n*h

b
I

Xyony+ (69)

This result can be normalized with respect to either the stress intensity factor at the boundary of
a penny-shaped crack subjected to in-plane point loads of equal magnitude 7/2 acting in the x-
direction, i.e.

T(1—2v)cos0

Kb ointload — 70
[ l]p tload 87‘5(1—\))b3/2 ( )
or with respect to the case when a — b i.e.
16GAa(1 —2v) cos 0
[K?]aah = (71)

(7—8v)n*b*?

Figure 2 illustrates the variation in the in-plane stiffness of the disc inclusion as determined from
the numerical procedure described previously.

In the limit as (a/b) — 0 (with a # 0), the problem corresponds to the in-plane loading of a disc
inclusion which is embedded between two-halfspace regions and subjected to an in-plane force 7.
The analytical solution to this problem can be obtained from the results developed for the in-plane
translation of a rigid punch bonded to an isotropic elastic halfspace (see e¢.g. Gladwell, 1980) ; i.e.

_ 16GAa
B 1-2
g U=
In(3—4v)
The analytical result for the in-plane stiffness given by (72) exactly matches the numerical result
when v = 1/2 and when v = 0, the discrepancy between the analytical and numerical solutions is
approximately 0.4%.
Figure 3 illustrates the variation in the crack opening mode stress intensity factor [normalized
with respect to the limiting value defined by (71)] as a function of the inclusion-crack aspect ratio
a/b and Poisson’s ratio. As the diameter of the inclusion reduces to zero (with 7T being finite), the

result reduces to the case where the crack is subjected to symmetrically directed forces of equal
magnitude 7/2 which act along the x-direction.

(72)

7. Conclusions

The problem related to the in-plane translation of a penny-shaped rigid disc which is embedded
in bonded contact within a penny-shaped crack can be examined by formulating the problem as a
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A TWO HALF-SPACES SOLUTION

0.7 -

0.6 1 1 ] |
(o} 0.2 04 06 08 1.0

Fig. 2. The influence of the inclusion-crack aspect ration (a/b) on the in-plane stiffness of the disc inclusion

T T(7—28v)
[ _64GAa(1—v)J'

mixed boundary value problem referred to a halfspace region. It is shown that the mixed boundary
value problem can be reduced to a system of coupled integral equations which can be solved by
using a quadrature scheme, to develop results of engineering interest. In the case when the inclusion
is bonded to the surfaces of the crack, the stress singularity at the boundary of the inclusion will
exhibit an oscillatory form of a stress singularity. Studies conducted previously in connection with
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04 ] ] ] ]

Fig. 3. The influence of the inclusion-crack aspect ration (a/b) on the mode I stress intensity factor at the crack tip r = b

o K2(7—8v)n?b*?
"7 16GAa(1 —2v)cosO |

the axial loading of an inclusion embedded in a crack have shown that such local effects have very
little influence on the overall responses such as the load—displacement behaviour of the inclusion.
The stress singularity at the crack tip is regular and the nonzero axial stress can be used to compute
the mode I stress intensity factor. Furthermore, the numerical results indicate that the in-plane
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stiffness of the inclusion is not significantly influenced by the extent of cracking in the plane of the
inclusion. For all practical purposes, the elastic solution can be conveniently computed by making
use of the exact analytical result for the in-plane translation of a rigid punch which is embedded
in bonded contact between two halfspace regions.
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