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The stress state of a bimaterial elastic body that has a row of cracks on an interface surface is considered. It is subjected to antiplane
deformations by uniformly distributed shear forces acting on the horizontal sides of the body. The governing equations of the
problem, the stress intensity factors, the deformation of the crack edges, and the shear stresses are derived. The solution of the
problem via the Fourier sine series is reduced to the determination of a singular integral equation (SIE) and consequently to a
system of linear equations. In the end, the problem is solved in special cases with inclusions. The results of this paper and the
previously published results show that the used approach based on the Gauss-Chebyshev quadrature method can be considered as

a generalized procedure to solve the collinear crack problems in mode I, II, or IIT loadings.

1. Introduction

Stress analysis near a fracture in an elastic material is one of
the most explored topics in solid mechanics. Calculation and
stress analysis of engineering structures, particularly their
connections and the determination of the stress and strain
distribution fields of cracked bodies, have received attention
from numerous investigators in recent years. The stress inten-
sity factors, shear stresses, and crack opening displacements
are major concepts that must be determined. The stress
intensity factor is an important parameter that denotes the
magnitude of the stress singularity. The singular order is a sin-
gle real value, for example, 0.5 for a crack in a homogeneous
material. The singular order of general interface corners may
be real or complex. An asymptotic stress near the tip of a
sharp interfacial corner is generally singular as a result of a
mismatch between the materials’ elastic constants.

In this paper, the problem of a piecewise homogeneous
rectangular prismatic elastic body in an antiplane strain state
due to antiplane forces is discussed. The plate is composed of
two bonded dissimilar materials with a number of arbitrary
collinear cracks on their interface surface. The aim of this

work is the derivation of analytical expressions for the stress
intensity factors of the cracks and the presentation of a new
mathematical-numerical approach to solve singular integral
equations related to the beginning of stresses at the tips of
cracks in antiplane deformations; thus, a numerical method
to calculate the SIFs of an interface crack between dissimilar
materials is developed. Calculation of the SIFs for bimaterial
plates in dimensionless form is conducted for several cases:
a row of cracks, one and two cracks, and one crack with
inclusions at the tips. The objectives of the present study are
(i) to present a new method for calculating SIFs of interfacial
cracks subject to antiplane loading and (ii) to investigate
the influence of inclusion moduli on SIFs to reduce SIFs in
cracked bodies and to direct us towards a method for repairs.

The existence of three-dimensional effects at cracks has
been known for many years, but understanding has been
limited, and for some situations, it still is. Understanding
improved when the existence of corner point singularities and
their implications became known for straight through-the-
thickness cracks [1, 2].

It has been known for a long time that shear and
antiplane fracture modes are coupled. This means that shear



or antiplane loading of an elastic plate with a through-
the-thickness crack generates a coupled three-dimensional
antiplane or shear singular stress state, respectively. These sin-
gular stress states (or coupled fracture modes) are currently
largely ignored in theoretical and experimental investigations
as well as in standards and failure assessment codes of struc-
tural components, in which it is implicitly assumed that the
intensities of these modes as well as other three-dimensional
effects are negligible in comparison with the stress fields
generated by the primary modes (modes I, II, and III) [3, 4].

The theoretical bases of fracture stresses are discussed in
the literature [5-7], and the conclusions of numerous studies
and investigations on the derivation of SIFs are categorized
in [8-10]. Most of these studies were performed on homoge-
neous plates. It is proven that, under certain circumstances,
the three-dimensional governing equations of elasticity can
be reduced to a system where a biharmonic equation and
a harmonic equation have to be simultaneously satisfied.
The former provides the solution of the corresponding plane
problem, while the latter provides the solution of the corre-
sponding out-of-plane shear problem [11]. On the other hand,
a mixed fracture mode under antiplane loading may also
occur. This coupled fracture mode represents one of three-
dimensional phenomena that are currently largely ignored in
numerical simulations and failure assessments of structural
components weakened by cracks. It arises due to the bound-
ary conditions on the plate-free surfaces, which negate the
transverse shear stress components corresponding to classical
mode III. Instead, a new singular stress state in addition to the
well-known 3D corner singularity is generated. This singular
stress state can affect or contribute significantly to the fracture
initiation conditions [12, 13].

Inclusions and cavities are also important in understand-
ing the mechanical behavior of structures and are studied
in several papers, for example, 2D linear elastic materials
[14] and antiplane shear cracks [15]. Photoelasticity and finite
element methods have also been employed to study the
interaction between collinear cracks, and good agreement
was found [16]. Photoelasticity is very helpful in investigating
the stress state near inclusions. The results show that the
singular stress field predicted by the linear elastic solution for
an inclusion can be generated in reality with great accuracy
[17]. The inclusions form a thin material that constituted a
rigid line inclusion, embedded in a linear elastic body to
produce an inhomogeneous stress state. The experiments
fully validate the stress state calculated for an elastic plate [18].

The mechanical behavior of thin inclusions is fundamen-
tal to the design of composite materials. It is realized that, for
a given geometry and boundary condition, Kj;; depends on
the gradation of both the modulus of elasticity and Poisson’s
ratio [19]. The cracked sandwich plate twist specimen is viable
to characterize mode III fracture [20].

The stress intensity factors can be calculated by a path-
independent h-integral and through the virtual crack closure-
integral method (VCCM) for numerical implementation [21].
The present study is aimed at investigating the stress state
of a piecewise homogeneous elastic body which has a row
of collinear cracks in mode III. The numerical procedure
based on the loading Gauss-Chebyshev quadrature method
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FIGURE 1: Rectangular piecewise homogeneous elastic body with
several collinear cracks.

is applied. This approach can be used for other multicrack
problems or more complicated types of loading [22, 23].

At the end of this paper, we discuss the influence of the
bimaterial nature of the body, the distance and geometry of
the cracks, and the presence of inclusions at the tips on the
characteristics of antiplane shear stresses and deformations.

2. Derivation of the Singular Integral Equation
for the General Form of the Problem

A piecewise homogeneous rectangular body in the Cartesian
coordinate system Oxyz is considered as shown in Figure 1.

In the equations below, subscript 1 denotes rectangular
plate D, and subscript 2 denotes D,.

The top rectangular plate D, = {0 < x < 0 < y < hy}
has a rigidity modulus G, length /, and height h,, and the
bottom rectangular plate D, = {0 < x <;-h, < y <0} hasa
rigidity modulus G,, length [, and height /,. On the bonding
surface of the two materials in the interval 0 < x < [, there are
N arbitrary collinear cracks with total length L and individual
lengths L;; that is,

Ly =[awb] (k=1TN)(a 20.by<]),

L=JLi=Jla bl @

k=1 k=1
(a<b (k=TN), b <a,, (k=TN-1)).

The upper and lower boundaries of these cracks are subjected
to antiplane shear stresses 7\(x), which act as varying
internal loadings of openings:

(1) _ (0 +\.
Tz lyro = T (x) (xeL");

(2) (0) -
T =71 (x xeL ),
o=@ (el o
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The edges x = 0 and x = [ of rectangles D, (j = 1,2) are
restricted, and the edges of the rectangles y = él and y = -h,
are subjected to antiplane shear stresses: Tj(x) (j=1,2),

T(l)

- (2)
Y2 ly=pm-0 = 11 (%), T

vz ly=hyro = 2 (%)

3)
0<x<l,

where the notation T;JZ) (j = 1,2) for shearing stress com-
ponents in plates D is used. Because the pair of vertical sides
of the rectangle is rigidly fixed, the boundary value problem
for the complex potential of state can be transformed to the
problem in the half-plane, and its solution can be obtained in
quadrature using conformal mapping [24, 25].

Through the above assumptions, the body is under the
antiplane strain condition, so the displacements of the crack
edges are along the Oz-axis with the base on the Oxy surface.

It is required to calculate the dislocation density of the
crack boundaries, the related stress intensity factors, and the
distribution of shearing stresses in the regions that are outside
of the crack system, with total length L' =10,1]\ L.

For the development of the above-mentioned functions,
the plate is divided into an upper rectangle (D,) and a lower
rectangle (D,) on the Ox-axis with 0 < x < [, and we
introduce a function wj(x, ¥) (j = 1,2) as the only nonzero
displacement component along the Oz-axis for both D;
(j = 1,2) rectangular plates and separately investigate their
individual elastic equilibria. In this manner, for rectangle
(D,), according to Hooke’s law, the below boundary value
problem is found:

lw, 0w,

:W+W:0 (0<x<lL,0<y<h,),

Aw,

wy (XJ/)lx:o =w (x»)’)lx:z =0 (0<y<h),

(4)

ow,

(1)
T =
y=+0 "oy

yz =Ty (%),

y=+0

T(l) awl

vz y:hl= IW (0<x<l).

=1 (x)
y=h

Suppose the notation

@ (x) (xeL)
o - T+ (x) = ) €)
r=* 7 (x) (x €L )

(1)
yz

in which the function Tfro)(x), as mentioned before, is the
shear stress loading on the cracks’ top boundaries L™ and
7(x) is the unknown tearing shear stress that acts on the
noncracked interface surface system L',

According to [26], to solve (4) by means of the Fourier
sine series, it is obtained that

nx

w, (ny) = Llwl (x,y)sin<T>dx n=12...).

3
Hence from the inverse Fourier series we deduce
2 S _ . [ mnx
w, (x,y) = 3 Z w, (n,y)mn(T) 0<x<). (7)
n=1

Equation (7) is the Fourier sine series with coefficients
given by (6). The reason for using the Fourier sine series is that
boundary value problem (4) with the Laplacian and Dirichlet
boundary conditions can be solved by separation of variables,
and because the boundary conditions in the x variable are
the Dirichlet boundary conditions, this generates a Fourier
sine series with eigenfunctions sin(nmx/l) and eigenvalues
(nax/D)* n=1,2,...

Considering (6) and (7), it follows that by taking the
two parts of the differential equation (4), multiplying by
sin(mrnx/I), integrating it over the interval (0,[), and taking
into consideration the boundary condition (4), we obtain the
below boundary value problem:

dw, n*n’_
dle—l—zwlzo (0<y<h),
dw dw ®)
w _ w _
Gld_l :T+(I’l), Gld_l :Tl(l’l)
Y y=+0 Y y=h;
with
_ ! . [ mnx
T, (n) = J T, (x)sm<T>dx,
0
)

T, (n) = Jol 7, (x) sin (#) dx.

Boundary value problem (8) can be solved by the follow-
ing formula:

l

@ (my) = nnG, sin (rnh, /1)
_ nny
X 17y (n)ch | —=
foe()
7 (n)ch(wﬂ
(0<y<h).
For (n=1,2,...), we can conclude
5, (1,0) = 17, (n) — 7, (n) ch (mnh, /1)] a

nnGsh (rnh, /1)



Using a similar approach, the boundary value problem
related to the rectangular plate (D,) is obtained:

1[7_ (n) ch (mnhy/l) — T, (n)]

50
2 (,0) 71Gsh (znh, )

{w, (n, y),7_(n),7, (M)}

1
- L [, (5 y)27. (%) 175 (0} .

- sin <@> dx,
T_(x) = 7% _ ) (xel)
Ely=—0 T (x) (x € L') .

Then, considering the w,(x,0) and w,(x,0) displace-
ments and the following functions:

2 = e
‘I’(x)—wl(xo);wZ(xO)_%Z <@>,
()T (%) 2 . (mnx (13)
09 = S0 = 1 Y in ().

0<x<l,

where ©,, ¥,, Q,, and X, are the Fourier sine series
coeflicients of the above functions that are similar to those
introduced in (7) and (9), we obtained

O, = % [w, (1,0) —w, (n,0)],

¥, = % [w, (,0) + w, (n,0)],

(14)
Q,-= % [z, () + 7. (n)].,
X, = % [T, (n)-7_(n)].

Substituting coeficients (14) into (11) and (12), a system
of two linear equations with respect to ), and \¥,, is obtained.
Solving the system, coefficients Q),, and ¥, can be expressed
by ®,, and X,, and, in turn, all of the functions in (13) can
be expressed by the @, and X, coeflicients. In this case,
as we expect, the required function (13) after some simple

Mathematical Problems in Engineering

transforms is found in dimensionless form as follows (see

Appendix):

0y (§) =

_% JLO <cth n + cth 11)% (n)dn

+lj (K, (E=n)+ K, (E+n)] e (1) dn

T JL

p-1_ - 2p
1T+(E)—T,(E)+ﬂ(1+y)

XL [, (E-n) - L. E+n)]
(7 () -7 ()] dn

1

+;J (L3 (&= n]) -

(15)

1(E&+n)]7 (n)dny

" % L (L5 (| =n]) = Ly (E+m)] T, () dn,

where the first part in the first integral when # = & is the main
quantity in the Cauchy formulation.
The other parameters are

K@=y —Sned)

n=1

X[Msh (nh,)e™- +sh(nh_)e™ *],

sin (n&)
A, (whh)

cos (né)

L, @)= ZAn i)

n=1

shn(h, —h))],

(16)

cos (nf)

(5) th(ﬂh,) 0<&<m),

ey _ N> cos(nd)
BO= 25 Gy )

and A (4, h,, h_) = psh(nh,)ch(nh_) + ch(nh, )sh(nh_) and

the corresponding dimensionless parameters are

e=" 42 h+_”_hl;
I I
po= _G
— l > _Gzy
%,(f)—G*](l— ,  7®=-G. i‘”(lf)
7()=G T<Z_> G +G, )
S \x ) T 2G,G,]
na, nh
T f=T (k1)
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In this manner the system of lengths (L) converts to system
(Ly), and, through function (13), the dislocation density is
imposed at the boundaries of the crack edges:

(xeL);

N KA
¢ (x) = ‘IO (xel);

2 (o)
=— ) ¢,cos(nk),
T n; (18)

mn

l
00 ="T00= | 0@ costu)

e
?\L)
Then, by applying key equation (15) to the system (L) and
introducing the new variables

@ (§)

t = cos&, U =cosy 19)
regarding the unknown dislocation density ¢,(§) from (18),
the singular integral equation governing the problem is
obtained as follows:

1 wy(w)du 1 (u+1t)K, (t,u)
;JAO u—t +;.[A0[ V1 —u? e
Xwy(w)du=f@t) (teh,),

1-, —1-_
FO) ==k 0+ [‘tho ()

4u =_
+ m JAO L (t,u) ]’10 (M) du

1
+EJ' L, (t,u)w, (u)du
T J-1

2 1
i i j L, (t,u) @, (u) du,
ToJ

flé (t) =7, (arccost) + T_ (arccost),

(j=12,...),

= ¢, (arccost),

w; t) = T; (arccost)
w, (t)

K, (t,u) = (\/1 —2+\1 —u2)71

[0 il »

Cz

AO
k

I
—

TSR ()

AN+1-k
Vi = €08 (A1) = cos (ﬂ 7

(20)

Based on (16), the following influencing factors are
derived:

°° (t)
mZA )

K (t,u) =

x [(psh(nh,)e™ +sh(nh_)e™)],

_ 42 . n 1(M) l(t) _
L(t,u)=V1-t ;—A i) shn(h, —h.)],
_ 42 n 1(1/1) 1(t)
L, (t,u) = V1—t ,;—An(y,h+,h,) sh(nh_),
L,(tu) = Vl_ﬂz% sh (nh,), an

where T, (u) and U,_, () are Chebyshev polynomials of the
first kind and the second kind, respectively.

The singular integral equations (20) and (21) in a condi-
tion that explains the continuity of displacements at the crack
tips are expressed as

ka ¢ ()ds=0 (k=T,N) (22)

3

which, based on the previously discussed dimensionless
variables, converts to

J’Vk wy (1) du
& V1 -—u?

Hence after solving the singular integral equations (20)
and (21) by considering condition (23) and verifying key
equation (15) in the region outside of the crack system L'O,
the antiplane shear stress 7(&) formula in the dimensionless
form is obtained.

=0 (k=1LN). (23)

3. Derivation of the Linear
System of Equations

To solve the singular integral equations (20) and (21) under
condition (23), the numerical solution for singular integral
equations (7, 27, 28], which is based on the Gauss quadratic
solutions for ordinary and singular integrals, is used. First,
each section of [8), ;] (k = 1, N) from system A, by means
of the technique of transitioning to new variables r, p(-1 <
r,p<1)
t:Vk—5kr+Yk+5k; "= —5kP+Vk+5k
2 2 2 2

(24)



can be converted to the section [-1, 1]. The singular integral
equations (20) and (21) can therefore be written as follows:

1Mo (pdp 1 & Jl o
— e L , d
LET L Y el (ap
(n#k)
1< (! ©
5= | Kun(rp)a (p)dp = fi (),
ﬂn:l -1
-4 1)
fk(r)Zf(Ykz kr+yk; k),
Vi — O Yut 0, yk+8k>l
L 5 = - - 5
kn(r p) <p Yn_(snr-f_)/n_(sn Yn_an
Kkn(r’p)
:(Yn_an)

(1 =0w) P+ (e =) 7+ ¥+ O, + 1 + 8
2
\/4_[(Yn_8n)P+Yn+8n]

XK0<Yk_6kr+Yk+6k,)/n_6np+}/n+8n>
2 2 2 2

X

_2K<Yk_8kr+Yk+6k,)/n_8np+)}n+8n> ,
2 2 2 2

-9 1)
“’r(cO)(”) =w0<Vk : ko Vk‘; k>
(k=LN,-1<r<1), (-1<rp<l).
(25)
The function f(¢) and kernel functions K,(t,u) and
K(t,u) are expressed by relations (20) and (21). In this case,

condition equation (23) may be expressed in the following
form:

jl ! (p)dp L
4= (g - 8) p+ (ye + 81 (26)
(k=TN).

Using the above approach, the singular integral equation
(25) through condition equation (26) is reduced to a system
of linear algebraic equations:

1 & ¥ (Pp) & (!

M; mﬂL Zi L Lien (e Pp) ¥ (Pp)
(n#k)

N

Kkn (rm’ pp) 2 (pp) = fk (rm)
k)

N | —

+
(nt @7
(m=1,M-1,k=1,N),

f vi (pp)

e \/4 - [(Yk = Ok) Pp + Vic — 5k]2

=0.

1
M
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In (25), (26), it is supposed that

o (p) = % (k=1N), (28)
-p

where M is an arbitrary natural number. Consider

Ty = cos(%n) (m=1M-1),
(29)

e (o-5

are the roots of the Chebyshev polynomials of the second kind
U,,_; (r) and of the first kind T;(p).

The opening displacement of each crack L, = [ay, b,] is
given by the equations:

X

! bk !
(D(x)zj @ (s)ds, (D(x)z—J @ (s)ds

3

(30)
(4 <x<b, k=1,N)

which can be expressed by means of the dimensionless
variables as

(0)
q)N+1—k (1’)

_ _INv1-k T Oniik

21
1
<

sgn (r - p) o), (p) dp

! \/4 - [(YN+1—k - 8N+1—k) Pt YNtk t 8N+1—k]2

(-1sr<1,k=1N),
(31

where

I

®§3)+1_k (rN=0o <;> "=r'o <£ arccos t> . (32)

It must be noted that the system of equations (27) can be
solved by the Gaussian technique, and (31) also can be solved
with high accuracy by means of the Gauss quadratic formula
using (28).

At the end, the stress intensity factors, SIFs, for the
antiplane mode of fracture at the crack tips [a, b ] are
obtained according to [24] (k = 1L, N):

GG 1
Ky () = G, + szkgklm [ \ 27 (x —a)g (x)] ,

GG,

. !
= et [\ (b -2 (0]

(33)
Ky (bk) =

which can be converted to the dimensionless form and be
expressed through . (p) using formula (28).
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Because of the large number of variable parameters
involved in the problem, only three different cases are con-
sidered.

Case A: a plate with one symmetric crack: the crack
length is assumed arbitrary, and antiplane shear
loading is two point loads. The stress and dislocation
states are studied for different crack sizes and shear
modulus ratios.

Case B: a plate with two cracks: the cracks are
located symmetrically and have arbitrary length and
distance. The stress and dislocation states are studied
for different crack sizes, distances between adjacent
crack tips, and shear modulus ratios.

Case C: it is a plate with thin-walled inclusions at the
crack tips, in which the sensitivity of SIFs to the size of
the inclusion domain with respect to crack length and
the effect of the shear modulus ratio of the inclusion
material to the plate on the stress state are studied.

4. Case A: Plate with One Crack

A rectangular plate in the Cartesian coordinate system Oxyz
is considered, which is composed of an upper rectangle D,
with modulus of rigidity G, length I, and height / and a lower
rectangle D, with modulus of rigidity G,, length the same
as [, and height h. On the interface surface line of the two
rectangular plates in the interval 0 < x <, there is a central
crack with length equal to 2a (Figure 2):

£—a,b1=é+a <O<a<é>. (34)

L= [al’bl]’ >

a, =

The boundaries of the crack indeed have not any loadings.
Furthermore, the vertical edges x = 0 and x = [ of
rectangles D; (j = 1,2) are restrained, and the upper and
lower horizontal edges y = +h at the midpoints (//2, +h) are
stressed by antiplane shear forces equal to P

o _ @ _ !
Tyz y=h-0 TJ’Z y=-h+0 Ps <x 2) (0<x< l) (35)

in which T ) (j j = 1,2) are antiplane shear stresses on the
top and bottom boundaries of plates D; and 8(x) is the Dirac
delta function.

It is necessary to determine the dislocation field around
the crack boundaries, the stress intensity factors, SIFs, and
the shearing stresses on the interface surface L' =[0,1]\L
outside of the crack region.

The singular integral equation (SIE) governing the cur-
rent problem can be found in the previous section, partic-
ularly by observing the dislocation field around the crack
boundaries as follows:

, ¢’ (%)
¢ (x) = {
0

¢(x) =

(x €fa,b] =1);
(x € L/); (36)
[u)1 (x,0) —

w, (x,0)] (O0<x<I)

7
? [
2 /2
Z 2
] G, |
0

o — T b, | | x
- = h
= Z |

I oo

z P

FIGURE 2: Plate with one crack.

in which w;(x;, 0) are the displacement components of region
{y = 40,0 < x < [} of rectangles D; (j = 1,2) in the direction
of Oz, so the singular integral equation of this boundary value
problem from [29] is written as follows:

lj w, (1) du l[(u+t)K0(t,u)
T A, -t +7r V1 —u?

(te Ay,

- 2K (t, u)]
x wy () du = f(t)
(p' <% arccos t) s

K, (t,u) = (\/1 -2+ V1 —u2>_1

w,y () =

tz N l(t —nh
K(tu) = V1 _uZ Z ch nho) ¢ (37)
Ay=(8,,71); & =-sina; y, =sina,
na h
o= T; hy T,
U,,_, (t)
) =2Q,V1-£2Y (-1)" 1—2” 2
/ ' Z ch[(2n-1)hy]’
(G +G,)P
Q=661
1G2

where T, (t) and U,_,(t) are Chebyshev polynomials of the
first kind and the second kind, respectively.

To solve the singular integral equation (37), the Gaussian
quadratic solution for ordinary and singular Cauchy integrals
can be used. By substitution,

(-1<p<1). (38)



Using the approach shown here and also in [7, 27, 28],
solving the singular integral equation (37) leads to a system
of linear algebraic equations as follows:
< 1 [ 1
p=1 M P P Tm

=fi(r,) (m=TM-1),

fi% =0,

M- pysin’a

+ %Ku (”m>Pp):| L4 (Pp)

2sin’a (rm + pp)

\1 - ppsin’x

Ky, (ﬁn»Pp) =

1

(\/1 —r2sinfa + /1 - pf,sin%c)
\1 - r2sin’a

1 - pysin’a

X

—4sina

—nho

“ 2 o)
fi (1) =2Qu\1 - r2sin®a

y Z(_ ) 1 Usyos (1, sin )

(pp sin (x) o1 (1, sina),

ch[@n-1)hy]’
rm=cos<%> (mzl,M—l),
pp=cos(L2n) (p=T M),

(39)

where M is an arbitrary natural number and r,,, and p,, are the
roots of Chebyshev polynomials of the second kind U,,_,(r)
and the first kind T);(p), respectively. We can substitute the
below parameters to express the system of equations (39) in a
simpler form:

X, =vi(pp) (p=1M);
L {fl(rm) (mzl,M—l);

0 (m=M),
(1 1 1
]
(p=LM;m=1,M-1)
Knp=11 1

M1 - pysin’a

(p=LM;m=1,M-1).

L
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Hence, the system of equations (39) is reduced to

Z mpXp = O (mzl’_M)- (41)

By assumption of the below expression for the right hand
side of (41)

A L Uy (1, sin)
1-— 2 i2 1 n-1 “2n-2\m
TmSt (x;( ) ch[(2n—-1) hy]

© _ 2
¢ (mzl,M—l) (42

0 (m=M).

Xg)) (p = 1, M) is found. The solution of system (26) is
thereby obtained as follows:
X, =2Q,Xy (p=1M). (43)

For the derivation of SIF, the general formula from [7, 30]
may be used; that is,

Ky = xgrbrllw l\/Zﬂ (x = b)), (x, O)J
= xEIbIll+O l\/ZTt (x-b)r (x)J .

The above formula can be converted to a dimensionless
form as follows:

_ 2G,G,
MG +G,

[\
x— 140

(44)

x lim

T, (t)] .
(45)

. i
arccos (—r sin ) — (5 + oc)

5. Case B: Plate with Two Cracks

In this section, a rectangular plate in the Cartesian coordinate
system Oxyz with two cracks is considered. On the interface
surface of the two segments in the interval 0 < x <[ there are
two central cracks located symmetrically at L = U;_, [a, by]
that have equal lengths (Figure 3):
I
a ==--a b, =
155 !
I
—+b, b, =
5 2

(O<a<£;b<a>.
2

The boundaries of the cracks have no traction; furthermore,
the vertical edges of plates D; (j = 1,2) at x = 0 and x = [ are
clamped, and the upper and lower horizontal edges y = +h
are loaded by antiplane distributed shear loading T'(x), so that

a, =

e = @

vz ly=p-o =~ vz ' yhso = T )

0<x<], (47)
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FIGURE 3: Plate with two cracks.

in which T)(/JZ) (j = 1,2) are the antiplane shear stresses on the
top and bottom boundaries of segment D..

The displacement of the crack boundaries L, the stress
intensity factors SIFs, and the shear stresses at the interface
surface L' = [0,1] \ L outside of the cracks are determined.
Moreover, it is necessary to investigate the influence of
adjacent crack tips a, and b,.

Suppose that the upper and lower edges of the plate are
stressed by antiplane shear forces P so that T'(x) = PS(x —
1/2) in which 8(x) is the known Dirac delta function. By this
assumption, the function f(¢) is calculated as follows:

( l)n—l

so=ai-ey S

Upps (1)

(-1<t<1), (48)

P (G, +G,)

=G G

To calculate the shear stress, making use of the variables
shown before and variable p and taking into consideration
(38), the shear stress is concluded:

T (t)

Ly
-5 (Vk - 5k)
T =1

J  (p)dp
V1=p (v - 5k 12)p+ (v +8) /2~ 1)

- %i()/k_ak)

k=1

S C
L

—8 ) p+yet+ O +2t

—5k)P+Yk+5k]

9
0 Ve +6
K (1, YO K k)
X 0< Pt
—2K<t,y O Yk+5k)
2 2
(0)
(p)dp . ) (te[ 1,1]>
1 - p? Ao
Ay = [-sina,—sin B] U [sin B, sina] .
(49)

From the symmetry of the problem due to axis x = [/2
and taking into consideration only the right hand crack with
end points at x = a, and x = b,, the stress intensity factors
are defined as follows [3, 4, 7, 26]:

K (@) = lim || \27(a, = 0)r,.
= Jim | _mmj ,
Ver(x-b)r ).

(50)
Ky (bz) = lim

x—b+0 L

= lim
x—b+0 L

where 7(x) are the shear stresses according to (31).

6. Case C: Plate with Inclusions at
the Crack Tips

In this section, attention is specifically paid to the effect of
inclusions at the crack tips on the stress intensity factors
(SIFs).

A prismatic elastic body Q with a rectangular cross
section in Cartesian coordinates Oxyz occupying an area () =
{0 <x <& -h<y<h —00 <z < oo} and possessing
a shear modulus G is considered. The elastic body is rigidly
clamped at x = 0 and x = [ and loaded by shear forces equal
to T'(x) acting both in the positive and in negative directions
of the Oz-axis by the horizontal y = +h. Furthermore, on the
symmetry plane y = 0, it has a through-the-thickness crack
in the shape of the stripw = {y = 0; ¢/2 —a < x < £/2 +
a; —00 < z < 0o}, (a < £/2). Shear forces of equal intensities
T,(x) are acting in opposite directions along the Oz-axis on
the upper (+) and lower (—) areas of the crack edges

14 4
a)iz{yzio;——b<x<—+b;—oo<z<oo}
2 2 (51)

(b<a)
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FIGURE 4: Plate with inclusions at crack tips.

of the crack. Additionally, at the tips

wéz{yziO;xE(%—a;——b)
(52)

the edges of the crack are joined by thin-walled inclusions
with shear modulus G, deforming by the Winkler model
(1867) that act as linear elastic springs: p = kw (Figure 4) [31].

The prismatic body Q subjected to the above-mentioned
shear forces is in a state of antiplane deformation in the
direction of the Oz-axis on the basic plane Oxy. The main
rectangle D = {0 < x < & —h < y < h} with the central
crackwy, ={y=0;¢/2-a<x<¥€/2+a} (0<a<{/2)isa
cross section of the body Q at the plane Oxy.

It is necessary to determine the dislocation density on the
crack edges, the SIFs, the shear contact stresses on the edges
of the inclusion, and the shear stresses outside the crack along
the surface of its location.

This is formally similar to the Dugdale-Barenblatt model
for a central crack containing yielding as confined and
localized narrow plastic zones, which shows the effect of
yielding on the crack length [32, 33], but, in this problem,
which is a linear elastic fracture mechanics problem, we
investigate the effect of inclusions at the end areas of crack
on the mechanical behavior of crack tips, decreasing the
dislocation density and antiplane SIFs.

The component u, = w(x,y) in the direction of the
Ox-axis is the only nonzero component of the displacement,
and 7., and 7, are the only nonzero stress components.
Therefore, the problem can be mathematically stated as a
boundary value problem in the following way:

o Fw

02 + 5 =0 ((x,y) eD\wy),
W (% )|y = w(x )y =0 (-h<y<h);

ow
T)’Z 'y:—h+0 = Ga

Tyz | y=h-0 =T()
y=th¥0

O<x<®);
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ow

Tl = G| =T

y==0

<x€<£—b;£+b>;b<a>;
2 2

T}'Z|y:¢o =+ Gyw (x, y)|y=4_rO =+ kGw (x, y)|y=J_rO

<x€<€—a;€—b>u<£+b;£+a> k—Go>
2 2 2 2 G

(53)

Let us again consider the following functions based on [18,

34]:
D(x) = w+(x,0);w,(x,0) :%OZO:(D sm(%),
n=1
_er(x,O)+w,(x,O)_EOO . mnx
Y(x) = 5 —g%‘l’,ﬁm( 7 ),
& 54
Q(x)=T+(x)J2rT(x):%ziﬂ,,sin(%) (54)
0<x<?®)),

; <7‘mx>’

where @,, ¥, ), and X, are sine Fourier series coefficients
as before. Inserting these functions into the displacements
and stresses on the edges of the crack at the interval [0, 1] of
rectangle D, then according to (4), the following equations
are obtained:

X (x) = 7, (x) - T(x) %"ZO:

D(x) =w, (x,0); ¥ (x) = 0; Qx)=1,(x),

X (x) =05 D, =w, (n0); ¥, =0,

Q,=7,(n; X,=0 n=12,..).

n

(55)

After some simple transformations and calculations, the fol-
lowing equations can be derived:

1 d 1
lj o () p+lj K,
T J-1 p —-r T J-1

L ko)

7T

(r,p) w (p) dp

(56)
~ fr)—g(r) (r € (-c;0))
fr)=Agyy (r) (re(=1,-c)U(c1))

)
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with
w, (r) = @, (arccos (r - sinw)) ,
f (r) = f (arccos (r - sina)),
g (r) = T, (arccos (r - sin ),

Y, (r) = @, (arccos (r - sinax)),

70 = 21 s

VI{ U, (r-sina)U,_; (w) ] ~
X Ll [Z 1 b (i) 1 ] T (arccos u) du

n=1

(r + p) sin*

Ko (rp) = ——=
/1 = sin%a - p?
1
X
< 1 —sina- 72 + /1 — sina - p2>

(-1<r,p<1).
(57)

Transforming the above equation, the following equation is
derived:

T, (t) = 7, (arccost)

__sinocJ’1 w, (p)dp _sina
I sino-p—t 71
J‘ (t+psina)w, (p)dp
-l 1—p2~sin2(x< 1-t2+ 1—p2-sin2(x>

1 [ efnho |
. J_l |:nZl mUn—l (t) Tn (p . sin (X):|

d —
XM+E 1_t2
\1-p2sinfa 7

LT& U, U, ()] ~
X Jil [Z lch(—nho)l] T (arccos u) du

n=1

(t € (-1;—sina) U (sinas 1)) .
(58)

As mentioned above, the determinative singular integral
equation (SIE) can be reduced to a system of linear equations.
For this purpose, applying the Heaviside function

{1 (r > 0)
H(r) = (59)
0 (r<o0)

1

this equation can be expressed in the following way:

1 (! 1
— — + K, (r,p) - K (1,
ﬂLlp_,+oom (r.p)

. Asina [H(c+7r)—H(c—r)]signr
2

sign (r - p)
1-p?-sina

xwy(p)dp=f(r)-[H(r+c)-H(r-0)]g(r)
(-l<r< L A=mAy=kt)

(60)
with the notations explained above.
Supposing
X, (p)
w (p) = == (-1<p<1) (61)
1 - p?

the determinative SIE (39) with conditions of (25) and (40) is
reduced to the system of linear equations

M
Y KX, =a, (m=1,M),
p=1

mp
(1 1
Mp, -1,

+ Ko (1 p) = K (7 )

+)Lsinoc signr,,
=4 241 — ppsin’a
xsign(rm—pp) (m =LM-1;p= l,M)

1

[H (¢ +7,) = H(c=7,)]

(m=M;p:l,_M),

1 - p; - sin*a

f (rm) - [H (rm + C) - H(rm - C)] 9 (rm)
_ (m=T,31)

m —_—
rm:cos<ﬁ) (mzl,M—l).

(62)

For this case, the crack edges are free of shearing forces,
and concentrated shearing forces are acting on the horizontal
sides of the rectangular plate; that is,

_ _ ¢
T,(x)=0, T(x)= P8<x 2), (63)
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TaBLE 1: Dimensionless SIF KI(IOI) as a function of M and «.
o =71/32 o =7m/16 a=7/8 o =7/4 oa=7m/3
M =10 1.12782 1.69511 2.44264 3.80191 5.00603
M =20 1.42096 2.01939 2.91422 4.52924 5.96371
M =30 1.67019 2.37358 3.42536 5.32364 7.00971
M =40 2.29343 3.25929 4.70355 7.31018 9.62542
M =50 2.30110 3.26362 4.70979 7.31988 9.63819
where §(x) is a certain Dirac delta function. Additionally, the 1800
following equation can be obtained: 1600 |
1400 |
— ¢ e\ . (nnx 1200 |
T (n) = P6<x——>sm<—>dx —
0 2 4 & 1000
S 800
 (1n 0, npu n = 2q; (64) 600
= Psin 7 = g+ 400 |
DT P, npun=2q-1 200 |
O I L I
(@=12...). S 8 © g ° S 2 8 8
DR S S S -
Taking into consideration the above-mentioned definition, ¢
the function f(&) can be expressed in the following way: — u=010 4 =080
— u=030 Se- w=1.00
a1 Sin[(2n—1)&] - p=050

f<f>=zpof(—1> —,

= ch[(2n-1) hy] (65)
P
"%

and the function f(r) from (57) is obtained:

0<&<m)

f (r) = f (arccos (r - sin «))
= 2P)V1 - 72 - sin%ax

. i (_1)n+1 M (66)
n=1 ch [(Zn_ I)hO]

(-l<r<1).

It is obvious that the function wy(r) with respect to the sym-
metry of line x = [/2 in this special case and, consequently,
the function X(r) according to (61) are odd functions.
Therefore, the components of the second integrals in (56) and
(58) containing polynomial r or ¢ in arguments tend to zero,
so that the above-mentioned equations and the kernel-matrix
K, of the system of equations (62) are simplified.

It must be emphasized that the expressions of functions
f (&) and f(r) from (65), (66) on various intervals are used in
the equations.

The numerical analysis of the main characteristics of the
stated problem can be carried out for the considered special
case.

7. Numerical Results and Discussions

To solve the system of equations (40) that is summa-
rized in system (41) with the parameters shown in (42),

FIGURE 5: 1,,(t) curve for & = 7/4, hy = 0.177, and Q, = 0.01.

M = 10,20, 30, 40, 50, factor « (which represents the crack-
ing length) equal to /4, h, = 0.1m, and Q, = 0.01 can be
used. By means of Chebyshev polynomials, the deformation
parameter X  is obtained from (43). For example, M = 10
leads to solving (10 * 10) matrix equation (26).

The dimensionless SIF KI(IOI) according to formula (50)
using the vector X, M = 10 and considering the assump-
tions « = /3, /4, /8, m/16, and /32 for different
crack lengths is calculated. The results are shown in Table 1,
indicating that longer cracks lead to larger SIFs.

The shear stress 7, () from (49) in dependence of t and p
taking the rigidity ratios of the two materials 4 = G,/G, =
0.1,0.3,0.5,0.8,1.0,2,5,10 is obtained and the graphs are
shown in Figure5. The dimensionless crack dislocations
that depend on parameters « and r are calculated, and the
curves are represented in Figure 6. This figure shows that the
maximum dislocation of a crack is at midpoint of its length,
and it has a zero value at the crack tips, the points where
maximum shear occurs.

To solve the system of linear equations (27) for the prob-
lem with two cracks we use iteration M = 10, 15, 20, 30, ... in
order that the results converge to the order 107, Calculation
is based on function (27) fi.(r), Ly, (7, p), K, (r, p), and &y, i
and (25), (37), and (39).

Parameters o and f3 are supposed to be equal to & = 7/3
and 8 = m/4; w/8; w/16; m/32; /64 in order to determine the
influence of the distance between the two adjacent cracks on
their fracture characteristics. The shear stress 7,(¢) is calcu-
lated according to (49), in which function f(¢) is obtained
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FIGURE 7: Variation of antiplane shear stress 7,(t) for « = 7/3, § =
/4.

from (37), supposing the quantity Q, = 0.01. Making use of
the above calculated stresses, the variation curves of 7,(t) can
be drawn for y = 0.1, 0.3, 0.5, and 1.0, as shown in Figure 7.
The crack dislocation density as a function of the edges’
opening displacements ‘I’,io)(r) may be found through for-

mula (31). The ‘I’}io)(r) curves are shown in Figure 8 again for
varying p and f. At the end, using (50), the stress intensity
factors in the dimensionless form can easily be calculated,
as shown in Figure 9 and Tables 2 and 3, for the above
parameters. The variation of SIF Kj;; based on parameter f3
and p = 0.3, 0.5, and 1.0 is shown in Figure 10 to recognize the
state of the SIFs under the change of the lengths of cracks.

For the case of y = 1.0, the cracks approaching each other
(that means a smaller value of f3) lead us to construct curves
as shown in Figure 11 for 7,(t) and Figure 12 for ‘I’lgo)(r).

The main characteristics of the crack problem with inclu-
sions in the mentioned special case can be calculated through
numerical analysis. For calculation it is considered as some

13
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FIGURE 8: Dislocation density curves of cracks boundaries w,(fo)(rm)
fora =mn/3, f =n/4
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FIGURE 9: Variation of K, for & = 7/3 based on f3, y.
TABLE 2: Variation of Ky, for « = 77/3 based on f3, .
) B
/4 /8 /16 /32 /64
0.1 7.70 7.35 711 6.69 6.41
0.3 5.36 5.54 5.73 6.17 6.35
0.5 4.88 5.12 5.34 5.87 6.13
1 4.21 4.35 4.63 5.41 5.92
TABLE 3: Variation of K for & = 72/3 based on j3, A.
1 B
0 /64 /32 /16 /8 /4
0.0 3.92 3.96 4.01 412 4.19 4.26
0.1 2.87 3.23 3.69 3.80 3.98 4.13
0.5 2.79 2.95 3.40 3.64 3.82 3.94
1.0 2.54 2.72 3.08 3.37 3.69 3.82
5.0 2.42 2.60 2.81 3.10 3.46 3.60
20 2.17 2.34 2.63 2.88 3.18 3.45
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FIGURE 11: Variation of antiplane shear stress 7,(t) fora = /3, 4 = 1.

engineering practical ratios for the shear modulus quantities
k = G,/G that are k = 0.0 (crack without repair), k = 0.5, 1.0
(repair with the same material), and k = 2.0, 5.0, and 10.0 (for
very high rigid repair materials). By solving system of linear
equations (62) which leads to solving a matrix (10 x 10) and
obtaining vectors X, (10 x 1), the shear stress 7,(¢) can be
calculated from (58) and the results are shown in Figure 13.

Dislocation functions y,(r) = 2¢,(r) were investigated
using relation (31), as shown in Figure14 in which the
maximum displacement of crack boundaries occurred at
midpoint and obviously with zero value at crack tips.

The stress intensity factors SIFs Kl(ﬁ) calculated through
(50) are shown in Figure 17, which presents the decreasing
trend of the Kj;; curve when the ratio of k = G,/G increases.
It also shows that the crack tip repairing by this method can
reduce the SIF by approximately 50 percent, which means
that this approach is very effective to control the crack
propagations in cracked plates and it is also a treatment for
singularities at the crack tips, defects, and holes. Figures 15
and 16 show that the reduction of the magnitude Ky; is not
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FIGURE 12: Dislocation density curves of cracks boundaries 1(/,20) (r,)
fora=n/3,u=1.
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FIGURE 13: Variation of antiplane shear stress 7,(t), 7, (r,,) for « =
/3, B = m/64.

high when we use a very rigid material for tip repair. For
example, for k = 2.0 and k = 10.0 (ratio = 5), the reduction
of Ky is only 18 percent (1.98/2.42).

The above results coincide with experimental observa-
tions of high concentrations and singularities in the stress
fields within elastic materials [17, 18, 35, 36].

8. Conclusion

In the present paper, the singular integral equations gov-
erning the piecewise homogeneous elastic plate problem
subject to uniform remote antiplane shear loading have been
considered. To determine the antiplane shear stresses, the
crack edge dislocation densities, and the mode III stress
intensity factors, a new mathematical-numerical calculation
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FIGURE 15: Variation of Kl(ﬁ) for « = r/3 based on f3, A.

is developed. To perform elastic analyses and investigations
on the state of stresses at the crack tips, the dimensions
of the cracks, the distances between adjacent tips, and the
influence of shear modulus ratios between the two materials
have been varied and studied. The governing singular integral
equation of a problem of stress-strain state of a piecewise
homogeneous elastic prismatic body of a rectangular cross
section, when there is a system of an arbitrary finite number
of collinear cracks on the interface line of dissimilar materials,
is obtained. For problem solving, the method of mechanical
quadrature is used. It allowed conducting a detailed analysis
of the main mechanical characteristics of the stated problem
and revealed their dependence on the mechanical and geo-
metrical parameters of the problem. For the case of cracks
coming together it has been shown that the stress intensity
factors Ky, grow based on two parameters, the total distance
between their far tips and the closeness of their near tips. The
technique presented in this paper can be used to solve a class
of problems associated with cracking in bimaterial interfaces.
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FIGURE 17: Curve of decreasing K\ for various inclusion materials
on base metal steel with G = 840000 Kg/cm®.

For a crack with inclusions at the tips, it is observed
that the insertion of a material at the crack tips avoids
singularities, reduces the antiplane SIF Ky, and strengthens
and controls the crack propagation in the region at the tips.
This is an effective method and does not require using a
material with a very high shear rigidity value G,. Meanwhile,
the crack opening displacement (COD) and the shear stresses
at the crack tips decrease. This suggests a method to repair
cracked plates and members.

Practice shows that the method of mechanical quadrature
is a very effective method and results in a very good conver-
gence. The data of Table 2 confirms this. The accuracy of the
method in predicting the intensity factor may be verified by a
comparison with experimental measurements, carried out by
a photoelasticity method, and by commercial finite element
software. The drawn conclusions provide meaningful refer-
ence for the analysis of SIFs in mode III. Numerical results
show the influence of ratios of shear moduli on the stress state.

The results of this paper and the previously published
results show that the used approach based on the Gauss-
Chebyshev quadrature method can be considered as a gen-
eralized procedure to solve the collinear crack problems in
mode I, II, or III loadings.
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Appendix

Consider

D, O (x)

¥ (x) . Inx

Q(x)
Xn X (x)

n=12,...).

Obviously @,
cients.
We know that

Now from the first equation of (8) and (A.2)

o' (x) = e
0 (xeL,)

(x€eL)

2 n nx
= 7217(1)" COS —
=

Tnx mn
l Z(Pn oS —— <(Pn = T(Dn> >

¢n=J ‘Pl(x)cos#dx (n=12,..).
L

Moreover we have

I
Xn = J X (x) sin T dx
0 l
- [ [ -
L

70 (x)] sin # dx

n=12,...),

¥, Q,, and y,, are Fourier sine series coeffi-

(A.2)

(A3)

(A4)
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a(®)a(22)

(o () o(2)

m;hz ) " ( m;hl ))1 ) .

+ ( (?1 (1) G,sh < ik
( (rmh

+ sth<

+ sth<

h2> +7, (n)Glsh(ﬂn
<7mh )
("))

)

(A5)

in which

sh = sinh, ch = cosh. (A.6)

The two sides of (A.5) are multiplied by (2/1) sin(rnx/l) and
summed over index #; then based on (A.1) to (A.4), it yields

Q(x)
- —%GIGZ
© sh (mnh, /1) sh (nnh, /1) @, sin (Tnx/1)
2,G,sh (nnh, /1) ch (nnh, /1) + G,ch (nnh, /1) sh (rnh, /1)
2 ® G, sh (nnh, /1) ch (nnhy, /1) = G,ch (nnh, /1) sh (mnh, /1)
1,5,G,sh (7rnh, /1) ch (mnh, /1) + G,ch (mnh, /1) sh (nh, /1)
. mnx
* Xn SIN T
W28 7, (n) G,sh (mnh, /1) + T, (n) G,sh (nh, /1)
" +-1G,sh (nnh /1) ch (mnh, /1) + G,ch (nh, /1) sh (nnh, /1)

nx
-sin —.

(A7)
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Now introducing the below dimensionless parameters

_ oy B TL’hz. _nx _ 7S
h+ - l > h_ - l > E_ l > ’7 - l >
(0<&n<m),
G, Q (&]m)
=2 Q@ =—2"
=3, 0 ®) G,
(A.8)

and substituting into the functions 7, (n), 7;(n) and also
7_(n), T,(n), regarding (A.2), we have

)
1
T, (n) = J‘ 7, (s) sin ? ds
0
I (" In\ .
= Jo T, (;)smnndﬂ
G (A9)
=— J 7, (n) sinnndn,
T Jo
)= (In/m)
+\ G,
also supposing
a="% p="H (k=IN).  (0)
In this case the system L converts to the system L, =
Uiy (o B) and Ly = [0, 7] | L.
Regarding (A.2) we can write
7, (/m)
@) =",
+ Gl
() = r(U/m)
G, (A1)
_ 72 (i§/m)
(9= G,
0<&é<m)
also supposing
(2)
I
n®= 28D o A
1

In this manner we have

I
7, (n) = Jo T, (s) sin ? ds

Tl
= ! J T (—11> sinnndny
7T Jo T (A.13)

= lG—IJ 7, (n) sinnndn
7T Jo

n=12,...)
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©)

I
T_(n) = L 7_(s) sin ? ds

(" In
== — |sinnnd
nL T,(ﬂ)smnq n

_G J 7_(n) sinnndn,
0

T
_ (/)
==

(A.14)

7_(n)

(4)
I

T,(n) = L T, (s) sin ? ds

e ()
=— | 7, — |sinnnd
mlo F\m e (A.15)
=1&J 7, () sinnndn
T Jo
n=12,...)

(5)

@, = J @' (x) cos 2% dx
L I

I ,(lq)
== ll d
nJLO(P ) COSTAn

LT gy () cos
s JLU

(% & =9 <%>>
(6)

Xn = J [Tfro) (s) - 70 (s)] sin s ds
L l

l l
:LJ [Tio)<—}7>—T£0)<—’1)]sinm1dr]
L i T (A.17)

_G
_T[

(A.16)

L (7, (1) = 7_ ()] sinny dn

n=1,2,...).

Using all the above equations and parameters into (A.7), it
yields

0, (§)

= _EOZO: sh (nh, ) sh (nh_) sinn§
n = ush (nh,)ch (nh_) + ch (nh,) sh (nh_)

n=1

- L o (1) cos nndn
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2 QX psh(nh,)ch(n
7 = psh (nh,) ch (nh_) + ch (nh,) sh (nh_)

-sinné
| -7 ) sinman

2 i sh (nh_) sin n&
psh(nh,)ch (nh_) + ch (nh,)sh (nh_)

Ttn:l
. J 7, (n) sinnndn
0

2 & psh (nh,) sin né
_z psh (nh,)ch(nh_) + ch (nh,)sh (nh_)

n=1
T
: J 7, (1) sinnn dn.
0
(A.18)
Now we change the integral sign with the summation sign;
the above equation converts to

0, (©)

YRS sh (nh,) sh (nh_) sinné cosny
T JLO Z psh (nh,)ch (nh_) + ch (nh,) sh (nh_)

n=1
“@o (1) dn

J’ Zysh (nh, ) ch (nh_) - ch (nh,)sh (nh_)
L, = psh(nh,)ch(nh_) + ch (nh,)sh(nh_)

~sinn sinnn [7, () - 7_ ()] dy

2 (T sh (nh_) sin n sinnny
2 j >
m Jo Zpsh(nh,)ch(nh_)+ ch(nh,)sh(nh.)

n=1
7y (1) dn
L2 J’”OO psh (nh,) sin né sinny
m Jo Zush(nh,)ch(nh_) + ch(nh,)sh(nh_)
7, (1) dn.
(A.19)
Based on the mathematics
sh(nh,) ~ ™, ch(nh,) ~ ™
(nh..) (nh.) (A20)

in which n — oo.

Now we change the two first quantities of (A.19) accord-
ingly
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@)
o sh (nh, ) sh (nh_) sinné cos ny
;ys h (nh, ) ch (nh_) + ch (nh, ) sh (nh_)

x sh (nh, ) sh (nh_) 1
Z [ysh (nh,)ch(nh_) +ch(nh,)sh(nh.) p+1 ]

n=1

- sin n& cos ny

1 (o]
+ —— ) sinné cosny
M+1n;

- m [2sinn(£+q)+zsinn(f—ﬂ)]

N f [(u5h () (sh (sh_) - ch (h_))

+ sh(nh_) (sh (nh,) - ch (nh,)))
“((u+1) [ush(nh,)ch (nh_)
+ ch(ah ) sh ()] )]
- sinné cos ny

—ush (nh,)e™ —sh (nh_)e ™
«[ush (nh,)ch (nh_) + ch (nh,) sh (nh_)]

1
_;4+1

Mg

1

- sinné cos ny

s [Bomate s Smnte)

= [ctgg_ﬂ+ctgf+n]
2(u+1) 2 2
1 ush (nh,)e™ +sh (nh_) e ™

18

~ u+ 1% [ush(nh,)ch(nh_) + ch (nh, ) sh (nh_)]
- sinné cos ny
(A.21)
and then using the equality

ZCOM&: n— ! and so

= n 2|sin (£/2)]

1 (A.22)

Ectg— Z sinn§

(0 < &<2m)

2
Zysh (nh, ) ch (nh_) - ch (nh, ) sh (nh_)
“wsh (nh, ) ch (nh_) + ch (nh,) sh (nh_)

sin n& sinny

_ OZO: sh (nh, ) sh (nh_) u-l
psh(nh,)ch(nh_) + ch(nh,)sh(nh.) p+1

- sinné sin ny
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2(#+1) Zcosnf n) - Zcosn E+n)

(o]

2y Z shn(h, — h_)sinng sinny
~ u+ 1% ush(nh,)ch(nh_ ) + ch (nh,) sh (nh.)

n=1
D ey s ).
2(u+1)
(A.23)
In the same manner

wsinné - |x|

;T e signx (27 < x < 2m)
(A.24)

from that Z cosnx =76 (x) — =

n=1

Using the above conversations, (A.19) can be written as
follows:

B 1 §-n
Q) = _77(!4+ ) ILO [ctg 5

E+
+ctg 2’7]%(11)61'1

[4+

- sinné cos m?) 9o (n)dn

A, G-

psh(nh,)e™- +sh(nh_)e™
=1 [t sh (nh,) ch (nh_) + ch (nh,) sh (nh_)]

i8

(& +n)][7 (1) -7 (n)]dn
4u
m(u+1)

o shn(h, —h_)sinngsinny
L <1 ysh (nh, ) ch (nh_) + ch (nh, ) sh (nh_) >

7 () -7 ()] dn
2 J'n ( § shnh_ sinné sinnny >
7 20 \ ssipsh (nh,) ch (nh_) + ch (nh,) sh (nh_)
Ty (n)dn
2 n<°° pshnh, sinn sinny >
7 J’O w1 psh (nh,) ch (nh_) + ch (nh, ) sh (nh_)
T, (n)dn
(0<&<m)

(A.25)

considering the below kernels

& ush(nh,)e™ +sh(nh )e™
K, (&)= Z wsh (nh,)ch (nh_) + ch (nh,) sh (nh_)]

sin né,

& shn(h, —h_)cosné
L.®= Z wsh (nh,) ch (nh_) + ch (nh,) sh (nh_)’

n=1

19
MR shnh_cosné
Li©= ;‘u sh (nh,)ch (nh_) + ch (nh,)sh (nh_)’
shnh, cosné
L®= ‘MZ < ush (nh,)ch(nh_) + ch(nh,)sh(nh_)
(A.26)
For simplicity, (A.25) can be written as
QO (E) = _7T(‘Ml+ 1) JLO [Cth ; ’7 + Ctgg ; rl (PO (71) dﬂ
2
EIPE) LO (K. (§-n)+ K. (§+n))
~¢o () dn
P 8E-m-am)
u+ 1 L,
7 () =7 ()] dn
2u
ey | @G -1 € )
7 (n) =7 ()] dn
e [ Ge-ah - 1 @ o) T
o [ e - @ o)
(A.27)
and it is clear that
|, 6E-m-o+n[F -7 (nldn
- | eE-mE -7 (ldn (A28

S IRGDIAORAGIEY

In the second integral, by changing # — -#, because of odd
function, we have

() -7 () =-[7 -7 0]
L= kz::l (“k ﬁk)’ (A.29)
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From that it can be concluded that

|, 6@-n-s@E+I7 () -7 ()]dy
- | eE-mE -7 ) dn
j 6(&-+n) (7, (1) -7 ()] dn

(A.30)
- | @ o= (ldn
j+L (1-8) 7. () =7 ()] by
=7, (8 -7. ().

Therefore (A.27) changes to the following form:

0y (§) = -

1 & E+n
HFEL[%—+% @0 () dn

T ) (K oK € m)

-9 (1) dn

- 2u
T_ (6)] + T[(‘U+ 1)

L, (&+n))

1 (7, () -

ISR

(7 () -7 ()] dn

+%J:(G(K—WD—L?®+HD?AWMM

(™, . ¥ —
RGO R AL
(A.31)
Now in the cracks system L we have
Q- OO0 = () ' ™ (x)
(A32)
X
wen (¢=7)
and in the system L
0 ® =T o (A.33)

2
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In continuation, (A.31) reduces to the following problem in
system L :

___ 1 §-n_ . 5+n
0 (§) = nW+J)LOP% 5 et o (n)dn
L2
m(u+1)
| @@ e E ) (= £ ©
(§eLy)
(A.34)
in which we have
- T T -1
Fo=TIE0 2l oz )
_
m(u+1)
| @ eah Lo @) 7 o) -7 ()]
(", . ¥ —
o | @i -1 )T )y
0
1", . _
-~ | @b - e )T
0
(A.35)
Abbreviations
ay: Beginning tip of crack
b: End tip of crack
COD: Crack opening displacement
D;: Top rectangular plate
D,: Bottom rectangular plate
G: Shear modulus
hy: Height parameter

hy, hy: Heights of top and bottom rectangles
k = G,/G: Shear moduli ratio

KI(IOI): Dimensionless antiplane SIF

I: Length of plate

L: Total length of cracks

L' Length of noncracked region on

interface line

L*,L™:  Upper and lower boundaries of cracks

L Length of one crack

M: Arbitrary natural number

N: Number of cracks

P: Antiplane point load at midpoint of
plate edges

r, p: Variable for changing of integration
domain

SIE: Singular integral equation

sh: sinh

ch: cosh

SIF: Stress intensity factor
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T(x): Antiplane distributed shear traction on
edges of plate

T,(u): Chebyshev polynomial of the first kind

U, (u): Chebyshev polynomial of the first kind

a, B Parameters for the beginning and end
tips of crack

T, (x): Antiplane shear stress of upper rectangle

7_(x): Antiplane shear stress of lower rectangle

Ti()): Varying internal loading on crack edges

T;Q: Antiplane shear stress of upper rectangle

TJ(,ZZ): Antiplane shear stress of lower rectangle

7, (x): Antiplane shear loading at the top edge
of body

T,(x): Antiplane shear loading at the bottom
edge of body

u=G,/Gy: Shear moduli ratio

A =kl = (G,/G)I: Shear moduli ratio parameter

& Length parameters for shear stress
calculations

8(x): Dirac delta function

w(x, y): Displacement function along z-axis

Ay Domain of crack length parameters

D(x), p(x): Displacement functions

Q(x), X(x): Stress functions.
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