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An antiplane problem of a stress deformation condition of a piecewise wedge consisting
of two heterogeneous wedges with different opening angles and containing on the line of
their attachment a system of arbitrary finite number of collinear cracks is investigated.
With the help of Mellin’s integral transformation the problem is brought to the solution
of the singular integral equation relating to the density of the displacement dislocation
on the cracks, which then is reduced to a system of singular integral equations with ker-
nels being represented in the form of sums of Cauchy kernels and regular kernels. This
system of equations is solved by the known numerical method. Stress intensity factors
(SIF) are calculated and the behavior of characteristic geometric and physical parame-
ters is revealed. Besides, the density of the displacement dislocation on the cracks, their
evaluation, and J-integrals are calculated.

1. Introduction

Numerous problems of antiplane deformation of elastic homogeneous and heteroge-
neous bodies of different geometric forms, containing cracks, are well known from [3,
8, 11, 12, 13]. In such problems elastic bodies are usually taken in the form of an infi-
nite space, half-space, layer, infinite circular or noncircular (e.g., elliptic) cylinder spaces
with cylindrical opening, and so forth. The problems of antiplane deformation of wedge-
shaped bodies with cracks, especially of heterogeneous ones are not sufficiently stud-
ied. Here we can mention the scientific works [4, 6] and also [15], which is close to
the investigation. It should be mentioned here that these problems are of interest in the
mechanics of composites and generally in designing various constructions with angular
points, which are exposed to force input causing antiplane deformation. Round the an-
gular points there usually occur strong stress concentrations owing to which in bodies
there may be formed and propagated cracks.

In the present work on the basis of the theory of elasticity we investigate the prob-
lem of a stress deformation condition of a piecewise-uniform wedge-shaped body with
an antiplane deformation consisting of two heterogeneous wedges with various opening
angles and containing an arbitrary finite number of intercrossing cracks on the seal line.
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Figure 2.1. Geometry and loading of a piecewise-uniform wedge at an antiplane deformation with a
system of collinear internal cracks L = Uszl(ak, by ) at the interface.

With the help of Mellin’s integral transformation we derive the principal equation of the
problem which on the assembly of the cracks gives the determinative integral equation
(DIE) of the problem with respect to the density of the displacement dislocations of the
crack edges, but outside of the crack system on the line of their disposition defines the
tangential breaking stress. The kernel structure of DIE is investigated and as a result the
equation is represented as a sum of its singular parts: Cauchy kernels and regular kernels.
Further, DIE is transformed into a system of singular integral equations for the solution
of which we use the numerical method developed in [5, 14].

After the definition of the density of the displacement dislocations on the cracks from
DIE we define the stress intensity factors (SIF), J-integrals, representing the velocities of
the energy release of elastic deformation at the end zones of the cracks and opening of
the cracks. The behavior of the SIF is studied on a large scale of changes of characteristic
geometric and physical parameters.

2. Formulation of the problem and derivation of determinative equations

We consider an infinite elastic wedge-shaped body in a right rectangular Cartesian sys-
tem of coordinates Oxy, which is in condition of antiplane deformation (longitudinal
shear) in the direction of axis Oz with datum plane Oxy and consists of two heteroge-
neous wedges with shear moduli G, G_, with opening angles ., a_ (0 < a4 + a— < 27),
respectively. On the plane of their seal y = 0 the composite wedge contains a system of
the arbitrary number N of nonintercrossing cracks in the form of strips. Traces of these
cracks on axis Ox form the collection of intervals (Figure 2.1)

L= (ak,bk) (ak < bg; k=1,2,...,N; by < ags1; k=1,2,...,N —1). (2.1)

C=

k

Il
—

Furthermore, let the antiplane body deformation be accomplished by distributing along
the wedge faces and crack edges tangential horizontal forces acting in the direction of axis
Oz.
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To describe these loads on datum plane Oxy, we introduce the polar system of coor-
dinates (r,0) with a pole at the beginning of the coordinate O and with the polar axis Or
coinciding with axis Ox. Assume that such loads act on the faces of the wedges:

Tozlo=+a. = fe(r) (0<r< o) (2.2)
and the following loads on the edges of the cracks:
Toclg=z0 = —7(r) (re€L). (23)

Here the limiting equalities 6 = =0(r € L) define the upper and lower edges of the crack
systems, respectively, f. () and 7. (r) are preliminarily given functions from a rather gen-
eral class of functions with finite integrals (resultants) in their domains of definition, and
Tp, is the stress component.

For these assumptions it is necessary to define the main mechanic characteristics of
the given problem, such as the dislocation density, SIF, J-integrals, and openings of the
cracks.

We derive the determinative equation of the problem. For this purpose the composite
wedge must be divided into two parts with the help of the seal line of variable wedges,
that is, the polar axis 8 = 0:

D;={0<r<o;0<0<ai}, D_={0<r<oco; —a_<0<0}, (2.4)

and here we must introduce the following for consideration of the load:

Tozl9=x0 = —T=(r) = (2.5)

{—w) (rel)
(

—1(r) (relL’)(L' =[0,0)\L),

and also the singular different from zero components of the points of displacement of
elastic wedges at an antiplane deformation

u; = wt(r,G)((r,Q) € Dt) (26)

satisfying Laplace equation in region D.. Furthermore taking into account Hooke’s law
we consider the following boundary problems in region D.:

Pw, N 1ow. N 1 *w.
or? r or r? 062

=0 ((r,0) eD.),

G+ Ow- B

Toelo-x0 = — = 3o =20 = —T=(r) (0 <7 <), (2.7)
G a +

Toelo-sa. =~ 3o lo-sa. = fulr) (0<r <o),

Toz Trz — 0 (1’ - °°)~
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We construct the solution of boundary problems (2.7) by applying the method of Mellin’s
integral transform. For this purpose we must introduce Mellin’s transformations

wo(p0) = [ w0 (2.80)
T0.(p,) = J: to.(r,0)rPdr, (2.8b)
T(p)= |, Tetrrrr, (2.80)
fe(p) = J: fe(r)rbdr. (2.8d)

To define a strip of Mellin’s integral of regularities we must assume as in [16] that the
stresses Tg, and 7., at infinity have the order 1/r and on a wedge face in the vicinity of the
tip (r — 0) have the order r¢(0 < € < 1). Then, to provide the convergence of the integrals
(2.8b) and (2.8d) it is sufficient to assume that the complex variable p changes in limits
of the strip

e—1<Rep<0 (0<e<]l). (2.9)

As regards the integrals (2.8a) they should be considered in the limits of the theory of
generalized functions. On the whole it is more convenient to consider the Mellin’s integral
transform applied here as the theory of generalized functions.

Thus, we multiply both sides of the differential equation from (2.7) by r?*!, the bound-
ary conditions by r?, and then the obtained equalities we integrate for r over the interval
(0,00). Applying the elementary properties of Mellin’s transform we arrive at the follow-
ing boundary problem for ordinary differential equations:

FWe i =0 (B (0.a) o€ (—a0)),

do’ 2.10
dwt - dw (2.10)
d@ |9 +0 = — Ti(p)’ G+ de f"'(p)

Solutions of the boundary problem (2.10) have the following form:

cos(pb)

w.(p,0) = +L{[Ctg(P0¢+)Cos(p9) +sin(p0)|T=(p) + 51n(poc+)f } (2.11)

pG
(0<fO<a.; —a_<0<0),

wherefrom we find

) 1 - f-(p)
w.(p,0) = +pG+ [ctg(poc+)T+(p) + e (pon)]' (2.12)

Hence, by the formula of Mellin’s inverse transform we have

d £ - _+
Wd(rr 2 2mlG+J [ tg(pa) T (p) + Lp))}r‘l"ldp, (2.13)

sin (pocs
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where contour I'is the straight line parallel to the imaginary axis and is located in the strip
(2.9). Applying the residue theory or the known integrals from [1, page 301, formula (13)
and page 302, formula (19)] when n = 1 we easily obtain that

dw.(r,0) r”/“*l[ ¥ Ti(ro)dro (T fe(ro)dro

=+
dr a:Gs | Jo /% —priae o yJ% 4yl

} (0<r<o). (2.14)
This result in this particular case of the half-planes (ay = a— = ) coincides with the
known results of [9].

However, for further investigation it is convenient not to appeal to the original equal-
ities and to manipulate with (2.12) of Mellin’s images.

Further, we took into consideration the sum and difference of the derivatives of the
displacements on the seal line of heterogeneous wedges:

dw, (r,0) N dw_(r,0)

Q) = dr I (2.15)
O(r) = dw,(r,0) dw_(r,0) (0<r<oo),
dr dr
and also their Mellin’s images
alp) = J ayredr,  B(p) = J O(r)rPdr. (2.16)
0 0

It is obvious that owing to the infinity of the displacements on L'(L" = [0,)\L is the
additional to L system of intervals) we may introduce

{so(r) (rel), o1

0 (rel).

The function ¢(r) defines the density of the displacement dislocations on the system of
the cracks.

Taking into account the functions introduced by means of (2.12) we get the following
system of linear algebraic equations for T (p):

ctg(pay) ctg(pa) f+(p) f(p)
Gy TP+ == G- T (p)=(p) - G:sin(pay) G_sin(pa_)’ (2.18)
ctg(par) cglpa) - fi(p) f(p) '
G. Tu(p) - G- - (p)_Q(p)_G+sin(poc+) +G,sin(poc,)'
The solution of this system has the following form:
_ G- . BAOE
T+ (p) = 5 1g(pas) [O(p) = Q(p)] - (pm) (2.19)
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hence we form the expression T (p) + T_(p) as

Ti(p)+T-(p) = 5 [Gitg(par) + G-tg(pa) | D(p)

1

2

+%[G+tg(p0¢+) - G-tg(pa-)]1Q(p)
fip)  f(p)

~ cos(pay) cos(pa )’

[Gitg(par) — G-tg(pa-)]D(p)

(2.20)

T.(p)-T(p)=5
+2[Gutg(pas) +G1g(pa ) J(p)

fip) P
cos(pay)  cos(pa_)’

Now, from the second equation we define Q(p) and represent its expression in the first
equation. As a result of elementary transformations, we arrive at the following key equa-
tion in Mellin’s images for our problem:

~ _ B tg(ch+)tg(P“—) T
Tep) +T-(p) = 26 e e PP
th(pm) - tg(P‘x—) 7 _
g (pas) wig(pa) P~ TP
B 2tg(pa) fi(p) (2.21)
cos (pas) [xtg (pas) +tg(pa-)]

B 2xtg(pas) f~(p)
cos (pa-)[xtg(par) +tg(pa-)]

(e—1<Rep<0;O<e<1,X=%>.

To write down (2.21) in originals we must mention that the factors introduced into it at
@(p), T+(p) — T-(p) and f.(p) are analytical on the imaginary axis of Re p = 0 function.
Therefore, in the formula of Mellin’s inversion integral transform, the imaginary axis may
be accepted as the line of integration I, and, hence we can introduce p = iA(—o0 <A < o)
in (2.21). As a result the key equation (2.21) in originals is represented in the following
form:

To(r)+T-(r) = —% LK(r,ro)gv(ro)dro

# [ RO () = 7 () Vg
_2 ooM(r,ro)er(ro)dro — % J:N(r,ro)f_(ro)dro

r Jo

(X=%;O<r<oo>.

(2.22)
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The following designations are introduced here:

®  th(day) h( -)
K(r,rg) = J th (hay) + th (. )sm ()Lln—)d)t, (2.23a)
® yth (Aay) —th (Aa— )
Rm) = | A e+ th () © ()un )d)t (2.23b)

*  th(la_)cos(Aln(ro/r))

M(r,ry) = Jo ch (Aay) [xth (Aay) +th (Aa—) ]
(® th(lay)cos (Aln (re/r))

N(rr) = Jo ch (Aar;) [xth (Aa) +th (Aa_) |

dA, (2.23¢)

dl (0<r, rg< o). (2.23d)

It is obvious that kernels M(r,;) and N(r,ro) are of somewhat quick converging cosine-
Fourier integrals, but kernels K(r,r9) and R(r,ry) are diverging, in general sense, sine
and cosine-Fourier integrals, which must be understood in the sense of the theory of
generalized functions [7]. To investigate the structure of kernels K(r,7y) and R(r,r) we
must use the method of asymptotic disintegration of Fourier integrals [7].

Firstly, we consider kernel K(r,7,) from (2.23a). As

th (Aay) th (Aa) 1
yth(Aay) +th(Qa-) y+1

(A — +00), (2.24)

with the use of the method of asymptotic analysis of Fourier integrals 7], the kernel will
have the form

[ th(lday)th(Aa_) 1 . r
K(r,ro) = L [Xth(/lm) +th(la_) x+ 1] s (Mn?o)‘”

(2.25)

+ sin (Mn >d)t
X+1

where the last integral is understood in the sense of the theory of generalized functions
and is expressed by the formula [7, page 43]

J:c sin ()Lln —)d)t = ; (2.26)

Inrg —Inr

Taking into account this equation after simple transformations we have

1
K(r,ro)—XH[m J Qb )Sm@n_)‘ﬂ] (2.27a)

(0<r, rg < ),
th (A ) th (Aa_) 1
O hara) = [_ yth (Aay) +th (Aa) +)(+ 1}(X+1)
~ xth(Aay)[1—th(Aa_)] +th (la_)[1 —th (Aa)]
B yth(lay) +th(la_) '

(2.27b)
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Further, we represent function th(A«) (A,« > 0) as absolutely converging infinite series

th(la) = 142 > (=Dke 2 (0< A, a < o), (2.28)

[Me

k

1

with the help of which for function (2.27b) we may write down the following asymptotic
formulas:

QAo 0-) ~ 2yk ()(,och,oc_)e_z”)L +o(e) (A — +o0), (2.29a)
y = min (ay,a_), (2.29b)

x+D (ar<an),
vk (pana) =11 (ay =a_), (2.29¢)
Fx+D1 (ap>an).

Taking into account the expression of the known sine-Fourier integral from the expo-
nential function in [1, page 71, formula 2.4(1)] with the help of (2.29a), we obtain the
following representation of kernel (2.27a):

1

Kirm) = x+1 [lnro —Inr

- Ko(rﬂ’o)], (2.30a)

) Inrg —Inr
(Inrg —lnr)2+4y2

Qo(r,70) = L [Qx (Aag,a) —2yk (X,ochaf)eﬂm]

X sin (Aln—)dA (0<r, rg< ),

K()(T’,?’()) = 21//1(()(,06.;.,067 +Q0(7’,7’0), (230b)

(2.30¢)

where y and functions Q,(A,ay,a-), yx(x,ay,a_) are given by the formulas (2.29b),
(2.27b), and (2.29¢), respectlvely In formula (2.30a) kernel K(r,7y) is represented by the
sum of the principal and regular parts, and regular kernel Qy(r,7y) from (2.30c), accord-
ing to (2.29a), is somewhat quickly converging sine-Fourier integral.

Passing to the investigation of the structure of kernel R(r,1) from (2.23b), we find
that

yth(Aay) —th(Qa)  y—1
yth(Qay) +th (Aas)  x+1

Hence we may write

yth (Aay) — ()L ) x-1 ( ro)
R(r,1r0) [ th (ha,) + th (Aa )_X+1 cos Alnr dA

J cos<)tln )/\ (0<r, rp < ), 2
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where the last integral is again understood in the sense of the theory of generalized func-
tions. As in [7, page 43],

J cosAx dA = nd(x), (2.33)

0

where §(x) is known as Dirac’s delta function, after simple transformations we have

_ X1 ( @) 2x
R(r,ro)—ﬂX_H(S lnr +1+XRo(r,r0) (0<r, ryg< ), (2.34a)

* th(lay) —th (Aa)
Ro(r,ro) = Jo vth (e ) + th (e

Jcos (A,ln r—ro)d)L (2.34D)

Kernel Ry(r,ro) is the ordinary converging cosine-Fourier integral by the same consider-
ation as above. Taking into account the expression of the known cosine-Fourier integral
from the exponential function in [1, page 23, formula 1.4(1)] we obtain

Y
(Inrg —lnr)2+4y2

Ro(r,10) = —4yr(y, ar,a-) +Py(r,rg) (0<r, ryg< o),

(2.35a)

Py(r,ry) = J

* [ th (Aay) — th (Aa_)
0

—2yA r_o)
Xth(lobr) T th () +21//R(x,cx+,oc—)e }cos(lln . dh,
(2.35b)

x+D7" (e <an),
vr(pa,a-) =10 (ar =a_), (2.35¢)
“(x+D' (o >an).

Kernels Py(r,ry) are somewhat quickly converging cosine-Fourier integral.
Then taking into account (2.30a), (2.30b), and (2.34) we finally write the key equation
of the problem (2.22) as follows:

G, 1

To(r)+xT-(r) = = L [lmo—_lm —Ko(r,ro)]qo(ro)dro
+ % J Ro(r,70) [7+ (r0) — 7—(r0) ]dro

L Lo (2.36)

| MO £ (o)

r

) per<ose-8)
—— N(r,ro) f-(ro)dro |0<r<oo;y= G )
Here kernels Ko(r,19), Ro(r,r9), M(r,r9), and N(r,ry) are given by formulas (2.30b),
(2.30¢), (2.34b), (2.23¢), and (2.23d), respectively, and for kernel Ry(r,7o) the represen-
tation (2.35) is valid.
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Further, we must consider the key equation (2.36) on the system of cracks L. As a
result we arrive at the following determinative integral equation (DIE) of the problem
with respect to the displacement dislocation on crack ¢(r):

%JL [m _Ko(f’,ro)]go(ro)dro =F(r) (rel), (2.37a)
) = =T | Rt () ()
1+XJ M(r, 70)f+(7’0)d70— (1+X J N(r,ro) f-(ro)dry (relL).

(2.37b)

The solution of DIE (2.37a) must satisfy the specific conditions. Without discussion of
various particular cases of the characteristic parameters a,, a—, x and the case of a crack
reaching the tip of a composite wedge, where DIE (2.37a) admits closed solutions and
which is the subject of a special investigation, we must consider only internal nonbound-
ary end cracks, that is, we must assume that a; > 0 and the sum of interval lengths of
system L is finite (Figure 2.1). Then these conditions will be

b
k @(ro)dro=0 (k=1,N) (2.38)

expressing the conditions of unambiguity (continuity) of the displacements at the tips of
the cracks.

Hence, the key equation (2.36) must be considered apart from the system of cracks on
the line of their location, that is, on L’. As a result we obtain the following expression of
the tangential breaking stresses:

13 (,0) = 7(r) = - (fi*x) | [ ~ K ) o)
+ — R() 7, r())[T+(r()) — T_(T’Q)]df’o
IHOOX J (2.39)

) M(r,10) f+ (ro)dro

- X L N(rro) f-(ro)dry (rel).

Thus, after constructing the solution of DIE (2.37a) under the conditions of (2.38) the
tangential breaking stress is determined by formula (2.39).

3. Reduction of DIE to a system of singular integral equations and description
of the numerical method of its solution

For this purpose, firstly, we appeal to the new variables in (2.37)

r=ae, ro = ae”, (3.1)
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where we assume a; > 0. Then DIE (2.37a) is transformed into the following singular
integral equations:

1
;Lo[u—t_Ko u—t)]q)o u)du = Fo(t) (t € Lo), (3.2a)
N
(e, i) (3.2b)
k=1
ag bk
ock=ln(—>, ﬁk—ln< ) (3.2¢)
al al
(1 =0, & >0, k=2,N; B >0, k=1,N). (3.2d)

Here we introduce the following designations:

ro(r)

@o(t) = o =e'p(are’), (3.3a)
Ko(u—1) = Ko(r,r0) = Ko(aye',are?)
- ~ 3.3b
ZZII/K(X:“wOC—)mJFQo(M—t), (3.3b)
Qo(u—1t) = Qo(r,19) = Qo(are’,are?), (3.3¢)
Fo(t) =F(r) =F(aie') = —[72(t) +x7° ()] + % . Ro(u— H[2(u) — °(u)]du
Lty x(+x) (*
J Wy - 0 f2 (wydu— E=10 Lo ~ O (w)du,
(3.3d)
0, T7:(r)  e'ta(are’)
i ="E = T, (3.3¢)
o Tfe(r) e fi(are’)
fe(t) = G = G (3.3f)
Ro(u—1t) = Ro(r,70) = Ro(are',are”), (3.3g)
Mo(u—t) = M(r,ro) = M(are',are), (3.3h)
No(u—1) =N(r,rg) = N(aie',ae"). (3.31)

It should be mentioned here that the kernel of (3.2a) is presented by the algebraic sum of
its singular part as Cauchy kernel 1/(u — t) and in the regular part as a regular kernel from
the difference of arguments I%o(u — t) expressed by formulas (3.3b), (2.30b), (2.30c), and
(2.27b).

Now, we transform each interval (o, ) of the collection Ly from (3.2b) into the in-
terval (—1,1), for which in (3.2a) we introduce

t=

—a +a —a +a
Br k£+ﬁk k u:ﬂk k+ﬁk k

= - 3.4
2 2 3 7 (k=T,N, -1<& n<l1). (3.4)
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After elementary transformations we reduce (3.2a) into the following system of the sin-
gular integral equations:

L O 201 =)y (o a-)
;Jl{ﬁ—w()o[ﬂik(ﬂ—f)]— (1)1 + 1657 }gog(n)dn

1 ~ B 3 2(1 = Okm&) w (x> o1, } (3.5a)
i Z {77 6km£ VmQO[Vm(U 8kmf)] (W_Skmf)2+l6)’%t

m%k

x @ (mdn=Fl &) (-1<&é<1; k=T,

@%.(8) = 9o (ﬂm Ty ﬂmmm (3.5b)
FE(&)—Fo(ﬁk;“kaﬁk;“k) (k,m =T,N), (3.5¢)
Vi = @ (3.5d)

Bkom = /fn’z:z’; (3.5¢)

Vm = B Z “ (y = min (ay,a_)). (3.5f)

Here the designations éo(u — 1), ¢o(t), and Fy(t) are the same as in (3.3b) and (3.3i).
With the help of the same formulas of substitution of the variables (3.1) and (3.4), the
conditions of (2.38) are transformed into the following:

1
L gp(mdn =0 (k=1N). (3.6)

Thus DIE (2.37a) may be reduced to the system of singular integral equations (3.5a)
under conditions (3.6).

Here for system (3.5) we can apply the known numerical method of the solution of
singular integral equations [5, 14] based on Gauss quadrature formula for a singular inte-
gral of Cauchy type and for an ordinary integral containing positive weighting functions.
This method is stated briefly in [12] for problems of cracks. Following [12] we assume the
natural number M and introduce the roots of Chebyshev’s polynomial of the first type
Tm(n) = cos(Marccosn):

20 -1
fe = cOS (Wﬂ> (¢=1,M), (3.7)

which are the nodes of the mentioned quadrature formulas. We must also introduce the

roots of Chebyshev’s polynomial of the second type Up—1(&) = sin(Marccosé)/4/1 — &2,
determined by the formula

&i=cos— (n=1,M-1). (3.8)
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Then, we represent the solution of system (3.5a) in the form

_ X0

e

where function X,?(f,)() (-1 =&y = G./G-) belongs to Holder’s class of functions. Pro-
ceeding from (3.9) and (3.7)-(3.8) and according to the given method and conditions
(3.6) we must reduce the system (3.5a) to the following finite system of linear algebraic
equations:

e3) (-1<é<1; k=1,N), (3.9)

- Vkéo[vk(ﬂf -&)] -

M=
22
S
=

—~t

2(ne _fn)I//K(X)“h“)}
Tlf_fn (ﬂg—fn)2+].6y]%

M N X0 , ~
+> 2 M(J\’ZIeX){W—iSkmfn = ol (e = dint)]

(3.10)

S } = B (&),
(718 - 6km€n) + 16)’%1
(n=1,M~-1; k=1,N),

N
ZX](()(?IZ)X) =0.
=1

Let MN denote the number of unknowns X,? (#e, x) in system (3.10), and also the number
of the equations.

4. Expressions of principal mechanic characteristics of the problem

By solution of the algebraic system (3.10) we express basic mechanic characteristics of
the stated problem of cracks, which are the stress intensity factors (SIF), J-integrals, and
openings of the cracks.

Firstly, we solve SIE. As in case of a homogeneous body with antiplane deformation we
determine the SIF at the crack tips (ax, bx) by formulas

K (ag) = limo[wZH(ak — r)Tez] =— lim [ 27 (ay — T)T(T)], (4.1a)

r—ag— r—ar—0
Km(bk):rlibrkr}ro[\/Zﬂ(r—bk)ng]:—rlibkrrlo[\/Zﬂ(r—bk)T(r)] (k=T,N), (4.1b)

where 7(r) is expressed by the formula (2.39). With the help of (2.39) the formula (4.1)
obtains the form

Ky (ax) = V27 Gy lim [\/ak—r bkMdm]. (4.2)

(1 + x)ax r—ar—o a Inrg—1Inr
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Substitution of variables (3.1) in this equality gives

_ 2maGy B o (u)
Kir(ax) = ﬂ(1+X)\/a—kfllﬂ€(rlo Vag —t . u—tdu . (4.3)

Now, the density Cauchy integral in the vicinity of the point aj can be represented as

_ 95
<Po(f)—m

(t — ax+0), (4.4)

where @g (¢) is Holder’s function and we can take the advantage of known properties of
the Cauchy type integral at the end points of integration intervals [10]. As a result we
obtain

Gy ..
K (ax) = % tll(xrkr}ro [Vt — arpo(t)]. (4.5)

Going back to the former variable r according to (3.1) we finally find

K (ag) = IGT+Xrli({12r0 [\/27{(7‘ - ak)q)(r)] (k=1,N). (4.6)

In the same way formula (4.1b) is transformed as follows:

Kur(b) =~ lim [\2r(b—r)g()] - (k=1 (47)

It should be mentioned here that if in formulas for SIF in case of homogeneous body
[11, 13]

ay .G .. ak
K (bk> ==+ > rllzg}ro{ 2n‘bk r (p(r)] , (4.8)

r—br—0

we substitute the shear modulus G by the given shear modulus Gy

“=G G - 1+y

2G,G- _ 2G, ( :&> (9)

G-

that is, if a piecewise-uniform body with the elastic constants G, G- is substituted by a
homogeneous body with the elastic constant Gy, they will go to formulas (4.6) and (4.7).
Hence, substitution of G by Gy in the given sense at the antiplane deformation creates
some correspondence between piecewise-uniform and homogeneous bodies with cracks.
Formulas (4.6)-(4.7) are analogous to known formulas of the plane theory of elasticity
for homogeneous bodies with cracks [2].
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Now, we express SIF as functions X,?(f,)() from (3.9). For this purpose in (4.6)-(4.7)
we consequently move to new variables (3.1) and (3.4), and, then, we allow for (3.2¢) and
(3.2d). After simple transformations we obtain

Kunt(ax) = %ﬁiﬂ/l n(% L) xp-10, (4.10a)
Kinr(by) = %ﬁi/l( xp0 (=S5 k=TN). (@100

Proceeding from (4.10) we also introduce the infinite SIF:

0 _Km(a) & b

Kiyr(ax) = 7aiGy  yZar(14 ) In ( )Xk( Lx), (4.11a)
0 _Km(b) @& 7 B

Ky (bi) = Gy bl +y) hl(ak)Xk(l,X) (k=T1,N). (4.11b)

We will solve values X{(+1,x) by means of interpolating Lagrange polynomials for func-
tions X} (£, ) according to Chebishev’s nodes #, from (3.7). They have the form in [12]:

e 201
XLy =— (—1)€+1X0(11g,)()ctg( n), (4.12a)

k Mezz1 k AM

1 ¥ 201
X,?(—l,x):MZ(—I)M“X,?(W,X)tg( " n) (k=T,N). (4.12b)

14

I
—_

Values X,? (+1,x) depend on the choice of the natural number M, that is, on the number
of nodes.

We start solving J-integrals. These integrals give the velocities of energy release of the
elastic deformation at the end zones of cracks and when the velocities reach a definite
critical quantity the cracks are propagated. In the plane problems of piecewise-uniform
bodies with cracks it is more convenient to deal with these integrals than with SIF [8].

These integrals are also of interest for piecewise-uniform bodies with cracks at an-
tiplane deformation and therefore here we present the expression of J-integral [8]:

11
J= 4<G++G_)Km' (4.13)

Furthermore, we consider the relationship J/Jo where Jy is the corresponding J-integral
for a homogeneous body made of a material with shear modulus G,

1 ~
Jo==——Kfr (4.14)
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Here K;j; is the SIF in case of a homogeneous body. The quantity J/J; somehow numer-
ically characterizes the possibility of propagation of cracks in piecewise-uniform bodies
in comparison with the possibility of propagation in homogeneous bodies.

On the basis of (4.10) we have

J(ax) 2 X(-1,x) : Gy

Joax) 1+)([X£(—1,1)] (X_ G_>’ (4.15a)
Jby 2 [xXa0]

Jo(br) 1+X[X;?(1,1)} (k=1N). (4.15b)

It is obvious that the relation J/J, is not symmetrical to shear moduli G+ and to the angles
of the wedge openings ., that is, if we substitute G, by G_ and a; by «_, and as a result
the variable components of a piecewise-uniform wedge exchange their places, the value of
the relationship will change. To reach the symmetry of J/J; in the mentioned sense unlike
[8], we must compare the value of J-integral of the composite wedge with the maximum
value of J-integral of homogeneous wedges with equal angles of the opening o, +a_ and
with the same crack system, manufactured from the material of the upper (G4) or lower
(G-) wedges. So we arrive at the function

_J _l<i L) > /|1 (LL)NZ _ Ko
](X>“+’“—)—maxjo—4 G++G, Kirr 5 max G. G Kin R 8 (X)s

m (O<X<1) G.

-1, o).
— (>1) B
I+y

(4.16)

which as it can be easily seen by means of (4.6) or (4.7) does not change even if the triple
(x> a4,a-) is substituted by the triple (1/y,a_,«;), that is, J(y, o, a-) = J(1/x,a—,ey).
Then instead of (4.15) we have the following characteristics for J-integrals:

C J@) X
]uk(X’a+’a7)_maX]o(ak)_ X(-1,1) 8 (x), (4.17a)
b X101
k >

Finally, the opening of the k-th crack (ax, bx) is determined by the formula

D (r) = J ¢(ro)dro  (ax <r <b; k=1,N), (4.18)
a
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which by virtue of (3.1), (3.4), and (3.9) is transformed into the form

£
DY(&) = ln\/7J Xl (-1<&¢<1;k=1,N) (4.19)

and ®(+1) = 0. Here an infinite crack opening is introduced:

DV (&) = a; 'O [al exp (ﬁk;“kf+ﬁk;ak>} (k=1,N). (4.20)

By applying the corresponding quadrature formula we have

OY(¢) = % 2 XX (nex)  (k=T1,N). (4.21)
11e<f
Hence
0 T bi 0 [
O (&) = Mln = > XX(nex) (n=1,M-1). (4.22)
Ak "]t’sfn

Thus, an infinite opening of the k-th crack may be solved by (4.21) or by (4.22).

5. Numerical results and conclusions

For numerical realization of the problem being investigated here, firstly, it is necessary to
choose natural numbers M, N and at the given values of the physical parameter y(y =
G+/G-) the geometric parameters

A Xy Ck = %> dk = (Cl =1, k= I)N)7 (51)
ai a)

and also at the given loads 72(t), f2(t) (see formulas (3.3e) and (3.3f)) to calculate the
quantities included into the algebraic system of the formulas (3.10). After solving this
system, the SIF is calculated by formulas (4.11), J-integrals by formulas (4.15) or (4.17)
and crack openings by the formula (4.22). And values X,S (+1,x) (k = 1,N) are calculated
by (4.12).

The described procedure may be illustrated in two cases.
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y

<o

ay =7

o] PO

ﬁ@@@hl
70
a_ =mn/2

Figure 5.1. An antiplane deformation of the piecewise-uniform wedge consisting of a half-plane and
quarter-plane, and containing a single inner crack L = (a;,b;) at the interface of media, the edges of

which are uniformly loaded by the distributed forces 7.

Casel. Let N =1, 0, =m, a_ =7/2, f(r) = f-(r) =0, 7,(r) = 7_(r) = 79 = const (Fig-

ure 5.1).
In the given case by (5.1),

T
Y= a=1 di=—;

by (2.29¢), (3.2¢), (3.2d), (3.5d), and (3.5f),

T

X __T .
= le‘ldl’

1
s v1=Elnd1; ou=1

vk (pas,a_) =

and by (2.27b), (2.30c¢), (3.3b), (3.3i), and (3.5¢),

~ “ (yth(mA)[1 - th(mA/2)] +th(mA/2)[1 - th(z)] 2%
QO(t):L { Yth(zd) + th(A/2) T }
xsin(Af)dd (-0 <t < o0);
To

F©) =~ 07" 0? (7= ).
.

(5.2)

(5.3)

(5.4a)

(5.4b)

Further, proceeding from (5.4b), the solution of system (3.10) in the first part, equal to

GY(&,) (n=1, M — 1), where

GUE) = -V (—1<E<),

(5.5)
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is designated with (7, x)- Then

XY (ne,x) = A+ ) 700l (0,x)  (£=1,M). (5.6)

To investigate the behavior of SIF K, at approaching the left crack tip r = a; to the tip
of the composite wedge O in the investigated case it is convenient instead of (4.11) to
introduce the following infinite SIF:

_ Kur(a) 1

1%1011(‘11) = bt \/2—71 Indyw((-1,%), (5.7a)
Ry (by) = Kinlb) _ ! Ind;wf(1,y). (5.7b)

B \/ﬂbl‘l’o __dlx/j

Values ) (+1,y) are again defined by formulas (4.12) in which quantities X{ (#,, y) must
be substituted by quantities ! (#7¢, ).

In the given case the quantities of the relations of J-integrals in correspondence with
(4.17) and (5.6) will be expressed by the formulas

](aa):ﬂzé()wz (58&)

ay X) +5 W — maX]()(al) 0 X w(l)(—l,l) 5 .
g et

]bl (X’“Jﬂ(x*) - max]o(bl) _80(X)|:w?(1’1):| . (58b)

Finally, according to (4.22) for a crack opening we will have

B(E) = Tindi (140 S @ (e, (5.9)
Wesfn
where
B0 Gy 0 1 o
Dy (§) = Toq)k(f) = ;Oq)k(f) (-1<&<1). (5.10)

Thus, in the considered case, systems (3.10) and formulas (5.4)—(5.10) will be design
formulas.

CaseIl. Letnow N =2 and again oy = 71, o_ = 71/2, fi(r) = f_(r) = 0 (Figure 5.2). As to
loading crack edges here we must consider the following three underloading operations
of their edges:

(1) the crack edges (a;,b1) are loaded by the same uniformly distributed intensity
forces 79, but the crack edges (a,,b) are free of loads;

(2) the crack edges (aa,b,) are loaded by the same uniformly distributed forces o,
but the crack edges (a;, b)) are free of forces;

(3) the crack edges (a1,b1) and (a,,b,) are loaded simultaneously by uniformly dis-
tributed forces 1.
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Figure 5.2. Changes of infinite crack openings 5)2(5 ) calculated by the formulas (5.9)-(5.10) in the
interval 1 <& < 1atd, = 1,2 and at different values of the parameter y.

In this case in (5.1),

Yzz; a=1, 0 =2 d1=h, d2=é3 (5.11)
2 a ay a)
n (2.29¢), (3.2¢), (3.2d), (3.5d), and (3.5f),
vk (e, o) =)%; a1=0, By =Inds;
(X2=1HC2, ,82=lnd2, VY = 1hldl, V) = llIlé = llIl bz,
2 2 C 2 a
(5.12)
S = Ind, P In (dy/c3)
12 In (dz/Cz) ’ 2 12 lndl
li1 i1

dn=0n=1 )’IZM’ yz:m;

and in (3.3b), (3.3¢), (3.3d), (3.3e), (3.3f), (3.3g), (3.3h), (3.31), (3.5d), (3.5e), and (3.5f),

FO(&) = —(14y)Tod\ "2 (5.13a)

FO(&) = —(1+y)Tocs 2g 072 (f - E). (5.13b)

It must be noted here that in the given case we will have again the kernel function 50(1‘)
from (5.4a).
Further, we introduce the functions

GUE) = —d\"V, (5.14a)

GY(E) = —cS VG (C1<E<) (5.14b)
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and the solution of the system (3.10) at the right parts equal to
{G1(&).0}  (n=1,M-1). (5.15)

We denote

{0 (e,x), 0" (o)} (€ =T,M), (5.16)

but the solution of this system at right parts is equal to
0, (&)} (n=T,M-T1). (5.17)

We denote

{0 (ne,x), 0P (nesx) b (£=1,M). (5.18)

Then, at the first, second, and third loading operations of the crack edges, quantities
X{(170,x) will have the same form, respectively:

X (ne,x) = A+ 0 70w) (ne,x), (5.19a)
X2 (Me>x) = (1+ ) Towl® (Me:X) 5 (5.19b)
X2 (ne,x) = (L+ %[0l (ne,x) + 02 (e,x)] (k= 1,2). (5.19¢)

Furthermore, with the help of (5.19) we write the expressions of SIF (4.11) that may be
used in the given case according to the mentioned loading operations of the crack edges:

Kiy(a)) _ [1 0j,
KHI( 1) = AT, = 21nd1w1 (=Ly), (5.20a)
Kl (b
III(bl) \/I%;O) = \/— 1Hd1w1](1’X) (5.20b)
; K, 1 d
K%(az) = \/I%fi) \/i 1 = 0]( Lx), (5.20¢)
j
0j _Kg(b) 1 dz .
Kpjy (by) = N 1 ( ) (j=1,2). (5.20d)

It should be mentioned here that at j = 1 we have the first loading operation, at j = 2 the
second one, and at the third loading operation according to (5.19¢) the SIF becomes a
simple linear superposition of the corresponding SIF at the first and second operations.
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Table 5.1. K%, (a;) and K, (b;) values.

d
X 1.2 1.5 2 4 8 10 20
0.1 0.00962832  0.0136512  0.0168313 0.0213551 0.0246976 0.0258072 0.0298368
0.00962782  0.0136434 0.0167832  0.0208872  0.0230058 0.0234829 0.0245993
03 0.00962917 0.0136575 0.0168548 0.0214822 0.0250238 0.0262172 0.0305629
0.00962859  0.0136484 0.0167999  0.0209526 0.0231318 0.0236283 0.0248006
0.5 0.00962975 0.0136617  0.016871  0.0215697  0.0252486 0.0264997 0.0310631
0.00962912  0.0136519 0.0168114 0.0209977 0.0232189 0.0237288  0.0249402
! 0.00963064 0.0136682 0.0168956 0.0217031 0.0255916 0.0269308 0.0318268
0.00962993 0.0136573 0.0168289 0.0210666 0.0233522 0.0238828 0.0251544
5 0.00963146 0.0136743 0.0169186 0.0218274 0.0259112 0.0273327 0.0325386
0.00963068 0.0136622 0.0168452 0.0211309 0.0234767  0.024027  0.0253555
5 0.00963223  0.01368 0.01694  0.0219439 0.0262111 0.0277097 0.0332067
0.00963138 0.0136668 0.0168604 0.0211911  0.023594  0.0241627 0.0255453
3 0.00963248 0.0136818 0.0169469 0.0219812 0.0263071 0.0278305 0.0334207
0.00963161 0.0136683 0.0168653 0.0212105 0.0236316 0.0242063 0.0256064
10 0.00963257 0.0136824 0.0169494 0.0219945 0.0263416 0.0278738 0.0334976
0.00963169 0.0136688 0.0168671 0.0212174 0.0236451 0.0242219 0.0256283

By analogy with (4.17), (5.19a), and (5.19b) for relations of J-integrals we have

@) g (anal) = i) “’j“x)] (5212
maxJi (a1) Loy (-1,1)

Ti;‘]?()az) ~ Tk () = 80(x) %]2 (521¢)
s (]?(L) T (e as) = oy %} (= 1.2) (521d)

Here we can write easily the following formulas for solving the crack openings.

Thus, in the discussed case the design formulas will be the systems (3.10), (5.4a) and
the formulas (5.13)—(5.21).

Further we give the numerical results only in the first case, introducing

X= G =0.1;0.3;0.5;1,2;5;8; 10,

d; = 1.2;1.5;2;4;8;10;20. (5.22)
In Table 5.1 the formulas calculated by (5.7), values of infinite SIF KY;(a), and KY;(b:)

at different values of the parameters d; and y are given, and in each square of Table 5.1
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Table 5.2. J,, (x, a4, a-) and Jy, (x, a4, ) values.

d

X 1.2 1.5 2 4 8 10 20
01 1.81731 1.81366 1.80436 1.76033 1.69337 1.66962 1.59793
1.81738 1.81448 1.80832 1.78734 1.76465 1.7578 1.73881
03 1.53799 1.53603 1.53104 1.5073 1.47096 1.45801 1.4187
1.53803 1.53648 1.53316 1.52185 1.50957 1.50584 1.49548
05 1.33309 1.33206 1.32945 1.31699 1.29783 1.29098 1.27012
1.33311 1.33229 1.33056 1.32463 1.31816 1.31619 1.31071

] 1.0 1.0 1.0 1.0 1.0 1.0 1.0

1.0 1.0 1.0 1.0 1.0 1.0 1.0
) 1.33356  1.33452 1.33696 1.34864 1.36685 1.37342 1.39364
1.33354  1.3343  1.33592 1.34148 1.3476  1.34947 1.35473
5 1.66722 1.66953 1.67544 1.70385 1.74833 1.76446 1.81432
1.66717 1.66901 1.67292 1.68643 1.70136 1.70595 1.71887
8 1.77846  1.7813  1.78859 1.82362 1.87858 1.89854 1.96031
1.7784  1.78066 1.78548 1.80214 1.82058 1.82626 1.84223
10 1.81891 1.82196 1.82977 1.86734 1.92631 1.94774 2.01409

1.81885 1.82127 1.82644 1.8443 1.86409 1.87018 1.88733

in the first lines values I?IOH(al) are written, and in the second lines the values I?I‘)U(bl)
are written. The analysis of these data shows that at a fixed value of d; the values of SIF
change insignificantly when y is changed. In this case, the nearest to the wedge tip SIF
KY;(ay) is larger than SIF KY;(b1). When x is fixed the infinite SIF of the parameter d,
which may be considered to be the approach of the crack tip a; to the wedge tip increases.

In Table 5.2 the values of J-integrals calculated by the formulas (5.8) at different values
of the parameters d; and y are given, and in Table 5.1, in the first lines values J,, (x, s, —)
are given, and in the second lines values J, (x, s, @—) are given. The analysis of these data
shows that heterogeneity (values y) of the wedge at fixed d; significantly influences the
quantities of J-integrals. It is easy to discover that at 0 < y < 1 the values of J-integrals
decrease but at y > 1 increase.

In Figure 5.2 the way of changes of infinite crack openings ®?(£) calculated by for-
mulas (5.9)-(5.10) in the interval —1 < & <1 at d; = 1,2 and at different values of the
parameter y is shown. The graphs ®(£) at other values of the parameters d; and y have
the same form.
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e Operational routines and lay-out structure

e Redistribution of load units, railcars, barges, and so
forth

e Scheduling of trips or jobs

e Allocation of capacity to jobs

e Loading orders

e Selection of routing and service
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