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The problem of a semi-infinite moving mode-III crack inside a semi-infinite isotropic half-
-space is considered. The crack is located between a semi-infinite elastic medium and a
layer whose distance from the surface to crack depth is h. Initially, Fourier transformation
and inverse Fourier transformation are applied to transfer the governing boundary value
problem to the well-known Wiener-Hopf equation. The purpose of this problem is to obtain
the analytical solution of Stress Intensity Factor (SIF) and Crack Opening Displacement
(COD) at the neighbourhood of the crack tip. In numerical Section, I have discussed the
variation of parameters (crack velocity, layer distance h from the surface to crack depth) to
show the effect of these parametric values on the graphs of SIF and COD where the material
properties (density, shear modulus) were fixed.
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1. Introduction

The crack or inclusion related problems with isotropic media has occupied an important place in
improving the theory of fracture mechanics. The first and foremost goal of structural engineering
is to elude the growth of a crack initiated formerly. A careful undermining into the existing
literature reveals that a square root singularity of stress has been found at the crack tip area
(Sarkar et al., 1991). In order to predict the state of stress at the vicinity of the crack, we calculate
the physical quantity called Stress Intensity Factor. The material properties and applied load
are very important parameters for growing the crack. A big amount of researchers solved their
problems on fracture mechanics to predict the stress intensity factor. Maximum problems have
been solved analytically by researchers but there was arisen some mathematical complication to
complete the problems. In that case, numerical approximation is the best way. The difficulty of
the problem became more for semi-infinite moving cracks. The moving crack concept was first
introduced by Yoffe (1951). He investigated crack propagation with a constant speed without
changing in length along the crack propagation axis. A semi-infinite crack was appearing and
growing suddenly with a constant speed in a stretched elastic body. The Weiner-Hopf and
Cagniard techniques were applied to solve this mixed boundary value problem in the semi-
-infinite crack. Finally, they calculated the stress value at the vicinity of the crack tip for an
asymptotic case. Atkinson and Popelar (1979) discussed spatially changing elastic properties
in elastic media with stable state semi-infinite crack propagation. Sih (1968) deliberated the
problem of elastodynamics in moving and stationary cracks as well as delivered a formulation of
Riemann-Hilbert with consideration of in-plane extensional and anti-plane shear loads. The also
provided solution for a constant speed of crack propagation. Knauss (1966) suggested a semi-
-infinite straight crack which was containing with an infinitely long isotropic strip of finite width
by considering a displaced clamped boundary on normal to the crack also discussed asymptotic
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expansion stresses in a sudden crack. After Rice (1967) corrected that work. A simple method was
introduced by Nilsson (1972, 1973) to handle a semi-infinite moving crack with an isotropic strip.
The also used to calculate the stress intensity factor by using Wiener-Hopf technique. Lowengrub
(1975) and Atkinson and Popelar (1979) considered for the solution of a couple of coplanar
cracks situated between two glued different isotropic elastic half-planes. To reduce the problem
regarding the concurrent pair of triple integral equations with trigonometric kernel, Fourier
transformation was applied. Georgiadis (1986) analysed a cracked plane orthotropic strip to
give a steady state solution by using the Wiener-Hopf technique. Kuo and Chen (1992) discussed
stable three-dimensional stress intensity factors regarding semi-infinite plane cracks with both
symmetric as well as anti-symmetric cases. Das and Ghosh (1992) obtained transformation of a
pair of Griffith cracks affecting the interface of the pair of a different elastic medium with the
limitation of constant velocity under anti-plane shear stress.

In our problems, we considered a semi-infinite moving crack situated at the interface of a
layer of some thickness and a semi-infinite half space but of the same material. We finally solved
the problem numerically. Li (2001) discussed the explanation for the stress intensity factor
of mode III for different elastic layers of the same thickness. The problem has been derived
analytically for stress free and clamped boundaries. Finally, the Wiener-Hopf technique has been
applied to find analytical solution for a semi-infinite interface crack in two bonded dissimilar
layers. Wang et al. (2001) proposed in orthotropic materials with concentrated shear impact,
a solution for variable stress intensity factor for a semi-infinite crack. To solve the equation of
motion, the Laplace and Fourier transforms together along with the Wiener-Hopf technique were
employed. The results are shown for both orthotropic and isotropic materials. Wu et al. (2002)
observed a semi-infinite crack between a pair of bonded different elastic strips. Investigation of
the analytical solution for different moving cracks of a piezoelectric strip as well as the layers
was suggested by Bagheri et al. (2016) and Nourazar and Ayatollahi (2016). The some problems
were regarded with the shear wave.

A huge amount of works has been done on this topic by the greatest researchers. The main
focus on this topic is the crack (static, moving) and media (isotropic, anisotropic). Most of the
problems are solved for anisotropic and isotropic media by static cracks. The number is very
small in the case of semi-infinite moving cracks in isotropic media. In my problem, I consider
a moving semi-infinite mode III crack at a depth h from the surface in an isotropic elastic
medium. The Wiener-Hopf technique is the best method to handle semi-infinite moving crack
related problems. Firstly, the Fourier transform is used to convert the boundary value problem
to the Wiener-Hopf equation. To find explicit expressions for SIF and COD in the asymptotic
cases the Wiener-Hopf technique was applied. Further, I observe the effects of material constants
on SIF and COD by plotting different graphs among them.

2. Description of the problem

Consider a semi-infinite crack which is moving and parallel to the surface of a semi-infinite elastic
medium at a depth h from the surface. The symmetrical cartesian axes of the isotropic materials
are X,Y, 7. The crack position is —oo < X <0, Y =0, —o0 < Z < 0co. We are assuming that
the Rayleigh surface waves velocity is greater than the crack speed c.

The displacement component W (X,Y,t) has satisfied the following elastic wave equation

PW W 1w
ox2 T v T2 o (2.1)
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Fig. 1. Geometry of the original problem

where shear wave velocity, density and shear modulus of the materials are respectively
cs = \uz/p, p and pia. We can write ¢ = X —ct, y =Y, 2z = Z, t = t by using the
Galilean transformation, above equation (2.1) becomes

Pw  Pw

where s2 = 1 — ¢?/c2, ¢ is the crack velocity and w(x,y) = W(X,Y,t).

S
The relation between the stress and displacement component for othotropic materials is as

follows

0
Tyz = lea—j (2.3)

The boundary conditions inside and outside the crack are given by

Tyz(xvo) =0 z <0
w(x,0) =0 x>0
(,0) (2.4)
Tyz(x,h) =0 —00 <z < 00
w(x, h) = wp —00 <z < 00

where wyq is fixed.

The Wiener-Hopf technique is not applicable to these types of above boundary conditions.
For this reason, I superimpose a constant normal load 7y on the above system of the boundary
conditions to make them appropriate for the numerical method. The new boundary conditions
are

Ty-(2,0) =19 z <0
w(x,0) =0 z >0
(x,0) (2.5)
Tyz(2,h) =0 —00 <z < 00
w(z,h) =0 —00 <z < 00

Ya

Tyz=T0

0 X

Fig. 2. Geometry of the transformed problem
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Then, by a trivial superimposition we may arrive again at the original problem. Obviously,
such a superposition does not affect the value of the stress intensity factor obtained by solving
the problem. The above two problems are identical for a particular value of 7y. For generalized
plane stress problems the appropriate value of 7q is given by —puj2wg/h. The complete procedure
to find the value of 7y was elaborated by Georgiadis and Papadopoulos (1988).

Now we can use the following relation in lieu of the constant load 7y as discussed by Nilsson
(1972, 1973)

Ty-(2,0) = 10€°* (2.6)

where € > 0, which is a very slow tending to zero.
The Fourier transform is given by

i 1 T iwx
f(w,y)ZE_Zo f (@, y)e” da (2.7)

after inverse
1 [ee]
2,y) = — | f(w,y)e “? dw 2.8
flew) == [ T 2.8
—00
where w = 0 4+ i(, o and ( are the real and imaginary parts.
After taking the Fourier transform, boundary conditions (2.5)3 and (2.5)4 become
wW(w,h) =0 Tyz(w,0) =0 (2.9)

Taking Fourier transform on equation (2.2), the solution can be expressed as

A(w)e Y 4+ B(w)e**Y for 0<y<h

2.10
C(w)es¥ for —oco<y<O0 (2:10)

E(w, y) - {

where W(w, y) be the Fourier transform of the displacement component w(z,y) and A(w), where
B(w) and C(w) are unknown functions of the transformed variable w. The stress components

are
_ p12sw[B(w)e®™Y — A(w)e Y] for 0<y<h
Ty=(w,y) = - (2.11)
C(w)swe*Y for —oco<y<O0
3. Procedure of solution
Let us define two unknown functions to determine the complete solution
Tyz(2,0) = p(z z >0
y=(2,0) = p(z) (3.1)
w(x,0) = q(x) x <0

where the shear stress function is p(z) outside the crack along the z-axis, and the jump discon-
tinuity displacement function ¢(z) inside the crack along the y-axis. By taking both sides, the
Fourier transformation of Egs. (3.1) is

1

/ p(2)e" dz 7 (@) = — [ g@)e™" da (3.2)
0

\o

5~
3

py(w) = 5

8
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The functions p(z) and ¢(z) are bounded at the infinity as the stress and displacements are
tending to zero at infinity. The following functions are

Ip(z)| < Pz~ as r — 00 (33)
a@)] < Qe as oz —oo |

where [, > 0,1, >0, P >0 and @ > 0. Here P and @ are finite. Also it can be shown that the
functions P, (w) and §_(w) are analytic for ¢ > 0 and ¢ < 0, respectively.
Using boundary condition (2.9)1, i.e, W(w,h) = 0 we get

B(w) = —A(w)e 2" (3.4)

By utilizing boundary condition (2.6), (2.5)2 with using equations (3.2), we get

T =D S R— w(w =q_(w .

T?JZ(W’ 0) - p+(w) + \/%(E + iw) ( ’0) q—( ) (3 5)
Equation (3.5); can be rearranged as

_ e (0.0) — 70

p+(w) - Tyz( 70) \/%(5 + 1w) (36)
at y = 0, the solutions are

W(w,0) = A(w) + B(w) (3.7)
and

W(w,0) = C(w) (3.8)
using (3.4) and (3.5)2 in (3.7), we get

Aw) = =) (3.9)

T 1 — e—2swh
From equations (3.5)2 and (3.8), we obtain
Clw)=7-(w) (3.10)

Now equation (3.6) becomes

70

Py(w) = L(w)g_(w) — m (3.11)
where
—lyasw(1 4 e~ 2swh
L(w) = 'uml _(e——;swh )

Equation (3.11) is the well-known Wiener-Hopf equation of the unknown functions P, (w)
and G_(w). In order to solve the equation, it is essential to factorize the kernel L(w) in the
following form

L(w) = Ly(w)L_(w) (3.12)

where the functions L, (w) and L_(w) both are analytic and non-zero for ¢ > {; (¢(; < 0) and
¢ < (2 (C2 > 0). Utilizing Eq. (3.12) in Eq. (3.11), we get

Py (w) _ 70

L+(w) - —(W)Q—(w) - \/%(6+1&))L+(w) (313)
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Now
T0 . .
V2r(e +iw) Ly (w) Rw) = Ri(@) + B-(w) (3.14)
where
Ry(w) = o= ( — - ) R_(w) = & (3.15)
’ ; \/%(5 +iw) \Ly(w)  Ly(ie) h - \/%(5 + iw) Ly (ic) :

We have checked analyticity of the functions R4 (w) and R_(w) as it was done by Noble (1958).
These two functions are non-zero in ¢ > (3 and ¢ < &, respectively. From (3.13) and (3.14), we
get

D+ (w)
Li(w)

As mentioned earlier, see Eq. (3.11), the regions of analyticity of the functions p, (w), 7_(w),
L+(w)7 L—(w)v R+(w) and R—(w) are ¢ 2 0, ¢ < 0,¢ > (Cl < 0)7 ¢ < ¢ (CQ > 0)7
¢ > (1 (¢1 <0) and ¢ < ¢, respectively. The left and the right hand side of equation (3.16) are
both analytic at the region of the upper half plane ¢ > 0 and the lower half plane { < where
€ > 0. The analytic regions are overlapped. The common part of analyticity is the line ( = 0.
Equation (3.16) is totally analytic and single valued in the whole complex plane w by analytic
continuation. For this reason, we have considered boundary condition (2.6) in lieu of original
boundary condition (2.5); apart from that there is no common region for showing analyticity.

By considering the large values of w, the functions L (w) and L_(w) tend to be w'/2, and
the functions P, (w) and §_(w) will be bounded. Now we consider Eq. (3.16) equal to I(w). This
function is analytic as Eq. (3.16) is. The function I(w) is tending to w™'/? for large values of w in
the upper half plane ¢ > 0. Moreover, using the same arguments the right hand side of equation
(3.16) is analytic and tending to w'/? for large values of w in the lower half plane ¢ < 0. It can
be culminated that the function I(w) is identically zero by the extended Liouville theorem

+Ry(w) = I_(@)7_(@) - R-(w) (3.16)

I(w)=0 (3.17)

Now from (3.15), (3.16) and (3.17) we get

70 70

Pi(w) = 7 (w) = . . (3.18)
V(e + i) (28 1) V2r(e + i) Ly (i€) L (@)
We can take e — 0 for constant loading and, consequently, the above equations become
T i
Py (w) ’ 7. () 0 (3.19)

- o Lrlw) - V2miwL, (0)L_(w
\/27r1w(L+(0) 1) miwLy (0)L- (w)
In the Wiener-Hopf technique, the primary difficulty is to decompose the kernel L(w) in Eq.
(3.12). Both for very large and small values of w, Nilsson (1972) gave a report that Stress
Intensity Factor (SIF) can be obtained by only knowing the values of L(w).
After some lengthy algebraic manipulations, it can be verified that

L
lim ﬂ = —l128 (3.20)

_ 2u128%h + pi2s

21
w—0 2sh (3 )
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Equations (3.19) can be written for large values of w

. . T0 L+(UJ) . 70
lim w) = lim — lim
W—’°0p+( ) w—00 \/QWiW%w%L+(0) w00 /27w
1 (3.22)
lim §_(w) = lim o 2
w—00 T wToo \/27riL+(w)w% L_(w)

By using equations (3.20) and (3.21), we can take the inverse Fourier transform on (3.22)

lim p(z) = — Lx_ lim ¢(x) = — +x
oo NP/ = 0 m(2sh + 1) omg- I = 70 mp2y(2sh + 1)s

From the definition of the function p(x), Eq. (3.23); represents the shear stress component 7,
along the z-axis just outside the crack tip. We got a square root singularity of the shear stress
component at the tip of the crack as expected. This result is very expected in the field of Fracture
Mechanics. Finally, equation (3.23)2 represents the displacement w just inside the crack tip. This
quantity known as Crack Opening Displacement (COD) is also important in view of the physical
nature of the crack.

N[
[SIE

(3.23)

4. SIF and COD

The state of stress at the crack tip is determined by a quantity called the Stress Intensity Factor
(SIF) which is defined by

SIF = lim V27x7,.(z,0) (4.1)

z—0t

obtained as

2hs
SIF = — 4.2
O\ 2sh+ 1 (42)
The original Stress Intensity Factor is given by
2s
SIF = — _ 4.3
M2\ T 25 + 1) (43)
The other physical quantity of interest is the Crack Opening Displacement (COD)
COD = w(x,0") — w(z,07) (4.4)
and
h 1
COD=2y|———x2 4.5
\/WM%QS(QSh - 1).%'2 (45)

5. Results and discussion

Finally, the expressions (in Egs. (4.3) and (4.5)) of SIF and COD are obtained by applying the
Fourier transformation and Weiner-Hopf technique. From these results, I can confirm that the
material properties are very important to find the values of these quantities. The SIF at the
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Table 1
| | | p1 [gm/cm®] |y [dyne/cm?] |
Type-1 | Copper 8.96 4.5 - 101"
Type-2 steel 7.6 7.617 - 101
Type-3 | aluminium 2.7 2.593 - 10!

tip of the crack and COD have been plotted graphically against the crack velocity ¢ and the
distance = to show the effects of the materials isotropy on the SIF and COD.

In the following table, we provide the well-known isotropic material constants which will be
used in appropriate junctures. The material constants of isotropic materials have been taken
from Srivastava et al. (1980), see Table 1.

The crack propagation velocity is less than the Rayleigh surface wave velocity in practice.
The Rayleigh surface wave velocity is 0.78 cm/us for Type-1 material. Figure 3 shows that the
stress intensity factor depends on the crack propagation velocity c. For plane stress problems,
it is clear that the graph of SIF decreases with the increasing value of ¢ and tending to zero
as ¢ approaches the Rayleigh surface wave velocity where the crack depth h from the surface
is fixed. If ¢ is the Rayleigh surface wave velocity then the SIF will be vanished. In this case,
we are taking different basic equations as the graph is no longer valid for super Rayleigh wave
velocities.

1.0
=)
2 0.8
g
g
T 0.6 h=5
- b4
o — h=3
g 0.4
g
£ 0.2
n

OO 0.2 0.4 0.6 0.8

Velocity of the crack ¢

Fig. 3. SIF against the crack velocity ¢ for Type-1 material

Also for a fixed crack propagation velocity ¢, the value of SIF decreases as the crack depth h
from the surface increases. The velocities of the Rayleigh waves are 0.881 cm/us and 0.982 cm/ s,
respectively for Type-2 and Type-3 materials, and the graphs (Fig. 4) are absolutely the same
with Fig. 3.

From the COD graphs, it is clearly illustrated that the experimental value of reductions of
COD for non-variable values of h as x moves towards the origin and finally tends to zero at
the origin. With the physical nature of the crack planes this result is consistent and becoming
nearer by nearer as we transfer negative x-axis toward the crack tip. Also it is detected that
height of the graph falls when the crack depth h increases. This prediction is obtained from Eq.
(4.5). The effect of the material constants on the COD is also noticeable as it can be seen that
the values of the COD change if the materials are interchanged.
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Fig. 4. SIF against crack velocity ¢ for (a) Type-2 and (b) Type-3 material
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Fig. 5. COD vs. distance z for Type-1 material, (a) ¢ = 0.2 and (b) h =4
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Fig. 6. COD vs. distance = for Type-2 material, (a) ¢ = 0.2 and (b) h =4
6. Conclusion
The problem of isotropic media with moving semi-infinite cracks has been solved. The boundary

value problem is transformed to the standard Wiener-Hopf equation by applying Fourier trans-
formation to get expressions of the Stress Intensity Factor and Crack Opening Displacement in
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Fig. 7. COD vs. distance z for Type-3 material, (a) ¢ = 0.2 and (b) h =4

asymptotic cases. The figures show the effects of different parameters on these SIF and COD.
Firstly, the SIF value obtained from the expression and represented graphically shows variation
of some parameters (such as crack depth h from the surface, crack velocity v). The conclusion
is that the SIF can be controlled and detained within a specific range. We can vary the same
parameters in the case of the COD. To find the SIF and COD, the material properties also play
the vital role. We have used three combinations of isotropic materials to obtain the above SIF
and COD graphs. These results can also be applied to other isotropic materials that are very
useful in engineering mathematics.
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