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Abstract—-We consider the nonsteady growth of a two-dimensional in-plane shear crack under
the influence of a critical stress intensity factor criterion at the crack tips and dynamical frictional
stresses on the fracture surface. For a spontanecus rupture initiating at a point and extending
bilaterally, the dynamic stress distribution must be known in advance to determine the stress
intensities at the crack tips. When these stresses are scaled with respect to the singular stresses
at the respective crack tips, an approximation that was found to be suitable for probiems of
the growth of anti-plane shear cracks that tear with high velocities, is also found to be suitable
in the present case. The region of validity of this approximation is tested for the in-plane mode
of crack growth by comparison with cases of crack histories that are solvable exactly. For the
latter purpose, we use the exact solution to the self-similar problem of uniform bilateral growth
of in-plane cracks, which is found by functionally invariant methods. For low rupture speeds,
iterative methods based on this approximation can be developed to improve the solution. For
the self-similar cases, rupture velocities cannot be greater than the Rayleigh wave velocity in
the medium; we have only considered those cases of non-uniform crack propagation for which
this limit also applies.

1. INTRODUCTION

The dynamics of a two-dimensional fracture that inifiates at a point and extends along
a plane fault in an otherwise homogeneous elastic medium, has been studied in some
detail as a model for shallow focus earthquakes [1-4]. Previously Knopoff and Chat-
terjee (4] and Chatterjee and Knopoff [S] (henceforth referred to as I and Il respectively)
have considered the problem of the anti-plane mode of shear fracture where critical
fracture strengths at the crack tips have been taken into account. In this paper, we
discuss this problem for the case of the in-plane mode of fracture. The anti-plane
problem can be formulated in terms of an integral equation for motions of the SH-type
in seismological notation; in the present case, dual integral equations are encountered
which couple P and SV motions.

To date, analytical solutions of problems of the extension of two-dimensional plane
strain shear cracks under the influence of cohesive forces at the crack tips have been
limited to the analysis of the growth of semi-infinite cracks ({2, 6, 7], for example) and
the growth of finite cracks ([6] and others). Andrews [3] offers the conjecture that
cracks with extension rates v, bounded by 0 < v, < vg and 2"?B < v, < « are stable,
where a, B and vy are the P-, §- and Rayleigh wave velocities in the medium respec-
tively. On the other hand, through the use of a point force load near the tip of a semi-
infinite crack, Burridge et al. [7] have found contradictory results, namely that the
region 228 < v, < « is stable while the regions 0 < v. < vg, B < v. < 2" are
unstable and the region vg < v. < B is forbidden; stability implies that the velocity of
extension of the crack decreases with increase in the load and conversely instability
implies that the crack speeds up with increase of load.

The release of a constrained semi-infinite crack at t = 0 represents a set of initial
conditions that may be physically unrealistic. The development of a crack initiating at
a point is probably more realistic physically especially from the point of view of mod-
elling of earthquake sources than is the problem of a pre-existing semi-infinite crack.
We wish to test whether the conclusions drawn from models of extension of semi-
infinite cracks are applicable to growing point-source problems.
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In the case of cracks that initiate at a point, the elastic wave radiation from one end
of a crack influences the stress configuration of the opposite edge. We find that the
stress field radiated by one edge always causes the rate of extension of the opposite
edge to be reduced. The rates of extension in the early phases of growth of these cracks
are always less than the Rayleigh wave velocity in the medium. This does not mean
that higher rates of extension are excluded in the latter phases of growth histories. On
the contrary, since the stress ficlds can propagate with velocitics up to the P-wave
velocity, it is possible that triggering of crack segments at rates up to the P-wave
velocity can take place in a suitably inhomogeneous distribution of strength and
prestress.

To model the dynamical shear fracture of cracks with moving edges, we need an
adequate fracture criterion. The solution of a differential equation with moving bound-
aries is sensitive to the choice of boundary conditions. In our case, the forces near the
crack tips are modelled as cohesive forces. While the cohesive forces due to molecular
bonding are of negligible importance on the scale of fractures appropriate for an earth-
quake, the effects of the geometry of fracture surfaces provide an equivalent set of
cohesive stresses. Real earthquake faults as well as other real fracture surfaces are not
ideal planes but instead consist of a series of geometrical irregularities [8-10]; the scalc
of self-similarity ranges over many orders of magnitude. In order that fractures on one
segment of a complex fracture surface can trigger motions on a nearby segment, suf-
ficient stresses must be available near the crack tip. We model the distribution of
stresses needed to trigger motions on adjacent segments as a distribution of critical
stresses on an equivalent plane fault. If the critical stress is too high to be overcome
by the dynamically generated stress at the crack tip, the crack stops and leaves behind
a large residual stress frozen into the region near the crack tip. These residual stresses
can be involved in the production of aftershocks. Since the edges of our cracks will
be modeled as points, i.e. there is no transition zone to support cohesive forces, the
stresses in the neighborhood of an edge varies as Kr~ "2 where r is the distance from
the edge. We impose the fracture criterion that the stress intensity factor K generated
at an advancing edge of the crack be greater than a property of material K., in order
that the crack continues to extend. Additional details regarding this model can be found
in II. (In the present calculation, the quantity Kna, is assumed to have a smooth dis-
tribution for the purpose of attaining an understanding of the underlying physics and
mathematics.) Thus our fracture criterion requires that the stress generated by the
advancing crack be greater than or equal to the strength of the material in front of it
in order that it continues to advance. We adopt the above (singular) form of this state-
ment to accommodate for the mathematical convenience afforded by allowing the edges
of the crack to be points.

The problem of the propagation of a spontancous crack initiating at a point is sig-
nificantly different from that of the extension of semi-infinite cracks or cracks of finite
initial length. In the latter cases, the crack tip stresses can be completely determined
when the dynamical stress drop is known. But for a crack initiating at a point, the crack
tip stress intensities depend on the unknown distribution of stresses ahead of the crack
tip, which are themselves dependent on both crack edge locus histories. Thus, in these
problems, the cracks enter regions which are not only prestressed statically but are
also dynamically prestressed due to the radiation from the motions between both edges
of the crack. Purely numerical attacks on these nonlinear dynamic crack problems have
been given ([2] and others) but no exact analytical solutions are available for an arbitrary
distribution of cohesions and dynamic stress drop. In the case of the anti-plane mode
of fracture, we have given an exact iterative solution for the stress fields between the
S-wave fronts and the crack tips which advance with sub-S-wave velocity. The stresses
in this spatial interval, scaled by the stresses at the crack tips, can be represented by
a function which is zero at the S-wave front, and unity at the crack front. To first order,
this function can be assumed to be linear (I and 1I). It has been shown that, except for
very slow rates of extension of the crack, this approximation yields solutions for rupture



Spontancous growth of an in-plane shear crack 965

histories that are very close to the exact solution, at least for cases of self-similar
uniform propagation of cracks; for which exact analytical solutions are available.

In this paper we discuss the possibility of applying this approximation to the deter-
mination of the stresses outside the torn region for in-plane shear crack propagation
under the influence of cohesion and dynamic friction. We believe that this method
provides a better computational alternative, and may impart more physical insight to
the problem than the purely numerical methods considered previously. For slow rates
of extension of cracks, the solutions obtained from the approximate procedure can be
used as initial estimates for an iteration which converges rapidly to the exact solution.

Below we show that the Rayleigh wave velocity is the maximum velocity of rupture
of a self-similar crack and in the early stages of growth of a non-uniform crack. Thus
the loading functions for these cracks form a transitional state between stability and
instability. For material stress intensity factor K, that grows at a rate greater than
the critical rate necessary for self-similarity, the cracks may be expected to slow down
and for K., that grows at a rate less than these critical rates cracks may be expected
to speed up and may even have velocities approaching a [11].

2. IN-PLANE MODE OF FRACTURE OF A BILATERAL CRACK

Consider an isotropic elastic medium with a, B and vk representing the P-, S- and
Rayleigh wave velocities respectively. Let a crack initiate spontaneously along the line
x = z = 0 (Fig. 1) and propagate bilaterally along the *x-axis. Suppose that after time
t the crack occupies the region

2=0, -x<y<= @.1
I()=x=1.0).

For the plane strain problem, the displacement components (4, w) are functions of x,
z and ¢; the anti-plane component of motion v = 0. All of the stresses and displacements
are continuous across the plane of the crack z = 0 except that « is discontinuous within
the above interval. The equations of motion are

= Bm M Uae + Uz + (M7 = D] 2.2)

lem—zw,zz + W,xx + (m—z - l)“.xl]

W

where m = B/a, the comma indicates spatial differentiation with respect to the variables
indicated and the overhead dot indicates time derivative. The relevant components of

X

Fig. 1. Geometry of in-plane crack at r > 0. Initiation is at the y-axis. Crack is infinite in the
y-direction and extends in the = x-direction. The displacement on the crack faces is in the *x-
directions.
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the stress tensor are

O = plm™ 2, + (m™2 = 9w ;]
o= ulm T w + (im0 = u) 2.3
O = Uz + wy)

where p is the shear modulus.
We describe the deviations of all quantities from their values in the prestressed state
t < 0. Accordingly, we prescribe the following boundary conditions:
(i) 0, 0, ) = —f(x, 0,2 =0, () <x<Ii(D)
(i) w is continuous across z = 0
(iii} « is continuous outside the crack

[W) =0, z=0,x<i_(t),x>1.(1) (2.4)

where [uj(x,0) = wlx, 0', 1) — ulx, 0 , £); lu} is nonzero inside the above interval.
The function [«] is anti-symmetric in z and hence we only need consider the region
z = 0; we set [u] = 2u(x, 07, 1). All the stresses and displacements approach zero as
2> *x,

The solution to the problem follows Kostrov [6] who has performed a significant
amount of expository mathematics. Kostrov has studied the extension of semi-infinite
and initially finite cracks under in-plane stresses. The notation and mathematics de-
veloped therein are of use in our case as well. Two transformations f"(x, 1; s) and
f?(x, t; 5) of a given function f(x, f) can be defined by

tﬂ}

F:] ftfs .
- | f&x-m,t—-sn)dy=1V
at Jo (2.5)

f(2)

1

;] t/s .
S;L f(x + 7, t + sq)dn = [?

The integrals /'? in (2.5) are evaluated in the x-7 plane along lines through (x, 1),
which make angles *tan~' s with the positive x-axis (Fig. 2).

Let a2(x, t) be the shear stress in the plane of the crack, o..(x, 0, 1) = ax, t);
a1(x, t) is known in the interval /_ (¢) < x <[, (¢) through (2.4). Four functions F. (x, ¢)

X al

Fig. 2. The lines of integration for I’ and I are PQ and PR respectively. The dashed parts
lie in the undisturbed regions and do not contribute to the integrals. The angle & = tan~'s.
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and G. (x, t) are introduced which are defined in terms of the stress o2(x, 7) and dis-
placement [u](x, ) through

Fox,0) =0x, 1) = (wr' —a ")"2wg' = B~ ") (x, 50 )S(—ui )

_ if""{lz’S(—s)}(s - a“‘)‘_"i(ﬁ" - 5)"a"(x, t;5) ds (2.63)
2w Ja-? (v’ —58)
G.(x,t)= %(l - m?) [[u](x, ) (2.6b)
1 e (vi' = s){S(-9)} @ . :l
+ met Goa )RR 57 [0 (x, t; 5)ds (2.6¢c)
- A e (wr! = sHS(=s)) b .
0'2(xs t) - F+(X9I) + 21T.L" (S . a-|)|/2(B..| _ S)”le(* ](xatis)ds
4
[ul(x, 1) = m[0+(x.f}
- @' - a )R - BHGP(x, v WS(—vR ) (2.6d)
-t - —-N 2@t o )2
_ 4 Sz aks a’) B =9 o 1) ds]
2w Ja-? (vg' — 8)

with four additional equations obtained by replacing the subscripts + by - and in-
terchanging the superscripts (1) and (2). Kostrov {6] has shown that

Ft( E —
pla? —Q’Z)‘z)”z * G=(q.p) = 0. 2.7

In (2.6) {f(x)} = f(x + i0) + f(x — i0) for any function f(x), and S(*s) are the Wiener-
Hopf decomposition factors of the Rayleigh denominator R(s) and are given by [12]

R(s) = 2872 - a~)(wg? — s)SE)S(-5) 2.8)
where
_ B l B! - 4k2(k2 - a—z)l/z(ﬁuz — k2)|/2 dk
S(s) = exp[ wj;_| tan { O = a7 }k el B (2.9)

For the anti-plane strain mode of fracture, the relationship between the transformed

stress drop a,.(q, 0, p) = 0,.(q, p) and the displacement discontinuity [7](q, p) has
been found to be [6]

Oy.(q, p)
p(B~% - ¢?p~H)'?

which is similar to (2.7).
Since [u](x, 1) = 0 for x > [.(¢), it follows from (2.6b) that (Fig. 3)

+ S ENg, p) = 0

G+(x, ’) = 0; x> 1+(t)- (2.103)
Similarly

G_(x, 1) = 0, x <I_(). (2.10b)

From (2.7) and (2.10) we see that the problem of the in-plane shear crack has been
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4,01

vpl

an 3, Regions of i integration for the determination of F. and G .. Triangles A, B identify the

reglons of integration for the integral in (2. 6a) for x & [..(1) respectively while C and D identify

the regions of integration for the integral in (2.6b) for x 2 /.. (r). The angles 8, = tan~'(a~!)
and 6; = tan™ (B}

reduced to that of the anti-plane crack in which the characteristic velocity is changed
from the S-wave velocity B to the P-wave velocity a. This enables us to write down
the stress intensity factors for the in-plane problem and accordingly the fracture cri-
terion in terms of F. (x, f) and F_(x, 1). For the determination of these functions we
use (2.5) and (2.6) where the unknown stresses o;(x, ) outside the rupture zone are
approximated by the approximation in I and II.

3. STRESS INTENSITY FACTORS AT THE CRACK TIPS
Let us assume that

{m}

S 4. 2L .
Filx, ) T + 0 (3.1a)
g(m)
F.(x,1) = m + 0l {3.1b)
- 8+
oax, 1) = pr ey gy A o) (3.1
asx— [, (1)* and
g(in}_
Foelx, t) = m + O0(1) (3.2a)
g(i")_
F.(x,t) = m + O(1) (3.2b)
— 8
aax, 1) = T — " + 0D (3.2¢c)

asx—I_.()".

The superscripts (m) for the functions g, represent the modified stress intensity
factors while the first subscript identifies the F function and the second subscript in-
dicates the crack edge. Thus, for example, g, is the modified stress intensity factor
for F. at the positive edge of the crack. In these expressions we have assumed that
the stresses F and o have the well-known reciprocal square root singularity just beyond
the appropriate edges of the crack, which is a property of cracks with sharp linear
edges. Equations (3.1¢) and (3.2¢) indicate the self-regulating character of the growth
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of the crack and describe the condition for the extension of the crack. The coefficients
of cohesion g.. are measures of the ability of the material at the edges of the crack to
absorb singular stresses and are properties of the material that are presumed to be
specified in advance. If the dynamically generated stresses are less than the first term
on the right hand side of (3.1c) or (3.2¢), then the extension of the crack ceases. Thus
(3.1c¢) and (3.2¢) describe the critical stress intensity fracture criterion for the extension
of the crack tips. We show below that self-similar cracks extend with velocity less than
the Rayleigh wave velocity. We consider here only those cases of non-uniform crack
extension for which | /. | = vk.
Equations (2.6) give

g¥ = g fily)
oy = ]
g g—f:(l—‘) (3.3)
g% = gifi(=14)
gr- = g fi(=1.)
where

(I —- xa—l)la(l - xs—l)la

Hix) = S0 — ) (3.4

Inverting (2.7), we have (Fig. 4)

_ _ 1 e rm F.(§, m)dEdy
G = = 50 [ [ o e~ (3.5)

where &, m are the characteristic coordinates defined in terms of the P-wave velocity
as

E=oal +x (3.6)
n=a - x
We let £ = £_(n) or n = m-(§) be the coordinates of the negative crack edge

x=I1_(and &£ = £, (n) or n = n.(£) be those for the positive crack edge x = [, ().
Then from (2.10) and (3.5), it follows that

% FL (& o) dE _
L & -7 0, &>& (o) (3.72)
w F (&h 7]) d'l‘] 3
J:, (Mo — M7 =0, Mo > n- (&) (3.7b)

Fig. 4. The shaded area is the region of integration for the determination of G (¢, mo).
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Fig. 5. Region of approximation of stresses used in (3.10) is shown by dashed lines. The angles

8= tan"‘(wg')ortan"Ha" ) S8 S tan" (B ).

From (3.7) we can write down expressions for F.,. and F_ outside the crack region,
in terms of their values inside. These expressions are

1 Erimod o (§~ 'RO){E-'» (TIO)) - quz dg
F .. (&, m0) = '
(g() Tl()) ‘ﬂ'[&) _ §+(T]())]I/2 J:) (g() - §) (3.83}
§(, > §+(7]0)
and
1 =& F_ (&, Nn- (&) ~ 'ﬂ]m dn
F_(&. m0) = ’
(€0, o) e — M- (E)]"2 ﬁ) (Mo — m) (3.8b)

Mo > n- (&)
We let & — £.(mo} 7, and apply (3.1) and (3.3). Then

= 1 [a - ;’4-(,0)] i f&*(‘ﬂﬂ) F+ (gv n()) dg
Tt | 2 o [E+(no) - O)7

Equation (3.9) determines the condition for the extension of the positive edge of the
crack in terms of the values of F ., behind the crack. A similar equation for the condition
that describes the negative edge of the crack can be obtained from (3.9) by replacing
ges1o(te), Fu, & by g, —1_(1p), F- and m_ respectively. From (2.5) and (2.6) it
follows that a determination of F.. behind the crack edges requires that we know the
values of o,(x 1) in the same region. But o is known inside the torn region from the
boundary condition (2.4). Outside the torn region o depends on the crack tip loci /.. (1),
which in turn depend on o2, as in the case of anti-plane mode of fracture discussed in
Iand 11. We interrupt this hierarchy of equations for the determination of o; by assuming
the following distribution of o, outside the torn region. With reference to Fig. 5, we
let

3.9

oax, 1) = ’—fri [(r — P)(cos 8 + L. (t;) sin 8)]~ "2 (3.10a)
i
0=sr=sr, x>1.0)

F_(x, 1) = 2= [(r, — P(cos 8 + 1. (1,) sin 8)]~ 12 (3.10b)

nry

0§r§f:, x>l+(.’)
oax, 1) = % [(r, ~ P)(cos 8 — 1_(t,) sin 8)]~ 2 (3.10¢c)
1

0=sr=srn, x<Ii(@)
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Fig. 6. Exact (solid) and approximate (dashed) stress distribution scaled with respect to the

stresses at the edges of the crack for self-similar in-plane propagation. V. /ug = 0.265 and

V_flug = 0.372. The cusps in the exact solution are due to the discontinuous derivatives at
the S-wave front.

Fo(x,t) = === [(r; — )(cos & — [_(t;) sin 8)] ' (3.10d)
1

0=r=rn, x<I_().

Equations (3.10) have the appropriate singular behavior of the functions F., o, as
r— ry and also satisfy the condition of zero stresses on the P-wave fronts. However,
they do not reflect the discontinuous derivative at the S-wave fronts (Appendix and
Fig. 6). In I and 11 we have investigated the validity of this approximation in the case
of anti-plane strain crack propagation; this approximation yields a very good estimate
of the cohesive forces except for very slow rates of extension of the crack. In the next
section, we determine the equations of motion of the crack tips for general distribution
of cohesion and dynamic friction. Then we discuss the special case of self-similar
uniform bilateral in-plane crack. The latter problem has an exact analytical solution
(see Appendix) which can be used to gauge the range of validity of the approximation
(3.10).

4. EQUATIONS OF MOTION OF THE CRACK TIP. GENERAL CASE

In what follows, we scale all the velocities with respect to a. We first compute the
tearing loci by ignoring the back edge radiation, which implies that for the determination
of the location of the positive edge we assume that the negative edge extends with the
P-wave velocity and vice versa. In making this assumption we may violate restrictions
on the crack speed we may invoke later, such as one in which the crack velocity is
less than the Rayleigh wave velocity. Nevertheless this restriction provides useful initial
estimates for the function /... From (2.6a), we have

x+!

TR -
—p(x.t)+ca—tf R px —myt — vr'm)dn

F,.(x, 1)

f A(s) = f'" px = m, 1t — sn)dnds

—f+lx 1), x<IL.(0) 4.1
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where c is the constant (vg' — 1)'2(@wg' — B~ ")V*S(~vg') and

{US(=s)Ns — DB~ ~ '

(vt = 8)

A(s) = 4.2)

Hence as an initial approximation, the equation of motion of the positive edge of the
crack (II) is

] 5 172 _ §+ng) £, (E, mo) dE
g [(1 - I+)] - fo W

which, using (3.3), becomes

201 _ 1”2 .
274(1 I+/B) g+ fﬁ "‘O’f+(§, 'ﬂo)d"ﬂ @3)

S(=1:N1 = l.lvg) o (. - 9"’

Equations (4.1) and (4.3) plus an initial condition /. = vg, completely determines the
initial estimate of /. (). We find in Section V below that self-similar cracks extend
with velocities less than or equal to the Rayleigh wave velocity. We can not state that
this is the case for later histories of inhomogeneous crack propagation, in which radiated
P- and S-waves may trigger motions in advance of the Rayleigh wave front, but for-
the initial phases of the rupture, our initial condition suffices. Similarly, we can de-
termine initial estimates of /_(r). The quantity S(—v~!) is defined in (2.9) and is a
smoothly varying function in the range 0 = v = vz. This leads to the following ap-
proximation

A
S(-v')= X ar, 0Sv=uw 4.4)
=)
where

ap = 0.9977096

a; = 0.6056030

a; = —5.8835644 4.5)

ay; = 45,2408603

as = 125.7868148

as = 1291117385

with a maximum error of 0.97%. For given x and #, [, can now be obtained from (4.3)
by a Newton-Raphson method and hence we can solve (4.3) by a Runge-Kutta pro-
cedure.

If we wish to take into account the influence of the back edge radiation on the
determination of the locus of the positive edge [, (), we replace the negative edge by
its initial estimate and then use (3.9) as the fracture criterion. The integral on the right
hand side of (3.9) can be split into two parts, one inside the torn region and the other
outside it. Outside the torn region we use (3.10d) and (3.3). Inside the torn region
F . (x, 1) may be obtained as follows. From (2.5)

xX&i

T+s
o) =5 [ o —m-smdn,  x<LO) 4.6)
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where the upper limit corresponds to the P-wave front. With reference to Fig. S and
using (3.10d),

X+

I+s

" o d 4ri2g_
oz(x =M, 1 = sm) dn = cos b [j:. 928" ¥ 3r(cos 6 - I_ sin 0)"2

where 8 = tan~' 5. This gives

ot'(x,1;5) = —cos ® [ f Inb dr + rp(r2) = Fip(ry)

_ 2hg- - dng- - %)
3ri2[cos & — I_(t,) sin 8]  3[cos 8 — I_(r,) sin O)}'2
2ri%g _t1_(1) ]
3[cos & — 1_(1,) sin 6]*2

where x, t, are the values of x, ¢ at r = r, (Fig. 5).

By substituting (4.7) in equation (2.6a) we can determine F . (x, ¢) inside the torn
region [_(¢) < x < . (¢). Similarly we can determine F_(x, t) inside the torn region.
Equations (3.9) and (3.3) now give the equations of motion for the determination of
the unknown functions /. (1) when g. and p(x, t) are given functions. The procedure
outlined in this paragraph can be repeated for the positive and negative edges alter-
nately until the solutions for /. converge. Usually three to four iterations are sufficient
to achieve a reasonable degree of accuracy.

As we have noted, the success of this procedure to determine the crack tip loci
depends strongly on the validity of (3.10). In the next section we compare the result
obtained by using (3.10) with exact analytical solutions which can be derived for re-
stricted problems having self-similar properties.

3. UNIFORM PROPAGATION OF IN-PLANE BILATERAL CRACK

it has been shown in Appendix I, that a spontaneous bilateral crack will grow with
constant velocities at the edges if it has the following distribution of cohesions g. and
dynamic stress drop p(x, f).

g+ = aux'?, x>0
g-=a-(-x)", x<0 5.1
p(x, 1) = po
where a . and po are constants. Let the crack tip loci be given by | /. | = V. where

V . are constants. We determine the relations between a. and V. for this case using
(3.10) and compare with the exact analytical result (A14). Equation (A14) shows that
a+ <O0forV, >vgand a, 2 0for V. = vg. Hence if g .. is a measure of the material
properties at the edges of the crack, then g. > 0, which implies V. = vg. Thus the
extension rates for self-similar cracks lie between zero and the Rayleigh wave velocity.
In general, the greater the coefficients of cohesion «. , the slower the rates of exten-
sion of the edges. This example is therefore a test which identifies the region of

validity of (3.10). From (2.6), (3.10) and (5.1), F . are constants inside the crack region
-V_t<x< V.t

B_l
_F. = pe = po[] + FVa, v Ma0RY + [ H0fsv= 9 ds] 52)

p—l
A [f4(Vz.'UEI)f2(UE') + f. Fa()fa(Vz, 5) ds] )
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In this equation

[(x = Dlx = B~H1'2

fax) =

S(—x)
filx) = L {—]'} [x = DR~ - 2]
) 27 {S(-5) . (5.3)
_ 4x(1 = x)]
Jo ) = ST R+
X
fs(x,)’)- _l+xy'
From (3.9), (3.10), (5.1) and (5.2), it can be shown that (1I)
i _ b in2 a(m)__ b(] - a) 172
(G = _ V2 m _ .
Qs + (] _ V.,_) 2(1 ab) P* - (] + V_) f(A) (5'4)
| —a 12 ot a(l —_ b) 12
(m) — - _ #2.0m) _ 2.+
®=- (; - v_) 21 = ab)"p= [x n V+:! fa)
where g = @, | x |2 and
@ = I - V.
T 1+ Vo
1-V.
b= 1+ V.,
L  [an 1+4 (1 +A
A=~ f(A) = [A + cosh A-—l) .
Using (3.3) and (5.1}, (5.4) can be written as
GeCny + @uCi2 = €13 (5.5)

G.Czp + @-C2 = €23

where &. = «./pe and

_ 12
Ccip = (!l__ Vb+) fI(V+)

_ 1”2
en =t (%—f) FANFI(=V-) = 21 = ab)2[fu(V_, vi V2R ")

g-!
+ [T nfv-, 9 ds

21 - ab)'? [1 + fs(V_, ve V2V ")

Ci3
B—l
+ ﬁ FFs(V-, s) ds]

and c2;, €22, €23 can be obtained from ¢y, ¢13, cis by replacing V_,a, bby V., b, a
respectively.

For given values of V., we obtain « . from (5.5). The approximate solution (5.5) is
given in Fig. 7 by the dashed curves. The solid curves in Fig. 7 represent the exact
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Fig. 7. Cohesive coefficients versus rupture speeds for the case of self-similar in-plane crack
propagation. Solid lines are the exact solution (A14) while the dashed lines are the solution
obtained by using the approximation (3.10). The numerical entries are the ratios V_/ug.

analytical solution obtained from (A14). There is a good agreement between the two
solutions except at low rupture speeds. This indicates that (3.10) is a good approxi-
mation especially when we are interested in determining the tearing loci for rupture
speeds that are not small. It should be emphasized here that the exact nature of the
stress distribution is not displayed in (3.10). This is clear when we compare (3.10) with
the exact stress distribution (A12) in the back edges. Thus to determine the exact stress
distribution in the back edge region for slow extension of the crack, we represent the
back edge stresses scaled with respect to the stresses at the respective edges by
two separate functions, one in the region 1 Z x/t = B and the other in the region
B = x/t = | I |. Once the crack tip loci have been obtained using (3.10) and the method
outlined here, simultaneous iterations should be performed to correct the tearing loci
and the back edge stresses. For high rupture speeds, the corrections to /. are small
while these corrections are significant for low rupture speeds. For the case of anti-
plane crack propagation, these corrections have been given earlier in 1I and will be
given separately for the in-plane cracks.

In general, the problem of spontaneous bilateral crack propagation is a complex non-
linear problem. All attempts so far in the literature have focussed on purely numerical
solutions to the problem. We have endeavored to show that an approximation to the
stresses in the back edge region proves to be effective for the determination of the
rupture loci. It works well for both anti-plane and in-plane shear crack propagation
especially for high crack speeds. The exact stress distribution in the back edge region
is more complex for the in-plane problem than for the anti-plane problem. In any case,
both the exact back-edge stresses and the rupture loci can be obtained by the method
discussed here. To incorporate the derivative discontinuity in the back-edge stresses,
it is necessary to represent this by a function which has piecewise continuous deriv-
atives in the two back edge regions that are separated by the S-wave front.
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APPENDIX

Exact solution of uniformly propagating bilateral crack

Let an in-plane bilateral crack initiate along the line x = z = 0 and propagate uniformly with speeds V.
along the +x-axis. At any time ¢, the displacement components are 4 = u(x, 2,1), v = Oand w = w(x, 2, #)
along the x, y, z axis respectively. In terms of the displacement potentials ¢ and ¥, 4 and w may be written
as

ux,z, ) = o, + ¥, (Al)
wx,z,t) =®, - ¥,

where ® and ¥ satisfy the wave equations

ab=0, +d,

N (A2)
B_z\y =WV + Vo

Let the superscripts (1) and (2) indicate the contribution to the field quantities by ® and ¥ respectively. Then
", w9, ot and oll all satisfy the wave equation with speed a while those with superscript (2) satisfy the
wave equation with speed B. We solve the problem with the boundary conditions

0:=0 z=0
O = —po(constant), ~V_.T=x=V, z=0 (A3)
u=0, |x|zV.t, z=0

Since the problem is self-similar i, etc. are all homogeneous functions of degree zero. By the functionally
invariant method of Smirnoff and Sobolev [13] (see also [14]), each of these quantities can be represented
by a function f(r) where t = x1 + 2(c~? = 7)"2 where ¢ = a or B according as the superscript is (1) or
(2). Thus we have

,“(n.m = lm[lj(ll.(z)(.r(l).ﬂ))]

WM = [m[ WD)t 1)) (Ad)
oD = gD o ISy

0',(:.;)'(2) = lm[nlz).(l)(.r(l).(ﬂ)]

where 1" and 2 are functions of x, z, ¢ which satisfy

-2

—

= x1" 4+ ga~? - ¢

AS
= x'? + Z(B—Z - .r(z»!)m. (A3)

~

On the crack plane z = 0, 7" = 7% = 1/x. From the equations of motion and stress-displacement relations,
we have

W = Gpx + Oz
az N uz .
o[ (5 - 2) i+ o] 9
Oy = itz + W)

From (A3)-(A6), it can be shown that all the eight unknown functions UV, etc. are related to only
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Fig. 8. Paths of integration in the complex 7-plane used in (A9). Branch cuts extend to infinity
from =o~! and [/ is the path along the dotted lines.

one unknown function V() through the relations

U = 28%%V(1)
U1 = (1 - 2833 V'(x)
W) = 2B%(a? - )V(a)
W (a) = —2(1 - 2B*3)B"2 - 7)1V () (A7)
T () = —4pgiria™? - )2V'(1)
4upie? - BTNV (1)
- (B~ % - )7

M) = ~3@ 1) = -2un(l - 2BMHV().

T2'() =

Following Kostrov [15], we take
V(1) = A(VI! = o)~V 4+ -2 (A8)

where A is an unknown constant to be determined from (A3). Substituting (A8) in (A7), we get the derivatives
of all the functions Lf(1), etc. To integrate these functions, we note that in the complex 7-plane all these
functions are regular with branch cuts along the real axis from —a™' to —= and a~' to =, Also the crack
plane z = 0 corresponds to the real axis in the 7-plane with the origin representing + = 0. Since at r = 0,
all the field quantities are zero, if f(1) denotes any of the functions U', etc. we have

l 14
fr) = lm[ [ 5@ dw] -5 [roma (A9)

where the paths of integration Cy and / are shown in Fig. 8. "
The unknown constants A can now be determined from the boundary condition thatonz = 0, 0,, = -p,
—V.t <x < V.t This gives

R(P™)V'(x) dr
—pn = 2uB? | el
po = ZinP ﬁ(B-z — )R
Deforming the contour / as shown in Fig. 9 and replacing it by the dashed contour, we have

= + BN - Pt + A + A
BT + DV + DV3 + AP

po = 23 2uB%A

(AI)
x [(ViWWzl+ )1 + BY'? -+ V3! - VI ~ B)?)dr
where
P Pl A O V"z}”m
- (+ v, vl
(A10) determines A and thus we have the complete exact solution to the problem.
Stresses outside the crack o
From (A4) and (A7), the shear stress on the crack plane z = 0 is given by
'I‘ﬁn (1,2 ﬂ 2[2)1 d
-p- il
- * -2 o L2 All
erlx, 0, 1) Im [fo {-r’(o: )2 4 BT - 7’)"’} x AT AE 1')}3“] (AlD)
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Fig. 9. The contour / (dashed line) in the complex t-pfane that can be used to derive (A10). The
integrals over the arcs at infinity approach zero, The heavy solid line indicates the branch cut.

(All) yields

Celx, 0, 1)
—— = ), >
ARBTA 0, x>u
]
= -1 IS x=at
fi (x) B AL
= f2 (i), yExEP
14 - 22(1)
= friy7") + & (;) - &k _L~IW' x <y
where y~! = (87! + VI')/2 and the functions £y, f2. g1, g2 are given by
. _:: 1.2(12 — a-Z)VZ dr
£ (;) = f » (VI 4 (V7! - 9P
' ! f (* - 872 dr
fﬁ (;) =f (;) - fuq (1.2 —- B-Z)lﬂ(vzl + T)JI‘I(V;I — T)S:‘Z
2 _ gt
nin =2 [#m S ((-',,—z-;%;fr)a] (VI + 1)yt - i
6V 1 4+ 3 - a it - 42V
32(7) = (V:' + 7)’5,2[ (1,2 — u—Z)ll2
2 _p-2
%—_—g%i% (g-s‘zrz + 7B Il + «;-13" -3 - 6\«’:‘7’)} .
Letting x — V., T*, we have, from (Al2)
n
O = e+ (1) (A13)

alx - V.1
where

N BwusrAV:!
T+ VIV PR -

G Ty [~ ViR - VABHIY ~ {1 - VEI2B%]  (Ald)

a.. can be obtained from (Ai4) by an interchange of V. and V...



