JOURNAL OF THE
MECHANICS AND

Journal of the Mechanics and Physics of Solids PHYSICS OF SOLIDS

PERGAMON 50 (2002) 1591-1625

www.elsevier.com/locate/jmps

Some surprising phenomena in weak-bond
fracture of a triangular lattice

L.I. Slepyan®*, M.V. Ayzenberg-Stepanenko®

2 Department of Solid Mechanics, Materials and Systems, Faculty of Engineering, Tel Aviv University,
P.O. Box 39040, Ramat Aviv 69978 Tel Aviv, Israel
YDepartment of Mathematics, Ben-Gurion University of the Negev, Beer Sheva 84205, Israel

Received 2 August 2001; received in revised form 27 November 2001; accepted 10 December 2001

Abstract

A semi-infinite crack growing along a straight line in an unbounded triangular-cell lattice
and in lattice strips is under examination. Elastic and standard-material viscoelastic lattices are
considered. Using the superposition similar to that used for a square-cell lattice (J. Mech. Phys.
Solids 48 (2000) 927) an irregular stress distribution is revealed on the crack line in mode II: the
strain of the crack-front bond is lower than that of the next bond. A further notable fact about
mode II concerns the bonds on the crack line in the lattice strip deformed by a ‘rigid machine’. If
the alternate bonds, such that are inclined differently than the crack-front bond, are removed, the
stresses in the crack-front bond and in the other intact bonds decrease. These facts result in irreg-
ular quasi-static and dynamic crack growth. In particular, in a wide range of conditions for mode
I1, consecutive bond breaking becomes impossible. The most surprising phenomenon is the for-
mation of a binary crack consisting of two branches propagating on the same line. It appears that
the consecutive breaking of the right-slope bonds—as one branch of the crack—can proceed at a
speed different from that for the left-slope bonds—as another branch. One of these branches can
move faster than the other, but with time they can change places. Some irregularities are observed
in mode I as well. Under the influence of viscosity, crack growth can be stabilized and crack
speed can be low when viscosity is high; however, in mode II irregularities in the crack growth
remain. It is found that crack speed is a discontinuous function of the creep and relaxation times.
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1. Introduction

Analytical solutions for crack propagation in a plane triangular-cell lattice were de-
rived for uniform straight line crack growth, that is, these solutions correspond to
the cutting of crack-path bonds with a given speed. The first work along these lines
was published by Kulakhmetova et al. (1984) where the total dissipation was found
for the case of a sub-Rayleigh macrolevel-associated solution. Recently, the com-
plete set of the macrolevel-associated and the microlevel solutions for all crack speed
regimes, sub-Rayleigh, super-Rayleigh, intersonic and supersonic ones, was considered
by Slepyan (2001). Stability of crack propagation in this lattice was examined by
Marder and Liu (1993), Marder and Gross (1995) and Fineberg and Marder (1999).
Also, Kelvin-type viscoelastic square and triangular lattices were considered by Kessler
and Levine (1998, 2000), Kessler (1999) and Pechenik et al. (2000a,b). A square-cell
lattice made of a standard viscoelastic material was examined by Slepyan et al. (1999).
In these works, if numerical simulations of the lattice fracture were performed, the crack
path and the crack velocity were not prescribed in advance.

Note that mode II fracture admits intersonic crack propagation. This regime for an
elastic homogeneous material was considered in a number of works, in particular, in
Burridge et al. (1979), Freund (1979), Slepyan (1981), Broberg (1999), Gao et al.
(1999). Numerical simulations and experiments also show the possibility of intersonic
crack propagation (Rosakis et al., 1998, 1999; Needleman and Rosakis, 1999; Abraham
and Gao, 2000). Mode II for the triangular-cell lattice was recently considered by Gerde
and Marder (2001) and Slepyan (2001).

If slow crack growth in a discrete lattice is considered, the dynamic amplification
factor can be found to play a crucial role in the process. For a stressed lattice with a
growing crack the question whether the crack can propagate slowly can be answered
based on the examination of an auxiliary transient problem as follows. Consider a
lattice with a crack whose faces are subjected to a suddenly applied self-equilibrated
pair of forces as in Fig. 2 (this transient problem is considered below). When the
forces are applied, the strain of the first intact bond rises and develops tending to the
corresponding static value. If the strain approaches the static value but remains below
it at all times, the crack can grow slowly. Otherwise—in the case of the dynamic
factor manifestation—slow crack growth is impossible. This phenomenon was recently
studied based on mode III fracture in a square-cell lattice (Slepyan, 2000).

In the present paper, the role of the dynamic factor in modes I and II fracture of
the triangular-cell lattice is examined. It is of interest that in this study, an attempt to
extend the analysis to mode II has immediately led to an unexpected conclusion. It
appears that in statics the strain of the crack-front bond is lower than that of the next
bond. A further notable fact about mode II concerns the bonds on the crack line in the
lattice strip deformed by a ‘rigid machine’. If the alternate bonds, such that are inclined
differently than the crack-front bond, are removed, the stresses in the crack-front bond
and in the other intact bonds decrease. Although in the case of mode I the crack-tip
bond is stressed higher than the next one and the following, an irregular dependence
of the stress on the bond number is observed as well. These facts suggest uncommon
dynamic behavior of the crack and this is really observed in the numerical simulations
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where the crack propagation in elastic and viscoelastic triangular-cell lattice strip is
then under examination.

In the present work, some analytical examination of the triangular lattice with a
semi-infinite crack is followed by numerical simulations where the crack path is pre-
scribed to be a straight line, but the time-dependent crack speed is not prescribed in
advance; instead a limiting elongation fracture criterion is used. Such a straight-line
crack growth can occur, in particular, in the case where the bonds on the crack
path are weaker than those outside. Note that weak-bond fracture was examined by
Ravi-Chandar and Knauss (1984) and Lee and Knauss (1989).

This formulation enables some uncommon fracture phenomena to be observed. The
most surprising dynamic phenomenon arising in mode II is the formation of a binary
crack consisting of two branches growing along the same line. It appears that the
consecutive breaking of the right-slope bonds proceeds at a speed different from that
for the left-bend bonds. It looks as if these two branches of the binary crack are weakly
connected with each other. One of them can move faster than the other, but with time
they can change places. This and some other uncommon phenomena are discussed
below. In the examination of the role of viscosity in the crack propagation, it is found
in particular that crack speeds are discontinuous functions of the creep and relaxation
times. Also, it is learned how viscosity influences the dynamic factor.

2. The lattice

We consider static and transient crack problems for elastic and viscoelastic triangular-
cell lattices and lattice strips. Geometrically, the lattice is the same as the elastic
lattice in Slepyan (2001), where steady-state crack propagation was examined. Note
that a square-cell viscoelastic lattice was considered in Slepyan et al. (1999) and
Slepyan (2000).

In the triangular lattice (Fig. 1(a)), each particle of mass M is connected with six
neighbors by the same bonds, each of the length a and the static stiffness £. Coordinates

(b)
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Fig. 1. The lattice: (a) the lattice and the coordinates, (b) the unit vectors.
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of the particles are defined by the position vector
x' =mly + nl,, (1)

where m and n are integer numbers, and I,,, p=0,1,...,5, are the unit vectors directed
from a given particle to the neighboring ones (Fig. 1(b)). In terms of the projections
onto x-, y-axis shown in Fig. 1(a) these vectors are

I, = [cos(np/3),sin(mp/3)]. 2)

In addition, we introduce unit vectors I, and I, directed along the x- and y-axis,
respectively. Therefore, we may use both the rectangular coordinates, x = m + n/2,
y =+/3n/2, and the m, n-system.

The crack faces are formed by particles with » =0 and —1. We denote the bond
elongation (or the lengthening of the distance between the corresponding particles) by

0,(t,m,n):
Oo(t,m,n) = [u(t,m + 1,n) — u(t,m,n)]l,
Oi(t,m,n) =[u(t,m,n+ 1) — u(t,m,n)]l,
O (t,m,n)=T[u(t,m — 1,n+ 1) —u(t,m,n)lh,,
Os(t,m,n) = [u(t,m — 1,n) — u(t,m,n)1,
Ou(t,m,n) = [u(t,m,n — 1) — u(t,m,n)|1y,
Os(t,m,n) = [u(t,m + 1,n — 1) — u(t,m,n)]ls. 3)

The corresponding bond is denoted by B,(m,n) and the tensile force in this bond is
denoted as T,(t,m,n).

The bonds are assumed to obey a standard viscoelastic law. In terms of the Laplace
transform with parameter s, the connection between the internal tensile force and elon-
gation of an intact bond is
I+ os
1+ Bs’

where o and f are creep and relaxation times, respectively, and E is the elastic stiffness.

In the long-wave approximation, the lattice corresponds to a two-dimensional, ho-
mogeneous, isotropic, viscoelastic body with density p = 2M/(1/3a?), Poisson’s ratio
v=1/3 and the complex stiffness EE. The following velocities of the longitudinal,
shear and Rayleigh waves correspond to the slow-process stiffness (E=1): ¢; = \/9/78 c,

o= \/3% ¢ and cR:%\/ 3 — /3¢, respectively, where c=a+/E/M. The shear modulus
is = pc3 = /3E/4.

In the following, we use nondimensional values associated with the natural units:
the particle mass (M =1), the bond length (a=1) and the bond static stiffness (E=1).
In these terms, ¢ is the speed unit (c = 1), a/c is the time unit, p =2/v/3, ¢; = /9/8,

c;=1/3/8 and cg = V3 — V3.

Ty (s,mn)=EEQY(s,m,n), E= (4)
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At the moment when the strain first exceeds a critical value, Q,, the bond is assumed
to disappear.

3. Superposition

As in the paper on a square-cell lattice (Slepyan, 2000) consider two problems.
The first is the main problem for a homogeneous static state of a lattice stressed by
remote forces. The lattice contains a crack such that the bond Bs(—1,0) exists as the
crack front, and the bonds B4(m,0) and Bs(m,0),m = 0, are also intact, while the bond
B4(—1,0) and all the bonds at the left, Bs(m,0) and B4(m,0),m < — 2 do not exist
(Fig. 1(a)). Let us enumerate the crack-path bonds ahead of the crack beginning from
the crack-front bond Bs(—1,0) as shown in Fig. 1(a)

30:35(715()% Bl :B4(050)’ 32:35(0’0)9"' (5)
and the respective tensile forces as
To(t) =Ts(1,—1,0), Ti(2) =Tu(1,0,0), Ta(1) =T5(1,0,0),..., (6)

where we take ¢+ = 0 for this static problem. Note that in the elastic case the nondi-
mensional tensile force and the respective elongation of any intact bond are equal to
each other, T;(t)= Q;(t) (we use the same numbering for the crack-path elongation as
for the tensile force).

The second is an auxiliary dynamic problem for the same, but initially unstressed
lattice with the crack extended due to the destruction of the zero bond, By. This lattice,
being initially at rest, at # =0 is suddenly loaded by the force P = T(0)I, applied to
the particle with m=—1,n=0, and the same but opposite force, 7(0)I5, applied to the
particle with m=0,n=—1, Fig. 2. Let us denote the tensile forces on the crack line in
this auxiliary problem by Tj-+(t)T 0(0). Note that the functions Tj+(t) are independent
of Ty(0) since a linear problem is considered.

NN Y

Fig. 2. Forces in the auxiliary problem.
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Further consider the resulting problem. It corresponds to the first one where the
crack-front bond B, disappears at + = 0 because the total crack-face forces corre-
sponding to this bond are zero for # > 0. This problem relates to very slow crack
growth when the time interval between the destruction of neighboring bonds is large
enough to permit the lattice to approach the static state before the next bond is
broken.

The tensile forces in the intact bonds are thus

Tj(t) = T;(0) + T;7 () To(0)  (j = 1). (7)

For the final static state we thus have
Tj(00) = T;(0) + T; (c0)To(0)  (j = 1). (8)

3.1. Superposition paradox

In the considered homogeneous static problem, after the bond By is removed the
distribution of the tensile forces relative to the crack front remains completely the
same in the case of mode I and only changes sign in the case of mode II. This follows
directly from symmetry of the lattice. Thus,

Ti(c0)=T;-1(0) (mode I),
Tj(0o)=—T;—1(0) (mode II). 9)
Referring to Eq. (8) we get

T1(0) = Tp(0)[1 — T} (c0)]  (mode 1),
T1(0) = —To(0)[1 + T;"(c0)]  (mode II). (10)

We face a paradoxical result: in one of these two modes the tensile force in the
second bond is higher than that in the crack front bond. So, if the tensile force 7,(0)
in mode I is maximal at the crack front, 77(0) < 7o(0), then 7, (c0) > 0 and for mode
IT the opposite inequality is true:

IT2(0)] > |To(0)]. (11)

Otherwise, if one expects that 7, (co0) < 0, the last conclusion is valid for mode I.

As shown below, 7}"(c0) > 0 and hence a surprising result arises for mode II. In
fact, the tensile force in the second bond (j = 1) appears to be equal to —5/4 of that
for the first one (j = 0). Thus, if mode II fracture for the lattice stressed by remote
forces is considered, the second bond must break before the first one. Note that in the
case of different limits for extension and compression, this irregular mode of fracture
will at least alternate with the regular one during the crack growth.
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4. Transient problem for an intact viscoelastic lattice
4.1. Equations and transformations

The dynamic equation for a particle is

d\ d2u(t,m,n) d\ <
<1 + Bdt) —ar (1 + ocd[> ;Qp(t,m,n)lp

d 5
- (1 + ﬁdt> §Pp(t,m,n)1 , (12)

where P, are external forces and, as already noted, « and f are creep and relaxation
times, respectively. In terms of the Laplace transform

ut(s,m,n) :/ u(t,m,n)e*" dt (13)
0
the equation is
> > 14 as
sut(s,m,n) — EZ QI;)(S, m,n)l, = ZPI!;(s,m,n)I , E= . (14)
p=0 p=0 I+ ps
Further, we use the double discrete Fourier transform with respect to m and n
(s kg)=Y " > u(s.m.n)expli(km + qn)). (15)
We get
5 5
Su (s, kq) — YOS sk ), =Y P (s kg, (16)

p=0 p=0

In the following, the external forces are assumed to be applied only to lines n =0 and
—1 as

Pi(t,m,0)I}, Py(t,m,0)h, Ps(t,m,—1)1y, Ps(t,m,—1)Is (17)
with

Py(t,m,—1)=Pi(t,m,0), Ps(t,m,—1)=Py(t,m—1,0), (18)
that is, these forces are self-equilibrated. In this case, Eq. (16) becomes

5
Su (s, kq) —EY 05 (s k),
p=0

=(I + e )P (5,k,0) + (I + ¢ “~DI5)PYF (5,k,0)
=(1 — e NP (5, k,0)I; + (1 — *~D)PLF (5, k,0)I. (19)
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The x, y-projections of this equation are

5
Suf (s kq) — £ O (s, kI I,
p=0
1 . )
=511 = P (5,5, 0) = (1 = )Py (s, 0)],

5
ST (s, kq) —EY 0 (s kI 1,
p=0

3 A A
:g[(l = e P (5,5,0) + (1 = e * )Py (5,4, 0)] (20)
with
05 (s. k) = (7 — D" (s, k, ),
s,k g) = (e — D™ (s, k),
LFF(S k q) _ (el(k q) _ 1)”LFF(S,k,q)IQ,
(s, q) = (& — Dt (s, k ),
i (s, q) = (€ — D" (s, k, g,
05" (s, ko q) = (e — D (s, k g5 (1)
and
I,I. =cos(np/3),1,1, =sin(np/3). (22)
We come to the following equations:
[Y + 1 +4sink/2 — cosk/2 cos(q — k/2)u (s, k, q)

+V/3sink/2sin(q — k/2)u’ (s, k. q)

— ¢ TP (s5,k,0) — (1 — e *=D)PLF (5, k,0)],

V3 sink/2sin(q — k/2)utF (s, k, )
+[Y + 3(1 — cosk/2 cos(q — k/2))1u’ (s, k, q)

3 . .
= ;g — e NP (5,k,0) + (1 — e “~D)PLF (s, &, 0)], (23)

where Y —SZ/E From this and Egs. (21) it follows that
LR — {2(1 — c0s q)[2Y + 6sin® k/2 + 3(1 — cos(q — k)P F (s, k,0)

+ (e — 1)(e* =9 — 1)(¥ + 6sin’ k/2)PLF (s, k,0)},
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1 . .
57 = e = (TP — 1)(Y + 65in” K/2)P17(s5,k,0)
+2[1 — cos(q — k)][2Y + 6sin® k/2 4 3(1 — cos q)1P5F (s, k,0)},

A= 6E[(n1 —cos(g — k/2))(n, — cos(q — k/2))], (24)
where

m=b—vVb—d, nm=b+ Vb —d,
b=(1+2sin’k/2 + 2Y)cosk/2,
d=1+3sin’k/2+ 1Y(4 +4sin’k/2 + Y),

1 k koo1oY
2 gty g2l f 2K 1
b d79Y 4 sin 2<sm 2+3Y>. (25)

4.2. Fundamental solution

Let us introduce a combination of the functions, O} and QLT as

0" (s.k q) = 0§ (5., q) + €205 (5. k. ). (26)
Now consider the inverse Fourier transform with respect to g for n =0
1 T
QLF(Sa k’ O) = T QLFF(Sa ka C]) dq (27)
TJ_g

In this integral, one can substitute ¢ = ¢’ + k/2. Since the integrand is a 2m-periodic
function of ¢, the integration limits can be retained. As a result, one obtains

1 T[
0" (s.k0) =5 [ Sk (5.0 dg (28)
where
P (s,k) = P (s,k,0) + ¥2PLY (s, k,0) (29)

and

1
§ = ~-[3(cosk/2 — cos q)* 4+ 2(1 — cosk/2cosg)(Y + 3sin® k/2)
0
+ (cosk/2 — cosq)(Y + 65sin’ k/2],

Ay =3E(n; — cosq)(ny — cos q). (30)

Note that S is a regular function of ¢ for Jk =0,Y > 0, since under these conditions
niz > 1 if 31’!1,2 =0.
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We come to the following fundamental solution:

O (s,k,0) = %[1 — 1/L(s, k)2 (s, k),

L(s,k) = 3(m —m)\ /2 — 1y/m3 — 1
T @ umVm =T (o m)af 1

_ 3V —1y/m —1(/nl =14+ /m3 - 1)
Y /nd —1(/m =1+ /nd = 1) = (¢ + ym)(ny +n)

¢ =Y cosk/2 — 6(1 — cosk/2)sin® k/2 + 4Y cos> k/2 — 6Y — Y2,

Y =2Y cosk/2 — 6(1 — cosk/2)sin* k/2 — Y. (31)

5. Lattice with a crack
5.1. Governing equation

Let us represent

PY(s,k)=EQ_(s,k) + P (s,k), (32)
where
—1
Q—(Sak) = QLF(Sa k’O) - Q+(S>k) = Z QL(S’m’O) (33)

and P (s,k) is the double transform of the rest of the external forces. We now come
to a solution for the lattice with a crack, that is the lattice without bonds B4(m,0) and
Bs(m,0) for m < 0 (Fig. 2), since their action on the lattice is compensated by the
first term on the right-hand side of Eq. (32). We obtain the governing equation as

L(s, k)04 + O— = [L(s, k) — 11P"(s,k)/E. (34)
5.2. Factorization
To resolve this equation the Green function, L(s, k), should first be factorized, that
is presented as
L(S,k):L+(S,k)(L7(S,k)), (35)

where L. (s,k) (L_(s,k)) is a regular function in the upper (lower) half-plane of the
complex-valued variable k. This can be done using an analogue of the Cauchy-type
integral for a periodic function. Eatwell and Willis (1982) and Slepyan (1982) showed
that any nonnegative, periodic function L(k) (in our case, the period is equal to 4r)
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with locally integrable In L(k) can be factorized as follows (Arg L =0):

1 2n
Ly(s,k)=exp l4n [2 InL(s,&)04 (¢ — k)dS |,

(5+(k) _ Zefikv/Z _ (1 o efik/Z)fl (3]( > O),
v=0

-1
57(]() _ Z efikv/Z _ eik/Z(l o eik/Z)fl (3]( < 0) (36)

V=—00

In these terms, the governing equation (34) can be presented as

Li(sh)0s + 2= =

L_(S,k) = [L+(S, k) — l/Lf(S,k)]PLF(s’k)/E’ (37)

where Jk = 0.
We now take the crack-face load to consist of two self-equilibrated forces as in
Fig. 2

Py(t,—1,0)I, and P5(l, 0, 71)15. (38)
Then, in accordance with Eq. (29),

P (s,k) = P (s)e ™" [P3(s5,k, 0) = P (s)e ™", P{" (s, k,0) = 0]. (39)

Next, we have to consider the right-hand side of Eq. (37) to separate the terms

which can be marked by the subscript ‘+’ and ‘—’. Eq. (37) can be presented as

follows:
0_(s,k) 1 PYs) _yn
=Ci(s,k)+ C_(s,k) — = , (40
L+(S,k)Q+(S,k) + L_(S,k) +(S5 ) + (Ss ) L_(S,k) £ € ( )

where the last term and C_ correspond to functions with the support m=—1/2,—1,...,
while the support of Cy is m=0, 1/2,1,.... The sum is

p .
C,+C_=C= és) Lo (s,k)e*2, (41)

5.3. Division of the right-hand side

Note that the function L, can be presented as a series

Li(s,k) =" I,(s)e? (42)

v=0

and hence

Lo (s,k)e™™2 = Ip(s)e ™% + > " 1,(s) exp[ik(v — 1)/2]. (43)

v=1
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Thus,
Cotsky=" L(s) S () explik(r— 1201 = T (k) — sy,
v=1
C (k=" Lés) Io(s)e %2, (44)
In turn, as follows from Eq. (36)
1 2n
Io(s) = exp [471 /_ ) lnL(s,k)dk} . (45)

5.4. Solution of the auxiliary problem

Now, if the elongation of the bonds on the crack continuation is to be found, the
solution is

O (s, k)=

PL(s) {1 _lo(s) ]eik/z. (46)

Ly(s,k)

To find solutions for some bonds in a vicinity of the crack front we rewrite expression
(36) for 1/L(s,k) in the following form (Jk > 0):

1/L+(S, k) =exp [Z av(s)eikv/2‘|
v=0

—exp [ Za (s)e‘kV/Z]

2n
a‘,(s):ﬁ / InL(s, &)e /2 dé. (47)

—2n
Thus,

0. k="1 { ~exp [—Zav(s)eikv/zl }eik/z
v=1

L
- PE(S) [a1(s) + (ax(s) — a}(s)/2)e™

+(a3(s) — amar + aj(s)/6)e” + - -] (48)

and the elongations of the crack-path bonds are represented by the coefficients of this
exponential series

L
o) =" fs)

ai(s),
( )

05(s)= [ax(s) — ai(s)/2],
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03(s) = P}“%(s) — aya; + a1(s)/6],
Qif(s) = ?[w(s) —ai(s)as(s) — a5(5)/2 + ax(s)a; (s)/2 — ai(s)/24],
ok(s) = ngs) [as(s) — ai(s)as(s) — az(s)aa(s)
+a3(5)ai(s)/2 + ai(s)a3(s)/2 — ax(s)ai(s)/6 + a;(s)/120],
P(s)

05(s) = —5—las(s) — ar(s)as(s) — as(s)ax(s)
+ay(s)ai(s)/2 — a3(5)/2 + as(s)ai(s)aa(s)
—a3($)ai(s)/6 + a5(5)/6 — a3(s)ai(s)/4
+ax(s)ai(s)/24 — al(s)/720] (49)

and so on.

6. Solutions for statics
6.1. The auxiliary problem
For the static problem s =0 and Eq. (31) for L yields

A\/16c0s2k/2 — 8cos*k/2 — 5+ 4
V22sink/2[1 + (3 + 4cosk/2 — A)sin k2 k/4]

A=1/9 +16sin’ k/2 > 0. (50)

From this the coefficients a, = a,(0) (47) can be expressed as

L(0,k) =

2n
4= 1+ (—1)] + = / In[LO(k)]? cos(kv/2) dk,
2v 47'[ 0

~ A\/16cos2k/2 — 8 cos*k/2 — 5+ 4
V2[1 + (3 +4cosk/2 — A)sin® k/4]

Lo(k) (51)
Note that In[L°(k)]* is a regular continuous function suitable for numerical integration.
In fact, L°(k) is a positive function; we write here 1/2In[L°(k)]* to ensure against
possible error in the determination of the sign of the square root in the numerator
(it changes sign simultaneously with the denominator). The integration results are as
follows:

v o1 2 3 4 5 6
a, 1/4 0.40204668 0.02083333 0.23872244 0.003125000 0.16487307
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Fig. 3. Static distribution of the tensile forces in the auxiliary problem: (a) the coefficients a,, (b) the
normalized tensile forces ij*.

(Probably, a, for odd v are rational numbers: a; = 1/4, a3 = 1/48, as = 1/320,... .)
Now the normalized tensile forces, Tj+ = Tf(oo) = Tj(00)/Ty(0), can be found to be

i o1 2 3 4 5 6

Tj+ 1/4 0.37079668 —0.077074171 0.16509454 —0.045114208 0.085767743

The distributions of a, and T;r are shown in Fig. 3.
The solution obtained here allows us to determine the distribution of the tensile
forces ahead of the crack.

6.2. Mode I

Consider a lattice with a semi-infinite crack under mode I deformation caused by
remote external forces. In this case, due to symmetry of the lattice, if the first bond,
By, disappears, then the tensile force distribution remains the same as in the initial
state, but with a one-bond translation, that is, it remains the same relative to the bond
at the crack front. This is a distinctive feature of mode I fracture in the triangular-cell
lattice. Using superposition with the solution obtained in the previous section, we can
write down a recurrence relation for the distribution:

T+ T To=Ti1, j=12.... (52)
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Fig. 4. Static distribution of the tensile forces: (a) mode I, (b) mode II.

Thus, the distribution is
j 1 2 3 4 5 6
T;/Ty 3/4 0.37920332 0.45627749 0.29118295 0.24606874 0.16030100

So, in mode I, the tensile forces non-monotonically decrease with the distance from
the crack-front bond, and what is most important, the force reaches maximum at the
first bond (Fig. 4(a)).

6.3. Mode 11

In contrast, in the case of mode II, when the first bond, By, disappears, the tensile
force distribution in addition to the translation changes sign. The relation is now

T4+ T To=~Ti-1, j=12,... (53)
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and this leads to the ‘paradoxical’ distribution where the second bond is deformed
more than the first:

j 1 2 3 4 5 6
T/Ty —5/4 087920332 —0.80212915 0.63703461 —0.68214882 0.59638107

The distribution is shown in Fig. 4(b). We thus face an anomalous distribution where
the second bond tensile force, T;, is greater than the crack-front one, 7y. This suggests
an irregular behavior of mode II crack. Indeed, if the critical compressive and tensile
forces satisfy the inequalities

4
- < Tk

*
5 compressive/ * tensile

5

< 1 (54)
then the second bond must break before the first one. Otherwise, such irregular mode
of fracture will, at least, alternate with the regular one during slow crack growth.
Indeed, in one step of the crack growth, the distribution remains the same (relative
to the crack front) but compression is replaced by extension and vice versa. So, if in
a crack position the crack-front bond is broken before the second one, then after this
the crack-front bond appears to be stronger than the second one and the latter must
break previously. No wonder that this irregularity results in an irregular behavior of
the crack in dynamics as well.

7. Numerical simulations of crack propagation in a lattice strip

Transient problems are examined numerically using a finite lattice strip. In the aux-
iliary problem, as well as in a modified auxiliary problem considered below, the field
induced by the local self-equilibrated load decreases fast with the distance. This allows
us to use a finite lattice of moderate sizes, and the dynamic behavior of several bonds
on the crack line appear to be close to that for the infinite lattice—with good accuracy.
In contrast, for the crack propagation problems it was important that the strip width
is finite. Along with this, the qualitative results appear to be strip-width-independent.
We keep here the weak-bond fracture formulation allowing only the bonds between
the layers » =0 and 1 to be broken when the elongation reaches the critical value.

7.1. The auxiliary transient problem

A problem similar to that formulated in Sections 3 and 5.4 for the infinite lattice
was then considered for a lattice strip with fixed boundaries. The lattice strip with a
crack was assumed to be suddenly loaded by a couple of self-equilibrated unit forces
shown in Fig. 2. The dynamics of the first five bonds on the crack continuation was
examined. The strip sizes were taken so large (up to |m| < 100,|n| < 50) that the
results are insensitive to the reflection from the boundary with accuracy up to the
sixth significant digit. The same requirement was satisfied for the modified auxiliary
problem (see below). This was checked by lattice size variation and by comparison
of the results for a large time with those found analytically for the infinite lattice in
statics.
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Fig. 5. Elastic bond elongation in the transient auxiliary problem. The dotted lines correspond to the static
values found analytically.

The goal of the numerical examination of the auxiliary problems was (a) to describe
how the irregular distribution of the tensile forces found analytically in statics is es-
tablished, (b) to determine the influence of viscosity on this process and (c) to obtain
the separation between the domains of the static amplitude response (SAR) and the
dynamic overshoot response (DOR) on the plane of the creep and relaxation times—as
was done for the mode III square-cell lattice in Slepyan (2000).

The transient problem results for the elastic lattice are shown in Fig. 5 where the
dotted lines correspond to the static values found analytically (see Section 6.1 and
Fig. 3(b)). Recall that the units are used such that tensile forces and elongations in
the elastic lattice coincide. With the above-mentioned accuracy numerically obtained
values of Q;(#) coincide with the corresponding static values 7, for ¢ > 30 (recall
that 7;" = 7,7 (c0)). The dynamic amplification factor for the first bond is found to be
equal to 1.229.

In an initial stage of the process, the second bond elongation is lower than the
first, but then it becomes higher. Also the dynamic factor for the second bond is
somewhat greater; it is equal to 1.330. It is of interest that for even bonds the am-
plitudes of the oscillations of Q; relative to the static values are higher and the
frequencies are considerably lower than those for the odd bonds. The second bond
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Fig. 6. The first two viscoelastic bond elongation in the transient auxiliary problem. Solid curves:
o= 1.0, f=0.25; dashed curves: « =1.0, =05 (1. j=1, 2. j=2).

elongation approaches the static value with the above-mentioned accuracy when
t>42.

An example of the first two bonds elongations for a lattice made of the standard
viscoelastic material is presented in Fig. 6. It can be seen that in the case =1, =0.25
there is no overshoot; this pair falls into the SAR domain, while the pair a=1,5=0.5
belongs to the DOR domain.

Mode II tensile force distribution (see Section 6.3 and Fig. 4(b)) suggests irregular
crack growth, namely, if, under high viscosity, the crack grows slowly, then the second
bond can break before the first one (recall that the bonds are numbered beginning from
the crack front). The first bond breaks soon thereafter. Then the time-interval till the
next break is as large as the averaged (macrolevel) crack speed is low. Thus, the crack
advance appears to be a repeated two-step process as ‘the second bond break—a short
time-interval—the first bond break—a long time-interval’, and so on.

To analyze the dynamic factor manifestation in such a process the formulation of
the auxiliary problem related to mode II is modified. Let us suggest that a couple of
the bonds, the crack-front bond and the next one, break simultaneously. To model the
transient process arising as a result of such double break we have to apply two pairs
of forces: Py and P; as shown in Fig. 7(a). The former reflects the front bond break
(numbered 0) as in the above auxiliary problem, while the latter (numbered 1) reflects
the next bond break. In accordance with the initial tensile forces in mode II we take
Py =1, Py = 1.25. First, we consider an elastic lattice strip. The dynamic elongation
of the first four intact bonds is shown in Fig. 7(b). It can be seen that elongations in
alternate bonds have opposite signs. Contrary to the one-break auxiliary problem, the
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Fig. 7. The modified auxiliary problem: (a) external forces, (b) elastic bond transient elongation. The
dashed lines correspond to the static values, Qy(co) ~ 0.240, O3(co) ~ —0.418, O4(c0) = 0.205,
QOs(o0) =~ —0.196.

dynamic factor for the first intact bond, j = 2, equal to 1.517 is greater than that for
the second which is equal to 1.069.

An example of the dynamic elongation of the first two intact viscoelastic bonds is
shown in Fig. 8. In the case «=0.5, f=0.4, an overshoot is revealed for both elongations
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Fig. 8. Viscoelastic bond elongation in the modified transient auxiliary problem. Solid curves: «=0.5, f=0.2;
dashed curves: o = 0.5, f=0.4.

0, and Q3. So, this pair lies in the DOR domain. In the case « = 0.5, f =0.2, an
overshoot is observed only for O,; however, the absolute value of Qs is significantly
greater than Q5. Taking this into account we define the domain, whether the couple of
the viscosity times belongs to the DOR or to the SAR domain, based on the behavior
of the highest elongation, Q3. The latter case thus belongs to the SAR domain.

The SAR/DOR interfaces corresponding to the auxiliary problem (curve I) and the
modified, double-break auxiliary problem (curve II) are shown in Fig. 9. The SAR
domain lies beneath the corresponding curve, while the DOR domain lies above it.

7.2. Mode I crack propagation

A lattice strip was considered with the sizes up to |m| < 1100, |n| < 50, while the
main numerical simulations were performed for the strip |m| <400, |n| < 10. Two
static states were introduced. In the initial state (denoted as S;) the two families of
slope bonds were uniformly lengthened by the given elongation Q°, while the hori-
zontal bonds remained at rest. After this the strip boundaries were fixed. At moment
t =0, a ‘semi-infinite’ crack was introduced, that is the bonds B4(/,0), j < — 1 and
Bs(,0), j < — 2 were removed as in Fig. 1(a). Under the influence of viscosity, the
dynamic process caused by this action settled down and a new static state was ap-
proached. We denote it as S,. In this latter state, the distribution of the elongations of
the intact bonds on the crack line, j =0,1,..., is under our attention. The maximum
of the absolute value of these elongations is denoted by Q°. Note that in mode I this
maximum appears at the first intact bond, j = 0. Further, the critical elongation Q.
is introduced which determines the elongation resulting in the bond destruction. We
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Fig. 9. SAR/DOR domains separation. Curves I and II correspond to modes I and II, respectively. The SAR
domain lies beneath the corresponding curve, while the DOR domain lies above it.

do not consider the trivial case Q° > Q% and hence to get the crack propagation we
have to assume that Q° < Q. < QY. The limiting elongation Q. is fixed; without loss
of generality we take O, = 1.

Under the same Q° the value of Q appeared to be proportional to the square root
of the strip width, which is in agreement with the conclusion following from energy
considerations. Simulations were performed for the strips with |n| < N, N =10,20 and
50. It was found that peculiarities of crack propagation are controlled by the values of
0° and QV. If these values are fixed, no qualitative influence of the strip width on the
crack propagation was observed.

Some results related to mode I crack propagation are shown in Figs. 10-16. We
took N = 10. This resulted in Q% = 2.4050°. The latter, Q°, was varying in the range
1/2.405 ~ 0.416 < Q° < 1 (for the lower bound Q! is equal to the limiting elongation).
In these figures, the dotted lines correspond to the long Rayleigh wave speed, cg =
%\/3 — /3 &~ 0.563, while the dash-dotted lines correspond to the long longitudinal
wave speed, ¢; = \/% ~ 1.061.

Let us denote by #(;) the jth bond break time counted from the moment when the
crack started to propagate. Ray-like curves in Figs. 10 and 12-14 are dependences
obtained by successive joining of the corresponding discrete values. In Fig. 10, these
dependences are shown for various initial elongations Q° for the elastic lattice strip.
The hollow (solid) circles are related to the even (odd) bonds (in Figs. 10(a),(b) each
bond is marked by a circle, while in Figs. 10(d)—(f) the curves #(j) connecting the cor-
responding bonds are marked). As can be seen in Figs. 10 and 12-14, a transient stage
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Fig. 10. Bond-break time versus the bond number for mode I fracture of the elastic strip. The odd bonds
are marked by hollow circles and the even bonds are marked by solid circles. The dotted lines correspond
to the long Rayleigh wave speed, while the dash-dotted lines correspond to the long longitudinal wave
speed: (a) Q° = 0.416667 (Q° = 1.00189), (b) Q° = 0.5(QY = 1.20226), (c) Q° = 0.6(Q% = 1.44272),
(d) 0°=0.9(0% =2.16408), (e) Q° =0.935(Q9 = 2.24824), (f) 0° = 0.95 (0% = 2.28430).

of the crack propagation is followed by a quasi-steady regime which is characterized
by almost straight-line parts of the dependences.

In general, the bonds break in order; however, we met a situation where it was not
so. It appeared that a difference can exist between the speeds of fracture of the odd
and even bonds. In such a case, there exists a binary crack consisting of two branches
expanding along the same line. This phenomenon suggests the introduction of two
speeds, one, v, for the odd-bond branch and another, v;, for the even-bond branch.
Although this phenomenon is most pronounced for mode II crack propagation, it can
manifest itself in mode I as well. In the latter case, this can happen within a rather
narrow range of the initial state parameters. Three cases are revealed in the analysis
of the crack propagation:

(i) The speeds are equal, v} =v,, and there is no time delay in the successive breaking
of the odd and even bonds. In this regular case, a single crack speed exists,
v=1v; = v, and the conventional definition of the crack is valid.

(i1) The speeds are equal, v; = vp; however, a small but visible distance between the
fronts of the two crack branches exists. This is a one-speed binary crack. From



L.I. Slepyan, M.V. Ayzenberg-Stepanenko! J. Mech. Phys. Solids 50 (2002) 1591—-1625 1613

(@) (b)

t t
000 TN /777777777
7.50 YA AAVAVAY, 155.5 [/ [ /77777 INNN
6.75 / [ L INNNN 154 [ 7777777 INNNNN
6.0 /A LLANNNN 1525 /7777777
= ; /; W 151 777777 777NN
3:75 Vi //N\/\/\/\/\/\N s 7777777 7 INNNNNNNNNN
o0 AT T T T T T INNNNNNNNNNNN
1t T T T AN, 465 (I T T INNNNNNNINNNNNNN
150 [ 77 NN 45 L LLANNNNNNNNNNNNNNN
0.75 / / ANNNNANANNNN 1135 [/ INNNVNNNNNNNNNNNN NN
0.00 142 Y

01 6 31 340 ) 377

J J

Fig. 11. Mode I binary crack for Q° = 0.935. Intact bonds are shown: (a) Transient regime,
(b) Quasi-steady-state crack propagation.
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Fig. 12. The gap in the elastic mode I crack speed. 1. Q0 = 04167, 2. 0° = 0.5, 3. 0 = 0.765616, 4.
0% =0.765617, 5. Q° = 0.8, 6. Q° = 0.95 . The dotted lines correspond to the long Rayleigh wave speed,
while the dash-dotted lines correspond to the long longitudinal wave speed.

the macrolevel point of view it is regular crack propagation with a fixed ‘fracture
process zone’.
(iii) The speeds are not equal, v; # v,. This is a real two-speed binary crack.
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Fig. 13. Mode I crack propagation in the viscoelastic lattice strip with f=0. Dependences j(¢) for (a) a=1,
(b) a=2.1. 0°=04167,2. 0°=0.5,3. 0°=0.7, 4. 0° =08, 5. 0°=0.9, 6. 0° =0.95. (c) Crack speed
versus Q°; the values of a(x = 0,1,2) are shown.

These three cases are presented in Fig. 10. The first case (i) is realized in the
interval 0.416 < Q° < 0.766 (1 < Q% < 1.841). In this interval the crack speed varies
increasing together with Q° up to a value somewhat higher than cr. Examples are
presented in Fig. 10(a)—(c).

The next case, (ii) corresponds to a relatively strong initial elongation, Q° > 0.766
(0% > 1.841). When Q° exceeds this value, the crack speed jumps to a close vicinity
of the long longitudinal wave speed, ¢; (as reflected in Fig. 12). The crack speed re-
mains approximately equal to ¢; in the elongation range 0.766 < Q° < 0.925 and then
increases as Q' increases, Figs. 10(d)—(f). Note that the ‘experimental’ fact that the
interval cg < v < ¢; is forbidden is in agreement with the theoretical results obtained
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Fig. 14. Mode I crack propagation in the viscoelastic lattice strip with the speed discontinuities: (a) Q°=0.5;
l.a=0,2.0=0253.a=1,4 «=2,5 0=5,6. 0a=10. (b) 0°=0.7; 1. =0, 2. «=025,3. a=1, 4.
«=2,5 a=5,6.a=10; (c) Q0:0.8; 1.0=0,2. 0=0.1, 3. =0.141, 4. =0.142, 5. 0 =1, 6. 0 =2; (d)
0Y=09; 1. =0, 2. =025, 3. «=0.355, 4. «=0.356, 5. a =1, 6. «=2. The dotted lines correspond to
the long Rayleigh wave speed, while the dash-dotted lines correspond to the long longitudinal wave speed.

for steady-state crack propagation in the infinite triangular lattice, see Slepyan
(2001).

Case (iii) is realized if Q° falls within a narrow range, 0.93 < Q° < 0.94 (see
Fig. 10(e)). The speeds are v; ~ 1.06, v, ~ 1.09. Note that this case is exceptional for
mode I crack propagation, while it is more common for mode II (see below).

In a different form, the dependences of Fig. 10(e) are shown in Fig. 11, where the
crack-path layer with broken bonds removed is represented for a set of time-moments.
In the initial crack propagation stage, the space delay between fracture fronts corre-
sponding to the odd and even bonds is equal to two-bond distance (Fig. 11(a), ¢ ~
9.00), while it continuously increases in the quasi-steady-state stage as shown in Fig.
11(b). For example, the space delay increases to nine-bond distance at ¢ ~ 155. The
main effect found for mode I crack propagation is a gap in the crack speeds between
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Fig. 16. Mode I crack speed versus relaxation time, f: (a) a=1; (b) a=2. 1: 0 =0.5, 2: 0° =0.9.

the Rayleigh and longitudinal long wave speeds. As can be seen in Fig. 12, the crack
speed jumps over this gap when Q° increases from the value 0.765616 to 0.765617.
We now turn to peculiarities of crack propagation in a viscoelastic lattice strip. In
Figs. 13(a), (b) dependences #(j) are depicted for two values of the creep time, o =1
and 2 (with zero relaxation time) and for a set of Q°. It can be seen how v decreases
with an increase of a. Contrary to the elastic case, the crack speeds can fall within
the forbidden interval (cg,c;). Dependences v(Q°) are shown in Fig. 13(c) for «=0, 1



L.I. Slepyan, M.V. Ayzenberg-Stepanenko! J. Mech. Phys. Solids 50 (2002) 1591—-1625 1617

and 2. It can be seen that there exists a jump discontinuity in the elastic case, while
the dependences are continuous for o =1 and 2.

Note that curve 6 (Q° =0.935) in Fig. 13(b) (contrary to other dependences) has a
change in slope at t =~ 42, j =95. Before this the crack speed v ~ ¢, while v ~ 0.762
after this. Further analysis shows that this fact is related to the jump-like character of
the dependence v(a) in the case of a relatively strong initial elongation.

A comparison of the dependences #(j) built for a set of o is presented in Figs.
14(a), (b) for low initial elongations and in Figs. 14(c), (d) for high elongations. In
the latter, discontinuities can be seen in the dependences v(a). It was found that such
discontinuities exist for those values of Q° which, in the elastic case, result in sonic—
supersonic crack propagation (i.e. if 0° > 0.7656). Dependences of the crack speed
versus o are shown for several Q° in Fig. 15.

It was found that the critical value of o =o* corresponding to the jump in the crack
speed increases with Q°. Some values of o* are as follows:

a* =0 (0% =0.765616), «* =0.141 (Q° =0.8),
ot =0.355 (0% =0.9), o* =1.452 (0° =0.935). (55)

This phenomenon is also manifested in the case of the standard viscoelastic material
with o > 8 > 0. Crack speed dependences v(f3) for =1 and 2 (Q°=0.5 and 0.9) are
presented in Fig. 16.

7.3. Mode II crack propagation

The main numerical simulations for mode II fracture were performed for the strip
|m| < 800, |n| < 10. Here, the static state S; is obtained by means of the slope bonds
lengthening and shortening which alternate with m; specifically, the right-slope bonds
are under compression, while the left-slope bonds are under extension. As in the mode
I problem, the horizontal bonds remain unstressed. Here the left-slope bond initial
elongation is denoted by Q°. So, the right-slope bond initial elongation is —Q°. For
|n| < 10 the elongation of the zero bond, in the mode II S;-state, appears to be Q% =
2.9500°. The range of Q° is thus 1/2.950 ~ 0.339 < Q° < 1.

First of all, we note a phenomenon which, along with the fact that |Q;]| > Qp in the
S,-state, can result in irregular crack propagation. It is manifested in the process shown
in Fig. 17 as the dynamic transition from the S,-state to a new static state, S, which
corresponds to the lattice strip with all the odd (compressed) bonds on the crack line
removed.

A surprising result can be seen: in the Ss-state, the intact bond elongations appear
to be lower than in the S,-state. So, the odd bonds reduce the strength of the lattice.
Note, however, that this effect exists when the strip is deformed by a ‘rigid machine’,
that is when its boundaries are fixed.

Cases (i) and (ii) considered for mode I exist in mode II as well; however, case
(iii) is here the most pronounced. What is more, in mode II the two branches of the
binary crack can change places. In some numerical situations, v; < vy, while v; > v, in
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Fig. 17. Transition from S,-state to the S3-state for mode II: (a) |n| < 10, (b) |n| < 20. Numbers of the
intact bonds are shown.

others. In addition, the quasi-steady-state mode II crack can propagate with a periodic
exchange of the speeds of its branches.

The numerical simulation results are presented in Figs. 18-22. As above, the dotted
lines correspond to Rayleigh wave speed, cg, while the dash-dotted lines—to ¢;. The
limiting elongation and contraction are taken to be the same, |Q.| = 1.

Dependences #(j) for the elastic case are depicted in Figs. 18(a). Here, as in mode
I, the hollow circles correspond to the even bonds, while the solid circles correspond
to the odd bonds. At a very low elongation, Q° =0.34 (Q° =1.002)—couple of curves
l—case (ii) is realized: v; = v, ~ 0.397, the odd-bond branch propagates ahead, the
time delay is approximately 55.15. Recall that the size unit is the bond length, a, and
the speed unit is ¢ = a+/E/M.

With increase in Q° the order of the branches is changed. The initial elongation
0° =0.375 (QY ~ 1.105)—curves 2—again results in case (ii): v; = v, ~ 0.451, but
now the even-bond branch propagates ahead. For a somewhat higher initial elongation,
0% =04 (0% ~ 1.179)—curves 3—case (iii) is realized with v; =~ 0.495, v, ~ 0.791.
Then, if Q° is varied in a relatively wide interval, from Q° = 0.4167 (Q° ~ 1.230)—
curves 4—till 0°=0.95 (Q? = 2.80)—curves 5—the regular case (i) is realized, where
the crack velocity falls into the small vicinity of ¢; slowly increasing from v =~ 0.998,
curves 4, till v ~ 1.15, curves 5. At a very high elongation Q° = 0.99 (Q° ~ 2.98)—
curves 6—case (ii) is returned with v; = v, ~ 1.51, the odd-bond branch propagates
ahead and the time delay is approximately 9.25.
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Fig. 18. Mode II binary crack propagation in the elastic lattice strip. The odd bonds are marked by hollow
circles and the even bonds are marked by solid circles. The dotted lines correspond to the long Rayleigh
wave speed, while the dash-dotted lines correspond to the long longitudinal wave speed: (a) The binary crack
fronts versus time. 1. 0% = 0.34 (QY ~ 1.002), 2. 0° =0.375 (Q° ~ 1.105), 3. 0° = 0.4 (Q? ~ 1.180), 4.
0°=10.4167 (0% ~ 1.230), 5. 0° =0.95 (0% ~ 2.80), 6. 0° =0.99 (0% = 2.98). (b) Discontinuities in the
binary crack speeds.

Crack speed as a function of Q° in the vicinity of Q° = 0.4 is presented in
Fig. 18(b). Two jump discontinuities, one in v; and another in v, exist at Q° =0.391
and 0.408, respectively.

Dependences #(j) in the viscoelastic lattice strip are shown in Fig. 19 for an inter-
mediate elongation 0° = 0.7 (Q ~ 2.07) and for a set of values of the creep time, o
(f=0). It can be seen how crack velocities decrease with increase in o from a vicinity
of ¢ to the Rayleigh wave speed and below it.

In the case of high initial elongation, Q° = 0.9 (Q° ~ 2.65), the supersonic regime
of crack propagation is realized, Fig. 20. In this figure, the effect of velocity exchange
can be observed.

In the case of the elastic lattice, Fig. 20(a), case (i) is revealed. At o = 0.25,
Fig. 20(b), the quasi-steady-state crack propagation is characterized by a periodic ex-
change of the crack speeds between the branches. With further increase in «, Figs.
20(c) and (d), such exchange can be realized at an initial unsteady stage, while the
quasi-steady-state regime is related to case (iii).

A special regime of case (iii) with zero speed of one of the branches of the
binary crack can occur. This looks like the bridging by fibers appearing in frac-
ture of fiber-reinforced composites (Budiansky et al., 1986; Willis, 1993; Meda and
Steif, 1994a,b; Movchan and Willis, 1996, 1997a,b, 1998; Nemat-Nasser and Luqun,
2001). In connection with the binary crack phenomenon, the Barenblatt
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Fig. 19. Mode II binary crack propagation in the viscoelastic lattice strip for Q° = 0.7 under different values
of creep time o (f=0): (a) a=1, (b) a=2, (¢) a=35, (d) & =10. The odd bonds are marked by hollow
circles and the even bonds are marked by solid circles. The dotted lines correspond to the long Rayleigh
wave speed, while the dash-dotted lines correspond to the long longitudinal wave speed.

cohesive zones in polymers are worthy of note (Knauss, 1973, 1993; Lauterwasser and
Kramer, 1979).

In Figs. 21(a) and (b), the even- and the odd-bond branches are, respectively, shown
for various values of 0° and « =1, § =0. The calculations show that in this case the
crack does not propagate, v; = v, =0, if Q° < 0.351. The speeds v; and v, shown in
Fig. 21 are

Q% 0357 0417 05 06 07 08 09 0095
U1 0 0 0.495 0.523 1.02 1.21 1.44 1.78
v, 0.141 0382 0515 0878 1.01 1.12 138 1.68
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Fig. 20. Mode II binary crack propagation in the viscoelastic lattice strip for Q¥ = 0.9(Q% = 2.65) under
different values of creep time o (f=0): (a) « =0, (b) «=0.25, (¢) «=0.5, (d) « = 1. The odd bonds are
marked by hollow circles and the even bonds are marked by solid circles. The dash-dotted lines correspond
to the long longitudinal wave speed.

Speeds v; and v, have discontinuities in the intervals 0.6 < Q° < 0.7 and 0.5 < Q°
< 0.6, respectively. It is of interest that v, < vy before the jump of v; (Q° < 0.6),
while v; > v, after the jump (Q° > 0.6).

Speed jumps and the presence of different crack branches can be realized with vari-
ation of the relaxation time as well. An example is represented in Fig. 22 where (a)
even and (b) odd branches are shown for Q° = 0.5, o = 0 and various values of f.
It can be seen that v; being lower than cgr for < 0.75 jumps to ¢; in the interval
0.75 < < 1, while v; = cgr in the interval 0 < f# < 0.5 and jumps to a value higher
than ¢; in the interval 0.5 < < 0.75.
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Fig. 21. Mode II binary crack propagation in the viscoelastic lattice strip for « =1, f = 0: (a) Even-bond
branch, (b) Odd-bond branch. 1. 0°=0.36 (0% =1.062), 2. 0°=0.42(Q% =1.239), 3. 0°=0.5(0% =1.475),
4. 0% =0.6(Q% = 1.770), 5. Q° = 0.7(Q% = 2.06), 6. Q° = 0.80(Q% = 2.36), 7. Q° = 0.9(Q% = 2.65),
8. 00 =0.95(0% =2.80). The dotted lines correspond to the long Rayleigh wave speed, while the dash-
dotted lines correspond to the long longitudinal wave speed.
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Fig. 22. Mode 1I binary crack propagation in the viscoelastic lattice strip for Q° = 0.5, « = 1 and various
values of f: (a) Even-bond branch, (b) Odd-bond branch. 1. =0, 2. f=0.25, 3. f=0.5, 4. f=0.75,
5.p = 1. Rayleigh wave speed, while the dash-dotted lines correspond to the long longitudinal wave speed.

8. Conclusion

Elastic and viscoelastic (standard material) quasi-static and dynamic crack growth in
the unbounded triangular lattice and in a lattice strip deformed by a ‘rigid machine’
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was examined. A crack was assumed to propagate along a given layer of lattice bonds,
while the crack speed was not prescribed. This formulation related to the weak-bond
fracture enabled possible the following ‘surprising phenomena’ to be revealed.

In static mode II, the strain of the crack front bond is lower than that of the next
one. A consecutive quasi-static bond rupture is thus forbidden.

In static mode 11, if the alternate bonds on the crack continuation inclined differently
from the crack-front bond are removed, the stresses in the crack-front bond and in the
other intact bonds decrease. This suggests a possibility of partial fracture where the
crack breaks only the above-mentioned alternate bonds. Also, this suggests the existence
of a more general binary crack consisting of two branches growing along the same
layer with different speeds. One of these branches disintegrates the above-mentioned
alternate bonds, while the other disintegrates the remaining bonds. In fact, this phe-
nomenon is revealed in the numerical simulations.

The manifestation of the binary crack was observed in the elastic and the viscoelastic
lattice strip not only for mode II, where it can exist in a wide range of initial strains,
but in the case of mode I as well; however, in the latter case, it can manifest itself
only in a narrow range of the initial stresses.

Mode I crack speeds in the elastic lattice strip cover the sub-Rayleigh and supersonic
ranges of the speeds as well as a close vicinity of ¢;. The range between cg and c; is
almost completely forbidden. However, under the influence of viscosity, the forbidden
crack speed ranges narrow and can disappear. Mode II binary crack speeds can exist,
in addition, within the range (c»,c;). These facts are in agreement with the results
obtained in Slepyan (2001) for steady-state crack propagation.

The crack speeds were found to be discontinuous functions of the creep and relax-
ation times.

Along with this, an auxiliary problem related to a slow crack in the viscoelastic
lattice was considered (as in Slepyan (2000) for a square-cell lattice). In contrast to
mode I where the related auxiliary problem corresponded to the break of one bond, the
mode II related auxiliary problem was considered as that for a sudden rupture of two
neighboring bonds. In the creep-relaxation plane, the separation of the static amplitude
response domain from the dynamic overshoot domain was performed for both modes.
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