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Abstract. A technique of solving the problems of linear viscoelasticity is presented.
Some basics are given on the application of continued fractions to solve some problems for
viscoelastic anisotropic bodies with the slowly growing cracks. It is shown by examples that
the operator continued fraction technique can be effectively used for solving the complex
problems of fracture mechanics for the modern anisotropic composite materials.
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1. Introduction.

Investigation of the slow quasi-static crack growth in the viscoelastic bodies has been
started in the 1960-s (see surveys [16, 38, 54]).

During the initial period, several approximate methods were applied to solve boundary
problems of linear viscoelasticity. In this context, it is worth noting the variable moduli
method by [1], the quasi-elastic method by [52]. The main idea of these methods is the
simplification of the problem by replacing Volterra integral operators (formalisms) in
Boltzmann-Volterra theory [5, 63] with some functions of time (the creep or relaxation
functions). Such methods are rather simple and can be applied to obtain solutions for some
problems of fracture mechanics in the case of isotropic media, e.g., polymers (see
bibliography in [37, 54] but they failed to be widely adopted because there are no strict
criteria of their applicability [42].

Some stricter analytical and numerical methods were elaborated later on to study the
deformation of the linear viscoelastic anisotropic bodies [10, 17, 20, 34, 57] as well as
viscoelastic composites of various structures [2, 7, 24, 53]. These methods allow solving of
some fracture mechanics problems of crack propagation in viscoelastic anisotropic bodies
and composites (see bibliography in [6, 8, 17, 19, 44, 54, 67].

There are two main approaches in this field.

The first one is well-known from the literature Laplace-Carson transform approach (see
books by [10] or [45]). The correspondence principle allows obtaining the solution of the
original problem from the solution of some elastic problem in the transform domain. As it is
known that the inverse transform is an ill-posed problem. The solution inevitably can be
found with some simplifications and constrictions only [11].

The other approach is based on the theory of Boltzmann-Volterra [5, 63], properties of
integral operators, and the Volterra principle which is an analog of the correspondence
principle for viscoelastic operators [20]. It is possible to use some simple rules (resolvent
operators algebra [13, 36, 48]) and methods to expand functions of integral operators into
power series [48, 68]. It was found that such power series are not quite useful for a wide
range of problems due to the slow convergence. To work around the convergence problem it
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was proposed to use continued fractions for approximations [17, 20]. It was proved that the
continued fractions for several important problems of viscoelastic fracture converge very
fast as compared to the corresponding power series. Since then, the continued fraction
technique was successfully applied to solve several problems for holes and cuts in anisotro-
pic plates and bulk bodies [46, 47], contact problems of viscoelasticity [21], and the prob-
lems of viscoelastic properties prediction for composite materials [28, 30, 55, 59].

In this work, a generalization of theoretical investigations in fracture mechanics of visco-
elastic bodies is given for the results that were obtained using the operator continued frac-
tion technique. This technique was elaborated in [17, 19, 20, 29].

Herein, we consider the applications of the continued fraction operator technique for
theoretical studies of deformation and delayed fracture of anisotropic viscoelastic bodies
caused by slow subcritical crack growth under quasi-static conditions (i.e. when inertial
effects due to straining can be neglected). The highly damaged material at the tips of
growing cracks is described using some models of cohesive zones [15, 19]. The analysis is
simplified by using small strain theory for the linear viscoelastic continuum because many
viscoelastic materials (polymers, glass-reinforced plastics, etc.) remain linear under high
stress and some materials remain linear even up to failure, so the linear theory of viscoelas-
ticity can be used to describe their deformation. It is also assumed, based on experimental
data, that the viscoelastic strains beyond the growing crack are negligible compared the
strains in the cohesive zone [24, 37, 54].

2. Methods of solving boundary-value problems of linear viscoelasticity for aniso-
tropic bodies with growing cracks.

2.1. Some Approaches and Methods in the Theory of Linear Viscoelasticity for
bodies with growing cracks. Problem Formulation. The linear theory of viscoelasticity (or
the theory of hereditary elasticity) was intensively developed in the 20-th century [10, 48,
49] to study the rheological properties of new structural materials such as polymers and their
composites, and concrete, reinforced concrete, rocks.

As it was noted above, of special importance is the Boltzmann — Volterra theory of line-
ar viscoelasticity [63], which employs Volterra operators. These studies are based on the
Volterra principle, the algebra of Volterra operators [48], and methods of determining
functions of integral operators, i.¢., reducing these functions to ordinary Volterra operators.

In [63], a function of an integral operator is considered as some power series (Taylor
series) with an integral operator as the variable. He showed that such an operator series
converges if the function is analytical. If viscoelastic bodies are homogeneous and isotropic,
then the corresponding functions of integral operators are rational, and there are no fun-
damental difficulties to solve problems of linear viscoelasticity [48].

If, however, viscoelastic bodies are inhomogeneous or anisotropic, these functions are
irrational and solving specific problems involve severe difficulties associated with the weak
convergence of power series [48]. This is why many researchers failed to find effective solu-
tions to boundary-value problems of linear viscoelasticity for anisotropic bodies.

In this connection, a new method to solve problems of linear viscoelasticity by expan-
ding irrational functions of integral operators into continued fractions [17] has been deve-
loped.

In works [17, 20, 29], this method was proved for Volterra resolvent operators of the
second kind. Owing to the high convergence of continued fractions, the method makes it
possible to solve viscoelastic problems that failed to be solved before. It helped to solve a
number of new problems related to fracture mechanics of and stress concentration in visco-
elastic anisotropic bodies.

Basic Equations and Methods. The constitutive equations describing the linear visco-
elastic behavior can be written as

Oy = E;‘klgkl; (1)
&; components of the deformation tensor o;; components of the stress tensor
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.
&; = Ryjyom, 2

where E;k, and R;k, are linear Volterra operators of the second kind;

t
Ej& = Egklgkl )+ JEijkl(t —1)ey(r)dT;
0

t
* 0
R0 = Rijgoi () + IRg‘/kl(t —7)oy(7)dr;
0

Ejy (1) is the relaxation tensor; Ry, (¢) is the creep tensor; E,-jo-k, and ngl are the elastic

constants of anisotropic body E gk, instantaneous constants of anisotropic body.

Eqs (1) and (2) are usually used in the mechanics of polymers and their composites
(such as glass-reinforced plastics, carbon fiber-reinforced plastics, etc.), rock mechanics,
and studies of the creep of some metallic materials at high temperatures. If the tensors
Ejyy (1) and Ry, (¢) are symmetric, the number of different functions is equal to the number

of independent elastic constants, i.e., 21.

Egs. (1) and (2) are derived from the Boltzmann principle [5] from which it follows that
the constitutive equations of linear viscoelasticity can be derived from the constitutive
equations of linear elasticity by replacing the elastic constants £, and Ry, with the linear

integral operators E;k, and R;k1~ The experimental determination of the functions E, (7)

and Ry, (1) involves severe difficulties and is mainly carried out for anisotropic materials
with certain symmetry and, hence, fewer independent functions E,(¢) and Ry, (¢).

For viscoelastic orthotropic bodies with cylindrical anisotropy, the rheological equa-
tions (1) can be adapted as

1 * ® * 1 *
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where the values marked with stars are the Volterra integral operators of second kind (r, ¢, z)
cylindrical coordinates. It is assumed below that

* * * * * *
E,,=E,; V., =V, G,, =G,

Volterra Principle. Volterra pointed out that in solving problems of linear viscoelas-
ticity (hereditary elasticity), the operations to solve the differential equations and the time
integration operations to calculate Volterra operators can be performed in any order. This
leads to the Volterra principle: to solve a viscoelastic problem, it is necessary to find the
linear elastic solution and to replace the elastic constants in it with operators, expanding
the resulting combinations of operators or functions of operators.

It was established [15, 51] that the Volterra principle is applicable if the crack grows
monotonically with time and the cohesive zone is constant. If the external load’s domain in
the boundary conditions does not change with time, this principle is applicable no matter
how the crack length varies. For the cohesive zone model, not only the applicability
conditions for the Volterra principle must be satisfied, but also the cohesive zone must grow
monotonically.

Rational Functions of Operators. In the general case, the solution of the boundary value

problem of linear viscoelasticity for homogeneous bodies is
FCx0)=F(R)g(x;.0), @)
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where g(x;,¢) is the external load; F (R;k ) is a function of operators Rl-* , which should be

expanded somehow because it has been written formally, by replacing the elastic charac-
i

teristics R; with the respective viscoelastic operators R; .

If F is a rational function of resolvent operators Rl-* , it can be expanded using the

algebra of resolvent operators [48].
Nonrational Functions of Operators. If F is not rational (irrational, transcendental, etc.)

function of the resolvent operator R’ then it can be expanded in a conventional way [48],
using a power series:
R O W
F(xR)= Y 2GR, 5)
n=0 n:
F (”)(0) is the 7 -th derivative of the function F with respect to R" at zero; (R*)" is the

n -th degree of the operator R, which is an operator whose kernel is iterated n —1 times.
In this case, the viscoelastic solution has the form

o (n) .
S(x;, 0= ZFT,(O)(%R )" g(x;,1). (6)

n=0

In [48], it is shown that series eq. (6) converges slowly; therefore, for high accuracy of
the solution, it is necessary to retain a great number of terms (up to several hundred) in the
series. This leads to unwieldy calculations required to conduct with very high precision,
which is not always possible or acceptable.

To overcome these shortcomings, it was proposed in [17] to use the method of operator-
valued continued fractions, which is outlined below.

2.2. A method of operator-valued continued fraction (for resolvent operators). Rather
than expanding a function of integral operators into some operator power series (an analogue
of Taylor series) as it was proposed by Volterra [63], this function can be represented by a
new mathematical object which is called an operator-valued continued fraction [17].

Thiele’s formula [14] can be used to expand the function of integral operators 7' (Ri* )
into a continued fraction of these operators

*

T(%iRi):TO{I+KW+:|:TO [+ 9%t
1

— | (7
m=l % R;
E—
7R

I+...

I+

This allows us to introduce rapidly converging continued fractions of resolvent integral
operators instead of weakly converging operator-valued series.

With this approach, the function T (%iR: ) can be represented as a linear combination of

resolvent operators R'. A few approximations are sufficient in the interpolation process for
continued fractions to converge with an appropriate accuracy [14].
*
. . . . . * n c A .
Denoting the finite fraction with » chains as F,, = K ——— (for ¢, >0) the following
r=1

remarkable properties of operator continued fraction convergence can be obtained from the
proof of the continued fraction convergence theorem [20]
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where |||| , is anorm in space E . The precise value of the function is found to be between

the finite fractions with the even and odd number of chains.

To solve eq. (7) one need to present operator 7" as a standard convolution-type
integral

T*f(t)—To{f(t)Jer(t—r)f(r)dr}. ®)

0

Here, T°=F (%I-R,-O), [1(¢—7) is the kernel of operator T’ ", As a rule of thumb, the con-

tinued fractions of operator T : converges rapidly to T " [14] and therefore it can be replac-
ed with its approximant in eq. (7). Using the algebra of resolvent operators [48], it iS pos-
sible to reduce eq. (7) to

N
7 =71° {I+Zu,-R*(;/i)}, )
i=1
where I is the identity / identity operator, T°, M; , ¥; are some constants.

As it follows from eq. (9), the kernel of T * can be written in the convolution form as

(=)= SuR(-r.7,). (10)
=1

. * . . *
Moreover, the expression for 7'(s;R; ) remains in the class of resolvent operators R; .

Finally, the definition by the continued-fraction expansion of a non-rational function of a
resolvent operator is a more general definition than the expansion into power series eq. (6)
because it is applicable to both holomorphic and meromorphic functions. For holomorphic
functions, both definitions are equivalent.

2.3. The continued fraction expansion. A theorem of convergence of Volterra integral
operators continued fraction was formulated and proven in [17]. To represent the function

F (E;-) in standard form, expand square root function into continued fraction. Such an ex-
pansion has the form [14] of eq. (7).
Formal substitution of operator Z:’zlg“iR*(ni) for x ineq. (7) yields

; CGER (1) oY ER (1)
JTH2ER () =T+ K~ =T — L .o
- a QYER (1)

I+ =1

C3Z§iR*(Zi)
[+
I+...

Following the resolvent operators algebra rules [48] the M -th finite fraction approxi-
mant for eq. (11) can be reduced to the form

w 2 ;iR*(Zi) m
i=1 _ *
I+r51f71+ ‘ 7R (6)). (12)

1

/1+i§iR*(;(i)Zl+i7jR*(§j). (13)
i=1 Jj=1

~
Il

Whence,
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2.4. Determination of a Superposition of Irrational Functions of Resolvent Opera-
tors [20]. If it is necessary to determine a superposition F of two irrational functions £

and F, of the resolvent operator

F=F{R[«R (2)]} (14)
then the internal function F,, which is represented by a linear combination of resolvent
operators

. ¢, kR (2 .
By kR (2)]= ey + K2———mco+ Y, R (%) (15)
no plE

can be determined first. After that, the external function F, of the linear combination obtai-
ned is determined,
€y lZaizR (/1,-2)
F=~F ZaizR (/11-2) =co+K—2
i n
2

1

7 :c(’)+Zai1R (/1,.’1). (16)
4

If it is necessary to determine a superposition F of several functions F; (i =1,_m) of
the resolvent operator

F=F {F2 [ F,[<R (z)]}} (17)

then the function F,, is determined first, after that the function F,_,, and so on, until the

superposition F is determined. The determination of a superposition of two or more
irrational functions of a linear combination of resolvent operators may be similar: the

function F), [Zz‘i 1KSR*(AS)] is determined first, after that F,_, of the obtained linear

combination of resolvent operators.

Below, the effectiveness of the proposed method is shown for one of the theries
describing the subcritical crack growth in viscoelastic anisotropic bodies and composites
[15,17, 19].

3. Mechanics of slow crack growth in viscoelastic bodies.

3.1. Modelling crack in viscoelastic media. Numerous experimental studies [24, 38,
65] indicate that there is a cohesive zone at the crack front that moves together with the
crack. Cohesive zones appear due to the high level of stress at the crack front. The material
in a cohesive zone is damaged (for example, “crazes” in polymers) (fig. 1) [54].

These cohesive zone models can be called two-phase models because the material goes
through two phases of fracture, unlike sin-glephase models such as the Griffith — Irwin
model, where the solid material abruptly (with-out transient phase) becomes damaged. Among
two-phase models, it is worth to mention the Leonov — Pana-syuk model [41], the Baren-
blatt model [3], the Dugdale model [12].

Generalizing the above models to visco-
elastic materials leads to a new kinetic model
that differs from the static model which g
describes the critical state of elastic bodies.

According to modified Leonov — Pana-
syuk — Barenblatt model (see [15, 16, 24])
that can describe the fracture behaviour of
some viscoelastic polymers and composites,
the non-small cohesive zone at the crack tip
is replaced by a notch on the crack continu-
ation with selfbalanced compressive stresses
o(t) distributed along the zone and applied
to its edges (fig. 2). Here, a(¢) is the half




A crack, d is the constant cohesive length

Y a(t) halflength of the crack at time ¢ .
o (t) This model has an experimental back-
-\ ground for orthotropic polymeric composites
(fiber-glass plastics) [18, 19].
—> In this paper, the critical COD [39, 50,

_//‘ T 51, 64] is used as a criterion indicating when

a mode I crack starts growing. It is also can
( t) d be assumed that the used criterion is valid
a for a growing crack at every instant. Thus,

5()C,t)| :5167 (18)

Fig. 2 x=a(t)

where & =2v is the crack-tip opening displacement & crack-tip opening displacement (v is
vertical displacement of the crack edges), J;, is its critical value 0,, critical value of the

crack tip opening displacement.
Other criteria for the limiting state in viscoelastic bodies have been proposed in works
by [38, 43, 54, 66] (for a survey one is referred to [37]).

3.2. Mode I crack opening displacement in viscoelastic anisotropic body. According
to the Volterra principle, the boundary of a crack in a homogeneous viscoelastic body can be
described by the equation [15]

S(x,8)=T"6y(x,1), (19)
where J,(x,?) is a function of mechanical and geometrical parameters; T " is a function of
integral operators

T" = f(Ryy). (20)
where f is a specific function; 7" and R;.kl are linear Volterra operators of the second

kind.
The standard form of this integral operator is

T"s(t)=T, |:s(t) + jH(t— T)S(T)dl':|. 1)
0

Hence, it is possible to express viscoelastic mode-I crack opening displacement in a
viscoelastic body as

o(x,t)=T, {50()@ t)+jH(t—r)50(t, ‘r)dr}, (22)
0

where T,0,(x, t) is the elastic mode I crack opening displacement.
Substituting the expansion from eq. (10) into eq. (19), yields

5(x,0)=T, {50()@ n+| iu,.R (t—7,7,)8(t r)dr}. (23)
0i=l1

Structure of J,(x,7) depends on the crack path, external loads and the body geometry.

For the orthotropic viscoelastic plate with a rectilinear through-thick crack of length 2a
located along one of the plate orthotropy axes (denoted x ) and the self-balanced quasi-static
loading on the crack faces ¢, (x,¢) (|x|<b, b<a), d(x,1) is as follows [17]

L
S(x.0)=-T" [ g(£.0T(L, x, £)dE, (24)
-L
where
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(x5 = LR =P =8,

2 oxge (==&

qO(x’t)’ |)C|< b’
q(x, )= 0, b<|x|<a(t), L(t)=a(t)+d,
—o(t), a(?)<|x[<L(@),

d prefracture zone length T " is an integral operator with translation kernel which can be
written as a function of other operators as

. 1 E, « | E
= 2[ %—v21]+%. (25)

”\/E;E;z

It should be noted that 7" depends on the kind of anisotropy.
According to the chosen crack model, the stresses at the crack tip should be finite. This

condition can only be met if
L(t) [r2 2
LWL (1) —
fim j%("g )_;) < 4e=0. (26)

XL ) X

This equation is an additional dependence between the external load, the crack length
and the length of its process zone.
For macrocracks (d < a ), it is possible to use SIF and eq. (24) can be rewritten as

w2 — ~ Nd —Jd—x+a(r)
o(x,)=T ﬂa(t){z dld—x+a(t)]+[x a(t)]ln\/g+\/d—x+a(t)}’ 27

where o ()=(zK ,2 ) / (8d) and K, stress intensity factor for mode-I crack is the value of
SIF for the given problem parameters; o(¢) uniform stress level in the process zone at the
moment ¢ .

3.3. Subcritical quasi-static crack growth in viscoelastic bodies. In the general case,
a mode I crack in viscoelastic body under subcritical loads goes through the incubation
(preparatory) stage when the crack gradually opens but does not grow; initiation (transition)
stage when the crack grows through the initial process zone; and the main period of quasi-
static growth that lasts until the crack starts to grow dynamically [17].

The governing equations for all those stages can be obtained by substituting eq. (23) or
eq. (27) into the criterion eq. (18).

In what follows, only the main stage of crack growth is studied because as it follows
from works [16, 54], this stage duration is very close to the life term of a viscoelastic body
with crack.

During the main stage of slow quasi-static crack growth under the constant or slowly
changing external loads, the crack gradually tears continuous material that once forming a
cohesive zone. The crack begins to open in the cohesive zone after the tip of the cohesive zone
reaches a certain point in the viscoelastic material. This moment of time is denoted by ¢'.
For non-small cohesive zone, the equation of slow crack growth at this stage is derived
assuming that criterion eq. (18) is satisfied at every instant of crack growth. In this case, this
yields [15, 16]

5,.=T° {50 [a(0)] +jl'[(t—r)50 [a(0), a(r)]dr}, (28)
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where §[x,a(r)]=Ty6,[x,a(t)]; Sla(t),a(r)] is the elastic opening displacement for the
crack of length a(z) for x=a(t); ¢' can be found from the equation
a(t)—a(t)=d.

Eq. (28) is a nonlinear integral equation of complex structure.

In general terms, eq. (28) cannot be solved analytically. However, they can be solved
numerically using discretization by the space coordinate. It is shown in [27] that the most
effective implementation of the numerical scheme is to determine the time when the crack
tip arrives at some given mesh node. Assuming that the speed of crack tip on each step is
constant, the time 7, when the crack tip arrives at the X-th node can be determined from a

nonlinear equation.
For macrocracks (d < a(t) ) [15, 16]

1
Keopad] n(d—jst(s)ds, (29)
0 a

K, a
where K; is SIF, K. is its critical value for a =a. K, critical value of stress intensity
factor for mode-I crack, when the crack starts to grow dynamically; @ is the crack growth

velocity; F(s)=+1-s +s/2[ln(l—\/1—s)/(1+\/1—s)].

Eq. (29) is a general dependence between the SIF and crack velocity for every growing
crack because it does not depend on geometry parameters and kind of mode I loading. The
existence of such a general dependence is experimentally proven in work [24] for a wide
range of polymers and polymer-based composites. The integro-differential eq. (29) allows
analytical solutions for crack growth kinetics and durability of a viscoelastic body for some
problems.

In what follows, solutions to several problems of long-term fracture of anisotropic
plates and bodies are given by the operator continued fractions method.

4. Subcritical growth of a mode I crack in an anisotropic viscoelastic plate.
To analyze some advantages of the proposed approach consider a mode-I macrocrack
growth along an orthotropy axis in the orthotropic plate under the static subcritical loads.
For simplicity, it is assumed that the material of the plate

R exhibits the shear creep only. As it is shown by [48], such
y1Eo properties are common for plastic reinforced by orthogonal
2 glass fibers. This assumption is not restrictive for the
o(t) o(t) o  method.
By The problem notation is shown in fig. 3.
| T The simplified version of the constitutive egs. (1) then
can be written as [40]
2a d
2L &1 =011/ Efy =v3) | 30
I Ep = —v2°1 /EZOZO'” +0y /E202;
Fig. 3 €12 =2/G1*2012,

where £, and EJ, are the instantaneous elastic moduli for axes x and y, respectively,
Vgl is Poisson’s ratio in x direction for the tension along y , and
1 1 *
— = | 1+ 4R (Bg) |- (30)
G, Gp [ J
Substituting eq. (30) into eq. (25) yields
T" =Ty\1+ 2GR (Bg), G1)
where
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1 EO EO 0
To_wf 00 4|2 \’%_Vgl ++:; A6 =2 i .
Ey\Ey Ey, G 2{ Elo1 0 ]+ Elo1

E3, Gy
As it follows from [14],
Jix=1+ g oo 9% (32)
m=1 1 1+ sz
e
1+...

o0
where ¢, =0,5 and ¢, =0,25 for r=2,3,... K continued fraction notation
m=1

Hence,
/[_i_/léR*(’gG):[Jrzfzwzl_,_zﬁM’ (33)
i=1 1 i=1 1
where
i=1 b, b+ a)
b, +...
For m=1,
JI+ 2R (Bo) z1+2w=1+0,5%1f(ﬂ6), (34)
for m=2,

Hence, Eq. (33) can be written as

* ml * -
JI+26R (Bg) =1+3 CR (ﬂi),ml=[m71}+l, (35)
i=1

where [(m -1/ 2] is an integral part of (m—1)/2 . So the kernel of this integral operator can
be expressed

ml
(t-7)=Y CR(t -7, 8,), (36)
i=1
where R(¢—7, ;) are the kernels of resolvent operators R*(ﬁi). I1(¢—7) kernel of Vol-
terra integral operator

It can be shown [48, 49] that within the framework of the fractional calculus and some
other non-restrictive limitations

© ne,  \n(l-a)-a
RG—1, B) = Ey(t—z, )= 3 LU=

—_— 37
=0 F[(n+1)(l—a)] 37

where f;, o are rheological parameters, 0<a <1, S, <0.
Substituting egs. (36), (37) into eq. (29) gives an equation of subcritical crack growth

ﬂn 1S n(l-a)-a
K _patse s

IZQZ ]F(s)ds:

K, ayia ol [(n+1)(1-a)
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mn
2CB
i=1

$ ( dj(nJrl)(la) i (1-c) i ( ) 4\-a)
=+ — = — | — SR (s)ds =1+ Y 4, (e, C, B (—J ,
ST[(n+1)(1-a)\a 0 = a
(38)
where
ml
C.p"
A (e Cop)= 2 o .
2 [(n+1)(1-a)+ 1T [(n+1)(1-a) + 1,5 ]
The duration of the main period of crack evolution can be found as
Aty = | l,da, (39)
a

%
where a. is the critical half-length of the crack a. critical half-length of the crack (the value

of a when the dynamical growth begins). Taking into account two terms in eq. (38), one
can find that

l-a 2(1—0:)
R o1y, (ij 4, @ , (40)
K, a a
where
S S
_\/; i=1 i . _ Jr i=1 i
Al - i AZ___ (}/i<0)9 (41)
2 (2—a)F(2,5—a) 2 (3—2a)F(3,5—2a)
whence
1/(1-a)
d K
Z=ul1= 1= le _q , 42
P al[ az[KI j] (42)
where
_[ 4 v 44,
aq = 5y = —=
24, 4

/(1)
Aty = 1= [1ma,| ey da =
d "% K,

a 1/(1-a)
=% %1~ [1-a, Kie <. (43)
d 71 K, aq

For the crack in an infinite plate,

K; =Pra. (44)
From eq. (44), one can find that

2
acfay=(K;[Kp)", (45)
where K| is an initial value of K, .K] initial value of stress intensity factor for mode-I

crack.
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Substituting eq. (45) into eq. (43) and replacing a/a, =¢ gives an equation to deter-
mine the duration of the main period of crack growth

_aq A B Ve | K.
At11—7j 1- [1-a, 2—1 dé&;, B= i | (46)
1 1

A life term T for the plate with a macrocrack is determined by the duration of the main
period of the crack growth. Thus

» R 1(1-a)
Tz‘;—ﬂaldu /1—%[?—1)] dé. (47

K (MPa - 1110‘5)

14 \
K? (MPa-mO"J)

13

14 = 12

- ,
12 /2/ 11 \\
™

10 /{ 10
1

5 -4 —3  —2loga (mm/s)] 1 2 3 4 510g,0[T (3)]
Fig. 4 Fig. 5
For a composite material of tree layers longitudinal reinforcement by alumoborosi-
licate glass fabric TC-10 and polyethylene matrix with Elol =19,7 GPa; E§2 =11,7 GPa;
v =0,14; G, =0,637 GPa; a=0,717; A;=0,1398s*"; f,=-0,0407s*";
K. =15,4MPa-m"°, d =0,59 mm, a dependence K;(a) vs. a is given in fig. 4. Fig. 5
shows the plot of K,O(T ) T life term of the cracked body for 2a, =10 mm (“1” and “2” are

the first and second approximations obtained by the operator continued fractions method). It
should be noted that the second and third approximations are indistinguishable on these
figures (see Table) as a result of the quick convergence. Moreover, as it follows from [14],
the exact value of K,(a) lies between any even and odd approximations. This is why the

second approximation for the studied material gives almost precise coincidence with the
exact solution.

a , mm/s
2-nd approximation | 3-rd approximation
14,815 14,815 1
14,355 14,353 0,1
13,629 13,622 0,01
12,625 12,598 0,001
11,464 11,376 0,0001
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5. A crack in a viscoelastic body of cylindrical anisotropy.

Consider fracture of viscoelastic body of axisymmetric (cylindrical) anisotropy with a
penny-shaped crack of diameter 2a¢ under uniform tension of intensity p applied at infi-

nity (fig. 6).
T T T T D The problem is solved in the axisymmet-
A ric statement, i.e., the material is cylindri-
Z cally anisotropic [40] and the crack stays flat

and circular through all the period of its

a(t) a(t)
l——Djj/ ND:D* growth. This holds true provided that the
J 5 anisotropy axis is normal to the crack plane
m r  and goes through its center.
Lw d It is assumed that the material properties
| of the body can be described using eq. (3)

T and fracture properties K;., &, do not de-
pend on the location of the crack front and
Fig. 6 keep the same values during the life term of

the bulk material.

Let a crack to be located in the isotropy plane of the transversely isotropic body at a
large distance from its edges. It is assumed that the crack remains circular in its initial plane
during its propagation. The body is loaded by distributed forces of intensity p acting along

the normal to the crack plane. In this case, the viscoelastic opening of the crack is described
[23] by
S(rt)=T"6,[p,r,a)]; T =T"/T°, (48)

where &, (p,r,a)=T"ayp¢ (r/ay,alay) is the elastic opening displacement of a crack of

radius a(?) atapoint r, a, =a(0); £(&,n) is a function expressed as follows

arcsm

-1/2
g(g,n)=%[%+1j[zi+1j \/77 - Ein%ada, (49)

P

arcsin——
n +P

for 0<p<&<n+p; p=d/a, is the dimensionless width of the ring-shaped cohesive

zone; T is a function of integral operators E ; characterizing the viscoelastic properties of

the material

1 1 Vl 1 VIZ zr * * E*
7 =F(E))= "”Z” o [¢ o) ) ~( v v |+, (50)
Err EZZ E}”I’ EZZ GI’Z
where E,., E.., G.., v s v, v.. are viscoelasticity operators.

Consider the case when viscoelastic properties of anisotropic material can be described
by the resolvent Rabotnov operators [48] (it is usually enough to use just one operator for
one property but as it is shown in [29] the method works for arbitrary number of terms in
each operator)

=1+ AR (B ] = ELO[MZR*(/%Z)];
o= (1 2R B | i =y [142,K (B ) (51)

v =ve[1+ 4R () ]; v vg.[lmz,R*(ﬁz,)].
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The rheological parameters I/Eﬁ),, I/ESZ, I/GBZ, v?qo, v,(.)z, VS,, A, B, A B, Ag,
Bs» Ao> Brp> Az Brs Azs B, canbe determined from creep tests [24].

It is possible to use the expansions from the earlier sections. To simplify things, it sho-
uld be noted that if vl-(;v,?, <1 it is possible to use an approximation V;O long-term values of

viscoelastic moduli
V43+V; Vo Vil e
where
vy =(v;ol),_m.

Using expansion eq. (32) one can obtain that

7
F(Ey)~ F(E;}){H Za;jR*(pj)}, (52)

j=l

where
p1=B,—0,250,; p,=B.—0,252,; p; = B;,(j=3..7);

52,
a)1=0,5/1,(1+ 0,54, ] 1+O,52 / —|;
P1~ P2 Jj=1 p-p

J

54
a)2=0,5/1,(1+ 0,54, ] 1+0,SZ J - |;
P2 =P =1 Pz_ﬂj

@; =0,5; 5| 1+ ?’5/1’ 1+ ,0’5/12 (j=3..7.
Bia—p Bia—ps

B;(j=1...5) are the roots of

5 A
1-0,25) —~L—=0;
i=1 ﬂi _IB

A;(j=1...5) are the solution of

=0 (i=1..5);

1—5 4

1 B = F;

J

Bi=5=0.250;5 =P Bs =B~ 45 Ba=B,~0.754; 5= B

0
A
,11—,12(1+ﬁ]ﬂ; ,12:_2,1”&; %—_ﬁr(l_f_ G Jﬁ;
Pa=p ) > ” By=Ps ) =

,14—_,1r(1+%]ﬁ; ﬂs_ﬂc(lJrﬁ/%’ Jﬂ;

4 =P % 3 P5) 7
0 5 EO 0
— . — . — . —
V= Vr(pvrz tV,., = (I—er)(l—VrZVZI") 0 ° My = 0 ° n = 2(%1 _V)+%2'
y74 rz

Then, the opening displacement can be written as
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t 7
S(r,t)= F(Eg){q(r, )+ j YoR(1—7, p)q(r, ‘[)rmdr}, (53)

0.j=1

where R(t—7, p;) are the kernels of R*(pj), j=1.7,

\/E—\/d—r+a(t)
Jd +\Jd-r+a(r) |

q(r,t)= za(t) {2 dld—r+a(®)]+(r—a(t))ln
T

For the macrocrack, it yields

17
Kie - 1+ij o;R (is, P J)F(s)ds. (54)
K, ay, = a
After some trivial integration by s, eq. (54) it can be simplified to
X, o (n+1)(1-a)
—le=1+3"¢ (a,w-,pv)(—,j , (55)
K; el N a

where
7
0,5V7 Q0p)
=1

(n+1)(1-)+1]T[(n+1)(1-a)+1,5]’

@ @p P =T

Taking into account only two first terms in the series in eq. (55), it is possible to find the
duration of the main period of subcritical growth of the crack [17]. As it is shown using the
more precise solutions [31], this duration is very close to the life term of the bulk body, T .

Thus
2
1/(1-a) [(K,C)/(K?)} 1/(1-a)
9o | <o de (K 1
=l [ - = dz; (56)
d 2Cl o K] \/;

0

For the numerical example, experimentally determined properties for a polymeric visco-
elastic composite [24] were used

E?r =15,3GPa; 4,.=0,0202 @b, B.= —0,0835sD;
E? =10,8GPa; 4, =0,0501s"“""; B, =-0,1011s*";
GY. =5,28 GPa; 4, =0,09855“"; B, =-0,0281s“"";
v, =0,13; v, =0,092; v,, =0,11; =0,75; K, =8,97 GPa-m"®; d =0,65 mm;

Fig. 7 shows the kinetic curve of the subcritical crack growth and fig. 8 can be used to
determine the life term by the given initial value of SIF.

K} (MPa-m")

K; (MPa-m")

8 8 -

7+ T

6 | | | | L | L)
-5 —4 -3 -2 logygla (mm/s)] 0 2 4 logy[T (s)]

Fig. 7 Fig. 8
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It is worth to note that the operator continued fraction technique allows to solve the
following classes of the fracture problems for the linear viscoelastic materials, in particular
for composite materials

* the problems for through-thick cracks (mode-I/II/IIl and mixed mode) for small and
non-small cohesive zones under the constant and slowly changing loads [4, 18, 19, 23, 24,
30, 32, 33, 35, 60];

» the problems for internal mode-I penny-shaped cracks for small and non-small cohe-
sive zones in anisotropic bulk bodies under the constant and slowly changing tensile loads
[24,27,31, 34,];

* the problems for wedging of cracks [9, 22].

Results and conclusions.

1. The operator continued fraction technique allows to get rid of one of the shortcom-ings
of the analytical method of Boltzmann-Volterra theory, i.e. ill-convergence of the power series
of Volterra integral operators. This shortcoming prevents using this analytical method to
obtain effective solutions for the problems of subcritical crack growth in anisotropic visco-
elastic materials and other problems of anisotropic viscoelastic body deformation.

2. It should be noted that this technique allows obtaining semi-analytical formulae with
a manageable precision (it is shown that the second approximation can give an appropriate
result in many cases) for practical engineering applications in the complex multi-parameter
problems.

3. It is not the only advantage of the operator continued fractions technique when com-
pared with Volterra’s proposal to determine function of integral operators as a power series,
that the continued fractions converge faster but that the expansion of the function into the
continued fraction is more general as it can be applied to the non-analytical (meromorphic)
functions as well as to the analytical (holomorphic) ones. In particular, this is important for
multiply-connected domains when there are many cracks voids or inclusions in the body. This
can potentially be used to study micromechanics of composite deformation and fracture.

4. The operator continued fraction methods allows investigation in case of the more
complex crack models (see [25, 26, 56, 58, 61, 62]).

5. The technique that is presented in this survey can be used to solve various problems
of composite long-term fracture (provided that the conditions of composite homogenization
hold true) for various reinforcement patterns and various viscoelastic properties. The solu-
tion obtained can be used for the theoretical prediction of life time and crack growth resis-
tance of composite structural elements.

HaykoBi nociipkeHHs, pe3yJibTaTH SIKUX OIyOiKOBaHO B JaHid CTaTTi, BUKOHAHO 3a
paxyHOK OromxeTHOi mporpamu «IlinTpumka npiopuTeTHUX HarpsSIMKIB HAYKOBHX JOCIiI-
serpy (KIIKBK 6541230).

PE3IOME. BucBiTieHHO MeTOQMKY pPO3B’SI3yBaHHS 3a/1ad JiHIHHOI B’s3Ko-mpykHOCTi. HaBemeno
OCHOBH 3aCTOCYBaHHS JIAHIFOTOBUX JIpOOIB 10 pO3B’sI3yBaHHS JIESKHMX 33ady I0J0 MOBIIBHOTO MOLUIMPEHHS
TPIIIMH Y B’S3KONPY)XKHHUX aHI30TPONHMX Tinax. Ha mpukiazax mokasaHo, 110 METOJ OINEPaTOPHUX JIaH-
LIOTOBHX PO0IB MOKHA e€(DEKTHBHO 3aCTOCOBYBATH JI0 PO3B’SI3aHHs CKJIAHUX 337a4 MEXaHIKH pyHHYBaHHSI
JUISL Cy4acHHX aHI30TPOITHUX KOMITO3UTHHUX MaTepialib.

KJIIOYOBI CJIOBA: niHiifHO B’A3KONIpYXHE CEpEIOBUIIE, aHI30TPOINis, pyHHyBaHHS], TpilIMHA,
JIOBIOBIYHICTb, IHTETPAIILHHUI ONIEPATOP, JIAHIIOTOBHIA Api0.
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