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ARTICLE INFO ABSTRACT
Article history: Using a self-similar variables, an asymptotic investigation is carried out into the stress fields and the rates
Received 16 May 2007 of creep deformations and degree of damage close to the tip of a tensile crack under creep conditions in

a coupled (creep - damage) plane formulation of the problem. It is shown that a domain of completely
damaged material (DCDM) exists close to the crack tip. The geometry of this domain is determined for
different values of the material parameters appearing in the constitutive relations of the Norton power
law in the theory of steady-state creep and a kinetic equation which postulates a power law for the dam-
age accumulation. It is shown that, if the boundary condition at the point at infinity is formulated as the
condition of asymptotic approximation to the Hutchinson-Rice-Rosengren solution [Hutchinson JW. Sin-
gular behaviour at the end of a tensile crack in a hardening material. ] Mech Phys Solids 1968;16(1):13-31;
Rice JR, Rosengren GF. Plane strain deformation near a crack tip in a power-law hardening material. ] Mech
Phys Solids. 1968;16(1):1-12], then the boundaries of the DCDM, which are defined by means of binomial
and trinomial expansions of the continuity parameter, are substantially different with respect to their
dimension and shape. A new asymptotic of the for stress field, which determines the geometry of the
DCDM and leads to close configurations of the DCDM constructed using binomial and trinomial asymp-
totic expansions of the continuity parameter, are established by an asymptotic analysis and a numerical
solution of the non-linear eigenvalue problem obtained.

© 2008 Elsevier Ltd. All rights reserved.

An approach, similar to that used below, was implemented earlier to investigate a problem of an antiplane shear crack under creep
conditions in a medium with damage.* It was shown that a domain of completely damaged material exists in the neighbourhood of the
tip of a steady crack (this can be interpreted as a domain, adjacent to the crack surfaces, occupied by microcracks which are orthogonally
orientated with respect to the main (macro) crack). In this domain, all the components of the stress tensor are zero and the continuity
parameter reaches a critical value (in the given case, it is assumed that this value is equal to zero).

The study of the stress-strain state and the continuity distribution in the neighbourhood of the tip of a tensile crack under conditions
of a plane strain state and a plane stress state is a natural continuation of investigations in this area.

1. Formulation of the problem

A neighbourhood of a semi-infinite tensile crack in an unbounded body is considered. The constitutive relations of the material of the
body are constructed using Norton’s power law of the theory of steady creep
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in the case of a plane strain state and
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Sy = (206,,—Ggg)/3, Sg9 = (2049—0,,)/3, O, = G, + g9~ 0, g9+ 30,9

in the case of a plane stress state. Here, &;; are the components of the rate of creep deformation tensor, B and n are constants of the material,
O is the stress intensity, o;; are the components of the stress tensor, {s is the Kachanov continuity parameter? (1 — s is the Rabotnov damage
parameterS) and sij=0jj — 0;j0k/3 are the components of the stress deviator.
In a polar system of coordinates with the pole at the crack tip, we have the equilibrium equations
190,4 + 9% _ 96,9 190g9 _ ,Oye
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the condition for the compatibility of the deformations, formulated for the rates of creep deformation
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and the kinetic equation, which postulates a power law for the accumulation of damage

o m
‘1"__" = _A(ﬂl) ; (jeqv = (X,(56+B61+(1—a"ﬁ)okk

dt \j (1.4)

where A and m are material constants, t is the time, oeqy is the equivalent stress, o is the maximum principal stress, oy is the hydrostatic
stress, and the constants o and 3 are found experimentally.
The constitutive relations (1.1) are represented in the form: in the case of a plane strain state
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and in the case of a plane stress state
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The conditions that there are no surface stresses on the crack surfaces have the form
Gee(r,e=i-n, t) = 0, Gre(l‘,e=i7€, t) = 0 (‘17)

In the case of constitutive relations (1.1), the boundary condition at the point at infinity can be formulated as the requirement that there
is an asymptotic approximation to the Hutchinson-Rice-Rosengren (HRR) solution?3

G(r =0, 0,1) = (C¥(BI,r))"" " 5,(6,n) (18)

where C" is a fracture parameter, defined by a contour integral, which is independent of the integration path, and was introduced for the
analysis of bodies with cracks under creep conditions, I, is a function which depends on n and is defined as a dimensionless C -integral
and 6(6, n) are functions which are known from the HRR solution.

2. Self-similar variable in the problem of a crack in a medium with damage

In the case of a stationary or growing semi-infinite crack in an infinite body in a material with the constitutive relations of the coupled
problem in creep and damage mechanics theory, constructed using a power relation between the rates of creep deformation and the
stresses (1.1), the initial conditions have the form

G,(r,0,1=0) = (C*/(BI,r)""" 5,8, n) 1)

The asymptotic condition when r — oo is determined by the solution of the analogous problem without taking account of the damage
accumulation (yr=1). It should be noted that the initial conditions when t=0 (2.1) and the boundary condition at the point at infinity (1.8)
are identical, since they are specified by the solution of the problem for {s=1. It should be emphasized that the asymptotic condition (1.8)
is a hypothesis, according to which the stress fields remote from the crack tip and close to the tip of a stationary crack in a material with
power-law constitutive relations are identical. It has been established! that a self-similar variable

—~(n+1)/m

R = (Br/C*)(A1) (2.2)

exists for the constitutive relations (1.1) with initial and boundary conditions (2.1) and (1.8).
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Expression (2.2) and the existence of the self-similar variable R are easily proved using dimensional analysis. Introduction of the
dimensionless quantities

~1(n+1)

#F=rlL, T=1tIT, 6,-j = Gij(C*/(BL))
where L is a certain characteristic length, T is a characteristic time, and the characteristic length and time can be related by an analysis
of the kinetic damage accumulation equation (1.4) and T=A-1C"/(BL)~™("*1) enables one to represent the dimensionless stresses Gjj as
functions of the dimensionless variables in the form

A a o A - I(n+1
6,(,0,1) = (C*/(BL)) """ Vo (r/L, 0, tA(C*/(BL))"" " ") 23)
Since there is no characteristic linear dimension L in the problem being considered, it has to be eliminated from the arguments of the
function 6, which is achieved by introducing the self-similar variable

r/L

R = miGre 1 (% D/

" [tA(C*/(BL))

(2.4)

As a result, the self-similar variable (2.2) can be obtained. In this case, the stresses and the continuity parameter are represented in the
form

~1/m o N
Gl-j(r, 6,1) = (A1) m(Sij(R, 0), wy(r,0,1) = Y(R,0) (2.5)
where 6(R, 8) and JJ(R, 0) are dimensionless functions of the dimensionless variables R and 6 and are to be determined when solving the
boundary-value problems.
It should be noted that the boundary condition at the point at infinity can be formulated in a more general form compared with (1.8),
namely

G,(r = 0,8,1) = Cr'c, (8, n) (2.6)

The exponent s is to be determined when solving the problem, and C is the amplitude of the stress field at infinity, which is determined
by the geometry of the real sample and the system of applied loads. The self-similar variable for the boundary condition at the point at
infinity (2.6) is introduced by a method, similar to that described earlier, and it is based on an analysis of the dimensions of the quantities
appearing in the problem. Actually, the self-similar variable

R = rptac™"" 2.7)

exists in the case of the power constitutive relations (1.1) with the boundary conditions at the point at infinity (2.6).

The introduction of self-similar variable (2.7) does not change the form of equilibrium Eq. (1.2) and compatibility conditions (1.3), in
which the coordinate r has to be replaced by the self-similar variable R. The kinetic equation and the boundary condition at the point at
infinity undergo changes. The symbol over letters will henceforth omitted.

It is assumed from the results of investigations carried out earlier’~10 that a domain of completely damaged material (DCDM) exists
close to the crack tip, in which all the components of the stress tensor and the continuity parameter vanish. It is therefore necessary to find
a solution of the system of equations consisting of equilibrium Eq. (1.2), compatibility conditions (1.3) and the kinetic equation

oy _ ((ﬁ)m
R -~ My (2.8)

over the whole of the domain — < 6 <  with the exception of the DCDM. The solution of this equation must satisfy the following boundary
conditions:

the conditions that there are no surface stresses on the upper surface of the crack
the symmetry conditions in its continuation

9%0 0 =0 = 0 RO=0) =0
59 R:9=0) =0, 0ge(R,0=0) = (2.10)

and the asymptotic condition at the point at infinity

G;;/(R—,0)~ Rs&ij(ea n) s<0 (2.11)
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3. Asymptotic solution
3.1. Plane strain state
The power form of the constitutive relations of the problem and the kinetic damage accumulation equation enables us to find a binomial

asymptotic expansion of the Airy stress function and a trinomial expansion of the continuity parameter for large distances from the crack
tip in the form

F(R,8) = R"fo(8) + R £,(8) + o(R")

W(R,0) = 1-R'gy(8)—R"g,(8) +o(R") 3.1)

1

where N\, A1, A, A1 and fp(0), f1(0), 20(0), g1(0) are unknown eigenvalues and eigenfunctions, to be determined. The binomial asymptotic
expansions of the components of the stress tensor and the stress intensity when R — oo are then defined by the relations

0x(R,0) = R'om+ R0+ ... = RAfo+f)+ R M fi+f)+...

Cgo(R,0) = R'oby + R'0ly + ... = RAA-1)fo+R A (A = )f, + ...

Oro(R,0) = Roep+R'chg+... = —RA-1)fy—R"A=1,)f} + ...

0,(R,0) = R'6(0)+R"cV(0)/cV®)+...; s=Ar-2, 5, =24,-2 (32)

The coefficients a‘e‘”(e) and 021)(6) are calculated from the formulae

3 2 2
60(0) = L Jioy-o) + 4(al%)

(0) 0)y, (D (1) (0) (1)

1
G(e )(9) (Ogrr—Ogo)(Oggr—Ogg) +40gORre

An asymptotic analysis of the kinetic equation enables us to conclude that y=sm, y; =sm+s; —s (the hypothesis that the orders of
smallness of the principal terms of the asymptotic expansions of the terms on the right and left-hand sides of the kinetic equation are
the same is adopted here). The constitutive relations of the problem lead to the following asymptotic expansions of the rate of creep
deformation at a considerable distance from the crack tip. For example:

trr = R0 1+ R (0 - )6V (6) 7 + ng,l1

e
0 0 S =5 1) 1
x [(cgr—06s) + R (cka—0Ge)] (33)

It follows from equality (3.3) that the principal term of the asymptotic expansion is of the order of RS" and the terms following it are of the
order of RS"™ and RS"+51-5, It should be noted that, by considering the coefficients of the principal terms of the asymptotic expansions
in the compatibility condition and the damage accumulation law, it is possible to arrive at an ordinary differential equation (ODE) for
determining the function fy(0) and, then, an algebraic equation which enables one to find the function go(60). In investigating the terms of
higher orders of smallness, it is necessary to obtain the ODE in order to find the function f;(0), assuming that the functions fp(0), f1(0), ...,
fi—1(0) and go(0), g1(0), ..., gi_1(0) have been previously determined. The construction of the asymptotic expansions and the availability
of the chain of ODEs for finding the coefficients of these expansions lead to the condition s; =s+sm, which enables all the terms in the
asymptotic expansion of the rate of creep deformation (3.3) to be taken into account. Consequently, the binomial asymptotic expansions
of the rates of creep deformation take the form

. . sn_(0) s(n+m) (1) . _ sn_(0) s(n+m) (1)
€rr = —€op = R Epp+ R €rr> Ero = R€pg + R €Rro (34)

where

0) O)\n-1._(0) (0) (0) 0),"-1_(0)
€gr = (O, ) Orr—Opo)s E€gop = 2(0,") Opg

(1) =1 (1) (1) (1, (0) _(0)
€rr = (0, ) Opr—Ogp + ® (Opg—Ogg)]

(1) 0),n-1 1 1) _(0)
ey = 2(0L)" " [ohg + o]

(1) (1), (0,2
o = (n-1)6,(6,’) +ng,
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Substitution of the binomial asymptotic expansions of the components of the rate of creep deformation tensor (3.4) into the compatibility
condition leads to two ODEs in functions of the angular coordinate

(0) d2 (0)

2sn+ 1)d—g" = —de—gR—sn(sn+2)£(0) s
3.5

(1) d2 (1)

2[s(n+m)+ 1]—‘13—e = 75_ s(n+m)[s(n +m) +2]e\)

(3.6)

Eq. (3.5) leads to a fourth order non-linear ODE in the function f,(0)

(0% + 4h— 1’3115 = KI(n- DK@)fg+ (o) £31-

—(n=1)(n - 3)[K®) V1O~ (n-1)[M(0)® + 2K(8)D'] -

A2 = M6+ sn(sn+2)(60) @ (3.7)
where

® = AM2-Nfo+fo, A=-4(sn+1)(A-1), K(8) = <I><I>'+4(7\.—1)2f(')f(')'

n2

" 2 m
M(0) = A2-N)fo®@ + @ +4(h-1)°(fy + fofo)
The solution of Eq. (3.7) must satisfy the boundary conditions following from the requirement that there are no surface stresses on the
upper surface of the crack and the symmetry conditions for its continuation:

fo(0=m) =0, fo®@=m) =0, fo(6=0)=0, f,'(8=0)=0 (3.8)

A binomial boundary value problem is therefore formulated for determining the function fy(0), the solution of which was found numer-
ically using the Runge-Kutta-Fehlberg (RKF) and shooting methods. Eq. (3.7) is homogeneous, and the normalization condition for the
solution fo(6 =0)=1 is therefore adopted. When using the RKF method, it is necessary to select a constant fy”(0=0)=A; and an eigenvalue
X such that the boundary conditions on the upper surface of the crack (3.8) are satisfied.

After determining the principal term of the asymptotic expansion of the Airy stress function, the kinetic equation enables us to find the
binomial asymptotic expansion of the continuity parameter. The kinetic Eq. (2.8), and substitution of the asymptotic expansions (3.1) into
it, lead to the asymptotic equality

(1)/0(0)

R'g0(8) +7,R"g,(8) = smR™™(04))"[1 +mR™(G/cer + 80)]

eqv
where
cigi = (3-30.—2B)(CYn +Ou)/2 + (0 + B/B)c'”
Ol = (3-30—2PB)(Cka+54e)/2 + (0. + B/B)c V16
from which the coefficients of the trinomial asymptotic expansion of the continuity parameter
80(0) = (Geq)"s 81(8) = m(GQ)" (Ceqh/olg) +80)/2 (39)

can be found by equating the coefficients of like powers of R.

The binomial asymptotic expansion of the continuity parameter and the compatibility condition (Eq. (3.6)) lead to an inhomogeneous
linear ODE in the function f;(0), which is investigated numerically taking account of the boundary conditions on the upper surface of the
crack and the symmetry conditions for its continuation, which are analogous to conditions (3.8) for the function fy(0).

To use the RKF method, it is necessary to formulate the following initial conditions when 6 =0

f1(8=0)=A4A,, f1(6=0)=0, f/'(®=0)=A4;, f'(0=0) =

The constants A, and A3 are found when solving the boundary value problem for the function f;(0). After determining the function f;(6)
and, consequently, also o(ez)v, it is possible to find the function g;(0) using the second equality of (3.9). The configuration of the DCDM is

therefore determined by the relations

W= 1-R"g)(8) = 0 or R(8) = [g,(8)]"'*™ (310)
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¥ = 1-R"gy(8)~R*"g,(8) = 0 or
—1/(sm)

R(0) = {go(e)/2+J[go(e)/2]2+g,(e)}

(3.11)

and formulae (3.10) (formulae (3.11) enable us to find the boundary of the DCDM, which is determined by the binomial (trinomial)
asymptotic expansion of the continuity parameter.

The boundaries of the DCDM, found using the binomial expansion (the dashed curve) and the trinomial expansion (the solid curve) of
the continuity parameter for s=—1/(n+1) and n=5, which corresponds to the asymptotic condition of convergence to the HRR solution
and the more general boundary condition (2.11), are shown in Fig. 1.

In all the figures m=0.7n and, by virtue of the symmetry, only the domain X, > 0 is shown. The crack surfaces are represented by a bold
line.

It can be seen that, if s=—1/(n+1) is taken, then the dimensions of the DCDM, which are determined by the binomial and trinomial
asymptotic expansions of the continuity parameter, are considerably different since the characteristic linear dimension of the DCDM (the
length of the domain along the ordinate axis) increases significantly when account is taken of the third term in (3.1) which no longer serves
as a small correction to the principal term of the asymptotic representation (3.1). A similar pattern also occurs for other values of n.

The boundary condition at the point at infinity therefore cannot be formulated as a condition for the asymptotic convergence with
the HRR solution, and, in subsequent calculations, the boundary condition at infinity was therefore adopted in the more general form of
(2.11) and the eigenvalue s was determined numerically. The values of s found, that lead to DCDMs, which are determined by means of the
binomial and trinomial asymptotic expansions of the continuity parameter, and are close in their shape and characteristic dimension, are
shown below

n 3 4 5 6 7 8 9
K -0.77169 —-0.66848 -0.61790 —-0.59012 -0.57324 -0.56213 —-0.55436

The values of s obtained, which appear in boundary conditions (2.11), lead to a new asymptotic of the far stress field in the coupled
(creep - damage) problem. The values of the constants fy”(0), f1(0) and f;”(0), which are determined during the course of the analysis, are
shown below

n 3 4 5 6 7 8 9
-£4(0) - 10 43724 4092.0 39855 3950.2 3943.7 3948.6 3958.1
£1(0)-10*  1036.91 363.97 122.58 42.069 14.862 5.396 2.005
£l -10*  —471.07 -109.09 19.2 36.92 27.41 16.44 0.89

The effect of the critical value of the continuity parameter {s., is represented in Fig. 2 for n = 8. The boundaries of the domain of damaged
material are shown for different critical values of the continuity parameter. A change in the critical value of the continuity parameter does
not lead to a substantial change in the DCDM.

0.50

X v.=025 | —-g

2 =

0 %

-1.00 -0.75 -0.50 -0.25 0 0.25 X,

Fig. 2.



366 L.V. Stepanova, M.Ye. Fedina / Journal of Applied Mathematics and Mechanics 72 (2008) 360-368
3.2. Plane stress state

In the case of a plane stress state, the binomial asymptotic expansions of the components of the stress tensor are also determined by

equalities (3.2) but the coefficients 0'(60)(6) and cr(e])(e) are calculated using the formulae

(0) (0)42 0)\2 _(0) _(0) (0)\2
o%8) = (6’ + (6D - 6o + 3(6')

Moy — O (1), (0 (1) (0 () (1) (0) 0) (1)
O, (8) = ORrrOrr+ OgoOpp — OrrOp0 — OrrOpp + 30ReORe

The asymptotic representation of the components of the creep rate tensor for large R has the form

. _ sn_(0) s(n+m) (1) . _ psn_(0) s(n+m) (1)

€rr = R€gp+ R €rr> € = R €gg + R €gp

N _ psn_(0) s(n+m) (1)

€ro = R €gg + R €Ro (3.12)
where

0) (0)\n-1 (0) (0) (0) 0)\n-1 (0) 0 (0 0),7-1 (0
€gr = (O, ) (20pg—Opg), €9 = (0, ) (zoee‘cgelg ) SRe) = 3(02 )) °§ee)

e e

) (0)yn-1 1y (1 1,n (0) _(0)
€gr = (O, ) [20pg—0gg + @ (20Rg —Cpg)]

(1)

0) (0)
€99

=T, (1) (1) (D
(6,7) [2059 —Ogp+® (2049 —Ogp)]

e

6] 0)\-1. (1) (1) _(0)
€po = 3(0,) [Org+® "Oggl

By substituting the binomial asymptotic expansions of the rate of deformation tensor (3.12) into the condition for the compatibility of
the rates of deformation (1.3) and equating the coefficients of like powers of R, it is possible to find two ODEs for determining the angular
distributions of the stress tensor components and the continuity parameter

(0) d2£(0) 0 0
2(sn+ l)d—ge = —;égf - sne%; +sn(sn + 1)339)

de(le) dze(l) 1 1
2[s(n+m)+ I]d—g = I;R—s(n+m)s§”3+sn[s(n+m)+ 1]l
do

and, consequently, the function f;(0) satisfies the ODE
[(n- ¥ 72+ 2(6™)1f3" = kl(n- DK®) fo + () fy1-
_(n=1)(n=3)[K(©0)/c 1Y (n— 1)[M(6)¥ + 2K(0)¥'] -
G =6 o+ sn(6 D)W —sn(sn + 1) (™) 313)
where
¥ = AM3-N)fo+2fy K =-6(sn+1)(A-1), x =A2A-3)f,-fo
K(®) = [(Mfo+ o) ¥ +AA= D fox +6(h=1)"fof51/2
M(0) = [(Mfo+ fo)¥ +MA=1)fox +Afo¥ +
FM= D fox +6(h= 15+ Fofi) 12
The solution of the non-linear ODE (3.13), which satisfies the conditions
fo8=0) =1, f;(6=0)=0, f(86=0)=4, fi(6=0)=0
was sought numerically in a similar way to the case of the plane strain state described above. A boundary-value problem in the function

f1(8) is then formulated, which enables a trinomial asymptotic expansion of the continuity parameter to be constructed and enables the
configuration of the DCDM to be constructed in the case of a plane stress state.
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Proceeding as in the case of a plane strain state, it can be concluded that the coefficients of the trinomial asymptotic expansion of the
continuity parameter are determined by expressions (3.9), but the functions appearing in them are found using the formulae
(0) (0) (0)

ceqv(e) =(l-a- ﬁ/2)(0'

RR+ Oop) + aoio) +Bp/2
1 1 1 1 0
i (8) = (1-0—PB/2)(Ca +Ohg) + ooy 16l + Bp,/(2p)
where

P = @+ 4M-1)F0, py = MR -A)F+ 1D +40- D, - D fof

As in the case of a plane strain state, a comparison of the boundaries of the DCDM obtained using the binomial and trinomial expansions
of the continuity parameter showed that the boundary condition at a point at infinity cannot be formulated as a condition of the convergence

to the HRR solution and the boundary condition at an infinitely distant point is therefore taken in the more general form (2.6). The exponent
s is to be determined when solving the eigenvalue problem for the non-linear ODE (3.13) with the boundary conditions

fo(8=0) =1, fy(0=0)=A4,

and the conditions on the upper surface of the crack. It should be noted that the investigation of the eigenvalue problem obtained is of
interest in its own right and is the subject of separate investigations (for example, an algorithm for the numerical solution of the problem
has been described and the results of calculations for n=3 and n=5 have been presented!?).

Within the framework of the present investigation, the search for the eigenvalues was performed numerically using the RKF method

and the shooting method. The two parameters, the eigenvalue s and the constant A;, were selected in order to satisfy the two boundary
conditions on the upper surface of the crack. The values of s and A; were assumed to have been selected if the condition

S P+ LfamP <e

was satisfied, where ¢ is the specified accuracy of the calculations, which was taken as being equal to 10~. The eigenvalues s, found in the
case of a plane stress state, are listed below

n 2 3 4

5
s -1.15408

—-0.85801

6 7 8 9
-1.0 -0.91338 -0.81979  -0.79195

-0.77084 -0.75432
The values of the constants fy”(0), f1(0) and f;”(0), obtained as the result of numerical calculation are given below
n 2 3 4

5 6 7 8 9
~fo(0) - 10*  5689.1 5000 4658.4 4428.6 4261.5 4134.6 4035.0 3955.4
£1(0)-10* 2652 260.41 170.40 117.08 83.99 62.27 47.38 36.78
£10)-10* 5922 29.93 -73.86 -99.64 -102.38 -97.08 —88.99 -80.15

X, f

o

N\
W/ 1

-1.00 -0.75 -0.50 -0.25 0.25 0.50 X,0.75

v, =025 ’“\
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The results of the calculations show that the eigenvalues found for n=3 and n=5 are in close agreement with known results.!! The
configurations of the DCDM obtained using binomial and trinomial expansions of the continuity parameter are shown in Fig. 3 for n=2 and
n=3. The boundaries of the DCDM, obtained using formulae (3.10) and (3.11), are shown by the dashed and solid curves. As in the case of
a plane strain state, a change in the critical values of the continuity parameter does not lead to a substantial change in the DCDM (Fig. 4).
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