Crack Nucleation Sensitivity Analysis

N. Van Goethem®?, A.A. Novotny®

%Centro de Matemdtica e Aplicagées Fundamentais CMAF,
Awv. Prof. Gama Pinto 2, 1649-003 Lisboa, Portugal
b Laboratdrio Nacional de Computacio Cientifica LNCC/MCT
Coordenagao de Matemdtica Aplicada e Computacional,
Av. Getilio Vargas 333, 25651-075 Petrdpolis - RJ, Brasil

Abstract

A simple analytical expression for crack nucleation sensitivity analysis is pro-
posed relying on the concept of topological derivative and applied within a two-
dimensional linear elastic fracture mechanics theory. In particular, the topolog-
ical asymptotic expansion of a shape functional associated to the total potential
energy together with a Griffith-type surface energy of an elastic cracked body is
calculated. As the main results we derive a crack nucleation criterion based on
the topological derivative and a criterion for determining the direction of crack
growth based on the topological gradient. The proposed methodology leads to
an axiomatic approach of crack nucleation sensitivity analysis.

Key words: topological asymptotic analysis, topological derivative, crack
nucleation, brittle fracture

1. Introduction

The theory of brittle fracture takes its origin in the work of Griffiths (1921),
later pursued by the key theoretical contributions of Irwin (1958), Cherepanov
(1979), Erdogan and Sih (1963) and Rice (1968). In the 80ies the work of
Lemaitre and Chaboche (1988) paved the way for the numerical simulation of
crack evolution (for which we refer to Amestoy and Leblond (1992); Moés et al.
(2002a,b); Bourdin et al. (2000) among others).

However the question of the full mathematical justification of brittle fracture
only arose about 15 years ago with the work of Francfort and Marigo (1998)
and is a continued topic of active research nowadays (see e.g. Bourdin et al.
(2008) and Chambolle et al. (2008b)). One of their main contribution was to
avoid the specification of a known crack path for crack evolution predictions.
Moreover, they focussed on crack obtained by a global minimization approach
in a quasi-static setting, but nowadays their original approach is being extended
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to dynamical crack growth by Bourdin et al. (2009) (see also Song et al. (2008)),
while local approaches are addressed from a theoretical viewpoint by, e.g., Knees
et al. (2002), and numerically by, e.g., Allaire et al. (2007).

In general, analysis of crack propagation consider an already cracked body
Feijéo et al. (2000). However, criteria for crack growth are still discussed in
the Mechanical community. The first laboratory experiments of bar extensions
appealed to the so-called maximal stress criterion, whereas this criterion failed
to predict general cracked bodies where the loads are not aligned with the crack.
Therefore, the concept of stress intensity factor (SIF) as a measure of stress in
the crack process zones appeared and reached consensus. Some authors, like
Sih (1973), instead of rely on a simple critical SIF criterion, have proposed
local criteria based on the so-called strain-energy density functions. These local
methods are not easily tractable since relying on the permanent re-evaluation
of the SIFs for every new cracked body configuration. Other authors, like Irwin
and Rice, proposed local crack growth principles based on the notion of mazimal
dissipation at the crack tip. On the other hand, relying on symmetry arguments,
Cherepanov (1979) and Erdogan and Sih (1963), have proposed a local growth
criterion based on the principle that the crack growths with vanishing (shearing)
mode II. As shown by Amestoy and Leblond (1992), these variety of criteria are
not equivalent, and therefore the continued interest in mathematical approaches
is justified (see also the recent contributions of Chambolle et al. (2008a, 2009)
and Hakim and Karma (2008)).

Concerning crack nucleation criteria, even less consensus is reached. It is
sometimes read that initiation is not the concern of fracture modeling, limited
to the growth of existing pre-cracks, while other authors believe that crack evo-
lution and nucleation criteria should be intimately related. Then, the above
mentioned growth criteria are usually postulated for crack of finite lengh as
well as for infinitesimal cracks, i.e., for nucleation. From a mathematical view-
point, Francfort, Marigo and co-workers (see also Chambolle et al. (2008b)) have
proved some results relating crack initiation to a local measure of singularity,
that is, to the presence, or not, of defects in the elastic body under analysis. In
particular, they proved that in the absence of defects brittle fracture can only
occur brutally, that is, for a minimal crack lenght, and discussed the question
of time-continuity of crack paths as related to kinking criteria Chambolle et al.
(2009). However, in the work of Knees et al. (2002), it is remarked that the
drawback of these global minimization approaches is to predict underevalueted
crack initiation times.

In this paper we propose a general exact analytical expression for crack nu-
cleation sensitivity analysis, where sensitivity is a scalar field that measures how
the elastic energy (and in general any chosen shape functional) changes when
a small crack is introduced at an arbitrary point of the domain. Its analytical
formula is derived by making use of the concept of topological asymptotic ex-
pansion. In particular, we propose a tool for crack nucleation and crack growth
analysis in linear elastic bodies, based on the notions of topological derivative
and topological gradient.

In general, the mathematical notion of topological derivative (Céa et al.



(2000); Sokotowski and Zochowski (1999)) provides the closed form exact calcu-
lation of the sensitivity of a given shape functional with respect to infinitesimal
domain perturbations such as the insertion of voids, inclusions, source term or,
in this case, a crack. The concept of topological derivative is an extension of the
classical notion of derivative. It has been rigorously introduced by Sokotowski
and Zochowski (1999) in the context of shape optimization for two-dimensional
heat conduction and elasticity problems. In their pioneering paper, these au-
thors have considered domains topologically perturbed by the introduction of a
hole subjected to homogeneous Neumann boundary condition. Since then, the
notion of topological derivative has proved extremely useful in the treatment of
a wide range of problems and has become a subject of intensive research. Its
use in the context of topology optimization of load bearing structures Allaire
et al. (2004, 2005, 2007); Amstutz and Andréd (2006); Burger et al. (2004); Lee
and Kwak (2008); Novotny et al. (2005, 2007), inverse problems Amstutz et al.
(2005); Feijéo (2004); Masmoudi et al. (2005) and image processing Auroux
et al. (2007); Belaid et al. (2008); Hintermiiller (2005); Larrabide et al. (2008)
are among the main applications of this analytical tool. Concerning the theoret-
ical development on the asymptotic analysis of PDE solutions and topological
derivation of shape functionals, the reader may refer for instance to the books
by Ammari and Kang (2004) and paper by Nazarov and Sokotowski (2003),
respectively.

As main results of this paper we have the following contributions:

1. A crack nucleation criterion based on the topological derivative

2. A nucleation result linking the maximal dissipation, vanishing mode II,
and maximal stress criteria (which generally do not agree with each other)

3. An alternative proof of the brutal crack nucleation in Griffith’s setting.

Let us emphasize that the two latter results cannot be claimed new. Never-
theless, to our knowledge the original contribution of this paper is to establish
an axiomatic approach for addressing crack nucleation problems, where a precise
mathematical notion of nucleation is given. Moreover, the nucleation criterion
provided by this approach shows how the principles of maximal dissipation,
vanishing mode II, and maximal stress, are understood with respect to crack
nucleation. Let us also precise that the specification of a global or local ap-
proach is not an a priori requirement, and that the — intrinsic local — notion of
topological derivative, and derived crack nucleation criterion should eventually
be coupled with other tools with a view to crack growth predictions.

The paper is organized as follows. The mechanical model associated to plane
stress linear elasticity is described in section 2. The closed formula for the crack
nucleation sensitivity analysis is presented in section 3. In particular, we firstly
introduce an overview of the topological asymptotic analysis concept and state
a method for calculating the topological derivative. The adopted approach is
cast within the shape sensitivity analysis setting described by Novotny et al.



(2003). In section 3.1 we extend our theory for cracked bodies. Following the
original ideas presented by Feijéo et al. (2000), the shape sensitivity analysis is
performed in section 3.2. The calculation of the topological derivative associated
to the total potential energy of the cracked body is then presented in section
3.3. Section 4 is dedicated to the interpretation of the obtained topological
derivative and gradient. In section 5, another energy criterion, including surface
contributions, is analysed within our method. Finally, some concluding remarks
are made in section 6.

2. The mechanical model

Let us consider an open bounded domain  C R2, with smooth boundary
0N =TnUTp (CyNTp = &), submitted to volume forces b, surface loads g on
I'y and prescribed displacement h on I' . In our model, the volume forces b will
eventually be neglected. Let us also consider a topologically perturbed domain
Q. containing a small straight crack 7. with endpoints & and z*, and where
the parameter ¢ is a small positive scalar defining the size of the topological
perturbation. Symbol n will designate the outward unit normal vector to 0f)..
In order to formulate the equilibrium in plane stress and strain linear elasticity
as related to the original and perturbed problems, the constitutive relations for
linear elastic isotropic materials will be considered. Strain and stress are defined
by

Vi = % (VE+ver) and  o(¢) = CVs¢E, (2.1)

respectively, where £ represents an admissible displacement field, and C' is the
(symmetric) isotropic elasticity tensor given by

C=2pl+X1I®I), (2.2)
where p and X are the Lamé coefficients, that is

E E E
h=—" )\:—V and A=\ = v

2(14v)’ (1+v)(1—2v) 12 (23)

with E denoting the Young’s modulus, v the Poisson’s ratio and A\* the par-
ticular case for plane stress, while I and I denote the second and fourth order
identity tensors, respectively.

2.1. Unperturbed problem

Let us consider an elastic body represented by Q (see fig. 1), which is in
equilibrium if the following variational problem holds: find the displacement
field u € U, such that

/a(u)-Vsnz/b-n—i—/ q-n Ynev, (2.4)
Q Q Iy



where o(u) = CV*u, U is the set of admissible displacements and V the space
of admissible variations, which are respectively defined, for b € L?(Q) and h, q €
L2(09), as

U={ue H'(Q): ulp, = h} and V:i={ne H'(Q): nlp, = 0} . (2.5)

The above variational problem has a unique solution and corresponds to the
weak formulation of the momentum conservation law with appropriate boundary
conditions, namely

—div(o(u)) = b in Q
o(u) = CViu
u = h on I'p ’ (2.6)
oluyn = ¢ on Iy

where n is the outward unit normal vector to the boundary 9.

Figure 1: Elastic uncracked body represented by the domain 2.

2.2. Perturbed problem

Let us now consider an elastic cracked body represented by Q. = Q \ 7.,
where 7. C Q represents a straight crack of lengh e. Two distinct situations will
be analysed (cf. fig. 2). In the first case, the crack nucleates at an interior point
& € Q and grows symmetrically in the direction e. Thus, 7. = [z%;25] C Q,
where z7 and x}; are the crack tips. In this case, since the size € of the crack is a
small parameter, and will eventually tend to zero, the stress distribution around
both crack extremities =% and x}; are assumed to coincide. This assumption
amounts to a symmetry condition with respect to the plane orthogonal to the
crack at its mid-point. Alternatively, the crack initializes at a boundary point
Z € 09 and grows in the direction e oriented by the angle § defined with respect
to the direction of n. Thus, 7. = [#;2%] C Q, where 2* is the crack tip.
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Figure 2: Elastic cracked body represented by the domain Q..

If the cracked body is in equilibrium, then the following variational problem
must be satisfied: find the displacement field u. € U, such that

/a(ug)-vsn:/ b-77+/ q-n vn € Ve, (2.7)
Qe Qe I'n

where o(u:) = CV®u., U- is the set of admissible displacements and V. the
space of admissible variations, which are respectively defined, for b € L?(€).)
and h,q € L?(09), as

U= {u. € H' () : uelp, =h} and Ve={ne H(Q) : nly, =0} .
(2.8)
The above variational problem is known to have a unique solution, and is pre-
cisely the weak formulation of the momentum conservation law with appropriate
boundary conditions, namely

—div(o(us)) = b in Q.
o(us) = CViu.
u. = h on I'p | (2.9)
olus)n = ¢ on I'y
olueg)n = 0 on

where n is the outward unit normal vector to the boundary 0.

Let us remark that, since the perturbed domain is non-Lipschitz, its solution,
as opposed to (2.6) does not belong to H?(£2.). In particular the displacement
provokes unbounded stresses at the crack tip, and is allowed to jump across
ve. Let us remark that the tip singularity is due to the inadequacy of the linear
elastic model near the crack extremeties. Let us also point out that the last con-
dition in (2.9) amounts to neglect the dynamic effect of cohesive forces between
the crack lips, whereas their inter-penetration (i.e., negative normal jump com-
ponent of the displacement at the crack) is not prohibited in the above model.
The latter effect is a classical drawback of linear fracture mechanics, and will
not be discussed any further in the sequel.

The solution to (2.9) is known to minimize

JQE(U):E/QEO’(U)-VSU—/(EZ)-U—/FN(]-U, (2.10)



whose minimal value Jo_ (ue) is recognized as the total potential energy of the
cracked body.

The above minimal property of Jq,, namely equation (2.10) is a simple energet-
ical criterion for determining the displacement in the cracked body. Of course it
is by far insufficient from a mechanical viewpoint, since it does not consider any
energetical contribution of the (infinitesimal) crack. In fact, let us observe that
for any crack, Jo. (u:) < Ja. (u) = Ja (u), since u is a candidate with vanishing
jump for the minimum problem (2.10) on .. Physically, there should be at
least a competition between the above decrease of total potential energy due to
the presence of a crack, and an increase fo a surface energy concentrated on the
crack modelling the energetical cost for increasing the crack size. Accordingly,
the so-called Griffith’s and Barenblatt’s-type variational models are discussed by
Bourdin et al. (2008) with a view to determining crack initiation and evolution.
Let us presice that these two models account, respectively, for the presence,
or not, of cohesive forces between the crack lips, and in such respect provide
distinct initiation criteria.

In this paper, we show how the shape functional (2.10) can provide some
relevant information as soon as initiation of a single crack is concerned. In fact,
the energy (2.10) is the simplest case addressed by our method. Griffith’s or
Barenblatt’s-type surface energies, and in general any refinement of (2.10), pro-
vided it admits a topological derivative and for which an appropriate asymptotic
analysis is required, can be considered within this sensitivity analysis. One ex-
ample of crack nucleation with Griffith’s-type surface energy will be addressed
in section 5.

3. Topological asymptotic analysis of the total potential energy

Let 9(-) be a shape functional defined over a certain class of domains with
sufficient regularity and assume that the following expansion exists

() =y (D) + (&) Dry +o(f(e)) , (3.1)

where () is the functional evaluated for the given original domain and ¥(£2.)
for a perturbed domain obtained by introducing a topological perturbation of
size e. In addition, f(g) is a so-called regularizing function defined such that

lim () =0, (3:2)
which depends on the asymptotic behavior of the problem under analysis, while
the term o (f (¢)) contains all terms of higher order in f(e).

Expression (3.1) is named the topological asymptotic expansion of 1. The
term Dp is defined as the topological derivative of ¢ at the unperturbed (orig-
inal) domain 2. The term f(g)Dr is a correction of first order in f(g) to the
functional () to obtain 1 (£.). Nevertheless this definition of the topological
derivative is extremely general, and we point out that expansion (3.1) cannot



in general be obtained by conventional means since ). and €2 do not share the
same topology.

Among the methods for calculation of the topological derivative currently
available in the literature, we here adopt the methodology described in Novotny
et al. (2003); Sokotowski and Zochowski (2001), whereby the topological deriva-
tive is obtained as the limit

Dy = lim (f#(s)d%w (Qg)) | (3.3)

The derivative of the shape functional ¢ (€2.) with respect to the parame-
ter e denotes precisely the sensitivity of ¢ — in the classical sense (Sokolowski
and Zolésio (1992)) — to the introduction of the perturbation v.. This term is
classically termed the shape derivative.

The advantage of this last definition for the topological derivative is that the
whole mathematical framework (and results) developed for the shape sensitivity
analysis can be used to compute the topological derivative. This feature was
shown by Novotny et al. (2003) for circular holes and it is now extended when
the domain is perturbed by introducing a small crack.

8.1. Application to cracked bodies

It is assumed that the infinitesimal crack 7. remains straight during the
growth process (see fig. 3). Moreover, since the derivative of the shape func-
tional 1(€.) with respect to the parameter ¢ means the sensitivity of ¢ when
the straight crack 7. grows, an appropriated shape change velocity field has to
be defined. Thus, let us consider an uncracked control volume w*, with bound-
ary 7", containing the crack tip, i.e. such that z* € w*. Then, we can define
its cracked counterpart as w’ = w* \ 7.. From these elements, the following
kinematically admissible shape change velocity sets are introduced

M = {Vel®Q,):V=00ndQ, V-n=0in neighb. of * on v{B.4)
My = {Vel™®Q.): V=000, V=cinw?}, (3.5)
My = {Vel®Q):V=—eomdQ, V=0mnuwf}, (3.6)

where e is a constant unit vector aligned with the crack. Therefore, a kinemati-
cally admissible velocity field V' (i.e., belonging to M or Ms) simulates a crack
growth in the direction e.
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Figure 3: Shape change velocity field.

3.2. Shape derivative calculation

The concept of energy release rate, introduced in the work of Griffiths (1921),
represents the rate of change, with respect to crack growth, of the total poten-
tial energy available for fracture. As a matter of fact, this concept plays an
important role in the mechanical modelling of cracked bodies in linear elastic
fracture mechanics. In the work of Feijéo et al. (2000) a systematic methodology
was presented in order to obtain the expression of energy release rate in cracked
bodies based on shape sensitivity analysis.

In order to keep this presentation self-contained, we will restate the equiva-
lence between the concept of energy release rate (Feijéo et al. (2000)) and the
shape sensitivity analysis of the functional

0(0) =30, (w) = 5 | olw)- Vu— | b-ug—/FNq-ua, (3.7)

Qe
where the first term represents the energy stored in the linear elastic cracked
body, while the second and third terms represent the work done by the body
and surface loads, respectively.

In order to compute the shape derivative of ¥(€).), it is convenient to in-
troduce an analogy to classical continuum mechanics where the shape change
velocity field V is identified with the classical velocity field of a deforming con-
tinuum and ¢ is identified as a time parameter (see e.g. the book by Gurtin
(1981) or, for analogies of this type in the context of shape sensitivity analysis,
of Sokolowski and Zolésio (1992)).

The following notation is introduced:

€

: 0 d
Ja. (ue) == <6TJQE (ue), V> = %:‘QE (ue) (3.8)

according to the definition of the shape change velocity sets M; (3.5) or My
(3.6) to which the velocity field V' belongs.

Proposition 1 (First form of the shape derivative). Let Jqo_ (u:) be the
functional defined by (3.7). Then, its derivative with respect to the small pa-
rameter € can be written as

Ja, = / Son-V, (3.9)
o0,



where V' is any shape change velocity field belonging to M, while ¥. is a gen-
eralization of the classical Eshelby momentum-enerqgy tensor (Eshelby (1975);
Gurtin (2000)), given by

1

Ve = §(U(u5) Voue —2b-u)I — Vulo(u) . (3.10)
PROOF. Let us compute the shape derivative of the functional Jq_ (ue) us-
ing the following version for the Reynolds’ Transport Theorem (Gurtin (1981);
Sokotowski and Zolésio (1992)),
A 1 s 1 s
Ja. (ue) = —/ (o(ue) - Viue) + 5/ (o(ue) - Viug )V -n

Qa

2 89,

- /b~u'87/ (b~u€)V~nf/ q~1l€—/ q - ue divan(¥3.11)
Qe 00 T'n I'n

where divga(V) = (I —n®n) - VV is the superficial divergence of the velocity
field V. In addition, the prime and the superimposed dot are respectively used
to denote the partial (spatial) and the total (material) derivatives with respect
to £. Let us observe that the last term on the RHS of (3.11) vanishes by the
definition of the velocity field.

Let us here remark that the cracked body 2. has a singular boundary and
hence that usual regularity theorems do not hold at the crack extremities. How-
ever it is known from the work of Grisvard (1989) that the solution wu. writes
as a regular H?(Q.)-term plus a singular term writing as u® = ¥_(0)r'/? where
(r,0) is a system of polar coordinates with pole at the crack tip. Therefore it
appears that the second term on the RHS of (3.11) is, because of that singular
term, not well-defined at the crack tip, unless V - n vanishes, which is indeed
the assumption made on the applied velocity field.

Next, by using the concept of spatial derivative (cf. Gurtin (1981); Sokotowski
and Zolésio (1992)), we find that the first term of the above RHS integral can
be written as

(o(ue) - Viue) = 20(ue) - Voul = 20(ue) - (V. — V¥ (VuV)) (3.12)

where it is remarked that the material derivative u. has the same regularity as
ue, and that the last term inside the parenthesis, as integrated over {2, is given
a meaning by partial integration and by the property that o (u.)n vanishes along
the crack. With the above result, the sensitivity of the functional Jq_ (uc) reads

Jo. (ue) = %Aﬂa(a(ug)-vsug—2b-u5)V-n—/Q€ o) -V (V. V)

+ /b-VuEV—i—/ U(UE)'VS’CLE—/ b-ag—/ q- e (3.13)
Q. Q. Q. I'n

Since . € V., the equilibrium equation (2.7) implies that the last three terms
of (3.13) vanish, and hence

: 1
Ja. (ue) = 5/ (U(ug)-VSUE—Qb-ug)V-n—/ a(ug)-VS(VugV)—i—/ b-VuV .
89 Q. Q.
(3.14)

10



Eventually, using the tensor relation
div(o(us)(VuV)) = o(ue) - VI (Vu V) + div(o(ue)) - VuV (3.15)

and the divergence theorem, expression (3.14) can be written as
Ja. (ue) = / Yen-V +/ [div(o(ue)) + b] - VuV (3.16)
9. Qe

and since the stress field o(u.) is in equilibrium, the proof of (3.9) simply results
from (2.9).

The above shape derivative expression shows a surface integral. Without
assuming a vanishing normal velocity field at the crack tip, the following ex-
pression of the shape derivative as given by an integral over the cracked domain,
is obtained.

Proposition 2 (Second form of the shape derivative). Let Jq. (u.) be the
functional defined by (3.7). Then, the derivative of the functional Jq, with re-
spect to the small parameter € is given by

.= [ Zvv (3.17)
Q.
where V' is any shape change velocity field belonging to M and X is given by
(3.10).

PROOF. Another version of Reynolds’ Transport Theorem (Gurtin (1981); Sokolowski
and Zolésio (1992)) provides the identity

1

jga (ue) = 5/9 [(o(ue) - Viue) + (o(ue) - Viue) div(V))

_ /( [b~u€+(b~us)diV(V)]/FNQ'us/FNq'“ediVBQ(‘@'ls)

€

Once again, the last term on the RHS of (3.18) vanishes by the definition of the
velocity field. Next, by using the concept of material derivative of a spatial field
(Gurtin (1981); Sokolowski and Zolésio (1992)), we find that the first term of
the above RHS integral can be written as

(o(ue) - Vius) = 20(ue) - Ve — 2Vulo(u.) - VV (3.19)

which, substituted in (3.18) gives

jga(ug):/ 2€~vv+/ U(u€)~VSd€—/ b~u€f/ q-ue, (3.20)
Q. Qe Q. I'n

Since . € Ve, and with the equilibrium equation (2.7), the last three terms of
(3.20) vanish, thereby proving the result.

11



By taking into account Propositions 1 and 2, the divergence-free property of
the Eshelby tensor can immediately be proved in the following sense.

Corollary 3 (Conservation law). The Eshelby tensor ¥. is a divergence-free
tensor field away from the crack tip.

PROOF. By applying the divergence theorem to the right hand side of (3.17),
we have

Ja. :/ E€n~V—/ div(S.) -V . (3.21)
0N Qe

Since (3.9) and (3.17) hold for any velocity fields in M, it results that
/ dv(S) V=0 YWeM = div(S)=0ac inQ \TF. (3.22)
Qe

Proposition 4 (Rice integral). For any control volume w* containing the
crack tip x*, with boundary v*, the shape derivative of the total potential energy
for a rectilinear variation in the direction e of a crack of lengh € reads

e-/ Een:e-/ Yen, (3.23)
on *

PROOF. Let us define 4. = 7. N (2 \w*). Since div(Z.) =0 in Q. \ w? it results
that the shape derivative of the total potential energy given by (3.17), after
integrating by parts, becomes

Jo. = / zg-vvz/ za-vv+/ .- VV
Q. Qg\w_; ws
/ Ean-V—i—/ Egn-V—/ Zgn-V—i—/ Y. -VV . (3.24)
o0 3, y* w}
Let us consider the velocity field V € My given by (3.6) in the above result
(3.24), which implies

Ja.

where X is given by (3.10).

=

395:/ Esn~V+/ Yon-V with V€ Ms. (3.25)
N 4

Taking into account that n L V on 4. and considering that o(us)n = 0 on 4,
equation (3.25) becomes

jQE:/ an~V:fe-/ Yon with Ve M,. (3.26)
o o0

If, in turn, the velocity field V' € M; given by (3.5) is inserted in (3.24), it
results, by using the same arguments as above, that

Ja. = f/ Yen -V = —e~/ Yon with Ve M. (3.27)
- -

12



On the other hand, by considering (3.22), it can be shown that both (3.26) and
(3.27) are actually equivalents, namely

0:e~/ div(X,) e~</ Eanr/ Esnf/ an)

Q\wg le) 3, o

e- / Y.n—e- / Yen . (3.28)
o0 y*

The shape derivative of the total potential energy, namely (3.26) or (3.27),
might be interpreted as minus energy release rate G. due the crack growth.
In addition, the above result shows that, for a smooth enough shape change
velocity field V', the expression for the energy release rate is independent of the
value of V' at the interior of the domain 2., and writes

G = 70&3(25 = ae / Y.n = ae- lim/ Yen | = e / Yen, (3.29)
v r=0JoB: o9

where B is any ball of radius p > 0 centered at the crack tip z* (see fig. 4) and
« is the number of crack extremities, namely a =1 or 2 for £ € 02 and Z € (,
respectively. Let us mention that the energy release rate classically coincide
with the Rices’s integral (Rice (1968), see also Destuynder and Djaoua (1981)).

which provides the result.

Figure 4: Polar coordinate system (r,6).

It turns out that (3.29) also provides the definition of the configurational
force (cf. Gurtin (2000)) acting at the crack tip z*, together with the relation
between force, velocity and dissipation, i.e.,

gz = lim Yen and  Jo.=—g’-e. (3.30)
p—0 dB;;

3.3. Ezxpressions of the topological derivatives

The aim of this work is to analyse the energetical effect of infinitesimal crack
nucleation at Z in a certain direction e. More precisely, we shall determine the
optimal & and e in view to decrease at most the potential energy of the elastic
cracked body €2.. This will be achieved by calculating the so-called topological

13



derivative of the total potential energy associated to a crack located at & in
the direction e, as presented in the previous sections. From equations (3.3) and
(3.30) the topological derivative is introduced as

TOPOLOGICAL DERIVATIVE Dryp = — re. (3.31)

1
lim ——
S0
This expression of the topological derivative for crack nucleation is interpreted

as a diretional derivative, thereby identifying the associated topological gradient
Gt as

TOPOLOGICAL GRADIENT Gry = flim;g*. (3.32)
7y

From an asymptotic analysis around the crack tip as reported in Lemaitre and

Chaboche (1988), the above topological derivative gradient expressions can be

found.

Indeed, it is known that the displacement field u. can be written in terms
of the so-called stress intensity factors (SIF) Ki and Kjj associated to mode
I and II of crack opening. Let us recall that these modes refer to the non-
vanishing displacement jump components at the crack, i.e., mode I refers to the
case in which [uc] - n # 0, [ue] - e = 0, while the reverse equalities define mode
II. Moreover, the SIFs depend on the stress tensor o(u) evaluated far from the
crack tip, where u is the solution associated to the original domain €2 without
crack, and on the crack orientation e. It should however be noted that the
SIFs are usually given as functions of the “stress at infinity” in the canonical
problem posed in the infinite medium, but also on the geometry of €2 and of the
pre-existing crack of length € > 0 such as orientation, or curvature.

Their computation is the object of a extensive literature (see e.g. the hand-
books of Sih (1973) or Tada et al. (2000)), which is justified by their crucial
role in many model of crack evolution based either on the “maximisation of the
dissipation” at the crack tip, or on the “Ky; = 0” evolution law.

Moreover, at any surface or bulk crack initiation point Z, the displacement
u. is decomposed into a regular term independent of € and a term in /e, this
decomposition being valid up to o(y/€)-terms. In the sequel, asymptotic expan-
sions in a polar coordinate system (r, ) centered at & € ) and aligned with the
crack (see Fig. 4) are considered. In particular, the displacement is written as

ue = ul(r,0)e, +ul(r,0)eq , (3.33)

where {e,, eg} denote the polar base located at the crack tip, with —7 < 6 < 7.
Furthermore, the results will be given explicitly for plane stress and plane strain
and in the absence of body forces.

3.83.1. Plane stress problem

For plane stress problem, we have the following asymptotic expansion for
the solution u,
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e for the mode I

ul(r,0) = KI(;" °) \/22(3 —v—(1+v)cosf)cos(6/2), (3.34)

ul(r,0) = —%\/g(?) —v—(14v)cosf)sin(6/2) , (3.35)

e for the mode II

ug(r,0) = % r_25 (3v —1+4+3(1 4 v)cosf)sin(6/2) ,(3.36)

ul(r,0) = —%\/?(5 + v —3(1+v)cosf)cos(0/2) (3.37)

where Ki, Ky1 are the SIFs given in terms of the background solution u (let us
precise that a small mistake in Lemaitre and Chaboche (1988) has been here
corrected).

For fixed e the contour integral in (3.30) can be taken arbitrarily close to the
crack tip, and hence expressions (3.34)-(3.37) can be used to evaluate the shape
derivative. It results that the configuration force ¢} shows to be proportional
to €, providing the expression of f, namely:

f(e) = me? (3.38)
in such a way that, by letting ¢ — 0, the expressions (3.31) of the topological
derivative and (3.32) of the topological gradient becomes

Drip(u,e) = & (KI2 + Kﬁ) and Gry(u,e) = e (KI2 + Kﬁ) e,

4E
(3.39)
respectively. Finally, the topological asymptotic expansion of the energy shape
functional reads

() = (@) — me? - (K7 + K7 +0(e?) - (3.40)

3.3.2. Plane strain problem
For plane strain problem, we have the following asymptotic expansion for
the solution u.

e for the mode I

uL(r,0) = %\/rg(l+1/)(3—41/—c059)cos(9/2), (3.41)

ul(r,0) = —%\/g(l +1)(3 — 4v — cos ) sin(0/2) , (3.42)
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e for the mode II

ul(r,0) = w\/?u +v) (4 — 1+ 3cosf) sin(6/2) ,(3.43)
ug(r, 0) = w\/g(l +v) (4v — 5+ 3cosf) cos(6/2) (3.44)

where Ki, Ky1 are the SIFs given in terms of the background solution u (cf.
Lemaitre and Chaboche (1988)).

Thus, from the above expansions, we can identify function f(g) = 7e? and
calculate the limit ¢ — 0 in (3.31) and (3.32), that is

1— 2

4F

Drip(u,e) = —« (K{+ K7) and Gro(u,e) = Drip(u,e)e . (3.45)
Finally, the topological asymptotic expansion of the energy shape functional

reads
1—v2

$(Qe) = 9(Q) — mea (Kf + Kfp) +o(%) . (3.46)

4. Minimal topological derivative as a crack nucleation criterion

The above analysis provides a new feature, since for cracks of vanishing
length, a precise notion of topological derivative — given by equations (3.39)
and (3.45)) has been introduced. Moreover this derivative is evaluated from the
sole knowledge of the asymptotic behaviour of the solution near the crack. Let
us point out that as soon as the total potential energy Jo_ (ue) is concerned,
the explicit expression (3.39) or (3.45) shows its topological derivative as always
non-positive, meaning that the presence of a crack of any length anywhere in
will provide a lower total potential energy as compared to the uncracked body.
This property is completely natural since nucleation means extending the class
of candidates for the minimization of (2.10) with those candidates that might
jump across the crack lips. To that extend, the topological derivation has not
brought significant insight to the nucleation issue.

It results that from the notion of topological derivative, the principle of max-
imal dissipation or, equivalently, of minimal topological derivative, do provide
a crack nucleation criterion. In fact, (3.39) and (3.45) do provide an explicit
criterion for the determination of the weakest zones in ) with respect to crack
initiation, in the sense that the nucleation points z* and orientation e(p*) can
be sought such that

NUCLEATION CRITERION  Drop(z*,e(¢*)) = min  Dpi(z, e(p)),
z€Q,pe[0;27|
(4.1)

where ¢ is the angle between e and e; with {e1,e2} a local base at x.
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The introduction of a precise notion of derivation for crack nucleation is also
justified , since from the observation that the sole Griffith’s critical relation:

K? + K?
G, = 2#5% = Gerit (4.2)

where G+ is a material dependent crack growth threshold would imply that
the critical K1 and K7y are of the order of 1/4/¢, and hence would be unbounded
(i.e., unphysical) as ¢ — 0.

Let us remark that criterion (4.1) is only apparently based on a double
minimization, and will eventually result in a sole minimization in z, since the
optimal crack direction will be shown to obey a universal property of homo-
geneous linear elastic materials. It will be shown in the following two sections
that the nucleation criterion only amounts to the minimization of the scalar
field Drip(x,e(¢*)) over & € Q, as soon as the law providing optimal fracture
direction (i.e., the angle ¢*) is known.

It can be observed that the nucleation optimality criterion (4.1) is, by (3.3)
and (3.38), equivalent to the maximization of G¢/e, where G, is the Griffith’s
energy release rate of a crack of length e (this is sometimes called the Irwin’s
criterion). However while the latter criterion appears as a postulate (and is
often referred to as a principle) in the classical literature on brittle fracture (see
e.g. Irwin (1958); Cherepanov (1979); Lawn (1993); Lemaitre and Chaboche
(1988)), it is here given a precise mathematical meaning. Moreover, it should
be precised that while the maximal dissipation principle is sometimes used to
predict crack evolution, by providing a method for finding the optimal direction
e (see e.g. the book by Lemaitre and Chaboche (1988)), it is not specifically
dedicated for crack nucleation predictions. Let us also finally remark that such
a criterion, possibly combined with other methods, may provide a useful tool
for numerical simulation of brittle crack quasi-static evolution.

In the following section, a geometric property for linear elastic cracked bodies
will be proved.

4.1. Case 1: bulk crack initiation

Let us fix z € , and take @ = 2 in order to account for the crack symme-
try property . According to the classical expressions of the SIF given for the
canonical problem (see Lemaitre and Chaboche (1988)), it results that

Ki=o(u)et et and K = o(u)e-e*, (4.3)

where u is the solution to the background problem (without crack). Hence, the
topological derivative writes

e for plane stress, as

Dri =~ (ot P+ (e ] . (@4)

17



e and for plane strain, as

1—1?

D) = —
Y Yo

[(O’(U)GJ‘ cet)? 4 (o(u)e - eJ‘)Q] . (4.5)

In any of the two cases, the crack will, according to the above criterion
(4.1), nucleate in a direction that minimizes the topological derivative. Hence,
by writing

e = (cos ¢, sin ) and et = (—siny,cosp) , (4.6)

where ¢ denotes the angle between the crack direction e and the local basis
{e1, ea} located at x (cf. Fig. 4), it suffices to find ¢* such that

©* = arg {02192?; [011 + 207, + 055 + (035 — 071) c08(20) — 2012(011 + 022) sin(26)] ¢
- (4.7)

1 (011 — 022)?
* = £+ _arccos | £ 4.8
rTh ( \/< o) + o7 (45)

where o;; are the components of the stress tensor o(u) in the local system
{e1,e2} and ¢* denotes the angle that maximizes the energy release rate.

which results in

According to this topological minimization framework, the Local Symmetry
Principle (see the pioneering works of Barenblatt and Cherepanov (1961) and
Erdogan and Sih (1963), and the recent discussion by Chambolle et al. (2009)),
otherwise called K11 = 0 nucleation criterion, instead of being simply postulated,
can now be proved.

Proposition 5 (K1 = 0 nucleation criterion). In homogeneous LEFM, the
K11 = 0 crack nucleation criterion satisfies the property of minimal topological
derivative, i.e., of maximal decrease of the total potential energy (2.10).

PROOF. If {e1, ez} are the principal direction at x, then the stress o(u) is diag-
onal,

o(u) = ZUz‘(U)(ez‘ ®e;),

where e; are the eigen-vectors associated to the eigen-values o;(u) (with o1 > o9)
of tensor o(u) evaluated at x, and equation (4.8) results in ¢* = 0 or 7/2.
Clearly, since e3” = e1, the lowest value of the topological derivative is attained
for p* = 7/2.

The Local Symmetry Principle is called K1 = 0 criterion because it means
that locally the crack lips are in pure mode I, in the sense that the principal trac-
tions apply on their faces. Strictly speaking, the above law holds for infinitesimal
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cracks, whereas for cracks of finite length, other physical mechanisms should be
taken into account (see e.g. Fischer and Goldner (1981); Bourdin et al. (2008)).
Let us also mention that, unless the presence of impurities, brittle crack initi-
ation in the sense of Griffith always implies cracks of finite lengh, as discussed
by Bourdin et al. (2008) or Chambolle et al. (2008b), and hence at nucleation
points, no infinitesimal crack will ever appear. This latter property will appear
within our setting in section 5.

Moreover, Proposition 5 also contributes to the debate between the validity
of Irwin’s maximal dissipation criterion versus Local Symmetry Principle. In
fact, Proposition 5 states that relying on Irwin’s principle, a precise notion of
nucleation is introduced via the topological derivative, whose minimal value
coincide with the K11 = 0 criterion and the principle of maximal traction.

4.2. Case 2: boundary crack initiation

In this case, & € 0, there is one crack extremity at the boundary, and the
other inside the body, i.e. a = 1. In addition, the SIF K and K are given by
(cf. Beghinia et al. (1999))

K\ _ ([ F° FT o(u)et -et (4.9)
Ky F§ Ff o(u)e - et ’ '
where coefficients FIS , BT and Fg , F' depend on the angle 8 that the crack

forms with the normal n. According to the above expressions of the SIF, the
topological derivative reads

e for plane stress, as

1
Dryp= — 15 [(Flso(u)eJ‘ et + Flo(u)e-et)?

+  (Fio(ue® et + Fio(u)e-et)’],

e and for plane strain, as

1— 12
Dry= —
T o

+ (Ff?a(u)eL cet 4 Fga(u)e . eL)Q] .

[(FISJ(u)eJ‘ et + Flo(u)e-et)?

In this case, there are no close representation for the SIFs Kj and Kij.
However we can find some approximated formulas (see, for instance, Beghinia
et al. (1999)), which can be adopted in the calculation of the optimal angle ¢*,
following exactly the same steps as presented in the previous case.

4.83. Case 3: kinking

The case of kinking can in principle be addressed by our method, since ap-
proximation formulaes such as (4.9) have been derived by Amestoy and Leblond
(1992) for small kinking angles. Concerning crack evolution in time including
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kinking, and a discussion on time-continuity of cracks, we refer to Chambolle
et al. (2008a, 2009).

It should also be noted that for a pre-existing crack, the evaluation of the
SIF's is strongly dependent of the crack and body geometry, and hence for kink-
ing analyses, we refer to Amestoy and Leblond (1992).

5. Crack nucleation under a simple bulk and surface energy compe-

tition

It has been mentioned that physically an energy contribution consisting of
a line integral over the crack should be added to the elastic (bulk) energy of the
cracked body.

In order to show how our axiomatic approach can be applied to different
types of energy-based shape functionals, let us consider the Griffith’s-type sur-
face energy of the form

=(02) = (%) + Clre) | (5.1)
with
Cre) = / h(e) (5.2)
whose simplest expression is taken as E
C(v:) = ke, (5.3)

where & > 0 is the specific (material dependent) surface energy. The solutions
to the associated elastic problem, obtained by a global minimization approach
(see, e.g., Bourdin et al. (2008)), here satisfy (2.9).

From (5.3) it follows that the derivative w.r.t. € of C(v.) is given by

C(ye)=/>0. (5.4)
whereby from (3.40) or (3.46) and (5.4) it results that Z(2.) admits the following
total derivative w.r.t. e: '

E(Q) =k+0(e), (5.5)
From this latter result we have f=z(¢) = ¢ and the expression of the topological
derivative of = reads

1 .
Dr==1 ——=(0 =K . .
1=l 777E00) = >0 (>
Since the topological derivative of = is always non negative, the surface energy
contribution C(v.) = ke will always prohibit nucleation.

Proposition 6. In homogeneous LEFM, according to the topological derivative
criterion (4.1) as applied to (5.1) and (5.3), there will be no infinitesimal crack
nucleation.
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The above property is in fact another proof of a result found in Bourdin
et al. (2008) and stating that in the Griffith setting nucleation at defect-free
points can only occur brutally, i.e., not infinitesimally.

In addition, considering only the case associated with bulk crack nucleation
(v = 2), the finite critical crack sizes £* can be explicitely bounded from below.
In fact, the topological asymptotic expansion of the shape functional (5.1) reads

E(Q) = Z(Q) + ek + 12 D) + o(e?) . (5.7)

where Dt can be obtained from (3.40) and (3.46) for plane stress and plane
strain, respectively. Hence, as a result of the balance between potential and
surface energy contributions, the following thresholds are found.

e for plane stress
2RE

e* 77—K12 ; (5.8)
e for plane strain -
R
e > A K2 ; (5.9)
since that, according to Proposition 5, in this case we have ¢* = 7/2 and

K =0.

6. Conclusions

In this paper, we mainly provide a simple tool justified by a rigorous mathe-
matical approach, aimed at analysing crack nucleation in various physical mod-
els within the class of linear elastic bodies.

The proposed crack nucleation criterion is based on the notion of topolog-
ical asymptotic expansion as applied to a shape functional associated to the
total potential energy of an elastic cracked body. The case of surface energy
contributions of Griffith-type has also been considered.

Most of the result of this paper were previously known by other approaches.
However the methodology introduced in this paper is original and permits to
prove results which were previously only considered as postulates, or principles.

As the main results we have mathematically formulated a crack nucleation
criterion based on the topological derivative the topological gradient. The pro-
posed methodology leads to an axiomatic approach which can be used for further
analysis of crack growth. In addition, it has the advantage of (i) being rigor-
ously defined, (ii) easily tractable, and (iii) of use in various physical models of
fracture.

Concerning this latter point, provided the solution to the primal perturbed
problem is known with other crack boundary conditions than those of (2.9)
and given its asymptotic expression in terms of the small crack length e, the
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proposed framework can be applied, resulting in appropriate nucleation crite-
ria. Moreover, it is clear that other cost function than the potential or Griffith
energy can freely be chosen within our setting, thereby providing a family of nu-
cleation criteria, which can be tested and compared by laboratory or numerical
experiments.
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