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Abstract As a remedy to pathological sharp crack
configurations such as strong singularities or anti-plane
shear cracks, where crack initiation is driven solely by
energy, a regularized crack description can be adopted
to study crack initiation. The nucleation of aregularized
crack at a V-notch is studied using the coupled criterion
through matched asymptotic expansions. The process
zone around the crack is described by crack regular-
ization usually employed in phase-field models. The
effective crack length increases with increasing regu-
larization length so that the incremental energy release
rate decreases, which in turn increases the critical gen-
eralized stress intensity factor at initiation. Decreasing
incremental energy release rate is also obtained with
increasing Poisson’s ratio. For a given material char-
acteristic length, it is shown that the initiation crack
length only depends on the V-notch angle and Pois-
son’s ratio. For a given geometry and Poisson’s ratio,
the initiation length is proportional to the regularization
length. The proposed description of regularized crack
initiation shows good correspondence to the general-
ized stress intensity factor obtained by phase-field cal-
culation, the only difference being in the description of
the process zone prior to crack initiation.
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1 Introduction

Phase field (PF) fracture models were originally devel-
oped to describe crack propagation by solving Grif-
fith’s approach (Griffith 1921, 1924) revisited as a
global minimization problem (Francfort and Marigo
1998). This is done through a regularized description
of the crack by a diffused damage zone which extent
is controlled by a regularization length. This length is
an additional input to the critical energy release rate
(ERR) which is already used in linear elastic fracture
mechanics (LEFM). PF models thus naturally retrieve
Griffith’s approach when LEFM assumptions are veri-
fied, i.e., for a sufficiently large pre-existing crack under
pure opening mode (Molndr et al. 2022). In addition,
these models also have the ability to deal with crack ini-
tiation, which is one of the main limitations of LEFM
since in this case, not only energy but also a stress cri-
terion must be considered (Leguillon 2002). An illus-
trative example of the latter assertion is crack initiation
at a notch that has a V-shape with an angle 8. When
B = 180 deg. (i.e., the case of a crack-less flat edge),
there is no singularity and a strength criterion prevails
to study failure and crack initiation. On the contrary,
a B = 0 deg. angle corresponds to a crack for which
propagation may be assessed by an energy criterion.
For intermediate 0 < 8 < 180 deg. angles, crack initi-
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ation cannot be predicted employing solely a stress or
an energy criterion. In this case, both criteria must be
satisfied at a finite length to assess the V-notch crack
initiation.

A particular case of crack initiation is when homoge-
neous stress fields are considered. For a given stress tri-
axiality, a value of the material strength can be defined.
It results in the definition of the material strength sur-
face, which thus represents the failure stresses for dif-
ferent triaxiality ratios in the principal stress or strain
space. Under uniaxial tension, the PF regularization
length can be determined so as to achieve nucleation
at a stress magnitude corresponding to the material
tensile strength, thus interpreting the length scale as
a material parameter (Amor et al. 2009; Borden et al.
2012; Mesgarnejad et al. 2015; Pham et al. 2017). A
reasonnable comparison between PF predictions and
experiments can then be achieved by setting the regu-
larization length based on the material tensile strength
only, for instance to assess crack nucleation at a notch
(Tanné et al. 2018). Nevertheless, this description may
only be valid for a specific uniaxial loading, i.e., one
particular point of the strength surface. In turn, such a
choice of the regularization length may result in incor-
rect failure strength prediction for other triaxial load-
ing conditions. As a matter of example, significantly
different regularization lengths were identified for the
same material loaded under different biaxiality ratios
by Abaza et al. (2022).

It was previously shown that under homogeneous
stress state, the regularization length can explicitly be
written as the product between Irwin’s length and a
function depending on both Poisson’s ratio and the prin-
cipal stress ratios (Molnér et al. 2020, 2022). Moreover,
it was found that this relation remains verified even
under opening, in-plane or out-of-plane shear mode
loadings (Molndr et al. 2020, 2024). Based on this
finding, one way to define the strength surface in PF
models consists in adapting the regularization length
depending on the local stress state to follow the desired
strength surface (Doitrand et al. 2023). Kumar et al.
(2020) explicitly defined the strength surface as an
input parameter of the PF model, in addition to the criti-
cal ERR and the regularization length. This was done by
adding an external driving force describing the strength
surface. Reasonable comparison between the PF sim-
ulations and experiments was obtained. It required, for
each confrontation to an experiment, the calibration of
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an additional parameter allowing to retrieve Griffith’s
approach in case when LEFM assumptions are fulfilled.

Another alternative to define the fracture strength
surface in a PF model consists in adapting the energy
decomposition (De Lorenzis and Maurini 2022; Vicen-
tini et al. 2024) choosing for instance volumetric-
deviatoric (Amor et al. 2009), spectral (Miehe et al.
2010) or no-tension (Freddi and Royer-Carfagni 2010)
decompositions. It was shown that a given energy
decomposition calibrated to a fixed strength surface,
still conserving the relation between the regularization
length and the strength magnitude for this strength sur-
face shape. In particular, an energy decomposition was
proposed to retrieve Drucker—Prager strength surface
(De Lorenzis and Maurini 2022) by adding a parameter
controlling the shear or compressive to tensile strength
ratio.

All the approaches mentioned above mainly rely on
the idea of a coupling between energy and strength
aspects to assess crack nucleation. This idea was actu-
ally the cornerstone of the so-called coupled crite-
rion (CC) developed by Leguillon (2002) to address
the shortcomings of LEFM in evaluating crack ini-
tiation. So far, the coupled criterion appears as an
efficient model for understanding the details of crack
initiation (Wei3graeber et al. 2016; Doitrand et al.
2024). It is particularly emphasized when the CC is
implemented through matched asymptotic expansions
(Leguillon 2002; Yosibash et al. 2006; Garcia and
Leguillon 2012; Leguillon and Yosibash 2017; Fel-
ger et al. 2019; Doitrand et al. 2020; Jiménez-Alfaro
and Leguillon 2022; Doitrand et al. 2023) as it yields
direct access to the local loading in terms of General-
ized Stress Intensity factors (GSIF) and provides a clear
understanding of the stress and energy contribution to
crack initiation. Previous works focused on compar-
ing the CC to other approaches involving a regularized
crack description, such as the Thick Level Set (TLS)
(Zghal et al. 2018). It was shown that TLS and CC pro-
vided close apparent initiation strengths for V-notches
or cavities. The CC and PF approaches were also com-
pared, for instance for crack initiation under Hertz
indentation (Strobl et al. 2017; Strobl and Seelig 2020),
in the case of thin ply laminates cracking (Reinoso
et al. 2017) or bending failure of notched specimens
(Abaza et al. 2022). Both models were also confronted
under mode I, mode II and mode III crack initiation
conditions (Molnar et al. 2020, 2024). It was shown
that the correlation between the regularization length
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and Irwin’s length determined by the homogeneous PF
solution could also be extended to configurations where
the damage gradient is not negligible, evidencing that
the PF approach also fulfills both energy and strength
criteria. These confrontations highlighted the question
whether initial phase-field boundary conditions should
be prescribed or not to accurately represent crack intia-
tion at a singularity. For instance, it was evidenced that
initial phase field boundary conditions were required in
order to retrieve Griffith’s solution in the case of a suf-
ficiently long crack (Molndr et al. 2020) or to retrieve
the CC in the case of a V-notch (Doitrand et al. 2023).

In some configurations, the initiation loading pre-
dicted by the CC is insensitive to the tensile strength,
for instance in cases corresponding to strong singu-
larities, i.e., when the ERR is a decreasing function
of the crack length (Leguillon et al. 2000; Leguil-
lon and Murer 2012; Aranda and Leguillon 2023).
In these configurations, the IERR tends to infinity as
the crack length vanishes and the stress criterion is
always satisfied. Another example is a semi-infinite
sharp crack under anti-plane shear loading, for which
the stress criterion does not influence the initiation load-
ing (Doitrand et al. 2023). Since the energy release
rate is maximum for rectilinear propagation (Mittel-
man and Yosibash 2014, 2015), it fails to reproduce
the experimentally observed inclined facets (Pham and
Ravi-Chandar 2016). In these configurations, the CC
reverts solely to an energy criterion and the effect of
length disappears. In these kinds of configuration, an
ingredient is missing to accurately capture the crack
topology (Doitrand et al. 2023; Molnar et al. 2024),
which could possibly be overcome by regularization of
the sharp crack. The objective of this work is thus to
make a step forward in the understanding of regular-
ized crack initiation through the scope of the coupled
criterion. The initiation of a regularized crack ahead
of a sharp V-notch tip is studied by means of matched
asymptotic expansions. The configuration under inves-
tigation is presented in Sect.2. Section3 focuses on
incremental energy release rate calculation based on
matched asymptotic expansions. Section4 presents the
CC application to a regularized crack. The influence of
the V-notch angle and Poisson’s ratio is finally given in
Sect. 5, together with a comparison to PF calculations.

2 Regularized crack
2.1 Crack initiation at a V-notch

We study the problem of 2D regularized crack initi-
ation at a V-notch under plane strain conditions and
pure opening mode in a homogeneous isotropic brittle
material (Young’s modulus E, Poisson’s ratio v, critical
ERR G, tensile strength o, ), the V-notch angle is noted
B (Fig. 1). The material is assumed to follow Rankine’s
strength surface (i.e., with a stress state independent
critical strength).

Instead of a purely sharp description, the regularized
crack is represented as a diffused damage zone around
a sharp crack of nominal length ¢ (Fig. 1a). The diffuse
damage zone around the sharp crack is defined using
the crack regularization usually employed in PF mod-
els (regularization length £.), by prescribing d =1
PF boundary conditions along the sharp crack faces.
The definition of the damage diffusion around the sharp
crack ahead of the V-notch tip is done by solving the
phase-field problem without the elastic energy. The dif-
fuse damage topology results in a process zone around
the crack where the damage variable d varies between
1 (at the crack faces) and O (out of the process zone).
The effective crack length £¢¢ of the regularized crack
is defined as:

1 2 2
Cer =/ (@(d) + 2V, ()
Q C

wle

where ¢, = 8/3 and w(d) = d. In this study we use
the AT1 PF formulation. Implementation details can
be found in the paper (Molndr et al. 2022). The dimen-
sionless effective length &t = Cefr /€ can be computed
as a function of the dimensionless regularization length
& = £./L. It can be noted that &.;f — 1 when & — 0,
or equivalently Zeff — € when £, — 0, thus retrieving
the sharp crack description for vanishing regularization
length and process zone.

2.2 Regularization length

The proposed model enables implementing the cou-
pled criterion to study the initiation of a regularized
crack. It provides us with the option of using 3 param-
eters (i.e., critical energy release rate, tensile strength
and regularization length). But the regularization length
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== Sharp crack

Process zone

(@)

Fig. 1 a Representation of the regularized crack as a process
zone (hatched zone described by the regularization length £) in
which the damage variable d varies between 1 (fully damaged)
and O (pristine material) extending around a sharp crack (nominal

can also be chosen so as to retrieve a strength surface
described in the principal stress space by o ¢(oy;/07)
(Molnar et al. 2020, 2022) following the relation:

@t E
o1 o1 Le

where n is the normalized tensile strength which
depends on the principal stress ratio and on the Pois-
son’s ratio. Numerical implementations to compute 7
are available in Molnar et al. (2020, 2022). In the case
of a Rankine strength surface, af(‘;—‘l') =0,V ‘;—'I‘, SO
that the regularization length can be written as a func-
tion of Irwin’s length £, = b;% :

2
on
be=n (Vs _) Cmat- 3)
o1

The function n can be computed by determining the
principal stress ratio given the V-notch angle. Since we
focus on opening mode crack initiation, the principal
stress ratio is computed along the V-notch bisector. It
is thus independent of the distance to the V-notch tip
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(b)

length £) at a V-notch tip (angle B). b Dimensionless regulariza-
tion crack length & = ¢./¢ when the coordinates are normalized
by the sharp crack length (normalized length 1)

and only depends on the V-notch angle and singularity
exponent A. The principal stress ratio writes (Yosibash
et al. 2006):

o (L=sin(@r = B = 1)/2) + (3 = Vsin(@x = f)(1 +1)/2)
o1 —(1—a)sin(Qr — B)(1 — 1)/2) + (1 + 1) sin(@r — BY(1+ 1)/2)

“)

The characteristic exponent A, solution of the equation
sin(2r — B)A) + Asin(2m — B) = 0 (Leguillon and
Sanchez-Palencia 1987), is given as a function of the
V-notch angle in Fig. 2a.

Figure 2b shows the ratio (;—III as a function of the
V-notch angle, which is a decreasing function varying
from 1 for B = 0 deg. (equibiaxial stress state for a
crack under tension) to 0 for § = 180 deg. (uniaxial
stress state for a flat edge under tension). It determines
the variation of n as a function of the V-notch angle
and Poisson’s ratio values (Fig.2c). In particular, for
B = 180 deg., the value of n are the one correspond-
ing to uniaxial tension. Given the material characteris-
tic length €4, the V-notch angle (or equivalently the
principal stress ratio) and the Poisson’s ratio, the char-
acteristic length is finally determined using Eq. (3).
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Fig. 2 a Mode I characteristic exponent, b Principal stress ratio (‘;—III) and c function n linking the regularization length and Irwin’s
length for different Poisson’s ratios v, as a function of the V-notch angle

3 Incremental energy release rate
3.1 Matched asymptotic expansion

In the matched asymptotic approach, two configura-
tions are studied. The first configuration is at the spec-
imen scale, in which the regularized crack that initi-
ates can be neglected since it is small with respect
to the specimen dimensions. The second configura-
tion focuses on a zone close to the initiation crack,
disregarding the whole specimen geometry. The dis-
placement fields are sought for both configurations and
then matched in an intermediate zone to obtain the full
solution considering both the whole specimen geome-
try and the small crack. We thus consider a two-scale
problem to solve under plane strain conditions and lin-
ear elasticity. The first problem is written at the scale of
the specimen. The displacement field U% % (the super-
scripts £ and £ refer to the presence of a regularized
crack, i.e., a process zone described by £. around a
sharp crack of nominal length £) is the solution of the
following set of equations:

~V-oUht) =0,

g(U[’eC) =C: A C is the stiffness tensor,
oUttey.n=0 along the free edges, n

is the normal vector to the free edges.

®)

It is assumed that the initiation crack length ¢ and the
process zone length £ are in the same order of mag-
nitude, and relatively small compared to the specimen
dimensions, this assumption has to be checked after-
wards to ensure the validity of the matched asymptotic
approach. Sufficiently far from the V-notch tip, the dis-

placement and stress distributions are not much influ-
enced by the presence of the small regularized crack.
Therefore, the actual solution can be approximated by
the solution without the regularized crack, which only
requires a small correction to be brought close to the
V-notch tip:

Ubte (x1,x2) = Uo(xl, x2) + small correction,  (6)

where U°(x1, x2) is the solution of an idealized prob-
lem without crack. The small correction is actually
determined by solving the second problem, close to
the crack tip, detailed in the sequel. It decreases to 0
when £ tends to 0 and when moving away from the
V-notch tip. This approximation constitutes the outer
field, which is valid except near the V-notch tip. In the
case of a V-notch, the mode I asymptotic displacement
field depends on a characteristic exponent A and a cor-
responding mode u(6), that are obtained solving an
eigenvalue problem (Leguillon and Sanchez-Palencia
1987), as Kir*u(0) 4+ o(r*). K represents the V-notch
Generalized Stress Intensity Factor (GSIF). The dis-
placement field in the V-notch specimen can thus be
written as:

U°(x1, x2) = U%0, 0) + Kir'u®) + o(r") 7

To have a detailed form of the actual solution U%t<, the
initial domain is rescaled by 1/¢. The new dimension-
less space variables are defined as y; = x; /€. As £ tends
to 0, we obtain the inner domain, which is unbounded
and in which the dimensionless crack length is 1 and
the dimensionless regularization length is defined as
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& = £./¢. The inner domain is depicted in Fig. 1b. The

actual solution is assumed to expand in the following

way:

USe (a1, x2) = Uy, £92) = Fo(OV (1. 32, §)
+F OV (5132, 6), ®)

with

Fi(f)
m =
=0 Fop(l)

9

The Vi, which form the inner field, are solutions of
the problems prescribed at infinity. They must match
with the behaviour of the far field at infinity. As a
consequence, there is an intermediate zone, close to
the V-notch tip in the outer expansion and far from it
the inner expansion where both expansions given in
Egs. (6) and (8) hold true. The matching of the terms
in Egs. (7) and (8) results in:

Fo) =1,
VO(y1, y2, &) = U0, 0),
Fi(¢) = Ki£*, (10)

Vi, y2, &) ~ y*u(9),

with the normalized polar coordinate y = r/{. The
symbol & means that V! behaves like y*u(0) at infin-
ity, it can thus be written as:

VO 2. 6) = y*u®) + V' (1, y2. ). an

Itis necessary to prove that ‘71 (1, y2, &) exists and ver-
ifies the equilibrium equations. By combining Egs. (8)
and (10) into Eq. (5), and noting that the V-notch faces
remain stress free in the inner domain, f/l is solution
to the following problem:

-V, -6 =0 where V, = %Vy,

—C: vV,

-n = 0 along the V-notch edges,

-n=—(C: Vyyku(Q)) - n along the crack edges,

<o [ [ [

1
decreases at infinity.
(12)

There is a unique solution with finite energy to
this system of equations (Leguillon and Sanchez-
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Palencia 1987) (extension of Lax—Milgram theorem
to unbounded domains). The finite energy solution
implies that the solution decreases to O at infinity.
Finally, the expansion writes:

U (x1, x2) = U (Lyy, £y2) = U°(0, 0)

+ K u®) + V' (. v, 1.
(13)

The change in elastic strain energy due to regular-
ized crack initiation is thus written as (Leguillon and
Sanchez-Palencia 1987; Labossiere and Dunn 1999)

—8We = WU % (x1, x2), U"O(x1, x2)), (14)

where
1
V(f.g) = E/F[g(f»mg—g(g)-n-f]ds. (15)

The path independent integral W is defined on I, a
closed contour surrounding the studied crack initia-
tion location, starting and finishing on the V-notch free
faces. The inwards normal to this contour is noted n.
The elastic strain energy variation thus writes:

K2
—SWe = ?IZMA(?;, V), (16)

where A(&, v) depends on the dimensionless regular-
ization length, V-notch angle and Poisson’s ratio.

The incremental energy release rate (IERR) for a
regularized crack is defined as:

—6Wa _ K} 5 AGv) _ K} o0 AGY)
Lefr E Leg E Eerr (§)

K2
= flz”—lAeff(g, V). (17)

ginc =

The dimensionless IERR Aer = A(&, v)/Eer can be
obtained by computing the elastic strain energy differ-
ence between uncracked and regularized cracked states
in the inner domain for a given dimensionless regular-
ization length, which is detailed in next section.
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3.2 Numerical calculation of Aefr

The dimensionless IERR Acgr is computed using the
Finite Element (FE) method in the inner domain which
is artificially bounded at a distance large with respect
to & and 1 (the dimensionless crack length in the inner
domain). For a given V-notch angle, a regularization
length and a Poisson’s ratio, Aef is obtained by cal-
culating the elastic strain energy difference between a
configuration without crack and a configuration with
a regularized crack. Note that this method is equiva-
lent to directly computing the contour integral given in
Eq. (14). FE calculations are performed under small
deformation assumptions. Dirichlet boundary condi-
tions corresponding to mode I asymptotic displacement
fields around a sharp V-notch are prescribed on the
inner domain boundary. The mesh consists of linear 4-
nodes elements. It is refined both near the initial sharp
crack and in the process zone so that the mesh size is at
least 1/10 of the dimensionless regularization length
and at least 1/100 of the dimensionless sharp crack
length. Differences in the IERR smaller than 1% are
obtained for a finer mesh. The IERR requires both the
calculation of the elastic strain energy difference and
the dimensionless effective crack length. The latter is
shown as a function of & for several V-notch angles in
Fig.3a.

The larger the dimensionless regularization length,
the larger the effective crack length as it covers a larger
process zone. For a given dimensionless regularization
length, the effective length is also larger for smaller
V-notch angle. It is worth noting that whatever the V-
notch angle, as £ — 0, the effective crack length tends
towards 1, i.e. the dimensionless sharp crack length in
the inner domain. Thus, the proposed description of
the regularized crack tends towards the description of
a sharp crack when the regularization length vanishes.
The dimensionless IERR Aq¢ is shown as a function
of & for different V-notch angles (v = 0.36, Fig.3b)
and for different Poisson’s ratio (8 = 90 deg., Fig. 3c).
Overall, itis a decreasing function of the dimensionless
regularization length and of the Poisson’s ratio. Never-
theless, it may exhibit an increasing (§ > 5, Fig.3b) or
non-monotonous (§ < 5, Fig.3b) variation as a func-
tion of the V-notch angle. The FE calculation in the
inner domain also provides the variation of the stress
along the crack path before initiation. Choosing a nor-
malization of the asymptotic displacement and stress
fields so that ogg( = 0,¢ = 1) = 1, the stress field

writes, based on the expansion before crack initiation:
o(0) = Kie* ™!, (18)

The matched asymptotic approach thus enables the cal-
culation of the stress variation along the crack path prior
to crack initiation as well as the elastic strain energy
change as a function of the dimensionless regulariza-
tion length. These two functions are used in the sequel
to implement the coupled criterion to assess crack ini-
tiation.

4 The coupled criterion

The CC states that crack initiation occurs if two condi-
tions are fulfilled (Leguillon 2002):

e the stress must be larger than the material strength
o. along the crack path before initiation: o (y) >
o Vy < ¥,

e the IERR must be larger than the critical ERR:
Ginc(€) = Ge.

Applying the coupled criterion consists in coupling
both above-mentioned conditions, which results in the
following equation system to be solved:

KE oa—
TIEZA 1Aeff(€) > G, (19)
KIZ)‘_I > o.

The two unknowns are the crack length and the GSIF.
Solving this system thus provides the initiation crack
length ¢; and the apparent GSIF at initiation Kipapp.
Combining both equations finally yields the equation
that must be solved to determine the dimensionless reg-
ularization length &. and the corresponding initiation
crack length ¢;:

b EGe
E Aol Aar(E)

6 = . (20)

As recalled in Sect. 2, the defined relation between £,
and € through £, = nzﬁmat enables determining the
equation to be solved to determine the dimensionless
regularization length &, and thus the initiation length
£;. The previous equation rewrites as:

Aetr (&) _ i 21

& ’72
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—f =0deg.

Aeff (g)

—f =0deg.

— f =45 deg.

— f =90 deg.
B =135 deg.

Aeft ( E)

(a)

Fig. 3 a Effective crack length ¢ and b, ¢ normalized IERR
obtained for b different V-notch angles and ¢ different Poisson’s
ratio, as a function of the dimensionless regularization length &.
The disk symbols in b, ¢ represent the normalized IERR value

Equation (21) is solved using Newton’s method to
determine the dimensionless regularization length and
the corresponding initiation crack length. Finally, the
apparent GSIF at initiation is obtained as:

_( EGc Aot
Kim= (i) " .

5 Results

The CC is applied to study regularized crack initiation
at a V-notch. It first requires solving Eq. (21) to deter-
mine the dimensionless initiation regularization length
&.. It can be noted that &, only depends on the V-notch
angle and Poisson’s ratio. It means that for fixed V-
notch angle and Poisson’s ratio, it is mathematically
shown that the initiation length is proportional to the
regularization length, which confirms a result previ-
ously observed through the comparison between CC
and PF simulations (Molnér et al. 2020).

5.1 Influence of Poisson’s ratio

Figure 4a shows &. as a function of the Poisson’s
ratio for B = 90 deg. V-notch angle, also represented
in Fig.3c. Increasing the Poisson’s ratio induces an
increase in the initiation dimensionless regularization
length. As a matter of illustration, the process zone
obtained for different normalized regularization length
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for a sharp crack and the triangle symbols represent the initia-
tion regularization length obtained when applying the CC (see
Sect.4)

are shown in Fig. 4c. Considering or not the regulariza-
tion, the dimensionless IERR is a decreasing function
of the Poisson’s ratio (Fig.4).

Whatever the Poisson’s ratio, the crack regulariza-
tioninduces a decrease in the dimensionless IERR com-
pared to the case of a sharp crack. The decrease in the
IERR is more important for large Poisson’s ratios. A
decrease in the IERR necessarily results in a larger initi-
ation loading so that the IERR reaches the critical ERR.
Itis illustrated in Fig. 5a which shows the ratio between
the initiation GSIF obtained in the cases of a regular-
ized (K ﬂgp) or a sharp (K Ioapp) crack. The increase in
initiation GSIF due to the crack regularization is high-
lighted whatever the Poisson’s ratio and it is larger
for larger Poisson’s ratio. The corresponding initiation
length variation as a function of the Poisson’s ratio is
shown in Fig. 5b. Considering or not the regularization,
the initiation length increases with increasing Poisson’s
ratio. Regularized crack initiation results in a larger
initiation length than in the case of sharp crack initi-
ation, the difference between both cases being higher
for larger Poisson’s ratio.

5.2 Influence of V-notch angle

Figure 6a shows & as a function of the V-notch angle
for v = 0.36 Poisson’s ratio, also represented in Fig. 3b.

The V-notch angle seems to have a moderate influ-
ence on the initiation dimensionless regularization
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Fig.4 Dimensionless a initiation regularization length & and b
IERR as a function of the Poisson’s ratio v for fixed g = 90 deg.
V-notch angle. ¢ Illustration of the process zone obtained for

length, which lies between 1.6 and 2.1 for the con-
sidered V-notch angles.

The resulting process zone has nevertheless a signifi-
cantinfluence on the normalized IERR which decreases
compared to the case of a sharp crack (Fig.6b). The
decrease in IERR is more important compared to the
sharp crack case as the V-notch angle decreases. As
a consequence, the ratio between the initiation GSIF
obtained in the cases of a regularized or a sharp crack
decreases with increasing V-notch angle and the pres-
ence of a process zone results in a larger initiation GSIF
than for a sharp crack. Figure 7b shows the initiation
length as a function of the V-notch angle. Again, the
presence of the process zone results in a larger initia-
tion length compared to sharp crack initiation length,
which increases with increasing V-notch angle.
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dimensionless initiation regularization lengths in the case of
B = 90 deg. V-notch angle and (left) & = 0.9, (middle) & = 2
or (right) & = 4. The dimensionless sharp crack length is 1

5.3 Comparison with PF calculations

We now compare the proposed CC approach for regu-
larized crack initiation to PF calculations, considering
a three-point bending specimen studied in Abaza et al.
(2022) as a matter of example. The specimen geometry
is depicted in Fig. 8a.

The specimen dimensions are L = 8 mm, 7 = 2 mm
and a;, = 0.4mm. The ceramic specimen is made of
3YSZ (Young’s modulus: £ = 214 GPa, Poisson’s
ratio v = 0.31, critical energy release rate G, =
110J/m? and tensile strength o, = 583 MPa). Four
V-notch angles (0, 60, 90 and 120 deg.) are consid-
ered. The PF implementation proposed in Molnér et al.
(2022) is used with a spectral energy decomposition
(Bernard et al. 2012) and AT1 model. In the PF calcu-
lation, the regularization length is adjusted depending
on the V-notch angle so as to ensure a Rankine strength

@ Springer



A. Doitrand, G. Molnar

1.5
v
1.4 -
o
o 13-
~—
o
BE 1.2
M v
1.1+ v v
l T T T T
0 01 02 03 04 05
(a)

Fig. 5 Influence of the Poisson’s ratio v on a the ratio between
the initiation GSIF obtained for a regularized (Kpapp) or a sharp

2 v

1.9 4
NV

1.8 1 v

0.6
vRegularized crack o
0.5 | ©Sharp crack
;5“0.4 a
=
[
0.3 v
v
o
v
0.2 % o o) ©
0 0.1 0.2 y 03 04 0.5
(b)

(K loapp) crack and b the initiation length to material characteris-
tic length ratio with (triangle symbols) or without (disk symbols)
regularization

v

1.74 v

0 20 40 60 80 100 120 140
(deg.)

(@)

79 %%
o 0&=0
5 o vE=¢&
O
O
o=
< 4 o
y vV VvV Vv .y o
v o B}
3 v
T T T

0 20 40 60 80 100 120 140
(deg.)

(b)

Fig. 6 Dimensionless a initiation regularization length & and b IERR as a function of the V-notch angle g for fixed v = 0.36 Poisson’s

ratio

surface based on Eq. (2). It results in the regularization
lengths given in Table 1.

The load—displacement curves corresponding to the
studied cases obtained with the PF model are linear up
to failure that corresponds to a sudden force drop to
zero. The apparent GSIF at initiation is then calculated
based on the maximum force before failure (Abaza et al.
2022). The initiation GSIF obtained by PF calculation

@ Springer

are shown as a function of the V-notch angle in Fig. 8b,
which also depicts the initiation GSIF obtained with
the proposed approach using the CC, with and without
crack regularization. Considering regularization or not,
similar trends are obtained using both methods. In case
regularization is disregarded, a lower initiation GSIF is
obtained, the difference with the regularized crack ini-
tiation GSIF decreasing with increasing V-notch angle.
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using the CC are around 20% larger than the one used
as inputs in the PF calculations. The remaining dif-
ferences between the proposed CC approach and PF
calculations can be understood by observing the dam-
age field corresponding to the maximum force before
initiation in the PF calculations, which is depicted in

The proposed approach of the CC applied to regular-
ized crack initiation provides less than 5% difference
compared to GSIFs obtained using the PF approach
(Fig. 8b). Based on the initiation length and dimension-
less regularization length obtained by solving the CC,
it also yields an estimate of the initiation regularization
length (Table 1). The regularization lengths obtained Fig.9a.
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Table 1 Regularization lengths for different V-notch angles to ensure a Rankine strength surface in the PF calculations

V-notch angle g (deg.) 0 60 90 120
PF—Regularization length ¢ (jvm) 26 28 34 36
CC—Initiation length ¢; pm 21.6 214 223 24.1
CC—Dimensionless regularization length & 1.42 1.63 1.77 1.75
CC—Regularization length &:¢; (Lm) 30.6 34.5 39.7 42.3
Initiation length and regularization lengths obtained using the CC applied to regularized crack initiation
B =120 deg B =90 deg 1.0
— f =0deg.
— f =60 deg.
0.8 “ &
—— B =90 deg.
B =120 deg.
0.6 \
=
0.4 43
R \
0.2 S \
0.0 T T - \\11\“ T T T
00 05 10 15 20 25 3.0 35
x2/4e
(b)

Fig. 9 a Process zone (left) at the force maximum before sud-
den drop to zero and (right) when damage attains 1 for the first
time for different V-notch angles. b Corresponding variation of
damage as a function of the distance to the sharp V-notch tip nor-

As a complement, the damage field at the first time
for which d = 1 is also depicted. It is observed that
prior to crack initiation corresponding to the sudden
force drop, a damage zone is established so that the
damage variable attains a maximum value around 0.3—
0.4 depending on the V-notch angle. It can be seen
from Fig. 9b that the process zone extent is around 1.5¢
along the crack direction at this stage. This is around
half the process zone size along the crack direction
(i.e., around 3¢.) when damage attains d = 1 for the
first time. The initial process zone before crack initi-
ation is not considered in the proposed CC approach,
which explains the differences observed in terms of
GSIF and regularization length. This small damage
zone at a V-notch tip was also previously observed by
Tanné et al. (2018). It was also discussed in several

@ Springer

malized by the regularization length obtained in PF simulations
at the force maximum (dashed line) or when d = 1 for the first
time (plain line)

papers in the case of a crack (Klinsmann et al. 2015;
Sargado et al. 2018; Molndr et al. 2020), where it was
shown that prescribing phase-field Dirichlet boundary
conditions or not along the crack faces resulted in dif-
ferent critical load for its propagation.

6 Conclusion

Regularized crack initiation can be described by the
matched asymptotic approach of the CC in which areg-
ularized crack is considered to represent a process zone
around a sharp crack. While using AT1 PF regulariza-
tion model in the proposed work, this approach could
be generalized to any kind of regularization to describe
the process zone around the crack. The larger this pro-
cess zone, the larger the effective crack length and thus
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the smaller the normalized IERR, which depends on
the Poisson’s ratio, the V-notch angle and the regu-
larization length. In case the regularization length is
proportional to the material Irwin’s length, such as in
PF models as shown previously through the parameter
n, it is mathematically shown that the initiation length
is proportional to the regularization length. As a conse-
quence, the normalized regularization length depends
only on the Poisson’s ratio and on the V-notch angle. It
is found to be larger than the initiation length for the V-
notch configurations under investigation. Considering
aregularized crack results in larger initiation GSIF than
in the case of a sharp crack without process zone. This
difference is larger for decreasing V-notch angles. This
result confirms previous findings that in PF calculations
in the case of an initial crack, it is essential to provide
Dirichlet PF conditions on the initial crack to retrieve
Griffith’s solution (Molnér et al. 2020, 2022). The pro-
posed approach of the CC for crack initiation of a reg-
ularized crack yields differences smaller than 5% in
the initiation GSIF and regularization lengths slightly
larger as compared to PF simulations. The remaining
slight discrepancy between the proposed approach and
PF simulations is likely due to the formation of a pro-
cess zone prior to crack initiation, locally reducing
the stiffness and strength, thus blunting the V-notch
and requiring a slightly larger initiation loading. While
linking the regularization length to the tensile strength
similarly to PF models, these parameters could also
be considered as independent so as to implement the
CC application in presence of a process zone through a
3-parameter CC formulation. Such a formulation will
enable making the regularization parameter indepen-
dent of the material strength surface and critical ERR.
Future works will also cover the formation of the pro-
cess zone before initiation, which could also be incor-
porated in the present approach and may be of primary
importance for energy driven configurations such as
strong singularities or mode III cracking.

Author contributions AD performed numerical simulations
and drafted the manuscript. GM and AD developed the method-
ology, conceived of the study, and participated in its design, coor-
dination, and critical review of the manuscript. All authors read
and approved the final manuscript.

Data availability No datasets were generated or analysed during
the current study.

Declarations

Conflict of interest The authors declare no competing interests.

References

Abaza A, Laurencin J, Nakajo A, Meille S, Debayle J, Leguillon
D (2022) Prediction of crack nucleation and propagation
in porous ceramics using the phase-field approach. Theo-
ret Appl Fract Mech 119:103349. https://doi.org/10.1016/
j-tafmec.2022.103349

Amor H, Marigo J, Maurini C (2009) Regularized formulation
of the variational brittle fracture with unilateral contact:
numerical experiments. J Mech Phys Solids 57(8):1209—
1229. https://doi.org/10.1016/j.jmps.2009.04.011

Aranda M, Leguillon D (2023) Prediction of failure of hybrid
composites with ultra-thin carbon/epoxy layers using the
coupled criterion. Eng Fract Mech 281:109053. https://doi.
org/10.1016/j.engfracmech.2023.109053

Bernard P, Moes N, Chevaugeon N (2012) Damage growth mod-
eling using the thick level set (TLS) approach: efficient dis-
cretization for quasi-static loadings. Comput Methods Appl
Mech Eng 233-236:11-27. https://doi.org/10.1016/j.cma.
2012.02.020

Borden M, Verhoosel C, Scott M, Hughes T, Landis C (2012) A
phase-field description of dynamic brittle fracture. Comput
Methods Appl Mech Eng 217-220:77-95. https://doi.org/
10.1016/j.cma.2012.01.008

De Lorenzis L, Maurini C (2022) Nucleation under multi-
axial loading in variational phase-field models of brittle
fracture. Int J Fract 237(1):61-81. https://doi.org/10.1007/
s10704-021-00555-6

Doitrand A, Martin E, Leguillon D (2020) Numerical imple-
mentation of the coupled criterion: matched asymptotic
and full finite element approaches. Finite Elem Anal Des
168:103344. https://doi.org/10.1016/].finel.2019.103344

Doitrand A, Molnar G, Estevez R, Gravouil A (2023) Strength-
based regularization length in phase field fracture. Theo-
ret Appl Fract Mech 124:103728. https://doi.org/10.1016/
j-.tafmec.2022.103728

Doitrand A, Leguillon D, Molnar G, Lazarus V (2023) Revisiting
facet nucleation under mixed mode I+III loading with T-
stress and mode-dependent fracture properties. Int J Fract
242:85-106. https://doi.org/10.1007/s10704-023-00703-0

Doitrand A, Duminy T, Girard H, Chen X (2024) A review of
the coupled criterion. https://hal.science/hal-04023438

Felger J, Rosendahl P, Leguillon D, Becker W (2019) Predicting
crack patterns at bi-material junctions: a coupled stress and
energy approach. Int J Solids Struct 164:191-201. https://
doi.org/10.1016/].ijsolstr.2019.01.015

Francfort G, Marigo J (1998) Revisiting brittle frac-
ture as an energy minimization problem. J Mech
Phys Solids 46(8):1319-1342. https://doi.org/10.1016/
S0022-5096(98)00034-9

Freddi F, Royer-Carfagni G (2010) Regularized variational the-
ories of fracture: a unified approach. J Mech Phys Solids
58(8):1154-1174. https://doi.org/10.1016/j.jmps.2010.02.
010

@ Springer


https://doi.org/10.1016/j.tafmec.2022.103349
https://doi.org/10.1016/j.tafmec.2022.103349
https://doi.org/10.1016/j.jmps.2009.04.011
https://doi.org/10.1016/j.engfracmech.2023.109053
https://doi.org/10.1016/j.engfracmech.2023.109053
https://doi.org/10.1016/j.cma.2012.02.020
https://doi.org/10.1016/j.cma.2012.02.020
https://doi.org/10.1016/j.cma.2012.01.008
https://doi.org/10.1016/j.cma.2012.01.008
https://doi.org/10.1007/s10704-021-00555-6
https://doi.org/10.1007/s10704-021-00555-6
https://doi.org/10.1016/j.finel.2019.103344
https://doi.org/10.1016/j.tafmec.2022.103728
https://doi.org/10.1016/j.tafmec.2022.103728
https://doi.org/10.1007/s10704-023-00703-0
https://hal.science/hal-04023438
https://doi.org/10.1016/j.ijsolstr.2019.01.015
https://doi.org/10.1016/j.ijsolstr.2019.01.015
https://doi.org/10.1016/S0022-5096(98)00034-9
https://doi.org/10.1016/S0022-5096(98)00034-9
https://doi.org/10.1016/j.jmps.2010.02.010
https://doi.org/10.1016/j.jmps.2010.02.010

A. Doitrand, G. Molnar

Garcia I, Leguillon D (2012) Mixed-mode crack initiation at
a V-notch in presence of an adhesive joint. Int J Solids
Struct 49(15):2138-2149. https://doi.org/10.1016/j.ijsolstr.
2012.04.018

Griffith A (1921) The phenomena of rupture and flow in solids.
Philos Trans R Soc Lond A Math Phys Eng Sci 221(582—
593):163-198

Griffith A (1924) The theory of rupture. IN: First Int. Cong. Appl.
Mech, pp 55-63

Jiménez-Alfaro S, Leguillon D (2022) Modelling of glass matrix
composites by the coupled criterion and the matched asymp-
totics approach. The role of a single platelet. Theor Appl
Fract Mech 122:103650. https://doi.org/10.1016/j.tafmec.
2022.103650

Klinsmann M, Rosato D, Kamlah M, McMeeking RM (2015) An
assessment of the phase field formulation for crack growth.
Comput Methods Appl Mech Eng 294:313-330. https://doi.
org/10.1016/j.cma.2015.06.009

Kumar A, Bourdin B, Francfort G, Lopez-Pamies O (2020)
Revisiting nucleation in the phase-field approach to brit-
tle fracture. J Mech Phys Solids 142:104027. https://doi.
org/10.1016/j.jmps.2020.104027

Labossiere PE, Dunn ML (1999) Stress intensities at
interface corners in anisotropic bimaterials. Eng
Fract Mech 62(6):555-576. https://doi.org/10.1016/
S0013-7944(99)00005-3

Leguillon D (2002) Strength or toughness? A criterion for crack
onset at a notch. Eur J Mech A Solids 21(1):61-72. https://
doi.org/10.1016/S0997-7538(01)01184-6

Leguillon D, Murer S (2012) Fatigue crack nucleation at a
stress concentration point. In: CP2012 Conference proceed-
ings, vol 46. https://www.gruppofrattura.it/ocs/index.php/
esis/CP2012/paper/viewFile/9235/5996

Leguillon D, Sanchez-Palencia E (1987) Computation of singular
solutions in elliptic problems and elasticity. Wiley, London

Leguillon D, Yosibash Z (2017) Failure initiation at V-notch tips
in quasi-brittle materials. Int J Solids Struct 122-123:1-13.
https://doi.org/10.1016/].ijsolstr.2017.05.036

Leguillon D, Lacroix C, Martin E (2000) Interface debonding
ahead of a primary crack. ] Mech Phys Solids 48(10):2137-
2161. https://doi.org/10.1016/S0022-5096(99)00101-5

Mesgarnejad A, Bourdin B, Khonsari M (2015) Validation sim-
ulations for the variational approach to fracture. Comput
Methods Appl Mech Eng 290:420-437. https://doi.org/10.
1016/j.cma.2014.10.052

Miehe C, Hofacker M, Welschinger F (2010) A phase field model
for rate-independent crack propagation: Robust algorithmic
implementation based on operator splits. Comput Methods
Appl Mech Eng 199(45-48):2765-2778. https://doi.org/10.
1016/j.cma.2010.04.011

Mittelman B, Yosibash Z (2014) Asymptotic analysis of the
potential energy difference because of a crack at a V-notch
edge in a 3D domain. Eng Fract Mech 131:232-256. https://
doi.org/10.1016/j.engfracmech.2014.07.031

@ Springer

Mittelman B, Yosibash Z (2015) Energy release rate cannot pre-
dict crack initiation orientation in domains with a sharp V-
notch under mode III loading. Eng Fract Mech 141:230-
241. https://doi.org/10.1016/j.engfracmech.2015.05.008

Molnar G, Doitrand A, Estevez R, Gravouil A (2020) Tough-
ness or strength? Regularization in phase-field fracture
explained by the coupled criterion. Theor Appl Fract
Mech 109:102736. https://doi.org/10.1016/j.tafmec.2020.
102736

Molndr G, Doitrand A, Jaccon A, Prabel B, Gravouil A
(2022) Thermodynamically consistent linear-gradient dam-
age model in Abaqus. Eng Fract Mech 266:108390. https://
doi.org/10.1016/j.engfracmech.2022.108390

Molnar G, Doitrand A, Lazarus V (2024) Phase-field simulation
and coupled criterion link echelon cracks to internal length
in antiplane shear. J Mech Phys Solids 105675. https://doi.
org/10.1016/j.jmps.2024.105675

Pham K, Ravi-Chandar K (2016) On the growth of cracks under
mixed-mode I+ Il loading. IntJ Fract 199:105-134. https://
doi.org/10.1007/s10704-016-0098-6

Pham K, Ravi-Chandar K, Landis C (2017) Experi-
mental validation of a phase-field model for frac-
ture. Int J Fract 205(1):83-101. https://doi.org/10.1007/
s10704-017-0185-3

Reinoso J, Arteiro A, Paggi M, Camanho P (2017) Strength
prediction of notched thin ply laminates using finite
fracture mechanics and the phase field approach. Com-
pos Sci Technol 150:205-216. https://doi.org/10.1016/].
compscitech.2017.07.020

Sargado J, Keilegavlen E, Berre I, Nordbotten J (2018) High-
accuracy phase-field models for brittle fracture based on a
new family of degradation functions. J] Mech Phys Solids
111:458-489. https://doi.org/10.1016/j.jmps.2017.10.015

Strobl M, Seelig T (2020) Phase field modeling of Hertzian
indentation fracture. J Mech Phys Solids 143:104026.
https://doi.org/10.1016/j.jmps.2020.104026

Strobl M, Dowgiallo P, Seelig T (2017) Analysis of Hertzian
indentation fracture in the framework of finite fracture
mechanics. Int J Fract 206:67-79. https://doi.org/10.1007/
s10704-017-0201-7

Tanné E, Li T, Bourdin B, Marigo J, Maurini C (2018) Crack
nucleation in variational phase-field models of brittle frac-
ture. J Mech Phys Solids 110:80-99. https://doi.org/10.
1016/j.jmps.2017.09.006

Vicentini F, Zolesi C, Carrara P, Maurini C, De Lorenzis L (2024)
On the energy decomposition in variational phase-field
models for brittle fracture under multi-axial stress states.
Int J Fract. https://doi.org/10.1007/s10704-024-00763-w

Weiligraeber P, Leguillon D, Becker W (2016) A review of Finite
Fracture Mechanics: crack initiation at singular and non-
singular stress raisers. Arch Appl Mech 86(1-2):375-401.
https://doi.org/10.1007/s00419-015-1091-7


https://doi.org/10.1016/j.ijsolstr.2012.04.018
https://doi.org/10.1016/j.ijsolstr.2012.04.018
https://doi.org/10.1016/j.tafmec.2022.103650
https://doi.org/10.1016/j.tafmec.2022.103650
https://doi.org/10.1016/j.cma.2015.06.009
https://doi.org/10.1016/j.cma.2015.06.009
https://doi.org/10.1016/j.jmps.2020.104027
https://doi.org/10.1016/j.jmps.2020.104027
https://doi.org/10.1016/S0013-7944(99)00005-3
https://doi.org/10.1016/S0013-7944(99)00005-3
https://doi.org/10.1016/S0997-7538(01)01184-6
https://doi.org/10.1016/S0997-7538(01)01184-6
https://www.gruppofrattura.it/ocs/index.php/esis/CP2012/paper/viewFile/9235/5996
https://www.gruppofrattura.it/ocs/index.php/esis/CP2012/paper/viewFile/9235/5996
https://doi.org/10.1016/j.ijsolstr.2017.05.036
https://doi.org/10.1016/S0022-5096(99)00101-5
https://doi.org/10.1016/j.cma.2014.10.052
https://doi.org/10.1016/j.cma.2014.10.052
https://doi.org/10.1016/j.cma.2010.04.011
https://doi.org/10.1016/j.cma.2010.04.011
https://doi.org/10.1016/j.engfracmech.2014.07.031
https://doi.org/10.1016/j.engfracmech.2014.07.031
https://doi.org/10.1016/j.engfracmech.2015.05.008
https://doi.org/10.1016/j.tafmec.2020.102736
https://doi.org/10.1016/j.tafmec.2020.102736
https://doi.org/10.1016/j.engfracmech.2022.108390
https://doi.org/10.1016/j.engfracmech.2022.108390
https://doi.org/10.1016/j.jmps.2024.105675
https://doi.org/10.1016/j.jmps.2024.105675
https://doi.org/10.1007/s10704-016-0098-6
https://doi.org/10.1007/s10704-016-0098-6
https://doi.org/10.1007/s10704-017-0185-3
https://doi.org/10.1007/s10704-017-0185-3
https://doi.org/10.1016/j.compscitech.2017.07.020
https://doi.org/10.1016/j.compscitech.2017.07.020
https://doi.org/10.1016/j.jmps.2017.10.015
https://doi.org/10.1016/j.jmps.2020.104026
https://doi.org/10.1007/s10704-017-0201-7
https://doi.org/10.1007/s10704-017-0201-7
https://doi.org/10.1016/j.jmps.2017.09.006
https://doi.org/10.1016/j.jmps.2017.09.006
https://doi.org/10.1007/s10704-024-00763-w
https://doi.org/10.1007/s00419-015-1091-7

Understanding regularized crack initiation through the lens of finite fracture mechanics. ..

Yosibash Z, Priel E, Leguillon D (2006) A failure crite-
rion for brittle elastic materials under mixed-mode load-
ing. Int J Fract 141:291-312. https://doi.org/10.1007/
$10704-006-0083-6

Zghal J, Moreau K, Moés N, Leguillon D, Stolz C (2018) Anal-
ysis of the failure at notches and cavities in quasi-brittle
media using the thick level set damage model and compar-
ison with the coupled criterion. Int J Fract 211:253-280.
https://doi.org/10.1007/s10704-018-0287-6

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional affil-
iations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing agreement
with the author(s) or other rightsholder(s); author self-archiving
of the accepted manuscript version of this article is solely gov-
erned by the terms of such publishing agreement and applicable
law.

@ Springer


https://doi.org/10.1007/s10704-006-0083-6
https://doi.org/10.1007/s10704-006-0083-6
https://doi.org/10.1007/s10704-018-0287-6

	Understanding regularized crack initiation through the lens of finite fracture mechanics
	Abstract
	1 Introduction
	2 Regularized crack
	2.1 Crack initiation at a V-notch
	2.2 Regularization length

	3 Incremental energy release rate
	3.1 Matched asymptotic expansion
	3.2 Numerical calculation of Aeff

	4 The coupled criterion
	5 Results
	5.1 Influence of Poisson's ratio
	5.2 Influence of V-notch angle
	5.3 Comparison with PF calculations

	6 Conclusion
	References


