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Abstract

Phase-field models of brittle fracture are typically endowed with a decomposition of the elastic strain energy density
in order to realistically describe fracture under multi-axial stress states. In this contribution, we identify the essential
requirements for this decomposition to correctly describe both nucleation and propagation of cracks. Discussing the
evolution of the elastic domains in the strain and stress spaces as damage evolves, we highlight the links between the
nucleation and propagation conditions and the modulation of the elastic energy with the phase-field variable. In light
of the identified requirements, we review some of the existing energy decompositions, showcasing their merits and
limitations, and conclude that none of them is able to fulfil all requirements. As a partial remedy to this outcome, we
propose a new energy decomposition, denoted as star-convex model, which involves a minimal modification of the
volumetric-deviatoric decomposition. Predictions of the star-convex model are compared with those of the existing
models with different numerical tests encompassing both nucleation and propagation.
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1. Introduction

Francfort and Marigo revisited Griffith’s criterion from a variational perspective by casting it into a global energy
minimization framework; thus, they formulated a general principle circumventing the need for ad-hoc criteria to
handle arbitrarily complex crack topologies in 2D or 3D [1]. The direct application of the ensuing (so-called sharp-
crack) model is limited by the difficulty to handle displacement jumps in the numerical setting. Phase-field approaches
come into play as a regularization of the sharp-crack model [2, 3] and offer a smeared description of the crack as the
localization of an auxiliary variable, i.e., the phase-field variable. The regularized model is prone to a simple numerical
treatment using standard finite element discretizations with smooth basis functions; it introduces a regularization
length €, which defines the typical width of the localization bands representing the approximation of the cracks.

Although originally developed to describe crack propagation, phase-field models are naturally able to predict the
evolution of damage from a pristine material, which can be regarded as the capability to predict nucleation of cracks.
From a theoretical perspective, this ability can be justified by treating the auxiliary regularization variable as a damage
variable and interpreting the model as a gradient damage model endowed with a finite internal length ¢ [4]. Gradient
damage modeling in the quasi-static rate-independent setting defines the system evolution through the three principles
of stability, irreversibility and energy balance [5]. In particular, the stability requirement is equivalent to local energy
minimization, in contrast to the starting sharp-crack problem which instead calls for global energy minimization.
Evolution following local energy minima is not only numerically convenient when dealing with large-scale problems,
but also more physically reasonable as it does not require crossing energy barriers [6—8].

Following the three principles of gradient damage model evolution, localization of damage naturally occurs upon
the loss of stability of the homogeneous solution whose threshold depends on the length ¢ [4]. Thus, the internal
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length can be tuned to calibrate the uniaxial tensile strength of the material [9, 10]. On the other hand, once the elastic
parameters, the fracture toughness of the material and ¢ are fixed, the standard phase-field model does not offer any
additional degree of freedom to calibrate the strength related to scenarios different from uniaxial tension, such as the
compressive strength or the shear strength, see the discussion in [11, 12]. Flexibility in defining the strength envelope
represents the main problem of nucleation under multi-axial stress states. As for crack propagation under such stress
states, the most relevant problem is to model unilateral contact appropriately [13].

There is a wealth of literature proposing phase-field models for brittle fracture under multi-axial stress states. The
performance of these models is demonstrated through different examples, making their comparison not immediate and
their strength and limitations not obvious. Among these contributions, some preserve a variational nature; the most
popular variational solutions [13, 14] are based on elastic energy decompositions. This idea is adopted in [12, 15—
17], justified through structured deformation theory. Other contributions are inspired by anisotropic materials [18-20],
propose cohesive fracture [21], introduce plasticity [22—24] or propose an explicit treatment of the crack direction [25—
27]. Unfortunately, the available variational models implicitly prioritize either nucleation or propagation, and (as we
will show in this paper, at least for the most popular ones) none of them can describe both aspects correctly without
introducing excessive complexity with respect to the original model or moving away from the framework of linear
elastic (brittle) materials. Other models step outside the variational framework; in this way, they more easily achieve
the needed flexibility to handle nucleation and propagation, but only at the cost of giving up the theoretical and
practical advantages of the variational structure [11, 28-32]. The variational principle naturally comes with a simple
stability concept and it allows the use of the mathematical tools of calculus of variations to discuss the existence of
solutions and to study the asymptotic ['-convergence behavior. Additionally, the finite element tangent stiffness matrix
stemming from a variational formulation is automatically symmetric, which gives important advantages in numerics.
Moreover, the Drucker-Prager Ilyushin postulate is satisfied only if the damage criterion is derived from a variational
formulation where the strain work is a state function [33] and the thermodynamic consistency of non-variational
models is not granted.

To date, a study that highlights advantages and drawbacks of different energy decompositions based on a consistent
set of criteria and common examples is still lacking. In this contribution, we first define these criteria; subsequently,
we perform a systematic review of some available models, highlighting their performance in relation to the defined
criteria. We find out that none of the examined energy decompositions is able to satisfy all the proposed criteria, as
they perform well with respect to either nucleation or propagation of cracks. As a remedy, we propose a new model,
which we denote as star-convex model; this model is still based on an energy decomposition, but it is specifically
designed to satisfy the desired requirements for both nucleation and propagation.

The paper is structured as follows. Section 2 offers a brief review on the basic ingredients of standard phase-field
modeling of brittle fracture, shows its limitations and formulates the requirements for an ideal model to describe
fracture under multi-axial stress states. In light of the defined requirements, Section 3 reports a review of some of the
available models, all based on decompositions of the elastic strain energy density. In Section 4, the novel star-convex
model is introduced. Section 5 is dedicated to numerical experiments that showcase the advantages and limitations of
the models previously illustrated, including the new one. The main conclusions are drawn in Section 6.

As follows, we summarize the notation and some useful relations. Vectors and second-order tensors will be both
denoted by boldface fonts, e.g. u and o for the displacement vector and stress tensor, respectively. For the standard or-
thogonal decomposition of second-order tensors in volumetric and deviatoric parts we will use the following notation
(exemplified on o)

tr(o) tr(o)
O =0yl +Ogey,  Oyol = TI’ Ogey = O — TI’ Tyol * Ogey = 0,

where I is the second-order identity tensor and » is the number of space dimensions. For an isotropic elastic undam-
aged material with Young’s modulus E and Poisson’s ratio vy, we denote by (g, to, ko) the Lamé and the bulk moduli
given by:
B Eovo _ K _ 2uo Ey
- ’ /JO_—, KO_/10+__—-

(1 +vo)ll = (n—1)vo] 2(1 +vy) n n[l —mn - w]
Given a scalar valued function: f : x — f(x) € R, we define its positive part and negative part as:

) ) _ @) 1)
(. = 52+ 2 (e, = 2 -
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2. Standard model and ideal model requirements

In this section, we first introduce the general formulation of a phase-field model for brittle fracture. We then
proceed to specialize this framework to the case of the standard model. Subsequently, we clarify the limitations of this
model and leverage these insights to define the ideal requirements for a model able to handle fracture under multi-axial
stress state.

2.1. General formulation

Let us consider a homogeneous body occupying the domain Q c R”. Its current state at point x € Q is described
by the displacement field #(x) and the irreversible scalar damage field a(x) € [0, 1], with @ = 0 and @ = 1 denoting a
pristine and a fully damaged material, respectively. The strain energy density is a differentiable function of the strain,
the damage and the damage gradient

W(e.a,Va) = p(&,a) + wi (w(@) + *[Val), (1)

where the first term ¢ is the elastic strain energy density and the second term is the dissipated energy density. The
elastic strain energy density is convex and positively homogeneous of degree 2 with respect to & at fixed a, i.e.
o(re,a) = rPy(e, ) Yr > 0, and it decreases with respect to « at fixed &. The dissipated energy density is composed
of alocal and a non-local part. The local term w;w(a) corresponds to the amount of energy dissipated per unit volume
to damage homogeneously a pristine material; the dissipation function w(a) is a non-negative increasing function of
a such that w(0) = 0 and w(1) = 1, and we refer to w; as the specific fracture energy. The non-local term is assumed
to be a quadratic function of the gradient of the damage, whereby ¢ is an internal length.

The total energy at time t, E,(u, @), is the sum of the strain energy and the potential energy of the external forces:

E(u, @) :=fW(a(u),a,ch)dQ—fbl'udQ— [ udQ, 2
Q Q WQ

where b, is the body force defined in Q and f, is the surface traction applied on dy€, both at time ¢, and &(u) :=
sym(Vu) is the linear strain tensor. The applied displacement i, is applied on the complementary part of the boundary
0pQ.

In the time-discrete setting of the evolution problem, given «), (the damage at the previous time ¢,,), the displace-
ment and the damage field at time # = ¢, + At are found by solving the minimization problem:

(u, ) = arglocmin &(@, @), 3)
(@t,0)eCXD(ap)

where
Cri={ue H'( QR :u=i,0on0pQ}, D(,):={aecH(Q):a>a, “4)

are the spaces of the admissible displacement and damage fields at time ¢ from the previous state with damage a,,.
Equation (3) requires (u, @) to satisfy:

Y@, &) € C X D(p), Fn>0:Vh € [0,h]

Ew+hlu-u),a+hla-a)-E,a)>0. )

A necessary condition for this local constrained minimization is found taking into account only the first-order expan-
sion of the energy increment:
Ew,a)u—-a,a-a& =0, VY@,a), (6)

where

Ew,a)v,p) = %8,(14 +hv,a + hp) @)
=0



is the Gateaux derivative of the functional &,(u, @) in the direction (v, ). For smooth solutions, we can show with
standard arguments of Calculus of Variation that the first-order optimality condition (6) is equivalent to the equilibrium
equation and boundary conditions

divo(g,0) +b,=0inQ, o(g,@)  -n=f,ondyQ ®)
and to the Karush-Kuhn-Tucker (KKT) conditions and boundary conditions

—Y(&,@) + ww' (@) = 28wiAa > 0, a-— @, >0, (-Y(&,) +ww(a)- 20w Aa)(a — @,) =0 onQ,
Va-n >0, a—a,=0, (Ve -n)(@-a,)=0 on 0Q2,

)
where n is the outer unit normal to the boundary, We denote the KKT conditions as damage criterion, irreversibility
and loading-unloading condition, respectively. The conjugate quantities

_ 9¢(e, @) Y(e.a) = _Bso(;; @)

(10)

are the stress tensor and the damage energy release rate, respectively.

A crucial notion for the following analysis of damage under multi-axial stress states is that of elastic domains.
In the context of local damage modeling, these are the sets in which stresses and strains must remain in order for
the material to follow a linearly elastic behavior without damage evolution, i.e., @ = @,. In our non-local context,
their boundaries define the elastic limits for materials with homogeneous damage distribution (Aa = 0). The elastic
domains in the strain space R(«) and in the stress space R*(«) are defined as the sets

R(a) = {8 € Sym : _(9(,0(8(2&) < wlw’(a)}, (11)
R (a) = {0' € Sym : W < wlw'(a)} , (12)

where Sym denotes the space of symmetric tensors and ¢* (0, @) is the complementary energy density defined as

¢ (o,@) := sup o -&— (&, a). (13)

£eSym

At a given value of a € [0, 1) a damage model enjoys the strain-hardening property if, VB > «a, R(B) O R(a). and
the stress-softening property if R*(8) C R*(«@), see [34]. The strain-hardening property is important to ensure the
uniqueness of the solution for the damage at a given strain upon damage evolution, while the stress-softening property
is fundamental to allow for damage localization [34].

2.2. The standard phase-field model

For the model that we refer to in the following as the standard phase-field model, the elastic strain energy density
is defined as

p(&,@) = a(@)po(e)  with  @o(e) = %t#(s) + Hol&dev|?, (14)

where ¢ is the elastic strain energy density for a homogeneous isotropic linear elastic material and a(«) is the degra-
dation function. This function describes the degradation of the linear elastic properties with damage; it is a decreasing
function of @ going from a(0) = 1 to a(l) = 0. By Legendre transformation, the complementary energy density
¢* (o, @) is derived as

. . . . (o) |oger)? 1
@ (0, @) = s(a)py(o) with @i(o) = 2, 4;; and s(@) := o (15)
Combining (11-15) we obtain
R(a) :=4& € Sym : K—Otrz(s) + Uol€ael? < —M , (16)
2 a'(a)

4



a7

2 2 ,
R (@) := {0- € Sym : (o) |0gevl < wiw (a/)}

2n2 kg dug — (@)

The expressions of the elastic strain energy density in (14) and of the complementary energy density in (15) ensure that
the transformation of spaces R(a) and R*(a) with varying « is a homothety centered in € = 0 and o~ = 0, respectively.

The selection of the degradation function a(a) and of the dissipation function w(e) has a significant impact on the
description of the damaging behavior. Two classical expressions are

AT;: a(@)=(1-a), w@)=a, e =0, (18)
AT, : ala)=( - a)z, w(a) = 2, Apeak = % (19)

These two models are both strain-hardening Ya € [0, 1], and stress-softening Ya € [@peak, 1], whereas they are stress-
hardening Ya € [0, apear). These properties hold regardless of the loading direction due to the homothetic evolution of
R(e) and R*(@) with @. The primary difference between AT, and AT} is that AT, displays a linearly elastic behavior
up to a non-zero elastic limit stress, whereas AT, features a zero elastic limit stress, therefore with AT, an infinitesimal
load is sufficient to trigger the onset of damage.

For AT, and AT, applied to the 1D bar under tensile loading it is shown in [4, 35] that, for sufficiently long bars
(L > ¢), the damage localization in bands (crack nucleation) occurs at the level of damage at which the behavior of
the model changes from stress hardening to stress softening, i.e., at @ = @peak. For AT this transition corresponds to
the elastic limit because @peax = 0. Under multi-axial loading, in [36] it is also shown that with the AT1 model and
for a sufficiently large structure the transition from a stress-hardening to a stress-softening phase is a necessary and
sufficient condition for the damage localization in bands (or cracks). For different types of phase-field models, these
conclusions do not necessarily hold and a more careful study would be necessary, see [36, 37] for more details.

From now on, we focus only on AT -like models (w(@) = @). Accordingly, we define the strength surface S* as
the set of stresses at the elastic limit, i.e., all stresses at the boundary of the elastic domain R*(a) for @ = @peax = 0:

0) | ol Wlw’(o)} (20

= OR*(0) = S : =
S R*(0) {o-e ym kg + ™ 7(0)

From S*, one can define the tensile and compressive strengths, o} and o7, , as the maximum and minimal allowable
stress o for the uniaxial stress state o = oe; ® e, and the shear strength 7, as the maximum allowable stress 7 for
stress states of pure shear o = 7e; ® e. For the standard model, these quantities are given by

v [2Eowiw'(0) | 2uowiw’(0) — 2Eqwiw’(0) @1
oy = —s’(O) ,  Te = —s’(O) , O, = —s’(O) .

In the setting of a 1D bar under tensile loading, the dissipated energy associated to the phase-field smeared repre-
sentation of a crack is regarded as the dissipation upon rupture and is denoted as fracture toughness G.. In [4, 35], the
1D localized damage distribution is derived analytically and the fracture toughness is accordingly expressed as

1
G, :4w1€f \Vw(B)dg, (22)
0

which for AT gives

8
Ge = 3wl (23)

Thus, from the experimental determination of G, and o}, it is possible to calibrate w; and £. In this sense, the

regularization length can be viewed as a material property. In Figure 1, we plot the evolution of the elastic domains
R(a) and R* (@) with increasing « in both the volumetric-deviatoric plane (Figure 1a) and the plane spanned by the
principal strain/stress components under the plane-strain assumption (Figure 1b). Given the symmetry of R(«) and
R*(a) with respect to the volumetric axis in Figure 1a and with respect to the bisector of the first and third quadrants
in Figure 1b, we plot only half of R(@) (in blue) and half of R*(@) (in red).
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Fig. 1: Elastic domains for the standard model in the strain (blue dash-dotted line) and stress (red solid line) space for @ = {0, 0.25,0.5,0.75, 1}
(vo = 0.3). The domains for @ = O (thick lines) are the nucleation domains (or strength surfaces). Volumetric-deviatoric diagram (a). Principal

components diagram under the plane-strain assumption (b).

2.3. Limitations of the standard model
The standard phase-field model has major limitations when considering multi-axial stress states. Regarding nu-
cleation, we mention two limits evident from the shape of the elastic domains at & = 0 (Figure 1):

e Tension/compression symmetry: Both R(0) and R*(0) are ellipsoids in the strain and the stress spaces, respec-
tively. As a consequence, the tensile and compressive strengths have the same magnitude. This is unrealistic for
the majority of brittle materials, which typically feature a compressive strength one order of magnitude higher
than the tensile strength. Moreover, the shear strength often increases with volumetric compression.

o Lack of flexibility: Assuming the elastic constants ko, (o, the tensile strength o} and the fracture toughness G,
to be known, it is possible to calibrate w; and € using (21) and (22). In this manner, all the model parameters
are determined, thus the shape and size of the ellipsoids R(0) and R*(0) are also fixed and it is not possible to
match e.g. experimentally known values of o, and/or .. This aspect is what we term lack of flexibility of the

model.
Regarding propagation, we report a major limit related to the local behavior for o = 1:

e Zero residual stress: In the standard model, the whole elastic strain energy drives the damage evolution. The
consequence is that, once the maximum damage @ = 1 is locally reached, the elastic strain energy density
vanishes regardless of the loading direction and the elastic domain in the stress space collapses to the point
o = 0 (Figure 1). From now on, we denote the stress obtained for & = 1

_ op(e, 1) 24)

or(e) =0o(g 1) %6

as residual stress. Thus, for the standard model it is og = 0. This correctly avoids the transmission of tensile
tractions across the crack boundary in mode 1 (opening), mode 2 and 3 (shear). However, it also gives zero
tractions under compressive loading, thus it cannot properly represent unilateral contact at the crack faces.
Determining the threshold that defines which load directions should be associated with zero residual stress and
which should not to best model unilateral contact is a nontrivial task. In [38], it is shown that a zero residual
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stress for tr(¢) > 0 and a residual elastic energy density which depends solely on the negative volumetric energy
density (e.g., ¢(&, 1) = % Ko {tr(€))?) can be used to approximate the non-interpenetration constraint in the sense
of I'-convergence.

2.4. Requirements to an ideal model

In light of the previous observations on the standard model, we can now define the requirements for an ideal model
as follows:

e Strain-hardening: As previously mentioned, this is a key requirement to ensure the uniqueness of the solution
for the damage at a given strain upon damage evolution.

o Stress-softening: It is fundamental to allow for the presence of solutions with localised damage and hence for
crack nucleation.

¢ Tension/compression asymmetry: At least we require that |o;| > o}. For some materials it would be ideal to
have a shear strength that increases with volumetric compression.

o Flexibility: The model should contain enough parameters to allow for calibration of 7, and o7, (or at least one
of the two) independently of o (for given elastic properties and G,.).

o Crack-like residual stress: The ideal model does not transmit stress through the crack faces in the opening
and shear modes but exhibits a compressive residual stress. Hinging on the consistent variational framework
in [38], we require the presence of nonzero residual stresses exclusively for tr(g) < 0. Accordingly, an elastic
energy density such that ¢(g, 1) (tr(e))? fulfills the requirement.

Several models have been proposed in the literature to solve the limitations of the standard model under multi-axial
stress states. In the following, we analyze some of these models in light of the requirements listed above.

3. Available variational phase-field models for multi-axial stress states

In this section, we review the main available variational phase-field models for multi-axial stress states. The
advantages and limitations of these models in relation to the requirements listed in Section 2.4 are then exemplified
through numerical experiments in Section 5. The models are all based on the following decomposition of the elastic
strain energy (also denoted as energy split)

p(e,a) = ala)pp(e) + pr(e)  with  @p(e) + pr(€) = po(E), 25)

where ¢p(€) and gg(€) are respectively the degradable and the residual components of the elastic strain energy density.
These components are non-negative and only vanish for £ = 0; their sum yields the elastic energy density of a pristine
material ¢g(g), defined as in (14). The idea behind this decomposition is that only certain modes of deformation
contribute to the driving force for the nucleation and evolution of damage. Residual stresses at full damage are given
by
O¢r(€)
oe
Only ¢p(e) contributes to the energy release rate Y(g, @); accordingly, it is the only component which affects the
elastic domains

or(e)=0(g 1) = (26)

R(a) := {8 € Sym : gp(e) < —%} s 27
R* () = {0’ € Sym : gp(e(, ) < —W;vg;’/ )}, (28)

where &(0, @) is computed as the inverse of the constitutive law in (10). The choice of the decomposition strongly
affects the evolution of the elastic domain and thus the predicted crack nucleation and propagation behavior under
multi-axial stress states. Note that formulating the decomposition in the form of (25) ensures that R(a) evolves with «
as a simple homothety centered in the origin. Unlike in the case of the standard model, this is not always guaranteed
for R*(a).



3.1. The volumetric-deviatoric split
The split proposed by Amor et al. [13] is based on the decomposition of the elastic strain energy density into a
deviatoric and a volumetric part:

1 1
(&) = 7 Ko (U(@); +poleael’,  ¢r(e) = 5 Ko (tr(e)) (29)

leading to the residual stresses
or(8) = Ko(tr(8))-L (30)

This model was constructed to recover unilateral contact conditions under compression. Indeed, in [38] it is demon-
strated that the volumetric-deviatoric decomposition can be used to approximate the non-interpenetration constraint in
the sense of I'-convergence without affecting the tensile and shear behavior in the presence of a crack. The elastic do-
mains are given in Appendix A.l and illustrated in Figure 2. In this case, both domains evolve with @ as homotheties
centered in the origin.

This split introduces the desired asymmetry in tension and compression, as shown in Table 1, without adding
residual stresses for tr(g) > 0. However, it gives no flexibility in the choice of the shear strength, which is the same as
in the standard model, nor in the compressive strength.
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Fig. 2: Elastic domains for the model with volumetric-deviatoric split in the strain (blue dash-dotted line) and stress (red solid line) space for
a =1{0,0.25,0.5,0.75,1} (vo = 0.3). The domains for @ = 0 are the nucleation domains (or strength surfaces). The grey background indicates
the parts of the elastic domains shared with the standard model. Volumetric-deviatoric diagram (a). Principal components diagram under the

plane-strain assumption (b).

3.2. The spectral split

The decomposition introduced by Miehe et al. [14] is based on the eigenvalues and eigenvectors of the strain
tensor 1 1
¢p(8) = (@), +pos” &, pr(8) = (@) + o8 - & 3D

with e = Y (e;),e;Q¢; and £~ = Y (g;)_e; ®e;, &; being the eigenvalues of the strain tensor and e; the corresponding

eigenvectors. The residual stress tensor
or(€) = Ap(tr(e))-1 + 2upe™ (32)



is non-zero also for tr(g) > 0. Hence, residual stresses with negative trace are possible for strain tensors with positive
trace. As we will show through a numerical example in Section 5, this undesirable coupling between tension and
compression behavior is problematic during damage propagation.

The elastic domains R(a@) and R*(a) are detailed in Appendix A.2. The stress-based domain R*(a) does not
evolve as a simple homothety centered in the origin with respect to «, see Figure 3. We plot the elastic domains only
in the space of the principal components, because the model cannot be expressed as a function of the volumetric and
deviatoric parts of the strain/stress tensors. Since R*(«) is not a homotethy, we cannot define a unique damage value
Qpeak Which marks the transition between stress-hardening and stress-softening behavior. With increasing damage,
R*(a) shrinks only along tensile-dominated stress states. On the other hand, the compression-dominated strength
does not necessarily have to decrease with increasing damage. Therefore, even though the evolution of R*(a) does
not fulfill stress-softening for compression-dominated stress states, it still consistently represents damaging behavior.
The asymmetry in tension and compression is gained at the expense of the existence of residual stresses. However,
the compressive and shear strengths cannot be calibrated independently of the tensile strength even though they are
different from those of the standard model (see Table 1).

£24
T Ozx

\/'wl /Eo wy Fo

Fig. 3: Elastic domains for the model with spectral split in the strain (blue dash-dotted line) and stress (red solid line) space for @ =
{0,0.25,0.5,0.75,1} (vp = 0.3). The domains for @ = 0 are the nucleation domains (or strength surfaces). The grey background indicates the
parts of the elastic domains shared with the standard model. Principal components diagram under the plane-strain assumption.

3.3. The no-tension model

Freddi and Royer-Carfagni in [15] use the theory of structured deformations of Del Piero and Owen [39] to propose
a new elastic energy decomposition. They also demonstrate that certain decompositions already available in literature
[13, 40] and the standard model can be derived by leaning on this theory.

The assumption made is that the existence of micro-cracks leads to a reduction in the elastic energy density of
the sound material ¢y(€) due to the presence of inelastic deformations known as structured deformations, denoted as
1. These structured deformations are constrained within a convex set K, which defines the admissible “structure”
of the micro-cracks. With ¢y(&) and K determined, the residual elastic energy is computed by solving the following
minimization problem

n(e) ;= argmingo(e — 1),  @r(€) 1= mingy(e —n) = @o(& — 7N(€)). (33)
nek. nek;

They apply the result of the minimization problem (33), reported in Appendix A.3, to the elastic energy density
decomposition and then derive ¢p(€) = ¢o(€) —pr(€). By knowing ¢p and g, one can also derive the residual stresses
as follows:
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The elastic domains are detailed in Appendix A.3 and represented in Figure 4 only in the space of principal compo-
nents, because the model cannot be expressed as a function of the volumetric and deviatoric parts of the strain/stress
tensors. With the no-tension model, the degree of asymmetry between tension and compression behavior is increased
compared to the volumetric-deviatoric or the spectral splits. However, the model has some limitations common to the
previous ones. The residual stresses lead to the same problematic coupling obtained with the spectral split. Further-
more, Chambolle et al. [38] study the behavior of this model as £ — 0 and demonstrate that a relative displacement
of the crack faces results in infinite energy. This constraint does not physically describe a crack. In addition, there is
still no flexibility in the choice of the compressive and shear strengths (see Table 1).
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Fig. 4: Elastic domains for the no-tension model in the strain (blue dash-dotted line) and stress (red solid line) space for @ = {0, 0.25,0.5,0.75, 1}
(vo = 0.3). The domains for & = 0 are the nucleation domains (or strength surfaces). The grey background indicates the parts of the elastic domains
shared with the standard model. Principal components diagram under the plane-strain assumption.

3.4. The Drucker-Prager-like (DP-like) model

The introduction of structured deformations potentially leads to extra flexibility, namely in the selection of the
convex set K. De Lorenzis and Maurini [12] leverage this flexibility by introducing a new decomposition that
depends on an additional material parameter . This parameter allows for elastic domains which partially recover the
Drucker-Prager model, commonly used for modeling compressive failure in cohesive-frictional materials like rocks
or concrete, and allow for an independent calibration of the tensile and the compressive or shear strengths.

The residual energy is determined through the structured deformation problem (33), utilizing a convex cone of
admissible structured deformations

K. := g € Sym : tr() 2 Yl )  withy > 0. (34)

The elastic strain energy decomposition, solution of the minimization problem (33), is detailed in Appendix A.4. The
residual stresses read as follows:
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Tab. 1: Tensile, compressive and shear strengths for all the analyzed models.

— if legey| < t1(8)/y, oR =0,

— else if |ggey| = —X21tr(g), o =

200

2ug Koy2+2u0

— else, ogr = 2upEdey + Kotr(&)L.

With this model, the shear or the compressive strength can be calibrated independently of the tensile strength through
the new parameter y (see Figure 5 and 6). However, during damage evolution the residual stresses lead to the same
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undesired coupling between tension and compression as with the spectral split and the no-tension model.

|€dev|

Fig. 5: Elastic domains for the DP-like model in the strain (blue dash-dotted line) and stress (red solid line) space for @ = {0, 0.25,0.5,0.75, 1}
and y = +/2uo/ko (vo = 0.3). The domains for @ = 0 are the nucleation domains (or strength surfaces). The grey background indicates the parts
of the elastic domains shared with the standard model. Volumetric-deviatoric diagram (a). Principal components diagram under the plane-strain

assumption (b).

3.5. Summary

In light of the requirements defined in Section 2.4, we summarize the merits and disadvantages of the analyzed
models in Table 2. None of the available splits meets all requirements, as they either lack in flexibility (a requisite that
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Fig. 6: Elastic domains for the DP-like model in the strain (blue dash-dotted line) and stress (red solid line) space for @ = {0,0.25,0.5,0.75, 1}
and y = +/10ug/ko (vo = 0.3). The domains for @ = 0 are the nucleation domains (or strength surfaces). The grey background indicates the parts
of the elastic domains shared with the standard model. Volumetric-deviatoric diagram (a). Principal components diagram under the plane-strain
assumption (b).

is most important for nucleation, since this defines the strength surface of the material) or give rise to residual stresses
which contain spurious components (a requisite that is most important for damage evolution and for obtaining a crack-
like behavior of the fully developed damage localization bands). With the goal of satisfying the above requirements
under both aspects of flexibility and crack-like residual stresses, in the next section we introduce a novel model, which
we denote as the star-convex model.

Strain- Stress- Tens./compr. - Crack-like
. . Flexibility .
hardening softening asymmetry residual stress
Standard v v X X X
Vol.-dev. v v v X v
Spectral v X 4 X X
No-tension v v v X X
DP-like v v v v* X
Star-convex v v v v v

*: Partial flexibility: out of tensile, compressive and shear strengths, the model allows for independent calibration of any pair, while the third
property is automatically fixed. **: Partial flexibility: the model allows for independent calibration of tensile and compressive or shear and
compressive strengths, while the third property is automatically fixed.

Tab. 2: Analyzed models and requirements to an ideal model for multi-axial stress states: blue checks and red crosses denote respectively success
and failure in satisfying a requirement. The star-convex meets all requirements with partial flexibility.

4. The star-convex model

In this section, we propose a new model that aims at satisfying the model requirements defined in Section 2.4.
As mentioned earlier, in [38] it is shown that the volumetric-deviatoric split can be used to approximate the non-
interpenetration constraint in the sense of I'-convergence. This success hinges on a residual elastic strain energy
density depending solely on the volumetric energy associated to a negative trace, i.e. @g(g) o (tr(g))>. All the
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other decompositions suffer from spurious non-zero tangential stiffness for fully developed cracks. Therefore, the
volumetric-deviatoric split represents a sound option to model crack-like stresses in the phase-field framework, but
lacks flexibility in calibrating the compressive strength o, independently of the tensile strength o}. To compensate
for this disadvantage but keep a residual part exclusively related to a local volume contraction (tr(€))_, we propose
the following energy decomposition

1
ep(E) =po leaer” + 5 ko ((1(e)) - y*(tr(e))?),
(35)

1
or(€) =(1 +y*) 5 Ko (tr(e))2,

where y* > —1 is the additional parameter controlling the o, /o ratio. Hence, the volumetric and deviatoric compo-
nents of the stress are derived as

Tvot =ko {a(@)(tr(@)+ + 1 +7* (1 - a(@)| (&)1,

T gev =2a(@)UoEdey-

(36)

For a reason that will become clear later, we denote the corresponding model as star-convex model (or star-convex
energy decomposition). In the following subsections, we analyze the elastic domains for the proposed model in the
strain and stress spaces. In Appendix B, we provide further insights on the development of the proposed model in
comparison to alternative options.

4.1. Strain space

Figures 7-9 illustrate the elastic domain of the proposed model in the strain space, which is given by the conditions

1o |8aey? + % tr(e)? < 2Ll for tr(e) >0
Ho l€aevl? — y* 2 tr(8)* < —%, for tr(g) <0’

For tr(e) > 0, the new model shares the same boundary of the elastic domain dR(«) with the standard model and
O0R(a) is an ellipse in the tr(€) — |€4ey| diagram. On the same diagram but for tr(g) < 0, the parameter y* determines
the type of conic section (Figure 7) such that

o for —1 < y* <0, dR(a) is an ellipse,

o for y* =0, dR(«a) is a degenerate parabola (horizontal straight line),
e for y* > 0, 3R(«) is a hyperbola lying above the asymptote |ggey| = — /2% y* tr(e)

In particular, we retrieve the standard model when y* = —1 and the volumetric-deviatoric split for y* = 0.

For —1 < y* < 0, the elastic domain R(«) is convex, whereas for y* > 0 dR(«@) consists of the ellipse defined
over tr(g) > 0 smoothly joined at tr(g) = 0 with the hyperbola defined over tr(e) < 0. Hence, in this case R(«) is not
convex but rather 0-star-convex, i.e. Y& € R(a) and Vs € [0, 1], s& € R(a) [41]. This is the reason for denoting the
new model as star-convex model (or star-convex decomposition). In [33] it is shown that an elastic-plastic material
with non-negative interior work in an admissible strain cycle must have a convex elastic domain. However, the same
thermodynamic work property assumed for an elastic-damaging material does not necessarily imply convexity, but at
most star-convexity with respect to 0.

The star-convex model enjoys the strain-hardening property Ya € [0, 1). Additionally, for y* > 0, the hyperbola
for tr(g) < 0 evolves but keeps a constant asymptote as this depends only on the elastic constants and on y*. Since
O0R(a) lies above the asymptote (grey dashed line in Figure 7), the strain states below the asymptote are unable to
produce additional damage and the material behaves as linearly elastic. Accordingly, the compressive strength can be
calibrated by modifying the slope of the asymptote by tuning y*, thus providing the desired flexibility in nucleation.
At the limit @ = 1, the star-convex elastic domain becomes R(1) = Sym, meaning that for a fully broken material the
whole strain space is admissible.
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Fig. 7: Nucleation domain in the strain space for the star-convex model with varying y* (vo = 0.3). For tr(g) < 0, the boundary is an ellipse if
—1 < y* <0, a degenerate parabola if y* = 0 and a hyperbola (with the dashed grey line as asymptote) if y* > 0.

4.2. Stress space
The elastic domain in the stress space R*(«) (Figures 8, 9) is the set of oo € Sym such that

~ I I '
- iftr(0) 2 0, - |0 gev|* + T tr(o)* < %{S‘)

a(a)?
+y* (1-a(@)))

wiw' (@)

; tr(o)? < MR

: 1 2
- lftr(a-) < 0’ m |0-dev| - ’)/*2,(0”2(1

Similarly to the strain space, for tr(o7) > O the star-convex split shares with the standard model the same elliptic
boundary dR*(@) in the tr(0) — |0gey| diagram, whereas for tr(o) < 0

e for —1 < y* <0, O0R*(«) is an ellipse,

e for y* = 0, dR* () is a degenerate parabola (horizontal straight line),

e for y* > 0, 3R*() is a hyperbola lying above the asymptote |0 gey| = —% ,/2,% y* tr(o).

A three-dimensional representation of R*(0) is given for y* = 1,5 in Figure 10. For —1 < y* < 0, the domain R*(«)
is convex, whereas for y* > 0 R*(«) is not convex but 0—star-convex, i.e. Yo € R*(a) and Vs € [0, 1], so € R*(a)
[41].

The star-convex model enjoys the stress-softening property Ya € [0, 1). At the limit & = 1, the star-convex elastic
domain becomes strictly convex and collapses to the negative hydrostatic pressure half-line, meaning that non-zero
deviatoric and positive volumetric stresses are not admissible in a fully broken material. In particular, according to
(24), the stress tensor when @ = 1 is

or =1 +y") ko tr(e))-1, (37)

thus, the mapping between admissible strains and admissible stresses for @ = 1 is such that only negative volumetric
strains can produce work through negative volumetric stresses. In this manner, the model fulfils the crack-like stress
requirement.

Equation (37) shows that, for negative volumetric strains, the volumetric stiffness for @ = 1 is xo(1 + y*). On
the other hand, according to (36), it is equal to ko when @ = 0. Therefore, for negative volumetric strains, the
volumetric stiffness of a fully broken material is larger than the one of the pristine material when y* > 0. This increase
can be explained by considering that the damage evolution occurs only above the asymptote, where the deviatoric
contribution exceeds the volumetric one. Damage evolution redistributes the stiffness such that the deviatoric stiffness
decreases to zero and the volumetric stiffness increases, while the total elastic energy density (which is the sum of the
volumetric and deviatoric contributions) always decreases.
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Fig. 8: Elastic domains for the star-convex model in the strain (blue dash-dotted line) and stress (red solid line) space for a = {0, 0.25,0.5,0.75, 1}
for y* =1 (vp = 0.3). The domains for @ = 0 are the nucleation domains (or strength surfaces). The grey background indicates the parts of the
elastic domains shared with the standard model. Volumetric-deviatoric diagram (a): damage cannot evolve for loading directions below the black
dashed line in the strain space which is also the constant asymptote. Principal components diagram under the plane-strain assumption (b).

Defining as usual the strength surface as the boundary of the elastic domain in the stress space for @ = @pear = 0,
i.e. 9R*(0), we can derive the tensile strength, the shear strength and the compressive strength as

2Eyw;w(0) 2 o wi w'(0)

.
ot = LT, = ’
‘ s'(0) ¢ s'(0)
(38)

_ 1 T Eywi W (©0) . nn-l) s
oo = \/l+(1+y*)% ¥ (0) for y* <552 o,
‘ .
e otherwise.

From (38) we see that the shear strength 7, is independent of y*. Thus, the flexibility offered by the star-convex model
is exclusively related to the compressive stength o7 .

5. Numerical tests

As follows, we demonstrate the advantages and limitations of the existing models outlined in Section 3 and of the
novel star-convex model introduced in Section 4 through numerical experiments. These consist in a bi-axially loaded
disk, a plate with hole under compression and two blocks in relative sliding.

Computational solvers for phase-field fracture models based on the finite element method seek a quasi-static
solution by solving the time- and space-discretized weak problem. At time step ¢, we look for the solution of the space-
discretized weak form of (8) and (9) by using an alternate minimization scheme implemented in FEniCSx [42, 43].
In [6], such scheme was introduced in the context of the standard model taking advantage of the separate directional
convexity of functions u — &,(u,-) and @ — &,(-, @) (see also [44, 45] for a detailed discussion on monolithic and
alternate minimization schemes). With this scheme, using as initial guess (@ "', "), we first solve the problem
in u using a Newton-based nonlinear solver with line search and a maximum of 100 iterations, which gives us the
output z*. Then, starting from (u*, a*!), we solve the constrained nonlinear problem in a using a reduced-space
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Fig. 9: Elastic domains for the star-convex model in the strain (blue dash-dotted line) and stress (red solid line) space for a = {0, 0.25,0.5,0.75, 1}
and y* = 5 (vp = 0.3). The domains for & = 0 are the nucleation domains (or strength surfaces). The grey background indicates the parts of the
elastic domains shared with the standard model. Volumetric-deviatoric diagram (a): damage cannot evolve for loading directions below the black
dashed line in the strain space which is also the constant asymptote. Principal components diagram under the plane-strain assumption (b).

active set solver for variational inequalities based on Newton’s method with a maximum of 100 iterations, which
returns . Consequently, we calculate R,, the L,-norm of the residual for the displacement problem for (u¥, a*). The
convergence of the alternate minimization scheme is achieved if R, is below the tolerance level (tol =107%) .

For tr(e) < 0, the DP-like model and the star-convex model display a linearly elastic behavior with no damage for

|€dev] < —% tr(e) and |ggey| < — /;—;0 y* tr(g), respectively. By overlapping these two lines, we obtain the relationship

v = +/2y*up/ky among the parameters y and y*. Accordingly, we adopt v* = {1, 5} for the star-convex model and
¥ = {+210/x0, 4/10u0/xo} for the DP-like model to facilitate their comparison.

5.1. Bi-axially loaded disk test

We first focus on nucleation and consider a bi-axially loaded disk of diameter D under the plane-strain assumption.
The geometry and boundary conditions are illustrated in Figure 11. The center of the disk coincides with the origin of
the cartesian reference system x-y and the out-of-plane direction is denoted with z. We set D = 1, Ey = 100, vy = 0.3,
wyp = 1.5 and € = 0.04. At ¢t = 0, the material is assumed to be intact, i.e. @ = 0 everywhere. The goal of the test is to
numerically determine the elastic domains of the various models for @ = 0 in the &,,-&,y and o xx-07y, planes.

Defining on the &,,-&,, plane the angle 6 € [0, 27), for a given 6 we prescribe a displacement it; = #(x cos(6), y sin(6))
on the disk boundary. In the linearly elastic regime, this Dirichlet boundary condition ensures that the disk is subjected
to a homogeneous strain along the 6-direction, i.e.

20— tan(@). (39)
XX

Maintaining 6 fixed, we increment the value of 7 until we reach the elastic limit, while always imposing the Dirichlet
boundary condition @ = 0 on the whole boundary of the disk. We discretize the problem with standard linear triangular

finite elements using an unstructured mesh with average size h = /3.
Figures 12 and 13 illustrate the contour of the elastic domain in the strain and stress planes at @« = 0 for all
models. The blue and red lines correspond to the theoretical strain and stress domains, respectively, while the dots
of the respective colors represent the numerically obtained strain and stress states right before damage nucleation. In
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Fig. 10: Three-dimensional nucleation domain in the stress space for the star-convex model with y* =1 (a) and y* = 5 (b) (vp = 0.3).

some cases, the dots are absent because certain loading directions do not reach the limit or reach it after a very large
number of time steps (outside the range of the figure). For each load direction we plot the damage field at the time
step when nucleation occurs, if it occurs; for directions at which no nucleation occurs we plot a zero damage field for
completeness. Hence, the test serves not only as a nucleation test but also provides valuable insights into the initial
crack propagation behavior under various loading conditions.

Figure 12a presents the simulation results for the standard model, which displays elliptical elastic domains and
maintains symmetry of behavior in both tension and compression. Accordingly, the elastic domains are symmetric
not only with respect to the bisector of the first and third quadrants but also with respect to the bisector of the second
and fourth quadrants.

Figure 12b illustrates the outcomes of the test using the volumetric-deviatoric model. The “tensile” part (tr(g) > 0))
behaves as in the standard model, while an asymmetry in the compressive behavior is introduced by the split. Due to
the plane-strain assumption, there is no purely volumetric direction; as a result, the elastic domain is closed, leading
to damage nucleation for every loading direction. In the third quadrant of Figure 12b nucleation occurs in all cases,
although in three of them the damage level is so low to be hardly visible. Understanding why these cases nucleate but
do not localize into a crack would require a second-order stability analysis for multi-axial stress states [8, 36], a task
going beyond the scope of the present work and currently in progress [37].

Figures 12c and 12d provide the results for the spectral and the no-tension models, respectively. In these cases,
the domains are open since for some directions (some values of 8) nucleation cannot occur. The extent of the no-
nucleation region varies for the spectral and the no-tension models but cannot be adjusted based on experimental
results. As discussed in Section 3.2, the evolution of the elastic domain in the stress plane for the spectral split is a
complex non-homothetic transformation with respect to the origin that does not enjoy the stress-softening property.
This can explain the presence in Figure 12¢ of some localized damage fields not reaching @ = 1.

Figures 12e and 12f depict the results of the test using the DP-like model with y = +/2ug/xo and y = +/10uq/xo,
respectively. Similar to the spectral and no-tension models, the domains remain open, hence for some values of 6 no
nucleation occurs. However, the opening angle of the no-nucleation region can now be adjusted using the additional
parameter y, namely, it becomes wider with increasing y. At the same time the region of dR(«) and dR* (@) shared
with the standard model becomes narrower as y increases. While on this shared region the nucleation behavior is the
same as in the standard model (the dots have the same locations), the propagation behavior (which can be appreciated
looking at the plotted localized damage fields after nucleation) is different. For instance, for y = /10u /o in Figure
12f, the cracks exhibit abnormal thickening with respect to those in 12a even in the first quadrant where the shared
portion lies. Hence, while this model exhibits the desired flexibility in nucleation, it leads to a problematic behavior
during propagation related to the non-zero residual stresses for tr(g) > 0.

Finally, Figures 13a and 13b illustrate the results for the star-convex split with y* = {1, 5}. Similar to the DP-like
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Fig. 11: Geometry and loading for the bi-axially loaded disk.

model, the star-convex split also exhibits a certain flexibility in the opening angle of the no-nucleation region. As
shown in the figures, for increasing values of y*, the opening angle widens. At the same time, the star-convex split
shows a better propagation behavior without the abnormal thickening of cracks observed with the DP-like model. In
fact, the residual stresses are entirely absent for tr(g) > 0 and proportional to the volumetric strain in compression
(tr(e) < 0).

5.2. Plate with hole test

We now discuss the compression of a plate with hole under plane-strain conditions. Assuming the problem to be
symmetric, the test is performed on a quarter of the plate as shown in Figure 14.

The plate is a square with side length 2L and a central hole with radius R. The hole center coincides with the
origin of both the cartesian reference system x-y and the polar one r-6. The out-of-plane direction is denoted with z.
Rigid body motions are prevented by the symmetry constraints u,(x,y = 0) = 0 and u,(x = 0,y) = 0 and compression
is prescribed through the upper vertical displacement u,(x,y = L) = —tL with ¢ going from 0 up to 0.3. At¢ = 0, the
material is assumed to be intact, i. e. @ = 0 everywhere. We adopt L = 1, R = 0.3, Ey = 100, vo = 0.3, w; = 1 and
¢ = 0.02. We discretize the problem with standard bilinear quadrilateral finite elements using an unstructured mesh
with average size h = £/3.

During the elastic regime, the highest stress concentration is expected at the boundary of the hole (r = R), along
which the radial stress o, and the tangential stress 0,4 are both zero (o, = 0,9 = 0) and the hoop stress oy and the
out-of-plane stress o, are related by the plane-strain condition o, = —vyogy. Along the boundary of the hole, point
A (r = R, 0 = m/2) undergoes the maximum tensile hoop stress O'f;g > 0 whereas point B (r = R, 8 = 0) is subjected to
the lowest compressive hoop stress O'GBH < —0'99.

We now wonder whether the crack will originate from A or B. Experiments with this setup for many brittle
materials produce a so-called “splitting” crack that starts at point A and proceeds parallel to the loading direction
upwards [46]. On the other hand, nucleation as predicted by a phase-field model will start from the point at which
the stress state first touches the limit curve 9R*(0). For first nucleation in A, the stress state in A must reach the
intersection between dR*(0) and the half-line o, = —vgoge < 0. We denote with O'g@ the value of the hoop stress
at this intersection point (this concept is exemplified in Figure 15 for the star-convex model). Similarly, for first
nucleation in B, the stress state in B must reach the intersection between 0R*(0) and the half-line o, = —vpogy = 0.
We denote with T e, the value of the hoop stress at this intersection point (Figure 15). The |0';9( / ‘T;HJ ratio increases
with the compressive to tensile strength ratio |07, /0| with a trend which is specific to each model. Since when L > R,
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Fig. 12: Analytical (lines) versus numerical (dots) nucleation domains and damage fields after nucleation for the available models.

19



’—analytical . numerical‘

[ R —A B =]

oyy/ Vw1 Eg
(3] w = ot D

—_

0 O
-1 b
o °o -
5 -4+ . @& 1 -4t
e® . e gp®
U6 5 4 3 2 1 0 1 2 8 45 6 65 45 2101 235 45 6
(a) Star-convex, v* =1 (b) Star-convex, v* =5
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Fig. 14: Geometry and loading for the plate with hole.

0'59 = —30'99 [47], we can infer that if the Io;@ / a';’gel ratio is well below 3, nucleation will occur in B, and if it is well
above 3, it will occur in A (Table 3).

For the standard phase-field model, which has an elastic domain symmetric in tension and compression, damage
starts at point B, as shown in Figure 16b. Additionally, the asymmetry alone is not sufficient to prevent crack initiation
in B, as visible in Figures 16d, 16f and 17f as for these models the |0-;ge/0-;gg| ratio is well below 3 (Tab. 3). Unlike
the other models, the DP-like and the star-convex models contain the additional parameters y and y* that allow us for
the flexible calibration the strength ratio IO';& / O'ggel. For the star-convex model, Figure 15 shows how the |O—5€e / a'ggyl
ratio is affected by the variation of y*.

Figures 16 and 17 present the results of the plate with hole test. For each model, we show the plot of the vertical
stress reaction per unit thickness Ry, equal to the integral of o, over the upper boundary, against the pseudo-time ¢,
as well as the damage field at the last time step. Some models do not reach iterative convergence of the numerical
solver for all time steps; for these models, we report the results up to the last converged time step (a brief discussion
on convergence issues is postponed to Section 5.4). In the R, vs. 7 plots, the elastic limit point e marks the transition
between the elastic regime (black dash-dotted line) and the stage after damage nucleation (red solid line). From
Figures 16a, 16¢c, 16e and 17e we observe that, in models for which nucleation occurs at point B, the elastic limit e
is met at different time steps. While the volumetric-deviatoric, spectral, and star-convex split with y* = 1 introduce

20



Model l 6, /g, | =03
Standard 1 =1
3(1-v2)
Vol.-dev. \/ V(s) ~L13
21413)
\/ 1-vg-72
Spectral o 260
No-tension *© =
3(1-v0)(yoo L +¥2) 3(1-2;
M for  y<{=- IVU)
N2 ) (e 1) Yeo(l+10) 7~0.55
DP-like |4 4y for f<y<yomYou0ny)
Loty < 00 o) Yoo 1.67
00 otherwise
i 214v3)
\/ e o Y=gty
Star-convex Teo¥ 0 0 Yor3.04
0 otherwise

Tab. 3: I(rg‘yﬂ/(rgyﬂl ratio for the plate with hole. With reference to Figure 14, first nucleation is expected in B when the ratio is well below 3.
Nucleation is expected in A when the ratio is well above 3.

tension/compression asymmetry, this is not sufficient to obtain damage onset at point A. In the case of the spectral split
in Figure 16f, the nucleation of the diffuse damage in B occurs before vertical localization at point A. Consequently,
the nucleation point e in Figure 16e corresponds to the initiation of damage in B. Thus, the only models that exhibit a
crack propagation consistent with the experimental evidence [46] are those with a certain level of flexibility, adjustable
with the parameter y (DP-like model) or y* (star-convex split), along with the no-tension model. However, in the case
of the DP-like model (Figure 17d), for y = +/10uo/ko, the damage exhibits a diffuse pattern rather than being fully
localized. This is attributed to the phenomenon of crack thickening as y increases, as previously highlighted in the
bi-axially loaded disk test.

5.3. Sliding test

The last test concerns a square plate of side L with a crack in the center, as shown in Figure 18, under plane-strain
conditions. The bottom left corner of the plate coincides with the origin of the cartesian reference system x-y and
the out-of-plane direction is denoted with z. In order to emulate a crack using a localized damage field, we impose
the Dirichlet boundary condition a(x,y = L/2) = 1 and we solve the minimization problem (3) while maintaining
the displacement field homogeneously equal to zero. Starting from the obtained damage field, we apply the Dirichlet
boundary conditions in Figure 18 to the displacement field: the lower part of the plate is blocked in both directions
and a horizontal displacement u,(x,y = L) = tL is applied to the upper part. Furthermore, the two sides are vertically
blocked in their lower part u,(x = 0,y < L/2) = uy(x = L,y < L/2) = 0 and we apply a constant vertical displacement,
i.e. independent of ¢, on the upper part u,(x = 0,y > L/2) = u,(x = L,y > L/2) = uL, where it = 0.1. This test aims to
emphasize the importance of having zero residual shear stresses at full damage. Indeed, if these stresses are not zero,
even though the two faces of the block are separate, physically unrealistic stresses are transmitted during sliding. This
test is inspired by the one illustrated in [48] with additional separation of the two blocks. This excludes the possibility
that the transmitted stresses are attributable to friction. We set L = 1, Eg = 100, vy = 0.3, w; = 1 and £ = 0.05. We
discretize the problem with standard bilinear quadrilateral finite elements using a structured mesh with 4 = £/5.

Figure 19 depicts the deformed configuration at ¢+ = 0.2 for each model, except for the spectral and no-tension
models, both of which experience convergence issues and thus stop at r = 0.06. The no-tension model and the DP-like
model for y = 4/10u/kp in Figure 19d and 19f, respectively, display unrealistic deformations. Figure 20 illustrates
for each model the horizontal stress reaction per unit thickness Ry, given by the integral of o, over the upper side
of the plate, against 7, compared to the horizontal elastic stress reaction of an undamaged plate (green dotted line).
Given the presence of the crack and the initial separation, we expect the horizontal reaction force to be identically zero.
However, this occurs only for the standard model, which has no residual stresses, and for the volumetric-deviatoric and
the star-convex models, both of which have residual stresses proportional to (tr(g))_. The spectral and the no-tension
models, as well as the DP-like model for y = +/10u0/ko, exhibit a significant reaction force, slightly lower than half
of that observed in an undamaged material. The DP-like model for y = +/2u¢/xo initially displays no reaction and a
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Fig. 15: Effect of y* on the nucleation domain in the plane spanned by hoop stress and out-of-plane stress for the plate with hole test. Elastic limit
hoop stresses (a): the red solid line and the black dashed line represent the contour R*(0) for y* = {—1,0, 1,2, 5} and the stress state under the
plane-strain assumption, respectively. Their intersection determines the compressive limit T 40, (blue on the left) and the tensile limit O'gge (blue on
the right). Compressive-tensile hoop limits ratio (b): trend of the limits ratio vs. y* (red solid line). For y* > y; the ratio is greater than 3, for
y* > y% the ratio is equal to co.

deformation as shown in Figure 19, which is acceptable. However, it subsequently shows an increase in the reaction
force. This is because a lower y value delays this undesired effect.

5.4. Iterative convergence issues

As described in Section 5, the iterative convergence criterion of the alternate minimization is met when R, < tol.
Given the convexity of the functional in the separate problems of displacement and damage, the standard model is
robust in terms of iterative convergence. However, due to the high non-linearity introduced by the energy decompo-
sitions, for the other models iterative convergence is often problematic. To achieve convergence, some authors [see
e.g. 49] resort to non-variational simplified versions of the volumetric-deviatoric and spectral models, known as the
hybrid model [44]. In fact, we already showed in Sections 5.2 and 5.3 that, for each model, we had to stop specific
numerical tests at the first non-converging time step. The presented results exclusively relate to converged simulations.
On the other hand, the same tests with modified parameters can lead to no convergence. In Figure 21, we illustrate the
exemplary case of an angle 6 in the bi-axially loaded disk test using the star-convex model, for which iterative conver-
gence is lost when varying the mesh size A. This issue calls for a thorough numerical analysis addressing the specific
non-linearities introduced by the splits. It is a crucial issue to be resolved for the proper numerical implementation of
phase-field modeling of fracture under multi-axial stress states, but it goes beyond the scope of this work.

6. Conclusions

In this contribution, we focused on variational phase-field models for brittle fracture under multi-axial stress
states based on energy decomposition. We first reviewed some available models of this type, namely the volumetric-
deviatoric [13], the spectral [14], the no-tension [15] and the DP-like models [12]. We then proposed a new model
that we denoted as star-convex model. The major contents and findings of the paper can be summarized as follows:

e We defined essential requirements for a phase-field model of brittle fracture dealing with multi-axial stress
states (Sec 2.4): strain-hardening, stress-softening, tension/compression asymmetry, flexibility (i.e. the ability
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Fig. 18: Geometry and loading for the sliding test.

to independently calibrate not only the uniaxial tensile strength but also the uniaxial compressive strength and
the shear strength), and crack-like residual stress.

o In light of these requirements we discussed the advantages and limitations of the available models. As summa-
rized in Table 2, none of the analyzed existing decompositions was found to meet all the requirements.

e Our newly proposed star-convex model, based on a minimal modification of the volumetric-deviatoric decompo-
sition, is equipped with a y* parameter that allows independent calibration of compressive and tensile strengths.
Such partial flexibility can be extended to the shear strength by modifying the softening laws as analyzed in
[37]. Additionally, the model satisfies all other requirements. Thus, it represents a very simple but effective step
forward towards the realistic prediction of brittle fracture mechanisms under multiaxial stress states.

The issue of iterative convergence, which is crucial for the robustness of the simulations with all the presented
models, remains open and may well be the topic of further investigations.
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Appendix A. Elastic domains

In this section, we provide the expressions of the elastic domains for the models presented in Section 3.

Appendix A.l. The volumetric-deviatoric split
The elastic domains are

1 wiw' (@)
R(@) 1= {& € Sym : >k (r(®))} + o leaer” < ———— 1, (A1)
2 a'(a)
R'(a) = Lo € Sym : —— (@) + ——[orae [ < W@ (A.2)
o ym: 2n2ky Ty T Ty ’
Appendix A.2. The spectral split
The elastic domain in strains corresponds to
. . 1 2 + ot wiw' (@)
R(e) :==qe€Sym: - A ({tr(&)); + no&e” 8" < —————». (A.3)
2 a'(a)

Assuming, without loss of generality, that ooy > 0, > 03 are the eigenvalues of the stress tensor o, the stress
domain R* («) is obtained as the set of o € S ym such that

—ifos—vo(og+02) >0

1, 1 ) _ wiw' (@)
—t + — JF <
T8k (o) a0 |0 gev] V@)

bl

— elseif [(1 + a(@)) Ao + 2up] 02 — gy —a(@) poz = 0and oy + o +a(@) o3 =20

1
4a? (@) po [2 + a (@) Ao + 2/,(0]2
{4/‘% (0'% + 0'%) + 240t [(3 +2a(@) ot = 20105 + (3 +2a (@) 05 + a* (@) 0—%]
+A3 [(2 +2a(e) +d” (a)) (0’% + 0'%) - 2d* (@) 02073 + 2a° (@) 03

wiw’ (@)
a (o) ’

20 (20’2 +2a(@) o + & (@) 0'3)]} < -
— else if [(1 + a(@)) Ay + 2a (@) puo] o2 — gy —a(a@) po3 > 0and oy + o +a(@)o3 <0

1
4 (a) o [(2 + a (@) Ao +2a (@) o’
([ +a (@) Ao +2a (@) po) 1 = Aoy — a (@) Agors]*

_wlw' (@)

+ [(Ao + a (@) Ao + 2a (@) o) 2 = ooy — a(@) doors |} < ————,
a’ (@)

— elseif 2upoy +a(@) g oy —op—03)=20and oy +a(a@) (o +03) =0

1
402 (@) o [(1 + 2a (@) Ao + 20

{[Ba (@) +2) Aouo + 44| o}

W w (@)
a (o) ’

+d (@) A [2/10 (02 +03) + Ay (<207 + 02 + 0'3)2]} <
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—elseif 2(lg+ up) oy — g (0 +03) =20and oy +a(a) (o +03) <0

1
410 [(1 + 2a (@)) A + 2a (@) o)

_wlw' (@)

[2(A + po) oy — A (02 +o'3)]2 <-———.
a (@)

Appendix A.3. The no-tension model

In the case of no-tension materials, Freddi and Royer-Carfagni [15] define K, = Sym*, the convex cone of
symmetric positive semi-definite second-order tensors. The solution to the minimization problem (33) with K, =
Sym* for the three-dimensional scenario is already presented in [50]. Assuming without loss of generality that the
eigenvalues of & are ordered such that g; > &, > &3 :

— ifez >0, thenip = &,

else if &, + vpe3 > 0, then 1) = &1 + vp&3, 2 = & + Vo3 and 73 = 0,

Yo
1- Yo

Yo
I—V()

elseif g; +

(82 + 83) > 0, then 7_]1 =g +

(e2+e&3)and iy =733 = 0,
— else, 7 = 0.

Starting from ¢p(€), one can calculate the elastic domain R(«) as the set of &€ € Sym such that:

: K0 442 2 wiw' (@)
- lf % > 0’ 70tr (8) +,uO|8dCV| < - ;/(a) s
: 4 2 A 2 2 2 wiw' (@
— elseif &, + vpe3 = 0, Wiuo)% + does(er + &) + F (&1 + &2)° + pole] + &) < _;Ta))’

[(Ao + 2u0)e1 + do(es + &3)] < —wr@

. vo
— elseif g + Tm(sz +&3)>0 (@)

1
> 2Q0+240)

and reversing the behavior law o (g, @) in (10), one can also derive the domain in the stresses R*(a) which is the set of
o € Sym such that:

1
> 18kp

wiw (@)
s'(a@)

— if o3 = V(01 + 02) 2 0, ot (0) + goloanl” <

wiw' (@)
s'(@)

- elseif o, — =0 2 0 Ao(o1 = 02)* + 2po(0r; + 0'%)] <

1
> Bpio(Ao+o) [

0_2 < W w (@)

—elseifo; 20 1S @

1
> 2(Ao+po)

Appendix A.4. DP-like model

Having defined K and knowing the elastic energy density of the pristine material ¢(g), one can solve the mini-
mum problem in (33) as in [12], find

€ for |egey| < tr(€)/y,
_ 0 for |egev] < —22tr(g),
I](S) — 9 )+2;170| l | dev| 2u0 ( ) (A4)
T (M 4 8gey) for el > 1(©)/y & l6el = ~ 22 tr(e)
y+% n ev devl = evl = o
and obtain the elastic energy density split
Dtr*(&) + pol€aev | for |gae| < tr(e)/y,
op(e) =40 for |egey| < —%tr(s), (A.5)
oyt [Kore(®) + 2uolean | for  legl = tr(e)/y & leae| = —F2(e),
0 for |egey| < tr(8)/y,
or(8) = { 2t(8) + polEae | for |eges| < —Ztr(e), (A.6)
T [tr(8) = Yieal]” for |eae| 2 tr(8)/y & |84 2 — 32 r(e).

The elastic domain in strains R(«) is the set of & € Sym such that:
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wiw' (@)

— if tr(&) ~ Ylgaes] > 0, (&) + poleaen” < —

@) °
— else if tr(8) + 2|gge,| 2 0, stz [Koytr(e) + 2uleue ||’ < — ).
The elastic domain in stresses R*(«) is the set of € € Sym such that:
() — B rgey| > 0, T2 4 el )
— else if tr(0) + 20aes] > 0, 5y [ytr(o) + o e < 2@

s'@) *

Appendix B. Conic sections

In this section, a procedure for the construction of a strain energy density which satisfies the requirements illus-
trated in Section 2.4 is proposed. First, we assume that the elastic domain is axisymmetric around the hydrostatic
axis, hence it is sufficient to develop the model construction on the tr(g) - |g4ey| plane. For the strain energy density
W(e, a, Va), we keep the definition in (1) and, regarding local dissipation, we simply opt for the AT1-like function
w(e) = a that guarantees the existence of an initial linear elastic regime.

Since the energy density must be quadratic in & for @ = 0, a simple functional candidate is the second-order
polynomial in tr(g) and |€gey|

1
p(&,a) = Ex(anr(s)z + p(@)legen|* + pla) tr(e). (B.1)

where in order to ensure smoothness of the elastic domain the linear term in |gg4ey| is not included. The choice of a null
coefficient for the mixed-term tr(€) |g4e| in the polynomial aims to avoid complicated loss of coaxiality between strain
and stress. In fact, the mixed-term allows the volumetric (deviatoric) stress to work for the deviatoric (volumetric)
strain. Such constitutive laws are exemplified by the DP-like model and lead to undesired and convoluted residual
stresses as illustrated in Section 3.4. Moreover, we assume that x(0) = ko, (0) = wo, p(0) = 0 to retrieve classical
linear elasticity for @ = 0. The constitutive law is obtained by work conjugacy, hence

M9 _ )@ + p@)  and o] = 24(0) s (B2)

from which we see that p(«) acts as a pre-stress along the volumetric component.
The boundary of the elastic domain in the strain space is the set 9R(«) of & € Sym such that

%K'm)u(s)z + 1 (@)|&gev|* + P (@)tr(e) + wy =0, (B.3)

which is the implicit equation of a conic section in the tr(€) - |4ev| plane. The shape of the conic section is determined
by the sign of the product «’(a)u’(@). Specifically, when the product is positive, zero or negative the conic section
is respectively an ellipse, a parabola, or a hyperbola. It can be proved easily that the same shape is preserved by
passing to the space of stresses, i.e., if R(«) is an ellipse, a parabola, or a hyperbola, then 0R*(a) will be an ellipse,
a parabola, or a hyperbola, respectively.

At least for tr(g) > 0, a standard damaging behavior and finite elastic limits for @ < 1 are required, that is
k(1) = 0 and u(1) = 0 with K’(@) < 0, p’(@) # 0if (@) = 0 and ' (@) < O for @ < 1. As a consequence, the
boundary of the elastic domain can be either a parabola or an ellipse. A parabolic domain seems to hold distinct
advantages, as it appears capable of describing infinite elastic limit in volumetric compression. On the other hand,
within the interval [0, 1] there is at least one « value for which the product «’(a)u’ (@) is negative and, consequently,
OR(e) is an ellipse. The elastic domain adapts with @, eventually morphing from an ellipse to a parabola. However,
this morphing cannot occur in the reverse direction, from parabola to ellipse, without violating the strain-hardening
condition. Consequently, fulfillment of strain-hardening requires that, for @ = 0, the elastic domain takes an elliptic
shape. This constraint would confine us to models in which, under significant compressive loads, the deviatoric elastic
limit decreases as volumetric compression increases, and this is a trend contrary to the models of our primary interest,
such as the Drucker-Prager model.
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Since the requirements on tr(g) > 0 are more demanding, the split of the strain energy density

%/q(a/)tr(‘s‘)2 + ,u(a/)|sdev|2 + p(a)tr(e), if tr(e) >0,

1k (a)tr(€)* + p(@)|€gev* + pla) tr(g), if tr(g) <0 (B4)

ple,a) = {

offers flexibility to the shape of the elastic domain at least for tr(g) < 0. In (B.4), u(a) does not depend on the sign
of tr(g) to guarantee smoothness of the elastic domain. Also p(a) does not depend on the sign of tr(g) to preserve
the continuity of the elastic domain in the stress space. However, although selecting an independent p(«@) from tr(g)
ensures continuity, this alone is insufficient to ensure smoothness of the elastic domain in the stress space. In addition
to this, for tr(g) > 0 it must be p(0) = p(1) = 0 to recover linear elasticity at @ = 0 and to obtain zero residual stresses
at @ = 1. Consequently, there are inevitably values of « for which the elastic domain for tr(g) > 0 is an ellipse with a
center shifted to tr(g) > 0. For this value of « then, as we approach tr(g) = 0 from above, i.e. at the limit tr(g) — 0%,
there is a reduction in the deviatoric elastic limit with decreasing tr(g) value, which once again contradicts the ideal
behavior we aim to model. This complexity leads to exclude the translation effect in the case with energy split, i.e.
p(a) =0.

At this point, a straightforward choice for u(a@) is the standard one u(a) = po (1 — @)?. For a comprehensive
analysis on the influence of different k(@) functions on the elastic domain, we refer interested readers to [37]. For our
current aim, it is worth noting that different choices of (), as long as they follow stability rules and strain-hardening,
provide only limited control over strength limits. Therefore, we opt for the simplest choice k(@) = ko (1 — a)?.

Because of the split, the constraints on x_(@) are relaxed, so we can take «'(@) > 0, thus having hyperbolas on
tr(g) < 0 and a 0-star-convex elastic domain. In the tr(g)-|&4ey| plane, the hyperbola for tr(g) < 0 has an asymptote

|8devl _ K/_(G,’)
tr(g) \/2(1 —a) (B-5)

Since for numerical robustness we prefer not to have a vertical asymptote for « — 1, a convenient choice is that
of an asymptote with a slope independent of a and proportional to the root of a flexible parameter y*, i.e., k(@) =
Ko (1 +2y* (1 - %)) In this manner, we construct the star-convex model

(&, @) = Ko (1 +29* a(] - %)) (&) + 1o (1 — @) |8ael?s (B.6)

ko (1 = @)? tr(e)? + po (1 — @) leae?, if tr(g) > 0,

B.7
ko (1427 a(1-9)) (e + o (1 - @) leaes 2, if tr(e) <0 (B.7)

p(g, ) = {

which, written in the canonical split form, is equivalent to (35).
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