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Phase field modeling of brittle fracture for enhanced assumed strain shells at
large deformations: formulation and finite element implementation
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Abstract Fracture of technological thin-walled components can notably limit the performance of their
corresponding engineering systems. With the aim of achieving reliable fracture predictions of thin struc-
tures, this work presents a new phase field model of brittle fracture for large deformation analysis of shells
relying on a mixed enhanced assumed strain (EAS) formulation. The kinematic description of the shell
body is constructed according to the solid shell concept. This enables the use of fully three-dimensional
constitutive models for the material. The proposed phase field formulation integrates the use of the
(EAS) method to alleviate locking pathologies, especially Poisson thickness and volumetric locking. This
technique is further combined with the Assumed Natural Strain (ANS) method to efficiently derive a
locking-free solid shell element. On the computational side, a fully coupled monolithic framework is con-
sistently formulated. Specific details regarding the corresponding finite element (FE) formulation and the
main aspects associated with its implementation in the general purpose packages FEAP and ABAQUS are
addressed. Finally, the applicability of the current strategy is demonstrated through several numerical ex-
amples involving different loading conditions, and including linear and nonlinear hyperelastic constitutive
models.

Keywords Shells - Fracture Mechanics - Phase Field Fracture - Finite Elements - Mixed formulation

1 Introduction

Many engineering systems are composed of thin-walled structures, whose responses determine and limit
the applicability of the corresponding technological components. Applications where shells play a crucial
role can be found in aeronautical and aerospace applications as primary structural components (wings
and aircraft fuselages) [1], renewable energy systems [2], thermal barrier coatings [3], flexible-electronic
systems [4], among others. The prediction and characterization of fracture in thin-walled structures has
been a subject of major investigation due to its notable importance. As a consequence of the complex
geometric definition, the use of analytical methods for the estimation of such events provide rather
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limited capabilities, and therefore numerical techniques emerge as potential strategies, which lead to a
more versatile and general range of analysis.

Within the context of computational procedures for triggering fracture and damage in solids, several
formulations relying on different computational techniques have been developed in the last years, see [5,
6,7,8,9,10,11,12,13,14,15] among many others. Specifically for thin-walled structures, several formula-
tions based on the partition of unity (PU) concept have been proposed [16,17,18,20]. The vast majority
of current PU formulations assumed the so-called classic shell theories, namely the Kirchhoff-Love (3-
parameters) and the Reissner-Mindlin (5-parameters) models for their kinematic descriptions [17,18,19,
20]. Subsequently, a phantom-node method was developed considering an arbitrary through the thick-
ness crack normal to the shell-midsurface [21,22], see also [23] and the references therein given. Further
contributions have been also accounted for the use of non-local or gradient enhanced damage approaches
[13,7,15] with the aim of preventing the well-known mesh dependence pathologies. In this regard, the
recent model elaborated by Hosseini and co-authors [24] for solid shells relied on the formulation outlined
in [7], but using the underlying continuous kinematic description developed in [23], which embodied an
extra kinematic degree of freedom at the centre of the shell thickness. Though these methodologies have
been successfully applied to a wide range of applications, most of them present serious difficulties for
simulating brittle fracture events.

In order to overcome this limitation, recent phase field methods have been extensively employed for
the simulation of fracture in solids [25,26,27,28]. This methodology can be rooted in the classical brittle
fracture approach of Griffith and Irwin [29], in which the material failure is attained when a specific
energetic criterion is satisfied in terms of the critical energy-release rate (fracture toughness) G.. One
of the main ingredients of phase field models of brittle fracture is the idealization of a diffusive crack
topology, which introduces the characteristic length of the problem within the variational formulation.
This model can be therefore categorized within the gradient damage theory leading to a smeared crack
representation since discontinuities in the geometric and kinematics description of the problem are not
explicitly considered [8,7,13]. Remarkable investigations in this regard are those recently conducted by
of Miche and co-workers [30,31], where a thermodynamically consistent framework was outlined [32].

At present, a wide number of the existing phase fields models of fracture have been focused on the
infinitesimal deformation setting and using displacement-based element archetypes. Recent investigations
exploited the practicability of the formulation to large deformation analysis and multi-physics applications
[33,34,37,35,36] and dynamic analyses [38,39,40], showing the high potential of this methodology. A
summary of the recent progress on phase field fracture is provided in the special issue [41]. However, the
use of phase field methods for shells is relatively limited. First attempts have been recently proposed
in [42,43] for geometrically linear problems. In this regard, Miehe and coauthors [43] restricted their
developments to standard finite elements based on the Reissner-Midlin theory, which allows the use
of standard C%-continuous shape functions and can be easily incorporated into standard (research and
commercial) FE codes. Conversely, Amiri et al. [42] employed Local Maximum-Entropy (LME) meshfree
approximations, which require C!-continuous basis functions and are difficult to be adapted to standard
FE-based packages. Alternative formulations using solid shells and Kirchhoff-Love formulations have been
recently proposed for brittle and ductile fracture [44,45,46].

In this work, we present a phase field model of brittle fracture for large deformation analysis of
thin-walled structures using an enhanced strain-based formulation. In contrast to previous developments,
the current shell parametrization is based on the so-called 6-parameter shell model [47]. In particular, we
adopt the popular solid shell description of the shell kinematics that is associated with the parametrization
of the top and and the bottom surfaces of the body. Thus, starting with the standard displacement-based
approach, the first-order (in terms of displacement interpolation) solid shell approach features an identical
discretization to that corresponding to standard 8-node brick elements [48,66,50].

The potential locking pathologies are remedied by means of the two popular numerical techniques:
(1) the Enhanced Assumed Strain (EAS) method, which employs the Hu-Washizu multi-flied variational
principle as basic result for its derivation [51,52] and, (2) the Assumed Natural Stain (ANS) [53,54]
method. In line with many advanced shell formulations, the EAS method is herein used to tackle volu-
metric and Poisson thickness locking effects, whereas the ANS technique is used to alleviate transverse
shear and trapezoidal locking deficiencies. Note that within the context of phase field model of brittle
fracture, the highly dense FE meshes used to accurately capture the damage variable evolution induces
the minor role of membrane and in-plane shear locking. However, as was conceptually suggested in [55],
non negligible Poisson thickness and volumetric locking effects are still present. Relying on the previous
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Fig. 1: Sharp and diffusive crack representation. (a) Sharp crack at = = 0. (b) Diffusive crack at x = 0
whose regularization region depends on the length scale parameter .

considerations, the central result of the current investigation concerns the development of a coupling
scheme between the phase field model of brittle fracture and mixed FE formulations (particularly for the
EAS method) within a large deformation context. In this setting, from the computational standpoint,
a fully coupled modeling framework is accordingly developed, whereby the internal degrees of freedom
employed for enhancing the strain space can be condensed out at the element level [51]. Consequently,
the original structure of the coupling between the phase field and the mechanical field is preserved.

The paper is organized as follows. Section 2 outlines the principal aspects of the phase field modeling
approach to brittle fracture. The fundamentals of the solid shell model are given in Section 3. The
variational formulation and specific details of the corresponding FE implementation are addressed in
Section 4. Section 5 describes the constitutive models used in the present study and specific details with
regard to the numerical implementation into the FE packages FEAP and ABAQUS. The assessment
of the proposed model through a set of representative numerical applications is presented in Section 6.
Finally, the main conclusions of this investigation are drawn in Section 7.

2 Fundamentals of the phase field modeling of brittle fracture

This section briefly summarizes the thermodynamically consistent phase field approach of brittle fracture
proposed in [30,31], which can be seen as a non-local continuous damage formulation rooted in the Griffith
and Irwin theory of fracture.

The current analysis is focused on a three dimensional setting. Thus, let By C R? define the reference
placement of the shell body and B; C R? its corresponding current configuration. The position vectors
at the reference and current configurations are denoted by X and x, respectively. The body undergoes a
motion ¢(X,t) : By x [0,¢] — R, where [0,] is the time step interval that maps the reference material
points (X € Bp) onto the current material points (x € B;), such that x = ¢(X,¢). We recall the
definition of the displacement-derived deformation gradient as F* := dOx (X, t), where J* = det[F"] is
the corresponding Jacobian of the transformation, and dx denotes the partial derivative with respect to
the reference frame.

The key idea of the phase field modeling of brittle fracture consists of regularizing the sharp crack
topology within a diffusive crack zone of width [, which leads to the definition of the scalar-valued
function d, with d : By x [0,¢] — [0, 1] [32]. This regularization parameter smears out the sharp crack by a
diffusive crack topology within a regularization region whose width depends on [ [30,31], see the schematic
representation for one-dimensional problem in Fig. 1. Thus, this length scale controls the transition
between fully intact and broken material points. Within this modeling framework, 9 is assumed to be a
smooth function of (X, t) defined in the reference configuration of the body [33], which characterizes for
0 =0 and 9 = 1 the intact and the cracked states, respectively.
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Following Miehe et al, [30] (see also [39]), the equations associated with the phase field problem take
the form:
2—02A0=0 inBy and Vx0-n=0 in 9B, (1)

where A0 stands for the Laplacian of the phase field, and Vx0 identifies the gradient of the phase field in
the reference configuration. The crack surface density functional v(9, Vx0) that accounts for the spatially
regularized total crack surface can be expressed as:

I.(0) ::/B ~(0, Vx0)df2. (2)

The integral introduced in Eq.(2) is defined in the reference configuration of the body, and therefore it
can be defined by the level set of the crack in the current configuration [33]. As was thoroughly discussed
in [25,27,26], Eq.(2) converges to the sharp crack surface I, for the limit [ — 0. The particular form of
the second-order crack surface density functional per unit volume of the solid reads [39]

1 !
7(2,Vxd) = 502 +5 IVx0|?. (3)

The previous definition of (9, Vx0) allows the approximation of the surface integrals defined on
sharp crack surfaces by volume integrals as follows:

/ G.d002 ~ [ G(o,Vx0)de, (4)
I, Bo

where G, is the fracture toughness according to the Griffith fracture theory.
The weak form of Eq.(1) can be written as:

1
/ <15° + IV (60) - vxo> A2 =0, V60 € V°, (5)
Bo

where 0° = {60 € H'(By) |50 = 0 on I} identifies the space of admissible test functions for the phase
field.

3 The 6-parameter shell model: solid shell formulation
The parametrization of the shell body is performed through the use of the solid shell concept, whose
fundamental aspects are introduced in the sequel. Complying with the solid shell approach, the position

vector of any material point, X, can be expressed by points of on the top X; (¢!, £2) and bottom surfaces
X; (€L, €2) of the shell, see Fig. 2. In the reference configuration, this representation takes the form:

(1+€) Xl 8)+ 5 (1 - €)X, €. (6)

DN | =

X(§) =

The parametric space is defined as: A := {€ = (€4,£2,¢3) e R | —1 < & < +1;i = 1,2,3}, where
(€1,€2) denote the in-plane directions and &3 identifies the thickness direction, with H representing the
initial shell thickness.

This definition also renders the description of the shell body in the current configuration by replacing
the reference position vector X in Eq.(6) by its corresponding updated vector x as

(1+€)x(€,€) + 5 (1-€) x(€,€). 7

N =

x(§) =
Accordingly, after some manipulations [1], the kinematics of the shell body, u(&), can be expressed as:

u(é) = x(§) - X(§) = v(¢', &) + &w(¢', &) (8)

where v(£!,£2) denotes the displacement of the shell midsurface, whereas w(&*, £2) identifies the displace-
ment vector that accounts for the difference between the shell director vector in the reference and in the
current configuration, see [47]. Note that the previous kinematic description allows the use of unmodified
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Fig. 2: Definition of reference and current configurations of the shell body, where {E;};,=1 3, {€;}i=13
denote the standard Cartesian frame associated with the reference By and current B; configurations,
respectively. The coordinates & = {¢1, &2, &3} define the parametric space. Fracture is accounted for
through the phase field concept on the surface I',.

three-dimensional constitutive formulations within the corresponding computations. This fact is one of
the most appealing aspects of the solid shell formulation herein considered.
The co-variant basis in the reference (G;) and current (g;) configurations are defined as:

_ 9X(§)

Gi(€) = - &)

The dual co- and contra-variant base vectors satisfy the following standard relationships: G; - GI = 53
and g; - g/ = 07. Then, the metric tensors are given as: G = G4;G' @ G/ = GG, @G, g = gijg' © gl =
978 @ gj.

In terms of this curvilinear setting, the displacement derived deformation gradient, F*, reads:

F':=g @G (10)

whereas the definition of the displacement derived Green-Lagrange deformation tensor takes the following
form:

1 1 ) .
EY =5 [(F)TF" — 1] = 319 = Gy] G @ &, (11)

where [I5 is the second-order identity tensor in the curvilinear setting. It is worth mentioning that quadratic
terms in ¢ are generally neglected for thin-walled applications due to their minor contribution [47]. The
second Piola-Kirchhoff stress tensor (energetically conjugated to E*) becomes

S =S59G; ® Gy, (12)

where S% identify its contravariant components.
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With regard to the phase field within the shell body, replicating the definition of the position vectors
in the current and reference configuration, a linear interpolation between the top (9;) and bottom (95)
surfaces of the shell is herein adopted for the phase field variable:

o €,6%) = 5 (1+€9) 0, ) + 5 (1-€) 0l &), (13)

The ansatz given in Eq.(13) differs from previous formulations with regard to the use of the phase
field method to trigger brittle fracture in shells, where a constant value of this magnitude over the shell
thickness was proposed [42]. A similar approximation has been recently proposed by Areias and coauthors
[45], whereby the use of computational algorithms for element sub-division were also incorporated in order
to guarantee the resolution of the crack paths definitions.

4 Variational formulation and finite element discretization

This section outlines the variational formulation of the current model within the context of the mixed
Hu-Washizu variational principle to account for the use of the EAS method (Section 4.1) and addresses
the corresponding FE formulation (Section 4.2).

4.1 Variational formulation

The objective of this section is to introduce the variational basis of the phase field model for brittle frac-
ture in shells incorporating the use of the EAS method to alleviate locking pathologies. As was previously
mentioned, this computational strategy is envisaged principally to remedy Poisson thickness and volu-
metric locking effects due to the fact that membrane and in-plane locking issues are of minor importance.
The minor role of such pathologies stems from the use of very fine in-plane FE discretizations, which are
generally required for the adequate application of the phase field modeling framework for brittle fracture
applications. Moreover, the current variational formulation can be considered as a fundamental result for
the derivation of alternative mixed FE formulations in combination with the phase field approach.

With regard to the enrichment based on the EAS method, in the large deformation setting, two
additive schemes have been generally adopted: (1) the pioneering assumed strain formulation proposed
by Simo and Armero [52], which modifies the displacement-derived (compatible) deformation gradient
(F = F“+F, where F stands for the incompatible deformation gradient) , and (2) the alternative approach
developed by Bischoff and Ramm [47], in which the enhancing strain field is additively incorporated into
the displacement-derived Green-Lagrange strain tensor. Following the latter method, the complete form
of the Green-Lagrange strain tensor reads: E = E* + E, where E* and E represent the compatible and
the incompatible counterparts, respectively.

In the sequel, we outline the variational formulation of the current model whereby the Helmholtz free
energy function is expressed in terms on the enhanced definition of the Green-Lagrange strain tensor.
Note however that constitutive forms expressed in terms of the deformation gradient, F, and the left
Cauchy-Green strain tensor, b = FFT, can be also employed within the current approach by means of
standard operations.

Based on the previous considerations and assuming a scalar-isotropic degradation of the free energy
due to the fracture evolution, a modified version of the free-energy function attaining the incorporation
of EAS-based finite element archetypes can take the form [33]:

U(E*,E,0) = g0)¥(E*, E), with g(d)=[1—-0"+K. (14)

In the previous expression, Eq.(14), ¥(E) refers to the intact free energy function that also involves
the incompatible strain field E; g(0) stands for the monotonically decreasing degradation function, where
K = 0 is a residual positive parameter that prevents numerical instabilities due to fully degraded material
response [30].

The point of departure of the current formulation is the multi-field Hu-Washizu variational principle
expressed as the stationarity of the following functional of a possibly cracked body:

S:Ed9+/ Gel

By 2

H(S,E,u,a):/ g(a)lI/(E“,E)de/
Bo

DQ
: <z2 + vxa2> dQ + oy, (15)
0
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where the displacement field (u), the incompatible strain tensor (E), the second Piola-Kirchhoff stress ten-
sor (S) and the phase field variable () are the independent variables, and 1oy identifies the contribution
due to the prescribed external actions.

Imposing the standard orthogonality condition between the stress and the incompatible strain fields,
the stress field drops out in the subsequent developments [52]. Recalling this condition, the first variation
of Eq.(15) with respect to the independent fields E, u and 0 leads to the definition of the following
continuous multi-field problem:

C%(u,éu,E,0) =

int

. ow  OE“ .
—Coa = /B O 9(2) [6E ' u 6u} df2 + 0llexe(u) =0, VéueU (16)

CE(u,E, E,0) :/ a(0) [gﬁ 5E} A2 =0, VoE e vP (17)
Bo

C(u,E,0,60) = / —2(1 —0)6o¥ (E*, E) df2 +/ Gl LQ 260 + Vx0 - Vx(60)| d2 =0, Vo € V°,
B
0 (18)
where " = {§u € [H'(By)] : du = 0 on 9By, } identifies the space of admissible displacement variations,

and ¥ = [L2(By)] stands for the admissible space corresponding to the test functions of the enhanced
strain modes.

4.2 Finite element formulation
4.2.1 Finite element interpolation

The finite element discretization is introduced following standard arguments regarding the isoparametric
interpolation concept. Let the initial configuration By be discretized into n. non-overlapping elements,
such that By ~ U:;‘l B(()e). Relying on the solid shell kinematic parametrization (Section 3), we use
standard tri-linear shape functions of an eight-node element to interpolate the kinematics and the phase
field variable within the element domain. The Lagrangian and the Eulerian geometries are interpolated
through standard trilinear shape functions N? (N(£) in matrix notation) as

X = ZNI N(¢&)X and X—ZNI x; = N(§)%, (19)
I=1
where X; and x; denote the discrete nodal values and n,, = 8 identifies the number of nodes in

the reference and in the current configurations, respectively. These nodal values are collected into the
respective global vectors X and x for both configurations.
The interpolation of the displacement field (u), its variation (du) and its increment (Au) can be
expressed as:
u~ N(&)d, dur N(£)dd, Au~ N(£)Ad, (20)

where d represents the nodal displacement vector at the element level.
Similarly, the compatible strain field (E*), its variation (¢E*) and its increment (AE") are interpolated
through the displacement-strain B(d) operator as

E" ~ B(d)d, §E"~ B(d)sd, AE" ~ B(d)Ad. (21)

Specific details with regard to the particular form of the the displacement-strain B(d) operator are
given in A.

The enhancing strain field is interpolated at the element level by means of the operator M(€), which
depends on the number of enhancing modes taken into consideration [66,55]. Based on this concept, the

interpolation of the enhanced strain (E), its variation (6E) and its increment (AE) are related to the
vector ¢, which contains the EAS parameters. Therefore, this interpolation can be expressed as

E ~ M(¢)s, 0E~ M(¢)ds, AE ~ M(€)As. (22)
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The number of EAS parameters and the size of the interpolation matrix M(&) is discussed in Section
4.2.3.

Adopting a similar scheme, the phase field interpolation (9), its variation (69) and its increment (A?)
at the element level are given as

2= N(€)d, 60 = N(£)3d, Ad = N(£)A3, (23)

where 0 stands for the nodal phase field values. Note that the same shape functions N (&) are considered
for the approximation of the kinematics and the phase field variables.

The material gradient of the phase field, its variation and its increment are interpolated through a
suitable operator B? as

Vx0 =B%(£)d, Vxo0o=B%(&)60, VxAd =B(£)A0. (24)

After inserting the discretization process given in Eqgs.(19)-(24), the discrete version of the residual
equations corresponding to the displacements, the enhancing strains and the phase field variable take the
form:

C*(d,éd,d,5) = CY

int

(d,6d,d,¢) — C%.(d,éd) = 6d”T [/B a(0)B(d)TS dQ} ~-R%, =R¢, —R?

X int — TVexts

(25)

CP(d, 3.5, 8¢) = 8¢ [ | somaes drz] , (26)
B

0

—2(1 = )N(&)™w (d,s) d2 + /
Bo

¢*(d,0,60,5) = 60" [ /B Gl {(BD(g))T Vxd + ;N(g)%} d(z} .

(27)

0

For subsequent developments, the residual vectors associated with the displacement field, the enhanc-
ing strains and the phase field are respectively defined as follows: R? := é“(d,éd,ﬁ,g) = (fl’flt — égxt,
RS :=CF(d,?,5,0¢), and R? := C°(d,, 60, ¢).

Additionally, in line with [56], the irreversibility of the process is taken into account through the
introduction of a history variable in a modified version of the corresponding phase field residual vector
given as

R%(d,3,09,¢) — /

Bo

—2(1-0)N(&)" [w (d,s) — ﬁ <a>j dQ+/B Gl [(Ba(ﬁ))TVxD + lN(ﬁ)TD} a2

12
(28)
where 7 stands for a penalty parameter that should be chosen with care in order to preserve the right

0

n n
conditioning number of the stiffness matrix, n is a positive number (n = 2, see [56]), <5> = <§t+1 - 5t>

and the operator () _ applied to a generic variable a reads:

(@) — { —a, a <0, (29)

0, a>0.

4.2.2 Linearization of the multi-field weak form

The nonlinear character of the multi-field residual equations given in Eqgs.(25)-(28) requires the adoption
of the incremental-iterative Newton-Raphson solution scheme. The consistent linearization of this system
is obtained through the Gateaux directional derivative concept, resulting in

LIRY|(d,dd, Ad,d, AV, s, As) = R4(d, 0d, D, 6) + AqR?Ad + AZRIAD + AR Ag (30)

IAJ[RC](d, Ad, 0, Ad, 6,06, Ag) = R°(d, 0,5, d¢) + AgR°Ad + A7R*Ad + AR Ag (31)
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LIR?|(d,?, 60, AV, 5,05, As) = R¥(d,D,00,¢) + AqR>Ad + A;R?Ad + AR Ag, (32)

where A,[e] denotes the directional derivative operator with respect to the field *. The linearized system
of equations in matrix form is then given as

kad kao kac| |Ad R Ri,
kog koo koo | | A0 | = 0 — R, (33)
kea koo koo Ag 0 1{ignt

Note that the formulation given in Eq.(33) regards a fully coupled system. A discussion regarding the
fully coupled and staggered solution strategies is addressed in Section 6.
The different element tangent operators take the forms:

kdd = / [(1 — 0)2 + IC:I 8138(7;1)’1‘8 + B(d)TCB(d) df? = kdd,geom + kdd,mata (343’)
Bo
kio = /B —2(1 —0)B(d)"SN(¢) d, (34b)
kg = /B [(1—0)% + K] M(¢)"CB(d) d2, (34c)
kog = /B —2(1 —)N(¢)TSTB(d) d, (34d)
ko= [ |54 2| NeN@©ae+ [ aiEre) B@aes [ 16" NeT™NE a0
Bo L1 By B, At - ’
(34e)
koo = [ —201-9)N("S™M(E) de (346)
Bo
ko= [ [1=07 + K] M(©CB@) a2, (34g)
ko= [ ~2(1-0)M(€)TSN(g) 42 (34h)
Bo
k. = / [(1—2)%+ K] M(&)TCM(€) 1. (34i)
Bo

Condensing out the enhanced strain field, since no inter-element continuity is required [47], we end
up with the final system of equations that preserves the original coupled scheme between the kinematic
and the phase field outlined in [56] as

k;d krlb Ad _ Rgxt _ R1drikt (35)
ki, ki, | |43 | 0 RY:

int

where the modified residuals and tangent matrices are given as

k:;d =Kkgq — kdgl{;lkgd7 k:;b =Kkgo — kdgk;lkga, (36)
g = koa — kack ke, Ky = koo — kook_ koo, (37)
Ridn*t = Ridnt - dekg_glRignw R?rft = Riant - ka§k§_§1 Rignt' (38)

4.2.8 Interpolation of the enhancing strains

In the following, we briefly address the design of the interpolation operator associated with enhanc-
ing modes in order to alleviate Poisson thickness and volumetric locking issues. It is worth mentioning
that alternative shell formulations have been proposed to alleviate the Poisson thickness locking issues,
such as the quadratic interpolation of the normal displacements to the shell [24], or reduced integration
formulations with stabilization techniques for the avoidance of volumetric locking [57,58].

One of the possible choices that leads to pass the membrane and out-of-plane bending tests along with
the avoidance of volumetric (for near incompressible analysis) and Poisson thickness locking consists of
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the seven enhancing modes proposed by Vu Quoc and Tan [55], see the comprehensive analysis with
regard to the different enhancing schemes examined in [60]. Following this strategy, the interpolation
matrix of the enhancing modes via the local operator M(E), which is defined in the element parametric
space, takes the form:

00 0 0 00
020 0 0 00
- B 0 05351535253 00
06000 0 0 0O
06000 0 O 0O

In applications dealing with compressible materials, the number of enhancing parameters can be
reduced from 7, Eq.(39), to 3. In such cases, the particular form of the matrix M(£) becomes

0 O 0
0 0 O
~ 3 ¢1¢3 ¢2¢3
Mo = |58 8 (40)
0 O 0
0 O 0

Analyzing the previous enhancing scheme, it can be observed that the numerical efforts can be signif-
icantly reduced. This has a direct consequence on the numerical efficiency of the proposed formulation.

Finally, in order to fulfill the orthogonality constrain with respect to the stress field and to comply
with the so-called patch test, the operator M(£) introduced in Eq.(22) can be computed as follows [66]:

~ detJO
E —
{ detJ

— [ | b€ = M) (a1)
where J = [G1, G, G3], Jo = [G1(0), G2(0), G3(0)] identify the Jacobian and its evaluation at the element
center, and the components of the transformation matrix T are given as: 7% = G* - GJ(O). The definition
of the projection matrix Ty is identical to that expressed in [66].

4.2.4 The ANS method

In this section, we succinctly discuss the assumed strain interpolation with regard to the transverse shear
(E13 and Es3) and the transverse thickness (Fs3) strain components based on the ANS method [53]. The
combination of the EAS and ANS methods have been profusely adopted in different shells and solid shell
formulations, see [47] and the references therein.

The chosen assumed strain interpolations in the current strategy follow the guidelines proposed by
Dvorkin and Bathe [53] for the treatment of the transverse shear components (E15 and Es3), and that
developed by Betsch and Stein [54] to modify transverse normal strain components (F33), respectively.

The collocation points for the treatment of the transverse shear components are: £ 4 = {5 4,:8 A2} =
{(0,-1,0),(0,1,0)} and &€ = {£€p,,€5,} = {(—1,0,0),(1,0,0)}, see Fig. 3. Thus, the assumed interpo-
lation scheme for the transverse shear strain components F13 and Es3 can be expressed as

2 2
EfNS = Z (14+€3,€) Eis(€4) and E5y® = Z (1+¢5.8") Bas(€p). (42)

i=1 i=1

Similarly, for the treatment of the trapezoidal locking, the coordinates of the chosen collocation points

are: £ = {€¢,,€0,.€0,. €0, } = {(—1,-1,0),(—1,1,0),(1,1,0), (1, —1,0)}, see Fig. 3. Consequently, the
assumed interpolation of the component E33 can be computed as:

4

BN =301 (14658 (142, Bss(€c). (13)

i=1

Note that the current procedure requires the consistent modification of the corresponding entries of
the B-operator, and consequently the associated terms of the geometrical stiffness matrix.
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ANS for transverse shear locking ANS for trapezoidal locking .

@ Element node

Fig. 3: Definition of the collocation points in the element parametric space for the alleviation of the
transverse shear and trapezoidal locking through the ANS method.

5 Constitutive formulation and numerical implementation
5.1 Constitutive models

The current study is focused on the use of standard isotropic material models. The first model herein
considered is the isotropic Kirchhoff-Saint-Venant constitutive formulation, which is characterized by the
Young’s modulus E and the Poisson’s ratio v. This material law is valid for large displacements but small
strains. Based on the standard arguments [59], the tangent material tensor can be formally obtained as:
C = Ogr¥(E). Its particular form in the convective curvilinear setting is given as

C=[A\GYGH 4 u (G*GI + G'G'*)] G, ® G, © G, ® Gy, (44)

where A and p denote the Lamé constants.

The second formulation under consideration is the compressible Neo-Hookean material model in the
form adopted in [61] in terms of the right Cauchy-Green strain tensor. The corresponding free-energy
function, the second Piola-Kirchhoff stress tensor and the tangent material operator are given as

¥U(C) = % (InJ)? — plnJ + % (tr[C] - 3), (45a)
S(C) = 20c¥(C) = (\InJ — p) C™1 + ply, (45b)
C(C) = 49cc¥?(C) = AC '@ C™ ' +2(\InJ — p) %, (45c¢)

where J denotes the determinant of the deformation gradient F and tr[e] identifies the trace of the tensor
e. Note that the computation of J requires the consideration of the incompatible strains. In this context,
the adoption of the additive decomposition of the Green—Lagrange strain tensor outlined above due to the
EAS method (Section 4.1) requires the computation of the modified right Cauchy—Green tensor [57]. Since
the displacement derived right CauchyGreen tensor (C*) can be obtained only in terms of deformation F“
(C% := (F*)TF"), the examination of the corresponding definition can be exploited in order to compute
the enhanced right Cauchy—Green tensor C as follows:

C:=C"+C=2E"“4+E)+1,. (46)

Note that C specifically accounts for the metrics modification due to the EAS method [1]. Moreover,
for constitutive formulations defined in terms of the deformation gradient, Hauptmann and coauthors
[57] proposed a procedure rooted in the polar decomposition (F = RU, where R is the rotation tensor,
and U? = 2E + I, stands for the modified right-stretch tensor), which leads to the computation of the
modified deformation gradient F.
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5.2 Implementation aspects: numerical treatment of the EAS method

The current solid shell formulation is implemented into the FE packages ABAQUS and FEAP [62] by
means of user-defined capabilities. With regard to the visualization of the computed results, the package
Paraview is used to process the FEAP output, while the ABAQUS version employs overlapped elements
with very low stiffness properties, see [63].

The algorithmic treatment of the EAS method in nonlinear computations requires a special attention
due to the fact that the update of the internal parameters ¢ along the loading procedure is required.
Alternatively to the computational procedures discussed in Simo et al. [64], in which the authors proposed
an iterative local Newton-Rapshon scheme at the element level to perform the required update, we used a
modified version of the approach addressed in [63]. An outline of the computational procedure is drafted
in Algorithm 1. In particular, this process employs information corresponding to the previous converged
state, making use of the so-called history variables that most of the FE codes offer, i.e. hr and svars
vectors within FEAP and ABAQUS, respectively. This strategy comprises several advantages especially
in terms of its relative simplicity to be implemented and the significant savings regarding the data storage
at the element level, among other aspects.

This methodology is detailed as follows. Within the time increment [tmt;k;zl] along the solution
procedure (denoting A1 = tgi)l — tp), where ¢, and tgizl identify the previous converged state and
the prospective current time step at the global iteration k, respectively, given the initial data {d,,, sn, 0}
(with ¢, being stored as internal variables), the nonlinear solution procedure requires the iteration around

the intermediate state {dn 11,8 5;21 , 5;’1)1} to achieve the final solution at t;’ﬂl. We introduce the following

notation: d,,, ¢, and 0,, identify the element-wise variables at the previously converged state t,,, whereas
dgﬂl, (k>1 and OEL _31 denote the element kinematic field, the phase field and incompatible strain field
on the element level at the tentative current time step n + 1 at the iteration k, respectively. Due to
the exploitation of the static condensation procedure (Section 4.2.2), the nodal displacements and phase
field variables are defined as primary unknowns at the element level, and therefore the increment of
the incompatible strains at the current time step Ac%k) should be accordingly determined. Recalling the
process described in [63], through the third row of Eq.(33), the increment of the enhancing strains at a

given iteration k within the time increment [¢,,, ti +)1] can be computed as:

Agglk) = - [kcc,n] R;

—(k
futon T Kean A 4 K, 250 (47)
The incremental magnitudes Ad*) and Aﬁ(k) are usually provided by the numerical solver since they
correspond to the nodal degrees of freedom, whereas the element matrices at the state ¢, in Eq (47) can

be obtained by the simple computation of the prev1ous converged solution as follows: t,, = t — Ar(R),

so that d,, = d(k — Ad® and 9, ;’21 — A",

Note that the update procedure expressed in Eq.(47) can be notably simplified in the case of staggered
(sequential) solution schemes, due to the fact that the phase field is not affecting the EAS operators.

In addition to the previous considerations, as discussed in [63], the proposed numerical procedure
requires the inversion of the elemental matrix k.. at the time ¢, and t,,1. This matrix depends on the
number of EAS-modes consider to prevent locking (7 in the present investigation, which can be reduced
to 3 internal variables if only the Poisson thickness locking is alleviated), so that the computational efforts
to carry out such inversions penalize the efficiency of this strategy.

Finally, since the element stiffness is degraded using the function g(d) as damage progresses, this issue
can lead to numerical problems for the computation of [kgg]_1 for values of d relatively close to 1 (fully
damage state). In order to preclude this issue, in the current formulation, we consider that the coupling
between the EAS method with the displacements and the phase field is neglected when the average value
of 0 at the element level is higher than 0.75. Nevertheless, the robustness and simplicity of the procedure
for every kind of multi-field nonlinear FE applications is noteworthy.

6 Numerical examples

In this section, the simulation capabilities of the proposed phase field modeling for mixed shell formu-
lations are examined by means of several numerical examples. We focus our analysis on small and large
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Data: Given {dn,sn,0n, } that correspond to the data at time ¢, the history variables s,,, and the projective

nodal solution {dglk_gl,ﬁilk_‘)_l at time tilk_,')_l within the interval [tn, tglk_')_l]

. Compute Ad = dsﬁzl —d,, and A3® = 52?_1 — s
. Loop over the integration points based on the previous converged configuration ty,;
2.1 Compute the curvilinear basis G, and gn;
2.2 Compute the B-operator By;
2.3 Modify the B-operator due to ANS method Eqgs.(42)-(43);
2.4 Compute the constitutive matrix C, and stress tensors Sy;
2.5 Interpolate the nodal phase field values;
2.6 Compute the EAS-operator My,
. Compute the matrices: keq r, k

N =

_ i < .
3,n and keg, n and the internal force vector R‘int,n’

. Compute Eq.(47): Acglk) = — [kee,n] ! [ant,n +kegn AAF) 4 kg’D,nAﬁ(k)];
(k)

. Update the enhancing parameters: g;’?_l =Gn+ Acn ’;

. Loop over the integration points at the current tentative time step tsﬂl;

6.1 Compute the curvilinear basis G;k_?_l and ggll?_l;

6.2 Compute the B-operator Biﬁgl;

6.3 Modify the B-operator due to ANS method (42)-(43);
(k)

n+1°
6.5 Interpolate the nodal phase field values;

6.6 Compute the EAS-operator Mgﬁgl;

6.7 Compute the phase field operators B

[ S

k) k)

6.4 Compute the constitutive matrix C stress tensors Sgl 1 and the intact free energy lI/,(L 1

o(k) .
n+1°
6.8 Compute the geometrical stiffness matrix and modify due to ANS method;
7. Construct the element matrices and the internal force vectors of the complete system Eq.(33);
8. Compute the static condensation of the EAS variables, Egs.(35)—(38);
9. Perform the final assembly;

Algorithm 1: Algorithmic treatment of the coupled EAS-phase field modeling based on the previous
converged configuration at the pseudo time step t,,.

strain analysis with the aim of emphasizing the applicability of the current framework for two different
types of material constitutive laws.

6.1 Plate under tensile loading: assessment of the solution schemes

The first example under consideration investigates the performance of the monolithic and the staggered
solution schemes. It is worth mentioning that the current staggered strategy replicates that proposed in
[31] and regards the uncoupling between the phase field and the rest of the independent fields at the
element level, i.e. the displacements and the enhanced strains.

In particular, we consider a squared plate of side length equal to 20 mm which is subjected to uniform
in-plane tensile loading Therefore, only membrane stress states are developed. An imposed displacement
A is set to all points of the top edge of the plate, whereas the points of the opposite edge are fully
restrained. The material properties are: E = 2 x 10! N/11127 v=20,G.,=2N/m and [ = 0.05 mm. Note
that, since no initial notch is considered, damage evolves in the whole domain of the plate.

The total force of the system, computed as the sum of the reaction forces acting on the restrained
side of the plate, is plotted vs. the imposed displacement in Fig. 4, for the proposed monolithic and for
the staggered solution schemes. The proposed monolithic approach, with a pseudo-time step increment
A1 = 0.01 is providing a very smooth mechanical response, both in the pre-peak branch and in the
softening regime, as highlighted in the magnified portion of the plot in Fig. 4. The staggered solution
scheme, on the other hand, presents a series of small oscillations whose amplitude diminishes by reducing
the pseudo-time step increment.

Regarding the convergence properties (Fig. 5), whereas the monolithic approach displays a quadratic
convergence, the staggered solution scheme presents a slightly worse performance for a generic time step.
The error in the residual norm of the staggered solution scheme can be reduced and eventually converges
to that corresponding to the monolithic approach by reducing the pseudo-time step increment.

Finally, with reference to the overall computation time, the monolithic and the staggered schemes
have almost the same performance for a given pseudo-time step increment. However, in order to reduce
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Fig. 4: Total force vs. imposed displacement curve for the uniaxial test problem. The performance of
the monolithic scheme is compared with that of the staggered approach, for different pseudo-time step
increments.
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Fig. 5: Convergence properties of the monolithic and staggered solution schemes, for different pseudo-time
step increments. Note the convergence of the staggered scheme to the monolithic approach by refining
the pseudo-time step increment Ar.

the amount of oscillations observed in the staggered solution (see Fig. 4), a reduction of the pseudo-time
step increment from 0.01 to 0.005 and then to 0.0025 is required. This fact leads to a significant increase
in the CPU time, see Fig. 6.

6.2 In-plane fracture tension tests
The first test herein proposed is the benchmark problem previously considered by Miehe and coauthors

[30] for 2D fracture simulations, which has been subsequently re-examined in [44] for testing phase field
fracture in a solid shell based on an isogeometric discretization. The geometry of the test problem is a
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Fig. 6: CPU time of the monolithic and staggered solution schemes, for different pseudo-time step in-
crements. Although the two approaches require almost the same CPU time for a given pseudo-time step
increment, a finer time step increment should be used in the staggered scheme to achieve a smoother
mechanical response as in the monolithic approach, which leads to a significant increase in CPU time..

squared plate of unit lateral size 2L = 1 mm and thickness ¢t = 0.1 mm, with an initial sharp notch of
length L placed in the middle of the plate, see Fig. 7. The lower side of the plate is restrained towards
the vertical direction, while uniform vertical displacements are applied to the opposite side. This loading
condition is leading to a symmetric stress field at the notch tip, promoting Mode I crack propagation. The
plate is discretized using 15000 elements with localized refinements around the region of the potential
crack development.

The first case comprises the Kirchhoff-Saint-Venant material law, with Lamé constants: A = 121.15 x
103 N/mm27 w=80.77 x 103 N/mmz. The phase field parameters are set: G. = 2.7N/mm and [ = 0.015
mm. The simulation is performed under displacement control using a fixed displacement increment.

The contour plot of the phase field variable of the FEAP version of the current formulation, superim-
posed to the deformed shape of the plate magnified by a factor 20, is shown in Fig. 8 for three different
deformation levels. The resulting crack path is consisting with those previously reported in [30,31,42].
The previous analysis is also conducted considering the Neo-Hookean constitutive relation, activating
geometric nonlinear effects and including both the ANS and the EAS locking remedies. Fig. 9 shows the
load-displacement evolution curve of the current application for Kirchhoff-Saint-Venant and Neo-Hookean
material formulations. In this graph, it can be observed that the evolution corresponding to the nonlinear
material formulation is characterized by a slightly higher maximum load and a less pronounced decay
in the post-peak evolution in comparison to the linear constitutive model. Note also that the predicted
fracture path is independent of the material formulation, see Fig. 9 for the crack pattern obtained in
output from ABAQUS.

In line with the analysis performed in [60], we examine the eigenvalues of the current solid shell
for nearly incompressible limit. Differing from other locking pathologies, volumetric locking cannot be
avoided by means of mesh refinement due to the fact that some normal strain components are missing. For
this check, the following mechanical properties are chosen: elastic modulus F = 1 N/ rnm2, Poisson’s ratio
v = 0.4999. Table 1 reports the high eigenvalues corresponding to the element deformation modes for the
pure displacement formulation (SSQ1) and activating the EAS and ANS techniques (SSEAS7ANS). Since
the element stiffness matrix should contain only one eigenvalue that tends to infinity (corresponding to
the dilatation mode), the current fully integrated solid shell satisfies this condition when the EAS and
ANS methods are activated according to the interpolation scheme detailed in Eq.(39). Fig. 10 depicts
the load-displacement evolution curve corresponding to the current in-plane fracture application for a
nearly incompressible Kirchhoff-Saint-Venant material model using the same discretization and with a
staggered solution scheme with A7 = 0.01. In this graph, as was discussed above, small oscillations along
the evolution can be observed, especially when the crack is developed, but nevertheless these results are
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Fig. 7: In-plane tensile fracture test: geometry and boundary conditions.
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Fig. 8: In-plane tensile fracture test: contour plots of the phase field variable superimposed to the deformed
shape of the plate, with an amplification factor 20, for three different values of the dimensionless imposed
displacement A to top side of the plate. The variable L denotes the lateral mid-size of the square plate.

in good overall agreement with the monolithic version. In addition, note that from the qualitative point of
view, higher values for the maximum reaction force and the imposed displacement are required to achieve
the complete separation of the plate into two parts in comparison with the compressible case, see Fig. 9.

The second in-plane test consists of the same square plate with the straight horizontal notch, repli-
cating the previous mechanical and fracture properties subjected to in-plane shear loading mode. The
applied boundary conditions are (Fig. 11.a): (i) a horizontal displacement is applied to the top edges of
the plate, and (ii) fully restrained displacements at the bottom edges of the plate. Focusing on geomet-
rically linear analysis, we adopt the following positive-negative decomposition of the free energy density
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Fig. 9: In-plane tensile fracture test: load-displacement evolution curves for Kirchhoff-Saint-Venant and
Neo-Hookean material models.

Mode SSQ1 SSEASTANS

12 92.654 0.333
13 92.654 0.333
14 92.654 0.333
15 555.650 0.333
16 555.650 0.364
17 555.650 0.364

18 2500.000 2500.000

Table 1: Solid shell formulation: (higher) eigenvalues for a unit cube for near incompressibility. SSQ1

denotes the pure displacement solid shell formulation, whereas SSEAS7TANS identifies the proposed solid
shell model activating the EAS with 7 enhancing strains, Eq.(39), and the ANS methods.

in the bulk according to [30,31]:

b(e,) = g5 (6) + v° (o),
¥ (e) =

Pe(e) =

(48a)

((trle])+)? + ptrle? ], (48b)

N> N >

2 2

(erfe])-)? + ptrle?), (48¢)
where e stands for the small strain tensor and tr[e] identifies the trace operator. In the previous expres-
sions, the decomposition of the strain tensor into its positive and negative counterparts, e = e +e_, is
recalled to trigger damage only under tensile loading. The spectral decomposition of the positive part of

Ndim

i=1
vectors of the strain tensor and (e), = (e + | e |)/2. This decomposition leads to slight modifications
in the corresponding numerical implementation. The simulations are conducted using the previous finite

element mesh under displacement control. Fig. 11.b shows the contour plot of the phase field variable of

the FEAP version of current formulation, whose crack paths satisfactorily coincides with those predicted
in previous studies [30,31,38,44].

the strain tensor reads e, = > (¢')yn’ ® n’, where ¢* and n’ identify the eigenvalues and the eigen-

17
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Fig. 10: In-plane tensile fracture test: load-displacement evolution curve for Kirchhoff-Saint-Venant ma-
terial model for nearly incompressible limit.
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Fig. 11: In-plane shear fracture test. (a) Geometry and boundary conditions. (b) Contour plot of the
phase field variable superimposed to the deformed shape of the plate.

6.3 Double edge notched specimen in tension: verification example

This example regards the application of the current approach to the double edge notched specimen under
tensile loading for rubber at large strains. This application has been thoroughly discussed by Miehe and
coauthors [33] for an alternative phase field formulation obtaining very satisfactory agreements with the
experimental data reported in [65].

The geometric description of the specimen is shown in Fig. 12, whose dimensions are: axial length
L = 200 mm, width B = 80 mm, thickness ¢ = 3 mm. In this investigation we only consider the
configuration with an initial notch length @ = 20 mm. The specimen is discretized using approximately
35000 solid shell elements with mesh refinement around the potential crack propagation region.

In order to preserve the consistency with the formulation proposed in [33], a minor modification of
the free energy function, Eq.(45a), is introduced as

w(C) = £ ([C] - 3) + £ [(ms) ™ — 1], (49)

™=
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where the shear modulus p is defined by the micro-mechanical Gaussian model, and the parameter [ is
related to the Poisson ratio via the following expression: 8 = 2v/(1 — 2v). The derivation of the stress
tensor and the corresponding constitutive operator from Eq.(49) are computed according to standard
tensorial arguments, see [59]. Replicating [33], the mechanical properties are: u = 0.203 N/mm2 and
v = 0.45. The fracture parameters correspond to: G. = 2.67N/mm and ! = 1 mm. The boundary
conditions are set as follows: (i) prescribed displacement of A = 50 mm at the upper surface, and (i)
fully restrained displacements to the nodes belonging to the lower surface. The simulations are performed
using the ABAQUS version of the current formulation (the FEAP version yields to identical results)
under monotonic imposed displacements with 2500 pseudo-time increments including both the EAS and
ANS methods for locking treatment.

111

Fig. 12: Double edge notched specimen: geometry and boundary conditions.

Fig. 13 depicts the load-displacement evolution curve of the current simulation and the experimental
data [65], where a satisfactory agreement is achieved (also with the outcome of the computations detailed
in [33]). In this graph, we observe that nonlinear effects are developed from mid-stages (10-12 kN), which
are captured by the current methodology, up to failure. From a qualitative standpoint, the numerical
predictions slightly underestimate the experimental peak load (about 25 kN) and the maximum displace-
ment. Note also that a rapid crack evolution is predicted to occur. The corresponding crack pattern is
also shown in Fig. 13, being the crack tip concentrated around the notches. These evolutions are in very
good agreement with that reported in [33], though in the current simulation the failed elements are not
removed from the visualization. These results validate the current approach for thin-walled applications
and hyperelastic constitutive models, showing an accurate matching of the experimental data, along with
previous predictions based on phase field models.
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Fig. 13: Double edge notched specimen: experimental-numerical correlation of load-displacement evolution
curve and crack patterns at different stages.

6.4 Out-of-plane fracture test

This example concerns the fracture problem of a brittle plate subjected to out-of-plane displacements as
shown in Fig. 14. This application includes bending-dominated stress states. The geometric dimensions
are: length I = 0.3 mm, width B = 0.1 mm, thickness ¢ = 0.01 mm. A notch of initial length a = 0.05
mm is considered in the middle of the short edge, while the opposite one is fully restrained. Out-of-
plane displacements of amplitude A = 0.075 mm are applied in opposite directions to the two half edges
separated by the notch in order to promote Mode III crack growth. The plate is made of a Kirchhoff-Saint-
Venant material law with Lamé constants: A = 121.15 x 103 N/mm?* and g = 80.77 x 103 N/mm”. The
critical energy release rate and the length scale parameter for the phase field model are: G. = 2.7 N/mm
and [ = 0.002 mm. The simulation is performed considering geometrical nonlinear effects and including
both the ANS and the EAS locking remedies.

The deformed shape of the shell (in scale, without any amplification factor), is shown in Fig. 15
for different values of the imposed displacement A. The contour plot of the phase field variable is also
superimposed to the deformed geometry, showing the evolution of the crack path.

For small values of the imposed displacement, the notch tip is concentrating the phase field variable
reaching the cracked state (0 = 1) approximately for A = 0.01 mm. Progressing along the application
of the displacement, straight Mode III crack growth takes place, which is then followed by a complex
mixed mode propagation, involving, in addition to Mode III, also Mode I and Mode II. Due to this mixed
fracture conditions, the crack path deviates from the straight trajectory, leading to two curved paths till
the crack tips meet the lateral boundaries of the shell. The increase in the applied displacement leads to
a progressive growth of damage around the crack paths as well. The corresponding force-displacement
curve in Fig. 16 shows a nonlinear response with decreasing stiffness during the first stage of pure Mode
IIT crack growth, up to A = 0.02 mm, and then a sudden increase in force during the subsequent stage of
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Fig. 14: Sketch of the out-of-plane test problem.

mixed mode crack propagation. For A > 0.05 mm, i.e. when the crack path is almost complete, softening
takes place due to the progressive widening of the region subject to nonlocal damage.

This application involves notable bending effects, therefore the variation of the phase field variable
over the shell thickness according to the ansazt proposed in Eq.13 can be examined. Fig.17 shows a series
of snapshots for the contour plot of the phase field variable around the specimen notch at different stages
along the simulation. As can be observed, a variation of the phase field variable over the shell thickness
is triggered using the current formulation, see alternative approaches [44,45,46].

6.5 Fracture of shells with initially curved geometries

Finally, the proposed methodology is examined using an initially curved structure. In particular, we
consider a cylindrical shell subjected with a initial through-thickness notch, see Fig. 18. The dimensions
of the structure are: length L = 340.8 mm, inner radius R = 100.1 mm, thickness ¢ = 3 mm. The
length of the initial notch is set: ap = YR, with ¥ = £10° [44]. The material parameters complying
with the Kirchhoff-Saint-Venant constitutive model are: elastic modulus E = 2.0685 N/ mm®, Poisson’s
ratio v = 0.3. The fracture parameters replicate those introduced in Section 6.2. Regarding the supporting
conditions, right axial edge of the shell is fully clamped, whereas the opposite axial edge is subjected to an
uniform displacement A. The structure is discretized using 2170 elements including a specific refinement
in the region where the crack is expected to develop. The simulations are conducted under displacement
control with a fixed pseudo-time increment.

Fig. 19 depicts the evolution of the phase field variable at different loading stages. This crack pattern
is in close agreement with that discussed in [44], which employed an alternative isogeometric solid shell
equipped with phase field capabilities for fracture modeling.

7 Concluding remarks

In this work, a novel phase field model of brittle fracture for solid shell relying on a mixed variational
principle has been developed and implemented into FE packages. In particular, we exploited the use
of the EAS method through the postulation of the multi-field variational principle for the treatment of
Poisson thickness and volumetric locking. This numerical technique has been also combined with the
ANS method, which is employed for the alleviation of transverse shear and trapezoidal locking effects.
The proposed solid shell formulation also included the coupling between the phase field variable with the
displacement and the incompatible strain fields.

From the computational standpoint, the main aspects with regard to the treatment of the EAS method
in iterative-incremental solution methods and its incorporation into the FE packages FEAP and ABAQUS
have been addressed. Special attention has been also devoted to the analysis of monolithic and staggered
solution strategies.

The applicability of the proposed model has been demonstrated by means of several applications
regarding brittle fracture in hyperelastic bodies, whereby finite strain behavior was coupled with the
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Fig. 15: Out-of-plane test problem: deformed geometry with superimposed contour plot of the phase field
variable.

phase field model using a total Lagrangian formulation. The corresponding results under different loading
conditions showed that the proposed modeling strategy is able to capture crack initiation and propagation.

Finally, it is noteworthy that the current formulation can be seen as a potential departure point for
alternative mixed FE formulations that can incorporate numerical techniques in order to prevent locking
pathologies. Moreover, due to its robustness and versatility, the current solid shell model can be also
further extended to account for ductile fracture and multi-physics phenomena in solids.
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Fig. 17: Out-of-plane test problem: zoom of the contour plot around the specimen notch. Evolution of
the phase field variable over the shell thickness at different stages along the simulation.
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A Implementation details

This section succinctly summarizes the discrete form of several operators that are required for the numerical implementation
of the current solid shell element.
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Fig. 18: Cylindrical shell under axial loading: geometry and boundary conditions.

Fig. 19: Cylindrical shell under axial loading: contour plots of the phase field variable.

The discrete version of the curvilinear basis vectors in the current configuration renders:

% du N X[ N d[z
8= pe = G+ Frii S ONpei(€) [ Yi| + D Npei(€) |dry|, withi=1,2,3, (A1)
5 § I=1 ZI I=1 dIz

where NLsi (&) is the partial derivative of the shape function N (&) with respect to the natural coordinate &t and ny, = 8 is
the number of nodes. The construction of the compatible displacement-strain B(d) operator, Eq.(21), requires the compu-
tation of the partial derivative of the covariant basis in the current configuration with respect to the discrete displacements.

The general form of the partial derivative of the vectors g; with respect to the displacement vector d; of the node [ is given
by

agiz
g ggl Nigi®) 0 0
adl = &;y = 0 Npei(€) 0 , withi=1,2,3and I =1,...,n,. (A.2)
! 39i1z 0 0 Npel8)

odr
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The interpolation of the virtual compatible strains is given by

SE* =3 B(d)sd, (A.3)
I=1

where dd denotes the virtual nodal displacement vector, whose components are expressed in the global Cartesian setting.

as

Accordingly, the column entries of the strain-displacement operator B;(d) corresponding to the node I can be expressed

[ OB [ gl g1 1
od; L ad;
OFY, gg@ r gl N, o1 1
adr ad; Ty
OE3y LS gQT r.e
o adr 3 od; 83 Nres
B;(d) = — = = = . A4
1d) =33, o 9ETy gro82 | 181 81 Nig2 +83 N (A-4)
odr odr " ods 81 Nyes +83 Ny et
, 0P gr 088 1081 PR e
ad; Yoad; " °% ad; 82 Nies + 83Ny g2
OEL dgs 1 0g ) i
9923 T763 | T 752
ad; 82 5d; T ®3 ad;

The geometric contribution to the stiffness matrix incorporates the derivative of the B-operator with respect to the

kinematic field in order to compute S : AJE", where AJE" identifies the linearized virtual strains. This contribution can
be expressed as

S: ASE* = 6d [8B(d)]Ts Ad = i‘ i 5d7 Hix Ad (A.5)
' od I=1 K=1 ! * .

with

HIK = SllNI’glNK_ygl + 522NI,§2NK,§2 + S33NI,§3NK,§3 + 512 (NI,EINK,§2 -+ NI,§2NK,§1) +

§' (N1.e1 Nicyes + NpgsNigr ) + 5% (Np 2 Nices + Ny eaNicez) - (A.6)

Finally, it is nothing that the previous operators should be accordingly modified through the use of the ANS method as
detailed in [66].
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