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Phase field model for fracture analysis of functionally graded
power-based shell structures

Abstract

The phase field (PF) approach of fracture has emerged as a potential modelling tool
that regularizes the variational fracture theory in the spirit of Griffith’s vision via the
introduction of a damage-like field within the formulation. In this work, we outline a PF
formulation for triggering brittle fracture phenomena in Functionally Graded Materials
(FGMs) shell structures. This model relies on the 6-parameter shell formulation complying
with a solid shell kinematic description and incorporates the use of the Enhanced Assumed
Strain (EAS) and Assumed Natural Strain (ANS) methods in order to alleviate locking
pathologies. The corresponding multi-field variational formalisms is consistently derived
and discretized within the context of the Finite Element Method (FEM). Details regarding
the implementation in the general purpose FE packages are outlined. The applicability
of this model is demonstrated by means of several numerical applications.
Keywords: Phase Field approach to fracture; Functionally Graded Materials; Shells; EAS;
ANS; Phase field length

1 Introduction

Functionally Graded Materials (FGMs) emerged in the last quarter of the last century as a suit-
able alternative for their application in different engineering areas. These composite materials
are composed of several phases where the volume fractions of their constituents vary smoothly
and continuously within the specimen domain, especially along the thickness direction. Com-
monly, FGMs are made of ceramic and metallic phase [1], but alternative combinations can be
found in the related literature, see [2, 3] and the references given therein.

Due to the combination of different materials and also to the smooth variation of them,
FGMs have very important advantages with respect to conventional materials. For example, in
interfaces between conventional layer-based materials, the existing elastic mismatch on the ma-
terial properties generally leads to notable interfacial stresses that can provoke the correspond-
ing structural failure. However, using FGMs this problem is solved because the discontinuity
on the material properties is highly reduced. Moreover, FGMs present good mechanical and
thermal properties because they can be tailored differently depending on their applications.

As a consequence of the previous capacities, FGMs are used in a wide range of high tech
applications such as bio-medics [4, 5], thermal barrier coatings [6] or sensors [7] among many
others. In this regard, one of the most prominent forms for the practical use of FGMs is
their incorporation as thin-walled structures which have been concurrently exploited in many
engineering applications such as energy absorbing components [8, 9], structural components in
aeronautics [10, 11, 12] or photovoltaic panels [13].

With the aim of the achievement the reliable characterization of different structural con-
cepts, in the related literature, research activities on structural theories, encompassing beams,
plates and shells, have attracted the attention of numerous researchers. In this setting, with spe-
cial focus on shell-based structures, an impressive range of models for shells have been proposed
so far. A possible categorization of the existing shell models can differentiate between classi-
cal and novel/advanced shell formulations. Thus, well-established models, known as Classical
Shell Theories (CST), recall the popular Kirchhoff-Love (3-parameter) and Reissner-Mindlin
(5-parameter) theories [14, 15]. Both of such CST make some mechanical assumptions across
the thickness advocating the dimensional reduction concept that allows referring the magni-
tudes to the shell midsurface. However, Kirchhoff-Love (3-parameter) and Reissner-Mindlin
(5-parameter) theories inherently imply the adoption of relevant hypotheses regarding the out-
of-plane response of the shell body, which directly embody the simplification of the constitutive
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tensor via a plane stress formulation. Note that in both CST formulations additionally render
the assumption concerning of the inextensibility the shell director vector which means that, the
strains in the thickness direction are not taken into consideration. To overcome this limitation,
Higher Order Theories (HOT) have been developed in the last two decades. Within this con-
text, Carrera proposed the so-called Unified Formulation (CUF) [16]. In brief, the CUF is an
axiomatic model that is postulated via the consistent expansion of the displacement field (ui)
complying with the following scheme:

ui = u0i + zjuji with i = x, y, z and j = 1, ..., N (1)

being N the order of expansion and u0i the displacement of the mid-reference surface in the i
direction. This formulation is able to cover the equivalent single layer (ESL) and the Layer-wise
(LW) approaches [17, 18] in an amenable and robust manner.

Alternative to CUF-based models, continuum-based shell elements have been extensively
exploited in the last years, with especial attention to the so-called solid shell kinematic model
and the corresponding finite element discretization schemes, see [19, 20, 21] and the references
therein given. Despite the appealing aspect of such solid shell formulations, including the
avoidance of rotations and the fully 3D description of the shell body, their corresponding discrete
models using low-oder (namely first-order) displacements interpolation are prone to suffer from
locking. These locking pathologies provide artificially stiffer solutions, and their circumventions
are usually performed using numerical techniques such as the Enhanced Assumed Strain method
(EAS), the Assumed Natural Strain method (ANS) and the Reduced Integration formulations
[22, 23, 24, 25, 26, 27]. Specialized previous shell models for FGMs, the reader is referred to
fundamental references, see [28, 29, 30, 31, 32].

Furthermore, the technical importance of shells in many industrial sectors motivates the
development of predictive modelling methods for the accurate prediction of fracture events
in such components. Nonetheless, this is a very challenging task due to the imbrication of
curved geometries, potential geometrical nonlinear effects, among other aspects. In this concern,
different fracture formulations have been formulated in the related literature during the last
years such as the Extended-FEM (X-FEM) [33, 34], cohesive zone models (CZM) [35, 36, 37,
38, 39] to quote a few of them. Particularly, both X-FEM and CZ techniques fall into the
category of strong discontinuous crack methods, which present notable difficulties in tracking
the crack path and require the adoption of ad-hoc criteria for crack initiation and propagation
criteria.

In contrast to the previous cracking methodologies, smeared crack techniques can be con-
ceived as potential modelilng tools for triggering fracture phenomena in solids. Specifically,
the so-called phase field (PF) approach of fracture is characterized by the introduction of a
damage-like field within the formulation, regularizing the variational formalism associated with
the fracture theory of Griffith. PF methods permit the simulation of complex fracture phe-
nomena in very elegant and consistent manner with the only use of physically sound material
parameters [40, 41, 42, 43]. Further investigations on PF methods for triggering fracture re-
call the development of parametric insensitive approaches for brittle and quasi-brittle materials
[44, 45], anisotropic PF models for composite materials [46], hydrogen-assisted cracking events
[47], the corresponding coupling of PF and interface crack methods for heterogeneous media
[48, 49, 50], ductile fracture [51], and FGMs [52], among many others.

Despite the notable development of PF in the last years, the application of such numerical
methodology for shells has received a limited attention. Similarly to PF for solids, the varia-
tional formalism for cracking shells encompasses the contribution to the total energy functional
of the elastic and the fracture counterparts. In this concern, Amiri et al. [53] derived a PF
model for thin shells via the adoption of the KirchoffLove (3-parameter) kinematics via the
local maximum entropy mesh-free method, whereas alternative PF formulations for shells can
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be found in [54, 53]. However, to the best authors’ knowledge, the PF shell models aforemen-
tioned are not locking-free. In order to remedy this aspect, Reinoso et al. [19] proposed a new
modelling framework for solid shell model equipped with PF capabilities, which endowed the
combined use of the EAS and the ANS for locking issues, and exhibited very promising results
and robustness for large and small strain applications [55, 50].

Stemming from the previous arguments, in this work, we propose a new formulation to
simulate fracture of functionally graded (FG) power-based shells. In the current model here
proposed, the phase field model of brittle fracture is employed in combination with the 6-
parameter adopting a solid shell kinematic description as baseline structural model. Moreover,
as recalled above, the present model integrates two methods to alleviate locking pathologies: the
Enhanced Assumed Strain (EAS) method and the Assumed Natural Strain (ANS) method [30],
rendering a locking-free finite element formulation. Finally, the proposed approach also accounts
for the spatial variation along the thickness direction of the elastic and fracture properties as
well as the phase field length scale [52].

The paper is arranged as follows. In Section 2 the basis of the phase field model are
presented. The 6-parameter shell formulation is given in Section 3. In Section 4, the spatial
variation of FGMs material properties is addressed. In Section 5 there are different numerical
examples showing some applications of the model presented in this paper. Finally, in Section
6, the main conclusions of this investigation are exposed.

2 Phase Field approach of brittle fracture

This section presents the basis aspects of the phase field (PF) approach for brittle fracture [43],
whose application to FGMs does not imply any substantial modification of the fundamental
formalism. Note also that the following formulation is restricted to Kirchhoff-Saint-Venant
material models, being the corresponding extension to nonlinear material formulations beyond
the scope of the present research [19, 55].

As point of departure, let us consider an arbitrary shell body whose reference placement is
identified by B0 (B0 ⊂ R3). This shell body experiences a motion ϕ(X, t): B0 × [0, t] −→ R3,
where [0, t] is the time step interval that maps the reference material points (X ∈ B0) onto the
current material points (x ∈ Bt). Therefore, the transformation between the reference and the
current coordinates can be expressed as: x = ϕ(X, t), see Fig.1.

1

3

2

Reference configuration

Current configuration

Shell midsurface

Figure 1: Description of an arbitrary cracking shell body. Distinction between the reference
and current placements.
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Crack regularization region

Figure 2: Diffusive crack modelling solution for the one dimensional crack problem.

It can be noticed in Fig.1 the presence of a diffusive crack, which complies with the main
hypothesis of the PF methods of fracture, i.e. a discrete crack is regularized within a diffusive
crack zone of width l. Fig.2 depicts a simple regularization scheme in 1D based on the length
scale parameter l which rules the width of the regularization region and retrieving a sharp crack
representation as l tends to zero.

This regularization is characterized through the introduction of the scalar-valued function
d, which is called the phase field or damage parameter. This phase field variable is assumed to
be a smooth function with the body domain d(X, t), identifying intact and fully damage states
for d = 0 and d = 1, respectively.

One fundamental ingredient for the exploitation of PF methods is the introduction of the
crack surface density functional γ(d,∇Xd) which allows the following approximation of the
fracture energy due to the crack formation:∫

Γc

Gc d∂Ω ≈
∫
B0
Gcγ(d,∇Xd) dΩ, (2)

where Gc is the fracture toughness, with:

γ(d,∇Xd) =
1

2l
d2 +

l

2
|∇Xd|2 , (3)

being ∇xd the spatial gradient of d(X, t).
The resemblance of the PF method of continuum damage mechanics (CDM)-based models

is advocated by the affection of the phase field damage variable on the elastic free energy of the
body. This is conducted by means of the definition of degradation function g(d) = [1− d]2, so
that the elastic free energy of the body can be rewritten as: ψ(ε, d) = g(d)ψe(ε), where ψe(ε)
is the intact elastic free energy.

Accordingly, the internal part of the potential energy functional that defines the current
coupled deformation-fracture problem (See Fig.1) can be expressed as the sum of the elastic
energy stored in the shell body and the energy necessary to create new crack fronts:

Πint(u, d) =

∫
B0
ψ(ε, d) dΩ +

∫
B0
Gc(X)γ(d,∇xd) dΩ = Πel(ε, d) + Πfrac(X, d,∇xd) (4)

Note that in the previous expression, we explicitly introduced the spatially varying fracture
toughness Gc(X) for its application to FGMs.

The strain energy density of the body is constructed via the exploitation of the spectral de-
composition with the aim of splitting the positive and negative contributions [48, 43]. Recalling
the spatially varying material properties, where the material properties are expressed in terms of
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the material coordinates X, the corresponding free energy function for Kirchhoff-Saint-Venant
material models is given by:

ψ(ε, d,X) = g(d)ψe+(ε,X) + ψe−(ε), (5a)

ψe+(ε,X) =
λ(X)

2
(〈tr[ε]〉+)2 + µ(X)tr[ε2

+], (5b)

ψe−(ε,X) =
λ(X)

2
(〈tr[ε]〉−)2 + µ(X)tr[ε2

−], (5c)

where λ(X) y µ(X) are the Lamé constants that depend on the material coordinates for FGMs;
ε+ and ε− respectively stand for the positive and negative parts of the infinitesimal strain
tensor, whilst the symbol tr[•] identifies the trace operator and 〈•〉± denotes the Macaulay
bracket: 〈•〉± = (• ± | • |)/2.

In line with [41, 42], it is worth mentioning that the internal length scale of the PF method,
l, can be associated with the apparent strength of the material according to the following
expression:

l =
27EGC
256σ2

c

(6)

being GC the fracture toughness, E the young modulus and σc the nominal strength of the
material.

The particularization of the previous expression for FGMs requires the consideration of the
variation of the material properties within the domain, i.e. GC(X), E(X) and σc(X) leading to
l(X) (contrasting with the approach proposed in [52]). In the particular case of FGM-shells,
this spatial variation of the elastic and the material properties will be considered as a function
of the thickness coordinate of the shell body ξ3 without any loss of generality.

Finally, the irreversibility of the evolution of the phase field crack variable character of the
crack evolution is ensured through the consideration of a local history variable [43]:

H(X, t) = max
τ∈[0,t]

ψe+(ε)(X, t), (7)

where H is the maximal value of the positive part of the elastic energy ψe+(ε), that is identified
as the crack driving force.

3 The locking free solid shell 7-parameter shell model

In this section, the main aspects of the current 7-parameter solid shells model for the simulation
of shell structures are summarized [19, 21]. In particular, Sect. 3.1 outlines the kinematics of
the solid shell model that defines the basic 6-parameter formulation, whereas the use of the
EAS and ANS methods is detailed in Sects. 3.2 and 3.3. Finally, the variational formalism
combining the current solid shell model and the PF method is recalled in Sect. 3.4.

3.1 Solid shell kinematic formulation: 6-parameter shell model

In line with the basic notation introduced in the previous section, let to consider an arbitrary
shell body which experiences a motion ϕ(X, t): B0 × [0, t] −→ R3, such that x = ϕ(X, t), see
Fig.1.

The position vectors at the reference (X) and current (x) configurations are functions of
the parametric curvilinear coordinates ξ = {ξ1, ξ2, ξ3}, where ξi ∈ [−1, 1] with i = [1, 2, 3].
Note that as customary in shell models, the coordinates {ξ1, ξ2} identify the in-plane shell
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coordinates, whereas ξ3 stands for the thickness shell coordinate. The position vector of any
point in the reference configuration can be interpolated by the position vectors of the top Xt

and bottom Xb surfaces:

X{ξ1, ξ2, ξ3} =
1

2
[1 + ξ3]Xt(ξ

1, ξ2) +
1

2
[1− ξ3]Xb(ξ

1, ξ2) (8)

Rearranging the previous expression, one finds:

X{ξ1, ξ2, ξ3} =
1

2
[Xt(ξ

1, ξ2)+Xb(ξ
1, ξ2)]+

1

2
ξ3[Xt(ξ

1, ξ2)−Xb(ξ
1, ξ2)] = R(ξ1, ξ2)+ξ3A3(ξ1, ξ2),

(9)
where R(ξ1, ξ2) is the shell midsurface position vector and A3(ξ1, ξ2) is the shell director vector,
both defined in the reference configuration.

Following the same procedure with the position vector in the current configuration, the
result is very similar as can be seen in the expression:

x{ξ1, ξ2, ξ3} =
1

2
[xt(ξ

1, ξ2) + xb(ξ
1, ξ2)] +

1

2
ξ3[xt(ξ

1, ξ2)− xb(ξ
1, ξ2)] = r(ξ1, ξ2) + ξ3a3(ξ1, ξ2)

(10)
where r(ξ1, ξ2) is the position vector of the shell midsurface and a3(ξ1, ξ2) is the shell director
vector, both in the current configuration; xt(ξ

1, ξ2) and xb(ξ
1, ξ2) stand for the position vectors

of the top and bottom surfaces in the current configuration, respectively.
Therefore, the displacement field is given by

u(ξ) = x(ξ)−X(ξ) = v(ξ1, ξ2) + ξ3w(ξ1, ξ2) (11)

where v(ξ1, ξ2) and w(ξ1, ξ2) are the displacement vectors of the shell midsurface and the
director vector:

v(ξ1, ξ2) =
1

2
[ut(ξ

1, ξ2) + ub(ξ
1, ξ2)] (12)

w(ξ1, ξ2) =
1

2
[ut(ξ

1, ξ2)− ub(ξ
1, ξ2)]. (13)

In the previous expressions, ut(ξ
1, ξ2) and ub(ξ

1, ξ2) denote the displacement vectors of the top
and bottom surfaces, respectively.

The covariant basis vectors in the reference (Gi(ξ)) and current (gi(ξ)) configurations are:

Gi(ξ) =
∂X(ξ)

∂ξi
; gi(ξ) =

∂x(ξ)

∂ξi
= Gi(ξ) +

∂u(ξ)

∂ξi
; i = 1, 2, 3; (14)

and satisfy the standard relations: Gi.G
j = δi

j and gi.g
j = δi

j, being δi
j the Kronecker delta.

Then, the metric coefficients are: Gij = GiGj and gij = gigj.
Finally, the Jacobi matrices to do the transformations between the parametric space in the

reference J(ξ) and in the current configurations j(ξ)), are defined by:

J(ξ) = [G1(ξ),G2(ξ),G3(ξ)]T; j(ξ) = [g1(ξ),g2(ξ),g3(ξ)]T (15)

The displacement derived deformation gradient, Fu, and the displacement derived Green-
Lagrange deformation tensor, Eu, take the forms:

Fu := gi ⊗Gi, (16)

Eu :=
1

2

[
(Fu)TFu − I2

]
=

1

2
[gij −Gij] G

i ⊗Gj, (17)
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where I2 stands for the second-order identity tensor in the curvilinear setting. Finally, the
second Piola-Kirchhoff stress tensor is given by:

S = SijGi ⊗Gj, (18)

where Sij identify the corresponding contravariant components.

3.2 The EAS method: 7-parameter shell model

In this Section, the principal concepts regarding the EAS method are presented. Note that the
application of this numerical methodology to the previous 6-parameter solid shell formulation
leads to the so-called 7-parameter shell model. Specifically, the objective of this method in the
current solid shell model is the alleviation of volumetric and Poisson thickness locking effects.

The variational form of the EAS recalls the invocation of the Hu-Washizu variational princi-
ple in a Lagrangian formulation and we decompose the Green-Lagrange strain tensor (E) into a
compatible part (Eu), which are the strains derived from the displacement, and an incompatible
part (Ẽ), which are called enhanced strains: E = Eu + Ẽ.

The original form of the Hu-Washizu principle for the application of the EAS method con-
siders 3 independent fields as primary variables, i.e. the displacement field (u), the incompatible
strain tensor (Ẽ), the second Piola-Kirchhoff stress tensor (S). However, the imposition of the
orthogonality condition between the incompatible strain and the stress fields allows restricting
the primary unknowns to the displacement and incompatible strain fields [23].

Accordingly, the variation of the internal potential of the shell body (precluding the role of
crack evolution) adopts the form:

δΠ̂(u, δu, Ẽ, δẼ) =

∫
B0

S : δEudΩ−
∫
B0

S : δẼdΩ, ∀δu ∈ Vu, ∀δẼ ∈ VẼ (19)

where Vu = {δu ∈ [H1(B0)] : δu = 0 on ∂B0,u} is the space of admissible displacement varia-

tions, and VẼ = [L2(B0)] denotes for the admissible space corresponding to the incompatible
strains.

Complying with standard Galerkin procedures within the context of FEM [19], the interpo-
lation of the displacement field (u), its variation (δu) and its increment (∆u) can be expressed
as:

u ≈ N(ξ)d, δu ≈ N(ξ)δd, ∆u ≈ N(ξ)∆d, (20)

where N(ξ) is the matrix collecting the shape functions and d is the nodal displacement vector
at the element level.

Moreover, the interpolation of the incompatible strains at the element level is conducted
using the matrix M(ξ), whose definition can be designed in order to address the desired locking
pathologies:

Ẽ ≈M(ξ)ς, δẼ ≈M(ξ)δς, ∆Ẽ ≈M(ξ)∆ς. (21)

where ς, is the vector of the discretized incompatible strains. Note that M(ξ), which is denom-
inated as enhancing interpolation matrix, is expressed in the global setting. For that reason, it
is necessary a transformation mapping between the parametric (M̃(ξ)) and the global spaces
(M(ξ)), see [19]. Finally, the form of the operator M̃(ξ) in this work is defined as follows
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[24, 21]:

M̃ξ =


ξ1 0 0 0 0 0 0
0 ξ2 0 0 0 0 0
0 0 ξ3 ξ1ξ3 ξ2ξ3 0 0
0 0 0 0 0 ξ1 ξ2

0 0 0 0 0 0 0
0 0 0 0 0 0 0

 (22)

After the insertion of the discretized operators into the corresponding residual forms, the
current formulation preserves the computational efficiency of standard shell models, setting
the displacement degrees of freedom as the exclusive nodal unknowns via static condensation
procedures.

3.3 The ANS method

The ANS is a sort of collocation method which is combined with the previous EAS method in
order to obtain a locking-free shell model. In particular, the ANS is herewith recalled for the
circumvention of transverse shear and trapezoidal locking issues. To do so, the interpolation
of the transverse shear (E13, E23) and normal (E33) strain components are evaluated at some
collocation points, which are given in Fig. 3.

Shell midsurface Shell midsurface

ANS for transverse shear locking ANS for trapezoidal locking

Figure 3: ANS method: definition of the collocation points in the element parametric space.

Therefore, the assumed interpolation of the transverse shear and normal strain components
can be computed as:

EANS
13 =

2∑
n=1

(1 + ξ2
Ai
ξ2)E13(ξA) (23a)

EANS
23 =

2∑
n=1

(1 + ξ1
Bi
ξ1)E23(ξB) (23b)

EANS
33 =

4∑
n=1

(1 + ξ1
Ci
ξ1)(1 + ξ2

Ci
ξ2)E33(ξC) (23c)
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3.4 The phase field (PF) model of brittle fracture for locking-free
shells

This Section succinctly describes the formulation of the PF model for shell fracture combined
with locking-free element capabilities [50]. In a similar way to the parametrization of the
material points of the shell, a linear interpolation between the top (dt) and bottom (db) surfaces
of the phase field damage variable is here conceived:

d(ξ1, ξ2, ξ3) =
1

2

(
1 + ξ3

)
dt(ξ

1, ξ2) +
1

2

(
1− ξ3

)
db(ξ

1, ξ2),

ξ =
{
ξ1, ξ2, ξ3

}
∈: � = [−1, 1]× [−1, 1]× [−1, 1].

(24)

Note that as discussed in [19], this approximation of the phase field variable permits the
differentiation of the top and bottom damage states within the shell body.

The incorporation of the phase field variable as primary unknown of the coupled mechanical-
crack problem can be performed via the use of the following multi-field variational formalism:

Π(u, Ẽ,S, d) =

∫
B0\Γ

g(d)ψ(E) dΩ−
∫
B0

S : Ẽ dΩ︸ ︷︷ ︸
Πint

+

∫
Γ

Gc(X) dΓ︸ ︷︷ ︸
Πfr

+Πext, (25)

where u, Ẽ, S and d identify the independent fields of the formulation.
Through the adoption of the orthogonality condition between the interpolation spaces of Ẽ

and S, the variation of the previous functional with respect to the corresponding independent
fields permits the construction of the work form of the initial boundary value problem (IBVP):

δΠu(u, δu, Ẽ, d) ==

∫
B0

g(d)
∂Ψ

∂E
: δEu dΩ + δΠext(u) = 0, ∀δu ∈ Vu (26)

δΠẼ(u, Ẽ, δẼ, d) =

∫
B0

g(d)
∂Ψ

∂E
: δẼ dΩ−

∫
B0

S : δẼ dΩ = 0, ∀δẼ ∈ VẼ (27)

δΠd(u, Ẽ, d, δd) =

∫
B0
−2(1− d)δdΨ(E) dΩ +

∫
B0
Gc(X)l

[
1

l2
dδd +∇Xd · ∇X(δd)

]
dΩ = 0,

δd ∈ Vd,

(28)

where Vd = {δd ∈ H1(B0) | δd = 0 on Γc} denotes the space of admissible test functions for the
crack phase field variable.

It is worth mentioning that the previous weak forms lead to a fully coupled system of equa-
tions that is solved using a staggered scheme between complying with a Jacobi-type formulation
[43]. Finally, specific details concerning the linearization and the subsequent discretization pro-
cedures are omitted here for the sake of brevity, see [19].

4 Material formulation: power-based functionally graded

materials

This Section outlines the material formulation for FGMs obeying a Kirchhoff-Saint-Venant
material law with a relationship S = C : E. In this concern, as stayed above, FGMs are
characterized by the smooth and continuous variation of the volume fractions of the composing
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constituents. For the special focus on shell-based structures, this smooth variation is herein
considered normally along the thickness direction. Thus, advocating the rule of mixtures, the
spatial variation of the material properties can be expressed as follows [56]:

p(ξ3) = pmfm + pcfc (29)

where the subscripts m and c identify the two composing phases (within the scope of the
present investigation the correspond to metallic and ceramic constituents), f is the volume
fraction of the corresponding phase and p is a generic material property. The volume fractions
are represented by the following functions:

fc =

[
ξ3

H
+

1

2

]n
(30)

fm = 1− fc (31)

where n is the volume fraction exponent (n ≥ 0) and H is the initial thickness of the shell.
Therefore, when n = 0 a fully ceramic material is represented. However, when n approaches
infinity, a fully metallic structure is retrieved.

Through the use of the previous expression regarding the spatial variation of the material
properties, it is noticing that they are dependent on the volume fraction, i.e. in the present
case on the thickness coordinate ξ3. This rule of mixture affects to: the phase field length scale
(l), the Young modulus (E) and the fracture energy (Gc) as we can see in Figures 4, 5 and 6
respectively. Note that the variation of l with respect to ξ3 implies a novel aspect with respect
to alternative PF formulations for FGMs [52].
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Figure 4: Variation of the phase field length (l) through the thickness (ξ3) for different values
of the volume fraction exponent (n).

5 Applications

In the present Section, several numerical examples are solved in order to demonstrate the
simulation capabilities of the proposed model. In Section 5.1 a functionally graded power-
based square shell under in-plane loads is simulated. However, in Sections 5.2 and 5.3, a
functionally graded power-based cylindrical shell is solved under in-plane and out-of-plane
loading conditions, respectively. All the examples are made of metallic and ceramic phases,
and whose corresponding properties are listed in Table 1 [56, 42]. Moreover, the influence of
the volume fraction exponent (n) on the applications response is analysed. Also, a comparison
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Figure 5: Variation of the young modulus (E) through the thickness (ξ3) for different values of
the volume fraction exponent (n).
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Figure 6: Variation of the critical fracture energy (GC) through the thickness (ξ3) for different
values of the volume fraction exponent (n).

between the results obtained with the implementation proposed in this paper and the solutions
for the homogeneous solid shell formulation [19] (fully ceramic and fully metallic materials) is
presented for verification purposes. Finally, it is worth mentioning that all the simulations are
solved with the finite element program FEAP [57] and conducted under displacement control.

Material E [GPa] ν GC [N/mm] l [mm]
Metallic 0.7 0 4.3886e−1 6.45e−3

Ceramic 1.51 0 7.1158e−2 1.9e−2

Table 1: Materials properties.
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5.1 Plate under tension

The first problem under consideration is the classical square plate of unit size (L = 1 mm) given
in Figure 7. To point out that, the thickness of the plate, denoted by t, is set equal to 0.0125 mm.
This configuration includes a sharp initial sharp notch of length L/2 = 0.5 mm at the centre
of the specimen. Regarding the prescribed conditions, a vertical displacement (δy) is imposed
on the upper side of the plate while the lower side is restrained towards the vertical direction.
Regarding the mesh refinement, we employ concentrated discretization scheme around the notch
with using 15100 elements.

L

L

L/2

L/2

Figure 7: Plate under tension: geometry and boundary conditions.

This problem is simulated for different values of the volume fraction exponent (n) and also
for two homogeneous (metallic and ceramic) solid shells. In Figure 8, the stress-strain evolution
curves and the contour plot of the phase field variable of the current simulations are given.

Firstly, it can be noticed how depending on the value of the volume fraction exponent (n),
the behaviour of the system is changing from fully ceramic (n=0) to fully metallic (n ≥ 50)
behaviour. To point out that, the limit cases of the proposed model (n = 0 and n ≥ 50) are
established taking into account the variation of the material properties given in Figures 4, 5
and 6. Moreover, in Figure 8, it can be noticed how these limit cases are agreed with the
homogeneous solid shell (SS) elements responses.

With reference to the intermediate cases for intermediate values of n, we can see that,
as n increases: the dissipated energy, or in other words the area under the stress-strain curve,
increases (GC increases), the stiffness decreases (E decreases) and the maximum stress increases.
This is because larger values of n means larger values of the metallic volume fraction (See
equations 29, 30 and 31). Therefore, the material properties consistently change with the
variation of the constituents in terms of volume fractions via the corresponding gradation law,
as depicted in Figures 4, 5 and 6.

The evolution of the maximum stress when n changes is not determined in a straightforward
way due to that it is an indirect measure in PF models. However, recalling Equation 6 and
knowing that l decreases when n increases, it can be expected bigger values of the maximum
stress as n growths.

It is worth mentioning that, in all the cases simulated (homogeneous shells and power-based
shells with different values of n) the crack path remains constant and the stress-strain evolution
curves present two different stages. The first stage exhibits an increasing stress-strain evolution
until a maximum stress is reached. In this stage different events take place: a linear elastic
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evolution previous damage initiation, the onset of damage and the stable growth of the crack.
However, in the second stage, the unstable growth of the crack happens until the complete
failure of the system.

Finally, it is worth to point out that the damage pattern given in Figure 8 replicates that
corresponding to the homogeneous case because our material properties in the current formu-
lation are exclusively changing in the thickness direction (ξ3) instead of in the xy plane. The
extension for FGM formulation including both gradation scheme is beyond the matter of the
present investigation but of high interest in future activities completing current formulation
[47].
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Figure 8: Plate under tension: stress-strain evolution curve and damage pattern (stress of the
system/maximum stress, being σmax = 37.45 N/mm2.

5.2 Cylindrical shell under tension

In this Section, we aim at assessing the capabilities of the modelling framework in capturing
fracture events in curved structures which are here benchmarked. For this purpose, we consider
a quarter of a cylindrical shell with an initial sharp notch at the centre of the specimen (See
Figure 9). The geometrical parameters are: length L = 340.8 mm, internal radius ri = 100.1
mm, external radius re = 103.1 mm, notch length h = 6 mm and notch width w = 3 mm.
Regarding the boundary conditions and complying with the symmetry of the system, the x
= 0 side is restrained towards the horizontal direction, while the vertical displacements are
restrained at the y = 0. In addition to this, the shell is fully clamped to the z = 0 side, while
a uniform displacement (δz) is imposed on the z = L side. The geometry is discretized using
9920 elements.

In line with the previous application, the curved shell given in Figure 9 is used to simulate
functionally graded power-based shells with different values of the volume fraction exponent
(n) and also, two homogeneous (metallic and ceramic) solid shells. The stress-strain evolution
curves and the contour plot of the phase field variable of the simulations carried out in the
present Section, are given in Figure 10. It can be noticed how the limit cases of the proposed
formulation (n = 0 and n ≥ 50) are agreed with the fully ceramic solid shell element and
fully metallic solid shell element response, respectively, again pinpointing the robustness of the
current methodology. Moreover, for the intermediate cases, the increase of n, which means
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Figure 9: Cylinder under tension: geometry and boundary conditions.

an increase of the metallic constituent, causes the increase of the maximum stress and the
dissipated energy (GC increases). However, this provokes the reduction of the stiffness of our
system (E decreases). As in the previous application, the explanation of the maximum stress
increase is due to the reduction of l with the growth of n and to the relation given in equation
6.
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Figure 10: Cylinder under tension: stress-strain evolution curve and damage pattern (stress of
the system/maximum stress, being σmax = 171.90 N/mm2.

Moreover, to highlight that, the response of the system in all the cases considered (Figure
10) shows the same crack path and two different stages in the stress-strain evolution curve. The
first stage shows an increasing stress-strain evolution where 3 different phases are identified:
linear elastic evolution before damage, onset of damage and stable growth of the crack. Finally,
in the second stage, the stress-strain evolution curve decreases along the loading path due to
the unstable growth of the crack.

5.3 Cylindrical shell under tension and bending

Finally, after proving the applicability of the proposed model to the classical square plate and
to a curved shell, we benchmark the current apporach for tension-bending problems. To do so,
we simulate the cylinder described previous Section, but adding a vertical displacement (δy) at
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Figure 11: Cylinder under tension and flexion: geometry and boundary conditions.

the top of the notch as we can see in Figure 11.
Again, as in the previous simulations, the results given in Figure 12 show how the response

of the system changes from fully ceramic (n = 0) to fully metallic (n ≥ 50) behaviour depending
on the value of n. It can be noticed the agreement between the limit cases of the proposed
model (n = 0 and n ≥ 50) and the homogeneous solid shell (SS) element responses.

Moreover, as expected, when the volume fraction of the metallic phase increases, in other
words when n raises, the maximum stress and the dissipated energy (GC) increases. However,
the stiffness of the system (E) decreases. The explanation of the evolution of the maximum
stress with the variation of n is the same as in the previous applications.
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Figure 12: Cylinder under tension and flexion: stress-strain evolution curve and damage pattern
(stress of the system/maximum stress, being σmax = 158.86 N/mm2).

In Figure 12, again, the different stages of the stress-strain evolution curves detected in the
previous simulations are also identifiable: an increasing evolution were three different events
happen (linear elastic evolution before damage, onset of damage and stable growth of the crack)
and a decreasing evolution due to the unstable crack growth.

To conclude, comparing the results of the cylinder under tension with the current simu-
lations, we can stat that, although the damage pattern and the stiffness of the system is not
affected by the inclusion of the vertical displacement δy, the maximum stress and the dissipated
energy are significantly lower when the vertical displacement δy is introduced.
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6 Concluding remarks

In the present research, based on the modelling framework of thermodynamic consistent PF
approach of fracture, we have presented a novel formulation for triggering fracture events in
FG shells. Conversely to former PF methods for shells, the current models is based on a solid
shell kinematic model, which was equipped with the EAS and ANS methods in order to obtain
a locking-free element formulation. The variational formalism has been constructed using a
mixed-formulation that included the regularized Griffith potential due to fracture.

The present model has been formulated for fracture analysis of for FGM shell-based struc-
tures. Therefore, this work is pioneering in terms of combining: locking-free shells, FGMs and
phase field. In addition, it is remarkable to point out that the proposed model originally al-
lowed the inclusion of the phase field length scale and the fracture toughness as function of the
thickness coordinate. The attributes of the model comprised: (i) the efficient fracture initiation
and propagation and (ii) the potential use for complex geometries and loading conditions.

Current predictions have shown the applicability of the proposed model to predict fracture
in functionally graded power-based shells under in-plane and out-of-plane loading conditions.

Future extensions of the proposed methodology will comprise the incorporation of ductile
fracture in conjunction to multi-physic phenomena. From the numerical standpoint, we will pay
careful attention on the adoption of a monolithic solution scheme according to the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm (DOI: 10.1016/j.cma.2019.112704).
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