
ScienceDirect

Available online at www.sciencedirect.com

Procedia Structural Integrity 42 (2022) 490–497

2452-3216 © 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 23 European Conference on Fracture – ECF23
10.1016/j.prostr.2022.12.062

10.1016/j.prostr.2022.12.062 2452-3216

© 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 23 European Conference on Fracture – ECF23

Available online at www.sciencedirect.com

Structural Integrity Procedia 00 (2019) 000–000
www.elsevier.com/locate/procedia

23 European Conference on Fracture – ECF23

A novel FFT-based homogenization scheme for cohesive zones
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Abstract

Cohesive Zone Models with finite thickness are widely used for the fracture mechanical modeling of layers of material, e.g., adhe-
sives. Within this approach, the whole layer is modeled as a Cohesive Zone. Moreover, computational homogenization techniques
are crucial for the development of advanced engineering materials, which are often heterogeneous. Compared to the classical Finite
Element Method (FEM), computationally more efficient solvers based on the Fast Fourier Transform (FFT) are expected to reduce
the computational effort needed for the homogenization. Originated from an existing method for the computational homogenization
of Cohesive Zones using FEM, a novel FFT-based homogenization scheme for Cohesive Zone Models was developed. Our imple-
mentation of the FFT solver uses the Barzilai-Borwein scheme and a non-local ductile damage model for the fracture behavior.
Finally, the method is applied to the core material of HybrixTM metal sandwich plates, and the good agreement with experimental
results in opening mode I is shown.
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1. Introduction

Cohesive Zone Models (CZM) are often used to model the (macroscopic) fracture behavior of materials. In some
cases, it is also useful to treat layers of material as a finite thickness Cohesive Zone (CZ), whereby the whole thickness
of the layer is described by the CZM. Nevertheless, it should be mentioned that this approach is a strong simplification
of the reality as deformation and stresses in through thickness direction are considered only. Hence, the displacement
jumps (separation vector) and possible additional internal state variables are mapped to the traction vector by the
constitutive law. The approach is typically used to model the fracture behavior of adhesive layers, e.g., in Bödeker
and Marzi (2020), but in this work we also use it for the porous, polymeric fiber-binder core of a sandwich plate with
metal face sheets called HybrixTM by the manufacturer Lamera AB, cf. Section 4. The required Traction Separation
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Laws (TSL) can be measured directly from experiments, e.g., using Double Cantilever Beam (DCB) tests in mode I.
Nevertheless, a full experimental characterization of the mechanical behavior is still time-consuming and costly.

The importance of complex composite materials for structural applications is increasing in many industries. For
a systematic and less time-consuming development process of such advanced composites, it is crucial to link the
mechanical properties of the constituents, composition, and geometry of the microstructure to the macroscopic me-
chanical properties of the material.

For this purpose, several homogenization techniques have been developed to reduce the experimental effort. Be-
sides the analytical mean field approaches, which are more suited to comparably simple microstructure geometries,
computational approaches gained in importance in recent years owing to the increasing computational power avail-
able. In this method, virtual Representative Volume Elements (RVE) for the microstructure of the materials of interest
are generated and used for the computations. This also allows for the virtual development of advanced composite
materials.

The computational homogenization techniques are often based on FEM; however, the Fast Fourier Transform
(FFT)-based homogenization is a promising more recent method which is expected to allow for a reduction in compu-
tational costs compared to FEM in many applications, cf. Lucarini and Segurado (2019). Based on the pioneer work
by Moulinec and Suquet (1998) the FFT-based homogenization has been significantly improved over the years using
different discretization methods, e.g., finite differences and FEM, and advanced solution schemes. Furthermore, the
method has been extended to homogenization problems including non-local damage and phase field fracture models.
An overview of the discretization methods and solution schemes, as well as applications of the FFT-based homoge-
nization, is given in the work by Schneider (2021). Nevertheless, FFT simulations can be performed on uniform grids
only, s.t. voxelized RVEs are required as input.

In contrary to FEM (Matouš et al. (2008)), there is no homogenization method for CZM in the FFT-based frame-
work available in the literature yet. Therefore, such an FFT-based homogenization scheme to allow for the prediction
of (macroscopic) CZMs from the mechanical properties of the constituents, composition, and geometry of the mi-
crostructure was developed in this work.

The paper is structured as follows: In the first section, the FFT-based micromechanics solver including the non-
local damage model is presented. Then the FFT-based homogenization method for CZM is introduced and the method
is applied to the HybrixTM core layer in Section 4. A short summary of the results of this work and future perspectives
are given in the final section of this paper. We represent vectors as �•, 2nd order tensors as • and 4th order tensors •.
•̂ denotes the Fourier transform of a variable, whereas the volumetric average over the RVE volume V is denoted as
1
V

∫
V • d �x = 〈•〉V . The symmetric gradient operation 1

2

[
grad�• + (grad�•)T

]
is abbreviated by the symbol gradS �•.

2. FFT-based homogenization

The basic concept of scale separation for the continuum homogenization is visualized in Figure 1a. At the
macroscale the material is considered to be homogeneous, whereas the heterogenity appears at the microscale only. It
is usually assumed that the typical length scale of the macroscale is significantly larger than the one at the microscale.
The macroscale often refers to structural simulations, where the standard system of equations is usually solved by
FEM. The homogenization problem, the system of equations at the microscale, is given by



σ
(
�x
)

computed from constitutive law
divσ

(
�x
)
= �0

ε
(
�u ∗
(
�x
))
= E + gradS �u ∗

(
�x
)

periodic boundary conditions,

(1)

cf. Moulinec and Suquet (1998). It is formed by the constitutive law, the balance of momentum (static and without
body forces), the strain compatibility and the periodic boundary conditions. The strain field is thereby decomposed
into a volumetric average part E and a fluctuation part, that originates from the fluctuation displacement field �u ∗.
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2 F. Bödeker et al. / Structural Integrity Procedia 00 (2019) 000–000

Laws (TSL) can be measured directly from experiments, e.g., using Double Cantilever Beam (DCB) tests in mode I.
Nevertheless, a full experimental characterization of the mechanical behavior is still time-consuming and costly.

The importance of complex composite materials for structural applications is increasing in many industries. For
a systematic and less time-consuming development process of such advanced composites, it is crucial to link the
mechanical properties of the constituents, composition, and geometry of the microstructure to the macroscopic me-
chanical properties of the material.

For this purpose, several homogenization techniques have been developed to reduce the experimental effort. Be-
sides the analytical mean field approaches, which are more suited to comparably simple microstructure geometries,
computational approaches gained in importance in recent years owing to the increasing computational power avail-
able. In this method, virtual Representative Volume Elements (RVE) for the microstructure of the materials of interest
are generated and used for the computations. This also allows for the virtual development of advanced composite
materials.

The computational homogenization techniques are often based on FEM; however, the Fast Fourier Transform
(FFT)-based homogenization is a promising more recent method which is expected to allow for a reduction in compu-
tational costs compared to FEM in many applications, cf. Lucarini and Segurado (2019). Based on the pioneer work
by Moulinec and Suquet (1998) the FFT-based homogenization has been significantly improved over the years using
different discretization methods, e.g., finite differences and FEM, and advanced solution schemes. Furthermore, the
method has been extended to homogenization problems including non-local damage and phase field fracture models.
An overview of the discretization methods and solution schemes, as well as applications of the FFT-based homoge-
nization, is given in the work by Schneider (2021). Nevertheless, FFT simulations can be performed on uniform grids
only, s.t. voxelized RVEs are required as input.
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FFT-based homogenization

• At the microscale:
• Balance of momentum: div 𝜎𝜎( Ԧ𝑥𝑥) = 0
• Strain compatibility: 𝜀𝜀( Ԧ𝑥𝑥) = 𝐸𝐸 + ∇𝑆𝑆𝑢𝑢∗( Ԧ𝑥𝑥)
• Constitutive law: 𝜎𝜎( Ԧ𝑥𝑥) from 𝜀𝜀 Ԧ𝑥𝑥 and state variables
• Boundary conditions: periodic

• Reformulation to Lippmann-Schwinger equation:

• Adding an isotropic elastic „reference material“
with stiffness 𝐶𝐶0

• 𝑢𝑢∗ = −𝐺𝐺0 ∙ div 𝜎𝜎 − 𝐶𝐶0: 𝜀𝜀 , with 𝐺𝐺0 = div𝐶𝐶0: ∇𝑆𝑆
−1

• 𝜀𝜀 = 𝐸𝐸 − Γ0: 𝜎𝜎 − 𝐶𝐶0: 𝜀𝜀 , with Γ0 = ∇𝑆𝑆𝐺𝐺0 ∙ div
• Gama green operator

Macroscale

Microscale: Representative
Volume Element (RVE)

Ԧ𝑥𝑥

𝜀𝜀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝜀𝜀 Ԧ𝑥𝑥 𝑉𝑉
= 𝐸𝐸

𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝜎𝜎( Ԧ𝑥𝑥) 𝑉𝑉
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Homogenization for cohesive zone modeling

• At the microscale:

Add layers of stiff voxels
to remove periodicity and 
approximate boundaries

𝑡𝑡𝑐𝑐𝑐𝑐𝑐

𝑛𝑛
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Macroscale

Microscale: RVE
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0 0 𝑢𝑢 𝑣𝑣 𝑤𝑤 0 𝑇𝑇

Fig. 1. (a) Concept of scale separation and homogenization for continua.; (b) Concept of scale separation and homogenization for Cohesive Zones.

The system of equations can be reformulated into the Lippmann-Schwinger equation (Moulinec and Suquet
(1998)). For this purpose, the linear elastic reference material with stiffness C0 is introduced and Equation 1 is solved
for the strain field, which yields the Lippmann-Schwinger equation

ε = E − Γ0 :
(
σ −C0 : ε

)
. (2)

The spatial dependencies are neglected for notational clarity here. Γ0 denotes the Green operator, which is explicitly
known in Fourier space and its exact form depends on the type of discretization that is chosen, cf. Schneider (2021).
In this paper, we use the staggered grid finite difference discretization from Schneider et al. (2016).

Moulinec and Suquet (1998) proposed to solve Equation 2 with the basic scheme, which can be understood as
a projected gradient descent if the linear elastic reference material is set to C0 = 1

s I. s denotes the step size of the
gradient descent, whereas I represents the 2nd order symmetric identity tensor. The fastest convergence rate is obtained

for s = 2
α++α−

, where α+ and α− are the largest and the smallest positive eigenvalue of the tangent stiffness matrices of
all materials in the RVE. The basic scheme is usually not fast enough for most applications and therefore improved,
faster algorithms have been developed. For this work, we use the Barzilai-Borwein scheme, which was introduced in
Barzilai and Borwein (1988) and in Schneider (2019) in the context of FFT-based homogenization. In contrary to the
basic scheme, the step size is updated every iteration within this scheme. The algorithm is summarized in Algorithm
1, where �ξ represents the frequency vector in Fourier space. An extrapolation of the previous strain fields is usually
used instead of E in the initialization step for higher load steps.

The Barzilai-Borwein scheme is straightforward to implement, requires comparably little memory and is very
competitive regarding the computational times and convergence, but the residual does not decline monotonously.
Moreover, the Γ operator can be partly applied in the real space as well, which is done in our implementation. Then,
only the fluctuation displacement field is Fourier transformed, s.t. the number of Fourier transforms reduces from six
to three. For more details regarding the displacement-based variants of FFT solvers, we refer to Schneider et al. (2016)
and Schneider (2021), as it is out of the scope of this paper.

Usually the volumetric average strain in the RVE 〈ε (�x )〉V = E is prescribed. The macro-to-micro scale transition
is typically established by setting E equal to the macroscopic strain εMacro, whereas at the micro-to-marco coupling

4 F. Bödeker et al. / Structural Integrity Procedia 00 (2019) 000–000

Algorithm 1 Barzilai-Borwein scheme

1: Initialize: ε1 = E, i = 0 and s1 = 2
α++α−

2: Iterate: i = i + 1 until convergence:
3: compute σi from εi and state variables � constitutive law

4: if i > 1 then si =

(
1 − 〈σi:dεi−1)〉V

〈dεi−1:dεi−1〉V

)−1
si−1 � update step size

5: d̂ε
i
=


0, for �ξ = �0
Γ̂ : FFT

(
σi
)
, else

� apply Green operator

6:

7: εi+1 = εi − siFFT−1
(
d̂ε

i
)

� update strain field

via the stress tensor 〈σ (�x )〉V = σ Macro follows from the energetic consistency, the Hill-Mandel condition (Matouš et
al. (2017)). The scale transition relations are also summarized in Figure 1a.

2.1. Damage model

A non-local, ductile, implicit gradient damage model is used to model the fracture behavior at the microscale in
this work, which is described by

pnl − l2∆pnl = pl, (3)

neglecting the spatial dependencies again for notational clarity, cf. Magri et al. (2021). The non-local equivalent plastic
strain pnl is thereby regularized by a Helmholtz-type equation with the local equivalent plastic strain pl as source term.
The damage field is distributed within a certain localization region, whose size is related to the characteristic internal
length l. Furthermore, the evolution equation for the scalar damage variable D is given by

D =



0, for pnl < p0
nl

pnl−p0
nl

p f
nl−p0

nl

, for p0
nl ≤ pnl < p f

nl

1, for pnl ≥ p f
nl

(4)

with initiation parameter p0
nl and failure parameter p f

nl. In addition, the stress is computed as

σ = (1 − D) σ̄, (5)

where σ̄ is the undamaged, effective stress from standard von Mises plasticity.
The damage model is valid in the damaging phase only; however, in FFT-based methods we need an equation that

is valid in the whole RVE owing to the Fourier transform. Following Magri et al. (2021) the Helmholtz-type equation
3 is modified to

pnl − div
[
l2
(
�x
)

grad pnl

]
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Fig. 1. (a) Concept of scale separation and homogenization for continua.; (b) Concept of scale separation and homogenization for Cohesive Zones.

The system of equations can be reformulated into the Lippmann-Schwinger equation (Moulinec and Suquet
(1998)). For this purpose, the linear elastic reference material with stiffness C0 is introduced and Equation 1 is solved
for the strain field, which yields the Lippmann-Schwinger equation

ε = E − Γ0 :
(
σ −C0 : ε

)
. (2)

The spatial dependencies are neglected for notational clarity here. Γ0 denotes the Green operator, which is explicitly
known in Fourier space and its exact form depends on the type of discretization that is chosen, cf. Schneider (2021).
In this paper, we use the staggered grid finite difference discretization from Schneider et al. (2016).

Moulinec and Suquet (1998) proposed to solve Equation 2 with the basic scheme, which can be understood as
a projected gradient descent if the linear elastic reference material is set to C0 = 1

s I. s denotes the step size of the
gradient descent, whereas I represents the 2nd order symmetric identity tensor. The fastest convergence rate is obtained

for s = 2
α++α−

, where α+ and α− are the largest and the smallest positive eigenvalue of the tangent stiffness matrices of
all materials in the RVE. The basic scheme is usually not fast enough for most applications and therefore improved,
faster algorithms have been developed. For this work, we use the Barzilai-Borwein scheme, which was introduced in
Barzilai and Borwein (1988) and in Schneider (2019) in the context of FFT-based homogenization. In contrary to the
basic scheme, the step size is updated every iteration within this scheme. The algorithm is summarized in Algorithm
1, where �ξ represents the frequency vector in Fourier space. An extrapolation of the previous strain fields is usually
used instead of E in the initialization step for higher load steps.

The Barzilai-Borwein scheme is straightforward to implement, requires comparably little memory and is very
competitive regarding the computational times and convergence, but the residual does not decline monotonously.
Moreover, the Γ operator can be partly applied in the real space as well, which is done in our implementation. Then,
only the fluctuation displacement field is Fourier transformed, s.t. the number of Fourier transforms reduces from six
to three. For more details regarding the displacement-based variants of FFT solvers, we refer to Schneider et al. (2016)
and Schneider (2021), as it is out of the scope of this paper.

Usually the volumetric average strain in the RVE 〈ε (�x )〉V = E is prescribed. The macro-to-micro scale transition
is typically established by setting E equal to the macroscopic strain εMacro, whereas at the micro-to-marco coupling
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Algorithm 1 Barzilai-Borwein scheme

1: Initialize: ε1 = E, i = 0 and s1 = 2
α++α−

2: Iterate: i = i + 1 until convergence:
3: compute σi from εi and state variables � constitutive law

4: if i > 1 then si =

(
1 − 〈σi:dεi−1)〉V

〈dεi−1:dεi−1〉V

)−1
si−1 � update step size

5: d̂ε
i
=


0, for �ξ = �0
Γ̂ : FFT

(
σi
)
, else

� apply Green operator

6:

7: εi+1 = εi − siFFT−1
(
d̂ε

i
)

� update strain field

via the stress tensor 〈σ (�x )〉V = σ Macro follows from the energetic consistency, the Hill-Mandel condition (Matouš et
al. (2017)). The scale transition relations are also summarized in Figure 1a.

2.1. Damage model

A non-local, ductile, implicit gradient damage model is used to model the fracture behavior at the microscale in
this work, which is described by

pnl − l2∆pnl = pl, (3)

neglecting the spatial dependencies again for notational clarity, cf. Magri et al. (2021). The non-local equivalent plastic
strain pnl is thereby regularized by a Helmholtz-type equation with the local equivalent plastic strain pl as source term.
The damage field is distributed within a certain localization region, whose size is related to the characteristic internal
length l. Furthermore, the evolution equation for the scalar damage variable D is given by

D =



0, for pnl < p0
nl

pnl−p0
nl

p f
nl−p0

nl

, for p0
nl ≤ pnl < p f

nl

1, for pnl ≥ p f
nl

(4)

with initiation parameter p0
nl and failure parameter p f

nl. In addition, the stress is computed as

σ = (1 − D) σ̄, (5)

where σ̄ is the undamaged, effective stress from standard von Mises plasticity.
The damage model is valid in the damaging phase only; however, in FFT-based methods we need an equation that

is valid in the whole RVE owing to the Fourier transform. Following Magri et al. (2021) the Helmholtz-type equation
3 is modified to

pnl − div
[
l2
(
�x
)

grad pnl

]
= pl (6)
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with a nonuniform characteristic length. It can be easily seen that Equation 6 reduces to Equation 3 in case of an
uniform characteristic length parameter. Similar to the linear elastic reference material, a reference characteristic
length l0 is introduced according to the work by Sharma et al. (2018). Then Equation 6 is solved for pnl using the
FFT and fixed-point iteration, cf. Algorithm 2 line 3 and 4. More sophisticated algorithms could be used here as
well; however, it was observed that the time needed for the solution of the damage problem is negligible compared
to the time spent in the mechanics solver. The characteristic length parameter within the non-damaging phase is set
significantly lower than the one in the damaging phase in order to avoid that the non-local equivalent plastic strain
field diffuses into the non-damaging phase. We refer to Magri et al. (2021) for more details regarding the boundary
conditions at the interface of damaging and non-damaging phases.

Algorithm 2 Staggered solution algorithm of the coupled problem
1: Until convergence:
2: Solve Equation 1 using Algorithm 1 and obtain pl � keep pnl constant
3: Initialize: j = 0 and use pnl from previous load step for p1

nl
4: Iterate j = j + 1 until convergence: � keep pl constant

5: p j+1
nl = FFT−1

(
p̂l+i�ξ·FFT

(
[l2−l20]FFT−1

(
i�ξ p̂ j

nl

)))

1+l20�ξ·�ξ

The coupled problem is then solved in a staggered fashion, as also shown in Algorithm 2. It was implemented
as Fortran code and the parallelization was realized using the OpenMP library (Menon and Dagum (1998)) and the
FFTW library (Frigo and Johnson (2005)) for the execution of the FFTs.

3. FFT-based homogenization for cohesive zone modeling

The principle of scale separation and homogenization for Cohesive Zones is depicted in Figure 1b. In contrast to the
standard homogenization for continua, only the red layer of thickness tcoh, which is oriented in the direction �n Macro, is
homogenized. Furthermore, the RVE also has the full thickness of the Cohesive Zone now. As already mentioned in
the introductory section 1, the kinematics of a Cohesive Zone is described by displacement jumps from one interface
of the layer with the surrounding body to the other one. They are summarized in the (macroscopic) separation vector
�δ = (u v w)T , whose entries correspond to mode I, II and III. Following Matouš et al. (2008), without loss of generality
the average strain in the Cohesive Zone is approximated by E = (0 0 u/tcoh v/tcoh w/tcoh 0)T for an orientation of
the Cohesive Zone at the microscale �n in z-direction, whereby Voigt notatation is used for E. A constant displacement
field at the interfaces of the Cohesive Zone is required to describe the displacement jump. Therefore, the fluctuation
displacements must be zero there, and we arrive at



σ
(
�x
)

computed from constitutive law
divσ

(
�x
)
= �0

ε
(
�u
(
�x
))
= E + gradS �u ∗

(
�x
)

�u ∗ = �0 at the CZ interface and periodic boundary conditions elsewhere

(7)

from Equation 1. However, the FFT solver presented in the section before can only deal with periodic boundary
conditions, but the zero fluctuation displacement boundary condition at the interface can be approximated by adding
thin layers that have a significantly higher stiffness than the material in the RVE. An example is given in Figure 3 for
a mode I simulation. Details regarding the RVE and the material models used is given in the following section 4.

According to Matouš et al. (2008) the micro-to-macro transition is established by �t Macro = 〈σ (�x )〉V · �n for the
macroscopic traction vector. The homogenization procedure including the scale transitions is summarized in Figure
1b.
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Fig. 2. Virtual RVE for HybrixTM core material and fluctuation displacement field under mode I loading.

4. Applications

Besides adhesive layers, HybrixTM sandwich plates represent an interesting application of the method. It is expected
that the porous, polymeric fiber-binder core carries a negligible amount of in-plane loads in comparison to the metal
face sheets and should consequently be well suited for CZM. Furthermore, it has a complex microstructure, which
can be influenced by many production parameters, e.g., the fiber and binder volume fractions, the thickness and
fiber geometry, as well as the materials used, which additionally makes it a promising candidate for virtual material
development.

The virtual RVE for the core of the HybrixTM configuration investigated in this work is shown in Figure 3. The
core has a thickness of 1.5 mm, whereas the face sheets of this configuration are 0.5 mm thick each. The fiber length
is 2 mm and its diameter were determined as 50 µm from microscopy investigations. The volume fractions of fiber
and binder are at about 13% and 22%, respectively, and they were obtained from microscopy and µCT investigations.
Furthermore, the fiber orientation in the xy-plane is assumed to be arbitrary, whereas the distribution of the orientation
with respect to the z-axis is modeled by a triangular-shaped function with its maximum at the arccosine of fiber length
divided by the core thickness. The virtual RVE was then generated by setting the position, the orientation, and the
curvature of the fibers s.t. the overlap of the fibers with one another and with the layer boundaries, as well as the
deviation of the orientation with respect to the triangular distribution function and the curvature were as small as
possible. The generated RVE is periodic in the x- and y-direction and stiff layers with a thickness of 0.1 mm each were
added in z-direction.

The material parameters for the FFT simulations are summarized in Table 1. Young’s modulus and yield stress
of the perfect plastic von Mises model were obtained from microindentation experiments. It could thereby not be
distinguished between the material parameters of fibers and binder, which is why we use the same model for both.
The Poisson’s ratio is estimated as a typical value for polymers.

Table 1. Material parameters used.

An example of a column heading Youngs’s modulus (MPa) Poisson’s ratio (-) Yield stress (MPa) p0
nl (-) p f

nl (-)

Fibers and binder 2330 0.4 90 0.15 0.8
Stiff layers 70000 0.33 - - -

The non-local damage initiation and failure parameters p0
nl and p f

nl were determined from quasistatic, macroscopic
reinforced DCB tests, which can be used to measure the mode I TSL. A scheme of the test is shown in Figure 3a.
HybrixTM plates were bonded to steel adherents using an adhesive to reinforce the face sheets, and the tests were
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performed at a rate of 30 µm/s at the load introduction points. The tests were evaluated with the J-integral (Rice
(1968)), which is computed by

J =
2Fθ

b
(8)

from the external load F, bending angle θ and the specimen width b, cf. Stigh et al. (2016). F and θ were measured
with a load cell and a shaft encoder, respectively. The mode I component of the traction vector σI was then calculated
by

σI =
d J
d u
, (9)

whereby the mode I crack opening displacements u, which corresponds to the separation at the crack tip, was measured
using LVDTs (Linear Voltage Differential Transformer). The test results are shown in Figure 3b.

The damage model parameters were then adjusted to fit the softening part of the measured TSL. It should be
mentioned at this point, that the computational times for the FFT simulations are currently too high for an optimization
method, which is why the parameters were manipulated manually until the softening parts roughly agree. The results
of the FFT-based homogenization in mode I are shown in Figure 3b. The simulations did not fail at the end of the
curve, but the computational time became unreasonable high and the simulations were aborted. Nevertheless, a good
agreement between simulations and experiments, especially in elastic and plastic parts, of the TSL is shown.

a

θ

θ

F

F

u+tcoh

 Adherent

 Face sheet Core

tcoh

b

Fig. 3. (a) Scheme of the reinforced DCB test; (b) Comparison of results from FFT-based homogenization in mode I and reinforced DCB experi-
ments.

5. Conclusions

A novel FFT-based homogenization scheme for Cohesive Zones was developed in this work. It exploits the ex-
pected reduced computational times of FFT-based homogenization methods in comparison to the existing FE-based
methods. It could therefore allow for virtual material design processes for heterogeneous materials with complex mi-
crostructures that are modelled as finite thickness Cohesive Zones. The novel method was then applied to the core
material of HybrixTM metal sandwich plates and the results were compared to experiments.

Nevertheless, there are still several uncertainties. First, the crack propagates in the in-plane direction of the Cohe-
sive Zone and periodic boundary conditions are used there, which leads to cracks that are also periodic. In addition,
gradient loads appear in the vicinity of a crack tip, which are also not considered. Despite these unrealistic assump-
tions, it was found in Kulkarni et al. (2010) that the results from their FE-based homogenization still agreed well with
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results from a direct numerical simulation of the full heterogeneous layer in case of an adhesive. However, it still
needs to be investigated how the method performs for different materials and where the limitations are. Moreover, the
predictive capabilities regarding complex load cases and different microstructures should be evaluated in future work.
Further comparisons with experimental results are especially necessary for this purpose.

In addition, the computational times can be rather high for some microstructures, such as the HybrixTM core ma-
terial, with the current implementation of the solver on a workstation, whereas they are quite reasonable for adhesive
layers. Therefore, a version of the solver for computer clusters is currently in progress and different algorithms could
be tested in future work.

Finally, it should be mentioned that the results of the method should not depend on the size of the RVE used, if it
has a constant thickness. This is usually not the case in standard computational homogenization continua, cf. Gitman
et al. (2007).
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F. Bödeker et al. / Structural Integrity Procedia 00 (2019) 000–000 7

performed at a rate of 30 µm/s at the load introduction points. The tests were evaluated with the J-integral (Rice
(1968)), which is computed by

J =
2Fθ

b
(8)

from the external load F, bending angle θ and the specimen width b, cf. Stigh et al. (2016). F and θ were measured
with a load cell and a shaft encoder, respectively. The mode I component of the traction vector σI was then calculated
by

σI =
d J
d u
, (9)

whereby the mode I crack opening displacements u, which corresponds to the separation at the crack tip, was measured
using LVDTs (Linear Voltage Differential Transformer). The test results are shown in Figure 3b.

The damage model parameters were then adjusted to fit the softening part of the measured TSL. It should be
mentioned at this point, that the computational times for the FFT simulations are currently too high for an optimization
method, which is why the parameters were manipulated manually until the softening parts roughly agree. The results
of the FFT-based homogenization in mode I are shown in Figure 3b. The simulations did not fail at the end of the
curve, but the computational time became unreasonable high and the simulations were aborted. Nevertheless, a good
agreement between simulations and experiments, especially in elastic and plastic parts, of the TSL is shown.
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θ

θ

F

F

u+tcoh

 Adherent

 Face sheet Core

tcoh

b

Fig. 3. (a) Scheme of the reinforced DCB test; (b) Comparison of results from FFT-based homogenization in mode I and reinforced DCB experi-
ments.

5. Conclusions

A novel FFT-based homogenization scheme for Cohesive Zones was developed in this work. It exploits the ex-
pected reduced computational times of FFT-based homogenization methods in comparison to the existing FE-based
methods. It could therefore allow for virtual material design processes for heterogeneous materials with complex mi-
crostructures that are modelled as finite thickness Cohesive Zones. The novel method was then applied to the core
material of HybrixTM metal sandwich plates and the results were compared to experiments.

Nevertheless, there are still several uncertainties. First, the crack propagates in the in-plane direction of the Cohe-
sive Zone and periodic boundary conditions are used there, which leads to cracks that are also periodic. In addition,
gradient loads appear in the vicinity of a crack tip, which are also not considered. Despite these unrealistic assump-
tions, it was found in Kulkarni et al. (2010) that the results from their FE-based homogenization still agreed well with
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results from a direct numerical simulation of the full heterogeneous layer in case of an adhesive. However, it still
needs to be investigated how the method performs for different materials and where the limitations are. Moreover, the
predictive capabilities regarding complex load cases and different microstructures should be evaluated in future work.
Further comparisons with experimental results are especially necessary for this purpose.

In addition, the computational times can be rather high for some microstructures, such as the HybrixTM core ma-
terial, with the current implementation of the solver on a workstation, whereas they are quite reasonable for adhesive
layers. Therefore, a version of the solver for computer clusters is currently in progress and different algorithms could
be tested in future work.

Finally, it should be mentioned that the results of the method should not depend on the size of the RVE used, if it
has a constant thickness. This is usually not the case in standard computational homogenization continua, cf. Gitman
et al. (2007).
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