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I

Zusammenfassung

Das Ziel dieser Arbeit ist die Herleitung einer phänomenologischen Theorie für
große plastische Deformationen, welche die Entwicklung der Anisotropie beschreibt.
Dazu wird eine allgemeine Theorie ausgearbeitet und neben verschiedenen Sonder-
fällen wird der Fall einer sogenannten materiellen Plastizitätstheorie näher unter-
sucht. Dabei wird angenommen, dass die Achsen der Anisotropie als materielle
Linienelemente deformiert werden. Diese Theorie wird z.B. auf faserverstärkte Ma-
terialien anwendbar sein. Der Hauptunterschied zu einer gebräuchlichen Plasti-
zitätstheorie besteht in der unterschiedlichen Entwicklung der Steifigkeitstetrade und
der spannungsfreien Platzierung während einer plastischen Deformation. Zur Veri-
fizierung der Ergebnisse dieser Theorie und zur Identifizierung und zum Vergleich
der Steifigkeitstetraden vor und nach großen plastischen Deformationen wird ein
repräsentatives Volumenelement (RVE) mit einer faserigen Mikrostruktur verwen-
det. Dazu benutzen wir das Finite-Elemente-Programm Abaqus und dessen Skript-
sprache Python. Uni-, bi- und tri-direktional verstärkte Proben werden berück-
sichtigt. Auf der Mikroskala wird ein finites elastisch-plastisches Materialmodell
verwendet, das auf den Konzepten der Isomorphie und der maximalen plastischen
Dissipation basiert. Nach der Berechnung der effektiven Steifigkeitstetraden der
verschiedenen Materialproben untersuchen wir deren Entwicklung bei verschiedenen
Deformationen. Zusätzlich stellen wir einen Algorithmus vor, um den Abstand einer
so gemessenen Steifigkeitstetrade zu den verschiedenen Symmetrieklassen zu be-
stimmen. Dazu entwickeln wir eine Projektionsmethode mit einem Tensor 8. Stufe,
der alle Gruppenelemente der gewählten Symmetriegruppe abdeckt. Im Anschluss
ist es notwendig herauszufinden, wie man die Entwicklung der Steifigkeitstetrade
vorhersagen kann. Es stellt sich heraus, dass es möglich ist, diese Änderung mit
ausreichender Genauigkeit mit einem zusätzlichen Tensor 2. Stufe zu beschreiben.
Abschließend entwickeln wir eine analytische Evolutionsgleichung für diesen Tensor.
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Abstract

The objective of this work is to develop a phenomenological finite plasticity the-
ory which describes the evolution of the anisotropy. We develop a framework of a
general finite plasticity theory, some special cases are examined and the case of a
so called Material Plasticity is examined more closely, assuming that the axes of
anisotropy deform as material line elements. It will be applicable to, e.g., fiber rein-
forced materials. The main difference to a common plasticity theory is the different
evolution of the stiffness tetrad and of the stress-free placement during a plastic
deformation. For a verification of the results of this theory and to identify and com-
pare the stiffness tetrads before and after large plastic deformations, a representative
volume element (RVE) with a fibrous microstructure is used. Therefore we use the
finite element program Abaqus and its scripting language Python. Uni-, bi- and
and tri-directionally reinforced samples are considered. On the micro-scale, a finite
elastic-plastic material model based on the concepts of isomorphy and maximum
plastic dissipation is used. After calculating the effective stiffnesses of the different
material samples, we investigate their evolution during different deformations. In
addition, we present a fast algorithm to determine the distance of such a measured
stiffness tetrad to all possible symmetries of an elastic stiffness tetrad. Therefore, we
develop a projection method using an 8th-order tensor covering all group elements
of the chosen symmetry group. Then it is necessary to find out how to predict the
evolution of the stiffness tetrad. It turns out that it is possible to denote the change
of the stiffness tetrad with sufficient accuracy using one additional 2nd-order tensor.
We finally propose an analytical evolution equation for this tensor.
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1

1 Introduction

In modern engineering, one of the main challenges is to optimize processes regarding
costs and efficiency. In simulation processes, the material model has a big impact on
time efficiency and accuracy. All existing theories are a compromise between gener-
ality and applicability. On the one hand, there are detailed material models which
are based on the micro-scale behavior of the material. In this case, the physical
properties on the micro-scale are modeled. These calculations are very expensive
especially in the case of structure models. On the other hand, there are phenomeno-
logical models which show the main features of the material on the macro-scale.
These models provide fast calculations but the accuracy strongly depends on the
mathematical model and the understanding of the material behavior.

The objective of this work is to develop a phenomenological finite plasticity theory
which describes the evolution of the elastic anisotropy. We assume to have only small
elastic strains. Therefore we use a linear law for the elastic part of our modeling
approach. This is reasonable because the focus of this work lies in the evolution of
anisotropic behavior during large plastic deformations. A related but fully fleshed-
out theory for the evolution of the stiffness tetrad exists for Crystal Plasticity. Then,
one can resort to a single crystal elasticity reference law and needs to consider only
orientation changes, summarized as texture evolution in polycrystals. The crystal
orientation distribution evolves due to the lattice spin and the effective elasticity
is estimated by orientation averages of the single crystal stiffness. For this setting,
textbook knowledge is available, e.g. Bunge (1982), Roters (2011), and Suwas and
Ray (2014).

In other cases, the assumption of a constant elasticity reference law is not applica-
ble, for example, when the elastic directors deform with the material. The setting
in which the directors of elasticity move with the material is referred to as Material
Plasticity after Forest and Parisot (2000) and Bertram (2012) due to the fact that
the elastic directors behave like material line elements. The most obvious example
is fiber-reinforced materials, which became very important in the last decades (H.
Altenbach, J. Altenbach, and Kissing, 2018). For the orientation distribution evolu-
tion of short fibers in viscous flow, theories have been developed, starting from the
seminal work Jeffery and Filon (1922) to industrial application Martinie and Roussel
(2011).
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The intention of a material theory is to describe the behaviour of a certain material or
material class with common properties. One way to form general material equations
(also called material laws, functionals, constitutive equations or material models)
for them is to assume certain principles Bertram (2012)[p.153]. For example the
principle of determinism which states that the stresses in a material point at a
certain time are determined by the current (elastic material behaviour) and the past
(inelastic material behaviour) motion of the body. In the large strain setting, the
finite elasticity theory is well understood. There is a large amount of books and
articles, for example, Truesdell and Noll (1965), Haupt (2000) and Lubarda (2002).
In contrast, the finite plasticity, where the inelastic material behaviour is path-
dependent, has conceptional problems. It is until today not clear how to define the
plastic deformation. Already Casey and Naghdi (1992)[p.1257] stated: “There is no
general agreement on how it is to be identified, either conceptually or experimentally,
in the presence of finite deformations.”

At the DFG-Meeting in December 2006 the anisotropic plasticity theory was an-
nounced as one of the most important future research topics in engineering mechan-
ics. Today this statement increases in significance because the results in this field
are still sparse, though the need of models is high. Some works within the last years
produced important progress (Broese, Sfyris, and Tsakmakis, 2012; Freund, Shutov,
and Ihlemann, 2012; Miehe, 1995, 1998a,b; Panhans and Kreißig, 2006; Pietryga,
Vladimirov, and Reese, 2012; Reese, Pietryga, and Vladimirov, 2009; Shutov and
Ihlemann, 2012; Shutov and Kreißig, 2008, 2010; Vladimirov, Pietryga, and Reese,
2011; Vladimirov and Reese, 2008; Xiao, Bruhns, and Meyers, 1999).

While the theory of finite isotropic plasticity is standing more or less on a secure
ground this is not true for anisotropic plasticity. In this case, the multiplicative
decomposition after E. Lee and Liu (1967) fails because the rotations stay unde-
termined. The concept of an isoclinic intermediate placement after Mandel (1973)
also fails because it does not exist anymore in the case of anisotropy. This is irrele-
vant in the isotropic case but of fundamental importance in an anisotropic setting.
If we think of the fact that nearly all materials are anisotropic after large plastic
deformations the importance of this problem will become even clearer. Practical
applications will be found e.g. in forming processes or crash simulations. Large de-
formations of fiber reinforced materials also result in an anisotropic structure which
develops together with the material.

Mathematically, the difference of a Material Plasticity theory to the usual large strain
plasticity theory with a multiplicative decomposition of the deformation gradient is
that the evolution of the stiffness tetrad and of the stress-free placement during
plastic deformation are decoupled. To work out the details, we motivate and extend
the usual equations by a second-order tensor which accounts for the evolution of
the stiffness tetrad. We also compare this extension to the isomorphy concept after
Del Piero (1975), Noll (1958), Šilhavý and Kratochvíl (1977a,b), and Truesdell and
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Noll (1965) and Bertram (1999, 2003, 2012). They have developed a finite plasticity
theory which is based on the transformation of the elastic law during yielding. For
many materials, it is known that the elastic behavior remains almost unchanged
during large plastic deformations in the sense that in every elastic region after any
plastic deformation the local elastic law is obtained from a push-forward of the elastic
reference law. Examples are Crystal Plasticity and isotropic von Mises plasticity. In
both ways, we end up with the same equation for a general plasticity theory. We
identify four special cases for this equation, one being the equation of our Material
Plasticity theory.

If we think of a Material Plasticity in the sense of Forest and Parisot (2000) the
isomorphy concept will fail completely because the stiffness tetrad and thus the
elastic law evolves completely different compared to the stress-free placement. Fiber
reinforced materials are one example for this. The fibers deform together with the
matrix material (Hufenbach, Langkamp, Adam, Krahl, Hornig, Zscheyge, and Mod-
ler (2011), Waffenschmidt, Polindara, Menzel, and Blanco (2014), Rastellini, Oller,
Salomón, and Oñate (2008), Mitschang, Blinzler, and Wöginger (2003)). Another
field of application could be twinning in crystals (Christian and Mahajan (1995),
Glüge (2009)). One could also think of elastical damage mechanisms with an ansatz
where the damage causes a weakening of the elastic properties leads to a modifica-
tion of the stiffness tetrad of the material. Another example, constitute materials
with lamella structure which, for example, occur during the solidification of grey
cast iron (Berns and Theisen (2008), Bertolino and Perez-Ipiña (2006), Park and
Verhoeven (1996)). The occurrence of lamellae is also observed in eutectic copper-
silver-alloys which are used as a conductor material for magnets (Dodla, Bertram,
and Krüger (2015), Grünberger, Heilmaier, and Schultz (2001), Sakai, Inoue, Asano,
Wada, and Maeda (2001)). For such materials, an initially cubic elastic law can
result in an elastic law with less symmetry or also a triclinic one. This means, we
have completely no elastic isomorphy anymore.

Next, we like to compare other similar approaches from literature. Boehler (1987)
proposed an invariant formulation of anisotropic constitutive equations. Within
these equations, several scalar-valued functions appear which have to be identified
in experimental investigations. In our work, we have to identify only three scalars.
They can easily be determined using our RVE calculations which is rather simple and
fast. Pastor, Turgeman, and Boehler (1990) uses the formulation of Boehler (1987)
to define isotropic problems associated with originally orthotropic ones. Again, it
is necessary to determine anisotropy coefficients and equations to define the asso-
ciation between the isotropic and the anisotropic problem. Menzel and Steinmann
(2003) started with the multiplicative elasto-plasticity. Additionally, we also used
the isomorphy concept as a second access to our equation. They introduce additional
symmetric arguments into the scalar-valued isotropic tensor functions and develop a
modular framework of the fundamental covariance relation. Again, a number of sym-
metric tensorial fields of second-order and scalar-valued internal variables are neces-
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sary which, in contrast to our approach, leads to much greater identification effort.
Lu and Papadopoulos (2004) also introduced a covariant formulation of anisotropic
finite plasticity. Theoretical results are carried out and structural tensors for char-
acterizing the anisotropy are introduced. In contrast to our work, the evolution of
the anisotropy during the deformation is not mentioned. In Kaiser, Lu, Menzel, and
Papadopoulos (2018, 2019) the covariant formulation of Lu and Papadopoulos for
describing the evolution of the anisotropy is mentioned. They use a convected-type
evolution equation for the structural tensors and an additional constitutive equation
for the plastic spin. A close match up with the experimental results of Kim and
Yin (1997) was reached. In Itskov and Aksel (2004) an elastic-plastic constitutive
model for orthotropic materials at large strain is presented. Within the theory, an
evolution of the anisotropy axes due to rigid rotations is modeled. They also use
the multiplicative decomposition of the deformation gradient and a quadratic yield
function formulated in terms of the Mandel stress tensor.

In this work, the theory of Material Plasticity has to be applicable to fiber reinforced
materials and is compared with the results of RVE simulations done by the finite
element program Abaqus. The benefit is the possibility to avoid the expensive RVE
method to model large plastic deformation for fiber reinforced materials. We de-
velop the framework of a general finite plasticity. Some special cases are examined
and the case of a Material Plasticity theory is considered more closely. Its main
feature is that the elasticity law changes during plastic deformations. To identify
and compare the stiffness tetrads before and after large plastic deformations, a rep-
resentative volume element (RVE) Glüge, Weber, and Bertram (2012) with a fibrous
microstructure is generated. To capture the evolution of a stiffness tetrad, we in-
troduce three example materials. These are a uni-directionally reinforced material
having an hexagonal fiber arrangement and thus an effectively transversal isotropic
symmetry, a bi-directionally reinforced material with tetragonal symmetry and a
tri-directionally reinforced material with cubic symmetry. We use the program code
Abaqus to model an RVE for each of them. The generation of the different RVEs
is automated and parameterized using the scripting language Python and the cor-
responding interface of Abaqus. We developed an elastic-plastic material model for
large deformations for the matrix and the fiber material using the isomorphy concept
on the micro-scale both having different material parameters which are the Young’s
modulus E, the Poisson’s ratio ν and the yield stress σF. Together with the RVE and
the material model, we need a possibility to determine the effective stiffness of the
initial material sample and in addition for the material sample after a large plastic
deformation. This is done by performing small elastic test deformations and apply-
ing the difference quotient afterwards. We compare the stiffness tetrads before and
after the deformation and find out that the stiffness tetrads evolve during large de-
formations. This means the isomorphy concept fails and it is necessary to introduce
a separate evolution equation for the stiffness tetrad. To get a better understanding
of this evolution, we investigate the change of the symmetry of the stiffness tetrad
during these large deformations (Weber, Glüge, and Bertram, 2019). We introduce
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a fast projection method to determine the distance of a measured stiffness tetrad to
a specific symmetry class. We define a symmetry class as a set of all tetrads having
a certain symmetry. Afterwards we examine the evolution of the symmetry for all
three sample materials under different loads. With the better understanding of the
stiffness tetrads, we finally find the sought evolution equation of the evolving stiff-
ness tetrad introducing an additional second-order tensor with three free variables
depending on the velocity gradient (Weber, Glüge, and H. Altenbach, 2020; Weber,
Glüge, and Bertram, 2017).

1.1 Notation

A direct notation is preferred. Vectors are denoted as bold minuscules like v = viei.
Summation over repeated indices is implied. The base vectors ei are normalized and
orthogonal for which ei · ej = δij holds with the Kronecker symbol δij. The dyadic
product and scalar contractions are denoted by (a⊗ b⊗ c) : (d⊗ e) = (b · d)(c · e)a,
with a dot being the usual scalar product between vectors. Second-order ten-
sors are written as bold majuscules, like T = Tijei ⊗ ej. The scalar contrac-
tions are carried out such that the positive definiteness is inherited to tensors, i.e.
A : A = AijAij ≥ 0. When the product is clear from the context, as in a = Ab, the
single scalar dot is occasionally omitted. In the case of multiple scalar contractions,
as in T = K : E, we will always write the dots for better comprehensibility.

Normalized Voigt notation Fourth-order tensors (see e.g. Bertram (2012) and
Bruhns (2003)) play a central role in this work. They are denoted by blackboard
bold letters like the stiffness tetrad K. It has the subsymmetries and the major
symmetry which implies

Kijkl = Kijlk = Kjikl = Kklij , (1.1)

where the components are given w.r.t. the base tetrads ei ⊗ ej ⊗ ek ⊗ el. A more
convenient representation is obtained by introducing the symmetric base dyads

B1 = ex ⊗ ex B2 = ey ⊗ ey (1.2)

B3 = ez ⊗ ez B4 =
1√
2

(ex ⊗ ey + ey ⊗ ex) (1.3)

B5 =
1√
2

(ex ⊗ ez + ez ⊗ ex) B6 =
1√
2

(ey ⊗ ez + ez ⊗ ey), (1.4)

for which Bi : Bj = δij, i, j = 1 . . . 6. W.r.t. the base tetrads Bi ⊗Bj the compo-
nents Kij of K = KijBi⊗Bj can be arranged in a symmetric 6×6 matrix, for which
the usual rules of matrix calculus hold since the basis is orthonormal. The nota-
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tion was used implicitly firstly by Thomson (1856), rediscovered by Mandel (1965)
and popularized by Voigt (1910) in its non-normalized form, see also Cowin and
Mehrabadi (1992) and Brannon (2018). Other bases are not used in this work.

Rayleigh product We further make use of the Rayleigh product which is defined
between a second-order tensor and a tensor of arbitrary order,

A ∗
〈n〉
K = Ki . . . p︸ ︷︷ ︸

n indices

(Aei)⊗ . . .⊗ (Aep)︸ ︷︷ ︸
n times

, Ki . . . p︸ ︷︷ ︸
n indices

=
〈n〉
K · . . . ·︸︷︷︸

n dots

ei ⊗ . . .⊗ ep︸ ︷︷ ︸
n times

. (1.5)

It changes the basis while keeping the components, which can be used, e.g., to
represent rotations. For second-order tensors it can be written as A ∗ T = ATAT.
It is associative in the first factor, i.e. (AB) ∗ K = A ∗ (B ∗ K) and linear in the
second factor, i.e. A ∗ (K1 + αK2) = A ∗K1 + αA ∗K2.

Differences between tetrads Differences between stiffness tetrads are normalized
w.r.t. K1, where K0 is the initial stiffness and K1 the stiffness after plastic deforma-
tion. Depending on the context, K1 is the result of a numerical RVE experiment or
a phenomenological model prediction, for which K1 can be replaced by an expres-
sion with K0. To quantify a deviation we take the Euclidean norm. The Euclidean
norm of a fourth-order tensor is calculated by the square root of the 4-fold con-
traction of the tensor with itself. For example, the normalized difference between a
phenomenological model prediction and an RVE result is given by

‖KRVE
1 −KModel

1 ‖/‖KRVE
1 ‖ . (1.6)

Another interesting result is the change of stiffness due to plastic deformations, i.e.
the difference between initial and current stiffnesses.

1.2 List of frequently used symbols and operations

a,b,c,... scalars, indices, constants

a,b,c,... vectors

ai, Aij, Aijkl components of a, A and A w.r.t. ei

A,B,C,... tensors of second-order

A,B,C,... tensors of fourth-order
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<8>

A ,
<8>

B ,
<8>

C ,... tensors of eighth order

‖A‖ =
√
A :: A/A normalized Euclidean norm of a fourth-order tensor A

{Bi} symmetric base dyads

C = F TF right Cauchy-Green tensor

{ei} orthonormal vector basis

m

E = 1
m(Cm/2

e − I) Seth strain tensor

G

E = 1
2

(C − I) Green strain tensor

F = F eF p deformation Gradient with multiplicative decomposition

F e elastic part of the deformation gradient

F p plastic part of the deformation gradient

H = Grad (u) displacement gradient

I unit tensor of 2nd-order

I unit tensor of 4th-order

J = detF determinant of the deformation gradient

K material stiffness tetrad

L = grad (v) = Ḟ F−1 velocitiy gradient

n normal vector

P C = F−1
p transformation tensor of the stress-free placement

PK transformation tensor of tangent vectors

Q orthogonal rotation tensor

T Cauchy stress tensor
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1PK

T = JTF−T 1st Piola-Kirchhoff stress tensor

2PK

T = JF−1TF−T 2nd Piola-Kirchhoff stress tensor

t = Tn stress vector on surface

u displacement vector

v velocitiy vector

w elastic strain energy
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2 Material Plasticity

In this chapter, we want to derive a general equation for a plasticity theory and
subsequently the Material Plasticity theory as mentioned in the introduction as a
special case.

2.1 Plasticity theory with the evolution of the
stiffness tetrad

As explained in the introduction, the aim of this work is to develop a phenomenolog-
ical finite plasticity theory that describes the evolution of anisotropy. To explain this
idea, a comparison with the known Crystal Plasticity theory is helpful. In the latter
case, under plastic deformations, the crystal structure develops differently than the
material (see Fig. 2.1(a)). In the theory of Material Plasticity, the opposite occurs.
If there is a plastic deformation in the fiber and the matrix material, the fibers
will deform together with the material and not differently. This means that the
anisotropy induced by the fibers, in contrast to the crystal lattice, is firmly bonded
with the material. The best example here is a fiber-reinforced material (see Fig.
2.1(b)).

2.2 Derivation of the theory with the
multiplicative decomposition

For creating a phenomenological model for a Material Plasticity theory, we start
with the kinematics. We define the reference placement, the stress-free placement,
and the current placement shown in Fig. 2.2. The multiplicative decomposition of
the deformation gradient F (see e.g. Bruhns (2015), H. Altenbach (2018)) is

F = F eF p . (2.1)

Next, we choose a general elastic law in the stress-free placement with a material
stress tensor

mat

T , the stiffness tetrad of the material as a tensor of fourth-order K
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crystal lattice

deformedundeformed

ers

(a) Crystal Plastictiy

deformedundeformed

fibers

(b) Material Plasticity

Figure 2.1: Introduction of a Material Plasticity theory with fibers deforming to-
gether with the material on the right-hand side. The classical Crystal
Plasticity theory is depicted on the left-hand side. Here, the orientation
of the crystal lattice remains the same with respect to the shear direction
and slip plane normal while the material deforms.

and a strain measure. We use the Seth strain tensors
m

E =
1

m
(Cm/2

e − I) (2.2)

with “m” being a real parameter and “e” marking the elastic part of a variable Seth
(1964). A general framework can simply be set up by postulating quadratic elastic
strain energy in terms of the Seth strain tensors,

w =
1

2
K ::

m

E ⊗
m

E , (2.3)

We assumed small elastic deformations, such that it is sufficient to account only for
the quadratic term in the strain energy. It would be possible to present our proposal
with a general potential. A generalization could be obtained by a series expansion
of the strain energy:

w =
1

2

4

K ::
m

E ⊗
m

E

+
1

3

6

K :::
m

E ⊗
m

E ⊗
m

E

+
1

4

8

K ::::
m

E ⊗
m

E ⊗
m

E ⊗
m

E

+ ... . (2.4)
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current placementreference placement stress-free placement

Fp Fe

F

2PK

T RP

2PK

T SF T

Figure 2.2: Scheme for introducing the used placements, stress tensors and the mul-
tiplicative decomposition

One could then approach the change of all higher-order K tensors similar to our
strategy for K (4th order) given below. It would be interesting to assess the quality
of such an approach, but it this beyond the scope of our work. The elastic law is

mat

T = K :
m

E . (2.5)

We write the elastic part Ce as

Ce = F T
e F e = F−T

p F TFF−1
p = F−T

p CF−1
p . (2.6)

Now we insert this equation into Eq. (2.2) and expand the I with F p to

m

E =
1

m
((F−T

p CF−1
p )m/2 − F−T

p F T
pF pF

−1
p ) . (2.7)

If we confine to the special case m = 2, it will be possible to factor out F p, and thus
we can further simplify to

m

E =
1

2
F−T

p (C − F T
pF p)F−1

p . (2.8)

The choice m=2 results in further simplifications. The stress tensor
mat

T becomes
2PK

T SF in the stress free placement. This allows for a simple conversion to the Cauchy
stresses T . The next step is to introduce our Ansatz for capturing the evolution of
the anisotropy axes during the plastic deformation. We know that the anisotropy
axes transform by vectors. We will call the initial vector a0 and the vector of the
transformed axis a. Second-order tensors transform tangent vectors that represent
line elements. We will name this tensor PK with

a = PKa0 . (2.9)
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Let us consider a transversal isotropic material. From representation theory, we can
write the material stiffness tetrad Kti of this material as

Kti =c1I + c2I ⊗ I + c3a⊗ a⊗ a⊗ a
+c4(I ⊗ a⊗ a)sym + c5(a⊗ I ⊗ a)sym , (2.10)

where “sym” is the symmetrization according to Eq. (1.1). Because we know this
representation and there is only one vector a, we can transform the whole stiffness
tetrad by transforming the vector a. In other cases, we either do not know the
representation theorem or it changes during plastic deformation due to a change of
the symmetry class (e.g. cubic symmetry). As our theory has to be valid for all
possible material symmetries, we have to make a simplification. In Eq. (2.10), we
identify the summand with c3 as the part capturing the main anisotropy features.
The structure is similar to the Rayleigh product so we decide to directly apply the
transformation PK to the whole stiffness tetrad K

K = PK ∗K0 . (2.11)

PK is defined in the stress-free placement and transforms the stiffness tetrad. It is
not a change of placement. Furthermore, it is now possible to summarize F p and
PK in the following equation and compare it with other theories. In the stress-free
placement, the 2nd Piola-Kirchhoff stresses are

2PK

T SF = (PK ∗K0) :
1

2
F−T

p (C − F T
pF p)F−1

p . (2.12)

With the transformation between the stress-free placement and the reference place-
ment using F p and its determinant Jp

2PK

T RP = F−1
p

2PK

T SFF
−T
p Jp , (2.13)

we can factor out F p and summarize with PK. We consider only isochoric plastic
deformation and therefore Jp = 1. Finally, we end up with the following equation
for the 2nd Piola-Kirchhoff stresses in the reference placement

2PK

T RP =
1

2

(
F−1

p PK
)
∗K0 :

(
C − F T

pF
−1
p

)
(2.14)
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2.3 Derivation of the theory with the isomorphy
concept

We want to find another access to Eq. (2.14) and start with a physically linear
elastic law according to St. Venant-Kirchhoff

2PK

T 0 (C) =
1

2
Kp : (C −Cup) . (2.15)

Denoting
2PK

T 0 as a constant elastic reference law and
2PK

T p as the current elastic law
describing the material at any given time, the isomorphism P holds for the elastic
law of an elastic-plastic material

2PK

T p (C) = P
2PK

T 0

(
P TCP

)
P T . (2.16)

Substituting Eq. (2.15) into Eq. (2.16), one obtains the generalized form of a
plasticity theory with isomorphic elastic ranges according to Bertram (2012)[p.285ff].
P is also called a plastic transformation and describes the change of the stress-free
placement (Cu0) and the stiffness tetrad (K0)

2PK

T p (C) =
1

2
(P ∗K0) :

(
C − P−T ∗Cu0

)
. (2.17)

For our theory, the constant elastic reference law has to be replaced. A generalization
of the isomorphy concept is to choose two different plastic transformations PK and
P C, where P C transforms the stress-free configuration and P CPK transforms the
elastic stiffness into the stress-free configuration:

2PK

T p (C) =
1

2
(P CPK ∗K0) :

(
C − P C

−T ∗Cu0

)
. (2.18)

With the relation

P C = F−1
p (2.19)

and the free choice of the stress-free placement as

Cu0 = I , (2.20)

we obtain Eq. (2.14) for our general plasticity theory. In this equation, the isomor-
phy condition no longer holds because there are two different plastic transformations.
With Orth+ defining the special orthogonal group (rotational group with determi-
nant +1) and PK ∈ Orth+, we are able to combine both transformations to one.
This is always possible for crystals where PK ∈ Orth+ always holds. Now we want
to examine this equation for possible special cases.
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2.4 Special cases for the general equation

In this section, we use the special unimodular group “Unim+”, defining all tensors
with determinant equal to +1. The special linear group “Inv+” defines all invertible
tensors with positive determinant. By choosing PK = P C = I, it is clear that this
will lead to an elasticity theory which can be used for elastic materials or the elastic
range of a material (see Table 2.1, column 1)

2PK

T =
1

2
K :

(
C − I

)
. (2.21)

In the case that PK = I and P C ∈ Unim+, we will obtain the isomorphy concept
which is e.g. applicable as Crystal Plastictiy theory as described in Bertram (2012)
where only one plastic transformation exists (see Table 2.1, column 2)

2PK

T =
1

2
P C ∗K :

(
C − P -T

C P
−1
C

)
. (2.22)

By choosing PK ∈ Inv+ and P C = I, one would describe evolving material proper-
ties without a deformation of the material. This could be applicable to the descrip-
tion of some recrystallization processes where PK = Q (see Table 2.1, column 3)

2PK

T =
1

2
PK ∗K :

(
C − I

)
. (2.23)

Q is an orthogonal tensor of second-order and refers to a rotation. We refer to a
recrystallization process on the micro-scale, where each material point has just one
lattice orientation. This lattice orientation can change by recrystallization, namely
when grain boundaries move upon coarse-grain annealing. The local orientation
change can be expressed by a single orthogonal tensor. On the macro-scale, the
orientation distribution evolves, which is, of course, not captured by a single second-
order tensor. The last possible combination is to allow a different evolution of PK

and P C and thus a different evolution of material properties and the stress-free
placement. In this case, one can describe e.g. fiber-reinforced materials with the
idea of a Material Plasticity theory explained in the following (see Table 2.1, column
4). The final equation for our theory is

2PK

T =
1

2
(P CPK) ∗K :

(
C − P−T

C P−1
C

)
. (2.24)
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Elasticity Crystal
plasticity

Evolving
material

Material
plasticity

PK = I PK = I PK ∈ Inv+ PK ∈ Inv+

P C = I P C ∈ Unim+ P C = I P C ∈ Unim+

St. Venant-
Kirchhoff

crystal structure
is preserved under
plastic deforma-
tions

evolving material
properties

different evolution
of material proper-
ties and stress-free
placement

elastic
materials

materials with
crystal structure

recrystalli-
sation (PK = Q)

fiber reinforced
materials

Table 2.1: Overview of possible special cases for the general equation

2.5 Summary

In this chapter, we introduced the idea of a so called Material Plasticity theory to
track the evolution of the anisotropy during a plastic deformation. We explained
two different ways to access the general equation Eq. (2.14). By investigating this
equation, we formulated four special cases and summarized them in Table 2.1. One
of the special case is the Material Plasticity theory. The final equation reads:

2PK

T =
1

2
(P CPK) ∗K :

(
C − P C

−TP C
−1
)

(2.25)

with PK being a second-order tensor. This tensor should be able to transform
the stiffness tetrad during a plastic deformation. The further investigation of the
evolution of the stiffness tetrad will be investigated in Chapter 5.
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3 Representative volume elements

With the increase in the requirements for computer simulation, the requirements for
the accuracy of the material modeling are also growing. Increasingly, it makes sense
to capture microstructural details of certain materials and to take them into account
in the material law through so-called homogenization at the macroscopic level. Ex-
amples of such materials are polycrystals showing a morphological or crystallographic
texture, fiber- or particle-reinforced composites, and foams and laminates in which
the microstructural details have a decisive influence on material behavior. So-called
representative volume elements (RVEs) are used for the efficient integration of these
details with the finite element method. This chapter summarizes the basics of the
RVE method and explains the automated generation into the finite element system
Abaqus using a Python script.

3.1 Introduction of representative volume elements

Representative volume elements are used for the effective calculation of material
properties of complex structures with e.g. inclusions or cracks. Mathematically
speaking, an RVE is the length scale of a single heterogeneity, with which the ma-
terial appears evenly and thus the continuum concepts can be applied Shan and
Gokhale (2002). Until now, the method of RVEs has been defined differently by
different researchers. The first formal definition was given by Hill (1963). It requires
that an RVE must be typical for the entire microstructure on average and has a
sufficiently large number of microstructural heterogeneities. This is to ensure that
the material characteristics are independent of the boundary conditions. In Drugan
and Willis (1996), an RVE is defined as the smallest volume element of a material for
which the material characteristics are sufficiently accurate to describe the behavior
of the continuum. In I. Gitman, Askes, and Sluys (2007), further definitions are
summarized in the following overview:

• the RVE should be sufficiently large compared to the microstructure Drugan
and Willis (1996).

• the RVE should be small enough compared to the macro structure Zaoui
(2001).



3 Representative volume elements 17

• the RVE should contain a sufficiently large amount of information on the mi-
crostructure Hashin (1983).

• the RVE must contain a large number of microstructural inhomogeneities Hill
(1963).

• the RVE should react regardlessly of the type of boundary conditions Ostoja-
Startzewski (1998).

• the statistically homogeneous properties ensure that the RVE is statistically
representative of the macrostructure Ostoja-Startzewski (1998), Sab (1992).

• the size of the RVE is given, among other things, by the volume content of
heterogeneities I. Gitman, M. Gitman, and Askes (2006), Segurado and Llorca
(2002).

Since the calculation of the entire structure is too complex, the repetitive properties,
e.g. the heterogeneities mentioned are mapped with an RVE. The RVE must have
a sufficiently large number of heterogeneities to realistically reflect the structure.
Because of this, the calculation on an RVE can be very complex. In addition, many
RVEs have to be analyzed in order to achieve statistically representative results
Fedelinski (2011)[p.333f]. With an RVE defined in this way, finite element (FE)
calculations are often carried out for simulation. The results can be considered
reasonably if the microstructure periodically consists of the structure depicted with
the RVE.

From a numerical point of view for the FE calculation, however, it is cheaper to use
a smaller section for the RVE to reduce the computing time. It is therefore always
necessary to choose a sufficiently small RVE which is nevertheless representative
of the overall structure. Since the influence of the microstructure of the material
can be very large the RVE method is consistently used these days to significantly
reduce the rigidity of the material at the macro level. The calculations of the RVE
are part of the numerical homogenization of the micro-structural heterogeneities. In
this context, homogenization is the process of calculating material behavior at the
macro level based on the arrangement and properties at the micro-level.

For this connection, efficient methods are already available for linear elastic mate-
rials and geometrically linear theory, e.g. summarized and compared in Klusemann
and Svendsen (2010). However, there is interest in finding efficient homogenization
methods for nonlinear materials and large deformations. Simple possibilities are the
use of the mean deformations (Taylor model, Taylor (1938)) or the mean stresses
(Sachs model, Sachs (1928)) for the micro level. The advantage of this method is
the low numerical effort, but fluctuations in the strains and stresses are not taken
into account. There is a high level of interest in better approximations.
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In addition to various combinations of the Taylor and Sachs models, a more practical
method is to determine a material law at the macro level using numerical methods.
RVEs are used to map the properties of the microstructure and to define appro-
priate boundary conditions according to the mean elongation or mean stress. The
initial and boundary value problem is solved then using the finite element method
(FEM). The advantage of this method is that there are no restrictions (e.g. on
small deformations), as it is typically necessary with analytical and semi-analytical
homogenization schemes. In this way, however, no material law is found in a closed
form for the macro level. Instead, there is a relationship between stress and strain
for a specific deformation path. The numerical complex FE 2 method is used to
establish a connection to the macro level.

The most important tasks are therefore the optimization of the RVE with regard to
networking, size, boundary conditions and shape in order to achieve a good compro-
mise between numerical effort and accuracy.

3.2 Classification of the scales

The division of the scales requires that the inhomogeneities on the micro level (lmicro)
are much smaller than the characteristic length on the macro level (lmacro, dimension
of the body)

lmicro � lmacro . (3.1)

If this is the case and thus area and volume integrals cover a large number of inho-
mogeneities, the exact position of these will be unimportant and only the statistical
properties will be relevant. According to Hill (Hill (1956)), the smallest dimension
of the RVE should be 103 times larger than the greatest inhomogeneity. Since the
RVE describes a material point on the macro level, you can define the length of the
RVE as lmini and get Hashins micro-mini-macro principle (MMM, Hashin (1983)):

lmicro � lmini � lmacro (3.2)

Fig. 3.1 illustrates the three lengths mentioned on the macroscopic structure of a
double T-beam and a cubic RVE with the edge length lmini.

3.3 Micro-macro coupling

The following notation is used to differentiate between sizes in the RVE and on the
macro level. First, the index “0” denotes sizes in the reference placement. The RVE
area is marked with Ω. A dash marks sizes at the macro level which do not necessarily
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lmacro

lmicro

lmini

Figure 3.1: Illustration of the scale classification

match those at the micro level (A 6= 〈A〉). The evaluation of all unweighted volume
averages over the area Ω in the reference placement is e.g. noted as follows:

〈·〉 :=
1

V0

∫

∂Ω0

·dV0 . (3.3)

In principle, the choice of kinematic and dynamic quantities for coupling is arbitrary
(see Nemat-Nasser (1999)), however, in order to avoid ambiguities, it must be chosen
which measurement is used. This is usually the deformation gradient

F := 〈F 〉 . (3.4)

It has proven to be advantageous to use the aforementioned deformation gradient
and the power-conjugated 1st Piola - Kirchhoff stress tensor

1PK

T for the coupling. In
the next sections, we will omit the 1PK for reasons of better readability.

T := 〈T 〉 (3.5)

Both F and T can be formulated as surface and volume integral. For the formulation
of the stress tensor as a volume integral, the Gauss-Ostrogradski integral theorem
and the static equilibrium condition T · ∇0 = O (siehe Section 3.4) are necessary.

〈F 〉 =
1

V0

∫

∂Ω0

x⊗ n0dA0 =
1

V0

∫

Ω0

x⊗∇0dV0 (3.6)

〈T 〉 =
1

V0

∫

∂Ω0

t⊗ x0dA0 =
1

V0

∫

Ω0

T dV0 (3.7)

Due to the time independence of the reference placement, the material time deriva-
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tives and the unweighted volume averages can be exchanged:

Ḟ =
〈
Ḟ
〉

= ˙〈F 〉 = Ḟ (3.8)

Ṫ =
〈
Ṫ
〉

= ˙〈T 〉 = Ṫ (3.9)

3.4 Global equilibrium

For the RVE, the momentum and angular momentum conservation on Ω must apply:
∫

Ω

σ · ∇dV =

∫

Ω

ρ (ẍ− b) dV (3.10)

∫

Ω

(
σ −σT) dV = O. (3.11)

Usually the neglect of the mass and inertial forces in the momentum balance law
Eq. (3.10) is justified at this point. For this purpose the Gauss-Ostrogradski integral
theorem and the theorem by Cauchy t = n ·σ are used to rewrite the balance law,
so that a surface and a volume integral are created.

∫

∂Ω

tdA =

∫

Ω

ρ (ẍ− b) dV (3.12)

Since lmini of the RVE is lmini � lmacro and lmini in the volume integral is order
O (l3mini), it can be neglected in comparison to the surface integral with order O (l2mini)
(see Miehe (2003)[p.562]). The goal of RVE calculations is to find a material law for
the macro level based on the micro level. It is also necessary that this is independent
of mass and inertial forces at the RVE. The equations for the global balance of
momentum and angular momentum conservation are:

∫

∂Ω

tdA = O (3.13)

and ∫

∂Ω

(t⊗ x− x⊗ t) dA = O . (3.14)
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3.5 Hill-Mandel condition

The Hill-Mandel condition (HMC) demands the equality of work which is done
on the micro and macro level. Hill’s interpretation of the condition is: “... if a
sufficiently large number of grains is contained and macroscopically homogeneously
integrated over a large volume” (Hill, 1951). In order to contain a sufficiently large
number of inhomogeneities and thus to appear as homogeneous as possible, the RVE
must be chosen to be correspondingly large. For linear elastic materials with small
deformations the condition reads

〈σ · ·ε〉 = 〈σ〉 · · 〈ε〉 (3.15)

and is fulfilled for homogeneous σ and ε. According to Suquet (1985), the HMC
is fulfilled a priori for certain boundary conditions and with any RVE size. The
boundary conditions should therefore always be selected so that they meet the HMC.
To extend the HMC from Eq. (3.18) to large deformations, one begins with the stress
power:

1

ρ0

〈T · ·Ḟ 〉 =
1

ρ0

〈T 〉 · · ˙〈F 〉 . (3.16)

If, as mentioned in Section 3.3, the power conjugate variables T and Ḟ are used,
the HMC can be formulated in an easy way. The following decomposition is defined
for the velocity field:

u̇ (x0, t) := ˙̄H (t) · x0 + ˙̃u (x0, t) (3.17)

With the relationship
F = H + I = u⊗∇0 + I (3.18)

and with Eq. (3.18) follows

Ḟ (x0, t) = ˙̄H (t) + I︸ ︷︷ ︸
˙̄F (t)

+ ˙̃u (x0, t)⊗∇0︸ ︷︷ ︸
˙̃
F (x0,t)

. (3.19)

For the still required time derivative of the deformation gradient Ḟ , the following
applies to the micro and macro level

˙̄F (t) := 〈Ḟ (x0, t)〉 . (3.20)

Next, we insert the decomposition of Ḟ according to Eq. (3.19) and (3.20) into Eq.
(3.16) returns after shortening from 1/ρ0

〈T (x0, t) · · ˙̄F (t)〉+ 〈T (x0, t) · · ˙̃F (x0, t)〉 = 〈T (x0, t)〉 · · ˙̄F (t) . (3.21)
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In the first summand, ˙̄F (t) can be extracted from the volume averaging, since ˙̄F is
independent of x0. We get the same term as on the right side of the equation which
ultimately leads to the following expression:

〈T (x0, t) · · ˙̃F (x0, t)〉 = 0 . (3.22)

In order to check certain boundary conditions for the fulfillment of the HMC, this can
be expressed as a surface integral by force and displacement. First, the relationship
˙̃F = ˙̃u⊗∇0 is used and inserted in Eq. (3.22). The term T · ·

(
˙̃u⊗∇0

)
can be seen

as one summand of a product rule T · ·
(

˙̃u⊗∇0

)
+ (T · ∇0) · ˙̃u =

(
˙̃u · T

)
· ∇0 and

the following equation results:

〈(T · ∇0) · ˙̃u−
(

˙̃u · T
)
· ∇0〉 = 0 . (3.23)

Due to the neglect of the mass and inertial forces, as explained in Section 3.4,
T · ∇0 = O and the remaining summand with the Gauss integral theorem becomes
the sought expression of the HMC:

0 =
1

V0

∫

δΩ

˙̃u · T · n0dA =
1

V0

∫

δΩ

˙̃u · tdA . (3.24)

3.6 Boundary condition for the RVE

This chapter is intended to give an overview of the boundary conditions used in the
literature for an RVE and to make a selection for the boundary conditions used in
this work.

The boundary value problem with static equilibrium on simple materials is limited
to the specification of the displacement ui and the stress ti at each surface point i.
The boundary conditions can thus be divided into the two groups of displacement
and stress boundary conditions. The displacement boundary conditions are much
more popular than the stress boundary conditions for several reasons. On the one
hand, most material laws are formulated in such a way that the displacement is the
independent variable and the stress is the dependent variable (T (F (u))). On the
other hand, in the majority of commercial numerical programs, the displacement is
introduced as an independent variable.

There are various ways of defining the boundary conditions on an RVE. Since there
are no natural boundary conditions for a particular RVE, the choice is largely ar-
bitrary. An exception is given in Miehe (2003) to periodic microstructures, where
periodic boundary conditions are appropriate. Table 3.2 gives an overview of com-
mon boundary conditions. The linear displacement boundary conditions (LDBC)
and dynamic minimal boundary conditions (DMBC) as well as the homogeneous
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Boundary conditions H̄ T̄

Linear displacement
LDBC

u = H̄ · x0

not possible

not possible

Dynamic minimal
DMBC

u = H̄ · x0

H̄ degree of freedom
T̄ = 1

V0

∫
∂Ω0

t⊗ x0dA

Periodic displacement
Antiperiodic stresses
PBC

u+ − u− =
H̄ ·

(
x+
0 − x−

0

) t+ + t− = O

Homogeneous stresses
HSBC

t = T̄ · n0

T̄ given

T̄ given

Kinematic minimal
KMBC

H̄ = 1
V0

∫
∂Ω0

u⊗ n0dA

H̄ given

H̄ given

H̄ given

t = T̄ · n0

T̄ degree of freedom

Figure 3.2: Usual boundary conditions for an RVE

stress boundary conditions (HSBC) and kinematic minimal boundary conditions
(KMBC) are each equivalent and differ only in the choice of degrees of freedom. In
this work, the LDBC and the PBC are implemented.

3.7 Python script for generating RVEs in Abaqus

In this section, the scripting language Python in general and in connection with
Abaqus is discussed and with the help of this a script for the automated generation
of three different RVEs is created. Familiarization with Python takes place with
the very helpful book “Python For Software Design - How To Think Like A Com-
puter Scientist” by Downey (2009) as well as the detailed online documentation on
python.org. The execution of the script was tested and carried out both under the
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Linux distribution Ubuntu 16.04 LTS and under Windows 7. Abaqus version 6.10-2
was used on Ubuntu and version 6.8-1 on Windows 7. The script recognizes the
operating system wherever there are differences in the operating system.

To work with Abaqus, the Abaqus documentation in version 6.10 (see Simulia (2010))
was used as operating instructions and reference work. This documentation contains
20 individual documents, of which e.g. the Abaqus Keywords Reference Manual, the
Abaqus User Subroutines Reference Manual and the Abaqus / CAE User’s Manual
were used. The Abaqus Scripting User’s Manual and the Abaqus Scripting Reference
Manual were used to work with Python in connection with Abaqus.

Abaqus has a scripting interface (see Simulia (2010)), which is a so-called application
programming interface (API) to access the models and data used by Abaqus. This
interface is an extension of the object-oriented programming language Python and
can be used for the following tasks:

• Create and edit parts of an Abaqus model

• Create, edit and start Abaqus jobs

• Read from and write to the Abaqus output database (ODB)

A programmed script is saved with the file extension for Python “* .py”. This
is a series of instructions that are saved in ASCII format. These can be started
from Abaqus via “File → Run Script” or directly in a shell with “abaqus cae script
= myscript.py” or without a graphical user interface with “abaqus cae noGUI =
myscript.py”.

The main part of all calculations is the generation of the RVE itself in the Python
script “0_RVE.py”. In this script, different choices regarding the material type

• U = uni-directional reinforcement with transversal isotropic symmetry

• C = bi-directional reinforcement with cubic symmetry

• T = tri-directional reinforcement with tetragonal symmetry,

the boundary conditions on the RVE

• PBC = periodic boundary conditions

• LDBC = linear displacement boundary conditions,

the element size and the element shape are given (see Appendix A.1).
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print ’=========================================================’
print ’ S ta r t RVE rout ine ’
print ’=========================================================’
t0abs = time . time ( ) ;
#CPU
cpunumber = ’ 1 ’
#Mater ia l type
typ = ’T ’
#Boundary cond i t i on s
rb = ’PBC’
#Elementkantenlaenge
e l e = 1 .25
#Element shape HEX, WEDGE, TET
e l e shape = ’HEX’
#Element type Hex : l i n : C3D8 quad : C3D20
# Wedge : l i n : C3D6 quad : C3D15
# Tet : l i n : C3D4 quad : C3D10
e l e typ = ’C3D20 ’
i f typ == ’T ’ :
. . .
i f typ == ’C ’ :
. . .
i f typ == ’U ’ :
. . .
#Read mater ia l parameters
mat = open( ’ 0_material . py ’ , ’ r ’ )
for l i n e in mat :

#read = s t r (mat . r e ad l i n e ( ) )
f . wr i t e ( ’%s ’ %l i n e )

mat . c l o s e ( )
print ’=========================================================’
print ’End RVE rout ine ’
print ’=========================================================’

This procedure is the same for all types of materials. The structure of this module
can first be divided into two fundamentally different sections. In the first section,
Python directly accesses Abaqus functions. After creating the part and the assembly,
the information available up to that point are written into the Abaqus input file.
This first section differs in dependency of the chosen material. It will be described
in the Sects. 3.8.1, 3.8.2 and 3.8.3. The second section is completely independent of
Abaqus and includes the processing and completion of the input file using Python.

3.7.1 Read node information

The input file written by Abaqus in the first section will be opened by Python again.
It contains all nodes and elements that have arisen from the meshing. It is necessary
to prepare this information for further processing. After opening the input file in



3 Representative volume elements 26

the mode r+ (read and write), a list of the nodes is generated first. The Python
list object is used for this. A list data with the method append is attached to each
entry in the list nodes which contains the node number and the coordinates x, y and
z. While reading the file, the script searches for different keywords. The first one is
“*Nod”. After this keyword, the nodes list starts. The next keyword is “*Elements”
which marks the end of the nodes list. All nodes of the generated RVE mesh are
saved in the Python list “nodes”.

######################################################################
# Open input f i l e
######################################################################

f = open( inpname+" . inp " , ’ r+’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
######################################################################
# Generate l i s t o f nodes
######################################################################

print ’Read nodes ’
nodes = [ ]
data = [ ]
read = str ( f . r e ad l i n e ( ) )
while read [ : 8 ] != ’ ∗Element ’ :

data = read . s p l i t ( " , " )
data = map( f loat , data )
data [ 0 ] = int ( data [ 0 ] )
nodes . append ( data )
read = str ( f . r e ad l i n e ( ) )

print len ( nodes ) , ’ Nodes ’

3.7.2 Read element information

The same procedure is performed to read the list of all elements. They are written
in the input file between the keywords “*Elements” and “*Nset”. The list of all
elements is generated containing the element number and the associated nodes for
linear elements (C3D8) with 8 nodes and quadratic hexahedron elements (C3D20)
with 20 nodes. This means we need a case distinction while reading the element
definitions by using an IF statement.
######################################################################
# Generate l i s t o f e lements
######################################################################

# read e lements u n t i l e lement d e f i n i t i o n i s reached
# fo r C3D20 element d e f i n i t i o n need two rows : i f necessary
print ’ Elemente e i n l e s e n ! ’
e lements = [ ]
data = [ ]
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# HEX
i f str ( e l e typ ) [0:4]== ’C3D8 ’ :

print ’HEX C3D8 ’
read = str ( f . r e ad l i n e ( ) )

e l i f str ( e l e typ ) [0:5]== ’C3D20 ’ :
read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
print ’HEX C3D20 ’

# WEDGE
e l i f str ( e l e typ ) [0:4]== ’C3D6 ’ :

read = str ( f . r e ad l i n e ( ) )
print ’WEDGE C3D6 ’

e l i f str ( e l e typ ) [0:5]== ’C3D15 ’ :
read = str ( f . r e ad l i n e ( ) )
print ’WEDGE C3D15 ’

else :
print ’ Elementtyp n i cht vorgesehen ! Code ueberprue fen ’

while read [ : 5 ] != ’ ∗Nset ’ :
data = read . s p l i t ( " , " )
e lements . append (map( int , data ) )
i f eval ( e l e typ )==C3D8 :

read = str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D20 :

read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D6 :

read = str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D15 :

read = str ( f . r e ad l i n e ( ) )
print len ( e lements ) , ’ Elements ’

In the following sections, we will discuss the generation of the different RVEs for the
different materials.

3.7.3 Sort the nodes for the boundary conditions

The next step is to sort the list of nodes for the later implementation of the boundary
conditions. We have to find all surface nodes and will sort them for corner, edge and
surface nodes. For this purpose, we additionally distinguish between the alignment
of edges and surfaces in x, y and z direction and their positions relative to the origin
(which is in the center of mass for all types of RVE). All remaining internal nodes
are saved in an additional list for control purposes. This sorting results in a total
number of 20 lists.

for i in range ( len ( nodes ) ) :
#Ecke1
i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗drve /2 . , s t e l l e n ) and

\
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
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round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke2
[ . . . ]

#Kanten X+Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenXpYmZ . append ( nodes [ i ] [ 0 ] )

#Kanten X−Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenXmYmZ . append ( nodes [ i ] [ 0 ] )

[ . . . ]
#Flaechen Xp
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenXp . append ( nodes [ i ] [ 0 ] )
#Flaechen Xm

[ . . . ]
#Innen
else :

innen . append ( nodes [ i ] [ 0 ] )

This is enough for the LDBC but for the PBC we need an additional sorting to find
the opposing nodes couples. The pairs of opposite nodes must be in the lists one after
the other. For the corner nodes, all three components of the location vector must
have the same components, but be directed in opposite directions. For nodes on the
edges, this condition must apply to two components. The third component must
have exactly the same value. Similarly, for nodes on the surfaces, one component is
directed in the opposite direction and the other two are exactly the same.

###########################################################
# Addi t i ona l s o r t i n g f o r PBC
###########################################################
i f rb == ’PBC’ :

print ’ Addi t iona l s o r t i n g f o r PBC . . . ’
# Sor t ing oppo s i t e nodes w i th in the l i s t
# Sor t ing corners
eckenso r t = [ ]

for i in range ( len ( ecken ) ) :
#Ecke1
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /

2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /
2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /
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2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

[ . . . ]

In the third and last step, the lists sorted in this way are combined in a new list and
the node list nodes is sorted accordingly.

3.7.4 Implement boundary conditions using constraint
equations

To implement the boundary conditions, it is necessary to insert three artificial nodes.
The displacement boundary conditions, which are predetermined by the mean dis-
placement gradient H̄ , are later applied to these three nodes. This step is necessary
because the boundary conditions are implemented, as described later, with the help
of linear constraint equations (see Simulia (2010)). The artificial nodes are all cre-
ated in the coordinate origin and are named K1, K2 and K3. An element set is
created that contains all elements and this set is assigned a Solid Section and the
corresponding material. Next, the linear constraint equations are introduced and the
type of boundary conditions is chosen. According to the introduced abbreviations
LDBC and PBC, it is decided how these boundary conditions are defined.

######################################################################
# Write input f i l e
######################################################################
s h u t i l . c o p y f i l e ( inpname+" . inp " , inpname+"_backup . inp " )
f . seek (0 , 0 )
while read [ : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(len ( nodes )+1) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(len ( nodes )+2) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(len ( nodes )+3) )
b = open( inpname+"_backup . inp " , ’ r+’ )
l i n e s 1 = b . r e a d l i n e s ( )
b . c l o s e ( )
os . remove ( inpname+"_backup . inp " )
for i in range (17 , len ( l i n e s 1 ) ) :

f . wr i t e ( l i n e s 1 [ i ] )
f . seek (0 , 0 )
# Append add i t i o n a l nodes
print ’ Inputdate i v e r f o l l s t a e n d i g e n . . . ’
while read [ : 1 1 ] != ’ ∗∗ Sec t i on : ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
i f " pos ix " in os . name :
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f . seek (−17 ,2)
.
.
.

# Define equat ion
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗∗ Constra int : Constra int−1 \n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Equation \n ’ )

3.7.5 Implementation of the LDBC

The linear displacement boundary conditions (LDBC) are given by the average dis-
placement gradient with

u = H̄x0 . (3.25)

To check the Hill-Mandel condition, the decomposition of the velocity field according
to Eq. (3.17) is used. With Eq. (3.25) follows u̇ (x, t) = 0 and the Hill-Mandel
condition is fulfilled.

The discretized version of Eq. (3.25) is used to implement the LDBC:

uij =
3∑

k=1

H̄jkx
i
k

= H̄j1x
i
1 + H̄j2x

i
2 + H̄j3x

i
3

= uKj1 xi1 + uKj2 xi2 + uKj3 xi3 .

(3.26)

The indexing was chosen as follows. The node number is identified by the index “i”
and “j” defines the degree of freedom of the node. The three additional nodes are
labeled K1, K2 and K3. Their displacements are given in the arrangement of the
average displacement gradient H̄ :

H =



uK1

1 uK1
2 uK1

3

uK2
1 uK2

2 uK2
3

uK3
1 uK3

2 uK3
3


 . (3.27)

By doing this, the LDBC can be implemented by applying displacement constraints
to the three artificial nodes. For this, it is necessary to formulate a linear constraint
equation for every degree of freedom of each surface node (see Simulia (2010)). An
equation basically consists of the first line which defines the number of terms. In the
case of the LDBC, these are always four terms according to Eq. (3.26).

0 = uij − H̄j1x
i
1 − H̄j2x

i
2 − H̄j3x

i
3 (3.28)
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Each subsequent line represents a term of the equation and has the following struc-
ture: “Node number, degree of freedom, coefficient”. If you wanted to implement the
equation

0 = u100
2 − H̄21x

100
1 − H̄22x

100
2 − H̄23x

100
3 (3.29)

for the node with number 100 and degree of freedom 2 (y-direction, second artificial
node K2), the equation would look like this:

4
100 ,2 ,1
K2,1 ,−x^100_1
K2,2 ,−x^100_2
K2,3 ,−x^100_3

An “if query” checks the selected boundary condition and realizes it in the case of
the LDBC as follows:

i f RB == ’LV ’ :
######################################################################
#Lineare Verschiebungs−RB (LVRB)
######################################################################

print ’ L ineare Verschiebungs−RB (LVRB) gewaehlt ! ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,1 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+1,−nodes [ i ] [ 1 ] , len ( nodes )+1, \
−nodes [ i ] [ 2 ] , len ( nodes )+1,−nodes [ i ] [ 3 ] ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,2 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+2,−nodes [ i ] [ 1 ] , len ( nodes )+2, \
−nodes [ i ] [ 2 ] , len ( nodes )+2,−nodes [ i ] [ 3 ] ) )

.

.

.

3.7.6 Implementation of the PBC

The periodic displacement boundary conditions (PBC) combine the LDBC and the
HSBC in such a way that they evenly split the BCs into t and u. It is necessary
that each point has an opposite point to which the following equation holds

n+
0 = −n−0 . (3.30)
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The formulation of the PBC in dependency of H reads

u+ − u− = H̄ ·
(
x+

0 − x−0
)

(3.31)

and in dependency of T
t+ + t− = O . (3.32)

The Hill-Mandel condition is automatically fulfilled because opposite points in the
surface integral in the Eq. (3.24) cancel out each other. The same applies to the
surface forces and thus the conservation of momentum is also fulfilled. To check the
conservation of angular momentum, the surface integral in Eq. (3.11) is split into
∂Ω+ and ∂Ω−. Additionally, we insert t− = −t+ and x− = x+ − F̄ x+

0 + F̄ x−0 :
∫

∂Ω+
0

t+ ⊗
(
x+ − F̄ x0

)
dA0 −

∫

∂Ω−0

t+ ⊗
(
x+ − F̄ x0

)
dA0 = O (3.33)

It can be seen that, due to the periodicity, the two surface integrals cancel out each
other and the conservation of angular momentum is fulfilled. The discretized form
of Eq. (3.31) is initially:

ui+j − ui−j =
3∑

k=1

H̄jk

(
xi+k − xi−k

)

= H̄j1

(
xi+1 − xi−1

)
+ H̄j2

(
xi+2 − xi−2

)
+ H̄j3

(
xi+3 − xi−3

)
.

(3.34)

As with the LDBC, the equation is implemented in a homogeneous form:

0 = ui+j − ui−j − H̄j1

(
xi+1 − xi−1

)
− H̄j2

(
xi+2 − xi−2

)
− H̄j3

(
xi+3 − xi−3

)
. (3.35)

The node pairs are already sorted as described in Subsection 3.7.3. The loop for
generating the equation thus again runs over all surface nodes, but with a step size
of 2.
e l i f RB == ’PBC’ :
######################################################################
# Per iod ic boundary cond i t i on s (PBC)
######################################################################

print ’ Pe r i od i c boundary cond i t i on s (PBC) ! ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 1 , 1 . 0 \ n%d ,1 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +1 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +1 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +1 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

[ . . . ]
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3.8 Examples used in this work

In the following subsections, we present the representative volume elements (RVEs)
used in this work. These are purely academic examples with the aim of analyzing the
development of the stiffness tetrads. Of course, real materials look different. All of
the following simulations are displacement controlled by prescribing the components
of the effective displacement gradient H and using periodic boundary conditions. In
all simulations, we used the 20 nodes quadratic elements C3D20. We also ensured
that no large effective volume dilatations occur during the FE simulations by

• prescribing only isochoric effective final deformations,

• allowing for free lateral straining such that no volumetric straining is enforced,

• prescribe a strain path without intermediate large volumetric strains that may
occur when ramping up the effective displacement gradient linearly.

3.8.1 Uni-directional reinforcement

The first material is supposed to have an effectively transversal isotropic symmetry.
Therefore we choose a uni-directional reinforced material with circular fibers in an
hexagonal arrangement. In Fig. 3.3, the unit cell is shown. In the “0_RVE.py”
script, this material is chosen with the parameter “type=U”. To create the meshed
RVE with Abaqus, various individual steps are necessary. First a new Model-
DataBase and two homogeneous solid sections for the matrix material and the fiber
material are defined. Afterwards the parts depicted in Fig. 3.3 are defined in de-
pendence of the fiber radius and thus in dependence of the fiber volume fraction.
Afterwards the section is assigned. The next step is to build the assembly out of
the 12 parts and to pattern them when more than one unit cell is defined (Abaqus
function InstanceFromBooleanMerge is needed). The last step before the Abaqus
input file is written is to mesh the assembly. Here, the parameters “element size”,
“element shape” and “element type” are used to define the mesh. The following
Python commands are performed:
# Mesh

a1 . makeIndependent ( i n s t an c e s=(a1 . i n s t an c e s [ ’FIBBI−1 ’ ] , ) )
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a1 . s eedPart Ins tance ( r e g i on s=part Ins tances , s i z e=e l e ,

dev ia t i onFacto r =0.1)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
c e l = c1 . pointsOn
pickedRegions = c1 . f indAt ( c e l [ 0 ] , )
for i in range (1 , len ( c e l ) ) :

p ickedRegions += c1 . f indAt ( c e l [ i ] , )
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a . setMeshControls ( r e g i on s=pickedRegions , elemShape=eval ( e l e shape ) ,
techn ique=SWEEP)

elemType1 = mesh . ElemType ( eval ( e l e typ ) )
pickedRegions = ( pickedRegions , )
a . setElementType ( r e g i on s=(pickedRegions ) , elemTypes=(elemType1 , ) )
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . generateMesh ( r e g i on s=par t In s t anc e s )

In Fig. 3.4 the meshed RVE is depicted in an undeformed and deformed situation.
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Figure 3.3: RVE with uni-directional reinforcement. Left: Fiber parts, Middle: Ma-
trix parts, Right: Assembly
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Figure 3.4: One unit-cell of the uni-directional RVE with effectively transversal
isotropic symmetry. Left: undeformed, Right: deformed unit-cell
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3.8.2 Bi-directional reinforcement

The second material will have a tetragonal symmetry. For the sake of simplicity, the
RVE for this material will have the shape of a cube. The cube will be bi-directional
reinforced with cubic fibers in the direction of x and y. In Fig. 3.5, the unit cell
is shown. In the “0_RVE.py” script, this material is chosen with the parameter
“type=T”. The generation of the meshed RVE is similar to the procedure of the

Z

Y

X

X

Y

Z X

Y

Z

Z

Y

X

X

Y

Z

Figure 3.5: RVE with bi-directional reinforcement. Left: Fiber parts, Middle: Ma-
trix parts, Right: Assembly

uni-directionally reinforced RVE. For details, the source code can be found in the
Appendix A.1. In Fig. 3.6 the meshed RVE is depicted in an undeformed and
deformed situation.
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Figure 3.6: One unit-cell of the bi-directional RVE with effectively tetragonal sym-
metry. Left: undeformed, Right: deformed unit-cell
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3.8.3 Tri-directional reinforcement

The third material will be tri-directionally reinforced which results in a cubic sym-
metry. The RVE is nearly the same like for the bi-directional reinforcement but now
there are fibers in all three direction x, y and z. In Fig. 3.7, the unit cell is shown.
In the “0_RVE.py” script, this material is chosen with the parameter “type=C”. To
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Figure 3.7: RVE with tri-directional reinforcement. Left: Fiber parts, Middle: Ma-
trix parts, Right: Assembly

find details of the generation and meshing of the RVE again, the source code can
be found in the Appendix A.1. In Fig. 3.8, the meshed RVE is depicted in an
undeformed and deformed situation.
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Figure 3.8: One unit-cell of the tri-directional RVE with effectively cubic symmetry.
Left: undeformed, Right: deformed unit-cell
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3.8.4 Obsolet materials

During this work, two other materials were designed but not used for further studies.
The first material is a one-directional reinforced material with the shape of a cube
and one cubic fiber. In principle, it is the same RVE like the bi- and tri-directionally
reinforced RVE but with only one fiber in x-direction. In the “0_RVE.py” script,
this material is chosen with the parameter“type=T1F”

The second one is a bi-directional reinforced materiel with circular fibers which has
a parameterized fiber angel. In the “0_RVE.py” script, this material is chosen with
the parameter “type=B”. In Fig. 3.9, the meshed RVE is depicted in an undeformed
and deformed situation.
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Z

Figure 3.9: One unit-cell of the old bi-directional RVE. Left: undeformed, Right:
deformed unit-cell

3.9 Summary

In this chapter, we introduced RVEs for modeling a uni-directional, bi-directional
and tri-directional material. They all have different material symmetries namely
transversal isotropic, tetragonal and cubic. We used the finite element code Abaqus
in combination with the scripting language Python. The Python scripts allow the
automated generation of the RVEs with different parameters.
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4 Material model on the
micro-scale

In this chapter, we develop a finite elasto-plasticity theory for large plastic defor-
mations on the micro-scale. We use this material model for both material phases
(matrix and fiber) of the RVE. For the elastic part of the model, we use the St.
Venant-Kirchhoff elasticity. The plastic part is described by the isomorphy concept.

4.1 St. Venant-Kirchhoff elasticity

For the elastic deformation of the material, we use the physically linear elastic St.
Venant-Kirchhoff reference law. It is constant and denoted with the 2nd Piola-
Kirchhoff stress tensor:

2PK

T = JF−1TF−T (4.1)

with J being the determinant of the deformation gradient F , and T the Cauchy
stress tensor.

2PK

T = k0 (F ) = K0 · ·
G

E . (4.2)

With the Green strain tensor
G

E = 1
2

(C − I) and the right Cauchy-Green tensor
C = F TF we can write this elastic law as

2PK

T = k0 (F ) =
1

2
K0 · ·F TF − I . (4.3)

4.2 Isomorphy concept for large deformations

It is a well known fact that the elastic behavior of a material hardly changes during
large plastic deformations. Therefore we want to use a plasticity theory with isomor-
phic elastic ranges. To transform between these elastic ranges, we use a second-order
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tensor P . With this plastic transformation P , we will be able to calculate the cur-
rent elastic law kp for the reference placement (see Bertram (2012) p.271) by the
following equation:

2PK

T = kp (F ) = P k0

(
P TF TFP

)
P T . (4.4)

If we now insert our chosen elastic reference law k0 Eq. (4.3) in Eq. (4.4), we will
be able to calculate the 2nd Piola-Kirchhoff stress tensor in the reference placement

2PK

T = kp (F ) = P

(
1

2
K0 :

(
P TF TFP − I

))
P T . (4.5)

which can also be written with the Rayleigh product

2PK

T = kp (F ) =
1

2
(P ∗K0) :

(
F TF − P−T ∗ I

)
. (4.6)

Now we continue with Eq. (4.5) and use the relation

F̃ = FP (4.7)

resulting from the isomorphy condition and notate the stresses in all three place-
ments.

• reference placement:

2PK

T = P

(
1

2
K0[F̃

T
F̃ − I]

)
P T (4.8)

• intermediate placement:

2̃PK

T =
1

2
K0[F̃

T
F̃ − I] (4.9)

• current placement:

T =
1

J̃
F̃

(
1

2
K0[F̃

T
F̃ − I]

)
F̃

T
(4.10)
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4.3 Yield condition: Isotropic J2 by Huber and von
Mises

We use an isotropic yield condition following the J2 theory by Huber and von Mises.
This means that the equivalent stress only depends on the second principle invariant
of the deviatoric part of the Cauchy stresses. Together with the yield stress σF, we
get the yield condition as

√
3

2
‖T ′‖ − σF = 0 . (4.11)

4.4 Yield criterion: Principle of maximum plastic
dissipation

For our yield criterion, we start with the stress power defined as

l =
1

ρ
T · ·L . (4.12)

Together with Eq. (4.7), we write the velocity gradient L as

L = Ḟ F−1

=
(
F̃P−1

)· (
F̃P−1

)−1

=
[

˙̃
FP−1 + F̃

(
P−1

)·]
PF̃

−1

=
˙̃
F F̃

−1
+ F̃

(
P−1

)·
PF̃

−1
(4.13)

and insert it into Eq. (4.12)

l =
1

ρ
T · · ˙̃F F̃−1

︸ ︷︷ ︸
ẇ, elastic

+
1

ρ
T · ·F̃

(
P−1

)·
PF̃

−1

︸ ︷︷ ︸
D, dissipation

. (4.14)

with F̃ = FP , and assume the principle of maximum plastic dissipation. The
dissipationD will be maximal if the scalar product is maximal and this is the case for
T ‖ F̃

(
P−1

)·
PF̃

−1
with an undetermined skew part of F̃

(
P−1

)·
PF̃

−1
which is

arbitrary. Together with the consistency parameter λ the yield criterion has the
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following form:

F̃
(
P−1

)·
PF̃

−1
=
λ

ρ
T . (4.15)

Now we replace the Cauchy stress tensor T by the 2nd Piola-Kirchhoff stress tensor
2̃PK

T

F̃
(
P−1

)·
PF̃

−1
=

λ

ρJ̃
F̃

2̃PK

T F̃
T
. (4.16)

We use the relation ρ0 = J̃ρ and rewrite as follows:

(
P−1

)·
P =

λ

ρ0

2̃PK

T F̃
T
F̃ . (4.17)

We take the deviatoric part of the right Cauchy-Green tensor C̃ because det (P ) = 1

and therefore tr
((
P−1

)·
P
)

= 0

(
P−1

)·
P = λ̃

(
2̃PK

T C̃

)′
(4.18)

and end up with the final form of our evolution equation

Ṗ = −λ̃P
(

2̃PK

T C̃

)′
. (4.19)

4.5 Numerical implementation

We implement the material model in the Abaqus user subroutine UMAT with the
programming language Fortran. To solve the problem, we use the implicit Euler
scheme (see Hairer, Nørsett, and Wanner (1993))

P n+1 = P n + ∆tṖ n+1 (4.20)

together with the flow rule we get

P n = P n+1


I + λ

(
2̃PK

T n+1C̃n+1

)′
 . (4.21)
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As the next step, we use the exponential map (see Miehe (1996)) to ensure P ∈
Unim+. With the power series for the exp (x) function

exp (x) = 1 + x+
x2

2!
+
x3

3!
+ ... ≈ 1 + x , (4.22)

we obtain

P n ≈ P n+1 exp


λ

(
2̃PK

T n+1C̃n+1

)′
 . (4.23)

The final residuum to solve the problem with Newton’s method (see Ortega and
Rheinboldt (1970)) reads

R = ln
(
P−1
n+1P n

)
− λ

(
2̃PK

T n+1C̃n+1

)′
. (4.24)

The algorithm for this method is found in the Appendix C.5.

4.6 Validation of the material model

4.6.1 Elastic

First we validate the elastic behavior of our material model by calculating the stiff-
ness tetrad of a homogeneous material and compare the results with literature and
the Abaqus material. To determine the stiffness tetrad, we use the difference quo-
tient (see Chapter 5) with a small elastic test deformation δ. In Fig. 4.1, we compare
the deviation of the resulting stiffness tetrad to the analytical one in dependence of
δ. Our own material model shows a better convergence even for larger δ-values.
Within the shown figure, the largest relative error (0.0001) for the St. Venant-
Kirchhoff model corresponds to the smallest error of the Abaqus model within the
range 1e-9 < δ < 0.001. As a result, we find that our model firstly calculates the
correct stiffness tetrads and secondly this is done with a better convergence.

4.6.2 Plastic

To validate the plastic behavior of our material model, we perform a tensile (see Fig.
4.2) and a shear test (see Fig. 4.3) with the material parameters Young’s modulus E
= 100GPa, Poissont’s ratio ν=0.3 and yield stress of σF=100MPa. The results show,
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Figure 4.1: Error regarding the original stiffness tetrad of the St. Venant-Kirchhoff
and Abaqus material over δ value of difference quotient (log-log)

as expected, a constant stress level while yielding for the tensile and the shear test.
This means, we get proper results. For a final test, we compare the results of a 10%
tensile test of our material model and the Abaqus elastic-plastic material applied on
a notched cylindrical bar (Fig. 4.4) with the same material parameters as above. As
a result, the von Mises stresses in Fig. 4.5 show a very good agreement comparing
both material models. Additionally, we find a very good agreement of the von Mises
stress distribution depicted in Fig. 4.5. Even small details look exactly the same.
We can conclude that the material model on the micro-scale provides reliable results
using the St.-Venant-Kichhoff law for the elastic behavior, the isomorphy concept
for the change of the elastic range during large plastic deformations, the isotropic
J2 yield condition by von Mises and the principle of maximum plastic dissipation as
yield criterion. We use this material model for all following calculations.
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Figure 4.2: Tensile test: 100% strain
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Figure 4.3: Shear test: shear number γ=1

Figure 4.4: Mesh of a notched cylindrical bar
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Figure 4.5: Von Mises stresses of the Abaqus material (left) and the user material
(right).
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4.7 Summary

In this chapter, an elastic-plastic material model for large deformations and the
isomorphy concept on the micro-scale was used for the RVE calculations. A flowchart
with further details can also be found in Fig. 5.2. The elastic behavior was captured
by the St. Venant-Kirchhoff elasticity and the plastic behavior by the mentioned
isomorphy concept. The yield condition follows the isotropic J2 theory by Huber
and von Mises. The yield criterion was written in terms of the principle of maximum
plastic dissipation. We applied different material parameters within this model for
the matrix and the fiber phase. The model was validated regarding the elastic and
plastic material behavior.
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5 Determine the effective stiffness

In this chapter, we present a method to determine the effective stiffness of arbi-
trary inhomogeneous materials before and after large deformations. We will use the

defined RVEs (see Chapter 3) to perform test deformations
G

E. Together with the

resulting
2PK

T stresses, we calculate the stiffness tetrad K during the post-processing
with the computer algebra system Mathematica. A flowchart with further details
can be found in Fig. 5.2.

5.1 RVE setup and extraction of the stiffness
tetrads

To track the evolution of the stiffness tetrads K, we have to determine the stiffness of
the undeformed material (K0) and the stiffness tetrad of a deformed material after a
large plastic deformation (K1). The stiffness tetrads will be calculated and compared

in the reference placement and therefore we use the 2nd Piola-Kirchhoff stresses
2PK

T

and Green’s strain tensor
G

E. If the theory of Material Plasticity holds, there will
be a second-order tensor PK which transforms the stiffness K0 of the undeformed
material to K1 after a large plastic deformation.

For calculating the stiffness tetrads, we use the difference quotient out of six test
calculations. Within the test calculations, six different small elastic test strains δi
with i=1...6 are applied to the presented materials (RVEs). With the definitions

• H0: displacement gradient of the unloaded placement

• ∆H i: displacement gradients of the 6 different elastic deformations

and the scheme in Figure 5.1, we are able to calculate a stiffness tetrad by the
equation:

∆
2PK

T i = K : ∆
G

Ei . (5.1)

The scheme is carried out at the (average) stress-free placement. To get to this
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∆
2PK

T i





2PK

T 0 ← H0 →
G

E0



∆

G

Ei+ ∆H i
2PK

T i ← = H i →
G

Ei

Figure 5.1: Scheme to determine the test stresses ∆
2PK

T i and the test strains ∆
G

Ei

out of the test displacement gradients ∆H i for calculating the stiffness
tetrad K

placement, we unload component-wise and obtain the macroscopic P C. It turns out
that due to the small elastic strains the difference between P C and the deformation
gradient F−1 is very small. This simplifies greatly the empirical approach, since we
can in essence avoid an independent evolution of P C but take P C = F−1 instead.
The equation is implemented in a Mathematica script (see Appendix F).

5.2 Python script

For a better overview, the Python script generating the RVEs and performing the
starting and test calculations is divided into different parts. In Fig. 5.2 a flowchart
provides an overview over the different Python scripts, Fortran subroutines and
functions and the Mathematica post-processing.

5.2.1 Starting calculation 1: “0_A.py”

The main part which has to be started is called “0_A.py” (see Appendix B.1). This
script first calls “0_subroutines.py” (see Appendix B.9) to initialize subrountines
like the calculation of a matrix determinant or a matrix multiplication. Afterwards
the displacement gradient H0 is prescribed. Next the script “0_RVE.py” is called
(see Chapter 3).

After that, the material parameters will be imported from the file 0_material.py
(see Appendix B.11). At this point, the subrountine 0_rve.py is finished. A more
detailed description of the generation of the different types of RVEs is given in the
sections 3.8.1, 3.8.2 and 3.8.3.

The next step is to write the Abaqus input file. We are able to distinguish between
different operating systems like Windows or Linux on which the Python script is
running. The syntax slightly differs.
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Start FEM program Abaqus

Python scripts for starting Abaqus calculations
0 A.py, 0 A2.py, 0 1.py, 0 2.py, 0 3.py, 0 4.py, 0 5.py, 0 6.py

see Appendix B.1 to B.8

Python script for the generation of the different RVE types
0 rve.py

see Appendix A.1

Python subroutines for job, material and step information
0 subroutines.py, 0 job.py, 0 material.py, 0 step1.py, 0 step2.py, 0 step3.py

see Appendix B.9 to B.14

Run Abaqus simulation with user material UMAT
Fortran subroutines: see Appendix C.1 to C.10

Fortran utility subroutines: see Appendix D.1 to D.18

Output files
Starting calculations: see Appendix E.1 to E.4

G

E and
2PK

T : see Appendix E.5 and E.6

Mathematica
post-

processing

MaterialPlasticity.nb
see Appendix F.1

DistanceStiffness.nb
see Appendix F.2

Figure 5.2: Flowchart giving an overview of the used Python, Fortran, and Mathe-
matica codes
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Hereinafter, the Abaqus Step definitions are given. Step 1 is the loading step pre-
scribing the deformation as displacement following H0. In Step 2, the unloading
takes place. Two different methods are distinguished. In case of uni-directional
tension, the load is gradually removed (tension components, two shear components,
finally the whole H0) to avoid rotations. H0 is removed at once in all other cases.

After the step definitions, the subroutine “0_job.py” is called (see Appendix B.10)
using the before defined input file name “inpname” and the “cpunumber”. The script
will detect when the job is finished by checking the lock file. Also the successful
execution is verified, else an error file is generated.

print ’=========================================================’
print ’Run job ’
print ’=========================================================’
i f " pos ix " in os . name :

execf i le ( ’ 0_job . py ’ )
# Wait f o r l c k f i l e , then wai t f o r l c k f i l e i s d e l e t e d −> job f i n i s h e d
t0 = time . time ( ) ;
while not os . path . i s f i l e ( inpname+" . l ck " ) :

time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

while os . path . i s f i l e ( inpname+" . l ck " ) :
time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

# Check i f c a l c u l a t i o n was s u c c e s s f u l , e l s e STOP
time . s l e e p (5 )
f = open( inpname+’ . s ta ’ , ’ r ’ )
s ta = [ ]
for l i n e in f :

s ta . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
i f s ta [ len ( s ta )−1] == ’ THE ANALYSIS HAS COMPLETED SUCCESSFULLY ’ :

print s ta [ len ( s ta )−1]
else :

print s ta [ len ( s ta )−1]
f = open( ’ 0_Auswertung_ERROR_in_ ’+inpname+’ . txt ’ , ’w ’ )
f . c l o s e ( )
time . s l e e p (5 )
sys . e x i t ( " Ca l cu l a t i on can c e l l e d " )

In the last section of the Python script “0_A.py”, the post-processing is performed.
Therefore the node numbers of the three artificial nodes are searched. Then the
output database ODB is opened and the reaction forces (RF1, RF2 and RF3) such
as the displacements (U1, U2 and U3) are read out. The predeformation is saved in
the text file “K0_ANLAUFRECHNUNG_H0.txt” and the unloaded placement as
H1 as “K0_ANLAUFRECHNUNG_H1.txt”.
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5.2.2 Starting calculation 2: “0_A2.py”

Next we need a second starting calculation “0_A2.py” (see Appendix B.2) to calcu-

late the 2nd Piola-Kirchhoff stresses
2PK

T 1. For this purpose, we prescribe H1 from
“0_A1.py” directly after the pre-deformation H0. Following the post-processing is
performed like described for “0_A1.py”. Additionally, the reaction forces divided by

the volume result in the 1st Piola-Kirchhoff stresses
1PK

T 1. Using the equations

F 1 = H1 + I (5.2)

and
2PK

T 1 = F−1
1

1PK

T 1 , (5.3)

we are able to calculate the 2nd Piola-Kirchhoff stresses
2PK

T 1. The stresses are saved
in the text file “K0_ANLAUFRECHNUNG_T1.txt”.
# Generate matrix T1PK
T1PK = nul lmat r ix (3 , 3 )
T1PK [ 0 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] .

data [ increm ] [ 1 ] / V0
T1PK [ 0 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR] .

data [ increm ] [ 1 ] / V0
.
.
.
T1PK [ 2 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR] .

data [ increm ] [ 1 ] / V0

del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR]
.
.
.
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR]

odb . c l o s e ( )

# Ca lcu l a t e T2PK
# F1 = H1 + 1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
F1i = inve r t 3 (F1)
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T2PK = matmul ( F1i ,T1PK)

print ’H1 end ’
for l i n e in H1 : print l i n e
print ’T1PK end ’
for l i n e in T1PK: print l i n e
print ’T2PK end ’
for l i n e in T2PK: print l i n e

#ausT . wr i t e ( ’T2PK\n ’)
ausT = open( ’K0_ANLAUFRECHNUNG_T1. txt ’ , ’w ’ )
for i in range (3 ) :

for j in range (3 ) :
ausT . wr i t e ( ’%e ’ %(T2PK[ i ] [ j ] ) )
i f j != 2 : ausT . wr i t e ( ’ , ’ )

ausT . wr i t e ( ’ \n ’ )
ausT . c l o s e ( )

5.2.3 Elastic test strain calculations : “0_1.py” to “0_6.py”

Now the unloaded placementH1 and the residual stresses in the unloaded placement
1PK

T 1 are known. In the six elastic test calculations (i=1...6) to determine the stiffness
tetrad K1 the following three steps are applied:

• Step 1: load step by prescribing H0

• Step 2: unload step by prescribing H1

• Step 3: elastic test strain by prescribing H i
2 .

In the post-processing part the differences

∆
G

E =
G

E2 −
G

E1 (5.4)

and

∆
2PK

T =
2PK

T 2 −
2PK

T 1 (5.5)

are calculated. Therefore Green’s strain tensor of the placements H1 and H2 are
needed:

G

E1 =
1

2

(
F T

1F 1 − I
)

(5.6)
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G

E2 =
1

2

(
F T

2F 2 − I
)
. (5.7)

The 2nd Piola-Kirchhoff stresses
2PK

T 1 are already known. The
2PK

T 2 stresses are cal-
culated according to the Eqs. (5.2) and (5.3). For the further post-processing with
the computer algebra system Mathematica, two files are generated. Both are saved
as text file. The first one is “K0_matheEGREEN
_einzeln.txt” and consists of the difference ∆EG in the Abaqus notation of Cowin:

∆
G

E =




∆
G

E11

∆
G

E22

∆
G

E33

∆
G

E12

∆
G

E13

∆
G

E23




Bi (5.8)

of all six calculation so that the file has 36 entries (see Appendix E.5). Analogously

the second file consists of the difference of the 2nd Piola-Kirchhoff stresses
2PK

T and is
saved in the text file “K0_matheT2PK_einzeln.txt” as

∆
2PK

T =




∆
2PK

T 11

∆
2PK

T 22

∆
2PK

T 33

∆
2PK

T 12

∆
2PK

T 13

∆
2PK

T 23




Bi (5.9)

5.3 Validation of the stiffness calculation

We will compare the calculated stiffnesses to the literature to validate our implemen-
tation. If we prescribe F 0 = 0 we will get the stiffness of the undeformed material
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K0. For F 1 being the unloaded placement after a large plastic deformation we will
get the stiffness K1. To compare both, it is necessary to push-forward K1 to the new
stress-free placement using the deformation gradient F which is equal to P C

−1.

K0 = F ∗K1

= P C
−1 ∗K1 (5.10)

5.3.1 Isotropic material

We study an isotropic material in this section. The material parameters of the matrix
and the fiber are identically (see Table 5.1). The components of the stiffness tetrad of

Material Young’s modulus E Poisson’s ratio ν Yield stress σF

Matrix 100 GPa 0.3 200 MPa

Fiber 100 GPa 0.3 200 MPa

Table 5.1: Material parameters for the isotropic material on the micro-scale

an isotropic material can be found in the literature and are represented in Table 5.2.
Using our implementation, we get the following stiffness tetrad K0 (values given in
[GPa]) for the undeformed material (Table 5.3). It correctly represents an isotropic
material. The next step is to validate the implementation for a plastically deformed
material and to calculate the stiffness tetrad K1. First, we choose a 50% tensile test,
unload the material sample and measure the stiffness tetrad. The resulting stiffness
tetrad F ∗ K1 in Table 5.4 is identical to K0. The second test is a shear test with
γ = 0.5 perpendicular to the fiber direction. After unloading and measuring the
stiffness tetrad F ∗K1, we find it is again identical to K0 (see Table 5.5).

K =




K1111 K1122 K1122 0 0 0
K1111 K1122 0 0 0

K1111 0 0 0
K1111 −K1122 0 0

sym K1111 −K1122 0
K1111 −K1122



Bi ⊗Bj

Table 5.2: Stiffness tetrad of an isotropic material
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K0 =




135 58 58 0 0 0
135 58 0 0 0

135 0 0 0
77 0 0

sym 77 0
77




GPa Bi ⊗Bj

Table 5.3: Stiffness tetrad K0 of the calculated isotropic material

P C
−1 ∗K1 =




135 58 58 0 0 0
135 58 0 0 0

135 0 0 0
77 0 0

sym 77 0
77




GPa Bi ⊗Bj

= K0 =




135 58 58 0 0 0
135 58 0 0 0

135 0 0 0
77 0 0

sym 77 0
77




GPa Bi ⊗Bj

Table 5.4: Initially isotropic material after the tension test

P C
−1 ∗K1 =




135 58 58 0 0 0
135 58 0 0 0

135 0 0 0
77 0 0

sym 77 0
77




GPa Bi ⊗Bj

= K0 =




135 58 58 0 0 0
135 58 0 0 0

135 0 0 0
77 0 0

sym 77 0
77




GPa Bi ⊗Bj

Table 5.5: Initially isotropic material after the shear test
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5.3.2 Transversal isotropic material

In the foregoing section, the material was isotropic. We want to study an anisotropic
material and again use the RVE with the uni-directional reinforcement. But now
the material parameters of the matrix and fiber material are different (see Table
5.6). The stiffness tetrad of a transversal isotropic material is given in literature

Material Young’s modulus E Poisson’s ratio ν Yield stress σF

Matrix 10 GPa 0.3 100 MPa

Fiber 100 GPa 0.3 200 MPa

Table 5.6: Material parameters for the anisotropic material on the micro-scale

with the following five different material parameters (see Table 5.7). Using again
our implementation, we get the following stiffness tetrad K0 for the undeformed
transversal isotropic material (see Table 5.8). It correctly represents the transversal
isotropic material from literature. Next, we validate the implementation for the
plastically deformed material and calculate the stiffness tetrad K1. First, we choose
a 50% tensile test, unload the material sample and measure the stiffness tetrad. The
resulting stiffness tetrad P C

−1 ∗K1 in Table 5.9 is identical to K0 of the transversal
isotropic material. Again, the second test is a shear test with γ = 0.5 perpendicular
to the fiber direction. After unloading and measuring the stiffness tetrad P C

−1 ∗K1,
we find it is not identical to K0 (see Table 5.10). The shear test of this anisotropic
material shows the first time that the calculation of K0 = P C

−1 ∗K1 fails when we
change the symmetry of the material during the deformation. There is a difference
between both stiffnesses which means that for certain deformation the stiffness tetrad
evolves. This is exactly the case what happens during the shear test of the transversal
isotropic material. We will investigate and present some results for all three materials

K =




K1111 K1122 K1133 0 0 0
K1111 K1133 0 0 0

K3333 0 0 0
2K2323 0 0

sym 2K2323 0
K1111 −K1122



Bi ⊗Bj

Table 5.7: Stiffness tetrad of a transversal isotropic material
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K0 =




35 14 15 0 0 0
35 15 0 0 0

73 0 0 0
23 0 0

sym 23 0
21




GPa Bi ⊗Bj

Table 5.8: Stiffness tetrad K0 of the calculated transversal isotropic material

P C
−1 ∗K1 =




35 14 15 0 0 0
35 15 0 0 0

73 0 0 0
23 0 0

sym 23 0
21




GPa Bi ⊗Bj

= K0 =




35 14 15 0 0 0
35 15 0 0 0

73 0 0 0
23 0 0

sym 23 0
21




GPa Bi ⊗Bj

Table 5.9: Initially transversal isotropic material after the tension test

P C
−1 ∗K1 =




35 12 14 0 0 0
40 16 0 0 0

73 0 0 0
18 0 0

sym 22 0
25




GPa Bi ⊗Bj

6= K0 =




35 14 15 0 0 0
35 15 0 0 0

73 0 0 0
23 0 0

sym 23 0
21




GPa Bi ⊗Bj

Table 5.10: Initially transversal isotropic material after the shear test
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in the following sections. An overview of all performed calculations is given in Table
7.1 in Chapter 7.

5.4 Test cases

We specified different material parameters for the matrix and the fiber material as
shown in Table 5.6. These parameters were chosen as an academic example. Ten dif-
ferent test deformations were examined as depicted in Table 7.1. Whenever a strain
component is not specified it is implied to adjust freely such that the corresponding
effective reaction stress is zero. In Eq. (5.11), we chose three elongation tests

H1 =




0.5 0 0
0 – 0
0 0 –


 ei ⊗ ej, H2 =




– 0 0
0 0.5 0
0 0 –


 ei ⊗ ej, H3 =




– 0 0
0 – 0
0 0 0.5


 ei ⊗ ej.

(5.11)

In this case, we always deform the material parallel or perpendicular to the fiber
direction. With the free lateral straining, this corresponds to a uniaxial tensile state.
Next, we choose six shear tests which lead to different deformation modes depending
on the shear mode and the chosen material (5.12)

H4 =




0 0.5 0
0 0 0
0 0 0


 ei ⊗ ej, H5 =




0 0 0.5
0 0 0
0 0 0


 ei ⊗ ej, H6 =




0 0 0
0.5 0 0
0 0 0


 ei ⊗ ej,

H7 =




0 0 0
0 0 0.5
0 0 0


 ei ⊗ ej, H8 =




0 0 0
0 0 0
0.5 0 0


 ei ⊗ ej, H9 =




0 0 0
0 0 0
0 0.5 0


 ei ⊗ ej.

(5.12)

They can lead to a transport of the fibers with and without an effect on the symmetry
and to a change of the fiber direction. We will discuss this in the next subsection.
The last test (5.13) combines one tensile and two shear tests and acts as the worst
case

H10 =




0.5 0.5 0.5
0 – 0
0 0 –


 ei ⊗ ej . (5.13)
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5.5 Results for the uni-directional reinforcement

The following three examples will show the deviation between the initial stiffness
tetrad K0 and the stiffness tetrad K1 measured after a large deformation. We will
investigate the three characteristic shear tests for the uni-directional reinforced ma-
terial Hxy (equivalent to Hyx), Hxz (equivalent to Hyz) and Hzx (equivalent to Hzy).
The first case is the shear test with Hxy. Fig. 5.3(a) shows that we have a transport
of the fibers which leads to a change of the symmetry. The fiber direction remains
the same. This type of deformation leads to a change of about 8% between the
stiffnesses.

||K1 − P C ∗K0|| / ||K1|| = 7.7% (5.14)

In Fig. 5.3(b), we see the shear test Hxz = 0.5 and no transport of the fibers.
Instead, the fiber direction changes which leads to a change of the symmetry. We
find the largest change in the stiffness tetrad as shown in Eq. (5.15).

||K1 − P C ∗K0|| / ||K1|| = 35.2% (5.15)

The shear test Hzx = 0.5 is depicted in Fig. 5.3(c) and shows that we have a
transport of fibers in the fiber direction. The fiber direction remains the same so
this motion has nearly no effect on the symmetry.

||K1 − P C ∗K0|| / ||K1|| = 0.5% (5.16)

We see that the deviation of the stiffness tetrad K1 from K0 can be considerable.
A shear parallel to the fiber normal plane with γ = 0.5 results in a deviation by
approximately 35%.

X

Y

Z

(a) Hxy = 0.5

XY

Z

(b) Hxz = 0.5

XY

Z

(c) Hzx = 0.5

Figure 5.3: Three different shear tests of the uni-directional reinforced material
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5.6 Results for the bi-directional reinforcement

For the bi-directional reinforced material having its fibers in the directions x and y,
the following three tests are performed: Hxy (equivalent to Hyx), Hxz (equivalent to
Hyz) and Hzx (equivalent to Hzy). In Fig. 5.4(a), we find no transport of the fibers.
Instead, the fiber direction changes which leads to a change of the symmetry

||K1 − P C ∗K0|| / ||K1|| = 23.6% (5.17)

The shear test Hxz results in nearly no change of the symmetry because neither the
fiber direction nor the angle between the fibers is changed (see Fig. 5.4(b)).

||K1 − P C ∗K0|| / ||K1|| = 1.5% (5.18)

The shear test Hzx = 0.5 in Fig. 5.4(c) shows that we have a transport of the fibers
which leads to large symmetry change of about 30%. The fiber direction remains
the same.

||K1 − P C ∗K0|| / ||K1|| = 29.4% (5.19)

X

Y

Z

(a) Hxy = 0.5

X

Y

Z

(b) Hxz = 0.5

X

Y

Z

(c) Hzx = 0.5

Figure 5.4: Three different shear tests of the bi-directional reinforced material

5.7 Results for the tri-directional reinforcement

In the case of the tri-directional reinforced material, all shear tests lead to the same
result. This is because the three fibers are arranged in the axis directions x, y and
z. In all cases, the fiber direction between two of the fibers changes and the third
fiber is transported. The deviation results in about 23%.

||K1 − P C ∗K0|| / ||K1|| = 22.6% (5.20)
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X

Y

Z

Figure 5.5: Shear test Hxy = 0.5 of the tri-directional reinforced material which is
representative for all shear modes

5.8 Summary

The method to measure the stiffness tetrads was successfully implemented and vali-
dated. The results lead us to the Material Plasticity theory as discussed in Chapter
2. We need a second-order tensor PK which transforms between K1 and K0:

K0 = P CPK ∗K1 . (5.21)

It will predict the evolution of the stiffness tetrad during a plastic deformation of
an anisotropic material which changes the material symmetry. In Chapter 7 we will
investigate the tensor PK and its evolution.
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6 Distance of a stiffness tetrad to
the symmetry classes of linear
elasticity

The problems of identifying the symmetry class to which a specific stiffness tensor
belongs, and further its distance to a higher symmetry class to which it does not
belong are not trivial. Most materials, like crystals, exhibit spatial symmetries in
their structure. These symmetries must be reflected in their material properties
(Curie, 1894; Neumann, 1885). In particular, these symmetries must be obeyed
by all material tensors which appear in the constitutive equations. Depending on
the tensorial order, the symmetry requirement affects the material property tensor
differently. The odd order tensors vanish in case that the material structure has
centro-symmetry, i.e. that −I is in the materials symmetry group. The subgroups
of the orthogonal group are for example detailed in Olive and Auffray (2014) Sec. 2.3
or Butler (1981) Sec. 5. In general, the higher the tensorial order, the more sym-
metries can be distinguished in the material properties. For instance, the second
order heat conduction tensor is isotropic even for cubic crystals, while the fourth
order stiffness tensor (tetrad) with cubic symmetry has three independent parame-
ters, but an isotropic stiffness tetrad has only 2 independent parameters. Forte and
Vianello (1996) show that in linear elasticity 8 material symmetries can be distin-
guished, namely triclinic, monoclinic, orthotropic, tetragonal, trigonal, hexagonal,
cubic and isotropic. For a given stiffness tetrad of unknown symmetry resulting from
measurement or numerical simulations, the question arises to which symmetry class
it belongs. Since the coefficients of the stiffness tetrad are in general not exact, the
affiliation to one of the eight material symmetry classes may neither be exact. It is
therefore reasonable to define a distance as a deviation measure between a stiffness
tetrad and the set of all stiffness tetrads with a certain symmetry, which we will call
the symmetry class. This may serve to filter stochastic scatterings from measure-
ments, see also Guilleminot and Soize (2010) and Norris (2006). Further, one may be
able to reduce the complexity of the elastic model by replacing a complex (possibly
triclinic) stiffness tetrad by a more symmetric candidate that is close enough to the
original stiffness.

In literature one can find several approaches to this topic. In Moakher and Norris
(2006), three different distance functions are defined to determine the closest elastic
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tensor of arbitrary symmetry to an elasticity tensor of lower symmetry. They con-
sider the Euclidean/Frobenius norm, the log-Euclidean norm and the Riemannian
norm. In Guilleminot and Soize (2010), these distance measures are used as a start-
ing point to determine the distances of stochastically generated stiffness tetrads to
the set of transversal isotropic stiffnesses. Böhlke (2001) and Fedorov (1968) use
the Frobenius norm to measure the distance between two stiffness tensors as we will
do later on. It has been shown by Gazis, Tadjbakhsh, and Toupin (1963) that the
average group action gives a projection of a stiffness tetrad onto the subset of all
stiffness tetrads with a given symmetry. In Glüge, Weber, and Bertram (2012), in
the course of determining the anisotropy induced by a representative volume element
(RVE) of cubic shape, a similar projection method is used to quantify the anisotropy
of a stiffness tetrad and also the distance to the cubic symmetry class. In the same
article, one projection is onto the isotropic stiffnesses and the other one to the cubic
stiffnesses of the anisotropy axes that are aligned with the RVE. Thus we do not need
to find the orientation in this special situation. In the same article, a logarithmic
normalization is presented, which ensures consistency in the sense that the same
distance is measured if the inverse of the stiffness tetrad, namely the compliance
tetrad, is considered.

When the anisotropy axes are unknown, the sought distance is w.r.t. a symmetry
class, but not w.r.t. a specific symmetry group. One of the first to take the unknown
orientation into account were Francois, Geymonat, and Berthaud (1998), who in-
spect pole figures to determine the symmetry visually. Afterwards, similar to our
projection method, a so called orbit is defined as a collection of all transforma-
tions within the chosen group. In contrast to our approach, Francois, Geymonat,
and Berthaud (ibid.) perform the minimization of the distance over the Euler an-
gles after the projection. Further, this problem is addressed in Diner, Kochetov,
and M. Slawinski (2011) and Kochetov and M. Slawinski (2009), who also use the
Frobenius norm and distance functions from transversal and monoclinic symmetry,
respectively. They also take into account the unknown orientation of the symmetry
axes or planes, minimizing over two angles. This is possible due to a simplification
that is only applicable for these two symmetry classes. We will use this simplifica-
tion to remove one of the Euler angles from the minimization procedure. A different
approach is chosen by Zou, Tang, and W. Lee (2013). They determine the exact
symmetry class to which a tetrad belongs by a harmonic decomposition and a multi-
pole representation of its deviators. Then the angular deviation of the vectors from
the multipole representation is used as a distance measure. They state that it is
impossible to find a simple function to define the distance between the elastic tensor
measured experimentally and its nearest possible symmetry groups .

In this chapter, we present a method to determine this distance. As Zou, Tang,
and W. Lee (2013) state, we can not give a simple, closed form solution for the
problem, but a fast and reliable numerical algorithm instead. To find out the closest
symmetry class of the measured stiffness tetrad we determine the Euclidean distance
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to all possible symmetry classes by employing a projection method. Further, we
need to find the closest orientation (see Cowin and Mehrabadi (1987) and Francois,
Geymonat, and Berthaud (1998)). We do this by minimizing the Euclidean distance
between the rotated stiffness to the rotated and projected stiffness over the three
Euler angles. Although this minimization problem exhibits some peculiarities which
need to be considered, it leads to a fast and robust algorithm for finding the distance
to the seven non-trivial symmetry classes of linear elasticity. In addition to these
distances, the algorithm also gives the elements in the respective symmetry classes
that are closest to the stiffness tetrad under consideration. Finally, we apply the
method to stiffnesses of unknown symmetries which emerge from RVE simulations
of three different sample materials.

6.1 Definitions

6.1.1 Symmetry transformation

A tetrad K is symmetric w.r.t. the rotation Q if

K = Q ∗K (6.1)

holds. Thus, the transformation Q ∗ K does not alter K and is called a symmetry
transformation. The set of all such symmetry transformations form the symmetry
group of the tetrad. Due to the even number of entries in K, we have K = −I ∗K.
Thus, all elements from Orth− can be generated by multiplying the elements of
Orth+ with −I. Therefore, it is sufficient to focus on Orth+ and its subgroups, the
expansion to the whole Orth does not give any new insight for tensors of even order.

6.1.2 Symmetry group

All symmetry groups G = {I,Q2, . . . ,Qn} of solids are subgroups of the orthogonal
group Orth+ which is closed under an associative compositionQi = Qj ·Qk, Qi,j,k ∈
G. Further, it contains the identity I ·Qi = Qi, by which an inverse is assigned to
any group element Qi · QT

i = I, which is also part of the group. All N elements
Qi can be generated from a non-unique minimum set of generators by these group
operations.

One can see that an expansion of the form G∗ = {I,QTQ2Q, . . . ,Q
TQNQ} with

Q ∈ Orth+ produces a symmetry group G∗ which is isomorphic to G. Hence, for all
isomorphic groups one may choose a reference group. The eight reference groups that
are used here are given in Table 6.1 (see e.g. Hermann (1934) and Voigt (1910)). One
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triclinic

monoclinic orthotropic

t.-isotropic tetragonaltrigonal

cubicisotropic

Figure 6.1: Symmetry inclusion scheme. The arrows indicate a subset relation,
pointing from the larger set to the subset.

can sort the symmetry classes according to the set inclusion scheme given in Fig. 6.1,
see Bóna, Bucataru, and A. Slawinski (2004). We refer to symmetries as higher and
lower if a subset relation holds. Lower symmetries include higher symmetries as
special cases, but not all symmetry classes are nested. One can see that in Fig. 6.1
trigonal and tetragonal symmetries are not connected by a unidirectional path of
arrows, so there exists no subset relation for these two symmetries. It should be
noted that one can also sort the symmetries into higher and lower by the symmetry
group size N (right column in Table 6.1).

6.1.3 Symmetry class

The symmetry class Ksymi
denotes all stiffness tetrads for which a rotation Q can

be found such that the rotated stiffness is invariant under the action of the reference
symmetry group symi as labeled in the first column in Table 6.1,

Q ∗K = Qj ∗ (Q ∗K) ∀Qj ∈ Gsymi
∀K ∈ Ksymi

(6.2)

which can be written as

O = Q ∗K− (QjQ) ∗K ∀Qj ∈ Gsymi
∀K ∈ Ksymi

. (6.3)

By the properties of the Rayleigh product, this may be rewritten as

O = K− (QTQjQ) ∗K ∀Qj ∈ Gsymi
∀K ∈ Ksymi

. (6.4)

It is obvious that one can either rotate K and check w.r.t. the reference symmetry
group or keep K fixed and check the rotated reference symmetry group. From a
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symmetry reference indep. no. of
generators const. K ele. N

in G

triclinic I




1 0 0
0 1 0
0 0 1


 21 1

monoclinic Qπ
e1




1 0 0
0 −1 0
0 0 −1


 13 2

orthotropic Qπ
e1
, Qπ
e2




1 0 0
0 −1 0
0 0 −1


,



−1 0 0

0 1 0
0 0 −1


 9 4

trigonal Qπ
e2
, Q2π/3
e3



−1 0 0

0 1 0
0 0 −1


,



−1

2
−
√

3
2

0√
3

2
−1

2
0

0 0 1


 6 6

tetragonal Qπ
e1
, Q3π/2
e3




1 0 0
0 −1 0
0 0 −1


,




0 1 0
−1 0 0

0 0 1


 6 8

hexagonal Qπ
e1
, Qπ/3
e3




1 0 0
0 −1 0
0 0 −1


,




1
2
−
√

3
2

0√
3

2
1
2

0
0 0 1


 5 12

cubic
Q

3π/2
e1

,
Q

2π/3
1√
3

(e1+e2+e3)




1 0 0
0 0 1
0 −1 0


,




0 0 1
1 0 0
0 1 0


 3 24

isotropic Qφ
v, φ and - 2 ∞

v arbitrary

Table 6.1: Possible symmetries of the stiffness tetrad K

practical point of view, Eq. (6.3) offers the advantage that the Rayleigh product
with Q appears only once in each summand, and that only one rotation (only Q,
not QT ) is needed.

6.1.4 Distance measure

Let us parametrize a rotation Q by three Euler angles α, β and γ. For stiffness
tetrads which do not belong to a certain symmetry class Gsym, a residuum remains
on the left side of Eq. (6.3), i.e.

Ri(α, β, γ) = Qα,β,γ ∗K− (QiQα,β,γ) ∗K Qi ∈ Gsym K ∈ K. (6.5)
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Ri(α, β, γ) is a difference between stiffnesses. We obtain a relative residuum by
normalizing with ‖K‖. Since ‖Q ∗K‖ = ‖K‖ we can define the relative residuum by

R∗i (α, β, γ) = Qα,β,γ ∗K∗ − (QiQα,β,γ) ∗K∗ Qi ∈ Gsym (6.6)

with K∗ = K/‖K‖. We can consider the norm ‖R∗i (α, β, γ)‖ as the relative difference
between some stiffness tetrad that belongs to the symmetry class Ksym and the
stiffness tetrad K. The global minimum

d = min
i,α,β,γ

‖R∗i (α, β, γ)‖ (6.7)

gives the closest relative distance between K and all tetrads that belong to the
symmetry class Ksym.

6.2 Minimization over the elements of the
symmetry group by a projection method

The minimization over the index i that labels the group elements is carried out by
a projection. This projection is basically the average under the action of all group
members. It can be formulated for the seven anisotropic classes with finite group
sizes N as

KG =
1

N

N∑

z=1

(Qz ∗K) . (6.8)

Because of the linearity of the Rayleigh product in the second argument

Q ∗ (αK1 + K2) = Q ∗ (αK1) +Q ∗K2, (6.9)

it is possible to denote this with an 8th order linear mapping
〈8〉
P as

KG =
〈8〉
P :: K with (6.10)

〈8〉
P =

1

N

N∑

z=1

Qz
imQ

z
jnQ

z
koQ

z
lpei ⊗ ej ⊗ ek ⊗ el ⊗ em ⊗ en ⊗ eo ⊗ ep (6.11)



6 Distance of a stiffness tetrad to the symmetry classes of linear elasticity 67

which we label
〈8〉
P in anticipation of its projector properties. To demonstrate this

property, we rotate the mean value with a second group element Qy.

Qy ∗KG =
1

N

N∑

z=1

Qy ∗ (Qz ∗K) (6.12)

=
1

N

N∑

z=1

(
QyQz

)
∗K (6.13)

=
1

N

N∑

z=1

Q∗z ∗K (6.14)

= KG. (6.15)

The composition ofQy andQz gives, following the group axioms, a mere re-indexing

of the group members to Q∗z, which does not affect the result.
〈8〉
P acts as the iden-

tity on the set of all K which are G-symmetric, and projects otherwise all non-G-
symmetric K into their G-symmetric part.

The section is concluded by noting that the linearity of the Rayleigh product Eq.
(6.9) in the second argument together with the definition of symmetry Qi ∗K = K
under the action of Qi imply the convexity of the set of all tensors K that are
invariant under the action of a certain symmetry group G, i.e.

If K1,K2 ∈ Ksym then αK1 + (1− α)K2 ∈ Ksym ∀ α ∈ [0, 1]. (6.16)

Because of the convexity of the subspace Ksym ⊂ K, the projection operation is
unique. It is not hard to verify that the part of K − KG that is removed by the
projection is perpendicular to the remainder KG, i.e.

(K−KG) :: KG = 0. (6.17)

This can be easily seen by expanding the right factor with the projector KG =
〈8〉
P ::

KG and associating it with the left factor. In conjunction, the orthogonality and the
uniqueness due to the convexity of the subset guarantee that the associated distance

between K and
〈8〉
PK is minimal. This has also been found by Gazis, Tadjbakhsh,

and Toupin (1963), Sec. 2.
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6.3 Minimization over the Euler angles

We have to minimize the distance between the arbitrarily oriented stiffness tetrad
and a chosen fixed reference symmetry class. The orientation is parameterized by
three Euler angles. We use the yaw-pitch-roll convention that rotates w.r.t. the
fixed axes firstly by α around ez, then β around ey and finally by γ around ex (see
Morawiec (2004) Sec. 2.4.1). This leads to a component form of the rotation tensor

Qα,β,γ =




cosα cos β − cos β sinα sin β

cos γ sinα cosα cos γ − cos β sin γ
+ cosα sin β sin γ − sinα sin β sin γ

− cosα cos γ sin β cos γ sinα sin β cos β cos γ
+ sinα sin γ + cosα sin γ




ei ⊗ ej. (6.18)

Again, the application of the Rayleigh product can be written as a linear mapping

Qα,β,γ ∗K =
〈8〉
Qα,β,γ :: K with an 8th order tensor which covers the rotation

〈8〉
Qα,β,γ = Qim|α,β,γQjn|α,β,γQko|α,β,γQlp|α,β,γei ⊗ ej ⊗ ek ⊗ el ⊗ em ⊗ en ⊗ eo ⊗ ep

(6.19)

6.4 Combination of projection and rotation

Finally, we combine the 8th order projection tensor
〈8〉
P and the 8th order rotation

tensor
〈8〉
Qα,β,γ to the final transformation

〈8〉
PQα,β,γ =

〈8〉
P ::

〈8〉
Qα,β,γ . (6.20)

In the projection
〈8〉
PQα,β,γ there are three unknown Euler angles α, β and γ. W.r.t. these

angles, the Frobenius norm on fourth order tensors of the difference between the ro-
tated K and the rotated and projected K has to be minimized. A sketch of the
orbit and the projection to the symmetry groups is given in Figure 6.2. This proce-
dure differs from Francois, Geymonat, and Berthaud (1998) since we first apply the
rotation and then determine the relative distance to the symmetry classes.

d = min
i,α,β,γ

‖
〈8〉
Qα,β,γ :: K∗ −

〈8〉
PQα,β,γ :: K∗‖, K∗ = K/‖K‖. (6.21)
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I

K∗ KIso

KCub

K∗
〈8〉
P :: K∗

〈8〉
Q

〈8〉
Q :: K∗

〈8〉
PQ :: K∗

d = ‖
〈8〉
Q :: K∗ −

〈8〉
PQ :: K∗‖

Figure 6.2: Schematic representation of the projection method. The paper plane
represents all stiffness tetrads, where we pick some specific K∗ = K/‖K‖.
The octagonal region is the subset of all cubic stiffness tetrads KCub,
w.r.t. fixed axes. Within this region, the solid circle region represents
the set of all isotropic stiffness tetrads KIso as a subset of the octagonal
region. The outer circle section is a part of the orbit of K under the
action of Orth+ depicted as the outer large dashed circle.

6.5 Distance to isotropy

In the case of isotropy, we have a continuous group with infinitely many members
and generators. Therefore we have to apply a different method for defining distances
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with the isotropy class. For this purpose, we use the isotropic projectors

K = λ1P1 + λ2P2, (6.22)

P1 =
1

3
I ⊗ I, (6.23)

P2 = I− P1, (6.24)

with I the identity tensor on symmetric second order tensors and the eigenvalues
λ1,2. The isotropic projectors map into isotropic 1- and 5-dimensional subspaces of
the space of symmetric second order tensors, namely the spherical and deviatoric
subspaces, respectively. Most important for our work is the fact that both of these
subspaces are closed under all proper rotations Q ∈ Orth+. Thus, from the dis-
cussion in the previous section we do not have to distinguish between a reference
symmetry group and all isomorphic symmetry groups in the isotropic case. Con-
sequently, the minimization over the three Euler angels is not needed and we can
directly apply directly the derived 8th order projector. Generalizing the sums from
the discrete sets to integrals (Morawiec, 2004), we get

〈8〉
Piso =

1

|Orth+|

∫

Orth+
QimQjnQkoQlpei ⊗ ej ⊗ ek ⊗ el ⊗ em ⊗ en ⊗ eo ⊗ epdQ

(6.25)

= P1 ⊗ P1 +
1

5
P2 ⊗ P2. (6.26)

6.6 Minimization procedure

The function value to be minimized is periodic due to the Euler angle parametriza-
tion. It is sufficient to consider the intervals α, γ ∈ [0, 2π) and β ∈ [−π/2, π/2] for
the three Euler angles. Especially when minimizing the distance of a highly symmet-
ric stiffness tetrad to a high symmetric symmetry class (e.g. both cubic), the actual
periodicity is much smaller than these intervals, and the global minimum has a large
number of equivalent solutions in terms of the Euler angles. The most anisotropic
case is when we seek the distance of a triclinic stiffness tetrad to the monoclinic
symmetry class. In this situation, the global minimum which we seek is two-fold due
to the one nontrivial symmetry operation in the monoclinic case (see Table 6.1 and
Fig. 6.3). In all other cases, the multiplicity will be larger than two. It is therefore
possible to halve the search interval without loss of information in general. However,
the reduction of the search domain in the Euler angle space is not trivial, see Jöchen
and Böhlke (2012). Nevertheless, in the case of the monoclinic and the transversely
isotropic distance functions, one can choose the symmetry group representation and
the parametrization of Orth+ by the Euler angles α, β and γ such that the distance
becomes independent of one of the Euler angles, see Diner, Kochetov, and M. Slaw-
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Figure 6.3: Minimization landscape when minimizing the distance d of a triclinic K
to the monoclinic symmetry class, with γ fixed and d depending only on
α (horizontal axes) and β (vertical axes). The local minima are colored in
blue, local maxima are colored in red. One can see the poles (β = ±π/2)
and a grid (black points) of the initial values for the local minimization.
The overall frequency of the extrema is π/8, but since they alternate, a
spacing of π/4 is sufficient to detect all the local minima. One can see
the presence of a two-fold global minimum.

inski (2011). To reduce the numerical effort, we apply these simplifications, detailed
in the supplementary material.

Further, it is a well known result from representation theory that at most a four-
fold rotational symmetry can be distinguished in tetrads (Böhlke and Brüggemann,
2001). For example, hexagonal materials and quasi-crystals with a five-fold symme-
try are not distinguishable from transversal isotropy in linear elasticity, but in case of
higher order theories, like strain gradient elasticity (Olive and Auffray, 2013, 2014).
Therefore, the frequencies at which the distance measure can oscillate over the Euler
angles is at most 2π/4/4, taking into account the potential fourfold symmetry of K
and of the symmetry group. For our practical purpose, this means that a fixed dis-
cretization of a starting point grid is sufficient to guarantee the finding of the global
minimum. This allows for an efficient and robust implementation. We employed
a gradient based downhill search method from a conservative starting point grid of
8×4×8 points in the space of Euler angles, with a spacing of π/8. It is clear that the
discretization of rotations in terms of Euler angles is not optimal. The equidistant
Euler angle grid results in cluster points in Orth+. To optimize the numerical effort,
one may use starting points that correspond to a fair discretization of Orth+, see,
e.g. Nawratil and Pottmann (2008). However, in our case, the additional effort is
not justified, since we have a small grid of starting points and apply the distance
minimization only to a few stiffness tetrads.
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6.7 Example applications

In the following subsections, we present the application of this method to determine
the distance of the stiffness tetrads. The following figures show the distance d of the
stiffness tetrad of the undeformed material K0 (dark grey) and the stiffness tetrad
of the deformed material after the different tests pushed forward to the current
stress-free placement F ∗ K1 (light grey) from the symmetry groups. The shape
of the undeformed and deformed material and its associated coordinate system is
illustrated on the right hand side of each figure.

6.7.1 Results for the uni-directionally reinforced material

We know that the uni-directional reinforcement results in an hexagonal symmetry of
the initial stiffness tetrad K0. We find this result for the dark grey bars of K0 with
d = 0% in all the resulting figures of this subsection. There is no distance to the
hexagonal symmetry group and to all other symmetry groups with less symmetry
namely trigonal, tetragonal, orthotropic and monoclinic.

Transverse fiber transport

We see the situation after a shear test with Hxy = 0.5 in Fig. 6.4. This deformation
causes a transport of the fibres relatively to each other. The fiber axis orientation
remains unchanged. For the cubic symmetry group, we find a distance of d = 31%
and the distance to the isotropic symmetry group is d = 33%. After the plastic
deformation, the stiffness tetrad has changed to K1. Following the results, it turns
out that the symmetry of the deformed material is almost orthotropic. The reason
is the shear number of Hxy = 0.5 which leads to a fiber arrangement close to one
above the other. The distance to the tetragonal symmetry is already d = 5% and
to the initial hexagonal symmetry of the undeformed material d = 8%. The same is
true for a shear deformation with Hyx = 0.5.

Fiber inclination

Fig. 6.5 shows the results after the shear test withHxz = 0.5 (also true forHyz = 0.5)
which leads to the change of the fiber axes orientation. During the deformation, the
symmetry remains nearly the same, namely hexagonal. The negligible distances
to the lower symmetry groups result from the fact that the inter-fiber distance is
slightly decreased due to the fiber inclination.
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Parallel fiber transport

In Fig. 6.6, we find exactly no change regarding the symmetry because the shear
Hzx = 0.5 test itself caused only a parallel shift of the fibres. There is no transport
of the fibers and no change of the axes. This is again true for the shear deformation
Hzy = 0.5.

Elongation tests

In case of a tension test with Hxx = 0.5 as depicted in Fig. 6.7, the material
symmetry becomes tetragonal with a distance of less than 5%. For the trigonal and
the initial hexagonal group, the distance results in about 5%. The same is true for
a tension test with Hyy = 0.5 because the hexagonal fiber arrangement is destroyed
during these deformations.

For a tension test in fiber direction, Hzz = 0.5, there is exactly no change of the
material symmetry because the fibers are only elongated along their axes.

Mixed mode test

The results for the last test calculation (Fig. 6.9) with a shear deformation of
Hxy = Hxz = 0.5 and a uniaxial tension of Hxx = 0.5 shows a similar behavior of the
symmetry change compared to the first test case with Hxy = 0.5 because the shear
in this direction leads to the biggest symmetry change. After the deformation, there
is a distance of around 5% to the trigonal and the hexagonal symmetry. But we find
that the material can be considered as tetragonal with a distance of only 2%.

To summarize, it turns out that the plastic deformation of the uniaxial deformed
material leads to a change of the symmetry of the stiffness tetrad. The initial stiff-
ness tetrad has the hexagonal symmetry. In all cases, the symmetry of the stiffness
tetrad K1 after the deformation is at least orthotropic. The distance to the tetrago-
nal, trigonal and hexagonal symmetry groups remains in the range between 0% and
8%.



6 Distance of a stiffness tetrad to the symmetry classes of linear elasticity 74

F ∗K1

K0

0

5

10

15

20

25

30

d [%]

monoclinic
orthotropic

tetragonal
trigonal

hexagonal
cubic

isotropic

X

Y

Z

X

Y

Z

Figure 6.4: Distance d to the symmetry groups after the deformation Hxy = 0.5
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Figure 6.5: Distance d to the symmetry groups after the deformation Hxz = 0.5
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Figure 6.6: Distance d to the symmetry groups after the deformation Hzx = 0.5
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Figure 6.7: Distance d to the symmetry groups after the deformation Hxx = 0.5



6 Distance of a stiffness tetrad to the symmetry classes of linear elasticity 76

F ∗K1

K0

0

5

10

15

20

25

30

d [%]

monoclinic
orthotropic

tetragonal
trigonal

hexagonal
cubic

isotropic

X

Y

Z

X

Y

Z

Figure 6.8: Distance d to the symmetry groups after the deformation Hzz = 0.5

F ∗K1

K0

0

5

10

15

20

25

30

d [%]

monoclinic
orthotropic

tetragonal
trigonal

hexagonal
cubic

isotropic

X

Y

Z

X

Y

Z

Figure 6.9: Distance d to the symmetry groups after the deformation Hxy = Hxz =
0.5 and Hxx = 0.5



6 Distance of a stiffness tetrad to the symmetry classes of linear elasticity 77

6.7.2 Results for the bi-directionally reinforced material

The undeformed bi-directionally reinforced material K0 has the tetragonal symmetry
(see Fig. 6.10).

Shear in the fiber plane

After the shear test Hxy = 0.5, the material can be considered as orthotropic because
the distance d for K1 is 15,5% to the tetragonal symmetry but less than 1% to the
orthotropic symmetry group. Similar results are obtained by the shear deformation
Hyx = 0.5. The reason for the large distance to the initial tetragonal symmtry is the
change of the angle between the fibers during the deformation.

Shear parallel to the fibers

In Fig. 6.11, we find that the material nearly remains tetragonal with a distance
of less than 3% after the deformation Hxz = 0.5 (also true for the deformation
Hyz = 0.5). This is because the angle between the fibers does not change during this
shear deformation in contrast to the foregoing deformation.

Fiber plane inclination

For the deformations Hzx = 0.5 (see Fig. 6.12) and Hzy = 0.5, the distance to the
initial tetragonal symmetry group also remains in the range of less than 3% which
again results from the unchanged angle between the fibers. The results differ slightly
from the foregoing case since the planes spanned by the fibers come closer together
in the present case. Additionally, one fiber gets stretched, while the other is only
displaced transversally.

Elongation tests

In Fig. 6.13, the material symmetry has to be considered as trigonal after the
elongation Hxx = 0.5 because the distance to the tetragonal group is nearly 5%. The
reason is that after the deformation the spacing between the fibers in y direction is
larger than the spacing between the fibers in x direction. The same is true for an
elongation test in y direction.
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Only in the case of an elongation test in z direction as depicted in Fig. 6.14, the ma-
terial symmetry remains unchanged after the deformation because the fiber spacing
changes simultaneously and remains the same in both x and y directions.

Mixed mode test

The deformation with shear Hxy = Hxz = 0.5 and uniaxial tension Hxx = 0.5 in Fig.
6.15 results in an orthotropic material. The distance to the tetragonal symmetry
group is about 15%.

Summarizing, the initial elastic behavior of the bi-directionally reinforced material
is tetragonal. The material remains at least orthotropic after different deformations.
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Figure 6.10: Distance d to the symmetry groups after the deformation Hxy = 0.5
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Figure 6.11: Distance d to the symmetry groups after the deformation Hxz = 0.5
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Figure 6.12: Distance d to the symmetry groups after the deformation Hzx = 0.5
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Figure 6.13: Distance d to the symmetry groups after the deformation γxx = 0.5
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Figure 6.14: Distance d to the symmetry groups after the deformation γzz = 0.5
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Figure 6.15: Distance d to the symmetry groups after the deformation Hxy = Hxz =
0.5 and εxx = 0.5

6.7.3 Results for the tri-directionally reinforced material

The initial stiffness tetrad K0 of the tri-directionally reinforced material has a cubic
symmetry. We find a distance of about 7% to the hexagonal and about 12% to the
isotropic symmetry group for the dark grey bars of K0 in the following three Figures
6.16 to 6.18. The trigonal symmetry is included, as the three-fold rotation around
the cube’s space diagonal is a symmetry operation.

Shear tests

Fig. 6.16 shows that after a shear test Hxy = 0.5 (true for all other shear tests
with shear direction and shear plane normal parallel to the fiber axes) the material
becomes orthotropic with a distance of only 1% to this group. The distances are
around 10% to all other higher symmetry groups including the initial cubic one.

Elongation tests

By elongating the material parallel to a fiber (example depicted in Fig. 6.17) with
Hxx = 0.5, the distance to the cubic symmetry group increases but remains below
5%. The same is true for the trigonal and tetragonal symmetry groups. The reason
is that the fiber spacing is not the same in all three directions after the deformation.
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Mixed mode test

The deformation with shear Hxy = Hxz = 0.5 and uniaxial tension Hxx = 0.5 in Fig.
6.18 results in a triclinic material because the distance to all material symmetry
groups is clearly larger than 5%.
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Figure 6.16: Distance d to the symmetry groups after the deformation Hxy = 0.5
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Figure 6.17: Distance d to the symmetry groups after the deformation Hxx = 0.5
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Figure 6.18: Distance d to the symmetry groups after the deformation Hxy = Hxz =
0.5 and Hxx = 0.5

6.8 Summary

In this chapter, we present a fast algorithm to determine the distance of a measured
stiffness tetrad to all possible symmetries of an elastic stiffness tetrad. Using a
projection method, we build up an 8th order tensor covering all group elements of
the chosen group. Applying this projector to a measured stiffness tetrad, we only
have to minimize over the orientation of the symmetry axis and therefore only over
the three Euler angles. Using this method, we investigated the uni-, bi- and tri-
directionally reinforced material.

In all cases, the distance measures corresponded well to the apparent symmetry
classes. For example, all bi-directionally reinforced materials (Subsection 6.7.2) are
very close to the orthotropic symmetry group. The deviations are due to inhomo-
geneous deformations inside the RVE, while the general closeness to the orthotropic
symmetry group is due to the fact that in any bi-directional material with equal
fiber properties, three orthogonal directions can be found, namely the fiber plane
normal and the two angle bisectors. Other tests of plausibility, like the presence
of trigonal symmetry around the 111-direction in an orthogonal tri-directional fiber
arrangement in the (100) directions are captured as well (Subsection 6.7.3).

The proposed methodology relies on the robust determination of the global minimum
of the distance measure over the orientation in terms of Euler angles. Since there
are local minima, a simple gradient approach starting from one point is not suffi-
cient, and precautions must be taken to ensure the finding of the global minimum.
However, this is not hard. As the Euler angle space is periodic and may be further
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reduced by invoking symmetries from the groups to which the stiffness is projected,
it is sufficient to consider a small minimization domain. This is confirmed by the
fact that we never observed results that are contradictory to the group inclusion
schemes, i.e. the distance to the tetragonal group was always smaller or equal to the
distance to the cubic group, which makes us confident that the presented scheme is
well applicable in an algorithmic manner.
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7 Modeling on the macro-scale

In Chapter 5, we presented a method to determine the stiffness tetrads before and
after large plastic strains. The results show that the stiffness tetrad changes sig-
nificantly, and that this change cannot be predicted by the plastic transformation
P C of the isomorphy concept. Therefore, we decide to use the theory of Material
Plasticity (see Chapter 2, Eq. (2.25))

2PK

T =
1

2
(P CPK) ∗K :

(
C − P−T

C P−1
C

)
(7.1)

using two different plastic transformations P C and PK. When we think of the form
of the evolution laws for PK and P C, we need to distinguish the scales. On the micro-
scale in the RVE, we locally use the von Mises flow rule, which is thermodynamically
consistent. On the macro-scale, the empirical evolution of PK alone is not enough
to assess the thermodynamic consistency. Due to P C = F−1, i.e. F e = I, we have
a rigid plastic process in which, somewhat paradoxically, we track the evolution of
the stiffness indirectly by tracking the evolution of PK. In the present form, the
approach is only applicable when the strain process is given. This may be enough
for estimating the stiffness evolution in a forming process. To use the approach in
a boundary value problem, we have to drop the simplification P C = F−1 to be able
to calculate stresses and search the equilibrium. In that case, we need to complete
the set of equations by adding a flow rule for the evolution of P C, for example by
flow in direction of maximum plastic dissipation. Then thermodynamic consistency
may be checked. On a side note, we believe that the approach is thermodynamically
safe for reasonable flow rules. In any case, errors due to the potential violation of
thermodynamic consistency are probably much smaller than errors due to the overall
simplicity of the approach.

7.1 Evolution of the transformation P C

Following our assumptions, we have only small elastic strains. This directly leads us
to the major simplification that

P C ≈ F−1 . (7.2)
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This simplification has already been underpinned by the results of Chapter 5. The
difference between P C and F−1 is very small and a result of the difference of order
of magnitude between the yield stress σF and the Young’s modulus E in the two
phases.

7.2 Finding a suitable transformation for PK

The aim is to finally develop an evolution equation for the transformation PK of the
stiffness tetrad K. To find this evolution equation, we want to study different pos-
sibilities. The first and one of the easiest approaches will be to choose PK = P C

−1.
This would mean that the stiffness tetrad does not transform during a plastic trans-
formation in contrast to the unloaded placement which will transform accordingly to
P C. The second choice will be PK = I. This is the known isomorphy case and we
already know that this approach will fail. For small plastic transformations, we can
expect only a slight deviation while for large plastic deformations it will increase.
The third possibility, we want to study, is to numerically fit a second-order tensor P
modifying the known transformation P C. We will use two different sets of non-zero
components. The numerically best fit is calculated with a minimization procedure
in Mathematica. In the first case, we choose to take all possible nine components of
a second-order tensor and call it PK = P num

9 with

P num
9 =



Pxx Pxy Pxz
Pyx Pyy Pyz
Pzx Pzy Pzz


 ei ⊗ ej . (7.3)

If the scalar contraction of P C with a second-order tensor is able to track the evolu-
tion of the stiffness tetrad, we will get the exact results for the numerical fit of this
choice. The second choice is to consider only the main diagonal components and call
this transformation PK = P num

3

P num
3 =



Pxx 0 0
0 Pyy 0
0 0 Pzz


 ei ⊗ ej . (7.4)

This means, we limit the field of application to materials having their anisotropic
axes perpendicular to each other, where the directions of anisotropy are along ei.
The main point of this idea is that PK transforms the original stiffness tetrad K0

in the reference placement. Only afterwards, the transformation P C is applied. To
compare the different choices, we choose the tri-directionally reinforced material as
example material. The material properties are the same as in the foregoing sections.
We perform a shear test, a tensile test and the combined test of two shears and one
tension and compare the deviation of the initial stiffness K0 and the stiffness K1 after
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Figure 7.1: Deviation of the measured stiffness tetrad from the respective modeling
approach for the tri-directional reinforcement. The choice PK = P C

−1

is clearly the worst, followed by elastic isomorphy PK = I. With P num
3

having three degrees of freedom a significant improvement is reached.
The improvement using P num

9 with 9 free values is not much better.
The analytical approach P ana

3 is almost as good as the corresponding
numerical fit P num

3 with 3 parameters.

the deformation (see Chapter 5). The deviation of the measured stiffness tetrad from
the respective modeling approach for the tri-directional reinforcement is depicted in
Fig. 7.1. The choice PK = P C

−1 is clearly the worst. There is no agreement if
we do not transform the initial stiffness tetrad after such large deformations. With
the approach of elastic isomorphy PK = I, we find still a large deviation for the
shear test and the combined test. In this case, the anisotropy of the stiffness tetrad
is changed during the deformation. During the tensile test, the choice of PK = I
works because during this deformation the symmetry of the material is not changed.
Using the transformation PK = PK3 with the three degrees of freedom, a significant
improvement is reached. The improvement using P num

9 is not much better. The
main results of this section are: Firstly, it turns out that it is possible to approximate
the evolution of the stiffness tetrad with sufficient accuracy using one second-order
tensor. Secondly, we find the best compromise between accuracy and effort with
PK=P num

3 .
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7.3 Evolution of the transformation PK

To derive an analytical evolution equation for Ṗ
ana
3 , we use the pull-back Lref =

F−1LF of the velocity gradient L = Ḟ F−1, motivated by the fact that the fiber
directions are constant in the reference placement

Lref = F−1Ḟ . (7.5)

There is no direct physical interpretation for the pull-back of the velocity gradient,
just like there is no direct physical interpretation for the reference placement or any
other quantity that is pulled back. Nevertheless, they are mathematical auxiliary
quantities that may be used. The main purpose of such pulled back material quan-
tities is to formulate constitutive laws in accordance with the principles of material
modeling, specifically the principle of invariance under superimposed rigid body mo-
tions. For this reason, the St. Venant-Kirchhoff law is used, with K0 defined in the
reference placement. Consequently, when modifying the elastic law, we need to do
it in the reference placement. But, of course, the actual deformation determines its
evolution. Hence, we need to realize some kind of pull-back of a kinematic variable
to model the evolution of K0. We could also have used a push-forward of the elastic-
ity law where the evolution of F ∗K0 is tracked, but then we would mix the change
of K due to rigid rotations with the change due to the deformation. It is precise
for this separation of effects that we describe the evolution of K0 in the reference
placement.

Since we want to make the approach as simple as possible, it should be linear. In
Chapter 5, we have seen that shear has the greatest influence on the anisotropy
change. Looking at a single fiber, there is always transverse isotropy. Hence the
shear directions in the cross-sectional plane are equal, we determine the shear rate
by the theorem of Pythagoras to get the amount of the shear rate. To derive the
evolution of the three main diagonal entries of

Ṗ
ana
3 =



Ṗxx 0 0

0 Ṗyy 0

0 0 Ṗzz


 ei ⊗ ej , (7.6)

we take the Euclidean norm of the corresponding components of Lref following Eq.
(7.7)

Ṗii = ki

√
Lref 2
i+1 i + Lref 2

i+2 i . (7.7)

This gives basically the magnitude of the shear rate in the plane with normal vector
ei. The simulations have shown that this is the most dominant contribution to
the evolution of the stiffness tetrad, see Section 5.5, Eq. (5.15). It implies that
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the inclination of the fiber due to shear is the same in any shear direction. The
coefficients ki depend on the material parameters and on the volume fractions of the
fibers in direction i (ki = 0 if there is no fiber in direction i). The indices i+ 1 and
i+ 2 are taken modulo 3 which results in

Ṗxx = k1

√
Lref 2
yx + Lref 2

zx (7.8)

Ṗyy = k2

√
Lref 2
zy + Lref 2

xy (7.9)

Ṗzz = k3

√
Lref 2
xz + Lref 2

yz . (7.10)

We have to determine the coefficients for the chosen material once. Therefore, we
use RVE calculations for the three characteristic shear tests Hyx (k1), Hxy (k2) and
Hxz (k3) and take the ith entry in the numerically best P num

3 for ki. We verified the
analytical evolution equation of PK by using the new strain path of the mixed test
Hxy, Hxz andHxx. Afterwards we used these constants to calculate all other tests. In
Fig. 7.1, we finally show the results of the analytically calculated PK=Pana

3 . It turns
out that the analytical solution is very close to the numerical best P num

3 . This is a
highly satisfying result because the assumptions and simplifications we made were
extensive. First, we assumed that a second-order tensor connected with the Rayleigh
product to the fourth-order stiffness tetrad is enough to capture the evolution of the
stiffness tetrad during a symmetry changing deformation. Secondly, we reduced
the number of free components within the second-order tensor from nine to three
in order to be able to find an analytical evolution equation which is easy to access.
Our approach clearly gives better results than the known isomorphy concept and the
multiplicative decomposition where the material stiffness transforms accordingly to
the stress-free placement. In Table 7.1, we provide the results of all three different
materials and ten different tests.

7.4 Evolution of the values and eigenvalues of the
stiffness tetrad

Finally, we like to represent and discuss the evolution of the stiffness tetrad during
the transformation with the chosen second-order tensor P ana

3 . For this purpose,
we use the shear test Hxz on the uni-directional reinforced material as depicted in
Fig. 7.2. We will analyze the 21 different components of the stiffness tetrad itself
and additionally the six Eigenvalues of the stiffness tetrad. In Fig. 7.3, we see the
change of the components during the shear test. Additionally, we show the index
arrangement of the Voigt notation for a stiffness tetrad K, the absolute values of K0

and K1 in Fig. 7.4.
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Figure 7.2: Shear test Hxz = 0.5 on the uni-directional reinforced material

Because the shear test is in the 1-3 plane we see the largest change in the components
“xxxx” and “zzzz” marked in dark red, in the components containing two times “x”
and “z” namely “xxzz” and “xzxz” marked in red and in the two components “xxxz”
and “zzxz” marked in light red. All other components containing at least one time
the second index are marked in blue. In dark blue, we marked the components with
a large change of nearly 100%. These components were zero in the initial stiffness
K0 and changed to some big value in K1. The components are “yyxz” and “xyyz”.
The components with a medium change are “xxyy”, “yyzz”, “xyxy” and “yzyz” and
are marked in blue. The component “yyyy” has an initial value but zero change
and is marked in light blue. All values with a zero initial value and zero change are
marked in black and are “xxxy”, “yyxy”, “zzxy”, “xyxz”, “xxyz”, “yyyz”, “zzyz” and
“xzyz”.
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Figure 7.3: Evolution of the components of the stiffness tetrad of the uni-directional
reinforced material during a shear test Hxz.
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Kij =




xxxx xxyy xxzz xxxy xxxz xxyz
yyyy yyzz yyxy yyxz yyyz

zzzz zzxy zzxz zzyz
xyxy xyxz xyyz

xzxz xzyz
sym yzyz




K0 =




35 14 15 0 0 0
35 15 0 0 0

73 0 0 0
21 0 0

23 0
sym 23




GPa Bi ⊗Bj

K1 =




53 16 25 0 -30 0
35 12 0 -8 0

51 0 -36 0
26 0 -9

44 0
sym 19




GPa Bi ⊗Bj

Figure 7.4: Matrices: Evolution of the components of the stiffness tetrad of the uni-
directional reinforced material during a shear test Hxz.
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Figure 7.5: Evolution of the Eigenvalues of the stiffness tetrad of the uni-directional
reinforced material during a shear test Hxz.
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In Fig. 7.5, we additionally investigated the evolution of the Eigenvalues during the
deformation. We sorted them in descending order from the largest one (dark red)
to the smallest one (dark blue). Because the Eigenvalues are free of any rotation we
clearly see that the stiffness tetrad evolves and the symmetry changes.

7.5 Summary

In this Chapter, we found that it is possible to predict the evolution of the stiff-
ness tetrad during large deformations using one second-order tensor PK within the
equation of our Material Plasticity theory:

2PK

T =
1

2
(P CPK) ∗K :

(
C − P -T

C P
−1
C

)
. (7.11)

We found an analytical evolution equation to predict this tensor PK with only three
free variables. This is valid for a class of fiber reinforced materials having fiber angles
of 90◦ with a sufficient accuracy.
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Deformation PK Uni-directional Bi-directional Tri-directional

tension Hxx

P C
−1 133.0 91.8 97.9
I 5.3 4.5 2.5
P ana

3 5.3 4.5 2.5
P num

3 1.4 1.1 1.0
P num

9 1.4 1.1 0.9

tension Hyy

P C
−1 99.5 91.8 97.9
I 3.21 4.5 2.5
P ana

3 3.2 4.5 2.5
P num

3 1.7 1.1 1.0
P num

9 1.7 1.1 0.9

tension Hzz

P C
−1 90.6 115.4 97.9
I 0.1 2.1 2.5
P ana

3 0.1 2.1 2.5
P num

3 0.1 1.2 1.0
P num

9 0.1 1.2 0.9

shear Hxy

P C
−1 67.3 68.0 59.6
I 7.7 23.6 22.6
P ana

3 6.2 7.5 6.8
P num

3 4.3 6.4 6.1
P num

9 3.8 3.6 1.9

shear Hyx

P C
−1 68.8 68.2 59.6
I 5.7 23.5 22.6
P ana

3 5.6 6.9 6.8
P num

3 3.7 6.3 6.1
P num

9 2.6 3.5 1.9

shear Hxz

P C
−1 67.2 56.1 59.6
I 35.2 1.5 22.6
P ana

3 14.2 1.5 6.8
P num

3 14.2 0.8 6.1
P num

9 1.1 0.6 1.9

shear Hzx

P C
−1 66.2 57.9 59.6
I 0.5 29.4 22.6
P ana

3 0.4 11.4 6.8
P num

3 0.1 11.2 6.1
P num

9 0.0 1.4 1.9

shear Hyz

P C
−1 65.8 56.8 59.6
I 36.6 1.7 22.6
P ana

3 15.1 1.7 6.8
P num

3 14.7 0.6 6.1
P num

9 0.9 0.4 1.9

shear Hzy

P C
−1 66.3 57.9 59.6
I 0.5 29.4 22.6
P ana

3 0.4 13.0 6.8
P num

3 0.1 11.2 6.1
P num

9 0.0 1.4 1.9

mix Hxy, Hxz, Hxx

P C
−1 128.8 117.1 109.5
I 33.5 22.6 33.7
P ana

3 14.3 7.7 12.3
P num

3 13.8 7.4 10.6
P num

9 3.2 2.9 3.6

Table 7.1: Overview of the deviation ||K1−P CPK ∗K0|| / ||K1|| in % of the stiffness
tetrads for the four suggested choices of PK (P C

−1, I, P num
3 and P num

9 )
and the analytical P ana

3 for the three RVEs. The value of γ and ε is 0.5.
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8 Summary and outlook

Summary In Chapter 1, we introduced the topic of the work and explained the
structure of the following thesis. An overview of similar works was presented to help
better understand the work. Additionally, a notation section and a list of frequently
used symbols were provided.

In Chapter 2, we postulated a general equation for different plasticity theories. We
explained two different ways to access this general equation. First, we started with
the multiplicative decomposition of the deformation gradient. The second access to
our theory was given by the isomorphy concept. We formulated four special cases
for the obtained general equation and summarized them. One of the special cases
is the so called Material Plasticity theory. Here, we allowed a different evolution of
the material symmetry within the stiffness tetrad and of the stress-free placement.
We were also able to account for an evolution of the stiffness tetrad. The special
case of fibers moving as material line elements was examined more closely.

We set up a numerical laboratory in Chapter 3. We introduced RVEs for modeling
a uni-directional, bi-directional and tri-directional material. They all have different
material symmetries namely transversal isotropic, tetragonal and cubic. We used
the finite element code Abaqus in combination with the scripting language Python.
It is possible to automate the generation of the RVEs with different parameters using
the Python scripts.

In Chapter 4, an elastic-plastic material model for large deformations using the iso-
morphy concept on the micro-scale was used for the RVE calculations. The elastic
behavior was captured by the St. Venant-Kirchhoff elasticity and the plastic behav-
ior by the mentioned isomorphy concept. The yield condition follows the isotropic
J2 theory by Huber and von Mises. The yield criterion was written in terms of the
principle of maximum plastic dissipation. We applied different material parameters
within this model for the matrix and the fiber phase. The model was validated
regarding the elastic and plastic material behavior.

We implemented and validated a method to measure material stiffness tetrads in
Chapter 5. It is based on the difference quotient. The results lead us to our Material
Plasticity theory as discussed in Chapter 2. We saw the need of a second-order
tensor PK which transforms between K1 and K0. It will predict the evolution of
the stiffness tetrad during a plastic deformation of an anisotropic material which



8 Summary and outlook 95

changes the material symmetry. For these calculations, we used the finite element
program Abaqus with its scripting language Python. The computer algebra system
Mathematica was used for the post-processing.

In Chapter 6, we presented a fast algorithm to determine the distance of a mea-
sured stiffness tetrad to all possible symmetries of an elastic stiffness tetrad (Weber,
Glüge, and Bertram, 2019). Using a projection method, we build up an 8th order
tensor covering all group elements of the chosen group. Applying this projector to
a measured stiffness tetrad, we only had to minimize over the orientation of the
symmetry axis and therefore only over the three Euler angles.

In the last Chapter 7, we found that it is possible to predict the evolution of the
stiffness tetrad during large deformations using one second-order tensor PK within
the equation of our Material Plasticity theory:

2PK

T =
1

2
(P CPK) ∗K :

(
C − P -T

C P
−1
C

)
. (8.1)

We ascertained an analytical evolution equation to predict this tensor PK with only
three free variables. This is valid for a class of fiber reinforced materials having fiber
angles of 90◦ with a sufficient accuracy (see Weber, Glüge, and H. Altenbach (2020)
and Weber, Glüge, and Bertram (2017)).

Outlook Finally, we like to give an outlook. With our theory, we are able to
predict the evolution of the stiffness tetrad during large plastic deformations. For
this purpose, we finally used a second-order tensor with three free variables which is,
for us, the best compromise between accuracy and applicability. For more accurate
results or materials with a microstructure different to our 90◦ scheme, one could use
more free variables. It is possible to enhance the theory in this direction.

We assumed small elastic deformations, such that it is sufficient to account only for
the quadratic term in the strain energy. It would be possible to present our proposal
with a general potential as mentioned in Section 2.2. A generalization could be
obtained by a series expansion of the strain energy. One could then approach the
change of all higher-order K tensors similar to our strategy for K (4th order). It
would be interesting to assess the quality of such an approach, but this is beyond
the scope of our work.

We neglected viscosity, relaxation and the like. This is a strength of the method
and a necessary simplification in our theory. If we mix too many effects it will not
be possible to identify individual contributions to the overall behavior. Here, we are
concerned with the evolution of the elastic anisotropy due to a fiber reorientation
due to plasticity. After having identified a reasonable approach and finding the
parameters, it is possible to construct a more sophisticated model, for example, by
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adding a viscous contribution or hardening. But for identification purposes, we need
to consider only the effect that we seek to model.

It would be interesting to apply the material model to other materials or material
mechanism as mentioned in the introduction. This could be twinning in crystals
(Christian and Mahajan (1995), Glüge (2009)) or elastic damage mechanisms with
an Ansatz where the damage causes a weakening of the elastic properties leads to
a modification of the stiffness tetrad of the material. Also materials with lamella
structure which for example occur during the solidification of grey cast iron (Berns
and Theisen (2008), Bertolino and Perez-Ipiña (2006), Park and Verhoeven (1996))
could be one field of application. The occurrence of lamellae is also observed in
eutectic copper-silver-alloys which are used as a conductor material for magnets
(Dodla, Bertram, and Krüger (2015), Grünberger, Heilmaier, and Schultz (2001),
Sakai, Inoue, Asano, Wada, and Maeda (2001)). For such materials, an initially
cubic elastic law can result in an elastic law with less symmetry or also a triclinic
one. One can also investigate the third special case within our general equation for
plasticity theories. Here, it is possible to describe evolving material properties.
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Appendix A

Python script to generate the
different RVEs

A.1 Build RVEs “0_rve.py”

# ======================================================================
# RVE subrout ine , a b l e to generate 5 d i f f e r e n t RVE types with p a r t i a l l y
# d i f f e r e n t boundary condi t ions , e lement s i z e s and shapes
# ======================================================================
print ’=========================================================’
print ’ S ta r t RVE subrout ine ’
print ’=========================================================’
t0abs = time . time ( ) ;
# CPU number
cpunumber = ’ 1 ’
# Set RVE type
typ = ’U ’
# Set type o f boundary cond i t i on
rb = ’PBC’
# Set element s i z e
e l e = 0 .10
# Set element shape HEX, WEDGE, TET
e l e shape = ’HEX’
# Element type Hex : l i n : C3D8 quad : C3D20
# Wedge : l i n : C3D6 quad : C3D15
# Tet : l i n : C3D4 quad : C3D10
# Set element type
e l e typ = ’C3D20 ’
# ======================================================================
# Element type T1F: 1 square f i b e r in x d i r e c t i on
# t e t r a gona l symmetry
# ======================================================================
i f typ == ’T1F ’ :

print ’=========================================================’
print ’ Element type T1F : 1 square f i b e r in x d i r e c t i o n ’
print ’=========================================================’
####################################################################
#Faserradius
r f 1 =3.
r f 2 =3.
r f 3 =3.
#RVE th i c kne s s d
drve= 10 .
#Number o f un i t c e l l s
XNUC=1
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YNUC=1
ZNUC=1
#Calcu la t e COOS
movex = −0.5∗(XNUC−1.)
movey = −s q r t ( 3 . ) /2 .∗ (YNUC−1.)
#Area A0
#A0 = fa1 ∗ fa2 ∗ s in ( ang lerad )
#A0 = fa1 ∗YNUC∗ fa2 ∗XNUC
#Volume V0
V0 = drve∗drve∗drve
#Alt , nur noch fuer namen
seed = [ ]
seed . append (XNUC)
######################################################################
# fa s e r i npu t . t x t anlegen
######################################################################
inpname = ’RVE_%s_%s_%s_ele%s_%s ’ %(typ , ’X ’+str (XNUC)+’Y ’+str (YNUC)+’Z ’+str (

ZNUC) , rb , str ( e l e ) . r ep l a c e ( ’ . ’ , ’ ’ ) , extname )
print inpname
f = open( inpname+’ _f iber input . txt ’ , ’w ’ )
f . wr i t e ( ’CPU number : \ n ’ )
f . wr i t e ( ’%s \n ’ %(cpunumber ) )
f . wr i t e ( ’Type o f RVE:\ n ’ )
f . wr i t e ( ’%s \n ’ %(typ ) )
f . wr i t e ( ’Type o f boundary cond i t i on : \ n ’ )
f . wr i t e ( ’%s \n ’ %(rb ) )
f . wr i t e ( ’ Element s i z e [ e l e ] : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( e l e ) )
f . wr i t e ( ’ Element shape : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e shape ) )
f . wr i t e ( ’ Element type : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e typ ) )
f . wr i t e ( ’ Radius f i b e r 1 :\ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( r f 1 ) )
f . wr i t e ( ’ Distance f i b e r 1 :\ n ’ )
#f . wr i t e ( ’%.3 f \n ’ %(fa1 ) )
#f . wr i t e ( ’ Radius f i b e r 2:\n ’)
#f . wr i t e ( ’%.3 f \n ’ %(r f 2 ) )
#f . wr i t e ( ’ Distance f i b e r 2:\n ’)
#f . wr i t e ( ’%.3 f \n ’ %(fa2 ) )
#f . wr i t e ( ’ Layer Distance :\n ’)
#f . wr i t e ( ’%.3 f \n ’ %( l a ) )
f . wr i t e ( ’RVE th i ckne s s d : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %(drve ) )
#f . wr i t e ( ’ Angle between f i b e r s :\n ’)
#f . wr i t e ( ’%.3 f \n ’ %(ang le ) )

f . wr i t e ( ’ Displacement Gradient \n ’ )
f . wr i t e ( ’H0 : \ n ’ )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 0 ] [ 0 ] ) , str (H0 [ 0 ] [ 1 ] ) , str (H0 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 1 ] [ 0 ] ) , str (H0 [ 1 ] [ 1 ] ) , str (H0 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 2 ] [ 0 ] ) , str (H0 [ 2 ] [ 1 ] ) , str (H0 [ 2 ] [ 2 ] ) ) )

f . wr i t e ( ’Name o f input f i l e \n ’ )
f . wr i t e ( inpname )
f . wr i t e ( ’ \n ’ )
f . c l o s e ( )
####################################################################
# Generate model
####################################################################
# Close open model
Mdb( )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=None )
s e s s i o n . journa lOpt ions . s e tVa lues ( replayGeometry=COORDINATE, recoverGeometry=

COORDINATE)
# Sect ion
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mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber1 ’ , mate r i a l=’ Fiber1 ’ ,
t h i c kne s s=None )

mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber2 ’ , mate r i a l=’ Fiber2 ’ ,
t h i c kne s s=None )

mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber3 ’ , mate r i a l=’ Fiber3 ’ ,
t h i c kne s s=None )

mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Matrix ’ , mate r i a l=’ Matrix ’ ,
t h i c kne s s=None )

# Build rhombus and f i b e r s
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . s e tVa lues ( sect ionAss ignments=OFF,

eng inee r ingFea tu r e s=OFF)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . geometryOptions . s e tVa lues (

r e f e r en c eRep r e s en ta t i on=ON)
s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=STANDALONE)
s . r e c t ang l e ( po int1 =(−5.0 , 5 . 0 ) , po int2 =(5.0 , −5.0) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−1 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . BaseSol idExtrude ( sketch=s , depth =5.0)
s . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( nearPlane =22.3108 ,

f a rP lane =40.9522 , width =31.4415 , he ight =10.6695 , cameraPos it ion=(
28 .8266 , 4 .06394 , −9.87444) , cameraUpVector=(−0.374061 , 0 .881389 ,
0 .288499) )

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f , e = p . f ace s , p . edges
t = p . MakeSketchTransform ( sketchPlane=f . f indAt ( coo rd ina t e s =(−1.666667 ,

1 .666667 , 0 . 0 ) ) , sketchUpEdge=e . f indAt ( coo rd ina t e s =(−5.0 , 2 . 5 , 0 . 0 ) ) ,
sketchPlaneS ide=SIDE1 , ske t chOr i en ta t i on=RIGHT, o r i g i n =(0.0 , 0 . 0 , 0 . 0 ) )

s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =28.28 , g r idSpac ing =0.7 , trans form=t )

g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s1 , f i l t e r=COPLANAR_EDGES)
s1 . r e c t ang l e ( po int1 =(−5.0 , 5 . 0 ) , po int2 =(5.0 , −5.0) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f1 , e1 = p . face s , p . edges
p . Sol idExtrude ( sketchPlane=f1 . f indAt ( coo rd ina t e s =(−1.666667 , 1 .666667 , 0 . 0 ) ) ,

sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(−5.0 , 2 . 5 , 0 . 0 ) ) ,
sketchPlaneS ide=SIDE1 , ske t chOr i en ta t i on=RIGHT, sketch=s1 , depth =5.0 ,
f l i pEx t rudeD i r e c t i on=OFF)

s1 . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ I s o ’ ] )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f , e , d1 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform ( sketchPlane=f . f indAt ( coo rd ina t e s =(−1.666667 , 5 . 0 ,

3 .333333) ) , sketchUpEdge=e . f indAt ( coo rd ina t e s =(5.0 , 5 . 0 , −1.25) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(0.0 , 5 . 0 , 0 . 0 ) )

s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =34.64 , g r idSpac ing =0.86 , trans form=t )

g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s , f i l t e r=COPLANAR_EDGES)
s . r e c t ang l e ( po int1 =(−2.5 , 2 . 5 ) , po int2 =(2.5 , −2.5) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt (((−1.666667 , 5 . 0 , 3 .333333) , ) )
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e1 , d2 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(5.0 , 5 . 0 , −1.25) ) ,

f a c e s=pickedFaces , sketch=s )
s . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt (((−0.833333 , 5 . 0 , 0 .833333) , ) )
e , d1 = p . edges , p . datums
pickedEdges =(e . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , 1 . 2 5 ) ) , e . f indAt ( coo rd ina t e s=(

1 . 25 , 5 . 0 , 2 . 5 ) ) , e . f indAt ( coo rd ina t e s =(2.5 , 5 . 0 , −1.25) ) , e . f indAt (
coo rd ina t e s =(−1.25 , 5 . 0 , −2.5) ) )

p . Part it ionCel lByExtrudeEdge ( l i n e=e . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 5 . 0 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=FORWARD)

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f1 , e1 , d2 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform ( sketchPlane=f1 . f indAt ( coo rd ina t e s =(5.0 , 1 .666667 ,

3 .333333) ) , sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(5.0 , −2.5 , −5.0) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(5.0 , 0 . 0 , 0 . 0 ) )

s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =34.64 , g r idSpac ing =0.86 , trans form=t )

g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s1 , f i l t e r=COPLANAR_EDGES)
s1 . r e c t ang l e ( po int1 =(−2.5 , 2 . 5 ) , po int2 =(2.5 , −2.5) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt ( ( ( 5 . 0 , 1 .666667 , 3 .333333) , ) )
e , d1 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e . f indAt ( coo rd ina t e s =(5.0 , −2.5 , −5.0) ) ,

f a c e s=pickedFaces , sketch=s1 )
s1 . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt ( ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 ,

0 .833333) , ) )
e1 , d2 = p . edges , p . datums
pickedEdges =(e1 . f indAt ( coo rd ina t e s =(5.0 , −1.25 , 2 . 5 ) ) , e1 . f indAt ( coo rd ina t e s=(

5 . 0 , −2.5 , −1.25) ) , e1 . f indAt ( coo rd ina t e s =(5.0 , 1 . 25 , −2.5) ) ,
e1 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 1 . 25 ) ) )

p . Part it ionCel lByExtrudeEdge ( l i n e=e1 . f indAt ( coo rd ina t e s =(2.5 , −5.0 , 5 . 0 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=FORWARD)

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f , e , d1 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform ( sketchPlane=f . f indAt ( coo rd ina t e s =(1.666667 , 1 .666667 ,

5 . 0 ) ) , sketchUpEdge=e . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 5 . 0 ) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(0.0 , 0 . 0 , 5 . 0 ) )

s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =34.64 , g r idSpac ing =0.86 , trans form=t )

g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s , f i l t e r=COPLANAR_EDGES)
s . r e c t ang l e ( po int1 =(−2.5 , 2 . 5 ) , po int2 =(2.5 , −2.5) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt ( ( ( 1 . 6 66667 , 1 .666667 , 5 . 0 ) , ) )
e1 , d2 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 5 . 0 ) ) ,

f a c e s=pickedFaces , sketch=s )
s . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
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p i ck edCe l l s = c . f indAt (((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0 .833333 ,
2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ((−0.833333 , −0.833333 ,
5 . 0 ) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

e , d1 = p . edges , p . datums
pickedEdges =(e . f indAt ( coo rd ina t e s =(−2.5 , −1.25 , 5 . 0 ) ) , e . f indAt ( coo rd ina t e s=(

1 . 25 , −2.5 , 5 . 0 ) ) , e . f indAt ( coo rd ina t e s =(2.5 , 1 . 25 , 5 . 0 ) ) , e . f indAt (
coo rd ina t e s =(−1.25 , 2 . 5 , 5 . 0 ) ) )

p . Part it ionCel lByExtrudeEdge ( l i n e=e . f indAt ( coo rd ina t e s =(5.0 , −5.0 , 1 . 2 5 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=REVERSE)

# Assign Sect ion
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . s e tVa lues ( sect ionAss ignments=ON,

eng inee r ingFea tu r e s=ON)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . geometryOptions . s e tVa lues (

r e f e r en c eRep r e s en ta t i on=OFF)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ Front ’ ] )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . s e tP r o j e c t i o n ( p r o j e c t i o n=PARALLEL)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
# Tetragonal only x f i b e r
c e l l s = c . f indAt (((−0.833333 , 0 .833333 , 2 . 4995) , ) ,

((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) )
# Tetragonal x and y f i b e r
#c e l l s = c . f indAt (((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0.833333 ,

2.4995) , ) ,
#((−5.0 , −0.833333 , 0.833333) , ) , ( ( 5 . 0 , 0.833333 , 0.833333) , ) , ( (
#−0.833333 , 5 .0 , 0.833333) , ) )

# Orig ina l x , y and z f i b e r
# c e l l s = c . f indAt (((−0.833333 , 0.833333 , −5.0) , ) , ((−0.833333 , −0.833333 , 5 .0)

,
# ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0.833333 , 2.4995) , ) ,
# ((−5.0 , −0.833333 , 0.833333) , ) , ( ( 5 . 0 , 0.833333 , 0.833333) , ) , ( (
# −0.833333 , 5 .0 , 0.833333) , ) )

r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) ,

) ,
((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 , −0.833333 , 5 . 0 ) ,

) ,
( ( 4 . 166667 , −5.0 , 2 . 5 ) , ) )

r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Matrix ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ I s o ’ ] )
# Assembly
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=a )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . s e tVa lues (mesh=OFF)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . meshOptions . s e tVa lues (

meshTechnique=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
a1 . DatumCsysByDefault (CARTESIAN)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
a1 . In s tance (name=’FIBBI−1 ’ , part=p , dependent=OFF)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . s e tVa lues (mesh=ON)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . meshOptions . s e tVa lues (

meshTechnique=ON)
# Par t i t i on
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a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt (((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 ,

−0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 ,
0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 4 . 166667 ,
−5.0 , 2 . 5 ) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

v21 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v21 . f indAt ( coo rd ina t e s =(−2.5 , −2.5 ,

5 . 0 ) ) , po int2=v21 . f indAt ( coo rd ina t e s =(−2.5 , 2 . 5 , 5 . 0 ) ) ,
po int3=v21 . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt (((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 ,

−0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 ,
0 .833333 , 2 .4995) , ) , ((−0.833333 , −5.0 , 3 .333333) , ) , ( ( 5 . 0 , 0 .833333 ,
0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

v1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v1 . f indAt ( coo rd ina t e s =(2.5 , −2.5 ,

5 . 0 ) ) , po int2=v1 . f indAt ( coo rd ina t e s =(2.5 , 2 . 5 , 5 . 0 ) ) , po int3=v1 . f indAt (
coo rd ina t e s =(2.5 , 5 . 0 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ( ( ( 0 . 8 33333 , 4 .166667 , 5 . 0 ) , ) , ( ( 0 . 833333 , −5.0 ,

4 .166667) , ) , ( ( 3 . 333333 , −5.0 , −4.166667) , ) , ((−3.333333 , 5 . 0 ,
−4.166667) , ) , ((−0.833333 , −0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 ,
−0.833333) , ) , ((−0.833333 , 0 .833333 , 2 . 4995) , ) , ((−5.0 , −0.833333 ,
0 .833333) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 ,
0 .833333) , ) )

v21 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v21 . f indAt ( coo rd ina t e s =(5.0 , −2.5 ,

2 . 5 ) ) , po int2=v21 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 2 . 5 ) ) ,
po int3=v21 . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ( ( ( 0 . 8 33333 , 5 . 0 , −4.166667) , ) , ( ( 4 . 166667 , −5.0 ,

1 .666667) , ) , ((−4.166667 , 5 . 0 , 1 .666667) , ) , ((−0.833333 , 0 .833333 ,
−5.0) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0 .833333 ,
2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 0 . 833333 , −4.166667 ,
−5.0) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) ,
) )

v1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v1 . f indAt ( coo rd ina t e s =(5.0 , −2.5 ,

−2.5) ) , po int2=v1 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , −2.5) ) ,
po int3=v1 . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , −2.5) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ((( −5 .0 , −4.166667 , −1.666667) , ) , ((−4.166667 , 5 . 0 ,

−3.333333) , ) , ( ( 4 . 166667 , −5.0 , −3.333333) , ) , ((−4.166667 , −5.0 ,
3 .333333) , ) , ( ( 4 . 166667 , 5 . 0 , 3 .333333) , ) , ( ( 0 . 833333 , −3.333333 ,
5 . 0 ) , ) , ( ( 4 . 166667 , −5.0 , −1.666667) , ) , ((−0.833333 , 0 .833333 , −5.0) ,
) , ((−0.833333 , −0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , (
(−0.833333 , 0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( (
0 .833333 , −4.166667 , −5.0) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) )

v21 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v21 . f indAt ( coo rd ina t e s =(−2.5 , −2.5 ,

5 . 0 ) ) , po int2=v21 . f indAt ( coo rd ina t e s =(2.5 , −2.5 , 5 . 0 ) ) ,
po int3=v21 . f indAt ( coo rd ina t e s =(5.0 , −2.5 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ((( −5 .0 , −0.833333 , 3 .333333) , ) , ( ( 3 . 333333 , −0.833333 ,

−5.0) , ) , ((−4.166667 , 5 . 0 , −3.333333) , ) , ( ( 4 . 166667 , 5 . 0 , −1.666667) ,
) , ( ( 4 . 166667 , 5 . 0 , 3 .333333) , ) , ( ( 0 . 833333 , 4 .166667 , 5 . 0 ) , ) , ( (
0 .833333 , 3 .333333 , −5.0) , ) , ((−5.0 , 4 .166667 , −1.666667) , ) , ( (
−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 , −0.833333 , 5 . 0 ) , ) , ( (
−0.833333 , 0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( (
5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )



Appendix A Python script to generate the different RVEs 112

v1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v1 . f indAt ( coo rd ina t e s =(−2.5 , 2 . 5 ,

5 . 0 ) ) , po int2=v1 . f indAt ( coo rd ina t e s =(2.5 , 2 . 5 , 5 . 0 ) ) , po int3=v1 . f indAt (
coo rd ina t e s =(5.0 , 2 . 5 , −2.5) ) , c e l l s=p i ck edCe l l s )

#Mesh
elemType1 = mesh . ElemType ( elemCode=C3D20R, e lemLibrary=STANDARD)
elemType2 = mesh . ElemType ( elemCode=C3D20R, e lemLibrary=STANDARD)
elemType3 = mesh . ElemType ( elemCode=C3D20R, e lemLibrary=STANDARD)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
c e l l s 1 = c1 . f indAt ( ( ( 5 . 0 , 0 .833333 , 4 .166667) , ) , ((−5.0 , 0 .833333 , −4.166667) ,

) , ( ( 4 . 166667 , 3 .333333 , −5.0) , ) , ((−5.0 , 3 .333333 , 4 .166667) , ) , ( (
3 .333333 , −5.0 , 3 .333333) , ) , ((−5.0 , 0 .833333 , 3 .333333) , ) , ( (
3 .333333 , 0 .833333 , −5.0) , ) , ((−5.0 , −3.333333 , −4.166667) , ) , ( (
−4.166667 , −5.0 , −1.666667) , ) , ((−4.166667 , 5 . 0 , −3.333333) , ) , ( (
4 .166667 , 5 . 0 , −1.666667) , ) , ( ( 5 . 0 , −3.333333 , −3.333333) , ) , ( (
−3.333333 , −3.333333 , 5 . 0 ) , ) , ( ( 4 . 166667 , 5 . 0 , 3 .333333) , ) , ( (
0 .833333 , 4 .166667 , 5 . 0 ) , ) , ( ( 0 . 833333 , 3 .333333 , −5.0) , ) , ( (
0 .833333 , −5.0 , 4 .166667) , ) , ( ( 5 . 0 , −4.166667 , −1.666667) , ) , ((−5.0 ,
4 .166667 , −1.666667) , ) , ((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 ,
−0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 ,
0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 0 . 833333 ,
−5.0 , −3.333333) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 ,
0 .833333) , ) )

p ickedRegions =( c e l l s 1 , )
a . setElementType ( r e g i on s=pickedRegions , elemTypes=(elemType1 , elemType2 ,

elemType3 ) )
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . s eedPart Ins tance ( r e g i on s=part Ins tances , s i z e =1.25 , dev ia t i onFacto r =0.1)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . generateMesh ( r e g i on s=par t In s t ance s )
######################################################################
# Write input f i l e
######################################################################
#The name of the opera t ing system dependent module imported .
#The f o l l ow i n g names have cu r r en t l y been r e g i s t e r e d :
#’ pos i x ’ , ’ nt ’ , ’ os2 ’ , ’ ce ’ , ’ java ’ , ’ r i s c o s ’ .
i f " pos ix " in os . name :
# pr in t ’LINUX’
##Clus t e r
# mdb . Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
# e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrecis ion=SINGLE,
# de s c r i p t i on = ’ ’ , p a r a l l e l i z a t i o nMe t h o dExp l i c i t=DOMAIN,
# mult iprocessingMode=DEFAULT, numDomains=1, userSubrout ine = ’ ’ ,
# numCpus=1, preMemory=16056.0 , standardMemory=16056.0 ,
# standardMemoryPolicy=MODERATE, scra t ch = ’ ’ , echoPrint=OFF,
# modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr in t=OFF)
#Local

mdb. Job (name=inpname , model=’Model−1 ’ , d e s c r i p t i o n=’ ’ , type= ANALYSIS,
atTime=None , waitMinutes=0, waitHours=0, queue=None , memory=90,
memoryUnits=PERCENTAGE, getMemoryFromAnalysis=True ,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE, echoPr int=OFF,
modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr i n t=OFF, userSubrout ine=’ ’ ,
s c r a t ch=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN, numDomains=1,
act ivateLoadBalanc ing=False , mult iprocess ingMode=DEFAULT, numCpus=1)

mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)
e l i f "nt" in os . name :
# pr in t ’WINDOWS’

mdb. Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE,
d e s c r i p t i o n=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN,
mult iprocess ingMode=DEFAULT, numDomains=1, userSubrout ine=’ ’ ,
numCpus=1, memory=50, memoryUnits=PERCENTAGE, s c ra t ch=’ ’ ,
echoPr int=OFF, modelPrint=OFF, contac tPr in t=OFF,
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h i s t o r yPr i n t=OFF)
mdb. jobs [ inpname ] . s e tVa lues ( \

userSubrout ine=’C:\\SIMULIA\\Abaqus_Temp\\umat3\\ rate_ana . f o r ’ )
mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)

######################################################################
# Open input f i l e
######################################################################
f = open( inpname+" . inp " , ’ r+’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
######################################################################
# Generate l i s t o f nodes
######################################################################
print ’Read nodes ! ’
nodes = [ ]
data = [ ]
read = str ( f . r e ad l i n e ( ) )
while read [ : 8 ] != ’ ∗Element ’ :

data = read . s p l i t ( " , " )
data = map( f loat , data )
data [ 0 ] = int ( data [ 0 ] )
nodes . append ( data )
read = str ( f . r e ad l i n e ( ) )

l ennodes = len ( nodes )
#pr in t ("Nodes ")
#for l i n e in nodes : p r in t l i n e
######################################################################
# Generate l i s t o f e lements
######################################################################
print ’Read elements ! ’
e lements = [ ]
data = [ ]
i f str ( e l e typ ) [0:4]== ’C3D8 ’ :

read = str ( f . r e ad l i n e ( ) )
e l i f str ( e l e typ ) [0:5]== ’C3D10 ’ :

read = str ( f . r e ad l i n e ( ) )
e l i f str ( e l e typ ) [0:5]== ’C3D20 ’ :

read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
else :

print ’No such element type , check code ’
while read [ : 5 ] != ’ ∗Nset ’ :

data = read . s p l i t ( " , " )
e lements . append (map( int , data ) )
i f eval ( e l e typ )==C3D8 :

read = str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D10 :
read = str ( f . r e ad l i n e ( ) )

i f eval ( e l e typ )==C3D20 :
read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )

i f eval ( e l e typ )==C3D20R :
read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )

print len ( e lements ) , ’ Elemente ’
print ’ So r t ing f o r LDBC and PBC . . . ’
######################################################################
# Sort ing sur face node coup l e s
######################################################################
t o l = 0 .1 #∗ e l e
s t e l l e n = 3
ecken = [ ]

kantenXpYpZ = [ ]
kantenXmYpZ = [ ]
kantenXpYmZ = [ ]
kantenXmYmZ = [ ]
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kantenYpXpZ = [ ]
kantenYmXpZ = [ ]
kantenYpXmZ = [ ]
kantenYmXmZ = [ ]

kantenZpXpY = [ ]
kantenZmXpY = [ ]
kantenZpXmY = [ ]
kantenZmXmY = [ ]

flaechenXm = [ ]
f laechenXp = [ ]
flaechenYm = [ ]
f laechenYp = [ ]
f laechenZm = [ ]
f laechenZp = [ ]

innen = [ ]

for i in range ( len ( nodes ) ) :
#Ecke1
i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke2
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke3
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke4
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke5
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke6
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke7
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke8
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Kanten X+Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
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kantenXpYmZ . append ( nodes [ i ] [ 0 ] )
#Kanten X−Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenXmYmZ . append ( nodes [ i ] [ 0 ] )

#Kanten X+Y+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenXpYpZ . append ( nodes [ i ] [ 0 ] )

#Kanten X−Y+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenXmYpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y+X−Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenYpXmZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y−X−Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenYmXmZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y+X+Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenYpXpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y−X+Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenYmXpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Z+X−Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenZpXmY . append ( nodes [ i ] [ 0 ] )

#Kanten Z−X−Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenZmXmY. append ( nodes [ i ] [ 0 ] )

#Kanten Z+X+Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenZpXpY . append ( nodes [ i ] [ 0 ] )

#Kanten Z−X+Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
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round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenZmXpY . append ( nodes [ i ] [ 0 ] )

# Minus (m) and Plus (p ) s i d e
#Flaechen Xp
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenXp . append ( nodes [ i ] [ 0 ] )
#Flaechen Xm
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :

flaechenXm . append ( nodes [ i ] [ 0 ] )
#Flaechen Yp
e l i f round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenYp . append ( nodes [ i ] [ 0 ] )
#Flaechen Ym
e l i f round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :

flaechenYm . append ( nodes [ i ] [ 0 ] )
#Flaechen Zp
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenZp . append ( nodes [ i ] [ 0 ] )
#Flaechen Zm
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :

f laechenZm . append ( nodes [ i ] [ 0 ] )
#Innen
else :

innen . append ( nodes [ i ] [ 0 ] )
###########################################################
# Addi t iona l s o r t i n g f o r PBC
###########################################################
i f rb == ’PBC’ :

print ’ Addi t iona l s o r t i n g f o r PBC . . . ’
# Sort ing oppos i t e nodes wi th in the l i s t
# Sor t ing corners
eckenso r t = [ ]

for i in range ( len ( ecken ) ) :
#Ecke1
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

for i in range ( len ( ecken ) ) :
#Ecke2
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke3
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke4
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :
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#Ecke5
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke6
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke7
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke8
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

# Sort ing edges

kantenXsort = [ ]
kantenYsort = [ ]
kantenZsort = [ ]

Xkanten = len (kantenXpYmZ)
for i in range (Xkanten ) :

Xvalue = round( nodes [ kantenXpYmZ [ i ] −1 ] [ 1 ] , s t e l l e n )
kantenXsort . append (kantenXpYmZ [ i ] )
for j in range (Xkanten ) :

i f Xvalue == round( nodes [ kantenXmYmZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :
break

kantenXsort . append (kantenXmYmZ [ j ] )
kantenXsort . append (kantenXmYmZ [ j ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXmYpZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXmYpZ [ j ] )
kantenXsort . append (kantenXmYpZ [ j ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXpYpZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXpYpZ [ j ] )

#pr in t ’Kanten X s o r t i e r t ’
#pr in t kantenXsort

Ykanten = len (kantenYpXmZ)
for i in range (Ykanten ) :

Yvalue = round( nodes [ kantenYpXmZ [ i ] −1 ] [ 2 ] , s t e l l e n )
kantenYsort . append (kantenYpXmZ [ i ] )
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for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXmZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXmZ [ j ] )
kantenYsort . append (kantenYmXmZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXpZ [ j ] )
kantenYsort . append (kantenYmXpZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYpXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYpXpZ [ j ] )

#pr in t ’Kanten Y s o r t i e r t ’
#pr in t kantenYsort

Zkanten = len (kantenZpXmY)
for i in range ( Zkanten ) :

Yvalue = round( nodes [ kantenZpXmY [ i ] −1 ] [ 3 ] , s t e l l e n )
kantenZsort . append (kantenZpXmY [ i ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXmY[ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXmY[ j ] )
kantenZsort . append (kantenZmXmY[ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXpY [ j ] )
kantenZsort . append (kantenZmXpY [ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZpXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZpXpY [ j ] )

#pr in t ’Kanten Z s o r t i e r t ’
#pr in t kantenZsort

f l a e chenXsor t = [ ]
f l a e chenYsor t = [ ]
f l a e ch enZso r t = [ ]
#s t e l l e n = 1
Xflaechen = len ( f laechenXp )
for i in range ( Xf laechen ) :

Yvalue = nodes [ f laechenXp [ i ] −1 ] [ 2 ]
Zvalue = nodes [ f laechenXp [ i ] −1 ] [ 3 ]
f l a e chenXsor t . append ( f laechenXp [ i ] )
for j in range ( Xf laechen ) :

#pr in t Yvalue − nodes [ flaechenXm [ j ] −1 ] [2 ]
#pr in t Zvalue − nodes [ flaechenXm [ j ] −1 ] [3 ]
i f abs ( Yvalue − nodes [ flaechenXm [ j ] − 1 ] [ 2 ] ) <= t o l ∗ e l e and \

abs ( Zvalue − nodes [ flaechenXm [ j ] − 1 ] [ 3 ] ) <= t o l ∗ e l e :
break

f l a e chenXsor t . append ( flaechenXm [ j ] )
#pr in t ’ Flaechen X s o r t i e r t ’
#pr in t f l aechenXsor t

Yflaechen = len ( f laechenYp )
for i in range ( Yf laechen ) :

Xvalue = nodes [ f laechenYp [ i ] −1 ] [ 1 ]
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Zvalue = nodes [ f laechenYp [ i ] −1 ] [ 3 ]
f l a e chenYsor t . append ( f laechenYp [ i ] )
for j in range ( Yf laechen ) :

i f abs ( Xvalue − nodes [ flaechenYm [ j ] − 1 ] [ 1 ] ) <= t o l ∗ e l e and \
abs ( Zvalue − nodes [ flaechenYm [ j ] − 1 ] [ 3 ] ) <= t o l ∗ e l e :
break

f l a e chenYsor t . append ( flaechenYm [ j ] )
#pr in t ’ Flaechen Y s o r t i e r t ’
#pr in t f l aechenYsor t

Zf laechen = len ( f laechenZp )
for i in range ( Z f l aechen ) :

Xvalue = nodes [ f laechenZp [ i ] −1 ] [ 1 ]
Yvalue = nodes [ f laechenZp [ i ] −1 ] [ 2 ]
f l a e ch enZso r t . append ( f laechenZp [ i ] )
for j in range ( Z f l aechen ) :

i f abs ( Xvalue − nodes [ f laechenZm [ j ] − 1 ] [ 1 ] ) <= t o l ∗ e l e and \
abs ( Yvalue − nodes [ f laechenZm [ j ] − 1 ] [ 2 ] ) <= t o l ∗ e l e :
break

f l a e ch enZso r t . append ( flaechenZm [ j ] )
#pr in t ’ Flaechen Z s o r t i e r t ’
#pr in t f l a e chenZsor t

i f rb==’LDBC’ :
print ’LDBC: Sor t ing nodes l i s t ’
# Merge a l l l i s t s
nr f = [ ]
n r f . extend ( ecken )
n r f . extend (kantenXpYpZ)
nr f . extend (kantenXmYpZ)
nr f . extend (kantenXpYmZ)
nr f . extend (kantenXmYmZ)
nr f . extend (kantenYpXpZ)
nr f . extend (kantenYmXpZ)
nr f . extend (kantenYpXmZ)
nr f . extend (kantenYmXmZ)
nr f . extend (kantenZpXpY)
nr f . extend (kantenZmXpY)
nr f . extend (kantenZpXmY)
nr f . extend (kantenZmXmY)
nr f . extend ( flaechenXm )
nr f . extend ( f laechenXp )
n r f . extend ( flaechenYm )
nr f . extend ( f laechenYp )
n r f . extend ( flaechenZm )
nr f . extend ( f laechenZp )
#nrf . extend ( innen )
# Sor t ing nodes l i s t f o l l ow i n g nr f
i f o r t s c h r i t t = 0
i = 0
for i in range ( len ( n r f ) ) :

for k in range ( len ( nodes ) ) :
i f nodes [ k ] [0]== nr f [ i ] :

break
nodes [ k ] , nodes [ i ] = nodes [ i ] , nodes [ k ]

l e t z t e o b e r f l a e c h e = len ( n r f )−1
e l i f rb==’PBC’ :

print ’PBC: Sor t ing nodes l i s t ’
# Merge a l l l i s t s
nr f = [ ]
n r f . extend ( eckenso r t )
n r f . extend ( kantenXsort )
n r f . extend ( kantenYsort )
n r f . extend ( kantenZsort )
n r f . extend ( f l a e chenXsor t )
n r f . extend ( f l a e chenYsor t )
n r f . extend ( f l a e ch enZso r t )
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nr f . extend ( innen )
nodesneu = [ ]
#pr in t ’ l en nr f ’ , l en ( nr f )
#pr in t ’ l en nodes ’ , l en ( nodes )
i=0
while i != len ( n r f ) :
# i f i % 1000 == 0:
# pr in t ’ i ’ , i

i f i < len ( n r f )−1:
i f nr f [ i ] == nr f [ i +1] :

for k in range ( len ( nodes ) ) :
i f nodes [ k ] [ 0 ] == nr f [ i ] :

break
nodesneu . append ( nodes [ k ] )
nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=2

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

l e t z t e o b e r f l a e c h e = len ( n r f )−len ( innen )−1
nodes = nodesneu

#pr in t ("Nodesneu")
#for l i n e in nodes : p r in t l i n e

######################################################################
# Write input f i l e
######################################################################
s h u t i l . c o p y f i l e ( inpname+" . inp " , inpname+"_backup . inp " )
f . seek (0 , 0 )
while read [ : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+1) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+2) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+3) )

b = open( inpname+"_backup . inp " , ’ r+’ )
l i n e s 1 = b . r e a d l i n e s ( )
b . c l o s e ( )
os . remove ( inpname+"_backup . inp " )
for i in range (17 , len ( l i n e s 1 ) ) :

f . wr i t e ( l i n e s 1 [ i ] )

f . seek (0 , 0 )

# Add add i t i ona l nodes
print ’ Complete input f i l e . . . ’
while read [ : 1 1 ] != ’ ∗∗ Sec t i on : ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
i f " pos ix " in os . name :

f . seek (−17 ,2)
#f . seek (−22 ,2)
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i f XNUC==1 and YNUC==1 and ZNUC==1:
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet9 , mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet10 , mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )

e l i f XNUC==2 and YNUC==2 and ZNUC==2:
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet4_#1, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber2 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet7_#2, mate r i a l=Fiber2 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet8_#3, mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )

# Define equat ion
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗∗ Constra int : Constra int−1 \n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Equation \n ’ )
i f rb == ’LDBC’ :
######################################################################
# Linear disp lacement boundary cond i t i ons (LDBC)
######################################################################

print ’ L inear d i sp lacement boundary cond i t i on s (LDBC) ! ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,1 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+1,−nodes [ i ] [ 1 ] , len ( nodes )+1, \
−nodes [ i ] [ 2 ] , len ( nodes )+1,−nodes [ i ] [ 3 ] ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,2 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+2,−nodes [ i ] [ 1 ] , len ( nodes )+2, \
−nodes [ i ] [ 2 ] , len ( nodes )+2,−nodes [ i ] [ 3 ] ) )

#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,3 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+3,−nodes [ i ] [ 1 ] , len ( nodes )+3, \
−nodes [ i ] [ 2 ] , len ( nodes )+3,−nodes [ i ] [ 3 ] ) )

e l i f rb == ’PBC’ :
######################################################################
# Period ic boundary cond i t i ons (PBC)
######################################################################

print ’ Pe r i od i c boundary cond i t i on s (PBC) ! ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 1 , 1 . 0 \ n%d ,1 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +1 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +1 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +1 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 2 , 1 . 0 \ n%d ,2 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
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l ennodes +2 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +2 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +2 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 3 , 1 . 0 \ n%d ,3 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +3 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +3 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +3 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

##pre s c r i b e H symmetric
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,2 ,1 .0\n%d ,1 ,−1.0\n" %(lennodes+1, lennodes+2))
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,3 ,1 .0\n%d ,1 ,−1.0\n" %(lennodes+1, lennodes+3))
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,3 ,1 .0\n%d ,2 ,−1.0\n" %(lennodes+2, lennodes+3))

f . wr i t e ( ’ ∗End Ins tance \n ’ )
#Ursprung bestimmen
ursprung = ’ ke in ’
for i in range (0 , len ( nodes ) ) :

i f abs ( nodes [ i ] [ 1 ] ) == 0 . and \
abs ( nodes [ i ] [ 2 ] ) == 0 . and \
abs ( nodes [ i ] [ 3 ] ) == 0 . <= t o l ∗ e l e :
ursprung=nodes [ i ] [ 0 ]

i f ursprung == ’ ke in ’ :
print ’No o r i g i n , check mesh ’

#zusa t z1 = ’ ke in ’
#for i in range (0 , l en ( nodes ) ) :

#i f abs ( nodes [ i ] [ 1 ] − (YNUC∗ fa1 / tan ( ang lerad ) /2.+XNUC∗ fa2 ) ) <= t o l ∗ e l e and \
#abs ( nodes [ i ] [ 2 ] − (YNUC∗ fa1 /2 . ) ) <= t o l ∗ e l e and \
#abs ( nodes [ i ] [ 3 ] − (ZNUC∗ drve /2 . ) ) <= t o l ∗ e l e :
#zusa t z1=nodes [ i ] [ 0 ]

#i f zusa t z1 == ’ ke in ’ :
#pr in t ’Kein Zusatz1 , Vernetzung pruefen ’

#zusa t z2 = ’ ke in ’
#for i in range (0 , l en ( nodes ) ) :

#i f abs ( nodes [ i ] [ 1 ] − (YNUC∗ fa1 / tan ( ang lerad ) /2.+XNUC∗ fa2 /2 . ) ) <= t o l ∗ e l e and
\

#abs ( nodes [ i ] [ 2 ] − (YNUC∗ fa1 /2 . ) ) <= t o l ∗ e l e and \
#abs ( nodes [ i ] [ 3 ] − (ZNUC∗ drve ) ) <= t o l ∗ e l e :
#zusa t z2=nodes [ i ] [ 0 ]

#i f zusa t z2 == ’ ke in ’ :
#pr in t ’Kein Zusatz2 , Vernetzung pruefen ’

# Node s e t s f o r boundary o f the a r t i f i c i a l nodes
f . wr i t e ( ’ ∗Nset , nset=K1, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+1) )
f . wr i t e ( ’ ∗Nset , nset=K2, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+2) )
f . wr i t e ( ’ ∗Nset , nset=K3, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+3) )

i f rb != ’LDBC’ :
f . wr i t e ( ’ ∗Nset , nset=Ursprung , i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %ursprung )

#f . wr i t e ( ’∗Nset , nse t=zusatz1 , in t e rna l , ins tance=FIBBI−1 \n ’)
#f . wr i t e (’%d , \n ’ %zusa t z1 )
#f . wr i t e ( ’∗Nset , nse t=zusatz2 , in t e rna l , ins tance=FIBBI−1 \n ’)
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#f . wr i t e (’%d , \n ’ %zusa t z2 )

f . wr i t e ( ’ ∗End Assembly \n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ MATERIALS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )

# ======================================================================
# Element type T: 2 square f i b e r s in x and y d i r e c t i on
# t e t r a gona l symmetry
# ======================================================================
i f typ == ’T ’ :

########################################################################
print ’=========================================================’
print ’ Element type T: 2 square f i b e r s in x and y d i r e c t i o n ’
print ’=========================================================’
########################################################################
# Fiber rad ius
r f 1 =3.
r f 2 =3.
r f 3 =3.
# RVE th i c kne s s d
drve= 10 .
# Number o f un i t c e l l s
XNUC=1
YNUC=1
ZNUC=1
# Calcu la t e COOS
movex = −0.5∗(XNUC−1.)
movey = −s q r t ( 3 . ) /2 .∗ (YNUC−1.)
#Area A0
#A0 = fa1 ∗ fa2 ∗ s in ( ang lerad )
#A0 = fa1 ∗YNUC∗ fa2 ∗XNUC
#Volume V0
V0 = drve∗drve∗drve
# Obso le t
seed = [ ]
seed . append (XNUC)
######################################################################
# Generate f a s e r i npu t . t x t
######################################################################
inpname = ’RVE_%s_%s_%s_ele%s_%s ’ %(typ , ’X ’+str (XNUC)+’Y ’+str (YNUC)+’Z ’+str (

ZNUC) , rb , str ( e l e ) . r ep l a c e ( ’ . ’ , ’ ’ ) , extname )
print inpname
f = open( inpname+’ _f iber input . txt ’ , ’w ’ )
f . wr i t e ( ’CPU number : \ n ’ )
f . wr i t e ( ’%s \n ’ %(cpunumber ) )
f . wr i t e ( ’Type o f RVE:\ n ’ )
f . wr i t e ( ’%s \n ’ %(typ ) )
f . wr i t e ( ’Type o f boundary cond i t i on : \ n ’ )
f . wr i t e ( ’%s \n ’ %(rb ) )
f . wr i t e ( ’ Element s i z e [ e l e ] : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( e l e ) )
f . wr i t e ( ’ Element shape : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e shape ) )
f . wr i t e ( ’ Element type : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e typ ) )
f . wr i t e ( ’ Radius f i b e r 1 :\ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( r f 1 ) )
f . wr i t e ( ’ Distance f i b e r 1 :\ n ’ )
#f . wr i t e ( ’%.3 f \n ’ %(fa1 ) )
#f . wr i t e ( ’ Radius f i b e r 2:\n ’)
#f . wr i t e ( ’%.3 f \n ’ %(r f 2 ) )
#f . wr i t e ( ’ Distance f i b e r 2:\n ’)
#f . wr i t e ( ’%.3 f \n ’ %(fa2 ) )
#f . wr i t e ( ’ Layer Distance :\n ’)
#f . wr i t e ( ’%.3 f \n ’ %( l a ) )



Appendix A Python script to generate the different RVEs 124

f . wr i t e ( ’RVE th i ckne s s d : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %(drve ) )
#f . wr i t e ( ’ Angle between f i b e r s :\n ’)
#f . wr i t e ( ’%.3 f \n ’ %(ang le ) )
f . wr i t e ( ’ Displacement Gradient \n ’ )
f . wr i t e ( ’H0 : \ n ’ )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 0 ] [ 0 ] ) , str (H0 [ 0 ] [ 1 ] ) , str (H0 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 1 ] [ 0 ] ) , str (H0 [ 1 ] [ 1 ] ) , str (H0 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 2 ] [ 0 ] ) , str (H0 [ 2 ] [ 1 ] ) , str (H0 [ 2 ] [ 2 ] ) ) )
f . wr i t e ( ’Name Input−Datei \n ’ )
f . wr i t e ( inpname )
f . wr i t e ( ’ \n ’ )
f . c l o s e ( )
####################################################################
# Generate model
####################################################################
# Dele te o ld model
Mdb( )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=None )
s e s s i o n . journa lOpt ions . s e tVa lues ( replayGeometry=COORDINATE, recoverGeometry=

COORDINATE)
# Sect ion
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber1 ’ , mate r i a l=’ Fiber1 ’ ,

t h i c kne s s=None )
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber2 ’ , mate r i a l=’ Fiber2 ’ ,

t h i c kne s s=None )
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber3 ’ , mate r i a l=’ Fiber3 ’ ,

t h i c kne s s=None )
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Matrix ’ , mate r i a l=’ Matrix ’ ,

t h i c kne s s=None )
# Build rhombus and f i b e r s
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . s e tVa lues ( sect ionAss ignments=OFF,

eng inee r ingFea tu r e s=OFF)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . geometryOptions . s e tVa lues (

r e f e r en c eRep r e s en ta t i on=ON)
s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=STANDALONE)
s . r e c t ang l e ( po int1 =(−5.0 , 5 . 0 ) , po int2 =(5.0 , −5.0) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−1 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . BaseSol idExtrude ( sketch=s , depth =5.0)
s . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( nearPlane =22.3108 ,

f a rP lane =40.9522 , width =31.4415 , he ight =10.6695 , cameraPos it ion=(
28 .8266 , 4 .06394 , −9.87444) , cameraUpVector=(−0.374061 , 0 .881389 ,
0 .288499) )

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f , e = p . f ace s , p . edges
t = p . MakeSketchTransform ( sketchPlane=f . f indAt ( coo rd ina t e s =(−1.666667 ,

1 .666667 , 0 . 0 ) ) , sketchUpEdge=e . f indAt ( coo rd ina t e s =(−5.0 , 2 . 5 , 0 . 0 ) ) ,
sketchPlaneS ide=SIDE1 , ske t chOr i en ta t i on=RIGHT, o r i g i n =(0.0 , 0 . 0 , 0 . 0 ) )

s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =28.28 , g r idSpac ing =0.7 , trans form=t )

g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s1 , f i l t e r=COPLANAR_EDGES)
s1 . r e c t ang l e ( po int1 =(−5.0 , 5 . 0 ) , po int2 =(5.0 , −5.0) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f1 , e1 = p . face s , p . edges
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p . Sol idExtrude ( sketchPlane=f1 . f indAt ( coo rd ina t e s =(−1.666667 , 1 .666667 , 0 . 0 ) ) ,
sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(−5.0 , 2 . 5 , 0 . 0 ) ) ,
sketchPlaneS ide=SIDE1 , ske t chOr i en ta t i on=RIGHT, sketch=s1 , depth =5.0 ,
f l i pEx t rudeD i r e c t i on=OFF)

s1 . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ I s o ’ ] )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f , e , d1 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform ( sketchPlane=f . f indAt ( coo rd ina t e s =(−1.666667 , 5 . 0 ,

3 .333333) ) , sketchUpEdge=e . f indAt ( coo rd ina t e s =(5.0 , 5 . 0 , −1.25) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(0.0 , 5 . 0 , 0 . 0 ) )

s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =34.64 , g r idSpac ing =0.86 , trans form=t )

g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s , f i l t e r=COPLANAR_EDGES)
s . r e c t ang l e ( po int1 =(−2.5 , 2 . 5 ) , po int2 =(2.5 , −2.5) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt (((−1.666667 , 5 . 0 , 3 .333333) , ) )
e1 , d2 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(5.0 , 5 . 0 , −1.25) ) ,

f a c e s=pickedFaces , sketch=s )
s . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt (((−0.833333 , 5 . 0 , 0 .833333) , ) )
e , d1 = p . edges , p . datums
pickedEdges =(e . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , 1 . 2 5 ) ) , e . f indAt ( coo rd ina t e s=(

1 . 25 , 5 . 0 , 2 . 5 ) ) , e . f indAt ( coo rd ina t e s =(2.5 , 5 . 0 , −1.25) ) , e . f indAt (
coo rd ina t e s =(−1.25 , 5 . 0 , −2.5) ) )

p . Part it ionCel lByExtrudeEdge ( l i n e=e . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 5 . 0 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=FORWARD)

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f1 , e1 , d2 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform ( sketchPlane=f1 . f indAt ( coo rd ina t e s =(5.0 , 1 .666667 ,

3 .333333) ) , sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(5.0 , −2.5 , −5.0) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(5.0 , 0 . 0 , 0 . 0 ) )

s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =34.64 , g r idSpac ing =0.86 , trans form=t )

g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s1 , f i l t e r=COPLANAR_EDGES)
s1 . r e c t ang l e ( po int1 =(−2.5 , 2 . 5 ) , po int2 =(2.5 , −2.5) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt ( ( ( 5 . 0 , 1 .666667 , 3 .333333) , ) )
e , d1 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e . f indAt ( coo rd ina t e s =(5.0 , −2.5 , −5.0) ) ,

f a c e s=pickedFaces , sketch=s1 )
s1 . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt ( ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 ,

0 .833333) , ) )
e1 , d2 = p . edges , p . datums
pickedEdges =(e1 . f indAt ( coo rd ina t e s =(5.0 , −1.25 , 2 . 5 ) ) , e1 . f indAt ( coo rd ina t e s=(

5 . 0 , −2.5 , −1.25) ) , e1 . f indAt ( coo rd ina t e s =(5.0 , 1 . 25 , −2.5) ) ,
e1 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 1 . 25 ) ) )

p . Part it ionCel lByExtrudeEdge ( l i n e=e1 . f indAt ( coo rd ina t e s =(2.5 , −5.0 , 5 . 0 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=FORWARD)
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p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f , e , d1 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform ( sketchPlane=f . f indAt ( coo rd ina t e s =(1.666667 , 1 .666667 ,

5 . 0 ) ) , sketchUpEdge=e . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 5 . 0 ) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(0.0 , 0 . 0 , 5 . 0 ) )

s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =34.64 , g r idSpac ing =0.86 , trans form=t )

g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s , f i l t e r=COPLANAR_EDGES)
s . r e c t ang l e ( po int1 =(−2.5 , 2 . 5 ) , po int2 =(2.5 , −2.5) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt ( ( ( 1 . 6 66667 , 1 .666667 , 5 . 0 ) , ) )
e1 , d2 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 5 . 0 ) ) ,

f a c e s=pickedFaces , sketch=s )
s . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt (((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0 .833333 ,

2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ((−0.833333 , −0.833333 ,
5 . 0 ) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

e , d1 = p . edges , p . datums
pickedEdges =(e . f indAt ( coo rd ina t e s =(−2.5 , −1.25 , 5 . 0 ) ) , e . f indAt ( coo rd ina t e s=(

1 . 25 , −2.5 , 5 . 0 ) ) , e . f indAt ( coo rd ina t e s =(2.5 , 1 . 25 , 5 . 0 ) ) , e . f indAt (
coo rd ina t e s =(−1.25 , 2 . 5 , 5 . 0 ) ) )

p . Part it ionCel lByExtrudeEdge ( l i n e=e . f indAt ( coo rd ina t e s =(5.0 , −5.0 , 1 . 2 5 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=REVERSE)

# Assign Sect ion
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . s e tVa lues ( sect ionAss ignments=ON,

eng inee r ingFea tu r e s=ON)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . geometryOptions . s e tVa lues (

r e f e r en c eRep r e s en ta t i on=OFF)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ Front ’ ] )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . s e tP r o j e c t i o n ( p r o j e c t i o n=PARALLEL)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
# Tetragonal only x and y f i b e r
c e l l s = c . f indAt (((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0 .833333 ,

2 .4995) , ) ,
((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ( (
−0.833333 , 5 . 0 , 0 .833333) , ) )

# Orig ina l x , y and z f i b e r
# c e l l s = c . f indAt (((−0.833333 , 0.833333 , −5.0) , ) , ((−0.833333 , −0.833333 , 5 .0)

,
# ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0.833333 , 2.4995) , ) ,
# ((−5.0 , −0.833333 , 0.833333) , ) , ( ( 5 . 0 , 0.833333 , 0.833333) , ) , ( (
# −0.833333 , 5 .0 , 0.833333) , ) )

r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 , −0.833333 , 5 . 0 ) ,

) ,
( ( 4 . 166667 , −5.0 , 2 . 5 ) , ) )

r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Matrix ’ , o f f s e t =0.0 ,
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o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ I s o ’ ] )
# Assembly
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=a )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . s e tVa lues (mesh=OFF)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . meshOptions . s e tVa lues (

meshTechnique=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
a1 . DatumCsysByDefault (CARTESIAN)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
a1 . In s tance (name=’FIBBI−1 ’ , part=p , dependent=OFF)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . s e tVa lues (mesh=ON)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . meshOptions . s e tVa lues (

meshTechnique=ON)
# Par t i t i on
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt (((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 ,

−0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 ,
0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 4 . 166667 ,
−5.0 , 2 . 5 ) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

v21 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v21 . f indAt ( coo rd ina t e s =(−2.5 , −2.5 ,

5 . 0 ) ) , po int2=v21 . f indAt ( coo rd ina t e s =(−2.5 , 2 . 5 , 5 . 0 ) ) ,
po int3=v21 . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt (((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 ,

−0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 ,
0 .833333 , 2 .4995) , ) , ((−0.833333 , −5.0 , 3 .333333) , ) , ( ( 5 . 0 , 0 .833333 ,
0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

v1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v1 . f indAt ( coo rd ina t e s =(2.5 , −2.5 ,

5 . 0 ) ) , po int2=v1 . f indAt ( coo rd ina t e s =(2.5 , 2 . 5 , 5 . 0 ) ) , po int3=v1 . f indAt (
coo rd ina t e s =(2.5 , 5 . 0 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ( ( ( 0 . 8 33333 , 4 .166667 , 5 . 0 ) , ) , ( ( 0 . 833333 , −5.0 ,

4 .166667) , ) , ( ( 3 . 333333 , −5.0 , −4.166667) , ) , ((−3.333333 , 5 . 0 ,
−4.166667) , ) , ((−0.833333 , −0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 ,
−0.833333) , ) , ((−0.833333 , 0 .833333 , 2 . 4995) , ) , ((−5.0 , −0.833333 ,
0 .833333) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 ,
0 .833333) , ) )

v21 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v21 . f indAt ( coo rd ina t e s =(5.0 , −2.5 ,

2 . 5 ) ) , po int2=v21 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 2 . 5 ) ) ,
po int3=v21 . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ( ( ( 0 . 8 33333 , 5 . 0 , −4.166667) , ) , ( ( 4 . 166667 , −5.0 ,

1 .666667) , ) , ((−4.166667 , 5 . 0 , 1 .666667) , ) , ((−0.833333 , 0 .833333 ,
−5.0) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0 .833333 ,
2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 0 . 833333 , −4.166667 ,
−5.0) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) ,
) )

v1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v1 . f indAt ( coo rd ina t e s =(5.0 , −2.5 ,

−2.5) ) , po int2=v1 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , −2.5) ) ,
po int3=v1 . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , −2.5) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ((( −5 .0 , −4.166667 , −1.666667) , ) , ((−4.166667 , 5 . 0 ,

−3.333333) , ) , ( ( 4 . 166667 , −5.0 , −3.333333) , ) , ((−4.166667 , −5.0 ,
3 .333333) , ) , ( ( 4 . 166667 , 5 . 0 , 3 .333333) , ) , ( ( 0 . 833333 , −3.333333 ,
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5 . 0 ) , ) , ( ( 4 . 166667 , −5.0 , −1.666667) , ) , ((−0.833333 , 0 .833333 , −5.0) ,
) , ((−0.833333 , −0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , (
(−0.833333 , 0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( (
0 .833333 , −4.166667 , −5.0) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) )

v21 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v21 . f indAt ( coo rd ina t e s =(−2.5 , −2.5 ,

5 . 0 ) ) , po int2=v21 . f indAt ( coo rd ina t e s =(2.5 , −2.5 , 5 . 0 ) ) ,
po int3=v21 . f indAt ( coo rd ina t e s =(5.0 , −2.5 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ((( −5 .0 , −0.833333 , 3 .333333) , ) , ( ( 3 . 333333 , −0.833333 ,

−5.0) , ) , ((−4.166667 , 5 . 0 , −3.333333) , ) , ( ( 4 . 166667 , 5 . 0 , −1.666667) ,
) , ( ( 4 . 166667 , 5 . 0 , 3 .333333) , ) , ( ( 0 . 833333 , 4 .166667 , 5 . 0 ) , ) , ( (
0 .833333 , 3 .333333 , −5.0) , ) , ((−5.0 , 4 .166667 , −1.666667) , ) , ( (
−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 , −0.833333 , 5 . 0 ) , ) , ( (
−0.833333 , 0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( (
5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

v1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v1 . f indAt ( coo rd ina t e s =(−2.5 , 2 . 5 ,

5 . 0 ) ) , po int2=v1 . f indAt ( coo rd ina t e s =(2.5 , 2 . 5 , 5 . 0 ) ) , po int3=v1 . f indAt (
coo rd ina t e s =(5.0 , 2 . 5 , −2.5) ) , c e l l s=p i ck edCe l l s )

# Mesh
elemType1 = mesh . ElemType ( elemCode=C3D20R, e lemLibrary=STANDARD)
elemType2 = mesh . ElemType ( elemCode=C3D20R, e lemLibrary=STANDARD)
elemType3 = mesh . ElemType ( elemCode=C3D20R, e lemLibrary=STANDARD)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
c e l l s 1 = c1 . f indAt ( ( ( 5 . 0 , 0 .833333 , 4 .166667) , ) , ((−5.0 , 0 .833333 , −4.166667) ,

) , ( ( 4 . 166667 , 3 .333333 , −5.0) , ) , ((−5.0 , 3 .333333 , 4 .166667) , ) , ( (
3 .333333 , −5.0 , 3 .333333) , ) , ((−5.0 , 0 .833333 , 3 .333333) , ) , ( (
3 .333333 , 0 .833333 , −5.0) , ) , ((−5.0 , −3.333333 , −4.166667) , ) , ( (
−4.166667 , −5.0 , −1.666667) , ) , ((−4.166667 , 5 . 0 , −3.333333) , ) , ( (
4 .166667 , 5 . 0 , −1.666667) , ) , ( ( 5 . 0 , −3.333333 , −3.333333) , ) , ( (
−3.333333 , −3.333333 , 5 . 0 ) , ) , ( ( 4 . 166667 , 5 . 0 , 3 .333333) , ) , ( (
0 .833333 , 4 .166667 , 5 . 0 ) , ) , ( ( 0 . 833333 , 3 .333333 , −5.0) , ) , ( (
0 .833333 , −5.0 , 4 .166667) , ) , ( ( 5 . 0 , −4.166667 , −1.666667) , ) , ((−5.0 ,
4 .166667 , −1.666667) , ) , ((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 ,
−0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 ,
0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 0 . 833333 ,
−5.0 , −3.333333) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 ,
0 .833333) , ) )

p ickedRegions =( c e l l s 1 , )
a . setElementType ( r e g i on s=pickedRegions , elemTypes=(elemType1 , elemType2 ,

elemType3 ) )
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . s eedPart Ins tance ( r e g i on s=part Ins tances , s i z e =1.25 , dev ia t i onFacto r =0.1)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . generateMesh ( r e g i on s=par t In s t ance s )
######################################################################
# Write input f i l e
######################################################################
#The name of the opera t ing system dependent module imported .
#The f o l l ow i n g names have cu r r en t l y been r e g i s t e r e d :
#’ pos i x ’ , ’ nt ’ , ’ os2 ’ , ’ ce ’ , ’ java ’ , ’ r i s c o s ’ .
i f " pos ix " in os . name :
# pr in t ’LINUX’
##Clus t e r
# mdb . Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
# e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrecis ion=SINGLE,
# de s c r i p t i on = ’ ’ , p a r a l l e l i z a t i o nMe t h o dExp l i c i t=DOMAIN,
# mult iprocessingMode=DEFAULT, numDomains=1, userSubrout ine = ’ ’ ,
# numCpus=1, preMemory=16056.0 , standardMemory=16056.0 ,
# standardMemoryPolicy=MODERATE, scra t ch = ’ ’ , echoPrint=OFF,
# modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr in t=OFF)
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#Local
mdb. Job (name=inpname , model=’Model−1 ’ , d e s c r i p t i o n=’ ’ , type= ANALYSIS,

atTime=None , waitMinutes=0, waitHours=0, queue=None , memory=90,
memoryUnits=PERCENTAGE, getMemoryFromAnalysis=True ,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE, echoPr int=OFF,
modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr i n t=OFF, userSubrout ine=’ ’ ,
s c r a t ch=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN, numDomains=1,
act ivateLoadBalanc ing=False , mult iprocess ingMode=DEFAULT, numCpus=1)

mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)
e l i f "nt" in os . name :
# pr in t ’WINDOWS’

mdb. Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE,
d e s c r i p t i o n=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN,
mult iprocess ingMode=DEFAULT, numDomains=1, userSubrout ine=’ ’ ,
numCpus=1, memory=50, memoryUnits=PERCENTAGE, s c ra t ch=’ ’ ,
echoPr int=OFF, modelPrint=OFF, contac tPr in t=OFF,
h i s t o r yPr i n t=OFF)

mdb. jobs [ inpname ] . s e tVa lues ( \
userSubrout ine=’C:\\SIMULIA\\Abaqus_Temp\\umat3\\ rate_ana . f o r ’ )

mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)
######################################################################
# Open input f i l e
######################################################################
f = open( inpname+" . inp " , ’ r+’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
######################################################################
# Generate l i s t o f nodes
######################################################################
print ’Read nodes ! ’
nodes = [ ]
data = [ ]
read = str ( f . r e ad l i n e ( ) )
while read [ : 8 ] != ’ ∗Element ’ :

data = read . s p l i t ( " , " )
data = map( f loat , data )
data [ 0 ] = int ( data [ 0 ] )
nodes . append ( data )
read = str ( f . r e ad l i n e ( ) )

l ennodes = len ( nodes )
#pr in t ("Nodes ")
#for l i n e in nodes : p r in t l i n e
######################################################################
# Generate l i s t o f e lements
######################################################################
print ’Read elements ! ’
e lements = [ ]
data = [ ]
i f str ( e l e typ ) [0:4]== ’C3D8 ’ :

read = str ( f . r e ad l i n e ( ) )
e l i f str ( e l e typ ) [0:5]== ’C3D10 ’ :

read = str ( f . r e ad l i n e ( ) )
e l i f str ( e l e typ ) [0:5]== ’C3D20 ’ :

read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
else :

print ’No such element type ! Check code ’
while read [ : 5 ] != ’ ∗Nset ’ :

data = read . s p l i t ( " , " )
e lements . append (map( int , data ) )
i f eval ( e l e typ )==C3D8 :

read = str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D10 :
read = str ( f . r e ad l i n e ( ) )

i f eval ( e l e typ )==C3D20 :
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read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D20R :

read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
print len ( e lements ) , ’ Elemente ’
print ’ So r t ing f o r LDBC and PBC . . . ’
######################################################################
# Sort ing sur face node coup l e s
######################################################################
t o l = 0 .1 #∗ e l e
s t e l l e n = 3
ecken = [ ]

kantenXpYpZ = [ ]
kantenXmYpZ = [ ]
kantenXpYmZ = [ ]
kantenXmYmZ = [ ]

kantenYpXpZ = [ ]
kantenYmXpZ = [ ]
kantenYpXmZ = [ ]
kantenYmXmZ = [ ]

kantenZpXpY = [ ]
kantenZmXpY = [ ]
kantenZpXmY = [ ]
kantenZmXmY = [ ]

flaechenXm = [ ]
f laechenXp = [ ]
flaechenYm = [ ]
f laechenYp = [ ]
f laechenZm = [ ]
f laechenZp = [ ]

innen = [ ]

for i in range ( len ( nodes ) ) :
#Ecke1
i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke2
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke3
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke4
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke5
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke6
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
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ecken . append ( nodes [ i ] [ 0 ] )
#Ecke7
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke8
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Kanten X+Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenXpYmZ . append ( nodes [ i ] [ 0 ] )

#Kanten X−Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenXmYmZ . append ( nodes [ i ] [ 0 ] )

#Kanten X+Y+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenXpYpZ . append ( nodes [ i ] [ 0 ] )

#Kanten X−Y+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenXmYpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y+X−Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenYpXmZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y−X−Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenYmXmZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y+X+Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenYpXpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y−X+Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenYmXpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Z+X−Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
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round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenZpXmY . append ( nodes [ i ] [ 0 ] )

#Kanten Z−X−Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenZmXmY. append ( nodes [ i ] [ 0 ] )

#Kanten Z+X+Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenZpXpY . append ( nodes [ i ] [ 0 ] )

#Kanten Z−X+Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenZmXpY . append ( nodes [ i ] [ 0 ] )

#Jewe i l s Minus (m) und Plus (p ) Se i t e
#Flaechen Xp
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenXp . append ( nodes [ i ] [ 0 ] )
#Flaechen Xm
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :

flaechenXm . append ( nodes [ i ] [ 0 ] )
#Flaechen Yp
e l i f round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenYp . append ( nodes [ i ] [ 0 ] )
#Flaechen Ym
e l i f round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :

flaechenYm . append ( nodes [ i ] [ 0 ] )
#Flaechen Zp
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenZp . append ( nodes [ i ] [ 0 ] )
#Flaechen Zm
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :

f laechenZm . append ( nodes [ i ] [ 0 ] )
#Innen
else :

innen . append ( nodes [ i ] [ 0 ] )
###########################################################
# Addi t iona l s o r t i n g f o r PBC
###########################################################
i f rb == ’PBC’ :

print ’ Addi t iona l s o r t i n g f o r PBC . . . ’
# Sort ing oppos i t e nodes wi th in the l i s t
# Sor t ing corners
eckenso r t = [ ]

for i in range ( len ( ecken ) ) :
#Ecke1
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

for i in range ( len ( ecken ) ) :
#Ecke2
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
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for i in range ( len ( ecken ) ) :
#Ecke3
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke4
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke5
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke6
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke7
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke8
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

# Sort ing edges

kantenXsort = [ ]
kantenYsort = [ ]
kantenZsort = [ ]

Xkanten = len (kantenXpYmZ)
for i in range (Xkanten ) :

Xvalue = round( nodes [ kantenXpYmZ [ i ] −1 ] [ 1 ] , s t e l l e n )
kantenXsort . append (kantenXpYmZ [ i ] )
for j in range (Xkanten ) :

i f Xvalue == round( nodes [ kantenXmYmZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :
break

kantenXsort . append (kantenXmYmZ [ j ] )
kantenXsort . append (kantenXmYmZ [ j ] )
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for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXmYpZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXmYpZ [ j ] )
kantenXsort . append (kantenXmYpZ [ j ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXpYpZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXpYpZ [ j ] )

#pr in t ’Kanten X s o r t i e r t ’
#pr in t kantenXsort

Ykanten = len (kantenYpXmZ)
for i in range (Ykanten ) :

Yvalue = round( nodes [ kantenYpXmZ [ i ] −1 ] [ 2 ] , s t e l l e n )
kantenYsort . append (kantenYpXmZ [ i ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXmZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXmZ [ j ] )
kantenYsort . append (kantenYmXmZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXpZ [ j ] )
kantenYsort . append (kantenYmXpZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYpXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYpXpZ [ j ] )

#pr in t ’Kanten Y s o r t i e r t ’
#pr in t kantenYsort

Zkanten = len (kantenZpXmY)
for i in range ( Zkanten ) :

Yvalue = round( nodes [ kantenZpXmY [ i ] −1 ] [ 3 ] , s t e l l e n )
kantenZsort . append (kantenZpXmY [ i ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXmY[ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXmY[ j ] )
kantenZsort . append (kantenZmXmY[ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXpY [ j ] )
kantenZsort . append (kantenZmXpY [ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZpXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZpXpY [ j ] )

#pr in t ’Kanten Z s o r t i e r t ’
#pr in t kantenZsort

f l a e chenXsor t = [ ]
f l a e chenYsor t = [ ]
f l a e ch enZso r t = [ ]
#s t e l l e n = 1
Xflaechen = len ( f laechenXp )
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for i in range ( Xf laechen ) :
Yvalue = nodes [ f laechenXp [ i ] −1 ] [ 2 ]
Zvalue = nodes [ f laechenXp [ i ] −1 ] [ 3 ]
f l a e chenXsor t . append ( f laechenXp [ i ] )
for j in range ( Xf laechen ) :

#pr in t Yvalue − nodes [ flaechenXm [ j ] −1 ] [2 ]
#pr in t Zvalue − nodes [ flaechenXm [ j ] −1 ] [3 ]
i f abs ( Yvalue − nodes [ flaechenXm [ j ] − 1 ] [ 2 ] ) <= t o l ∗ e l e and \

abs ( Zvalue − nodes [ flaechenXm [ j ] − 1 ] [ 3 ] ) <= t o l ∗ e l e :
break

f l a e chenXsor t . append ( flaechenXm [ j ] )
#pr in t ’ Flaechen X s o r t i e r t ’
#pr in t f l aechenXsor t

Yflaechen = len ( f laechenYp )
for i in range ( Yf laechen ) :

Xvalue = nodes [ f laechenYp [ i ] −1 ] [ 1 ]
Zvalue = nodes [ f laechenYp [ i ] −1 ] [ 3 ]
f l a e chenYsor t . append ( f laechenYp [ i ] )
for j in range ( Yf laechen ) :

i f abs ( Xvalue − nodes [ flaechenYm [ j ] − 1 ] [ 1 ] ) <= t o l ∗ e l e and \
abs ( Zvalue − nodes [ flaechenYm [ j ] − 1 ] [ 3 ] ) <= t o l ∗ e l e :
break

f l a e chenYsor t . append ( flaechenYm [ j ] )
#pr in t ’ Flaechen Y s o r t i e r t ’
#pr in t f l aechenYsor t

Zf laechen = len ( f laechenZp )
for i in range ( Z f l aechen ) :

Xvalue = nodes [ f laechenZp [ i ] −1 ] [ 1 ]
Yvalue = nodes [ f laechenZp [ i ] −1 ] [ 2 ]
f l a e ch enZso r t . append ( f laechenZp [ i ] )
for j in range ( Z f l aechen ) :

i f abs ( Xvalue − nodes [ f laechenZm [ j ] − 1 ] [ 1 ] ) <= t o l ∗ e l e and \
abs ( Yvalue − nodes [ f laechenZm [ j ] − 1 ] [ 2 ] ) <= t o l ∗ e l e :
break

f l a e ch enZso r t . append ( flaechenZm [ j ] )
#pr in t ’ Flaechen Z s o r t i e r t ’
#pr in t f l a e chenZsor t

i f rb==’LDBC’ :
print ’LDBC: Sor t ing nodes l i s t again ’
# Merge a l l l i s t s
nr f = [ ]
n r f . extend ( ecken )
n r f . extend (kantenXpYpZ)
nr f . extend (kantenXmYpZ)
nr f . extend (kantenXpYmZ)
nr f . extend (kantenXmYmZ)
nr f . extend (kantenYpXpZ)
nr f . extend (kantenYmXpZ)
nr f . extend (kantenYpXmZ)
nr f . extend (kantenYmXmZ)
nr f . extend (kantenZpXpY)
nr f . extend (kantenZmXpY)
nr f . extend (kantenZpXmY)
nr f . extend (kantenZmXmY)
nr f . extend ( flaechenXm )
nr f . extend ( f laechenXp )
n r f . extend ( flaechenYm )
nr f . extend ( f laechenYp )
n r f . extend ( flaechenZm )
nr f . extend ( f laechenZp )
#nrf . extend ( innen )
#Sor t ing nodes l i s t corresponding to nr f
i f o r t s c h r i t t = 0
i = 0



Appendix A Python script to generate the different RVEs 136

for i in range ( len ( n r f ) ) :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [0]== nr f [ i ] :
break

nodes [ k ] , nodes [ i ] = nodes [ i ] , nodes [ k ]
l e t z t e o b e r f l a e c h e = len ( n r f )−1

e l i f rb==’PBC’ :
print ’PBC: Sor t ing nodes l i s t ’
# Merge a l l l i s t s
nr f = [ ]
n r f . extend ( eckenso r t )
n r f . extend ( kantenXsort )
n r f . extend ( kantenYsort )
n r f . extend ( kantenZsort )
n r f . extend ( f l a e chenXsor t )
n r f . extend ( f l a e chenYsor t )
n r f . extend ( f l a e ch enZso r t )
n r f . extend ( innen )
nodesneu = [ ]
#pr in t ’ l en nr f ’ , l en ( nr f )
#pr in t ’ l en nodes ’ , l en ( nodes )
i=0
while i != len ( n r f ) :
# i f i % 1000 == 0:
# pr in t ’ i ’ , i

i f i < len ( n r f )−1:
i f nr f [ i ] == nr f [ i +1] :

for k in range ( len ( nodes ) ) :
i f nodes [ k ] [ 0 ] == nr f [ i ] :

break
nodesneu . append ( nodes [ k ] )
nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=2

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

l e t z t e o b e r f l a e c h e = len ( n r f )−len ( innen )−1
nodes = nodesneu

#pr in t ("Nodesneu")
#for l i n e in nodes : p r in t l i n e

######################################################################
# Write input f i l e
######################################################################
s h u t i l . c o p y f i l e ( inpname+" . inp " , inpname+"_backup . inp " )
f . seek (0 , 0 )
while read [ : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+1) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+2) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+3) )

b = open( inpname+"_backup . inp " , ’ r+’ )
l i n e s 1 = b . r e a d l i n e s ( )
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b . c l o s e ( )
os . remove ( inpname+"_backup . inp " )
for i in range (17 , len ( l i n e s 1 ) ) :

f . wr i t e ( l i n e s 1 [ i ] )
f . seek (0 , 0 )

# Add add i t i ona l nodes
print ’ Complete input f i l e . . . ’
while read [ : 1 1 ] != ’ ∗∗ Sec t i on : ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
i f " pos ix " in os . name :

f . seek (−17 ,2)
#f . seek (−22 ,2)

i f XNUC==1 and YNUC==1 and ZNUC==1:
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet9 , mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet10 , mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )

e l i f XNUC==2 and YNUC==2 and ZNUC==2:
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet4_#1, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber2 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet7_#2, mate r i a l=Fiber2 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet8_#3, mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )

# Define equat ion
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗∗ Constra int : Constra int−1 \n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Equation \n ’ )
i f rb == ’LDBC’ :
######################################################################
# Linear disp lacment boundary cond i t i ons (LDBC)
######################################################################

print ’ L inear disp lacment boundary cond i t i on s (LDBC) ! ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,1 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+1,−nodes [ i ] [ 1 ] , len ( nodes )+1, \
−nodes [ i ] [ 2 ] , len ( nodes )+1,−nodes [ i ] [ 3 ] ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,2 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+2,−nodes [ i ] [ 1 ] , len ( nodes )+2, \
−nodes [ i ] [ 2 ] , len ( nodes )+2,−nodes [ i ] [ 3 ] ) )

#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,3 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+3,−nodes [ i ] [ 1 ] , len ( nodes )+3, \
−nodes [ i ] [ 2 ] , len ( nodes )+3,−nodes [ i ] [ 3 ] ) )

e l i f rb == ’PBC’ :
######################################################################
# Period ic boundary cond i t i ons (PBC)
######################################################################

print ’ Pe r i od i c boundary cond i t i on s (PBC) ’
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#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 1 , 1 . 0 \ n%d ,1 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +1 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +1 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +1 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 2 , 1 . 0 \ n%d ,2 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +2 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +2 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +2 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 3 , 1 . 0 \ n%d ,3 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +3 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +3 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +3 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

##pre s c r i b e H symmetric
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,2 ,1 .0\n%d ,1 ,−1.0\n" %(lennodes+1, lennodes+2))
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,3 ,1 .0\n%d ,1 ,−1.0\n" %(lennodes+1, lennodes+3))
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,3 ,1 .0\n%d ,2 ,−1.0\n" %(lennodes+2, lennodes+3))

f . wr i t e ( ’ ∗End Ins tance \n ’ )
# Determine o r i g i n
ursprung = ’ ke in ’
for i in range (0 , len ( nodes ) ) :

i f abs ( nodes [ i ] [ 1 ] ) == 0 . and \
abs ( nodes [ i ] [ 2 ] ) == 0 . and \
abs ( nodes [ i ] [ 3 ] ) == 0 . <= t o l ∗ e l e :
ursprung=nodes [ i ] [ 0 ]

i f ursprung == ’ ke in ’ :
print ’No o r i g i n , check mesh ’

#zusa t z1 = ’ ke in ’
#for i in range (0 , l en ( nodes ) ) :

#i f abs ( nodes [ i ] [ 1 ] − (YNUC∗ fa1 / tan ( ang lerad ) /2.+XNUC∗ fa2 ) ) <= t o l ∗ e l e and \
#abs ( nodes [ i ] [ 2 ] − (YNUC∗ fa1 /2 . ) ) <= t o l ∗ e l e and \
#abs ( nodes [ i ] [ 3 ] − (ZNUC∗ drve /2 . ) ) <= t o l ∗ e l e :
#zusa t z1=nodes [ i ] [ 0 ]

#i f zusa t z1 == ’ ke in ’ :
#pr in t ’Kein Zusatz1 , Vernetzung pruefen ’

#zusa t z2 = ’ ke in ’
#for i in range (0 , l en ( nodes ) ) :

#i f abs ( nodes [ i ] [ 1 ] − (YNUC∗ fa1 / tan ( ang lerad ) /2.+XNUC∗ fa2 /2 . ) ) <= t o l ∗ e l e and
\

#abs ( nodes [ i ] [ 2 ] − (YNUC∗ fa1 /2 . ) ) <= t o l ∗ e l e and \
#abs ( nodes [ i ] [ 3 ] − (ZNUC∗ drve ) ) <= t o l ∗ e l e :
#zusa t z2=nodes [ i ] [ 0 ]

#i f zusa t z2 == ’ ke in ’ :
#pr in t ’Kein Zusatz2 , Vernetzung pruefen ’
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# Node s e t s f o r the boundary o f the a r t i f i c i a l nodes
f . wr i t e ( ’ ∗Nset , nset=K1, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+1) )
f . wr i t e ( ’ ∗Nset , nset=K2, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+2) )
f . wr i t e ( ’ ∗Nset , nset=K3, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+3) )

i f rb != ’LDBC’ :
f . wr i t e ( ’ ∗Nset , nset=Ursprung , i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %ursprung )

#f . wr i t e ( ’∗Nset , nse t=zusatz1 , in t e rna l , ins tance=FIBBI−1 \n ’)
#f . wr i t e (’%d , \n ’ %zusa t z1 )
#f . wr i t e ( ’∗Nset , nse t=zusatz2 , in t e rna l , ins tance=FIBBI−1 \n ’)
#f . wr i t e (’%d , \n ’ %zusa t z2 )

f . wr i t e ( ’ ∗End Assembly \n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ MATERIALS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )

# ======================================================================
# Element type C: 3 square f i b e r s in x , y and z d i r e c t i on
# cub ic symmetry
# ======================================================================
i f typ == ’C ’ :

########################################################################
print ’=========================================================’
print ’ Element type C: 3 square f i b e r s in x , y and z d i r e c t i o n ’
print ’=========================================================’
########################################################################
#Fiber rad ius
r f 1 =3.
r f 2 =3.
r f 3 =3.
#RVE th i c kne s s d
drve= 10 .
#Number o f un i t c e l l s
XNUC=1
YNUC=1
ZNUC=1
#Calcu la t e COOS
movex = −0.5∗(XNUC−1.)
movey = −s q r t ( 3 . ) /2 .∗ (YNUC−1.)
#Area A0
#A0 = fa1 ∗ fa2 ∗ s in ( ang lerad )
#A0 = fa1 ∗YNUC∗ fa2 ∗XNUC
#Volume V0
V0 = drve∗drve∗drve
#Obso le t
seed = [ ]
seed . append (XNUC)
######################################################################
# Generate f a s e r i npu t . t x t
######################################################################
inpname = ’RVE_%s_%s_%s_ele%s_%s ’ %(typ , ’X ’+str (XNUC)+’Y ’+str (YNUC)+’Z ’+str (

ZNUC) , rb , str ( e l e ) . r ep l a c e ( ’ . ’ , ’ ’ ) , extname )
print inpname
f = open( inpname+’ _f iber input . txt ’ , ’w ’ )
f . wr i t e ( ’CPU number : \ n ’ )
f . wr i t e ( ’%s \n ’ %(cpunumber ) )
f . wr i t e ( ’Type o f RVE:\ n ’ )
f . wr i t e ( ’%s \n ’ %(typ ) )
f . wr i t e ( ’Type o f boundary cond i t i on : \ n ’ )
f . wr i t e ( ’%s \n ’ %(rb ) )
f . wr i t e ( ’ Element s i z e : \ n ’ )
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f . wr i t e ( ’%.3 f \n ’ %( e l e ) )
f . wr i t e ( ’ Element shape : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e shape ) )
f . wr i t e ( ’ Element type : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e typ ) )
f . wr i t e ( ’ Radius f i b e r 1 :\ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( r f 1 ) )
f . wr i t e ( ’ Distance f i b e r 1 :\ n ’ )
#f . wr i t e ( ’%.3 f \n ’ %(fa1 ) )
#f . wr i t e ( ’ Radius f i b e r 2:\n ’)
#f . wr i t e ( ’%.3 f \n ’ %(r f 2 ) )
#f . wr i t e ( ’ Distance f i b e r 2:\n ’)
#f . wr i t e ( ’%.3 f \n ’ %(fa2 ) )
#f . wr i t e ( ’ Layer Distance :\n ’)
#f . wr i t e ( ’%.3 f \n ’ %( l a ) )
f . wr i t e ( ’RVE th i ckne s s d : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %(drve ) )
#f . wr i t e ( ’ Angle between f i b e r s :\n ’)
#f . wr i t e ( ’%.3 f \n ’ %(ang le ) )
f . wr i t e ( ’ Displacement Gradient \n ’ )
f . wr i t e ( ’H0 : \ n ’ )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 0 ] [ 0 ] ) , str (H0 [ 0 ] [ 1 ] ) , str (H0 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 1 ] [ 0 ] ) , str (H0 [ 1 ] [ 1 ] ) , str (H0 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 2 ] [ 0 ] ) , str (H0 [ 2 ] [ 1 ] ) , str (H0 [ 2 ] [ 2 ] ) ) )
f . wr i t e ( ’Name Input−Datei \n ’ )
f . wr i t e ( inpname )
f . wr i t e ( ’ \n ’ )
f . c l o s e ( )
####################################################################
# Generate model
####################################################################
# Close o ld model
Mdb( )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=None )
s e s s i o n . journa lOpt ions . s e tVa lues ( replayGeometry=COORDINATE, recoverGeometry=

COORDINATE)
#Sect ion
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber1 ’ , mate r i a l=’ Fiber1 ’ ,

t h i c kne s s=None )
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber2 ’ , mate r i a l=’ Fiber2 ’ ,

t h i c kne s s=None )
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber3 ’ , mate r i a l=’ Fiber3 ’ ,

t h i c kne s s=None )
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Matrix ’ , mate r i a l=’ Matrix ’ ,

t h i c kne s s=None )
#Build rhombus and f i b e r s
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . s e tVa lues ( sect ionAss ignments=OFF,

eng inee r ingFea tu r e s=OFF)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . geometryOptions . s e tVa lues (

r e f e r en c eRep r e s en ta t i on=ON)
s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=STANDALONE)
s . r e c t ang l e ( po int1 =(−5.0 , 5 . 0 ) , po int2 =(5.0 , −5.0) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−1 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . BaseSol idExtrude ( sketch=s , depth =5.0)
s . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( nearPlane =22.3108 ,

f a rP lane =40.9522 , width =31.4415 , he ight =10.6695 , cameraPos it ion=(
28 .8266 , 4 .06394 , −9.87444) , cameraUpVector=(−0.374061 , 0 .881389 ,
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0 .288499) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f , e = p . f ace s , p . edges
t = p . MakeSketchTransform ( sketchPlane=f . f indAt ( coo rd ina t e s =(−1.666667 ,

1 .666667 , 0 . 0 ) ) , sketchUpEdge=e . f indAt ( coo rd ina t e s =(−5.0 , 2 . 5 , 0 . 0 ) ) ,
sketchPlaneS ide=SIDE1 , ske t chOr i en ta t i on=RIGHT, o r i g i n =(0.0 , 0 . 0 , 0 . 0 ) )

s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =28.28 , g r idSpac ing =0.7 , trans form=t )

g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s1 , f i l t e r=COPLANAR_EDGES)
s1 . r e c t ang l e ( po int1 =(−5.0 , 5 . 0 ) , po int2 =(5.0 , −5.0) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f1 , e1 = p . face s , p . edges
p . Sol idExtrude ( sketchPlane=f1 . f indAt ( coo rd ina t e s =(−1.666667 , 1 .666667 , 0 . 0 ) ) ,

sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(−5.0 , 2 . 5 , 0 . 0 ) ) ,
sketchPlaneS ide=SIDE1 , ske t chOr i en ta t i on=RIGHT, sketch=s1 , depth =5.0 ,
f l i pEx t rudeD i r e c t i on=OFF)

s1 . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ I s o ’ ] )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f , e , d1 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform ( sketchPlane=f . f indAt ( coo rd ina t e s =(−1.666667 , 5 . 0 ,

3 .333333) ) , sketchUpEdge=e . f indAt ( coo rd ina t e s =(5.0 , 5 . 0 , −1.25) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(0.0 , 5 . 0 , 0 . 0 ) )

s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =34.64 , g r idSpac ing =0.86 , trans form=t )

g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s , f i l t e r=COPLANAR_EDGES)
s . r e c t ang l e ( po int1 =(−2.5 , 2 . 5 ) , po int2 =(2.5 , −2.5) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt (((−1.666667 , 5 . 0 , 3 .333333) , ) )
e1 , d2 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(5.0 , 5 . 0 , −1.25) ) ,

f a c e s=pickedFaces , sketch=s )
s . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt (((−0.833333 , 5 . 0 , 0 .833333) , ) )
e , d1 = p . edges , p . datums
pickedEdges =(e . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , 1 . 2 5 ) ) , e . f indAt ( coo rd ina t e s=(

1 . 25 , 5 . 0 , 2 . 5 ) ) , e . f indAt ( coo rd ina t e s =(2.5 , 5 . 0 , −1.25) ) , e . f indAt (
coo rd ina t e s =(−1.25 , 5 . 0 , −2.5) ) )

p . Part it ionCel lByExtrudeEdge ( l i n e=e . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 5 . 0 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=FORWARD)

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f1 , e1 , d2 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform ( sketchPlane=f1 . f indAt ( coo rd ina t e s =(5.0 , 1 .666667 ,

3 .333333) ) , sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(5.0 , −2.5 , −5.0) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(5.0 , 0 . 0 , 0 . 0 ) )

s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =34.64 , g r idSpac ing =0.86 , trans form=t )

g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s1 , f i l t e r=COPLANAR_EDGES)
s1 . r e c t ang l e ( po int1 =(−2.5 , 2 . 5 ) , po int2 =(2.5 , −2.5) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt ( ( ( 5 . 0 , 1 .666667 , 3 .333333) , ) )



Appendix A Python script to generate the different RVEs 142

e , d1 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e . f indAt ( coo rd ina t e s =(5.0 , −2.5 , −5.0) ) ,

f a c e s=pickedFaces , sketch=s1 )
s1 . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt ( ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 ,

0 .833333) , ) )
e1 , d2 = p . edges , p . datums
pickedEdges =(e1 . f indAt ( coo rd ina t e s =(5.0 , −1.25 , 2 . 5 ) ) , e1 . f indAt ( coo rd ina t e s=(

5 . 0 , −2.5 , −1.25) ) , e1 . f indAt ( coo rd ina t e s =(5.0 , 1 . 25 , −2.5) ) ,
e1 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 1 . 25 ) ) )

p . Part it ionCel lByExtrudeEdge ( l i n e=e1 . f indAt ( coo rd ina t e s =(2.5 , −5.0 , 5 . 0 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=FORWARD)

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f , e , d1 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform ( sketchPlane=f . f indAt ( coo rd ina t e s =(1.666667 , 1 .666667 ,

5 . 0 ) ) , sketchUpEdge=e . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 5 . 0 ) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(0.0 , 0 . 0 , 5 . 0 ) )

s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =34.64 , g r idSpac ing =0.86 , trans form=t )

g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s , f i l t e r=COPLANAR_EDGES)
s . r e c t ang l e ( po int1 =(−2.5 , 2 . 5 ) , po int2 =(2.5 , −2.5) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt ( ( ( 1 . 6 66667 , 1 .666667 , 5 . 0 ) , ) )
e1 , d2 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 5 . 0 ) ) ,

f a c e s=pickedFaces , sketch=s )
s . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt (((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0 .833333 ,

2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ((−0.833333 , −0.833333 ,
5 . 0 ) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

e , d1 = p . edges , p . datums
pickedEdges =(e . f indAt ( coo rd ina t e s =(−2.5 , −1.25 , 5 . 0 ) ) , e . f indAt ( coo rd ina t e s=(

1 . 25 , −2.5 , 5 . 0 ) ) , e . f indAt ( coo rd ina t e s =(2.5 , 1 . 25 , 5 . 0 ) ) , e . f indAt (
coo rd ina t e s =(−1.25 , 2 . 5 , 5 . 0 ) ) )

p . Part it ionCel lByExtrudeEdge ( l i n e=e . f indAt ( coo rd ina t e s =(5.0 , −5.0 , 1 . 2 5 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=REVERSE)

#Assign Sect ion
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . s e tVa lues ( sect ionAss ignments=ON,

eng inee r ingFea tu r e s=ON)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . par tDisp lay . geometryOptions . s e tVa lues (

r e f e r en c eRep r e s en ta t i on=OFF)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ Front ’ ] )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . s e tP r o j e c t i o n ( p r o j e c t i o n=PARALLEL)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 , −0.833333 , 5 . 0 ) ,

) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0 .833333 , 2 .4995) , ) ,
((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ( (
−0.833333 , 5 . 0 , 0 .833333) , ) )

r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)
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p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
c e l l s = c . f indAt ( ( ( 4 . 1 66667 , −5.0 , 2 . 5 ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Matrix ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ I s o ’ ] )
#Assembly
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=a )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . s e tVa lues (mesh=OFF)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . meshOptions . s e tVa lues (

meshTechnique=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
a1 . DatumCsysByDefault (CARTESIAN)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
a1 . In s tance (name=’FIBBI−1 ’ , part=p , dependent=OFF)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . s e tVa lues (mesh=ON)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . assemblyDisplay . meshOptions . s e tVa lues (

meshTechnique=ON)
#Par t i t i on
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt (((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 ,

−0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 ,
0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 4 . 166667 ,
−5.0 , 2 . 5 ) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

v21 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v21 . f indAt ( coo rd ina t e s =(−2.5 , −2.5 ,

5 . 0 ) ) , po int2=v21 . f indAt ( coo rd ina t e s =(−2.5 , 2 . 5 , 5 . 0 ) ) ,
po int3=v21 . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt (((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 ,

−0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 ,
0 .833333 , 2 .4995) , ) , ((−0.833333 , −5.0 , 3 .333333) , ) , ( ( 5 . 0 , 0 .833333 ,
0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

v1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v1 . f indAt ( coo rd ina t e s =(2.5 , −2.5 ,

5 . 0 ) ) , po int2=v1 . f indAt ( coo rd ina t e s =(2.5 , 2 . 5 , 5 . 0 ) ) , po int3=v1 . f indAt (
coo rd ina t e s =(2.5 , 5 . 0 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ( ( ( 0 . 8 33333 , 4 .166667 , 5 . 0 ) , ) , ( ( 0 . 833333 , −5.0 ,

4 .166667) , ) , ( ( 3 . 333333 , −5.0 , −4.166667) , ) , ((−3.333333 , 5 . 0 ,
−4.166667) , ) , ((−0.833333 , −0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 ,
−0.833333) , ) , ((−0.833333 , 0 .833333 , 2 . 4995) , ) , ((−5.0 , −0.833333 ,
0 .833333) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 ,
0 .833333) , ) )

v21 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v21 . f indAt ( coo rd ina t e s =(5.0 , −2.5 ,

2 . 5 ) ) , po int2=v21 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , 2 . 5 ) ) ,
po int3=v21 . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ( ( ( 0 . 8 33333 , 5 . 0 , −4.166667) , ) , ( ( 4 . 166667 , −5.0 ,

1 .666667) , ) , ((−4.166667 , 5 . 0 , 1 .666667) , ) , ((−0.833333 , 0 .833333 ,
−5.0) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 , 0 .833333 ,
2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 0 . 833333 , −4.166667 ,
−5.0) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) ,
) )

v1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v1 . f indAt ( coo rd ina t e s =(5.0 , −2.5 ,

−2.5) ) , po int2=v1 . f indAt ( coo rd ina t e s =(5.0 , 2 . 5 , −2.5) ) ,
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point3=v1 . f indAt ( coo rd ina t e s =(−2.5 , 5 . 0 , −2.5) ) , c e l l s=p i ck edCe l l s )
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ((( −5 .0 , −4.166667 , −1.666667) , ) , ((−4.166667 , 5 . 0 ,

−3.333333) , ) , ( ( 4 . 166667 , −5.0 , −3.333333) , ) , ((−4.166667 , −5.0 ,
3 .333333) , ) , ( ( 4 . 166667 , 5 . 0 , 3 .333333) , ) , ( ( 0 . 833333 , −3.333333 ,
5 . 0 ) , ) , ( ( 4 . 166667 , −5.0 , −1.666667) , ) , ((−0.833333 , 0 .833333 , −5.0) ,
) , ((−0.833333 , −0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , (
(−0.833333 , 0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( (
0 .833333 , −4.166667 , −5.0) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) )

v21 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v21 . f indAt ( coo rd ina t e s =(−2.5 , −2.5 ,

5 . 0 ) ) , po int2=v21 . f indAt ( coo rd ina t e s =(2.5 , −2.5 , 5 . 0 ) ) ,
po int3=v21 . f indAt ( coo rd ina t e s =(5.0 , −2.5 , 2 . 5 ) ) , c e l l s=p i ck edCe l l s )

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
p i c k edCe l l s = c1 . f indAt ((( −5 .0 , −0.833333 , 3 .333333) , ) , ( ( 3 . 333333 , −0.833333 ,

−5.0) , ) , ((−4.166667 , 5 . 0 , −3.333333) , ) , ( ( 4 . 166667 , 5 . 0 , −1.666667) ,
) , ( ( 4 . 166667 , 5 . 0 , 3 .333333) , ) , ( ( 0 . 833333 , 4 .166667 , 5 . 0 ) , ) , ( (
0 .833333 , 3 .333333 , −5.0) , ) , ((−5.0 , 4 .166667 , −1.666667) , ) , ( (
−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 , −0.833333 , 5 . 0 ) , ) , ( (
−0.833333 , 0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( (
5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 , 0 .833333) , ) )

v1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . v e r t i c e s
a . Part i t ionCe l lByPlaneThreePoints ( po int1=v1 . f indAt ( coo rd ina t e s =(−2.5 , 2 . 5 ,

5 . 0 ) ) , po int2=v1 . f indAt ( coo rd ina t e s =(2.5 , 2 . 5 , 5 . 0 ) ) , po int3=v1 . f indAt (
coo rd ina t e s =(5.0 , 2 . 5 , −2.5) ) , c e l l s=p i ck edCe l l s )

#Mesh
elemType1 = mesh . ElemType ( elemCode=C3D20R, e lemLibrary=STANDARD)
elemType2 = mesh . ElemType ( elemCode=C3D20R, e lemLibrary=STANDARD)
elemType3 = mesh . ElemType ( elemCode=C3D20R, e lemLibrary=STANDARD)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
c e l l s 1 = c1 . f indAt ( ( ( 5 . 0 , 0 .833333 , 4 .166667) , ) , ((−5.0 , 0 .833333 , −4.166667) ,

) , ( ( 4 . 166667 , 3 .333333 , −5.0) , ) , ((−5.0 , 3 .333333 , 4 .166667) , ) , ( (
3 .333333 , −5.0 , 3 .333333) , ) , ((−5.0 , 0 .833333 , 3 .333333) , ) , ( (
3 .333333 , 0 .833333 , −5.0) , ) , ((−5.0 , −3.333333 , −4.166667) , ) , ( (
−4.166667 , −5.0 , −1.666667) , ) , ((−4.166667 , 5 . 0 , −3.333333) , ) , ( (
4 .166667 , 5 . 0 , −1.666667) , ) , ( ( 5 . 0 , −3.333333 , −3.333333) , ) , ( (
−3.333333 , −3.333333 , 5 . 0 ) , ) , ( ( 4 . 166667 , 5 . 0 , 3 .333333) , ) , ( (
0 .833333 , 4 .166667 , 5 . 0 ) , ) , ( ( 0 . 833333 , 3 .333333 , −5.0) , ) , ( (
0 .833333 , −5.0 , 4 .166667) , ) , ( ( 5 . 0 , −4.166667 , −1.666667) , ) , ((−5.0 ,
4 .166667 , −1.666667) , ) , ((−0.833333 , 0 .833333 , −5.0) , ) , ((−0.833333 ,
−0.833333 , 5 . 0 ) , ) , ((−0.833333 , −5.0 , −0.833333) , ) , ((−0.833333 ,
0 .833333 , 2 .4995) , ) , ((−5.0 , −0.833333 , 0 .833333) , ) , ( ( 0 . 833333 ,
−5.0 , −3.333333) , ) , ( ( 5 . 0 , 0 .833333 , 0 .833333) , ) , ((−0.833333 , 5 . 0 ,
0 .833333) , ) )

p ickedRegions =( c e l l s 1 , )
a . setElementType ( r e g i on s=pickedRegions , elemTypes=(elemType1 , elemType2 ,

elemType3 ) )
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . s eedPart Ins tance ( r e g i on s=part Ins tances , s i z e =1.25 , dev ia t i onFacto r =0.1)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . generateMesh ( r e g i on s=par t In s t ance s )
######################################################################
# Generate input f i l d e
######################################################################
#The name of the opera t ing system dependent module imported .
#The f o l l ow i n g names have cu r r en t l y been r e g i s t e r e d :
#’ pos i x ’ , ’ nt ’ , ’ os2 ’ , ’ ce ’ , ’ java ’ , ’ r i s c o s ’ .
i f " pos ix " in os . name :
# pr in t ’LINUX’
##Clus t e r
# mdb . Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
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# ex p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrecis ion=SINGLE,
# de s c r i p t i on = ’ ’ , p a r a l l e l i z a t i o nMe t h o dExp l i c i t=DOMAIN,
# mult iprocessingMode=DEFAULT, numDomains=1, userSubrout ine = ’ ’ ,
# numCpus=1, preMemory=16056.0 , standardMemory=16056.0 ,
# standardMemoryPolicy=MODERATE, scra t ch = ’ ’ , echoPrint=OFF,
# modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr in t=OFF)
#Lokal

mdb. Job (name=inpname , model=’Model−1 ’ , d e s c r i p t i o n=’ ’ , type= ANALYSIS,
atTime=None , waitMinutes=0, waitHours=0, queue=None , memory=90,
memoryUnits=PERCENTAGE, getMemoryFromAnalysis=True ,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE, echoPr int=OFF,
modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr i n t=OFF, userSubrout ine=’ ’ ,
s c r a t ch=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN, numDomains=1,
act ivateLoadBalanc ing=False , mult iprocess ingMode=DEFAULT, numCpus=1)

mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)
e l i f "nt" in os . name :
# pr in t ’WINDOWS’

mdb. Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE,
d e s c r i p t i o n=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN,
mult iprocess ingMode=DEFAULT, numDomains=1, userSubrout ine=’ ’ ,
numCpus=1, memory=50, memoryUnits=PERCENTAGE, s c ra t ch=’ ’ ,
echoPr int=OFF, modelPrint=OFF, contac tPr in t=OFF,
h i s t o r yPr i n t=OFF)

mdb. jobs [ inpname ] . s e tVa lues ( \
userSubrout ine=’C:\\SIMULIA\\Abaqus_Temp\\umat3\\ rate_ana . f o r ’ )

mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)
######################################################################
# Open input f i l e
######################################################################
f = open( inpname+" . inp " , ’ r+’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
######################################################################
# Generate l i s t o f nodes
######################################################################
print ’Read nodes ! ’
nodes = [ ]
data = [ ]
read = str ( f . r e ad l i n e ( ) )
while read [ : 8 ] != ’ ∗Element ’ :

data = read . s p l i t ( " , " )
data = map( f loat , data )
data [ 0 ] = int ( data [ 0 ] )
nodes . append ( data )
read = str ( f . r e ad l i n e ( ) )

l ennodes = len ( nodes )
#pr in t ("Nodes ")
#for l i n e in nodes : p r in t l i n e
######################################################################
# Generate l i s t o f e lements
######################################################################
print ’Read elements ! ’
e lements = [ ]
data = [ ]
i f str ( e l e typ ) [0:4]== ’C3D8 ’ :

read = str ( f . r e ad l i n e ( ) )
e l i f str ( e l e typ ) [0:5]== ’C3D10 ’ :

read = str ( f . r e ad l i n e ( ) )
e l i f str ( e l e typ ) [0:5]== ’C3D20 ’ :

read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
else :

print ’No such element type ! Check code ’
while read [ : 5 ] != ’ ∗Nset ’ :

data = read . s p l i t ( " , " )
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e lements . append (map( int , data ) )
i f eval ( e l e typ )==C3D8 :

read = str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D10 :
read = str ( f . r e ad l i n e ( ) )

i f eval ( e l e typ )==C3D20 :
read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )

i f eval ( e l e typ )==C3D20R :
read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )

print len ( e lements ) , ’ Elemente ’
print ’ So r t ing f o r LDBC and PBC . . . ’
######################################################################
# Sort ing sur face nodes
######################################################################
t o l = 0 .1 #∗ e l e
s t e l l e n = 3
ecken = [ ]

kantenXpYpZ = [ ]
kantenXmYpZ = [ ]
kantenXpYmZ = [ ]
kantenXmYmZ = [ ]

kantenYpXpZ = [ ]
kantenYmXpZ = [ ]
kantenYpXmZ = [ ]
kantenYmXmZ = [ ]

kantenZpXpY = [ ]
kantenZmXpY = [ ]
kantenZpXmY = [ ]
kantenZmXmY = [ ]

flaechenXm = [ ]
f laechenXp = [ ]
flaechenYm = [ ]
f laechenYp = [ ]
f laechenZm = [ ]
f laechenZp = [ ]

innen = [ ]

for i in range ( len ( nodes ) ) :
#Ecke1
i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke2
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke3
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke4
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke5
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
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round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke6
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke7
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke8
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗−drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗−drve /2 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Kanten X+Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenXpYmZ . append ( nodes [ i ] [ 0 ] )

#Kanten X−Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenXmYmZ . append ( nodes [ i ] [ 0 ] )

#Kanten X+Y+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenXpYpZ . append ( nodes [ i ] [ 0 ] )

#Kanten X−Y+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenXmYpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y+X−Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenYpXmZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y−X−Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenYmXmZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y+X+Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenYpXpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y−X+Z
e l i f round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
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kantenYmXpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Z+X−Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenZpXmY . append ( nodes [ i ] [ 0 ] )

#Kanten Z−X−Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
kantenZmXmY. append ( nodes [ i ] [ 0 ] )

#Kanten Z+X+Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenZpXpY . append ( nodes [ i ] [ 0 ] )

#Kanten Z−X+Y
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(+drve /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :
kantenZmXpY . append ( nodes [ i ] [ 0 ] )

# Minus (m) and Plus (p ) s i d e
#Flaechen Xp
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenXp . append ( nodes [ i ] [ 0 ] )
#Flaechen Xm
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :

flaechenXm . append ( nodes [ i ] [ 0 ] )
#Flaechen Yp
e l i f round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenYp . append ( nodes [ i ] [ 0 ] )
#Flaechen Ym
e l i f round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :

flaechenYm . append ( nodes [ i ] [ 0 ] )
#Flaechen Zp
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(+drve /2 . , s t e l l e n ) :

f laechenZp . append ( nodes [ i ] [ 0 ] )
#Flaechen Zm
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :

f laechenZm . append ( nodes [ i ] [ 0 ] )
#Innen
else :

innen . append ( nodes [ i ] [ 0 ] )
###########################################################
# Addi t iona l s o r t i n g f o r PBC
###########################################################
i f rb == ’PBC’ :

print ’ Zu sa t z so r t i e rung PBC . . . ’
#Sort ing oppos i t e nodes wi th in the l i s t s
#Sor t ing corners
eckenso r t = [ ]

for i in range ( len ( ecken ) ) :
#Ecke1
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

for i in range ( len ( ecken ) ) :
#Ecke2
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i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke3
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke4
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke5
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke6
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke7
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round( drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke8
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(−drve /2 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

# Sort ing edges

kantenXsort = [ ]
kantenYsort = [ ]
kantenZsort = [ ]

Xkanten = len (kantenXpYmZ)
for i in range (Xkanten ) :

Xvalue = round( nodes [ kantenXpYmZ [ i ] −1 ] [ 1 ] , s t e l l e n )
kantenXsort . append (kantenXpYmZ [ i ] )
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for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXmYmZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXmYmZ [ j ] )
kantenXsort . append (kantenXmYmZ [ j ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXmYpZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXmYpZ [ j ] )
kantenXsort . append (kantenXmYpZ [ j ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXpYpZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXpYpZ [ j ] )

#pr in t ’Kanten X s o r t i e r t ’
#pr in t kantenXsort

Ykanten = len (kantenYpXmZ)
for i in range (Ykanten ) :

Yvalue = round( nodes [ kantenYpXmZ [ i ] −1 ] [ 2 ] , s t e l l e n )
kantenYsort . append (kantenYpXmZ [ i ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXmZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXmZ [ j ] )
kantenYsort . append (kantenYmXmZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXpZ [ j ] )
kantenYsort . append (kantenYmXpZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYpXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYpXpZ [ j ] )

#pr in t ’Kanten Y s o r t i e r t ’
#pr in t kantenYsort

Zkanten = len (kantenZpXmY)
for i in range ( Zkanten ) :

Yvalue = round( nodes [ kantenZpXmY [ i ] −1 ] [ 3 ] , s t e l l e n )
kantenZsort . append (kantenZpXmY [ i ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXmY[ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXmY[ j ] )
kantenZsort . append (kantenZmXmY[ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXpY [ j ] )
kantenZsort . append (kantenZmXpY [ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZpXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZpXpY [ j ] )

#pr in t ’Kanten Z s o r t i e r t ’
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#pr in t kantenZsort

f l a e chenXsor t = [ ]
f l a e chenYsor t = [ ]
f l a e ch enZso r t = [ ]
#s t e l l e n = 1
Xflaechen = len ( f laechenXp )
for i in range ( Xf laechen ) :

Yvalue = nodes [ f laechenXp [ i ] −1 ] [ 2 ]
Zvalue = nodes [ f laechenXp [ i ] −1 ] [ 3 ]
f l a e chenXsor t . append ( f laechenXp [ i ] )
for j in range ( Xf laechen ) :

#pr in t Yvalue − nodes [ flaechenXm [ j ] −1 ] [2 ]
#pr in t Zvalue − nodes [ flaechenXm [ j ] −1 ] [3 ]
i f abs ( Yvalue − nodes [ flaechenXm [ j ] − 1 ] [ 2 ] ) <= t o l ∗ e l e and \

abs ( Zvalue − nodes [ flaechenXm [ j ] − 1 ] [ 3 ] ) <= t o l ∗ e l e :
break

f l a e chenXsor t . append ( flaechenXm [ j ] )
#pr in t ’ Flaechen X s o r t i e r t ’
#pr in t f l aechenXsor t

Yflaechen = len ( f laechenYp )
for i in range ( Yf laechen ) :

Xvalue = nodes [ f laechenYp [ i ] −1 ] [ 1 ]
Zvalue = nodes [ f laechenYp [ i ] −1 ] [ 3 ]
f l a e chenYsor t . append ( f laechenYp [ i ] )
for j in range ( Yf laechen ) :

i f abs ( Xvalue − nodes [ flaechenYm [ j ] − 1 ] [ 1 ] ) <= t o l ∗ e l e and \
abs ( Zvalue − nodes [ flaechenYm [ j ] − 1 ] [ 3 ] ) <= t o l ∗ e l e :
break

f l a e chenYsor t . append ( flaechenYm [ j ] )
#pr in t ’ Flaechen Y s o r t i e r t ’
#pr in t f l aechenYsor t

Zf laechen = len ( f laechenZp )
for i in range ( Z f l aechen ) :

Xvalue = nodes [ f laechenZp [ i ] −1 ] [ 1 ]
Yvalue = nodes [ f laechenZp [ i ] −1 ] [ 2 ]
f l a e ch enZso r t . append ( f laechenZp [ i ] )
for j in range ( Z f l aechen ) :

i f abs ( Xvalue − nodes [ f laechenZm [ j ] − 1 ] [ 1 ] ) <= t o l ∗ e l e and \
abs ( Yvalue − nodes [ f laechenZm [ j ] − 1 ] [ 2 ] ) <= t o l ∗ e l e :
break

f l a e ch enZso r t . append ( flaechenZm [ j ] )
#pr in t ’ Flaechen Z s o r t i e r t ’
#pr in t f l a e chenZsor t

i f rb==’LDBC’ :
print ’LDBC: Sor t ing nodes l i s t ’
#Merge a l l l i s t s
nr f = [ ]
n r f . extend ( ecken )
n r f . extend (kantenXpYpZ)
nr f . extend (kantenXmYpZ)
nr f . extend (kantenXpYmZ)
nr f . extend (kantenXmYmZ)
nr f . extend (kantenYpXpZ)
nr f . extend (kantenYmXpZ)
nr f . extend (kantenYpXmZ)
nr f . extend (kantenYmXmZ)
nr f . extend (kantenZpXpY)
nr f . extend (kantenZmXpY)
nr f . extend (kantenZpXmY)
nr f . extend (kantenZmXmY)
nr f . extend ( flaechenXm )
nr f . extend ( f laechenXp )
n r f . extend ( flaechenYm )
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nr f . extend ( f laechenYp )
n r f . extend ( flaechenZm )
nr f . extend ( f laechenZp )
#nrf . extend ( innen )
#Sor t ing nodes l i s t f o l l ow i n g nr f
i f o r t s c h r i t t = 0
i = 0
for i in range ( len ( n r f ) ) :

for k in range ( len ( nodes ) ) :
i f nodes [ k ] [0]== nr f [ i ] :

break
nodes [ k ] , nodes [ i ] = nodes [ i ] , nodes [ k ]

l e t z t e o b e r f l a e c h e = len ( n r f )−1
e l i f rb==’PBC’ :

print ’PBC: Node s l i s t e neu s o r t i e r e n ’
#Merge a l l l i s t s
nr f = [ ]
n r f . extend ( eckenso r t )
n r f . extend ( kantenXsort )
n r f . extend ( kantenYsort )
n r f . extend ( kantenZsort )
n r f . extend ( f l a e chenXsor t )
n r f . extend ( f l a e chenYsor t )
n r f . extend ( f l a e ch enZso r t )
n r f . extend ( innen )
nodesneu = [ ]
#pr in t ’ l en nr f ’ , l en ( nr f )
#pr in t ’ l en nodes ’ , l en ( nodes )
i=0
while i != len ( n r f ) :
# i f i % 1000 == 0:
# pr in t ’ i ’ , i

i f i < len ( n r f )−1:
i f nr f [ i ] == nr f [ i +1] :

for k in range ( len ( nodes ) ) :
i f nodes [ k ] [ 0 ] == nr f [ i ] :

break
nodesneu . append ( nodes [ k ] )
nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=2

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

l e t z t e o b e r f l a e c h e = len ( n r f )−len ( innen )−1
nodes = nodesneu

#pr in t ("Nodesneu")
#for l i n e in nodes : p r in t l i n e

######################################################################
# Write input f i l e
######################################################################
s h u t i l . c o p y f i l e ( inpname+" . inp " , inpname+"_backup . inp " )
f . seek (0 , 0 )
while read [ : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
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f . t runcate ( )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+1) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+2) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+3) )

b = open( inpname+"_backup . inp " , ’ r+’ )
l i n e s 1 = b . r e a d l i n e s ( )
b . c l o s e ( )
os . remove ( inpname+"_backup . inp " )
for i in range (17 , len ( l i n e s 1 ) ) :

f . wr i t e ( l i n e s 1 [ i ] )
f . seek (0 , 0 )
# Add add i t i ona l nodes
print ’ Complete input f i l e . . . ’
while read [ : 1 1 ] != ’ ∗∗ Sec t i on : ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
i f " pos ix " in os . name :

f . seek (−17 ,2)
#f . seek (−22 ,2)

i f XNUC==1 and YNUC==1 and ZNUC==1:
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet9 , mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet10 , mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )

e l i f XNUC==2 and YNUC==2 and ZNUC==2:
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet4_#1, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber2 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet7_#2, mate r i a l=Fiber2 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet8_#3, mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )

# Define equat ion
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗∗ Constra int : Constra int−1 \n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Equation \n ’ )
i f rb == ’LDBC’ :
######################################################################
# Linear disp lacement boundary cond i t i ons (LDBC)
######################################################################

print ’ L inear d i sp lacement boundary cond i t i on s (LDBC) ! ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,1 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+1,−nodes [ i ] [ 1 ] , len ( nodes )+1, \
−nodes [ i ] [ 2 ] , len ( nodes )+1,−nodes [ i ] [ 3 ] ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,2 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+2,−nodes [ i ] [ 1 ] , len ( nodes )+2, \
−nodes [ i ] [ 2 ] , len ( nodes )+2,−nodes [ i ] [ 3 ] ) )

#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,3 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+3,−nodes [ i ] [ 1 ] , len ( nodes )+3, \
−nodes [ i ] [ 2 ] , len ( nodes )+3,−nodes [ i ] [ 3 ] ) )
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e l i f rb == ’PBC’ :
######################################################################
# Period ic boundary cond i t i ons (PBC)
######################################################################

print ’ Pe r i od i s che Verschiebungs−RB (PVRB) gewaehlt ! ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 1 , 1 . 0 \ n%d ,1 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +1 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +1 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +1 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 2 , 1 . 0 \ n%d ,2 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +2 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +2 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +2 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 3 , 1 . 0 \ n%d ,3 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +3 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +3 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +3 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

##pre s c r i b e H symmetric
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,2 ,1 .0\n%d ,1 ,−1.0\n" %(lennodes+1, lennodes+2))
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,3 ,1 .0\n%d ,1 ,−1.0\n" %(lennodes+1, lennodes+3))
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,3 ,1 .0\n%d ,2 ,−1.0\n" %(lennodes+2, lennodes+3))

f . wr i t e ( ’ ∗End Ins tance \n ’ )
# Determine o r i g i n
ursprung = ’ ke in ’
for i in range (0 , len ( nodes ) ) :

i f abs ( nodes [ i ] [ 1 ] ) == 0 . and \
abs ( nodes [ i ] [ 2 ] ) == 0 . and \
abs ( nodes [ i ] [ 3 ] ) == 0 . <= t o l ∗ e l e :
ursprung=nodes [ i ] [ 0 ]

i f ursprung == ’ ke in ’ :
print ’No o r i g i n , check mesh ’

#zusa t z1 = ’ ke in ’
#for i in range (0 , l en ( nodes ) ) :

#i f abs ( nodes [ i ] [ 1 ] − (YNUC∗ fa1 / tan ( ang lerad ) /2.+XNUC∗ fa2 ) ) <= t o l ∗ e l e and \
#abs ( nodes [ i ] [ 2 ] − (YNUC∗ fa1 /2 . ) ) <= t o l ∗ e l e and \
#abs ( nodes [ i ] [ 3 ] − (ZNUC∗ drve /2 . ) ) <= t o l ∗ e l e :
#zusa t z1=nodes [ i ] [ 0 ]

#i f zusa t z1 == ’ ke in ’ :
#pr in t ’Kein Zusatz1 , Vernetzung pruefen ’

#zusa t z2 = ’ ke in ’
#for i in range (0 , l en ( nodes ) ) :

#i f abs ( nodes [ i ] [ 1 ] − (YNUC∗ fa1 / tan ( ang lerad ) /2.+XNUC∗ fa2 /2 . ) ) <= t o l ∗ e l e and
\
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#abs ( nodes [ i ] [ 2 ] − (YNUC∗ fa1 /2 . ) ) <= t o l ∗ e l e and \
#abs ( nodes [ i ] [ 3 ] − (ZNUC∗ drve ) ) <= t o l ∗ e l e :
#zusa t z2=nodes [ i ] [ 0 ]

#i f zusa t z2 == ’ ke in ’ :
#pr in t ’Kein Zusatz2 , Vernetzung pruefen ’

# Node s e t s f o r boundary o f the a r t i f i c i a l nodes
f . wr i t e ( ’ ∗Nset , nset=K1, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+1) )
f . wr i t e ( ’ ∗Nset , nset=K2, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+2) )
f . wr i t e ( ’ ∗Nset , nset=K3, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+3) )

i f rb != ’LDBC’ :
f . wr i t e ( ’ ∗Nset , nset=Ursprung , i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %ursprung )

#f . wr i t e ( ’∗Nset , nse t=zusatz1 , in t e rna l , ins tance=FIBBI−1 \n ’)
#f . wr i t e (’%d , \n ’ %zusa t z1 )
#f . wr i t e ( ’∗Nset , nse t=zusatz2 , in t e rna l , ins tance=FIBBI−1 \n ’)
#f . wr i t e (’%d , \n ’ %zusa t z2 )

f . wr i t e ( ’ ∗End Assembly \n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ MATERIALS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )

# ======================================================================
# Element type B: 2 round f i b e r s in x and y d i r e c t i on
# d i f f e r e n t f i b e r angle , s i z e , d i s t ance
# ======================================================================
i f typ == ’B ’ :

########################################################################
print ’=========================================================’
print ’ Element type B: 2 round f i b e r s in x and y d i r e c t i o n ’
print ’=========================================================’
########################################################################
# Fiber rad ius
r f 1 =0.2
r f 2 =0.2
# Fiber d i s t ance
f a1 =1.
fa2 =1.
# Layer Distance
l a = 0 .1
# Calcu la t e RVE th i c kne s s d
drve = 2 .∗ l a + 2 .∗ r f 1 + 2 .∗ r f 2
# Fiber ang le <= 90 degree
ang le = 90 .
ang lerad=angle /180.0∗ pi
# Number o f un i t c e l l s
XNUC=1
YNUC=1
ZNUC=1
# Calcu la t e COOS
movex = −0.5∗(XNUC−1.)
movey = −s q r t ( 3 . ) /2 .∗ (YNUC−1.)
# Area A0
#A0 = fa1 ∗ fa2 ∗ s in ( ang lerad )
A0 = fa1 ∗YNUC∗ f a2 ∗XNUC
# Volume V0
V0 = A0∗drve∗ZNUC
# Obso le t
seed = [ ]
seed . append (XNUC)
######################################################################
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# Generate f a s e r i npu t . t x t
######################################################################
inpname = ’RVE_%s_%s_%s_ele%s_%s ’ %(typ , ’X ’+str (XNUC)+’Y ’+str (YNUC)+’Z ’+str (

ZNUC) , rb , str ( e l e ) . r ep l a c e ( ’ . ’ , ’ ’ ) , extname )
print inpname
f = open( inpname+’ _f iber input . txt ’ , ’w ’ )
f . wr i t e ( ’CPU number : \ n ’ )
f . wr i t e ( ’%s \n ’ %(cpunumber ) )
f . wr i t e ( ’RVE type : \ n ’ )
f . wr i t e ( ’%s \n ’ %(typ ) )
f . wr i t e ( ’Type o f boundary cond i t i on : \ n ’ )
f . wr i t e ( ’%s \n ’ %(rb ) )
f . wr i t e ( ’ Element s i z e : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( e l e ) )
f . wr i t e ( ’ Element shape : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e shape ) )
f . wr i t e ( ’ Element type : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e typ ) )

f . wr i t e ( ’ Radius f i b e r 1 :\ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( r f 1 ) )
f . wr i t e ( ’ Distance f i b e r 1 :\ n ’ )
f . wr i t e ( ’%.3 f \n ’ %(fa1 ) )
f . wr i t e ( ’ Radius f i b e r 2 :\ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( r f 2 ) )
f . wr i t e ( ’ Distance f i b e r 2 :\ n ’ )
f . wr i t e ( ’%.3 f \n ’ %(fa2 ) )
f . wr i t e ( ’ Layer Distance : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( l a ) )
f . wr i t e ( ’RVE th i ckne s s d : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %(drve ) )
f . wr i t e ( ’ Angle between f i b e r s : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %(ang le ) )

f . wr i t e ( ’ Displacement Gradient \n ’ )
f . wr i t e ( ’H0 : \ n ’ )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 0 ] [ 0 ] ) , str (H0 [ 0 ] [ 1 ] ) , str (H0 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 1 ] [ 0 ] ) , str (H0 [ 1 ] [ 1 ] ) , str (H0 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 2 ] [ 0 ] ) , str (H0 [ 2 ] [ 1 ] ) , str (H0 [ 2 ] [ 2 ] ) ) )

f . wr i t e ( ’Name o f input f i l e \n ’ )
f . wr i t e ( inpname )
f . wr i t e ( ’ \n ’ )
f . c l o s e ( )
####################################################################
# Generate model
####################################################################
# Close o ld model
Mdb( )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=None )
s e s s i o n . journa lOpt ions . s e tVa lues ( replayGeometry=COORDINATE, recoverGeometry=

COORDINATE)
# Sect ion
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber1 ’ , mate r i a l=’ Fiber1 ’ ,

t h i c kne s s=None )
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber2 ’ , mate r i a l=’ Fiber2 ’ ,

t h i c kne s s=None )
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Matrix ’ , mate r i a l=’ Matrix ’ ,

t h i c kne s s=None )
# Build Rhombus
s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=STANDALONE)
s1 . Line ( po int1 =(0.0 , 0 . 0 ) , po int2=(fa2 , 0 . 0 ) )
s1 . Line ( po int1=(fa2 , 0 . 0 ) , po int2=( fa1 / tan ( ang lerad )+fa2 , fa1 ) )
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s1 . Line ( po int1=( fa1 / tan ( ang lerad )+fa2 , fa1 ) , po int2=( fa1 / tan ( ang lerad ) , fa1 ) )
s1 . Line ( po int1=( fa1 / tan ( ang lerad ) , fa1 ) , po int2 =(0.0 , 0 . 0 ) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−1 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . BaseSol idExtrude ( sketch=s1 , depth=drve )
s1 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( s e s s i o n . views [ ’ Front ’ ] )
#Fiber1
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f1 , e1 , d2 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform (

sketchPlane=f1 . f indAt ( coo rd ina t e s =( fa1 /2 ./ tan ( ang lerad ) , fa1 /2 . , drve /2 . ) ) ,
sketchUpEdge=e1 . f indAt ( coo rd ina t e s=( fa1 /2 ./ tan ( ang lerad ) , fa1 /2 . , drve ) ) ,
sketchPlaneS ide=SIDE1 , o r i g i n =(0.0 , 0 . 0 , 0 . 0 ) )

s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
s h e e tS i z e =8.32 , gr idSpac ing =0.2 , trans form=t )

g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=SUPERIMPOSE)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . pro jec tRe fe rencesOntoSketch ( sketch=s1 , f i l t e r=COPLANAR_EDGES)
s1 . Circ leByCenterPer imeter ( c en t e r=( l a /2.+ r f1 , fa1 /2 ./ s i n ( ang lerad ) ) , po int1=( l a

/2 . , f a1 /2 ./ s i n ( ang lerad ) ) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt ( ( ( fa1 /2 ./ tan ( ang lerad ) , fa1 /2 . , drve /2 . ) , ) )
e , d1 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e . f indAt ( coo rd ina t e s=( fa1 /2 ./ tan ( ang lerad )

, fa1 /2 . , drve ) ) , f a c e s=pickedFaces , sketch=s1 )
s1 . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt ( ( ( 0 . , 0 . , 0 . ) , ) )
e1 , d2 = p . edges , p . datums
pickedEdges =(e1 . f indAt ( coo rd ina t e s=( fa1 /2 ./ tan ( ang lerad ) , fa1 /2 . , l a / 2 . ) ) , )
p . Part it ionCel lByExtrudeEdge ( l i n e=e1 . f indAt ( coo rd ina t e s=( fa2 /4 . , 0 . 0 , 0 . 0 ) ) ,

c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=FORWARD)
#Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
c e l l s = c . f indAt ( ( ( fa1 /2 ./ tan ( ang lerad ) , fa1 /2 . , l a /2.+ r f 1 ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

#Fiber2
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f1 , e , d1 = p . face s , p . edges , p . datums
t = p . MakeSketchTransform (

sketchPlane=f1 . f indAt ( coo rd ina t e s=( fa2 /2 . , 0 . 0 , drve /2 . ) ) ,
sketchUpEdge=e . f indAt ( coo rd ina t e s=( 0 . 0 , 0 . 0 , drve /2 . ) ) ,
sketchPlaneS ide=SIDE1 , ske t chOr i en ta t i on=LEFT, o r i g i n =(0.0 , 0 . 0 , 0 . 0 ) )

s = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ , s h e e tS i z e =6.56 ,
gr idSpac ing =0.16 , trans form=t )

g , v , d , c = s . geometry , s . v e r t i c e s , s . dimensions , s . c o n s t r a i n t s
s . setPrimaryObject ( opt ion=SUPERIMPOSE)
p . pro jec tRe fe rencesOntoSketch ( sketch=s , f i l t e r=COPLANAR_EDGES)
s . Circ leByCenterPer imeter ( c en te r=( fa2 /2 . , l a /2.+2.∗ r f 1+l a+r f 2 ) , po int1=( fa2 /2.+

r f2 , l a /2.+2.∗ r f 1+l a+r f 2 ) )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f = p . f a c e s
pickedFaces = f . f indAt ( ( ( fa2 /2 . , 0 . 0 , drve /2 . ) , ) )
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e1 , d2 = p . edges , p . datums
p . Part i t ionFaceBySketch ( sketchUpEdge=e1 . f indAt ( coo rd ina t e s =(0.0 , 0 . 0 , drve /2 . ) )

,
f a c e s=pickedFaces , ske t chOr i en ta t i on=LEFT, sketch=s )

s . unsetPrimaryObject ( )
del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
c = p . c e l l s
p i c k edCe l l s = c . f indAt ( ( ( fa2 / 2 . , 0 . 0 , l a /2.+2.∗ r f 1+l a+r f 2 ) , ) )
e , d = p . edges , p . datums
pickedEdges =(e . f indAt ( coo rd ina t e s=( fa2 /2.+ r f2 , 0 . 0 , l a /2.+2.∗ r f 1+l a+r f 2 ) ) , )
p . Part it ionCel lByExtrudeEdge ( l i n e=e . f indAt ( coo rd ina t e s=( fa1 /2 ./ tan ( ang lerad )

/2 . , f a1 / 2 . / 2 . , 0 . 0 ) ) ,
c e l l s=p ickedCe l l s , edges=pickedEdges , s ense=FORWARD)

#Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
c e l l s = c . f indAt ( ( ( fa2 /2 . , 0 . 0 , l a /2.+2.∗ r f 1+l a+r f 2 ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber2 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

#Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
c = p . c e l l s
c e l l s = c . f indAt ( ( ( 0 . , 0 . , 0 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Matrix ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

#Generate Pa r t i t i o nCe l l s

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
f2 , e2 = p . face s , p . edges
p . DatumPlaneByOffset ( plane=f1 . f indAt (

coo rd ina t e s=( fa1 /2 ./ tan ( ang lerad ) , fa1 /2 . , drve /2 . ) ) ,
f l i p=SIDE2 , o f f s e t=fa2 /2 .∗ s i n ( ang lerad ) )

p . DatumPlaneByPrincipalPlane ( p r i n c i pa lP l ane=XZPLANE, o f f s e t=fa1 /2 . )
p . DatumPlaneByPrincipalPlane ( p r i n c i pa lP l ane=XYPLANE, o f f s e t=l a /2.+ r f 1 )
p . DatumPlaneByPrincipalPlane ( p r i n c i pa lP l ane=XYPLANE, o f f s e t=drve /2 . )
p . DatumPlaneByPrincipalPlane ( p r i n c i pa lP l ane=XYPLANE, o f f s e t=drve−l a /2.− r f 2 )

c1 = p . c e l l s
c e l = c1 . pointsOn
p i ck edCe l l s = c1 . f indAt ( c e l [ 0 ] , )
for i in range (1 , len ( c e l ) ) :

p i c k edCe l l s += c1 . f indAt ( c e l [ i ] , )
d1 = p . datums
p . Partit ionCellByDatumPlane ( datumPlane=d1 [ 9 ] , c e l l s=p i ck edCe l l s )

c1 = p . c e l l s
c e l = c1 . pointsOn
p i ck edCe l l s = c1 . f indAt ( c e l [ 0 ] , )
for i in range (1 , len ( c e l ) ) :

p i c k edCe l l s += c1 . f indAt ( c e l [ i ] , )
d1 = p . datums
p . Partit ionCellByDatumPlane ( datumPlane=d1 [ 1 0 ] , c e l l s=p i ck edCe l l s )

c1 = p . c e l l s
c e l = c1 . pointsOn
p i ck edCe l l s = c1 . f indAt ( c e l [ 0 ] , )
for i in range (1 , len ( c e l ) ) :

p i c k edCe l l s += c1 . f indAt ( c e l [ i ] , )
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d1 = p . datums
p . Partit ionCellByDatumPlane ( datumPlane=d1 [ 1 1 ] , c e l l s=p i ck edCe l l s )

c1 = p . c e l l s
c e l = c1 . pointsOn
p i ck edCe l l s = c1 . f indAt ( c e l [ 0 ] , )
for i in range (1 , len ( c e l ) ) :

p i c k edCe l l s += c1 . f indAt ( c e l [ i ] , )
d1 = p . datums
p . Partit ionCellByDatumPlane ( datumPlane=d1 [ 1 2 ] , c e l l s=p i ck edCe l l s )

c1 = p . c e l l s
c e l = c1 . pointsOn
p i ck edCe l l s = c1 . f indAt ( c e l [ 0 ] , )
for i in range (1 , len ( c e l ) ) :

p i c k edCe l l s += c1 . f indAt ( c e l [ i ] , )
d1 = p . datums
p . Partit ionCellByDatumPlane ( datumPlane=d1 [ 1 3 ] , c e l l s=p i ck edCe l l s )

s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . se tVa lues ( nearPlane =8.79367 ,
f a rP lane =17.6814 , cameraPos it ion =(−6.43266 , 4 .4182 , 11 .8694) ,
cameraUpVector =(0.292388 , 0 .82094 , −0.490476) )

s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )

#InstanceFromBooleanMerge
i f XNUC==1 and YNUC==1 and ZNUC==1:

p1 = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
mdb. models [ ’Model−1 ’ ] . pa r t s . changeKey ( fromName=’ Part−1 ’ , toName=’FIBBI ’ )
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
a . DatumCsysByDefault (CARTESIAN)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’FIBBI ’ ]
a . In s tance (name=’FIBBI−1 ’ , part=p , dependent=OFF)

else :
#Assembly

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
a . DatumCsysByDefault (CARTESIAN)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−1 ’ ]
a . In s tance (name=’ Part−1−1 ’ , part=p , dependent=OFF)

#Pattern fo r more than one un i t c e l l
a . L inear Ins tancePat te rn ( i n s t an c eL i s t=( ’ Part−1−1 ’ , ) , d i r e c t i o n 1 =(1.0 , 0 . 0 ,

0 . 0 ) , d i r e c t i o n 2=( fa1 /2 ./ tan ( ang lerad ) , fa1 /2 . , 0 . 0 ) , number1=XNUC, number2
=YNUC,

spac ing1=fa2 , spac ing2=fa1 / s i n ( ang lerad ) )
a . L inear Ins tancePat te rn (

i n s t an c eL i s t=(a . i n s t an c e s . keys ( ) ) ,
d i r e c t i o n 1 =(0.0 , 0 . 0 , 1 . 0 ) ,
d i r e c t i o n 2 =(0.0 , 1 . 0 , 0 . 0 ) ,
number1=ZNUC, number2=1, spac ing1=drve , spac ing2 =0.0)

a = mdb. models [ ’Model−1 ’ ] . rootAssembly
a . InstanceFromBooleanMerge (name=’FIBBI ’ , i n s t an c e s=(a . i n s t an c e s . va lue s ( ) ) ,

k e e p I n t e r s e c t i o n s=ON, o r i g i n a l I n s t a n c e s=DELETE, domain=GEOMETRY)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=a )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
#Mesh
a . makeIndependent ( i n s t an c e s=(a . i n s t an c e s [ ’FIBBI−1 ’ ] , ) )
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . s eedPart Ins tance ( r e g i on s=part Ins tances , s i z e=e l e , dev ia t i onFacto r =0.1)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
c e l = c1 . pointsOn
pickedRegions = c1 . f indAt ( c e l [ 0 ] , )
for i in range (1 , len ( c e l ) ) :

p ickedRegions += c1 . f indAt ( c e l [ i ] , )
a . setMeshControls ( r e g i on s=pickedRegions , elemShape=HEX_DOMINATED,

technique=SWEEP, a lgor i thm=ADVANCING_FRONT)
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i f e l e shape == ’TET’ :
a . setMeshControls ( r e g i on s=pickedRegions , elemShape=eval ( e l e shape ) , techn ique=

FREE)
else :

a . setMeshControls ( r e g i on s=pickedRegions , elemShape=eval ( e l e shape ) , techn ique=
SYSTEM_ASSIGN)

elemType1 = mesh . ElemType ( eval ( e l e typ ) )
pickedRegions = ( pickedRegions , )
a . setElementType ( r e g i on s=(pickedRegions ) , elemTypes=(elemType1 , ) )
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . generateMesh ( r e g i on s=par t In s t ance s )
######################################################################
## Write input f i l e
######################################################################
#The name of the opera t ing system dependent module imported .
#The f o l l ow i n g names have cu r r en t l y been r e g i s t e r e d :
#’ pos i x ’ , ’ nt ’ , ’ os2 ’ , ’ ce ’ , ’ java ’ , ’ r i s c o s ’ .
i f " pos ix " in os . name :
# pr in t ’LINUX’
##Clus t e r
# mdb . Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
# e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrecis ion=SINGLE,
# de s c r i p t i on = ’ ’ , p a r a l l e l i z a t i o nMe t h o dExp l i c i t=DOMAIN,
# mult iprocessingMode=DEFAULT, numDomains=1, userSubrout ine = ’ ’ ,
# numCpus=1, preMemory=16056.0 , standardMemory=16056.0 ,
# standardMemoryPolicy=MODERATE, scra t ch = ’ ’ , echoPrint=OFF,
# modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr in t=OFF)
# Local

mdb. Job (name=inpname , model=’Model−1 ’ , d e s c r i p t i o n=’ ’ , type= ANALYSIS,
atTime=None , waitMinutes=0, waitHours=0, queue=None , memory=90,
memoryUnits=PERCENTAGE, getMemoryFromAnalysis=True ,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE, echoPr int=OFF,
modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr i n t=OFF, userSubrout ine=’ ’ ,
s c r a t ch=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN, numDomains=1,
act ivateLoadBalanc ing=False , mult iprocess ingMode=DEFAULT, numCpus=1)

mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)
e l i f "nt" in os . name :
# WINDOWS

mdb. Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE,
d e s c r i p t i o n=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN,
mult iprocess ingMode=DEFAULT, numDomains=1, userSubrout ine=’ ’ ,
numCpus=1, memory=50, memoryUnits=PERCENTAGE, s c ra t ch=’ ’ ,
echoPr int=OFF, modelPrint=OFF, contac tPr in t=OFF,
h i s t o r yPr i n t=OFF)

mdb. jobs [ inpname ] . s e tVa lues ( \
userSubrout ine=’C:\\SIMULIA\\Abaqus_Temp\\umat3\\ rate_ana . f o r ’ )

mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)
######################################################################
# Open input f i l e
######################################################################
f = open( inpname+" . inp " , ’ r+’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
######################################################################
# Generate l i s t o f nodes
######################################################################
print ’Read nodes ’
nodes = [ ]
data = [ ]
read = str ( f . r e ad l i n e ( ) )
while read [ : 8 ] != ’ ∗Element ’ :

data = read . s p l i t ( " , " )
data = map( f loat , data )
data [ 0 ] = int ( data [ 0 ] )
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nodes . append ( data )
read = str ( f . r e ad l i n e ( ) )

l ennodes = len ( nodes )
#pr in t ("Nodes ")
#for l i n e in nodes : p r in t l i n e
######################################################################
# Generate l i s t o f e lements
######################################################################
print ’Read elements ’
e lements = [ ]
data = [ ]
i f str ( e l e typ ) [0:4]== ’C3D8 ’ :

read = str ( f . r e ad l i n e ( ) )
e l i f str ( e l e typ ) [0:5]== ’C3D20 ’ :

read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
else :

print ’No such element type ! Check input ’
while read [ : 5 ] != ’ ∗Nset ’ :

data = read . s p l i t ( " , " )
e lements . append (map( int , data ) )
i f eval ( e l e typ )==C3D8 :

read = str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D20 :

read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
print len ( e lements ) , ’ Elements ’
print ’ So r t ing f o r LDBC and PBC . . . ’
#######################################################################
# Sort ing o f sur face node coup l e s
#######################################################################
t o l = 0 .1 #∗ e l e
s t e l l e n = 3
ecken = [ ]

kantenXpYpZ = [ ]
kantenXmYpZ = [ ]
kantenXpYmZ = [ ]
kantenXmYmZ = [ ]

kantenYpXpZ = [ ]
kantenYmXpZ = [ ]
kantenYpXmZ = [ ]
kantenYmXmZ = [ ]

kantenZpXpY = [ ]
kantenZmXpY = [ ]
kantenZpXmY = [ ]
kantenZmXmY = [ ]

flaechenXm = [ ]
f laechenXp = [ ]
flaechenYm = [ ]
f laechenYp = [ ]
f laechenZm = [ ]
f laechenZp = [ ]

innen = [ ]

f t a = YNUC∗ f a1 / tan ( ang lerad )
for i in range ( len ( nodes ) ) :

#Ecke1
i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗0 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗0 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke2
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗ fa2 , s t e l l e n ) and \
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round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗0 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke3
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗ f a2+fta , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗ f a1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗0 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke4
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( f ta , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗ f a1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗0 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke5
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( f ta , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗ f a1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke6
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗ f a2+fta , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗ f a1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke7
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗ fa2 , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke8
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗0 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Kanten X+Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round( f ta , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(XNUC∗ f a2+fta , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗ fa1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) :
kantenXpYmZ . append ( nodes [ i ] [ 0 ] )

#Kanten X−Y−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round( f ta , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(XNUC∗ f a2+fta , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) :
kantenXmYmZ . append ( nodes [ i ] [ 0 ] )

#Kanten X+Y+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round( f ta , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(XNUC∗ f a2+fta , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗ fa1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
kantenXpYpZ . append ( nodes [ i ] [ 0 ] )

#Kanten X−Y+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) != round( f ta , s t e l l e n ) and \

round( nodes [ i ] [ 1 ] , s t e l l e n ) != round(XNUC∗ f a2+fta , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
kantenXmYpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y+X−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗ f a2+nodes [ i ] [ 2 ] / tan ( ang lerad ) ,

s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(YNUC∗ fa1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) :
kantenYpXmZ . append ( nodes [ i ] [ 0 ] )
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#Kanten Y−X−Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( nodes [ i ] [ 2 ] / tan ( ang lerad ) , s t e l l e n )

and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(YNUC∗ fa1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) :
kantenYmXmZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y+X+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗ f a2+nodes [ i ] [ 2 ] / tan ( ang lerad ) ,

s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(YNUC∗ fa1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
kantenYpXpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y−X+Z
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( nodes [ i ] [ 2 ] / tan ( ang lerad ) , s t e l l e n )

and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 2 ] , s t e l l e n ) != round(YNUC∗ fa1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
kantenYmXpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Z+X−Y
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗ fa2 , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(ZNUC∗drve , s t e l l e n ) :
kantenZpXmY . append ( nodes [ i ] [ 0 ] )

#Kanten Z−X−Y
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(ZNUC∗drve , s t e l l e n ) :
kantenZmXmY. append ( nodes [ i ] [ 0 ] )

#Kanten Z+X+Y
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗ f a2+fta , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗ fa1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(ZNUC∗drve , s t e l l e n ) :
kantenZpXpY . append ( nodes [ i ] [ 0 ] )

#Kanten Z−X+Y
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( f ta , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == round(YNUC∗ fa1 , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) != round(ZNUC∗drve , s t e l l e n ) :
kantenZmXpY . append ( nodes [ i ] [ 0 ] )

#Minus (m) and p lu s (p ) s i d e
#Flaechen Xp
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round( nodes [ i ] [ 2 ] / tan ( ang lerad ) , s t e l l e n ) :

f laechenXp . append ( nodes [ i ] [ 0 ] )
#Flaechen Xm
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == round(XNUC∗ f a2+nodes [ i ] [ 2 ] / tan ( ang lerad ) ,

s t e l l e n ) :
flaechenXm . append ( nodes [ i ] [ 0 ] )

#Flaechen Yp
e l i f round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == round(YNUC∗ fa1 , s t e l l e n ) :

f laechenYp . append ( nodes [ i ] [ 0 ] )
#Flaechen Ym
e l i f round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == round ( 0 . , s t e l l e n ) :

flaechenYm . append ( nodes [ i ] [ 0 ] )
#Flaechen Zp
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :

f laechenZp . append ( nodes [ i ] [ 0 ] )
#Flaechen Zm
e l i f round( nodes [ i ] [ 3 ] , s t e l l e n ) == round ( 0 . , s t e l l e n ) :

f laechenZm . append ( nodes [ i ] [ 0 ] )



Appendix A Python script to generate the different RVEs 164

#Innen
else :

innen . append ( nodes [ i ] [ 0 ] )
###########################################################
# Addi t iona l s o r t i n g f o r PBC
###########################################################
i f rb == ’PBC’ :

print ’ Addi t iona l s o r t i n g PBC . . . ’
#Sort ing o f oppos i t e nodes wi th in the l i s t
#Sor t ing corners
eckenso r t = [ ]

for i in range ( len ( ecken ) ) :
#Ecke1
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(XNUC∗0 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(YNUC∗0 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(ZNUC∗0 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

for i in range ( len ( ecken ) ) :
#Ecke2
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(XNUC∗ fa2 , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(YNUC∗0 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(ZNUC∗0 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke3
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(XNUC∗ f a2+fta , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(YNUC∗ f a1 , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(ZNUC∗0 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke4
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( f ta , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(YNUC∗ f a1 , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(ZNUC∗0 . , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke5
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round( f ta , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(YNUC∗ f a1 , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke6
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(XNUC∗ f a2+fta , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(YNUC∗ f a1 , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke7
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(XNUC∗ fa2 , s t e l l e n ) and \
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round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(YNUC∗0 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke8
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == round(XNUC∗0 . , s t e l l e n ) and \

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == round(YNUC∗0 . , s t e l l e n ) and \
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == round(ZNUC∗drve , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

# Sort ing edges
kantenXsort = [ ]
kantenYsort = [ ]
kantenZsort = [ ]

Xkanten = len (kantenXpYmZ)
for i in range (Xkanten ) :

Xvalue = round( nodes [ kantenXpYmZ [ i ]−1] [1]− f ta , s t e l l e n )
kantenXsort . append (kantenXpYmZ [ i ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXmYmZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXmYmZ [ j ] )
kantenXsort . append (kantenXmYmZ [ j ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXmYpZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXmYpZ [ j ] )
kantenXsort . append (kantenXmYpZ [ j ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXpYpZ [ j ]−1] [1]− f ta , s t e l l e n ) :

break
kantenXsort . append (kantenXpYpZ [ j ] )

#pr in t ’Kanten X s o r t i e r t ’
#pr in t kantenXsort
Ykanten = len (kantenYpXmZ)
for i in range (Ykanten ) :

Yvalue = round( nodes [ kantenYpXmZ [ i ] −1 ] [ 2 ] , s t e l l e n )
kantenYsort . append (kantenYpXmZ [ i ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXmZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXmZ [ j ] )
kantenYsort . append (kantenYmXmZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXpZ [ j ] )
kantenYsort . append (kantenYmXpZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYpXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYpXpZ [ j ] )

#pr in t ’Kanten Y s o r t i e r t ’
#pr in t kantenYsort
Zkanten = len (kantenZpXmY)
for i in range ( Zkanten ) :

Yvalue = round( nodes [ kantenZpXmY [ i ] −1 ] [ 3 ] , s t e l l e n )
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kantenZsort . append (kantenZpXmY [ i ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXmY[ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXmY[ j ] )
kantenZsort . append (kantenZmXmY[ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXpY [ j ] )
kantenZsort . append (kantenZmXpY [ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZpXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZpXpY [ j ] )

#pr in t ’Kanten Z s o r t i e r t ’
#pr in t kantenZsort
f l a e chenXsor t = [ ]
f l a e chenYsor t = [ ]
f l a e ch enZso r t = [ ]
#s t e l l e n = 1
Xflaechen = len ( f laechenXp )
for i in range ( Xf laechen ) :

Yvalue = nodes [ f laechenXp [ i ] −1 ] [ 2 ]
Zvalue = nodes [ f laechenXp [ i ] −1 ] [ 3 ]
f l a e chenXsor t . append ( f laechenXp [ i ] )
for j in range ( Xf laechen ) :

i f abs ( Yvalue − nodes [ flaechenXm [ j ] − 1 ] [ 2 ] ) <= t o l ∗ e l e and \
abs ( Zvalue − nodes [ flaechenXm [ j ] − 1 ] [ 3 ] ) <= t o l ∗ e l e :
break

f l a e chenXsor t . append ( flaechenXm [ j ] )
#pr in t ’ Flaechen X s o r t i e r t ’
#pr in t f l aechenXsor t
Yflaechen = len ( f laechenYp )
for i in range ( Yf laechen ) :

Xvalue = nodes [ f laechenYp [ i ]−1] [1]− f t a
Zvalue = nodes [ f laechenYp [ i ] −1 ] [ 3 ]
f l a e chenYsor t . append ( f laechenYp [ i ] )
for j in range ( Yf laechen ) :

i f abs ( Xvalue − nodes [ flaechenYm [ j ] − 1 ] [ 1 ] ) <= t o l ∗ e l e and \
abs ( Zvalue − nodes [ flaechenYm [ j ] − 1 ] [ 3 ] ) <= t o l ∗ e l e :
break

f l a e chenYsor t . append ( flaechenYm [ j ] )
#pr in t ’ Flaechen Y s o r t i e r t ’
#pr in t f l aechenYsor t
Zf laechen = len ( f laechenZp )
for i in range ( Z f l aechen ) :

Xvalue = nodes [ f laechenZp [ i ] −1 ] [ 1 ]
Yvalue = nodes [ f laechenZp [ i ] −1 ] [ 2 ]
f l a e ch enZso r t . append ( f laechenZp [ i ] )
for j in range ( Z f l aechen ) :

i f abs ( Xvalue − nodes [ f laechenZm [ j ] − 1 ] [ 1 ] ) <= t o l ∗ e l e and \
abs ( Yvalue − nodes [ f laechenZm [ j ] − 1 ] [ 2 ] ) <= t o l ∗ e l e :
break

f l a e ch enZso r t . append ( flaechenZm [ j ] )
#pr in t ’ Flaechen Z s o r t i e r t ’
#pr in t f l a e chenZsor t

i f rb==’LDBC’ :
print ’LDBC: Sor t ing nodes l i s t again ’
# Merge a l l l i s t s
nr f = [ ]
n r f . extend ( ecken )
n r f . extend (kantenXpYpZ)
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nr f . extend (kantenXmYpZ)
nr f . extend (kantenXpYmZ)
nr f . extend (kantenXmYmZ)
nr f . extend (kantenYpXpZ)
nr f . extend (kantenYmXpZ)
nr f . extend (kantenYpXmZ)
nr f . extend (kantenYmXmZ)
nr f . extend (kantenZpXpY)
nr f . extend (kantenZmXpY)
nr f . extend (kantenZpXmY)
nr f . extend (kantenZmXmY)
nr f . extend ( flaechenXm )
nr f . extend ( f laechenXp )
n r f . extend ( flaechenYm )
nr f . extend ( f laechenYp )
n r f . extend ( flaechenZm )
nr f . extend ( f laechenZp )
#nrf . extend ( innen )
# Sor t ing the l i s t o f nodes corresponding to nr f
i f o r t s c h r i t t = 0
i = 0
for i in range ( len ( n r f ) ) :

for k in range ( len ( nodes ) ) :
i f nodes [ k ] [0]== nr f [ i ] :

break
nodes [ k ] , nodes [ i ] = nodes [ i ] , nodes [ k ]

l e t z t e o b e r f l a e c h e = len ( n r f )−1
e l i f rb==’PBC’ :

print ’PBC: Sor t ing nodes l i s t again ’
# Merge a l l l i s t s
nr f = [ ]
n r f . extend ( eckenso r t )
n r f . extend ( kantenXsort )
n r f . extend ( kantenYsort )
n r f . extend ( kantenZsort )
n r f . extend ( f l a e chenXsor t )
n r f . extend ( f l a e chenYsor t )
n r f . extend ( f l a e ch enZso r t )
n r f . extend ( innen )
nodesneu = [ ]
#pr in t ’ l en nr f ’ , l en ( nr f )
#pr in t ’ l en nodes ’ , l en ( nodes )
i=0
while i != len ( n r f ) :
# i f i % 1000 == 0:
# pr in t ’ i ’ , i

i f i < len ( n r f )−1:
i f nr f [ i ] == nr f [ i +1] :

for k in range ( len ( nodes ) ) :
i f nodes [ k ] [ 0 ] == nr f [ i ] :

break
nodesneu . append ( nodes [ k ] )
nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=2

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break



Appendix A Python script to generate the different RVEs 168

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

l e t z t e o b e r f l a e c h e = len ( n r f )−len ( innen )−1
nodes = nodesneu

#pr in t ("Nodesneu")
#for l i n e in nodes : p r in t l i n e

######################################################################
# Write input f i l e
######################################################################
s h u t i l . c o p y f i l e ( inpname+" . inp " , inpname+"_backup . inp " )
f . seek (0 , 0 )
while read [ : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+1) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+2) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(lennodes+3) )

b = open( inpname+"_backup . inp " , ’ r+’ )
l i n e s 1 = b . r e a d l i n e s ( )
b . c l o s e ( )
os . remove ( inpname+"_backup . inp " )
for i in range (17 , len ( l i n e s 1 ) ) :

f . wr i t e ( l i n e s 1 [ i ] )

f . seek (0 , 0 )

# Add add i t i ona l nodes
print ’ Complete input f i l e . . . ’
while read [ : 1 1 ] != ’ ∗∗ Sec t i on : ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
i f " pos ix " in os . name :

f . seek (−17 ,2)
#f . seek (−22 ,2)

i f XNUC==1 and YNUC==1 and ZNUC==1:
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet4 , mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber2 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet7 , mate r i a l=Fiber2 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet8 , mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )

e l i f XNUC==2 and YNUC==2 and ZNUC==2:
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet4_#1, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber2 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet7_#2, mate r i a l=Fiber2 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet8_#3, mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )

# Define equa t ions
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗∗ Constra int : Constra int−1 \n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Equation \n ’ )
i f rb == ’LDBC’ :
######################################################################
# Linear disp lacement boundary cond i t i ons (LDBC)
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######################################################################
print ’ L inear d i sp lacement boundary cond i t i on s ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,1 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+1,−nodes [ i ] [ 1 ] , len ( nodes )+1, \
−nodes [ i ] [ 2 ] , len ( nodes )+1,−nodes [ i ] [ 3 ] ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,2 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+2,−nodes [ i ] [ 1 ] , len ( nodes )+2, \
−nodes [ i ] [ 2 ] , len ( nodes )+2,−nodes [ i ] [ 3 ] ) )

#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,3 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+3,−nodes [ i ] [ 1 ] , len ( nodes )+3, \
−nodes [ i ] [ 2 ] , len ( nodes )+3,−nodes [ i ] [ 3 ] ) )

e l i f rb == ’PBC’ :
######################################################################
# Period ic boundary cond i t i ons (PBC)
######################################################################

print ’ Pe r i od i c boundary cond i t i on s ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 1 , 1 . 0 \ n%d ,1 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +1 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +1 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +1 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 2 , 1 . 0 \ n%d ,2 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +2 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +2 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +2 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 3 , 1 . 0 \ n%d ,3 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
l ennodes +3 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
l ennodes +3 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
l ennodes +3 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

##pre s c r i b e H symmetric
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,2 ,1 .0\n%d ,1 ,−1.0\n" %(lennodes+1, lennodes+2))
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,3 ,1 .0\n%d ,1 ,−1.0\n" %(lennodes+1, lennodes+3))
#f . wr i t e ("2\n")
#f . wr i t e ("%d ,3 ,1 .0\n%d ,2 ,−1.0\n" %(lennodes+2, lennodes+3))
f . wr i t e ( ’ ∗End Ins tance \n ’ )
# Determine o r i g i n
ursprung = ’ ke in ’
for i in range (0 , len ( nodes ) ) :

i f abs ( nodes [ i ] [ 1 ] − (YNUC∗ f a1 / tan ( ang lerad ) /2.+XNUC∗ f a2 / 2 . ) ) <= t o l ∗ e l e and
\



Appendix A Python script to generate the different RVEs 170

abs ( nodes [ i ] [ 2 ] − (YNUC∗ f a1 / 2 . ) ) <= t o l ∗ e l e and \
abs ( nodes [ i ] [ 3 ] − (ZNUC∗drve /2 . ) ) <= t o l ∗ e l e :
ursprung=nodes [ i ] [ 0 ]

i f ursprung == ’ ke in ’ :
print ’No o r i g i n , check mesh ’

zusatz1 = ’ ke in ’
for i in range (0 , len ( nodes ) ) :

i f abs ( nodes [ i ] [ 1 ] − (YNUC∗ f a1 / tan ( ang lerad ) /2.+XNUC∗ f a2 ) ) <= t o l ∗ e l e and \
abs ( nodes [ i ] [ 2 ] − (YNUC∗ f a1 / 2 . ) ) <= t o l ∗ e l e and \
abs ( nodes [ i ] [ 3 ] − (ZNUC∗drve /2 . ) ) <= t o l ∗ e l e :
zusatz1=nodes [ i ] [ 0 ]

i f zusatz1 == ’ ke in ’ :
print ’ Kein Zusatz1 , Vernetzung prue fen ’

zusatz2 = ’ ke in ’
for i in range (0 , len ( nodes ) ) :

i f abs ( nodes [ i ] [ 1 ] − (YNUC∗ f a1 / tan ( ang lerad ) /2.+XNUC∗ f a2 / 2 . ) ) <= t o l ∗ e l e and
\

abs ( nodes [ i ] [ 2 ] − (YNUC∗ f a1 / 2 . ) ) <= t o l ∗ e l e and \
abs ( nodes [ i ] [ 3 ] − (ZNUC∗drve ) ) <= t o l ∗ e l e :
zusatz2=nodes [ i ] [ 0 ]

i f zusatz2 == ’ ke in ’ :
print ’ Kein Zusatz2 , Vernetzung prue fen ’

# Generate node s e t s f o r boundary o f the a r t i f i c i a l nodes
f . wr i t e ( ’ ∗Nset , nset=K1, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+1) )
f . wr i t e ( ’ ∗Nset , nset=K2, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+2) )
f . wr i t e ( ’ ∗Nset , nset=K3, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(lennodes+3) )
i f rb != ’LDBC’ :

f . wr i t e ( ’ ∗Nset , nset=Ursprung , i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %ursprung )

f . wr i t e ( ’ ∗Nset , nset=zusatz1 , i n t e rna l , i n s t anc e=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %zusatz1 )
f . wr i t e ( ’ ∗Nset , nset=zusatz2 , i n t e rna l , i n s t anc e=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %zusatz2 )

f . wr i t e ( ’ ∗End Assembly \n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ MATERIALS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )

# ======================================================================
# Element type U: 1 round f i b e r in z d i r e c t i on
# transve ra l−i s o t r o p i c symmetry
# ======================================================================
i f typ == ’U ’ :

########################################################################
print ’=========================================================’
print ’ Element type U: 1 round f i b e r in z d i r e c t i o n ’
print ’=========================================================’
########################################################################
# Volume f r a c t i on o f f i b e r s in %
v i = 60
# Calcu la t e f i b e r rad ius
r f = sq r t ( v i ∗ s q r t ( 3 . ) /200 ./ p i )
print ’ Radius f i b e r ’ , r f
# X−Number o f un i t c e l l s
XNUC=1
# Y−Number o f un i t c e l l s
YNUC=1
# Unit c e l l s i z e
x u n i t c e l l = 1 .0
y u n i t c e l l = sq r t ( 3 . )
z u n i t c e l l = 2 .∗ e l e
# Calcu la t e COOS
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movex = −0.5∗(XNUC−1.)
movey = −s q r t ( 3 . ) /2 .∗ (YNUC−1.)
# Calcu la t e RVE Size
x s i z e = xun i t c e l l ∗XNUC
ys i z e = yun i t c e l l ∗YNUC
z s i z e = z u n i t c e l l
# Area A0
#A0 = fa1 ∗ fa2 ∗ s in ( ang lerad )
A0 = x s i z e ∗ y s i z e
# Volume V0
V0 = A0∗ z s i z e
# Obsolet , on ly f o r name
seed = [ ]
seed . append (XNUC)
######################################################################
# Generate f a s e r i npu t . t x t
######################################################################
inpname = ’RVE_%s_%s_%s_ele%s_%s ’ %(typ , ’X ’+str (XNUC)+’Y ’+str (YNUC) , rb , str ( e l e )

. r ep l a c e ( ’ . ’ , ’ ’ ) , extname )
print inpname
f = open( inpname+’ _f iber input . txt ’ , ’w ’ )
f . wr i t e ( ’CPU number : \ n ’ )
f . wr i t e ( ’%s \n ’ %(cpunumber ) )
f . wr i t e ( ’RVE type : \ n ’ )
f . wr i t e ( ’%s \n ’ %(typ ) )
f . wr i t e ( ’ Boundary cond i t i on : \ n ’ )
f . wr i t e ( ’%s \n ’ %(rb ) )
f . wr i t e ( ’ Element s i z e [ e l e ] : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( e l e ) )
f . wr i t e ( ’ Element shape : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e shape ) )
f . wr i t e ( ’ Element type : \ n ’ )
f . wr i t e ( ’%s \n ’ %(e l e typ ) )
f . wr i t e ( ’ Volumefract ion o f f i b e r s (%) : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %(v i ) )
f . wr i t e ( ’ Resu l t ing f i b e r rad iu s : \ n ’ )
f . wr i t e ( ’%.3 f \n ’ %( r f ) )
f . wr i t e ( ’ Displacement Gradient \n ’ )
f . wr i t e ( ’H0 : \ n ’ )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 0 ] [ 0 ] ) , str (H0 [ 0 ] [ 1 ] ) , str (H0 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 1 ] [ 0 ] ) , str (H0 [ 1 ] [ 1 ] ) , str (H0 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( ’%s ,%s ,%s \n ’ %(str (H0 [ 2 ] [ 0 ] ) , str (H0 [ 2 ] [ 1 ] ) , str (H0 [ 2 ] [ 2 ] ) ) )
f . wr i t e ( ’ Mate r i a l s \n ’ )
mat = open( ’ 0_material . py ’ , ’ r ’ )
for l i n e in mat :

f . wr i t e ( ’%s ’ %l i n e )
mat . c l o s e ( )
f . wr i t e ( ’Name o f input f i l e \n ’ )
f . wr i t e ( inpname )
f . wr i t e ( ’ \n ’ )
f . c l o s e ( )
####################################################################
# Build RVE model
####################################################################
# Close open models
Mdb( )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=None )
s e s s i o n . journa lOpt ions . s e tVa lues ( replayGeometry=COORDINATE, recoverGeometry=

COORDINATE)
# Sect ion
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Fiber1 ’ , mate r i a l=’ Fiber1 ’ ,

t h i c kne s s=None )
mdb. models [ ’Model−1 ’ ] . HomogeneousSol idSection (name=’ Matrix ’ , mate r i a l=’ Matrix ’ ,

t h i c kne s s=None )
# Build Fiber−11
s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,
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s h e e tS i z e =200.0)
g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=STANDALONE)
s1 . ArcByCenterEnds ( c en te r =(0.0+movex , 0.0+movey) ,

po int1=(− r f+movex , 0.0+movey) ,
po int2 =(0.0+movex , r f+movey) ,

d i r e c t i o n=CLOCKWISE)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
s1 . Line ( po int1 =(0.0+movex , r f+movey) , po int2 =(0.0+movex , 0.0+movey) )
s1 . Line ( po int1 =(0.0+movex , 0.0+movey) , po int2=(− r f+movex , 0.0+movey) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−11 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−11 ’ ]
p . BaseSol idExtrude ( sketch=s1 , depth=z u n i t c e l l )
s1 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−11 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−11 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (( (0 .0+movex , 0.0+movey , z u n i t c e l l / 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Fiber−12
s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=STANDALONE)
s1 . ArcByCenterEnds ( c en te r =(0.0+movex , 0.0+movey) ,

po int1 =(0.0+movex , r f+movey) ,
po int2=( r f+movex , 0.0+movey) ,

d i r e c t i o n=CLOCKWISE)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
s1 . Line ( po int1 =(0.0+movex , r f+movey) , po int2 =(0.0+movex , 0.0+movey) )
s1 . Line ( po int1 =(0.0+movex , 0.0+movey) , po int2=( r f+movex , 0.0+movey) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−12 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−12 ’ ]
p . BaseSol idExtrude ( sketch=s1 , depth=z u n i t c e l l )
s1 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−12 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−12 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (( (0 .0+movex , 0.0+movey , z u n i t c e l l / 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Fiber−13
s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=STANDALONE)
s1 . ArcByCenterEnds ( c en te r =(0.0+movex , 0.0+movey) ,

po int1=( r f+movex , 0.0+movey) ,
po int2 =(0.0+movex , −r f+movey) ,

d i r e c t i o n=CLOCKWISE)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
s1 . Line ( po int1 =(0.0+movex , −r f+movey) , po int2 =(0.0+movex , 0.0+movey) )
s1 . Line ( po int1 =(0.0+movex , 0.0+movey) , po int2=( r f+movex , 0.0+movey) )
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p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−13 ’ , d imens i ona l i t y=THREE_D,
type=DEFORMABLE_BODY)

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−13 ’ ]
p . BaseSol idExtrude ( sketch=s1 , depth=z u n i t c e l l )
s1 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−13 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−13 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (( (0 .0+movex , 0.0+movey , z u n i t c e l l / 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Fiber−14
s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=STANDALONE)
s1 . ArcByCenterEnds ( c en te r =(0.0+movex , 0.0+movey) ,

po int1 =(0.0+movex , −r f+movey) ,
po int2=(− r f+movex , 0.0+movey) ,

d i r e c t i o n=CLOCKWISE)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
s1 . Line ( po int1 =(0.0+movex , −r f+movey) , po int2 =(0.0+movex , 0.0+movey) )
s1 . Line ( po int1 =(0.0+movex , 0.0+movey) , po int2=(− r f+movex , 0.0+movey) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−14 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−14 ’ ]
p . BaseSol idExtrude ( sketch=s1 , depth=z u n i t c e l l )
s1 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−14 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−14 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (( (0 .0+movex , 0.0+movey , z u n i t c e l l / 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Matrix−21
s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=STANDALONE)
s1 . ArcByCenterEnds ( c en te r =(0.0+movex , 0.0+movey) ,

po int1=(− r f+movex , 0.0+movey) ,
po int2 =(0.0+movex , r f+movey) ,

d i r e c t i o n=CLOCKWISE)
s1 . ArcByCenterEnds ( c en te r=(−0.5+movex , s q r t ( 3 . ) /2.+movey) ,

po int1=(−0.5+movex+r f , s q r t ( 3 . ) /2.+movey) ,
po int2=(−0.5+movex , s q r t ( 3 . ) /2.− r f+movey) ,

d i r e c t i o n=CLOCKWISE)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
s1 . Line ( po int1=(−0.5+ r f+movex , s q r t ( 3 . ) /2.+movey) , po int2 =(0.0+movex , s q r t ( 3 . )

/2.+movey) )
s1 . Line ( po int1 =(0.0+movex , s q r t ( 3 . ) /2.+movey) , po int2 =(0.0+movex , r f+movey) )
s1 . Line ( po int1=(− r f+movex , 0.0+movey) , po int2=(−0.5+movex , 0.0+movey) )
s1 . Line ( po int1=(−0.5+movex , 0.0+movey) , po int2=(−0.5+movex , s q r t ( 3 . ) /2.− r f+

movey) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−21 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
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p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−21 ’ ]
p . BaseSol idExtrude ( sketch=s1 , depth=z u n i t c e l l )
s1 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−21 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−21 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (((−(0.5− r f ) /2.− r f+movex , +( sq r t ( 3 . ) /2.− r f ) /2.+movey , z u n i t c e l l

/ 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Matrix ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Matrix−22
s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=STANDALONE)
s1 . ArcByCenterEnds ( c en te r =(0.0+movex , 0.0+movey) ,

po int1 =(0.0+movex , r f+movey) ,
po int2=( r f+movex , 0.0+movey) ,

d i r e c t i o n=CLOCKWISE)
s1 . ArcByCenterEnds ( c en te r =(0.5+movex , s q r t ( 3 . ) /2.+movey) ,

po int1 =(0.5+movex , s q r t ( 3 . ) /2.− r f+movey) ,
po int2=(0.5− r f+movex , s q r t ( 3 . ) /2.+movey) ,

d i r e c t i o n=CLOCKWISE)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
s1 . Line ( po int1=(0.5− r f+movex , s q r t ( 3 . ) /2.+movey) , po int2 =(0.0+movex , s q r t ( 3 . )

/2.+movey) )
s1 . Line ( po int1 =(0.0+movex , s q r t ( 3 . ) /2.+movey) , po int2 =(0.0+movex , r f+movey) )
s1 . Line ( po int1=( r f+movex , 0.0+movey) , po int2 =(0.5+movex , 0.0+movey) )
s1 . Line ( po int1 =(0.5+movex , 0.0+movey) , po int2 =(0.5+movex , s q r t ( 3 . ) /2.− r f+movey)

)
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−22 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−22 ’ ]
p . BaseSol idExtrude ( sketch=s1 , depth=z u n i t c e l l )
s1 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−22 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−22 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (((+(0.5− r f ) /2.+ r f+movex , +( sq r t ( 3 . ) /2.− r f ) /2.+movey , z u n i t c e l l

/ 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Matrix ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Matrix−23
s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=STANDALONE)
s1 . ArcByCenterEnds ( c en te r =(0.0+movex , 0.0+movey) ,

po int1=( r f+movex , 0.0+movey) ,
po int2 =(0.0+movex,− r f+movey) ,

d i r e c t i o n=CLOCKWISE)
s1 . ArcByCenterEnds ( c en te r =(0.5+movex , −s q r t ( 3 . ) /2.+movey) ,

po int1=(0.5− r f+movex , −s q r t ( 3 . ) /2.+movey) ,
po int2 =(0.5+movex , −s q r t ( 3 . ) /2.+ r f+movey) ,

d i r e c t i o n=CLOCKWISE)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
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s1 . Line ( po int1=(0.5− r f+movex , −s q r t ( 3 . ) /2.+movey) , po int2 =(0.0+movex , −s q r t ( 3 . )
/2.+movey) )

s1 . Line ( po int1 =(0.0+movex , −s q r t ( 3 . ) /2.+movey) , po int2 =(0.0+movex , −r f+movey) )
s1 . Line ( po int1=( r f+movex , 0.0+movey) , po int2 =(0.5+movex , 0.0+movey) )
s1 . Line ( po int1 =(0.5+movex , 0.0+movey) , po int2 =(0.5+movex , −s q r t ( 3 . ) /2.+ r f+movey

) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−23 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−23 ’ ]
p . BaseSol idExtrude ( sketch=s1 , depth=z u n i t c e l l )
s1 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−23 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−23 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (((+(0.5− r f ) /2.+ r f+movex , −( s q r t ( 3 . ) /2.− r f ) /2.+movey , z u n i t c e l l

/ 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Matrix ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Matrix−24
s1 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s1 . geometry , s1 . v e r t i c e s , s1 . dimensions , s1 . c on s t r a i n t s
s1 . setPrimaryObject ( opt ion=STANDALONE)
s1 . ArcByCenterEnds ( c en te r =(0.0+movex , 0.0+movey) ,

po int1 =(0.0+movex,− r f+movey) ,
po int2=(− r f+movex , 0.0+movey) ,

d i r e c t i o n=CLOCKWISE)
s1 . ArcByCenterEnds ( c en te r=(−0.5+movex , −s q r t ( 3 . ) /2.+movey) ,

po int1=(−0.5+movex , −s q r t ( 3 . ) /2.+ r f+movey) ,
po int2=(−0.5+ r f+movex , −s q r t ( 3 . ) /2.+movey) ,

d i r e c t i o n=CLOCKWISE)
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
s1 . Line ( po int1=(−0.5+ r f+movex , −s q r t ( 3 . ) /2.+movey) , po int2 =(0.0+movex , −s q r t

( 3 . ) /2.+movey) )
s1 . Line ( po int1 =(0.0+movex , −s q r t ( 3 . ) /2.+movey) , po int2 =(0.0+movex , −r f+movey) )
s1 . Line ( po int1=(− r f+movex , 0.0+movey) , po int2=(−0.5+movex , 0.0+movey) )
s1 . Line ( po int1=(−0.5+movex , 0.0+movey) , po int2=(−0.5+movex , −s q r t ( 3 . ) /2.+ r f+

movey) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−24 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−24 ’ ]
p . BaseSol idExtrude ( sketch=s1 , depth=z u n i t c e l l )
s1 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−24 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−24 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (((−(0.5− r f ) /2.− r f+movex , −( s q r t ( 3 . ) /2.− r f ) /2.+movey , z u n i t c e l l

/ 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Matrix ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Fiber−31
s0 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s0 . geometry , s0 . v e r t i c e s , s0 . dimensions , s0 . c on s t r a i n t s
s0 . setPrimaryObject ( opt ion=STANDALONE)
s0 . ArcByCenterEnds ( c en te r=(−0.5+movex , s q r t ( 3 . ) /2.+movey) ,
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point1=(−0.5+ r f+movex , s q r t ( 3 . ) /2.+movey) ,
po int2=(−0.5+movex , s q r t ( 3 . ) /2.− r f+movey) ,

d i r e c t i o n=CLOCKWISE)
s0 . Line ( po int1=(−0.5+movex , s q r t ( 3 . ) /2.+movey) , po int2=(−0.5+ r f+movex , s q r t ( 3 . )

/2.+movey) )
s0 . Line ( po int1=(−0.5+movex , s q r t ( 3 . ) /2.+movey) , po int2=(−0.5+movex , s q r t ( 3 . )

/2.− r f+movey) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−31 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−31 ’ ]
p . BaseSol idExtrude ( sketch=s0 , depth=z u n i t c e l l )
s0 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−31 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−31 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (((−0.5+1./ sq r t ( 2 . ) ∗ r f+movex , s q r t ( 3 . ) /2.−1./ sq r t ( 2 . ) ∗ r f+movey ,

z u n i t c e l l / 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Fiber−32
s0 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s0 . geometry , s0 . v e r t i c e s , s0 . dimensions , s0 . c on s t r a i n t s
s0 . setPrimaryObject ( opt ion=STANDALONE)
s0 . ArcByCenterEnds ( c en te r =(0.5+movex , s q r t ( 3 . ) /2.+movey) ,

po int1 =(0.5+movex , s q r t ( 3 . ) /2.− r f+movey) ,
po int2=(0.5− r f+movex , s q r t ( 3 . ) /2.+movey) ,

d i r e c t i o n=CLOCKWISE)
s0 . Line ( po int1 =(0.5+movex , s q r t ( 3 . ) /2.+movey) , po int2 =(0.5+movex , s q r t ( 3 . ) /2.−

r f+movey) )
s0 . Line ( po int1 =(0.5+movex , s q r t ( 3 . ) /2.+movey) , po int2=(0.5− r f+movex , s q r t ( 3 . )

/2.+movey) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−32 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−32 ’ ]
p . BaseSol idExtrude ( sketch=s0 , depth=z u n i t c e l l )
s0 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−32 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−32 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (( (0 .5 −1 ./ sq r t ( 2 . ) ∗ r f+movex , s q r t ( 3 . ) /2.−1./ sq r t ( 2 . ) ∗ r f+movey ,

z u n i t c e l l / 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Fiber−33
s0 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s0 . geometry , s0 . v e r t i c e s , s0 . dimensions , s0 . c on s t r a i n t s
s0 . setPrimaryObject ( opt ion=STANDALONE)
s0 . ArcByCenterEnds ( c en te r =(0.5+movex , −s q r t ( 3 . ) /2.+movey) ,

po int1 =(0.5+movex , −s q r t ( 3 . ) /2.+ r f+movey) ,
po int2=(0.5− r f+movex , −s q r t ( 3 . ) /2.+movey) ,

d i r e c t i o n=COUNTERCLOCKWISE)
s0 . Line ( po int1 =(0.5+movex , −s q r t ( 3 . ) /2.+movey) , po int2 =(0.5+movex , −s q r t ( 3 . )

/2.+ r f+movey) )
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s0 . Line ( po int1 =(0.5+movex , −s q r t ( 3 . ) /2.+movey) , po int2=(0.5− r f+movex , −s q r t ( 3 . )
/2.+movey) )

p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−33 ’ , d imens i ona l i t y=THREE_D,
type=DEFORMABLE_BODY)

p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−33 ’ ]
p . BaseSol idExtrude ( sketch=s0 , depth=z u n i t c e l l )
s0 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−33 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−33 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (( (0 .5 −1 ./ sq r t ( 2 . ) ∗ r f+movex , −s q r t ( 3 . ) /2.+1./ sq r t ( 2 . ) ∗ r f+movey ,

z u n i t c e l l / 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Build Fiber−34
s0 = mdb. models [ ’Model−1 ’ ] . Constra inedSketch (name=’ __profile__ ’ ,

s h e e tS i z e =200.0)
g , v , d , c = s0 . geometry , s0 . v e r t i c e s , s0 . dimensions , s0 . c on s t r a i n t s
s0 . setPrimaryObject ( opt ion=STANDALONE)
s0 . ArcByCenterEnds ( c en te r=(−0.5+movex , −s q r t ( 3 . ) /2.+movey) ,

po int1=(−0.5+movex , −s q r t ( 3 . ) /2.+ r f+movey) ,
po int2=(−0.5+ r f+movex , −s q r t ( 3 . ) /2.+movey) ,

d i r e c t i o n=CLOCKWISE)
s0 . Line ( po int1=(−0.5+movex , −s q r t ( 3 . ) /2.+movey) , po int2=(−0.5+movex , −s q r t ( 3 . )

/2.+ r f+movey) )
s0 . Line ( po int1=(−0.5+movex , −s q r t ( 3 . ) /2.+movey) , po int2=(−0.5+ r f+movex , −s q r t

( 3 . ) /2.+movey) )
p = mdb. models [ ’Model−1 ’ ] . Part (name=’ Part−34 ’ , d imens i ona l i t y=THREE_D,

type=DEFORMABLE_BODY)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−34 ’ ]
p . BaseSol idExtrude ( sketch=s0 , depth=z u n i t c e l l )
s0 . unsetPrimaryObject ( )
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−34 ’ ]
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=p)
# Assign Sect ion
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−34 ’ ]
c = p . c e l l s
c e l l s = c . f indAt (((−0.5+1./ sq r t ( 2 . ) ∗ r f+movex , −s q r t ( 3 . ) /2.+1./ sq r t ( 2 . ) ∗ r f+movey

, z u n i t c e l l / 2 . ) , ) )
r eg i on = reg i onToo l s e t . Region ( c e l l s=c e l l s )
p . Sect ionAssignment ( r eg i on=reg ion , sectionName=’ Fiber1 ’ , o f f s e t =0.0 ,

o f f s e tType=MIDDLE_SURFACE, o f f s e t F i e l d=’ ’ ,
th icknessAss ignment=FROM_SECTION)

del mdb. models [ ’Model−1 ’ ] . s k e t che s [ ’ __profile__ ’ ]
# Assembly
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=a )
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
a1 . DatumCsysByDefault (CARTESIAN)
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−11 ’ ]
a1 . In s tance (name=’ Part−11−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−12 ’ ]
a1 . In s tance (name=’ Part−12−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−13 ’ ]
a1 . In s tance (name=’ Part−13−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−14 ’ ]
a1 . In s tance (name=’ Part−14−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
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p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−21 ’ ]
a1 . In s tance (name=’ Part−21−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−22 ’ ]
a1 . In s tance (name=’ Part−22−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−23 ’ ]
a1 . In s tance (name=’ Part−23−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−24 ’ ]
a1 . In s tance (name=’ Part−24−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−31 ’ ]
a1 . In s tance (name=’ Part−31−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−32 ’ ]
a1 . In s tance (name=’ Part−32−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−33 ’ ]
a1 . In s tance (name=’ Part−33−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
p = mdb. models [ ’Model−1 ’ ] . pa r t s [ ’ Part−34 ’ ]
a1 . In s tance (name=’ Part−34−1 ’ , part=p , dependent=OFF)
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
# Pattern fo r more than one unique c e l l
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
a . L inear Ins tancePat te rn ( i n s t an c eL i s t=( ’ Part−11−1 ’ , ’ Part−12−1 ’ , ’ Part−13−1 ’ ,

’ Part−14−1 ’ , ’ Part−21−1 ’ , ’ Part−22−1 ’ , ’ Part−23−1 ’ , ’ Part−24−1 ’ ,
’ Part−31−1 ’ , ’ Part−32−1 ’ , ’ Part−33−1 ’ , ’ Part−34−1 ’ ) , d i r e c t i o n 1 =(1.0 ,
0 . 0 , 0 . 0 ) , d i r e c t i o n 2 =(0.0 , 1 . 0 , 0 . 0 ) , number1=XNUC, number2=YNUC,
spac ing1 =1.0 , spac ing2=sq r t ( 3 . ) )

s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . view . f i tV i ew ( )
# InstanceFromBooleanMerge
a1 = mdb. models [ ’Model−1 ’ ] . rootAssembly
a1 . InstanceFromBooleanMerge (name=’FIBBI ’ , i n s t an c e s=(a1 . i n s t an c e s . va lue s ( ) ) ,

k e e p I n t e r s e c t i o n s=ON, o r i g i n a l I n s t a n c e s=DELETE, domain=GEOMETRY)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
# Mesh
a1 . makeIndependent ( i n s t an c e s=(a1 . i n s t an c e s [ ’FIBBI−1 ’ ] , ) )
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a1 . s eedPart Ins tance ( r e g i on s=part Ins tance s , s i z e=e le , dev ia t i onFacto r =0.1)
a = mdb. models [ ’Model−1 ’ ] . rootAssembly
c1 = a . i n s t an c e s [ ’FIBBI−1 ’ ] . c e l l s
c e l = c1 . pointsOn
pickedRegions = c1 . f indAt ( c e l [ 0 ] , )
for i in range (1 , len ( c e l ) ) :

p ickedRegions += c1 . f indAt ( c e l [ i ] , )
a . setMeshControls ( r e g i on s=pickedRegions , elemShape=eval ( e l e shape ) , techn ique=

SWEEP)
elemType1 = mesh . ElemType ( eval ( e l e typ ) )
pickedRegions = ( pickedRegions , )
a . setElementType ( r e g i on s=(pickedRegions ) , elemTypes=(elemType1 , ) )
pa r t In s t ance s =(a . i n s t an c e s [ ’FIBBI−1 ’ ] , )
a . generateMesh ( r e g i on s=par t In s t ance s )
######################################################################
# Write input f i l e
######################################################################
#The name of the opera t ing system dependent module imported .
#The f o l l ow i n g names have cu r r en t l y been r e g i s t e r e d :
#’ pos i x ’ , ’ nt ’ , ’ os2 ’ , ’ ce ’ , ’ java ’ , ’ r i s c o s ’ .
i f " pos ix " in os . name :
# pr in t ’LINUX’
# Clus t e r
# mdb . Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
# e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrecis ion=SINGLE,
# de s c r i p t i on = ’ ’ , p a r a l l e l i z a t i o nMe t h o dExp l i c i t=DOMAIN,
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# mult iprocessingMode=DEFAULT, numDomains=1, userSubrout ine = ’ ’ ,
# numCpus=1, preMemory=16056.0 , standardMemory=16056.0 ,
# standardMemoryPolicy=MODERATE, scra t ch = ’ ’ , echoPrint=OFF,
# modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr in t=OFF)
# Local

mdb. Job (name=inpname , model=’Model−1 ’ , d e s c r i p t i o n=’ ’ , type= ANALYSIS,
atTime=None , waitMinutes=0, waitHours=0, queue=None , memory=90,
memoryUnits=PERCENTAGE, getMemoryFromAnalysis=True ,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE, echoPr int=OFF,
modelPrint=OFF, contac tPr in t=OFF, h i s t o r yPr i n t=OFF, userSubrout ine=’ ’ ,
s c r a t ch=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN, numDomains=1,
act ivateLoadBalanc ing=False , mult iprocess ingMode=DEFAULT, numCpus=1)

mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)
e l i f "nt" in os . name :
# pr in t ’WINDOWS’

mdb. Job (name=inpname , model=’Model−1 ’ , type=ANALYSIS,
e x p l i c i t P r e c i s i o n=SINGLE, nodalOutputPrec i s ion=SINGLE,
d e s c r i p t i o n=’ ’ , p a r a l l e l i z a t i o nMe thodExp l i c i t=DOMAIN,
mult iprocess ingMode=DEFAULT, numDomains=1, userSubrout ine=’ ’ ,
numCpus=1, memory=50, memoryUnits=PERCENTAGE, s c ra t ch=’ ’ ,
echoPr int=OFF, modelPrint=OFF, contac tPr in t=OFF,
h i s t o r yPr i n t=OFF)

mdb. jobs [ inpname ] . s e tVa lues ( \
userSubrout ine=’C:\\SIMULIA\\Abaqus_Temp\\umat3\\ rate_ana . f o r ’ )

mdb. jobs [ inpname ] . wr i te Input ( cons i s tencyCheck ing=OFF)
######################################################################
# Open input f i l e
######################################################################
f = open( inpname+" . inp " , ’ r+’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
######################################################################
# Generate l i s t o f nodes
######################################################################
print ’Read nodes ’
nodes = [ ]
data = [ ]
read = str ( f . r e ad l i n e ( ) )
while read [ : 8 ] != ’ ∗Element ’ :

data = read . s p l i t ( " , " )
data = map( f loat , data )
data [ 0 ] = int ( data [ 0 ] )
nodes . append ( data )
read = str ( f . r e ad l i n e ( ) )

print len ( nodes ) , ’ Nodes ’
######################################################################
# Generate l i s t o f e lements
######################################################################
# read elements u n t i l e lement d e f i n i t i o n i s reached
# for C3D20 element d e f i n i t i o n need two rows : i f necessary
print ’ Elemente e i n l e s e n ! ’
e lements = [ ]
data = [ ]
# HEX
i f str ( e l e typ ) [0:4]== ’C3D8 ’ :

print ’HEX C3D8 ’
read = str ( f . r e ad l i n e ( ) )

e l i f str ( e l e typ ) [0:5]== ’C3D20 ’ :
read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
print ’HEX C3D20 ’

# WEDGE
e l i f str ( e l e typ ) [0:4]== ’C3D6 ’ :

read = str ( f . r e ad l i n e ( ) )
print ’WEDGE C3D6 ’

e l i f str ( e l e typ ) [0:5]== ’C3D15 ’ :
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read = str ( f . r e ad l i n e ( ) )
print ’WEDGE C3D15 ’

else :
print ’ Elementtyp n i cht vorgesehen ! Code ueberprue fen ’

while read [ : 5 ] != ’ ∗Nset ’ :
data = read . s p l i t ( " , " )
e lements . append (map( int , data ) )
i f eval ( e l e typ )==C3D8 :

read = str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D20 :

read = str ( f . r e ad l i n e ( ) ) + str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D6 :

read = str ( f . r e ad l i n e ( ) )
i f eval ( e l e typ )==C3D15 :

read = str ( f . r e ad l i n e ( ) )
print len ( e lements ) , ’ Elements ’
print ’ Sort f o r LDBC and PBC . . . ’
######################################################################
# Sort ing node coup l e s o f the sur face
######################################################################
s t e l l e n = 6
ecken = [ ]

kantenXpYpZ = [ ]
kantenXmYpZ = [ ]
kantenXpYmZ = [ ]
kantenXmYmZ = [ ]

kantenYpXpZ = [ ]
kantenYmXpZ = [ ]
kantenYpXmZ = [ ]
kantenYmXmZ = [ ]

kantenZpXpY = [ ]
kantenZmXpY = [ ]
kantenZpXmY = [ ]
kantenZmXmY = [ ]

flaechenXm = [ ]
f laechenXp = [ ]
flaechenYm = [ ]
f laechenYp = [ ]
f laechenZm = [ ]
f laechenZp = [ ]

innen = [ ]

for i in range ( len ( nodes ) ) :
#Ecke1
i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == +round( 0 . , s t e l l e n ) :

ecken . append ( nodes [ i ] [ 0 ] )
#Ecke2
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == +round( 0 . , s t e l l e n ) :

ecken . append ( nodes [ i ] [ 0 ] )
#Ecke3
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == +round( 0 . , s t e l l e n ) :

ecken . append ( nodes [ i ] [ 0 ] )
#Ecke4
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and \
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round( nodes [ i ] [ 3 ] , s t e l l e n ) == +round( 0 . , s t e l l e n ) :
ecken . append ( nodes [ i ] [ 0 ] )

#Ecke5
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == +round( z s i z e , s t e l l e n ) :

ecken . append ( nodes [ i ] [ 0 ] )
#Ecke6
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == +round( z s i z e , s t e l l e n ) :

ecken . append ( nodes [ i ] [ 0 ] )
#Ecke7
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == +round( z s i z e , s t e l l e n ) :

ecken . append ( nodes [ i ] [ 0 ] )
#Ecke8
e l i f round( nodes [ i ] [ 1 ] , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and \

round( nodes [ i ] [ 2 ] , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and \
round( nodes [ i ] [ 3 ] , s t e l l e n ) == +round( z s i z e , s t e l l e n ) :

ecken . append ( nodes [ i ] [ 0 ] )

#Kanten X+Y−Z
e l i f round(abs ( nodes [ i ] [ 1 ] ) , s t e l l e n ) != round( x s i z e /2 . , s t e l l e n ) and \

round( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round ( 0 . , s t e l l e n ) :

kantenXpYmZ . append ( nodes [ i ] [ 0 ] )
#Kanten X−Y−Z
e l i f round(abs ( nodes [ i ] [ 1 ] ) , s t e l l e n ) != round( x s i z e /2 . , s t e l l e n ) and \

round( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round ( 0 . , s t e l l e n ) :

kantenXmYmZ . append ( nodes [ i ] [ 0 ] )
#Kanten X+Y+Z
e l i f round(abs ( nodes [ i ] [ 1 ] ) , s t e l l e n ) != round( x s i z e /2 . , s t e l l e n ) and \

round( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round( z s i z e , s t e l l e n ) :

kantenXpYpZ . append ( nodes [ i ] [ 0 ] )
#Kanten X−Y+Z
e l i f round(abs ( nodes [ i ] [ 1 ] ) , s t e l l e n ) != round( x s i z e /2 . , s t e l l e n ) and \

round( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round( z s i z e , s t e l l e n ) :

kantenXmYpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Y+X−Z
e l i f round( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and \

round(abs ( nodes [ i ] [ 2 ] ) , s t e l l e n ) != round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round ( 0 . , s t e l l e n ) :

kantenYpXmZ . append ( nodes [ i ] [ 0 ] )
#Kanten Y−X−Z
e l i f round( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and \

round(abs ( nodes [ i ] [ 2 ] ) , s t e l l e n ) != round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round ( 0 . , s t e l l e n ) :

kantenYmXmZ . append ( nodes [ i ] [ 0 ] )
#Kanten Y+X+Z
e l i f round( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and \

round(abs ( nodes [ i ] [ 2 ] ) , s t e l l e n ) != round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round( z s i z e , s t e l l e n ) :

kantenYpXpZ . append ( nodes [ i ] [ 0 ] )
#Kanten Y−X+Z
e l i f round( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and \

round(abs ( nodes [ i ] [ 2 ] ) , s t e l l e n ) != round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round( z s i z e , s t e l l e n ) :

kantenYmXpZ . append ( nodes [ i ] [ 0 ] )

#Kanten Z+X−Y
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e l i f round( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and \
round( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round( z s i z e , s t e l l e n ) :

kantenZpXmY . append ( nodes [ i ] [ 0 ] )
#Kanten Z−X−Y
e l i f round( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and \

round( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round( z s i z e , s t e l l e n ) :

kantenZmXmY. append ( nodes [ i ] [ 0 ] )
#Kanten Z+X+Y
e l i f round( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and \

round( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round( z s i z e , s t e l l e n ) :

kantenZpXpY . append ( nodes [ i ] [ 0 ] )
#Kanten Z−X+Y
e l i f round( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and \

round( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round ( 0 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round( z s i z e , s t e l l e n ) :

kantenZmXpY . append ( nodes [ i ] [ 0 ] )

#Minus (m) and Plus (p ) s i d e
#Flaechen Xp
e l i f round ( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == round( x s i z e /2 . , s t e l l e n ) and \

round(abs ( nodes [ i ] [ 2 ] ) , s t e l l e n ) != round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round ( 0 . , s t e l l e n ) :

f laechenXp . append ( nodes [ i ] [ 0 ] )
#Flaechen Xm
e l i f round ( ( nodes [ i ] [ 1 ] ) , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and \

round(abs ( nodes [ i ] [ 2 ] ) , s t e l l e n ) != round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round( z s i z e , s t e l l e n ) :

flaechenXm . append ( nodes [ i ] [ 0 ] )
#Flaechen Yp
e l i f round(abs ( nodes [ i ] [ 1 ] ) , s t e l l e n ) != round( x s i z e /2 . , s t e l l e n ) and \

round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round ( 0 . , s t e l l e n ) :

f laechenYp . append ( nodes [ i ] [ 0 ] )
#Flaechen Ym
e l i f round(abs ( nodes [ i ] [ 1 ] ) , s t e l l e n ) != round( x s i z e /2 . , s t e l l e n ) and \

round ( ( nodes [ i ] [ 2 ] ) , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) != round( z s i z e , s t e l l e n ) :

flaechenYm . append ( nodes [ i ] [ 0 ] )
#Flaechen Zp
e l i f round(abs ( nodes [ i ] [ 1 ] ) , s t e l l e n ) != round( x s i z e /2 . , s t e l l e n ) and \

round(abs ( nodes [ i ] [ 2 ] ) , s t e l l e n ) != round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round( z s i z e , s t e l l e n ) :

f laechenZp . append ( nodes [ i ] [ 0 ] )
#Flaechen Zm
e l i f round(abs ( nodes [ i ] [ 1 ] ) , s t e l l e n ) != round( x s i z e /2 . , s t e l l e n ) and \

round(abs ( nodes [ i ] [ 2 ] ) , s t e l l e n ) != round( y s i z e /2 . , s t e l l e n ) and \
round(abs ( nodes [ i ] [ 3 ] ) , s t e l l e n ) == round ( 0 . , s t e l l e n ) :

f laechenZm . append ( nodes [ i ] [ 0 ] )
#Innen
else :

innen . append ( nodes [ i ] [ 0 ] )
#de f ine f i r s t i n t e r na l node as o r i g i n

# ursprung = innen [ 0 ]
###########################################################
# Addi t iona l s o r t i n g f o r PBC
###########################################################
i f rb == ’PBC’ :

print ’ Zu sa t z so r t i e rung PBC . . . ’
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# Sort ing oppos i t e nodes in the l i s t
# Sor t ing corners
eckenso r t = [ ]

for i in range ( len ( ecken ) ) :
#Ecke1
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == +round( 0 . , s t e l l e n ) :

e ckenso r t . append ( ecken [ i ] )
break

for i in range ( len ( ecken ) ) :
#Ecke2
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == +round( 0 . , s t e l l e n ) :

e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke3
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == +round( 0 . , s t e l l e n ) :

e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke4
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == +round( 0 . , s t e l l e n ) :

e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke5
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == +round( z s i z e , s t e l l e n ) :

e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke6
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == +round( y s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == +round( z s i z e , s t e l l e n ) :

e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke7
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i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == +round( x s i z e /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and
\

round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == +round( z s i z e , s t e l l e n ) :
e ckenso r t . append ( ecken [ i ] )
break

eckenso r t . append ( ecken [ i ] )
for i in range ( len ( ecken ) ) :

#Ecke8
i f round( nodes [ ecken [ i ] −1 ] [ 1 ] , s t e l l e n ) == −round( x s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 2 ] , s t e l l e n ) == −round( y s i z e /2 . , s t e l l e n ) and

\
round( nodes [ ecken [ i ] −1 ] [ 3 ] , s t e l l e n ) == +round( z s i z e , s t e l l e n ) :

e ckenso r t . append ( ecken [ i ] )
break

# Sort ing edges

kantenXsort = [ ]
kantenYsort = [ ]
kantenZsort = [ ]

Xkanten = len (kantenXpYmZ)
for i in range (Xkanten ) :

Xvalue = round( nodes [ kantenXpYmZ [ i ] −1 ] [ 1 ] , s t e l l e n )
kantenXsort . append (kantenXpYmZ [ i ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXmYmZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXmYmZ [ j ] )
kantenXsort . append (kantenXmYmZ [ j ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXmYpZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXmYpZ [ j ] )
kantenXsort . append (kantenXmYpZ [ j ] )

for j in range (Xkanten ) :
i f Xvalue == round( nodes [ kantenXpYpZ [ j ] −1 ] [ 1 ] , s t e l l e n ) :

break
kantenXsort . append (kantenXpYpZ [ j ] )

# pr in t ’Kanten X s o r t i e r t ’
# pr in t kantenXsort

Ykanten = len (kantenYpXmZ)
for i in range (Ykanten ) :

Yvalue = round( nodes [ kantenYpXmZ [ i ] −1 ] [ 2 ] , s t e l l e n )
kantenYsort . append (kantenYpXmZ [ i ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXmZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXmZ [ j ] )
kantenYsort . append (kantenYmXmZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYmXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :

break
kantenYsort . append (kantenYmXpZ [ j ] )
kantenYsort . append (kantenYmXpZ [ j ] )

for j in range (Ykanten ) :
i f Yvalue == round( nodes [ kantenYpXpZ [ j ] −1 ] [ 2 ] , s t e l l e n ) :
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break
kantenYsort . append (kantenYpXpZ [ j ] )

# pr in t ’Kanten Y s o r t i e r t ’
# pr in t kantenYsort

Zkanten = len (kantenZpXmY)
for i in range ( Zkanten ) :

Yvalue = round( nodes [ kantenZpXmY [ i ] −1 ] [ 3 ] , s t e l l e n )
kantenZsort . append (kantenZpXmY [ i ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXmY[ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXmY[ j ] )
kantenZsort . append (kantenZmXmY[ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZmXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZmXpY [ j ] )
kantenZsort . append (kantenZmXpY [ j ] )

for j in range ( Zkanten ) :
i f Yvalue == round( nodes [ kantenZpXpY [ j ] −1 ] [ 3 ] , s t e l l e n ) :

break
kantenZsort . append (kantenZpXpY [ j ] )

# pr in t ’Kanten Z s o r t i e r t ’
# pr in t kantenZsort

f l a e chenXsor t = [ ]
f l a e chenYsor t = [ ]
f l a e ch enZso r t = [ ]

Xf laechen = len ( f laechenXp )
for i in range ( Xf laechen ) :

Yvalue = round( nodes [ f laechenXp [ i ] −1 ] [ 2 ] , s t e l l e n )
Zvalue = round( nodes [ f laechenXp [ i ] −1 ] [ 3 ] , s t e l l e n )
f l a e chenXsor t . append ( f laechenXp [ i ] )
for j in range ( Xf laechen ) :

i f Yvalue == round( nodes [ flaechenXm [ j ] −1 ] [ 2 ] , s t e l l e n ) and \
Zvalue == round( nodes [ flaechenXm [ j ] −1 ] [ 3 ] , s t e l l e n ) :
break

f l a e chenXsor t . append ( flaechenXm [ j ] )
# pr in t ’ Flaechen X s o r t i e r t ’
# pr in t f l aechenXsor t

Yflaechen = len ( f laechenYp )
for i in range ( Yf laechen ) :

Xvalue = round( nodes [ f laechenYp [ i ] −1 ] [ 1 ] , s t e l l e n )
Zvalue = round( nodes [ f laechenYp [ i ] −1 ] [ 3 ] , s t e l l e n )
f l a e chenYsor t . append ( f laechenYp [ i ] )
for j in range ( Yf laechen ) :

i f Xvalue == round( nodes [ flaechenYm [ j ] −1 ] [ 1 ] , s t e l l e n ) and \
Zvalue == round( nodes [ flaechenYm [ j ] −1 ] [ 3 ] , s t e l l e n ) :
break

f l a e chenYsor t . append ( flaechenYm [ j ] )
# pr in t ’ Flaechen Y s o r t i e r t ’
# pr in t f l aechenYsor t

Zf laechen = len ( f laechenZp )
for i in range ( Z f l aechen ) :

Xvalue = round( nodes [ f laechenZp [ i ] −1 ] [ 1 ] , s t e l l e n )
Yvalue = round( nodes [ f laechenZp [ i ] −1 ] [ 2 ] , s t e l l e n )
f l a e ch enZso r t . append ( f laechenZp [ i ] )
for j in range ( Z f l aechen ) :

i f Xvalue == round( nodes [ f laechenZm [ j ] −1 ] [ 1 ] , s t e l l e n ) and \
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Yvalue == round( nodes [ f laechenZm [ j ] −1 ] [ 2 ] , s t e l l e n ) :
break

f l a e ch enZso r t . append ( flaechenZm [ j ] )
# pr in t ’ Flaechen Z s o r t i e r t ’
# pr in t f l a e chenZsor t

# Merge a l l l i s t s
nr f = [ ]
n r f . extend ( eckenso r t )
n r f . extend ( kantenXsort )
n r f . extend ( kantenYsort )
n r f . extend ( kantenZsort )
n r f . extend ( f l a e chenXsor t )
n r f . extend ( f l a e chenYsor t )
n r f . extend ( f l a e ch enZso r t )
n r f . extend ( innen )

nodesneu = [ ]
i=0
while i != len ( n r f ) :
# i f i % 1000 == 0:
# pr in t ’ i ’ , i

i f i < len ( n r f )−1:
i f nr f [ i ] == nr f [ i +1] :

for k in range ( len ( nodes ) ) :
i f nodes [ k ] [ 0 ] == nr f [ i ] :

break
nodesneu . append ( nodes [ k ] )
nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=2

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

else :
for k in range ( len ( nodes ) ) :

i f nodes [ k ] [ 0 ] == nr f [ i ] :
break

nodesneu . append ( nodes [ k ] )
nodes . pop (k )
i+=1

l e t z t e o b e r f l a e c h e = len ( n r f )−len ( innen )−1
nodes = nodesneu

e l i f rb==’LDBC’ :
# Merge a l l l i s t s
nr f = [ ]
n r f . extend ( ecken )
n r f . extend (kantenXpYpZ)
nr f . extend (kantenXmYpZ)
nr f . extend (kantenXpYmZ)
nr f . extend (kantenXmYmZ)
nr f . extend (kantenYpXpZ)
nr f . extend (kantenYmXpZ)
nr f . extend (kantenYpXmZ)
nr f . extend (kantenYmXmZ)
nr f . extend (kantenZpXpY)
nr f . extend (kantenZmXpY)
nr f . extend (kantenZpXmY)
nr f . extend (kantenZmXmY)
nr f . extend ( flaechenXm )
nr f . extend ( f laechenXp )
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nr f . extend ( flaechenYm )
nr f . extend ( f laechenYp )
n r f . extend ( flaechenZm )
nr f . extend ( f laechenZp )
n r f . extend ( innen )
# Sort ing nodes l i s t in correspondance to nr f
i f o r t s c h r i t t = 0
i = 0
for i in range ( len ( n r f ) ) :

for k in range ( len ( nodes ) ) :
i f nodes [ k ] [0]== nr f [ i ] :

break
nodes [ k ] , nodes [ i ] = nodes [ i ] , nodes [ k ]

l e t z t e o b e r f l a e c h e = len ( n r f )−1

######################################################################
# Write input f i l e
######################################################################
s h u t i l . c o p y f i l e ( inpname+" . inp " , inpname+"_backup . inp " )
f . seek (0 , 0 )
while read [ : 5 ] != ’ ∗Node ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(len ( nodes )+1) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(len ( nodes )+2) )
f . wr i t e ( ’%d , 0 . 0 , 0 . 0 , 0 . 0 \n ’ %(len ( nodes )+3) )

b = open( inpname+"_backup . inp " , ’ r+’ )
l i n e s 1 = b . r e a d l i n e s ( )
b . c l o s e ( )
os . remove ( inpname+"_backup . inp " )
for i in range (17 , len ( l i n e s 1 ) ) :

f . wr i t e ( l i n e s 1 [ i ] )

f . seek (0 , 0 )

# Append add i t i o na l nodes
print ’ Inputdate i v e r f o l l s t a e n d i g e n . . . ’
while read [ : 1 1 ] != ’ ∗∗ Sec t i on : ’ :

read = str ( f . r e ad l i n e ( ) )
f . t runcate ( )
i f " pos ix " in os . name :

f . seek (−17 ,2)

f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#1, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#2, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#3, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#4, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#5, mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#6, mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#7, mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Matrix\n ’ )
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f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#8, mate r i a l=Matrix\n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#9, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#10, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#11, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
f . wr i t e ( ’ ∗∗ Sec t i on : Fiber1 \n ’ )
f . wr i t e ( ’ ∗ So l i d Sect ion , e l s e t=_PickedSet2_#12, mate r i a l=Fiber1 \n ’ )
f . wr i t e ( ’ ,\n ’ )
# Define equat ion
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗∗ Constra int : Constra int−1 \n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Equation \n ’ )
i f rb == ’LDBC’ :
######################################################################
# Linear disp lacement boundary cond i t i ons
######################################################################

print ’ L inear d i sp lacement boundary cond i t i on s ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,1 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+1,−nodes [ i ] [ 1 ] , len ( nodes )+1, \
−nodes [ i ] [ 2 ] , len ( nodes )+1,−nodes [ i ] [ 3 ] ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,2 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+2,−nodes [ i ] [ 1 ] , len ( nodes )+2, \
−nodes [ i ] [ 2 ] , len ( nodes )+2,−nodes [ i ] [ 3 ] ) )

#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1) :

f . wr i t e ( "4\n" )
f . wr i t e ( "%d ,3 , 1\ n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n" \

%(nodes [ i ] [ 0 ] , len ( nodes )+3,−nodes [ i ] [ 1 ] , len ( nodes )+3, \
−nodes [ i ] [ 2 ] , len ( nodes )+3,−nodes [ i ] [ 3 ] ) )

e l i f rb == ’PBC’ :
######################################################################
# Period ic boundary cound i t ions
######################################################################

print ’ Pe r i od i c boundary cound i t i on s ’
#DOF1
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 1 , 1 . 0 \ n%d ,1 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
len ( nodes ) +1 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
len ( nodes ) +1 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
len ( nodes ) +1 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

#DOF2
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 2 , 1 . 0 \ n%d ,2 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
len ( nodes ) +2 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
len ( nodes ) +2 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
len ( nodes ) +2 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )
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#DOF3
for i in range (0 , l e t z t e o b e r f l a e c h e +1 ,2) :

f . wr i t e ( "5\n" )
f . wr i t e ( "%d , 3 , 1 . 0 \ n%d ,3 ,−1.0\n%d ,1 ,%.9 f \n%d ,2 ,%.9 f \n%d ,3 ,%.9 f \n"

%(nodes [ i ] [ 0 ] , \
nodes [ i +1 ] [ 0 ] , \
len ( nodes ) +3 ,( nodes [ i +1][1]− nodes [ i ] [ 1 ] ) , \
len ( nodes ) +3 ,( nodes [ i +1][2]− nodes [ i ] [ 2 ] ) , \
len ( nodes ) +3 ,( nodes [ i +1][3]− nodes [ i ] [ 3 ] ) ) )

f . wr i t e ( ’ ∗End Ins tance \n ’ )
# Determine o r i g i n
ursprung = ’ ke in ’
for i in range (0 , len ( nodes ) ) :

i f nodes [ i ] [ 1 ]==0. and nodes [ i ] [ 2 ]==0. and round( nodes [ i ] [ 3 ] , s t e l l e n )==
round( z s i z e /2 . , s t e l l e n ) :
ursprung=nodes [ i ] [ 0 ]

i f ursprung == ’ ke in ’ :
print ’No o r i g i n , check mesh ’

# Generate node s e t s f o r boundary o f the a r t i f i c i a l nodes
f . wr i t e ( ’ ∗Nset , nset=K1, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(len ( nodes )+1) )
f . wr i t e ( ’ ∗Nset , nset=K2, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(len ( nodes )+2) )
f . wr i t e ( ’ ∗Nset , nset=K3, i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %(len ( nodes )+3) )

i f rb != ’LDBC’ :
f . wr i t e ( ’ ∗Nset , nset=Ursprung , i n t e rna l , i n s t ance=FIBBI−1 \n ’ )
f . wr i t e ( ’%d , \n ’ %ursprung )

f . wr i t e ( ’ ∗End Assembly \n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ MATERIALS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )

# ======================================================================
# Read mater ia l parameters
mat = open( ’ 0_material . py ’ , ’ r ’ )
for l i n e in mat :

#read = s t r (mat . r ead l i n e () )
f . wr i t e ( ’%s ’ %l i n e )

mat . c l o s e ( )
print ’=========================================================’
print ’End RVE subrout ine ’
print ’=========================================================’
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Appendix B

Python scripts to calculate the
stiffness tetrads

B.1 Start-up calculation “0_A.py”

# ======================================================================
# Start−up c a l c u l a t i o n 1
# ======================================================================
# ======================================================================
# Star t with : nohup /opt /abaqus/Commands/abaqus cae noGUI=∗.py &
# ======================================================================
from abaqus import ∗
from abaqusConstants import ∗
import __main__
import sys
import s t r i n g
import f i l e i n p u t
import s h u t i l
import os
import subproces s
import time
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
import odbAccess
import random
import csv
import r e s ou r c e
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
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import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
# ======================================================================
execf i le ( ’ 0_subroutines . py ’ )
# ======================================================================
# 0_A. py PART1
# ======================================================================
extname = ’A ’
H2 = nul lmat r ix (3 , 3 )
vH2 = nu l l v ek t o r (6 )
# Define disp lacement g rad i en t H
H0 = nul lmat r ix (3 , 3 )
H0 [ 0 ] [ 0 ] = 0 .
H0 [ 0 ] [ 1 ] = 0 .5
H0 [ 0 ] [ 2 ] = 0 .
H0 [ 1 ] [ 0 ] = 0 .
H0 [ 1 ] [ 1 ] = 0 .
H0 [ 1 ] [ 2 ] = 0 .
H0 [ 2 ] [ 0 ] = 0 .
H0 [ 2 ] [ 1 ] = 0 .
H0 [ 2 ] [ 2 ] = 0 .
print ’H0 ’
for l i n e in H0 : print l i n e
ausH0 = open( ’K0_ANLAUFRECHNUNG_H0. txt ’ , ’w ’ )
for i in range (3 ) :

for j in range (3 ) :
ausH0 . wr i t e ( ’%s ’ %(H0 [ i ] [ j ] ) )
i f j != 2 : ausH0 . wr i t e ( ’ , ’ )

ausH0 . wr i t e ( ’ \n ’ )
ausH0 . c l o s e ( )
# ======================================================================
execf i le ( ’ 0_RVE. py ’ )
# ======================================================================
# 0_A. py PART2
# ======================================================================
# STEP 1 Large Deformation
# ======================================================================
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step1 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : Kuenst l i che Knoten Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
i f H0 [ 0 ] [ 0 ] != ’− ’ :

f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H0 [ 0 ] [ 0 ] ) ) )
i f H0 [ 0 ] [ 1 ] != ’− ’ :

f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H0 [ 0 ] [ 1 ] ) ) )
i f H0 [ 0 ] [ 2 ] != ’− ’ :

f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )
i f H0 [ 1 ] [ 0 ] != ’− ’ :
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f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )
i f H0 [ 1 ] [ 1 ] != ’− ’ :

f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H0 [ 1 ] [ 1 ] ) ) )
i f H0 [ 1 ] [ 2 ] != ’− ’ :

f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )
i f H0 [ 2 ] [ 1 ] != ’− ’ :

f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )
i f H0 [ 2 ] [ 2 ] != ’− ’ :

f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H0 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

# Output
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# Unload in case o f uni−d i r e c t i o n a l t ens ion
# ======================================================================
i f H0 [ 0 ] [ 0 ] == ’− ’ or H0 [ 1 ] [ 1 ] == ’− ’ or H0 [ 2 ] [ 2 ] == ’− ’ :

# ==================================================================
# STEP 2 Unload Remove H11 H22 H33
# ==================================================================
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
#Step In fo s e i n l e s en
s tep = open( ’ 0_step2 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
#Boundary Condit ions
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
#i f H0 [ 0 ] [ 0 ] != ’− ’:

#f . wr i t e ("K1, 1 , 1 , %.9 f \n" %( f l o a t (H0 [ 0 ] [ 0 ] ) ) )
i f H0 [ 0 ] [ 1 ] != ’− ’ :

f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H0 [ 0 ] [ 1 ] ) ) )
i f H0 [ 0 ] [ 2 ] != ’− ’ :

f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )
i f H0 [ 1 ] [ 0 ] != ’− ’ :

f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )
#i f H0 [ 1 ] [ 1 ] != ’− ’:

#f . wr i t e ("K2, 2 , 2 , %.9 f \n" %( f l o a t (H0 [ 1 ] [ 1 ] ) ) )
i f H0 [ 1 ] [ 2 ] != ’− ’ :

f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )
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i f H0 [ 2 ] [ 1 ] != ’− ’ :
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )

#i f H0 [ 2 ] [ 2 ] != ’− ’:
#f . wr i t e ("K3, 3 , 3 , %.9 f \n" %( f l o a t (H0 [ 2 ] [ 2 ] ) ) )

i f rb != ’LV ’ :
f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

#Output
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ==================================================================
# STEP 3 ENTLASTEN #H12 H21 ent fernen
# ==================================================================
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
#Step In fo s e i n l e s en
s tep = open( ’ 0_step3 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
#Boundary Condit ions
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
#i f H0 [ 0 ] [ 0 ] != ’− ’:

#f . wr i t e ("K1, 1 , 1 , %.9 f \n" %( f l o a t (H0 [ 0 ] [ 0 ] ) ) )
#i f H0 [ 0 ] [ 1 ] != ’− ’:

#f . wr i t e ("K1, 2 , 2 , %.9 f \n" %( f l o a t (H0 [ 0 ] [ 1 ] ) ) )
i f H0 [ 0 ] [ 2 ] != ’− ’ :

f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )
i f H0 [ 1 ] [ 0 ] != ’− ’ :

f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )
#i f H0 [ 1 ] [ 1 ] != ’− ’:

#f . wr i t e ("K2, 2 , 2 , %.9 f \n" %( f l o a t (H0 [ 1 ] [ 1 ] ) ) )
i f H0 [ 1 ] [ 2 ] != ’− ’ :

f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )
i f H0 [ 2 ] [ 1 ] != ’− ’ :

f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )
#i f H0 [ 2 ] [ 2 ] != ’− ’:

#f . wr i t e ("K3, 3 , 3 , %.9 f \n" %( f l o a t (H0 [ 2 ] [ 2 ] ) ) )
i f rb != ’LV ’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

#Output
f . wr i t e ( ’ ∗∗ \n ’ )
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f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )

# ======================================================================
# Unload in any other case
# ======================================================================
else :

# ==================================================================
# STEP 2 Unload − remove H0
# ==================================================================
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step2 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary cond i t i ons
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )

f . c l o s e ( )
# Save CAE f i l e
mdb. saveAs (pathName=inpname+’ . cae ’ )
# ======================================================================
# Run Job
# ======================================================================
print ’=========================================================’
print ’Run job ’
print ’=========================================================’
i f " pos ix " in os . name :
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execf i le ( ’ 0_job . py ’ )
# Wait f o r l c k f i l e , then wait f o r l c k f i l e i s d e l e t e d −> job f i n i s h e d
t0 = time . time ( ) ;
while not os . path . i s f i l e ( inpname+" . l ck " ) :

time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

while os . path . i s f i l e ( inpname+" . l ck " ) :
time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

# Check i f c a l c u l a t i o n was suc c e s s f u l , e l s e STOP
time . s l e e p (5 )
f = open( inpname+’ . s ta ’ , ’ r ’ )
s ta = [ ]
for l i n e in f :

s ta . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
i f s ta [ len ( s ta )−1] == ’ THE ANALYSIS HAS COMPLETED SUCCESSFULLY ’ :

print s ta [ len ( s ta )−1]
else :

print s ta [ len ( s ta )−1]
f = open( ’ 0_Auswertung_ERROR_in_ ’+inpname+’ . txt ’ , ’w ’ )
f . c l o s e ( )
time . s l e e p (5 )
sys . e x i t ( " Ca l cu l a t i on c an c e l l e d " )

# ======================================================================
# Open ODB f i l e , read RF1,RF2,RF3 and K1, K2, K3
# ======================================================================
# Generate path
pfad = inpname
# Search fo r node number K1NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K1 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K1NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K2NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K2 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K2NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K3NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K3 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K3NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
o1 = s e s s i o n . openOdb(

name=inpname+’ . odb ’ )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=o1 )
odb = s e s s i o n . odbs [ inpname+’ . odb ’ ]
s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’RF ’ ,

NODAL, ( (COMPONENT, ’RF1 ’ ) , (COMPONENT, ’RF2 ’ ) , (COMPONENT, ’RF3 ’ ) , ) ) ,
) , nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )

s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’U ’ ,
NODAL, ( (COMPONENT, ’U1 ’ ) , (COMPONENT, ’U2 ’ ) , (COMPONENT, ’U3 ’ ) , ) ) , ) ,
nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )

increm = len ( s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data ) − 1

x0 = s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K1NR]
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x1 = s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K1NR]
x2 = s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K1NR]
x3 = s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K2NR]
x4 = s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K2NR]
x5 = s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K2NR]
x6 = s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K3NR]
x7 = s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K3NR]
x8 = s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K3NR]
s e s s i o n . writeXYReport ( f i leName=’K0_ANLAUFRECHNUNG. rpt ’ , appendMode=OFF, xyData=(x0 ,

x1 ,
x2 , x3 , x4 , x5 , x6 , x7 , x8 ) )

# Generate matrix H1
H1 = nul lmat r ix (3 , 3 )
H1 [ 0 ] [ 0 ] = x0 [ increm ] [ 1 ]
H1 [ 0 ] [ 1 ] = x1 [ increm ] [ 1 ]
H1 [ 0 ] [ 2 ] = x2 [ increm ] [ 1 ]
H1 [ 1 ] [ 0 ] = x3 [ increm ] [ 1 ]
H1 [ 1 ] [ 1 ] = x4 [ increm ] [ 1 ]
H1 [ 1 ] [ 2 ] = x5 [ increm ] [ 1 ]
H1 [ 2 ] [ 0 ] = x6 [ increm ] [ 1 ]
H1 [ 2 ] [ 1 ] = x7 [ increm ] [ 1 ]
H1 [ 2 ] [ 2 ] = x8 [ increm ] [ 1 ]

del s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K3NR]

# Generate matrix T1PK
T1PK = nul lmat r ix (3 , 3 )
T1PK [ 0 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK [ 0 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK [ 0 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK [ 1 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK [ 1 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK [ 1 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK [ 2 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK [ 2 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK [ 2 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0

del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR]
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odb . c l o s e ( )

# Calcu la t e T2PK
# F1 = H1 + 1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
F1i = inve r t 3 (F1)
T2PK = matmul ( F1i ,T1PK)

print ’H1 end ’
for l i n e in H1 : print l i n e
print ’T1PK end ’
for l i n e in T1PK: print l i n e
print ’T2PK end ’
for l i n e in T2PK: print l i n e

#ausH . wr i t e ( ’H\n ’)
ausH = open( ’K0_ANLAUFRECHNUNG_H1. txt ’ , ’w ’ )
for i in range (3 ) :

for j in range (3 ) :
ausH . wr i t e ( ’%e ’ %(H1 [ i ] [ j ] ) )
i f j != 2 : ausH . wr i t e ( ’ , ’ )

ausH . wr i t e ( ’ \n ’ )
ausH . c l o s e ( )

print ’FINISHED ’

B.2 Start-up calculation “0_A2.py”

# ======================================================================
# Start−up c a l c u l a t i o n 2
# ======================================================================
# ======================================================================
# Star t with : nohup /opt /abaqus/Commands/abaqus cae noGUI=∗.py &
# ======================================================================
from abaqus import ∗
from abaqusConstants import ∗
import __main__
import sys
import s t r i n g
import f i l e i n p u t
import s h u t i l
import os
import subproces s
import time
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n



Appendix B Python scripts to calculate the stiffness tetrads 198

import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
import odbAccess
import random
import csv
import r e s ou r c e
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
# ======================================================================
execf i le ( ’ 0_subroutines . py ’ )
# ======================================================================
# 0_A. py PART1
# ======================================================================
extname = ’A2 ’
# Read H0 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H0. txt ’ , ’ r ’ )
H0 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
data [ 2 ] = data [ 2 ] . r ep l a c e ( ’ \n ’ , ’ ’ )
H0 . append ( data )

f . c l o s e ( )
print ( ’H0 ’ )
for l i n e in H0 : print l i n e
# Read H1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H1. txt ’ , ’ r ’ )
H1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
H1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
H1 [ i ] [ j ] = f loat (H1 [ i ] [ j ] )

print ( ’H1 ’ )
for l i n e in H1 : print l i n e
# Calcu la t e deformation grad i en t F1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
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print ( ’F1 ’ )
for l i n e in F1 : print l i n e
# Calcu la t e EGREEN1 = 1/2 (F1T∗F1−1)
F1T = matrixTranspose (F1)
EG1 = matmul (F1T, F1)
EG1 [ 0 ] [ 0 ] −= 1 .
EG1 [ 1 ] [ 1 ] −= 1 .
EG1 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG1[ i ] [ j ] ∗= 0.5

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
# ======================================================================
execf i le ( ’ 0_RVE. py ’ )
# ======================================================================
# 0_A. py PART2
# ======================================================================
# STEP 1 Large Deformation
# ======================================================================
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step1 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary cond i t i ons
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
i f H0 [ 0 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H0 [ 0 ] [ 0 ] ) ) )

i f H0 [ 0 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H0 [ 0 ] [ 1 ] ) ) )

i f H0 [ 0 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
i f H0 [ 1 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )

i f H0 [ 1 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H0 [ 1 ] [ 1 ] ) ) )

i f H0 [ 1 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )

i f H0 [ 2 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )

i f H0 [ 2 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H0 [ 2 ] [ 2 ] ) ) )

i f rb != ’LDBC’ :
f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )
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# Output
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 2 Unload − p r e s c r i b e H1
# ======================================================================
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step2 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary cond i t i ons
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H1 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H1 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H1 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H1 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H1 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H1 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H1 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H1 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H1 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )

f . c l o s e ( )
# ======================================================================
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# Run Job
# ======================================================================
print ’=========================================================’
print ’Run job ’
print ’=========================================================’
i f " pos ix " in os . name :

execf i le ( ’ 0_job . py ’ )
# Wait f o r l c k f i l e , then wait f o r l c k f i l e i s d e l e t e d −> job f i n i s h e d
t0 = time . time ( ) ;
while not os . path . i s f i l e ( inpname+" . l ck " ) :

time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

while os . path . i s f i l e ( inpname+" . l ck " ) :
time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

# Check i f c a l c u l a t i o n was suc c e s s f u l , e l s e STOP
time . s l e e p (5 )
f = open( inpname+’ . s ta ’ , ’ r ’ )
s ta = [ ]
for l i n e in f :

s ta . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
i f s ta [ len ( s ta )−1] == ’ THE ANALYSIS HAS COMPLETED SUCCESSFULLY ’ :

print s ta [ len ( s ta )−1]
else :

print s ta [ len ( s ta )−1]
f = open( ’ 0_Auswertung_ERROR_in_ ’+inpname+’ . txt ’ , ’w ’ )
f . c l o s e ( )
time . s l e e p (5 )
sys . e x i t ( " p r i n t s ta [ l en ( s ta )−1]" )

# ======================================================================
# Open ODB f i l e , read RF1,RF2,RF3 and K1, K2, K3
# ======================================================================
# Generate path
pfad = inpname
# Search fo r node number K1NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K1 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K1NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K2NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K2 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K2NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K2NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K3 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K3NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )

o1 = s e s s i o n . openOdb(
name=inpname+’ . odb ’ )

s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=o1 )
odb = s e s s i o n . odbs [ inpname+’ . odb ’ ]
s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’RF ’ ,

NODAL, ( (COMPONENT, ’RF1 ’ ) , (COMPONENT, ’RF2 ’ ) , (COMPONENT, ’RF3 ’ ) , ) ) ,
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) , nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )
s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’U ’ ,

NODAL, ( (COMPONENT, ’U1 ’ ) , (COMPONENT, ’U2 ’ ) , (COMPONENT, ’U3 ’ ) , ) ) , ) ,
nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )

increm = len ( s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data ) − 1

x0 = s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K1NR]
x1 = s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K1NR]
x2 = s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K1NR]
x3 = s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K2NR]
x4 = s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K2NR]
x5 = s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K2NR]
x6 = s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K3NR]
x7 = s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K3NR]
x8 = s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K3NR]
s e s s i o n . writeXYReport ( f i leName=’K0_ANLAUFRECHNUNG. rpt ’ , appendMode=OFF, xyData=(x0 ,

x1 ,
x2 , x3 , x4 , x5 , x6 , x7 , x8 ) )

# Generate matrix H
H1 = nul lmat r ix (3 , 3 )
H1 [ 0 ] [ 0 ] = x0 [ increm ] [ 1 ]
H1 [ 0 ] [ 1 ] = x1 [ increm ] [ 1 ]
H1 [ 0 ] [ 2 ] = x2 [ increm ] [ 1 ]
H1 [ 1 ] [ 0 ] = x3 [ increm ] [ 1 ]
H1 [ 1 ] [ 1 ] = x4 [ increm ] [ 1 ]
H1 [ 1 ] [ 2 ] = x5 [ increm ] [ 1 ]
H1 [ 2 ] [ 0 ] = x6 [ increm ] [ 1 ]
H1 [ 2 ] [ 1 ] = x7 [ increm ] [ 1 ]
H1 [ 2 ] [ 2 ] = x8 [ increm ] [ 1 ]

del s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’U:U1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’U:U2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’U:U3 PI : FIBBI−1 N: %d ’ %K3NR]

# Generate matrix T1PK
T1PK = nul lmat r ix (3 , 3 )
T1PK [ 0 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK [ 0 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK [ 0 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK [ 1 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK [ 1 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK [ 1 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK [ 2 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK [ 2 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK [ 2 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0

del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR]
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del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR]

odb . c l o s e ( )

# Calcu la t e T2PK
# F1 = H1 + 1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
F1i = inve r t 3 (F1)
T2PK = matmul ( F1i ,T1PK)

print ’H1 end ’
for l i n e in H1 : print l i n e
print ’T1PK end ’
for l i n e in T1PK: print l i n e
print ’T2PK end ’
for l i n e in T2PK: print l i n e

#ausT . wr i t e ( ’T2PK\n ’)
ausT = open( ’K0_ANLAUFRECHNUNG_T1. txt ’ , ’w ’ )
for i in range (3 ) :

for j in range (3 ) :
ausT . wr i t e ( ’%e ’ %(T2PK[ i ] [ j ] ) )
i f j != 2 : ausT . wr i t e ( ’ , ’ )

ausT . wr i t e ( ’ \n ’ )
ausT . c l o s e ( )

i f ’ abq ’ in os . path . abspath ( " . " ) :
ausPINTERN = open( ’K0_ANLAUFRECHNUNG_PINTERN. txt ’ , ’w ’ )
ausPINTERN. wr i t e ( ’ 1 . , 0 . , 0 . \ n ’ )
ausPINTERN. wr i t e ( ’ 0 . , 1 . , 0 . \ n ’ )
ausPINTERN. wr i t e ( ’ 0 . , 0 . , 1 . \ n ’ )
ausPINTERN. c l o s e ( )
print ’FERTIG ’

else :
print ’Read Pintern ’
# Wait u n t i l l o g f i l e i s f i n i s h e d
time . s l e e p (5 )
f = open( inpname+’ . l og ’ , ’ r ’ )
p in te rn = [ ]
for l i n e in f :

p in te rn . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
PI = nu l lmat r ix (3 , 3 )
PI [ 0 ] [ 0 ] = p inte rn [ len ( p in te rn )−20]
PI [ 0 ] [ 1 ] = p inte rn [ len ( p in te rn )−19]
PI [ 0 ] [ 2 ] = p inte rn [ len ( p in te rn )−18]
PI [ 1 ] [ 0 ] = p inte rn [ len ( p in te rn )−17]
PI [ 1 ] [ 1 ] = p inte rn [ len ( p in te rn )−16]
PI [ 1 ] [ 2 ] = p inte rn [ len ( p in te rn )−15]
PI [ 2 ] [ 0 ] = p inte rn [ len ( p in te rn )−14]
PI [ 2 ] [ 1 ] = p inte rn [ len ( p in te rn )−13]
PI [ 2 ] [ 2 ] = p inte rn [ len ( p in te rn )−12]
for i in range (3 ) :

for j in range (3 ) :
PI [ i ] [ j ] = f loat (PI [ i ] [ j ] )
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#ausT . wr i t e ( ’T2PK\n ’)
ausPINTERN = open( ’K0_ANLAUFRECHNUNG_PINTERN. txt ’ , ’w ’ )
for i in range (3 ) :

for j in range (3 ) :
ausPINTERN. wr i t e ( ’%e ’ %(PI [ i ] [ j ] ) )
i f j != 2 : ausPINTERN. wr i t e ( ’ , ’ )

ausPINTERN. wr i t e ( ’ \n ’ )
ausPINTERN. c l o s e ( )

print ’FINISHED ’

B.3 Elastic test strain “0_1.py”

# ======================================================================
# E la s t i c t e s t s t r a i n c a l c u l a t i o n 1 o f 6
# ======================================================================
# ======================================================================
# Star t with : nohup /opt /abaqus/Commands/abaqus cae noGUI=∗.py &
# ======================================================================
from abaqus import ∗
from abaqusConstants import ∗
import __main__
import sys
import s t r i n g
import f i l e i n p u t
import s h u t i l
import os
import subproces s
import time
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
import odbAccess
import random
import csv
import r e s ou r c e
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
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import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
# ======================================================================
execf i le ( ’ 0_subroutines . py ’ )
# ======================================================================
# 0_1. py PART1
# ======================================================================
extname = ’ 1 ’
# Define d e l t a va lue ( smal l e l a s t i c t e s t s t r a i n )
de l t a = 1 . e−6
matheE = open( ’K0_matheEGREEN_einzeln . txt ’ , ’w ’ )
matheT = open( ’K0_matheT2PK_einzeln . txt ’ , ’w ’ )
# Read H0 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H0. txt ’ , ’ r ’ )
H0 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
data [ 2 ] = data [ 2 ] . r ep l a c e ( ’ \n ’ , ’ ’ )
H0 . append ( data )

f . c l o s e ( )
print ( ’H0 ’ )
for l i n e in H0 : print l i n e
# Read H1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H1. txt ’ , ’ r ’ )
H1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
H1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
H1 [ i ] [ j ] = f loat (H1 [ i ] [ j ] )

print ( ’H1 ’ )
for l i n e in H1 : print l i n e
# Read T2PK1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_T1. txt ’ , ’ r ’ )
T2PK1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
T2PK1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
T2PK1 [ i ] [ j ] = f loat (T2PK1[ i ] [ j ] )

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
# Calcu la t e F1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
print ( ’F1 ’ )
for l i n e in F1 : print l i n e
# Calcu la t e EGREEN1 = 1/2 (F1T∗F1−1)
F1T = matrixTranspose (F1)
EG1 = matmul (F1T, F1)
EG1 [ 0 ] [ 0 ] −= 1 .
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EG1 [ 1 ] [ 1 ] −= 1 .
EG1 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG1[ i ] [ j ] ∗= 0.5

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
# H2 = H1 + de l t a
H2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
H2 [ i ] [ j ] = H1 [ i ] [ j ]

H2 [ 0 ] [ 0 ] = H1 [ 0 ] [ 0 ] + de l t a
print ( ’H2 ’ )
for l i n e in H2 : print l i n e
# ======================================================================
execf i le ( ’ 0_RVE. py ’ )
# ======================================================================
# 0_1. py PART2
# ======================================================================
# STEP 1 Large Deformation
# ======================================================================
print ’STEP−1 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step1 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
i f H0 [ 0 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H0 [ 0 ] [ 0 ] ) ) )

i f H0 [ 0 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H0 [ 0 ] [ 1 ] ) ) )

i f H0 [ 0 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
i f H0 [ 1 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )

i f H0 [ 1 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H0 [ 1 ] [ 1 ] ) ) )

i f H0 [ 1 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )

i f H0 [ 2 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )

i f H0 [ 2 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H0 [ 2 ] [ 2 ] ) ) )

i f rb != ’LDBC’ :
f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
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f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

# Output
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 2 Unload − p r e s c r i b e H1
# ======================================================================
print ’STEP−2 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step2 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H1 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H1 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H1 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H1 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H1 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H1 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H1 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H1 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H1 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
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f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 3 H2 −> Column 1
# ======================================================================
print ’STEP−3 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step3 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
#Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H2 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H2 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H2 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H2 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H2 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H2 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H2 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H2 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H2 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
f . c l o s e ( )
# ======================================================================
# Run Job
# ======================================================================
#pr in t ’=========================================================’
#pr in t ’ Job Spa l t e ’ , s p a l t e+1
#pr in t ’=========================================================’
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i f " pos ix " in os . name :
execf i le ( ’ 0_job . py ’ )

# Wait f o r l c k f i l e , then wait f o r l c k f i l e i s d e l e t e d −> job f i n i s h e d
t0 = time . time ( ) ;
while not os . path . i s f i l e ( inpname+" . l ck " ) :

time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

while os . path . i s f i l e ( inpname+" . l ck " ) :
time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

# Check i f c a l c u l a t i o n was suc c e s s f u l , e l s e STOP
time . s l e e p (5 )
f = open( inpname+’ . s ta ’ , ’ r ’ )
s ta = [ ]
for l i n e in f :

s ta . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
i f s ta [ len ( s ta )−1] == ’ THE ANALYSIS HAS COMPLETED SUCCESSFULLY ’ :

print s ta [ len ( s ta )−1]
else :

print s ta [ len ( s ta )−1]
f = open( ’ 0_Auswertung_ERROR_in_ ’+inpname+’ . txt ’ , ’w ’ )
f . c l o s e ( )
time . s l e e p (5 )
sys . e x i t ( " p r i n t s ta [ l en ( s ta )−1]" )

# ======================================================================
# ODB oef fnen und RF1,RF2,RF3 an K1, K2, K3 rausschre i ben
# ======================================================================
# Generate path
pfad = inpname
# Search fo r node number K1NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K1 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K1NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K2NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K2 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K2NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K3NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K3 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K3NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# ======================================================================
# Column 1 Step−3
# ======================================================================
o1 = s e s s i o n . openOdb(

name=inpname+’ . odb ’ )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=o1 )
odbName=s e s s i o n . v iewports [ s e s s i o n . currentViewportName ] . odbDisplay . name
s e s s i o n . odbData [ odbName ] . s e tVa lues ( act iveFrames =(( ’ Step−3 ’ , ( ’ 0:−1 ’ , ) ) , ) )
odb = s e s s i o n . odbs [ inpname+’ . odb ’ ]
s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’RF ’ ,

NODAL, ( (COMPONENT, ’RF1 ’ ) , (COMPONENT, ’RF2 ’ ) , (COMPONENT, ’RF3 ’ ) , ) ) ,



Appendix B Python scripts to calculate the stiffness tetrads 210

) , nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )
increm = len ( s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data ) − 1

# Generate matrix T1PK
T1PK2 = nul lmat r ix (3 , 3 )
T1PK2 [ 0 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR]
print ( ’T1PK2 ’ )
for l i n e in T1PK2: print l i n e
odb . c l o s e ( )
# Calcu la t e T2PK2
# F2 = H2 + 1
F2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F2 [ i ] [ j ] = H2 [ i ] [ j ]

F2 [ 0 ] [ 0 ] += 1 .
F2 [ 1 ] [ 1 ] += 1 .
F2 [ 2 ] [ 2 ] += 1 .
F2i = inve r t 3 (F2)
T2PK2 = matmul ( F2i ,T1PK2)
# Calcu la t e E2_green berechnen
# E2_green = 1/2 (F2T∗F−1)
FT2 = matrixTranspose (F2)
EG2 = matmul (FT2 , F2)
EG2 [ 0 ] [ 0 ] −= 1 .
EG2 [ 1 ] [ 1 ] −= 1 .
EG2 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG2[ i ] [ j ] ∗= 0.5

# Calcu la t e d e l t a EG and d e l t a T2PK
DEG = nul lmat r ix (3 , 3 )
DT2PK = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
DEG[ i ] [ j ] = EG2[ i ] [ j ]−EG1[ i ] [ j ]
DT2PK[ i ] [ j ] = T2PK2[ i ] [ j ]−T2PK1[ i ] [ j ]

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
print ( ’EG2 ’ )
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for l i n e in EG2: print l i n e
print ( ’ Delta EG’ )
for l i n e in DEG: print l i n e

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
print ( ’T2PK2 ’ )
for l i n e in T2PK2: print l i n e
print ( ’ Delta T2PK ’ )
for l i n e in DT2PK: print l i n e
# ======================================================================
# Generate s t r e s s and s t r a i n output f o r Mathematica pos t proces s ing
# ======================================================================
# Generate vec to r o f symmetric Green s t r a i n tensor EG
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 0 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 2 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 2 ] ) )
# Generate vec to r o f symmetric 2nd Piola−Kirchho f f s t r e s s tensor T2PK
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 0 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 2 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 2 ] ) )
matheE . c l o s e ( )
matheT . c l o s e ( )
print ’FINISHED ’

B.4 Elastic test strain “0_2.py”

# ======================================================================
# E la s t i c t e s t s t r a i n c a l c u l a t i o n 2 o f 6
# ======================================================================
# ======================================================================
# Star t with : nohup /opt /abaqus/Commands/abaqus cae noGUI=∗.py &
# ======================================================================
from abaqus import ∗
from abaqusConstants import ∗
import __main__
import sys
import s t r i n g
import f i l e i n p u t
import s h u t i l
import os
import subproces s
import time
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
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import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
import odbAccess
import random
import csv
import r e s ou r c e
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
# ======================================================================
execf i le ( ’ 0_subroutines . py ’ )
# ======================================================================
# 0_2. py PART1
# ======================================================================
extname = ’ 2 ’
# Define d e l t a va lue ( smal l e l a s t i c t e s t s t r a i n )
de l t a = 1 . e−6
matheE = open( ’K0_matheEGREEN_einzeln . txt ’ , ’w ’ )
matheT = open( ’K0_matheT2PK_einzeln . txt ’ , ’w ’ )
# Read H0 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H0. txt ’ , ’ r ’ )
H0 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
data [ 2 ] = data [ 2 ] . r ep l a c e ( ’ \n ’ , ’ ’ )
H0 . append ( data )

f . c l o s e ( )
print ( ’H0 ’ )
for l i n e in H0 : print l i n e
# Read H1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H1. txt ’ , ’ r ’ )
H1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
H1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
H1 [ i ] [ j ] = f loat (H1 [ i ] [ j ] )

print ( ’H1 ’ )
for l i n e in H1 : print l i n e
# Read T2PK1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_T1. txt ’ , ’ r ’ )
T2PK1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )



Appendix B Python scripts to calculate the stiffness tetrads 213

T2PK1. append ( data )
f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
T2PK1 [ i ] [ j ] = f loat (T2PK1[ i ] [ j ] )

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
# Calcu la t e F1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
print ( ’F1 ’ )
for l i n e in F1 : print l i n e
# Calcu la t e EGREEN1 = 1/2 (F1T∗F1−1)
F1T = matrixTranspose (F1)
EG1 = matmul (F1T, F1)
EG1 [ 0 ] [ 0 ] −= 1 .
EG1 [ 1 ] [ 1 ] −= 1 .
EG1 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG1[ i ] [ j ] ∗= 0.5

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
# H2 = H1 + de l t a
H2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
H2 [ i ] [ j ] = H1 [ i ] [ j ]

H2 [ 1 ] [ 1 ] = H1 [ 1 ] [ 1 ] + de l t a
print ( ’H2 ’ )
for l i n e in H2 : print l i n e
# ======================================================================
execf i le ( ’ 0_RVE. py ’ )
# ======================================================================
# 0_2. py PART2
# ======================================================================
# STEP 1 Large Deformation
# ======================================================================
print ’STEP−1 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step1 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
i f H0 [ 0 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H0 [ 0 ] [ 0 ] ) ) )

i f H0 [ 0 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H0 [ 0 ] [ 1 ] ) ) )

i f H0 [ 0 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
i f H0 [ 1 ] [ 0 ] != ’− ’ :
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f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )

i f H0 [ 1 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H0 [ 1 ] [ 1 ] ) ) )

i f H0 [ 1 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )

i f H0 [ 2 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )

i f H0 [ 2 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H0 [ 2 ] [ 2 ] ) ) )

i f rb != ’LDBC’ :
f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

# Output
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 2 Unload − p r e s c r i b e H1
# ======================================================================
print ’STEP−2 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step2 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H1 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H1 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H1 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H1 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H1 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H1 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H1 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H1 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H1 [ 2 ] [ 2 ] ) ) )
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i f rb != ’LDBC’ :
f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 3 H2 −> Column 1
# ======================================================================
print ’STEP−3 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step3 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
#Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H2 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H2 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H2 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H2 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H2 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H2 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H2 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H2 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H2 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
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f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
f . c l o s e ( )
# ======================================================================
# Run Job
# ======================================================================
#pr in t ’=========================================================’
#pr in t ’ Job Spa l t e ’ , s p a l t e+1
#pr in t ’=========================================================’

i f " pos ix " in os . name :
execf i le ( ’ 0_job . py ’ )

# Wait f o r l c k f i l e , then wait f o r l c k f i l e i s d e l e t e d −> job f i n i s h e d
t0 = time . time ( ) ;
while not os . path . i s f i l e ( inpname+" . l ck " ) :

time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

while os . path . i s f i l e ( inpname+" . l ck " ) :
time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

# Check i f c a l c u l a t i o n was suc c e s s f u l , e l s e STOP
time . s l e e p (5 )
f = open( inpname+’ . s ta ’ , ’ r ’ )
s ta = [ ]
for l i n e in f :

s ta . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
i f s ta [ len ( s ta )−1] == ’ THE ANALYSIS HAS COMPLETED SUCCESSFULLY ’ :

print s ta [ len ( s ta )−1]
else :

print s ta [ len ( s ta )−1]
f = open( ’ 0_Auswertung_ERROR_in_ ’+inpname+’ . txt ’ , ’w ’ )
f . c l o s e ( )
time . s l e e p (5 )
sys . e x i t ( " p r i n t s ta [ l en ( s ta )−1]" )

# ======================================================================
# ODB oef fnen und RF1,RF2,RF3 an K1, K2, K3 rausschre i ben
# ======================================================================
# Generate path
pfad = inpname
# Search fo r node number K1NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K1 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K1NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K2NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K2 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
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K2NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K3NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K3 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K3NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# ======================================================================
# Column 1 Step−3
# ======================================================================
o1 = s e s s i o n . openOdb(

name=inpname+’ . odb ’ )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=o1 )
odbName=s e s s i o n . v iewports [ s e s s i o n . currentViewportName ] . odbDisplay . name
s e s s i o n . odbData [ odbName ] . s e tVa lues ( act iveFrames =(( ’ Step−3 ’ , ( ’ 0:−1 ’ , ) ) , ) )
odb = s e s s i o n . odbs [ inpname+’ . odb ’ ]
s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’RF ’ ,

NODAL, ( (COMPONENT, ’RF1 ’ ) , (COMPONENT, ’RF2 ’ ) , (COMPONENT, ’RF3 ’ ) , ) ) ,
) , nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )

increm = len ( s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data ) − 1

# Generate matrix T1PK
T1PK2 = nul lmat r ix (3 , 3 )
T1PK2 [ 0 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR]
print ( ’T1PK2 ’ )
for l i n e in T1PK2: print l i n e
odb . c l o s e ( )
# Calcu la t e T2PK2
# F2 = H2 + 1
F2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F2 [ i ] [ j ] = H2 [ i ] [ j ]

F2 [ 0 ] [ 0 ] += 1 .
F2 [ 1 ] [ 1 ] += 1 .
F2 [ 2 ] [ 2 ] += 1 .
F2i = inve r t 3 (F2)



Appendix B Python scripts to calculate the stiffness tetrads 218

T2PK2 = matmul ( F2i ,T1PK2)
# Calcu la t e E2_green berechnen
# E2_green = 1/2 (F2T∗F−1)
FT2 = matrixTranspose (F2)
EG2 = matmul (FT2 , F2)
EG2 [ 0 ] [ 0 ] −= 1 .
EG2 [ 1 ] [ 1 ] −= 1 .
EG2 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG2[ i ] [ j ] ∗= 0.5

# Calcu la t e d e l t a EG and d e l t a T2PK
DEG = nul lmat r ix (3 , 3 )
DT2PK = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
DEG[ i ] [ j ] = EG2[ i ] [ j ]−EG1[ i ] [ j ]
DT2PK[ i ] [ j ] = T2PK2[ i ] [ j ]−T2PK1[ i ] [ j ]

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
print ( ’EG2 ’ )
for l i n e in EG2: print l i n e
print ( ’ Delta EG’ )
for l i n e in DEG: print l i n e

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
print ( ’T2PK2 ’ )
for l i n e in T2PK2: print l i n e
print ( ’ Delta T2PK ’ )
for l i n e in DT2PK: print l i n e
# ======================================================================
# Generate s t r e s s and s t r a i n output f o r Mathematica pos t proces s ing
# ======================================================================
# Generate vec to r o f symmetric Green s t r a i n tensor EG
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 0 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 2 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 2 ] ) )
# Generate vec to r o f symmetric 2nd Piola−Kirchho f f s t r e s s tensor T2PK
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 0 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 2 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 2 ] ) )
matheE . c l o s e ( )
matheT . c l o s e ( )
print ’FINISHED ’

B.5 Elastic test strain “0_3.py”

# ======================================================================
# E la s t i c t e s t s t r a i n c a l c u l a t i o n 3 o f 6
# ======================================================================
# ======================================================================
# Star t with : nohup /opt /abaqus/Commands/abaqus cae noGUI=∗.py &
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# ======================================================================
from abaqus import ∗
from abaqusConstants import ∗
import __main__
import sys
import s t r i n g
import f i l e i n p u t
import s h u t i l
import os
import subproces s
import time
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
import odbAccess
import random
import csv
import r e s ou r c e
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
# ======================================================================
execf i le ( ’ 0_subroutines . py ’ )
# ======================================================================
# 0_3. py PART1
# ======================================================================
extname = ’ 3 ’
# Define d e l t a va lue ( smal l e l a s t i c t e s t s t r a i n )
de l t a = 1 . e−6
matheE = open( ’K0_matheEGREEN_einzeln . txt ’ , ’w ’ )
matheT = open( ’K0_matheT2PK_einzeln . txt ’ , ’w ’ )
# Read H0 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H0. txt ’ , ’ r ’ )
H0 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
data [ 2 ] = data [ 2 ] . r ep l a c e ( ’ \n ’ , ’ ’ )
H0 . append ( data )

f . c l o s e ( )
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print ( ’H0 ’ )
for l i n e in H0 : print l i n e
# Read H1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H1. txt ’ , ’ r ’ )
H1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
H1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
H1 [ i ] [ j ] = f loat (H1 [ i ] [ j ] )

print ( ’H1 ’ )
for l i n e in H1 : print l i n e
# Read T2PK1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_T1. txt ’ , ’ r ’ )
T2PK1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
T2PK1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
T2PK1 [ i ] [ j ] = f loat (T2PK1[ i ] [ j ] )

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
# Calcu la t e F1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
print ( ’F1 ’ )
for l i n e in F1 : print l i n e
# Calcu la t e EGREEN1 = 1/2 (F1T∗F1−1)
F1T = matrixTranspose (F1)
EG1 = matmul (F1T, F1)
EG1 [ 0 ] [ 0 ] −= 1 .
EG1 [ 1 ] [ 1 ] −= 1 .
EG1 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG1[ i ] [ j ] ∗= 0.5

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
# H2 = H1 + de l t a
H2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
H2 [ i ] [ j ] = H1 [ i ] [ j ]

H2 [ 2 ] [ 2 ] = H1 [ 2 ] [ 2 ] + de l t a
print ( ’H2 ’ )
for l i n e in H2 : print l i n e
# ======================================================================
execf i le ( ’ 0_RVE. py ’ )
# ======================================================================
# 0_3. py PART2
# ======================================================================
# STEP 1 Large Deformation
# ======================================================================
print ’STEP−1 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
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# Read s t ep informat ion
s tep = open( ’ 0_step1 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
i f H0 [ 0 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H0 [ 0 ] [ 0 ] ) ) )

i f H0 [ 0 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H0 [ 0 ] [ 1 ] ) ) )

i f H0 [ 0 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
i f H0 [ 1 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )

i f H0 [ 1 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H0 [ 1 ] [ 1 ] ) ) )

i f H0 [ 1 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )

i f H0 [ 2 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )

i f H0 [ 2 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H0 [ 2 ] [ 2 ] ) ) )

i f rb != ’LDBC’ :
f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

# Output
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 2 Unload − p r e s c r i b e H1
# ======================================================================
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print ’STEP−2 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step2 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H1 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H1 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H1 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H1 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H1 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H1 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H1 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H1 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H1 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 3 H2 −> Column 1
# ======================================================================
print ’STEP−3 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step3 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
#Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H2 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H2 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H2 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
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f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H2 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H2 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H2 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H2 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H2 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H2 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
f . c l o s e ( )
# ======================================================================
# Run Job
# ======================================================================
#pr in t ’=========================================================’
#pr in t ’ Job Spa l t e ’ , s p a l t e+1
#pr in t ’=========================================================’

i f " pos ix " in os . name :
execf i le ( ’ 0_job . py ’ )

# Wait f o r l c k f i l e , then wait f o r l c k f i l e i s d e l e t e d −> job f i n i s h e d
t0 = time . time ( ) ;
while not os . path . i s f i l e ( inpname+" . l ck " ) :

time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

while os . path . i s f i l e ( inpname+" . l ck " ) :
time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

# Check i f c a l c u l a t i o n was suc c e s s f u l , e l s e STOP
time . s l e e p (5 )
f = open( inpname+’ . s ta ’ , ’ r ’ )
s ta = [ ]
for l i n e in f :

s ta . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
i f s ta [ len ( s ta )−1] == ’ THE ANALYSIS HAS COMPLETED SUCCESSFULLY ’ :

print s ta [ len ( s ta )−1]
else :

print s ta [ len ( s ta )−1]
f = open( ’ 0_Auswertung_ERROR_in_ ’+inpname+’ . txt ’ , ’w ’ )
f . c l o s e ( )
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time . s l e e p (5 )
sys . e x i t ( " p r i n t s ta [ l en ( s ta )−1]" )

# ======================================================================
# ODB oef fnen und RF1,RF2,RF3 an K1, K2, K3 rausschre i ben
# ======================================================================
# Generate path
pfad = inpname
# Search fo r node number K1NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K1 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K1NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K2NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K2 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K2NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K3NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K3 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K3NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# ======================================================================
# Column 1 Step−3
# ======================================================================
o1 = s e s s i o n . openOdb(

name=inpname+’ . odb ’ )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=o1 )
odbName=s e s s i o n . v iewports [ s e s s i o n . currentViewportName ] . odbDisplay . name
s e s s i o n . odbData [ odbName ] . s e tVa lues ( act iveFrames =(( ’ Step−3 ’ , ( ’ 0:−1 ’ , ) ) , ) )
odb = s e s s i o n . odbs [ inpname+’ . odb ’ ]
s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’RF ’ ,

NODAL, ( (COMPONENT, ’RF1 ’ ) , (COMPONENT, ’RF2 ’ ) , (COMPONENT, ’RF3 ’ ) , ) ) ,
) , nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )

increm = len ( s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data ) − 1

# Generate matrix T1PK
T1PK2 = nul lmat r ix (3 , 3 )
T1PK2 [ 0 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR]
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del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR]
print ( ’T1PK2 ’ )
for l i n e in T1PK2: print l i n e
odb . c l o s e ( )
# Calcu la t e T2PK2
# F2 = H2 + 1
F2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F2 [ i ] [ j ] = H2 [ i ] [ j ]

F2 [ 0 ] [ 0 ] += 1 .
F2 [ 1 ] [ 1 ] += 1 .
F2 [ 2 ] [ 2 ] += 1 .
F2i = inve r t 3 (F2)
T2PK2 = matmul ( F2i ,T1PK2)
# Calcu la t e E2_green berechnen
# E2_green = 1/2 (F2T∗F−1)
FT2 = matrixTranspose (F2)
EG2 = matmul (FT2 , F2)
EG2 [ 0 ] [ 0 ] −= 1 .
EG2 [ 1 ] [ 1 ] −= 1 .
EG2 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG2[ i ] [ j ] ∗= 0.5

# Calcu la t e d e l t a EG and d e l t a T2PK
DEG = nul lmat r ix (3 , 3 )
DT2PK = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
DEG[ i ] [ j ] = EG2[ i ] [ j ]−EG1[ i ] [ j ]
DT2PK[ i ] [ j ] = T2PK2[ i ] [ j ]−T2PK1[ i ] [ j ]

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
print ( ’EG2 ’ )
for l i n e in EG2: print l i n e
print ( ’ Delta EG’ )
for l i n e in DEG: print l i n e

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
print ( ’T2PK2 ’ )
for l i n e in T2PK2: print l i n e
print ( ’ Delta T2PK ’ )
for l i n e in DT2PK: print l i n e
# ======================================================================
# Generate s t r e s s and s t r a i n output f o r Mathematica pos t proces s ing
# ======================================================================
# Generate vec to r o f symmetric Green s t r a i n tensor EG
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 0 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 2 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 2 ] ) )
# Generate vec to r o f symmetric 2nd Piola−Kirchho f f s t r e s s tensor T2PK
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 0 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 2 ] [ 2 ] ) )
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matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 2 ] ) )
matheE . c l o s e ( )
matheT . c l o s e ( )
print ’FINISHED ’

B.6 Elastic test strain “0_4.py”

# ======================================================================
# E la s t i c t e s t s t r a i n c a l c u l a t i o n 4 o f 6
# ======================================================================
# ======================================================================
# Star t with : nohup /opt /abaqus/Commands/abaqus cae noGUI=∗.py &
# ======================================================================
from abaqus import ∗
from abaqusConstants import ∗
import __main__
import sys
import s t r i n g
import f i l e i n p u t
import s h u t i l
import os
import subproces s
import time
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
import odbAccess
import random
import csv
import r e s ou r c e
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
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import displayGroupOdbToolset as dgo
import connectorBehavior
# ======================================================================
execf i le ( ’ 0_subroutines . py ’ )
# ======================================================================
# 0_4. py PART1
# ======================================================================
extname = ’ 4 ’
# Define d e l t a va lue ( smal l e l a s t i c t e s t s t r a i n )
de l t a = 1 . e−6
matheE = open( ’K0_matheEGREEN_einzeln . txt ’ , ’w ’ )
matheT = open( ’K0_matheT2PK_einzeln . txt ’ , ’w ’ )
# Read H0 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H0. txt ’ , ’ r ’ )
H0 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
data [ 2 ] = data [ 2 ] . r ep l a c e ( ’ \n ’ , ’ ’ )
H0 . append ( data )

f . c l o s e ( )
print ( ’H0 ’ )
for l i n e in H0 : print l i n e
# Read H1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H1. txt ’ , ’ r ’ )
H1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
H1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
H1 [ i ] [ j ] = f loat (H1 [ i ] [ j ] )

print ( ’H1 ’ )
for l i n e in H1 : print l i n e
# Read T2PK1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_T1. txt ’ , ’ r ’ )
T2PK1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
T2PK1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
T2PK1 [ i ] [ j ] = f loat (T2PK1[ i ] [ j ] )

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
# Calcu la t e F1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
print ( ’F1 ’ )
for l i n e in F1 : print l i n e
# Calcu la t e EGREEN1 = 1/2 (F1T∗F1−1)
F1T = matrixTranspose (F1)
EG1 = matmul (F1T, F1)
EG1 [ 0 ] [ 0 ] −= 1 .
EG1 [ 1 ] [ 1 ] −= 1 .
EG1 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :
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for j in range (3 ) :
EG1[ i ] [ j ] ∗= 0.5

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
# H2 = H1 + de l t a
H2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
H2 [ i ] [ j ] = H1 [ i ] [ j ]

H2 [ 0 ] [ 1 ] = H1 [ 0 ] [ 1 ] + de l t a
H2 [ 1 ] [ 0 ] = H1 [ 1 ] [ 0 ] + de l t a
print ( ’H2 ’ )
for l i n e in H2 : print l i n e
# ======================================================================
execf i le ( ’ 0_RVE. py ’ )
# ======================================================================
# 0_4. py PART2
# ======================================================================
# STEP 1 Large Deformation
# ======================================================================
print ’STEP−1 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step1 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
i f H0 [ 0 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H0 [ 0 ] [ 0 ] ) ) )

i f H0 [ 0 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H0 [ 0 ] [ 1 ] ) ) )

i f H0 [ 0 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
i f H0 [ 1 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )

i f H0 [ 1 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H0 [ 1 ] [ 1 ] ) ) )

i f H0 [ 1 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )

i f H0 [ 2 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )

i f H0 [ 2 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H0 [ 2 ] [ 2 ] ) ) )

i f rb != ’LDBC’ :
f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
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f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )
# Output
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 2 Unload − p r e s c r i b e H1
# ======================================================================
print ’STEP−2 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step2 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H1 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H1 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H1 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H1 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H1 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H1 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H1 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H1 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H1 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
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# STEP 3 H2 −> Column 1
# ======================================================================
print ’STEP−3 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step3 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
#Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H2 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H2 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H2 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H2 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H2 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H2 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H2 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H2 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H2 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
f . c l o s e ( )
# ======================================================================
# Run Job
# ======================================================================
#pr in t ’=========================================================’
#pr in t ’ Job Spa l t e ’ , s p a l t e+1
#pr in t ’=========================================================’

i f " pos ix " in os . name :
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execf i le ( ’ 0_job . py ’ )
# Wait f o r l c k f i l e , then wait f o r l c k f i l e i s d e l e t e d −> job f i n i s h e d
t0 = time . time ( ) ;
while not os . path . i s f i l e ( inpname+" . l ck " ) :

time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

while os . path . i s f i l e ( inpname+" . l ck " ) :
time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

# Check i f c a l c u l a t i o n was suc c e s s f u l , e l s e STOP
time . s l e e p (5 )
f = open( inpname+’ . s ta ’ , ’ r ’ )
s ta = [ ]
for l i n e in f :

s ta . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
i f s ta [ len ( s ta )−1] == ’ THE ANALYSIS HAS COMPLETED SUCCESSFULLY ’ :

print s ta [ len ( s ta )−1]
else :

print s ta [ len ( s ta )−1]
f = open( ’ 0_Auswertung_ERROR_in_ ’+inpname+’ . txt ’ , ’w ’ )
f . c l o s e ( )
time . s l e e p (5 )
sys . e x i t ( " p r i n t s ta [ l en ( s ta )−1]" )

# ======================================================================
# ODB oef fnen und RF1,RF2,RF3 an K1, K2, K3 rausschre i ben
# ======================================================================
# Generate path
pfad = inpname
# Search fo r node number K1NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K1 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K1NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K2NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K2 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K2NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K3NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K3 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K3NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# ======================================================================
# Column 1 Step−3
# ======================================================================
o1 = s e s s i o n . openOdb(

name=inpname+’ . odb ’ )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=o1 )
odbName=s e s s i o n . v iewports [ s e s s i o n . currentViewportName ] . odbDisplay . name
s e s s i o n . odbData [ odbName ] . s e tVa lues ( act iveFrames =(( ’ Step−3 ’ , ( ’ 0:−1 ’ , ) ) , ) )
odb = s e s s i o n . odbs [ inpname+’ . odb ’ ]
s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’RF ’ ,

NODAL, ( (COMPONENT, ’RF1 ’ ) , (COMPONENT, ’RF2 ’ ) , (COMPONENT, ’RF3 ’ ) , ) ) ,
) , nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )

increm = len ( s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data ) − 1
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# Generate matrix T1PK
T1PK2 = nul lmat r ix (3 , 3 )
T1PK2 [ 0 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR]
print ( ’T1PK2 ’ )
for l i n e in T1PK2: print l i n e
odb . c l o s e ( )
# Calcu la t e T2PK2
# F2 = H2 + 1
F2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F2 [ i ] [ j ] = H2 [ i ] [ j ]

F2 [ 0 ] [ 0 ] += 1 .
F2 [ 1 ] [ 1 ] += 1 .
F2 [ 2 ] [ 2 ] += 1 .
F2i = inve r t 3 (F2)
T2PK2 = matmul ( F2i ,T1PK2)
# Calcu la t e E2_green berechnen
# E2_green = 1/2 (F2T∗F−1)
FT2 = matrixTranspose (F2)
EG2 = matmul (FT2 , F2)
EG2 [ 0 ] [ 0 ] −= 1 .
EG2 [ 1 ] [ 1 ] −= 1 .
EG2 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG2[ i ] [ j ] ∗= 0.5

# Calcu la t e d e l t a EG and d e l t a T2PK
DEG = nul lmat r ix (3 , 3 )
DT2PK = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
DEG[ i ] [ j ] = EG2[ i ] [ j ]−EG1[ i ] [ j ]
DT2PK[ i ] [ j ] = T2PK2[ i ] [ j ]−T2PK1[ i ] [ j ]

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
print ( ’EG2 ’ )
for l i n e in EG2: print l i n e
print ( ’ Delta EG’ )
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for l i n e in DEG: print l i n e

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
print ( ’T2PK2 ’ )
for l i n e in T2PK2: print l i n e
print ( ’ Delta T2PK ’ )
for l i n e in DT2PK: print l i n e
# ======================================================================
# Generate s t r e s s and s t r a i n output f o r Mathematica pos t proces s ing
# ======================================================================
# Generate vec to r o f symmetric Green s t r a i n tensor EG
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 0 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 2 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 2 ] ) )
# Generate vec to r o f symmetric 2nd Piola−Kirchho f f s t r e s s tensor T2PK
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 0 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 2 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 2 ] ) )
matheE . c l o s e ( )
matheT . c l o s e ( )
print ’FINISHED ’

B.7 Elastic test strain “0_5.py”

# ======================================================================
# E la s t i c t e s t s t r a i n c a l c u l a t i o n 5 o f 6
# ======================================================================
# ======================================================================
# Star t with : nohup /opt /abaqus/Commands/abaqus cae noGUI=∗.py &
# ======================================================================
from abaqus import ∗
from abaqusConstants import ∗
import __main__
import sys
import s t r i n g
import f i l e i n p u t
import s h u t i l
import os
import subproces s
import time
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch



Appendix B Python scripts to calculate the stiffness tetrads 234

import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
import odbAccess
import random
import csv
import r e s ou r c e
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
# ======================================================================
execf i le ( ’ 0_subroutines . py ’ )
# ======================================================================
# 0_5. py PART1
# ======================================================================
extname = ’ 5 ’
# Define d e l t a va lue ( smal l e l a s t i c t e s t s t r a i n )
de l t a = 1 . e−6
matheE = open( ’K0_matheEGREEN_einzeln . txt ’ , ’w ’ )
matheT = open( ’K0_matheT2PK_einzeln . txt ’ , ’w ’ )
# Read H0 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H0. txt ’ , ’ r ’ )
H0 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
data [ 2 ] = data [ 2 ] . r ep l a c e ( ’ \n ’ , ’ ’ )
H0 . append ( data )

f . c l o s e ( )
print ( ’H0 ’ )
for l i n e in H0 : print l i n e
# Read H1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H1. txt ’ , ’ r ’ )
H1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
H1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
H1 [ i ] [ j ] = f loat (H1 [ i ] [ j ] )

print ( ’H1 ’ )
for l i n e in H1 : print l i n e
# Read T2PK1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_T1. txt ’ , ’ r ’ )
T2PK1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
T2PK1 . append ( data )

f . c l o s e ( )
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for i in range (3 ) :
for j in range (3 ) :

T2PK1 [ i ] [ j ] = f loat (T2PK1[ i ] [ j ] )
print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
# Calcu la t e F1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
print ( ’F1 ’ )
for l i n e in F1 : print l i n e
# Calcu la t e EGREEN1 = 1/2 (F1T∗F1−1)
F1T = matrixTranspose (F1)
EG1 = matmul (F1T, F1)
EG1 [ 0 ] [ 0 ] −= 1 .
EG1 [ 1 ] [ 1 ] −= 1 .
EG1 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG1[ i ] [ j ] ∗= 0.5

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
# H2 = H1 + de l t a
H2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
H2 [ i ] [ j ] = H1 [ i ] [ j ]

H2 [ 0 ] [ 2 ] = H1 [ 0 ] [ 2 ] + de l t a
H2 [ 2 ] [ 0 ] = H1 [ 2 ] [ 0 ] + de l t a
print ( ’H2 ’ )
for l i n e in H2 : print l i n e
# ======================================================================
execf i le ( ’ 0_RVE. py ’ )
# ======================================================================
# 0_5. py PART2
# ======================================================================
# STEP 1 Large Deformation
# ======================================================================
print ’STEP−1 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step1 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
i f H0 [ 0 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H0 [ 0 ] [ 0 ] ) ) )

i f H0 [ 0 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H0 [ 0 ] [ 1 ] ) ) )

i f H0 [ 0 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
i f H0 [ 1 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
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f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )
i f H0 [ 1 ] [ 1 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H0 [ 1 ] [ 1 ] ) ) )

i f H0 [ 1 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )

i f H0 [ 2 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )

i f H0 [ 2 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H0 [ 2 ] [ 2 ] ) ) )

i f rb != ’LDBC’ :
f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

# Output
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 2 Unload − p r e s c r i b e H1
# ======================================================================
print ’STEP−2 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step2 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H1 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H1 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H1 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H1 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H1 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H1 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H1 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H1 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H1 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :
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f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 3 H2 −> Column 1
# ======================================================================
print ’STEP−3 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step3 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
#Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H2 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H2 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H2 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H2 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H2 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H2 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H2 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H2 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H2 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
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f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
f . c l o s e ( )
# ======================================================================
# Run Job
# ======================================================================
#pr in t ’=========================================================’
#pr in t ’ Job Spa l t e ’ , s p a l t e+1
#pr in t ’=========================================================’

i f " pos ix " in os . name :
execf i le ( ’ 0_job . py ’ )

# Wait f o r l c k f i l e , then wait f o r l c k f i l e i s d e l e t e d −> job f i n i s h e d
t0 = time . time ( ) ;
while not os . path . i s f i l e ( inpname+" . l ck " ) :

time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

while os . path . i s f i l e ( inpname+" . l ck " ) :
time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

# Check i f c a l c u l a t i o n was suc c e s s f u l , e l s e STOP
time . s l e e p (5 )
f = open( inpname+’ . s ta ’ , ’ r ’ )
s ta = [ ]
for l i n e in f :

s ta . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
i f s ta [ len ( s ta )−1] == ’ THE ANALYSIS HAS COMPLETED SUCCESSFULLY ’ :

print s ta [ len ( s ta )−1]
else :

print s ta [ len ( s ta )−1]
f = open( ’ 0_Auswertung_ERROR_in_ ’+inpname+’ . txt ’ , ’w ’ )
f . c l o s e ( )
time . s l e e p (5 )
sys . e x i t ( " p r i n t s ta [ l en ( s ta )−1]" )

# ======================================================================
# ODB oef fnen und RF1,RF2,RF3 an K1, K2, K3 rausschre i ben
# ======================================================================
# Generate path
pfad = inpname
# Search fo r node number K1NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K1 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K1NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K2NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K2 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K2NR = int ( read [ 0 : len ( read ) −3])
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f . c l o s e ( )
# Search fo r node number K3NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K3 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K3NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# ======================================================================
# Column 1 Step−3
# ======================================================================
o1 = s e s s i o n . openOdb(

name=inpname+’ . odb ’ )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=o1 )
odbName=s e s s i o n . v iewports [ s e s s i o n . currentViewportName ] . odbDisplay . name
s e s s i o n . odbData [ odbName ] . s e tVa lues ( act iveFrames =(( ’ Step−3 ’ , ( ’ 0:−1 ’ , ) ) , ) )
odb = s e s s i o n . odbs [ inpname+’ . odb ’ ]
s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’RF ’ ,

NODAL, ( (COMPONENT, ’RF1 ’ ) , (COMPONENT, ’RF2 ’ ) , (COMPONENT, ’RF3 ’ ) , ) ) ,
) , nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )

increm = len ( s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data ) − 1

# Generate matrix T1PK
T1PK2 = nul lmat r ix (3 , 3 )
T1PK2 [ 0 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR]
print ( ’T1PK2 ’ )
for l i n e in T1PK2: print l i n e
odb . c l o s e ( )
# Calcu la t e T2PK2
# F2 = H2 + 1
F2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F2 [ i ] [ j ] = H2 [ i ] [ j ]

F2 [ 0 ] [ 0 ] += 1 .
F2 [ 1 ] [ 1 ] += 1 .
F2 [ 2 ] [ 2 ] += 1 .
F2i = inve r t 3 (F2)
T2PK2 = matmul ( F2i ,T1PK2)
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# Calcu la t e E2_green berechnen
# E2_green = 1/2 (F2T∗F−1)
FT2 = matrixTranspose (F2)
EG2 = matmul (FT2 , F2)
EG2 [ 0 ] [ 0 ] −= 1 .
EG2 [ 1 ] [ 1 ] −= 1 .
EG2 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG2[ i ] [ j ] ∗= 0.5

# Calcu la t e d e l t a EG and d e l t a T2PK
DEG = nul lmat r ix (3 , 3 )
DT2PK = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
DEG[ i ] [ j ] = EG2[ i ] [ j ]−EG1[ i ] [ j ]
DT2PK[ i ] [ j ] = T2PK2[ i ] [ j ]−T2PK1[ i ] [ j ]

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
print ( ’EG2 ’ )
for l i n e in EG2: print l i n e
print ( ’ Delta EG’ )
for l i n e in DEG: print l i n e

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
print ( ’T2PK2 ’ )
for l i n e in T2PK2: print l i n e
print ( ’ Delta T2PK ’ )
for l i n e in DT2PK: print l i n e
# ======================================================================
# Generate s t r e s s and s t r a i n output f o r Mathematica pos t proces s ing
# ======================================================================
# Generate vec to r o f symmetric Green s t r a i n tensor EG
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 0 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 2 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 2 ] ) )
# Generate vec to r o f symmetric 2nd Piola−Kirchho f f s t r e s s tensor T2PK
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 0 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 2 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 2 ] ) )
matheE . c l o s e ( )
matheT . c l o s e ( )
print ’FINISHED ’

B.8 Elastic test strain “0_6.py”

# ======================================================================
# E la s t i c t e s t s t r a i n c a l c u l a t i o n 6 o f 6
# ======================================================================
# ======================================================================
# Star t with : nohup /opt /abaqus/Commands/abaqus cae noGUI=∗.py &
# ======================================================================
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from abaqus import ∗
from abaqusConstants import ∗
import __main__
import sys
import s t r i n g
import f i l e i n p u t
import s h u t i l
import os
import subproces s
import time
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
import odbAccess
import random
import csv
import r e s ou r c e
import s e c t i o n
import r eg i onToo l s e t
import displayGroupMdbToolset as dgm
import part
import mate r i a l
import assembly
import s tep
import i n t e r a c t i o n
import load
import mesh
import job
import sketch
import v i s u a l i z a t i o n
import xyPlot
import displayGroupOdbToolset as dgo
import connectorBehavior
# ======================================================================
execf i le ( ’ 0_subroutines . py ’ )
# ======================================================================
# 0_6. py PART1
# ======================================================================
extname = ’ 6 ’
# Define d e l t a va lue ( smal l e l a s t i c t e s t s t r a i n )
de l t a = 1 . e−6
matheE = open( ’K0_matheEGREEN_einzeln . txt ’ , ’w ’ )
matheT = open( ’K0_matheT2PK_einzeln . txt ’ , ’w ’ )
# Read H0 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H0. txt ’ , ’ r ’ )
H0 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
data [ 2 ] = data [ 2 ] . r ep l a c e ( ’ \n ’ , ’ ’ )
H0 . append ( data )

f . c l o s e ( )
print ( ’H0 ’ )



Appendix B Python scripts to calculate the stiffness tetrads 242

for l i n e in H0 : print l i n e
# Read H1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_H1. txt ’ , ’ r ’ )
H1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
H1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
H1 [ i ] [ j ] = f loat (H1 [ i ] [ j ] )

print ( ’H1 ’ )
for l i n e in H1 : print l i n e
# Read T2PK1 from Start−up c a l c u l a t i o n 1
f = open( ’K0_ANLAUFRECHNUNG_T1. txt ’ , ’ r ’ )
T2PK1 = [ ]
for i in range ( 0 , 3 ) :

read = str ( f . r e ad l i n e ( ) )
data = read . s p l i t ( " , " )
T2PK1 . append ( data )

f . c l o s e ( )
for i in range (3 ) :

for j in range (3 ) :
T2PK1 [ i ] [ j ] = f loat (T2PK1[ i ] [ j ] )

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
# Calcu la t e F1
F1 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F1 [ i ] [ j ] = H1 [ i ] [ j ]

F1 [ 0 ] [ 0 ] += 1 .
F1 [ 1 ] [ 1 ] += 1 .
F1 [ 2 ] [ 2 ] += 1 .
print ( ’F1 ’ )
for l i n e in F1 : print l i n e
# Calcu la t e EGREEN1 = 1/2 (F1T∗F1−1)
F1T = matrixTranspose (F1)
EG1 = matmul (F1T, F1)
EG1 [ 0 ] [ 0 ] −= 1 .
EG1 [ 1 ] [ 1 ] −= 1 .
EG1 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG1[ i ] [ j ] ∗= 0.5

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
# H2 = H1 + de l t a
H2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
H2 [ i ] [ j ] = H1 [ i ] [ j ]

H2 [ 1 ] [ 2 ] = H1 [ 1 ] [ 2 ] + de l t a
H2 [ 2 ] [ 1 ] = H1 [ 2 ] [ 1 ] + de l t a
print ( ’H2 ’ )
for l i n e in H2 : print l i n e
# ======================================================================
execf i le ( ’ 0_RVE. py ’ )
# ======================================================================
# 0_6. py PART2
# ======================================================================
# STEP 1 Large Deformation
# ======================================================================
print ’STEP−1 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
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# Read s t ep informat ion
s tep = open( ’ 0_step1 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
i f H0 [ 0 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H0 [ 0 ] [ 0 ] ) ) )

i f H0 [ 0 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H0 [ 0 ] [ 1 ] ) ) )

i f H0 [ 0 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H0 [ 0 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
i f H0 [ 1 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H0 [ 1 ] [ 0 ] ) ) )

i f H0 [ 1 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H0 [ 1 ] [ 1 ] ) ) )

i f H0 [ 1 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H0 [ 1 ] [ 2 ] ) ) )

f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
i f H0 [ 2 ] [ 0 ] != ’− ’ :

f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H0 [ 2 ] [ 0 ] ) ) )

i f H0 [ 2 ] [ 1 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H0 [ 2 ] [ 1 ] ) ) )

i f H0 [ 2 ] [ 2 ] != ’− ’ :
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H0 [ 2 ] [ 2 ] ) ) )

i f rb != ’LDBC’ :
f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

# Output
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 2 Unload − p r e s c r i b e H1
# ======================================================================
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print ’STEP−2 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step2 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
# Boundary Condit ions
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ BOUNDARY CONDITIONS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Boundary , op=NEW\n ’ )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H1 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H1 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H1 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H1 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H1 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H1 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H1 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H1 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H1 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
# ======================================================================
# STEP 3 H2 −> Column 1
# ======================================================================
print ’STEP−3 ’
f . wr i t e ( ’ ∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−\n ’ )
# Read s t ep informat ion
s tep = open( ’ 0_step3 . py ’ , ’ r ’ )
for l i n e in s tep :

f . wr i t e ( ’%s ’ %l i n e )
s tep . c l o s e ( )
#Boundary Condit ions
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗BOUNDARY CONDITIONS\n" )
f . wr i t e ( "∗∗\n" )
f . wr i t e ( "∗∗ Name : BC−K1 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 1 , 1 , %.9 f \n" %( f loat (H2 [ 0 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 2 , 2 , %.9 f \n" %( f loat (H2 [ 0 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K1, 3 , 3 , %.9 f \n" %( f loat (H2 [ 0 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K2 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
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f . wr i t e ( "K2, 1 , 1 , %.9 f \n" %( f loat (H2 [ 1 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 2 , 2 , %.9 f \n" %( f loat (H2 [ 1 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K2, 3 , 3 , %.9 f \n" %( f loat (H2 [ 1 ] [ 2 ] ) ) )
f . wr i t e ( "∗∗ Name : BC−K3 Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 1 , 1 , %.9 f \n" %( f loat (H2 [ 2 ] [ 0 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 2 , 2 , %.9 f \n" %( f loat (H2 [ 2 ] [ 1 ] ) ) )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "K3, 3 , 3 , %.9 f \n" %( f loat (H2 [ 2 ] [ 2 ] ) ) )
i f rb != ’LDBC’ :

f . wr i t e ( "∗∗ Name : Ursprung Type : Displacement /Rotation \n" )
f . wr i t e ( "∗Boundary \n" )
f . wr i t e ( "Ursprung , 1 , 1 , 0 \n" )
f . wr i t e ( "Ursprung , 2 , 2 , 0 \n" )
f . wr i t e ( "Ursprung , 3 , 3 , 0 \n" )

f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ OUTPUT REQUESTS\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Restart , wr ite , f r equency=0\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ FIELD OUTPUT: F−Output−1\n ’ )
f . wr i t e ( ’ ∗∗\n ’ )
f . wr i t e ( ’ ∗Output , f i e l d , f requency=1\n ’ )
f . wr i t e ( ’ ∗Node Output\n ’ )
f . wr i t e ( ’CF, RF, U\n ’ )
f . wr i t e ( ’ ∗Element Output , d i r e c t i o n s=YES\n ’ )
f . wr i t e ( ’E, EE, ELEN, ENER, EVOL, IE , LE, PE, PEEQ, PEMAG, S , SDV\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗∗ HISTORY OUTPUT: H−Output−1\n ’ )
f . wr i t e ( ’ ∗∗ \n ’ )
f . wr i t e ( ’ ∗Output , h i s to ry , v a r i a b l e=PRESELECT\n ’ )
f . wr i t e ( ’ ∗End Step\n ’ )
f . c l o s e ( )
# ======================================================================
# Run Job
# ======================================================================
#pr in t ’=========================================================’
#pr in t ’ Job Spa l t e ’ , s p a l t e+1
#pr in t ’=========================================================’

i f " pos ix " in os . name :
execf i le ( ’ 0_job . py ’ )

# Wait f o r l c k f i l e , then wait f o r l c k f i l e i s d e l e t e d −> job f i n i s h e d
t0 = time . time ( ) ;
while not os . path . i s f i l e ( inpname+" . l ck " ) :

time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

while os . path . i s f i l e ( inpname+" . l ck " ) :
time . s l e e p ( 0 . 1 )
tn = time . time ( ) ;

# Check i f c a l c u l a t i o n was suc c e s s f u l , e l s e STOP
time . s l e e p (5 )
f = open( inpname+’ . s ta ’ , ’ r ’ )
s ta = [ ]
for l i n e in f :

s ta . append ( str ( l i n e . r s t r i p ( ) ) )
f . c l o s e ( )
i f s ta [ len ( s ta )−1] == ’ THE ANALYSIS HAS COMPLETED SUCCESSFULLY ’ :

print s ta [ len ( s ta )−1]
else :

print s ta [ len ( s ta )−1]
f = open( ’ 0_Auswertung_ERROR_in_ ’+inpname+’ . txt ’ , ’w ’ )
f . c l o s e ( )
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time . s l e e p (5 )
sys . e x i t ( " p r i n t s ta [ l en ( s ta )−1]" )

# ======================================================================
# ODB oef fnen und RF1,RF2,RF3 an K1, K2, K3 rausschre i ben
# ======================================================================
# Generate path
pfad = inpname
# Search fo r node number K1NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K1 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K1NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K2NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K2 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K2NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# Search fo r node number K3NR
f = open( inpname + ’ . inp ’ , ’ r ’ )
read = str ( f . r e ad l i n e ( ) )
while read [ 0 : 1 4 ] != ’ ∗Nset , nset=K3 ’ :

read = str ( f . r e ad l i n e ( ) )
read = str ( f . r e ad l i n e ( ) )
K3NR = int ( read [ 0 : len ( read ) −3])
f . c l o s e ( )
# ======================================================================
# Column 1 Step−3
# ======================================================================
o1 = s e s s i o n . openOdb(

name=inpname+’ . odb ’ )
s e s s i o n . v iewports [ ’ Viewport : 1 ’ ] . s e tVa lues ( d i sp layedObject=o1 )
odbName=s e s s i o n . v iewports [ s e s s i o n . currentViewportName ] . odbDisplay . name
s e s s i o n . odbData [ odbName ] . s e tVa lues ( act iveFrames =(( ’ Step−3 ’ , ( ’ 0:−1 ’ , ) ) , ) )
odb = s e s s i o n . odbs [ inpname+’ . odb ’ ]
s e s s i o n . xyDataListFromField ( odb=odb , outputPos i t i on=NODAL, va r i ab l e =(( ’RF ’ ,

NODAL, ( (COMPONENT, ’RF1 ’ ) , (COMPONENT, ’RF2 ’ ) , (COMPONENT, ’RF3 ’ ) , ) ) ,
) , nodeSets=( ’K1 ’ , ’K2 ’ , ’K3 ’ , ) )

increm = len ( s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data ) − 1

# Generate matrix T1PK
T1PK2 = nul lmat r ix (3 , 3 )
T1PK2 [ 0 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 0 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 1 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 0 ] = s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 1 ] = s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
T1PK2 [ 2 ] [ 2 ] = s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR] . data [ increm

] [ 1 ] / V0
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K1NR]



Appendix B Python scripts to calculate the stiffness tetrads 247

del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K1NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K2NR]
del s e s s i o n . xyDataObjects [ ’RF:RF1 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF2 PI : FIBBI−1 N: %d ’ %K3NR]
del s e s s i o n . xyDataObjects [ ’RF:RF3 PI : FIBBI−1 N: %d ’ %K3NR]
print ( ’T1PK2 ’ )
for l i n e in T1PK2: print l i n e
odb . c l o s e ( )
# Calcu la t e T2PK2
# F2 = H2 + 1
F2 = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
F2 [ i ] [ j ] = H2 [ i ] [ j ]

F2 [ 0 ] [ 0 ] += 1 .
F2 [ 1 ] [ 1 ] += 1 .
F2 [ 2 ] [ 2 ] += 1 .
F2i = inve r t 3 (F2)
T2PK2 = matmul ( F2i ,T1PK2)
# Calcu la t e E2_green berechnen
# E2_green = 1/2 (F2T∗F−1)
FT2 = matrixTranspose (F2)
EG2 = matmul (FT2 , F2)
EG2 [ 0 ] [ 0 ] −= 1 .
EG2 [ 1 ] [ 1 ] −= 1 .
EG2 [ 2 ] [ 2 ] −= 1 .
for i in range (3 ) :

for j in range (3 ) :
EG2[ i ] [ j ] ∗= 0.5

# Calcu la t e d e l t a EG and d e l t a T2PK
DEG = nul lmat r ix (3 , 3 )
DT2PK = nul lmat r ix (3 , 3 )
for i in range (3 ) :

for j in range (3 ) :
DEG[ i ] [ j ] = EG2[ i ] [ j ]−EG1[ i ] [ j ]
DT2PK[ i ] [ j ] = T2PK2[ i ] [ j ]−T2PK1[ i ] [ j ]

print ( ’EG1 ’ )
for l i n e in EG1: print l i n e
print ( ’EG2 ’ )
for l i n e in EG2: print l i n e
print ( ’ Delta EG’ )
for l i n e in DEG: print l i n e

print ( ’T2PK1 ’ )
for l i n e in T2PK1: print l i n e
print ( ’T2PK2 ’ )
for l i n e in T2PK2: print l i n e
print ( ’ Delta T2PK ’ )
for l i n e in DT2PK: print l i n e
# ======================================================================
# Generate s t r e s s and s t r a i n output f o r Mathematica pos t proces s ing
# ======================================================================
# Generate vec to r o f symmetric Green s t r a i n tensor EG
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 0 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 2 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 1 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 0 ] [ 2 ] ) )
matheE . wr i t e ( ’%e , ’ %(DEG[ 1 ] [ 2 ] ) )
# Generate vec to r o f symmetric 2nd Piola−Kirchho f f s t r e s s tensor T2PK
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 0 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 2 ] [ 2 ] ) )
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matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 1 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 0 ] [ 2 ] ) )
matheT . wr i t e ( ’%e , ’ %(DT2PK[ 1 ] [ 2 ] ) )
matheE . c l o s e ( )
matheT . c l o s e ( )
print ’FINISHED ’

B.9 Subroutines “0_subroutines.py”

# ======================================================================
# Define subrou t ine s
# ======================================================================
def nu l lmat r ix (m, n) :

# Zero matrix
matrix = [ [ 0 for row in range (n) ] for c o l in range (m) ]
return matrix

def nu l l v ek t o r (m) :
# Zero vec tor
vektor = [ 0 for row in range (m) ]
return vektor

def matmul ( matrix1 , matrix2 ) :
# Matrix mu l t i p l i c a t i o n
i f len ( matrix1 [ 0 ] ) != len ( matrix2 ) :

# Check matrix dimension
print ’m∗n and n∗p mult ip ly ! ’

else :
# Mul t i p l y i f c o r r e c t dimensions
matrix = nu l lmat r ix ( len ( matrix1 ) , len ( matrix2 [ 0 ] ) )
for i in range ( len ( matrix1 ) ) :

for j in range ( len ( matrix2 [ 0 ] ) ) :
for k in range ( len ( matrix2 ) ) :

matrix [ i ] [ j ] += matrix1 [ i ] [ k ]∗matrix2 [ k ] [ j ]
return matrix

def det3 (m33) :
# Determinant de t o f 3x3 matrix m33
det = m33 [ 0 ] [ 0 ] ∗m33 [ 1 ] [ 1 ] ∗m33 [ 2 ] [ 2 ]
det += m33 [ 0 ] [ 1 ] ∗m33 [ 1 ] [ 2 ] ∗m33 [ 2 ] [ 0 ]
det += m33 [ 0 ] [ 2 ] ∗m33 [ 1 ] [ 0 ] ∗m33 [ 2 ] [ 1 ]
det += m33 [ 2 ] [ 0 ] ∗m33 [ 1 ] [ 1 ] ∗m33 [ 0 ] [ 2 ]
det += m33 [ 2 ] [ 1 ] ∗m33 [ 1 ] [ 2 ] ∗m33 [ 0 ] [ 0 ]
det += m33 [ 2 ] [ 2 ] ∗m33 [ 1 ] [ 0 ] ∗m33 [ 0 ] [ 1 ]
return det

def i nv e r t 3 (m) :
#Inverse matrix mi o f 3x3 matrix m
hi3m = det3 (m)
mi = nu l lmat r ix (3 , 3 )
i f (abs ( hi3m) > 0.000000001) :

mi [ 0 ] [ 0 ]=m[ 1 ] [ 1 ] ∗m[ 2 ] [ 2 ] / hi3m−m[ 2 ] [ 1 ] ∗m[ 1 ] [ 2 ] / hi3m
mi [ 1 ] [ 0 ]=m[ 2 ] [ 0 ] ∗m[ 1 ] [ 2 ] / hi3m−m[ 1 ] [ 0 ] ∗m[ 2 ] [ 2 ] / hi3m
mi [ 2 ] [ 0 ]=m[ 1 ] [ 0 ] ∗m[ 2 ] [ 1 ] / hi3m−m[ 2 ] [ 0 ] ∗m[ 1 ] [ 1 ] / hi3m
mi [ 0 ] [ 1 ]=m[ 2 ] [ 1 ] ∗m[ 0 ] [ 2 ] / hi3m−m[ 0 ] [ 1 ] ∗m[ 2 ] [ 2 ] / hi3m
mi [ 1 ] [ 1 ]=m[ 0 ] [ 0 ] ∗m[ 2 ] [ 2 ] / hi3m−m[ 2 ] [ 0 ] ∗m[ 0 ] [ 2 ] / hi3m
mi [ 2 ] [ 1 ]=m[ 2 ] [ 0 ] ∗m[ 0 ] [ 1 ] / hi3m−m[ 0 ] [ 0 ] ∗m[ 2 ] [ 1 ] / hi3m
mi [ 0 ] [ 2 ]=m[ 0 ] [ 1 ] ∗m[ 1 ] [ 2 ] / hi3m−m[ 1 ] [ 1 ] ∗m[ 0 ] [ 2 ] / hi3m
mi [ 1 ] [ 2 ]=m[ 1 ] [ 0 ] ∗m[ 0 ] [ 2 ] / hi3m−m[ 0 ] [ 0 ] ∗m[ 1 ] [ 2 ] / hi3m
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mi [ 2 ] [ 2 ]=m[ 0 ] [ 0 ] ∗m[ 1 ] [ 1 ] / hi3m−m[ 1 ] [ 0 ] ∗m[ 0 ] [ 1 ] / hi3m
return mi

def c l e a r a l l ( ) :
#Clear a l l v a r i a b l e s
a l l = [ var for var in globals ( ) i f ( var [ : 2 ] , var [ −2 : ] ) != ( "__" , "__" ) ]
for var in a l l :

del globals ( ) [ var ]

def l a s t f a l l ( d e l t a ) :
#Load case in dependence o f d e l t a
N = nul lmat r ix (3 , 3 )
N [ 0 ] [ 0 ] =sq r t ( 2 . / 3 . ) ∗ cos ( d e l t a +2./3.∗ pi )
N [ 0 ] [ 1 ] = 0 .
N [ 0 ] [ 2 ] = 0 .
N [ 1 ] [ 0 ] = 0 .
N [ 1 ] [ 1 ] =sq r t ( 2 . / 3 . ) ∗ cos ( d e l t a +4./3.∗ pi )
N [ 1 ] [ 2 ] = 0 .
N [ 2 ] [ 0 ] = 0 .
N [ 2 ] [ 1 ] = 0 .
N [ 2 ] [ 2 ] =sq r t ( 2 . / 3 . ) ∗ cos ( d e l t a )
return N

def matrixTranspose ( anArray ) :
#Transposed matrix transposed o f matrix anArray
t ransposed = [ None ]∗ len ( anArray [ 0 ] )
for t in range ( len ( anArray ) ) :

t ransposed [ t ] = [ None ]∗ len ( anArray )
for t t in range ( len ( anArray [ t ] ) ) :

t ransposed [ t ] [ t t ] = anArray [ t t ] [ t ]
return t ransposed

B.10 Start Abaqus job “0_job.py”

# ======================================================================
# Star t Abaqus job
# ======================================================================
#UMAT
job = ’ /home/martin /Commands/abaqus job=’+inpname+’ user=0_umat . f cpu=’+cpunumber+’

ask_delete=OFF ’
os . system ( job )

B.11 Material parameters “0_material.py”

# ======================================================================
# Mater ia l d e f i n i t i o n s
# ======================================================================
∗Mater ia l , name=Fiber1
∗Depvar

10 ,
∗User Mater ia l , cons tant s=3
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100000 . , 0 . 3 , 2 00 .
∗INITIAL CONDITIONS, TYPE=SOLUTION, USER
∗∗
∗Mater ia l , name=Fiber2
∗Depvar

10 ,
∗User Mater ia l , cons tant s=3
100000 . , 0 . 3 , 2 00 .
∗INITIAL CONDITIONS, TYPE=SOLUTION, USER
∗∗
∗Mater ia l , name=Matrix
∗Depvar

10 ,
∗User Mater ia l , cons tant s=3
10000 . , 0 . 3 , 1 0 0 .
∗INITIAL CONDITIONS, TYPE=SOLUTION, USER

B.12 Settings step 1 “0_step1.py”

∗∗ #====================================================================
∗∗ #Step 1
∗∗ #====================================================================
∗∗
∗∗ STEP: Step−1
∗∗
∗Step , name=Step−1, nlgeom=YES, inc =10000000
∗ S t a t i c
∗∗START,GESAMT,MIN,MAX
0 .1 , 100 . , 1e−10, 5 .
∗CONTROLS, ANALYSIS=DISCONTINUOUS

B.13 Settings step 2 “0_step2.py”

∗∗ #====================================================================
∗∗ #Step 2
∗∗ #====================================================================
∗∗
∗∗ STEP: Step−2
∗∗
∗Step , name=Step−2, nlgeom=YES, inc =10000000
∗ S t a t i c
∗∗START,GESAMT,MIN,MAX
0 .1 , 100 . , 1e−10, 5 .
∗CONTROLS, ANALYSIS=DISCONTINUOUS
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B.14 Settings step 3 “0_step3.py”

∗∗ #====================================================================
∗∗ #Step 3
∗∗ #====================================================================
∗∗
∗∗ STEP: Step−3
∗∗
∗Step , name=Step−3, nlgeom=YES, inc =10000000
∗ S t a t i c
∗∗START,GESAMT,MIN,MAX
100 . , 100 . , 1e−10, 100 .
∗CONTROLS, ANALYSIS=DISCONTINUOUS
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Appendix C

Fortran source codes for the user
material

C.1 Subroutine UMAT

c ====================================================================
c ====================================================================
c = Subroutine UMAT
c ====================================================================
c ====================================================================

SUBROUTINE UMAT(STRESS,STATEV,DDSDDE, SSE ,SPD,SCD,
1 RPL,DDSDDT,DRPLDE,DRPLDT,
2 STRAN,DSTRAN,TIME,DTIME,TEMP,DTEMP,PREDEF,DPRED,CMNAME,
3 NDI ,NSHR,NTENS,NSTATV,PROPS,NPROPS,COORDS,DROT,PNEWDT,
4 CELENT,DFGRD0,DFGRD1,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)
IMPLICIT NONE

c ====================================================================
c UMAT d e f i n i t i o n s
c ====================================================================

INTEGER kstep , kspt , layer , npt , noel , nprops , nstatv , ntens ,
1 nshr , ndi , k inc
DOUBLE PRECISION sse , spd , scd , rp l , drpldt , dtime , temp , dtemp ,

1 pnewdt , c e l e n t
DOUBLE PRECISION dfgrd0 (3 , 3 ) , dfgrd1 (3 , 3 ) , time (2 ) , s t r e s s ( ntens ) ,

1 s t a t ev ( nstatv ) , ddsdde ( ntens , ntens ) , ddsddt ( ntens ) , drp lde ( ntens ) ,
2 s t ran ( ntens ) , dstran ( ntens ) , p rede f (1 ) , dpred (1 ) , props ( nprops ) ,
3 coords (3 ) , drot (3 , 3 )
CHARACTER∗80 cmname

c ====================================================================
c Own d e f i n i t i o n s
c ====================================================================

integer size , npass in , i , j , k , l
parameter ( s ize = 10)
parameter ( npass in = 18)
double precision Pn(3 , 3 ) ,Pnv (9 )
double precision x ( s ize ) , x2 ( s ize ) , x a l t ( s ize ) , pa s s in ( npass in )
double precision T2PK(3 ,3 ) ,T(3 , 3 )
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double precision Tdev (3 , 3 ) ,Tdevnorm , sigmav
double precision Pn1 (3 , 3 ) ,Pn1T(3 , 3 )
double precision emo , nu , dre ik , zweig , rd , rd1 , rd2
double precision id (3 , 3 ) ,K0(3 , 3 , 3 , 3 )
double precision dfgrd1T (3 , 3 ) ,CR(3 , 3 ) ,CRv(6)
double precision Jac , det , ddsddede lta
double precision T2PKdelta (3 , 3 ) ,m6(6 , 6 ) , ddsdde2 (6 , 6 )

c write (∗ ,∗ ) "UMAT s t a r t "
c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) "============================================="
c write (∗ ,∗ ) "= Step" , kstep , " Inc " , kinc , "npt" , npt , " noe l " , noe l
c write (∗ ,∗ ) "============================================="
c write (∗ ,∗ ) " dfgrd1="
c ca l l pr intmatr ix ( dfgrd1 , 3 )
c end i f
c ====================================================================
c Sta r t i ng va lue s Pn
c ====================================================================

Pn(1 , 1 ) = s ta t ev (1 )
Pn(1 , 2 ) = s ta t ev (2 )
Pn(1 , 3 ) = s ta t ev (3 )
Pn(2 , 1 ) = s ta t ev (4 )
Pn(2 , 2 ) = s ta t ev (5 )
Pn(2 , 3 ) = s ta t ev (6 )
Pn(3 , 1 ) = s ta t ev (7 )
Pn(3 , 2 ) = s ta t ev (8 )
Pn(3 , 3 ) = s ta t ev (9 )

c ====================================================================
c Build Pnv vec tor from tenso r PN
c ====================================================================

CALL TENSOR_VEKTOR(Pn , Pnv)
c ====================================================================
c Sta r t i ng va lue s 1 . . . 9 f o r x=pn+1 are pn
c ====================================================================

x (1) = s ta t ev (1 )
x (2 ) = s ta t ev (2 )
x (3 ) = s ta t ev (3 )
x (4 ) = s ta t ev (4 )
x (5 ) = s ta t ev (5 )
x (6 ) = s ta t ev (6 )
x (7 ) = s ta t ev (7 )
x (8 ) = s ta t ev (8 )
x (9 ) = s ta t ev (9 )

c ====================================================================
c Sta r t i ng value lambda
c ====================================================================

x (10) = s ta t ev (10)
c ====================================================================
c Store s t a r t i n g value o f lambda as x2
c ====================================================================

x2 = x
c ====================================================================
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c Ca l cu la t e r i g h t Cauchy−Green tenso r CR and s t o r e as vec to r
c ====================================================================

dfgrd1T = transpose ( dfgrd1 )
CR = matmul( dfgrd1T , dfgrd1 )
ca l l sym_tensor_vektor (CR,CRv)

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) "CR"
c ca l l pr intmatr ix (CR, 3 )
c end i f
c write (∗ ,∗ ) "CRv"
c ca l l pr in tvek to r (CRv, 6 )
c ====================================================================
c Build pas s in vec to r
c ====================================================================

pass in (1 )=CRv(1)
pas s in (2 )=CRv(2)
pas s in (3 )=CRv(3)
pas s in (4 )=CRv(4)
pas s in (5 )=CRv(5)
pas s in (6 )=CRv(6)
pas s in (7 ) =999999999.d0
pas s in (8 ) =999999999.d0
pas s in (9 ) =999999999.d0

c ====================================================================
c pas s in ( 1 0 . . 1 8 ) = pn
c ====================================================================

pass in (10)=Pnv(1)
pas s in (11)=Pnv(2)
pas s in (12)=Pnv(3)
pas s in (13)=Pnv(4)
pas s in (14)=Pnv(5)
pas s in (15)=Pnv(6)
pas s in (16)=Pnv(7)
pas s in (17)=Pnv(8)
pas s in (18)=Pnv(9)

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " pas s in= START UMAT vor s t r e s s e s "
c ca l l pr in tvek to r ( pass in , npass in )
c end i f
c ====================================================================
c Call subroutine s t r e s s e s to c a l c u l a t e the s t r e s s e s T2PK
c ====================================================================

ca l l s t r e s s e s ( pass in , npass in , x , size ,T2PK, npt , noel , nprops , props )
c ====================================================================
c Statev update
c ====================================================================

sta t ev (1 ) = x (1)
s t a t ev (2 ) = x (2)
s t a t ev (3 ) = x (3)
s t a t ev (4 ) = x (4)
s t a t ev (5 ) = x (5)
s t a t ev (6 ) = x (6)
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s t a t ev (7 ) = x (7)
s t a t ev (8 ) = x (8)
s t a t ev (9 ) = x (9)
s t a t ev (10) = x (10)

c ====================================================================
c S t r e s s update
c ====================================================================

Jac = det ( dfgrd1 )
T = 1 ./ Jac∗matmul(matmul( dfgrd1 ,T2PK) , dfgrd1T )
s t r e s s (1 ) = T(1 , 1 )
s t r e s s (2 ) = T(2 , 2 )
s t r e s s (3 ) = T(3 , 3 )
s t r e s s (4 ) = T(1 , 2 )
s t r e s s (5 ) = T(1 , 3 )
s t r e s s (6 ) = T(2 , 3 )

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " s t r e s s "
c ca l l pr in tvek to r ( s t r e s s , 6 )
c write (∗ ,∗ ) "P"
c ca l l pr in tvek to r ( s t a t ev ( 1 : 9 ) , 9 )
c end i f
c ====================================================================
c DDSDDE update numerica l c a l c u l a t i o n
c ====================================================================
c Test s t r a i n ddsddede lta

ddsddedelta = 1 . d−7
c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " Star t DDSDDE numerica l c a l c u l a t i o n "
c end i f
c ====================================================================
c Do−Loop apply ing 6 t e s t s t r a i n s , ca l l subroutine s t r e s s e s
c ====================================================================

do i =1,6
pas s in ( i ) = pas s in ( i ) + ddsddedelta

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " i=" , i , "x2"
c ca l l pr in tvek to r ( x2 , 1 0 )
c write (∗ ,∗ ) " pas s in="
c ca l l pr in tvek to r ( pass in , npass in )
c end i f

xa l t = x2
ca l l s t r e s s e s ( pass in , npass in , x2 , size , T2PKdelta , npt , noel ,

& nprops , props )
c write (∗ ,∗ ) "T2PKdelta"
c ca l l pr in tvek to r (T2PKdelta , 6 )

x2 = xa l t
c ====================================================================
c D i f f e r e n c e quot i ent to c a l c u l a t e the new ddsdde2
c ====================================================================

pass in ( i ) = pas s in ( i ) − ddsddede lta
ddsdde2 (1 , i )=(T2PKdelta (1 , 1 )−T2PK(1 ,1 ) ) / ddsddedelta
ddsdde2 (2 , i )=(T2PKdelta (2 , 2 )−T2PK(2 ,2 ) ) / ddsddedelta
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ddsdde2 (3 , i )=(T2PKdelta (3 , 3 )−T2PK(3 ,3 ) ) / ddsddedelta
ddsdde2 (4 , i )=(T2PKdelta (1 , 2 )−T2PK(1 ,2 ) ) / ddsddedelta
ddsdde2 (5 , i )=(T2PKdelta (1 , 3 )−T2PK(1 ,3 ) ) / ddsddedelta
ddsdde2 (6 , i )=(T2PKdelta (2 , 3 )−T2PK(2 ,3 ) ) / ddsddedelta
end do

c ====================================================================
c Normal izat ion
c ====================================================================

rd = dsqrt ( 2 . d0 )
ddsdde2 ( 4 : 6 , 1 : 3 )=ddsdde2 ( 4 : 6 , 1 : 3 ) ∗ rd
rd = dsqrt ( 0 . 5 d0 )
ddsdde2 ( 1 : 3 , 4 : 6 )=ddsdde2 ( 1 : 3 , 4 : 6 ) ∗ rd

c no normal i sat ion , because sq r t2 ∗ sq r t2 i s a l r eady 2
c rd = 2 . d0
c ddsdde2 ( 4 : 6 , 4 : 6 )=ddsdde2 ( 4 : 6 , 4 : 6 ) ∗ rd
c write (∗ ,∗ ) "ddsdde2"
c ====================================================================
c Soubrout ine m3to6_cowin to trans form F from 3x3 to 6x6
c ====================================================================

ca l l m3to6_cowin ( dfgrd1 ,m6)
ddsdde = matmul(matmul(m6, ddsdde2 ) , transpose (m6) ) ∗2 . d0/Jac

c ====================================================================
c remove the norma l i za t i on because abaqus r e qu i r e s unnormalized
c ====================================================================

rd=dsqrt ( 0 . 5 d0 )
ddsdde (1 , 4 )=ddsdde (1 , 4 ) ∗ rd
ddsdde (1 , 5 )=ddsdde (1 , 5 ) ∗ rd
ddsdde (1 , 6 )=ddsdde (1 , 6 ) ∗ rd
ddsdde (2 , 4 )=ddsdde (2 , 4 ) ∗ rd
ddsdde (2 , 5 )=ddsdde (2 , 5 ) ∗ rd
ddsdde (2 , 6 )=ddsdde (2 , 6 ) ∗ rd
ddsdde (3 , 4 )=ddsdde (3 , 4 ) ∗ rd
ddsdde (3 , 5 )=ddsdde (3 , 5 ) ∗ rd
ddsdde (3 , 6 )=ddsdde (3 , 6 ) ∗ rd
ddsdde (4 , 1 )=ddsdde (4 , 1 ) ∗ rd
ddsdde (5 , 1 )=ddsdde (5 , 1 ) ∗ rd
ddsdde (6 , 1 )=ddsdde (6 , 1 ) ∗ rd
ddsdde (4 , 2 )=ddsdde (4 , 2 ) ∗ rd
ddsdde (5 , 2 )=ddsdde (5 , 2 ) ∗ rd
ddsdde (6 , 2 )=ddsdde (6 , 2 ) ∗ rd
ddsdde (4 , 3 )=ddsdde (4 , 3 ) ∗ rd
ddsdde (5 , 3 )=ddsdde (5 , 3 ) ∗ rd
ddsdde (6 , 3 )=ddsdde (6 , 3 ) ∗ rd
ddsdde (4 , 4 )=ddsdde (4 , 4 ) ∗0 .5 d0
ddsdde (4 , 5 )=ddsdde (4 , 5 ) ∗0 .5 d0
ddsdde (4 , 6 )=ddsdde (4 , 6 ) ∗0 .5 d0
ddsdde (5 , 4 )=ddsdde (5 , 4 ) ∗0 .5 d0
ddsdde (5 , 5 )=ddsdde (5 , 5 ) ∗0 .5 d0
ddsdde (5 , 6 )=ddsdde (5 , 6 ) ∗0 .5 d0
ddsdde (6 , 4 )=ddsdde (6 , 4 ) ∗0 .5 d0
ddsdde (6 , 5 )=ddsdde (6 , 5 ) ∗0 .5 d0
ddsdde (6 , 6 )=ddsdde (6 , 6 ) ∗0 .5 d0
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c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) "ddsdde numerisch" , i
c ca l l pr intmatr ix ( ddsdde , 6 )
c end i f

end
c =====================================================================
c =====================================================================
c === Include SDVINI
c =====================================================================
c =====================================================================

include ’ 0_sdvini ’

C.2 Subroutine STRESSES

c =====================================================================
c =====================================================================
c === Subroutine STRESSES
c =====================================================================
c =====================================================================

subroutine s t r e s s e s ( pass in , npass in , x , size ,T2PK, npt , noel ,
& nprops , props )

implicit none
integer i , j , size , npass in , npt , noel , i t , nprops
integer maxit , msg l inesearch , msgjac , msgquasi
double precision eps ,dmp( s ize ) , residuum0 ( s ize ) , props ( nprops )
double precision CR(3 ,3 ) ,CRv(6) , pa s s in ( npass in ) ,Pn(3 , 3 )
double precision T2PKtilde (3 , 3 ) ,T(3 , 3 ) , CRtilde (3 , 3 )
double precision Pn1 (3 , 3 ) , x ( s ize ) ,T2PK(3 , 3 )

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " s t r e s s s t a r t "
c end i f
c =====================================================================
c Call subroutine r e sma t e r i a l to c a l c u l a t e residuum0
c =====================================================================

ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,
& nprops , props )

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) "PRAEDIKTORSCHRITT"
c write (∗ ,∗ ) "LAMBDA=" ,x (10) , "sigmav−s igmaf=" , residuum0 (10)
c end i f
c =====================================================================
c ELASTIC i f residuum0 = sigmav−s igmaf i s lower than 0
c =====================================================================

i f ( residuum0 (10) .LT . 0 . d0 ) then
c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " e l a s t i c "
c end i f
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c =====================================================================
c Calcu la te s t r e s s e s
c =====================================================================

CRv(1) = pas s in (1 )
CRv(2) = pas s in (2 )
CRv(3) = pas s in (3 )
CRv(4) = pas s in (4 )
CRv(5) = pas s in (5 )
CRv(6) = pas s in (6 )
ca l l sym_vektor_tensor (CRv,CR)
Pn(1 , 1 ) = pas s in (10)
Pn(1 , 2 ) = pas s in (11)
Pn(1 , 3 ) = pas s in (12)
Pn(2 , 1 ) = pas s in (13)
Pn(2 , 2 ) = pas s in (14)
Pn(2 , 3 ) = pas s in (15)
Pn(3 , 1 ) = pas s in (16)
Pn(3 , 2 ) = pas s in (17)
Pn(3 , 3 ) = pas s in (18)

c~ write (∗ ,∗ ) " pas s in in e l l aw="
c~ ca l l pr in tvek to r ( pass in , npass in )
c =====================================================================
c Call subroutine e l l aw to c a l c u l a t e s t r e s s e s T2PKtilde
c =====================================================================

ca l l e l l aw (CR,Pn , T2PKtilde , CRtilde , npt , noel , nprops , props )
T2PK = matmul(matmul(Pn , T2PKtilde ) , transpose (Pn) )

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " pas s in= ende e l a s t i s c h s t r e s s e s "
c ca l l pr in tvek to r ( pass in , npass in )
c end i f
c =====================================================================
c PLASTIC i f residuum0 = sigmav−s igmaf i s g r e a t e r than or equal 0
c =====================================================================

else
c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " p l a s t i c "
c end i f
c =====================================================================
c Se t t i n g s f o r the Newton s o l v e r
c =====================================================================

eps=1.d−10
maxit=500
msg l ine search=0
msgjac=1
msgquasi=0
dmp=1.d0

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " pas s in= vor so lven "
c ca l l pr in tvek to r ( pass in , npass in )
c end i f
c =====================================================================
c Call subroutine so lven − Newton s o l v e r
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c =====================================================================
ca l l so lven (x , size , pass in , npass in , eps , maxit ,dmp,

& msgl inesearch , msgjac , msgquasi , npt , noel , i t , nprops , props )
c x in Matrix s ch r e iben (Pn1)
c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " i t=" , i t
c ca l l pr in tvek to r ( pass in , npass in )
c end i f
c =====================================================================
c Resu l t s from the Newton s o l v e r Pn1 and pas s in
c =====================================================================

Pn1 (1 , 1 ) = x (1)
Pn1 (1 , 2 ) = x (2)
Pn1 (1 , 3 ) = x (3)
Pn1 (2 , 1 ) = x (4)
Pn1 (2 , 2 ) = x (5)
Pn1 (2 , 3 ) = x (6)
Pn1 (3 , 1 ) = x (7)
Pn1 (3 , 2 ) = x (8)
Pn1 (3 , 3 ) = x (9)
CRv(1) = pas s in (1 )
CRv(2) = pas s in (2 )
CRv(3) = pas s in (3 )
CRv(4) = pas s in (4 )
CRv(5) = pas s in (5 )
CRv(6) = pas s in (6 )
ca l l sym_vektor_tensor (CRv,CR)

c =====================================================================
c Calcu la te T2PK s t r e s s e s a f t e r p l a s t i c deformat ion
c =====================================================================

ca l l e l l aw (CR, Pn1 , T2PKtilde , CRtilde , npt , noel , nprops , props )
c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " s t r e s s ende"
c end i f

T2PK = matmul(matmul(Pn1 , T2PKtilde ) , transpose (Pn1) )
end i f
end

C.3 Subroutine RESMATERIAL

c =====================================================================
c =====================================================================
c === Subroutine RESMATERIAL
c =====================================================================
c =====================================================================

subroutine r e sma t e r i a l (x , r , pass in , npass in , size , npt , noel ,
1 nprops , props )
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implicit none
integer size , npass in , i , j , npt , noel , nprops
double precision x ( s ize ) , r ( s ize ) , pa s s in ( npass in ) , lambdacp , det
double precision dfgrd1 (3 , 3 ) ,Pn(3 , 3 ) , T2PKtilde (3 , 3 ) , F t i l d e (3 , 3 )
double precision FTti lde (3 , 3 ) , EGtilde (3 , 3 ) , id (3 , 3 ) , CRtilde (3 , 3 )
double precision emo , nu ,mu, lambda , spurEGtilde ,T(3 , 3 ) , Jac , sigmav
double precision Tdev (3 , 3 ) ,Tdevnorm , sigmaf ,TC(3 , 3 )
double precision TCdev (3 , 3 ) ,TCdevexp (3 , 3 ) ,Pn1 (3 , 3 ) ,Pexp (3 , 3 )
double precision TCdevnorm , Pn1i ( 3 , 3 ) ,Pn1Pn(3 , 3 ) ,LNPn1Pn(3 , 3 )
double precision CTdev (3 , 3 ) ,CTdevnorm , JC ,CR(3 , 3 ) ,CRv(6)
double precision props ( nprops )

c write (∗ ,∗ ) " r e sma t e r i a l s t a r t "
c =====================================================================
c Write x in matrix Pn1
c =====================================================================

Pn1 (1 , 1 ) = x (1)
Pn1 (1 , 2 ) = x (2)
Pn1 (1 , 3 ) = x (3)
Pn1 (2 , 1 ) = x (4)
Pn1 (2 , 2 ) = x (5)
Pn1 (2 , 3 ) = x (6)
Pn1 (3 , 1 ) = x (7)
Pn1 (3 , 2 ) = x (8)
Pn1 (3 , 3 ) = x (9)
lambdacp = x (10)

c CRv = pas s in ( 1 . . 6 )
CRv(1) = pas s in (1 )
CRv(2) = pas s in (2 )
CRv(3) = pas s in (3 )
CRv(4) = pas s in (4 )
CRv(5) = pas s in (5 )
CRv(6) = pas s in (6 )
ca l l sym_vektor_tensor (CRv,CR)

c pas s in ( 1 0 . . 1 8 ) = pn
Pn(1 , 1 ) = pas s in (10)
Pn(1 , 2 ) = pas s in (11)
Pn(1 , 3 ) = pas s in (12)
Pn(2 , 1 ) = pas s in (13)
Pn(2 , 2 ) = pas s in (14)
Pn(2 , 3 ) = pas s in (15)
Pn(3 , 1 ) = pas s in (16)
Pn(3 , 2 ) = pas s in (17)
Pn(3 , 3 ) = pas s in (18)

c =====================================================================
c Call subroutine e l l aw to c a l c u l a t e s t r e s s e s
c =====================================================================

ca l l e l l aw (CR, Pn1 , T2PKtilde , CRtilde , npt , noel , nprops , props )
c =====================================================================
c Build par t s o f y i e l d function
c =====================================================================

JC = sqrt ( det ( CRtilde ) )
ca l l DEVIATOR(matmul( CRtilde , T2PKtilde ) ,CTdev)
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ca l l NORMT(CTdev , CTdevnorm)
sigmav=dsqrt ( 3 . d0 /2 . d0 ) /JC∗CTdevnorm
TC = matmul( T2PKtilde , CRtilde )
ca l l DEVIATOR(TC,TCdev)
ca l l i nv e r t 3 (Pn1 , Pn1i )
Pn1Pn = matmul( Pn1i ,Pn)
ca l l LN(Pn1Pn ,LNPn1Pn)

c R=Pn−Pn1∗TCdevexp
c R=Pn−x∗TCdevexp
c =====================================================================
c Build f i n a l residuum of y i e l d function
c =====================================================================

sigmaf=props (3 )
r (1 )=LNPn1Pn(1 , 1 )−lambdacp∗TCdev (1 , 1 )
r (2 )=LNPn1Pn(1 , 2 )−lambdacp∗TCdev (1 , 2 )
r (3 )=LNPn1Pn(1 , 3 )−lambdacp∗TCdev (1 , 3 )
r (4 )=LNPn1Pn(2 , 1 )−lambdacp∗TCdev (2 , 1 )
r (5 )=LNPn1Pn(2 , 2 )−lambdacp∗TCdev (2 , 2 )
r (6 )=LNPn1Pn(2 , 3 )−lambdacp∗TCdev (2 , 3 )
r (7 )=LNPn1Pn(3 , 1 )−lambdacp∗TCdev (3 , 1 )
r (8 )=LNPn1Pn(3 , 2 )−lambdacp∗TCdev (3 , 2 )
r (9 )=LNPn1Pn(3 , 3 )−lambdacp∗TCdev (3 , 3 )
r (10)=sigmav−s igmaf

c write (∗ ,∗ ) " r e sma t e r i a l ende"
return
end

C.4 Subroutine ELLAW

c =====================================================================
c =====================================================================
c === Subroutine ELLAW
c =====================================================================
c =====================================================================

subroutine e l l aw (CR,P, T2PKtilde , CRtilde , npt , noel , nprops , props )
implicit none
integer i , j , npt , noel , nprops
double precision id (3 , 3 ) ,CR(3 , 3 ) ,P(3 , 3 ) ,PT(3 , 3 ) , props ( nprops )
double precision Ft i l d e (3 , 3 ) , T2PKtilde (3 , 3 ) ,T(3 , 3 )
double precision FTti lde (3 , 3 ) , EGtilde (3 , 3 ) , CRtilde (3 , 3 )
double precision emo , nu ,mu, lambda , spurEGtilde , det , Jac

c write (∗ ,∗ ) " e l l aw s t a r t "
c =====================================================================
c Read mate r i a l parameters from Abaqus input
c =====================================================================

emo = props (1 )
nu = props (2 )
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mu = emo/ ( 2 . d0 ∗ ( 1 . d0+nu) )
lambda = nu∗emo/ ( 1 . d0 + nu) / ( 1 . d0 − 2 . d0∗nu) ;

c =====================================================================
c Iden t i t y
c =====================================================================

id =0.D0
id (1 , 1 ) = 1 .D0
id (2 , 2 ) = 1 .D0
id (3 , 3 ) = 1 .D0

c =====================================================================
c Calcu la te EGREEN from CR
c =====================================================================

PT = transpose (P)
CRtilde = matmul(matmul(PT,CR) ,P)
EGtilde = 0 .5 d0 ∗( CRtilde−id )

c =====================================================================
c Calcu la te s t r e s s e s T2PKtilde
c =====================================================================

spurEGti lde = EGtilde (1 , 1 )+EGtilde (2 , 2 )+EGtilde (3 , 3 )
T2PKtilde = lambda∗ spurEGti lde ∗ id + 2 . d0∗mu∗EGtilde

c write (∗ ,∗ ) " e l l aw ende"
end

C.5 Subroutine SOLVEN

c =====================================================================
c =====================================================================
c === Subroutine SOLVEN
c =====================================================================
c =====================================================================

subroutine so lven (x , size , pass in ,
& npass in , to l , maxit , damp , msg l inesearch , msgjac ,
& msgquasi , npt , noel , i t , nprops , props )

implicit none
c Newton So lve r
c Arguments :
c x ( s ize ) . . . independent v a r i a b l e s
c res iduumsfunkt ion . . . name o f the subroutine which prov ide s the
c residuum vecto r ( in our case : r e sma t e r i a l )
c Form : r e s iduumsfkt ( x ( s ize ) , residuum0 ( s ize ) , pa s s in ( npass in ) , s ize )
c pas s in ( npass in )
c s ize . . . INTEGER: Dimension o f the system
c npass in . . . INTEGER: number o f v a r i a b l e s in r e sma t e r i a l
c t o l . . . end i f t o l e r an c e > norm of residuum vecto r
c maxit . . . maximum number o f i t e r a t i o n s
c damp( s ize ) . . . v ec to r o f damping va lue s each f o r one equat ion o f
c the residuum equat ion ( everyth ing = 1 f o r standard Newton )
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c msg l ine search . . . INTEGER: L inesearch parameter :
c 0 − no l i n e s e a r c h
c n − n l i n e s e a r c h b i s e c t i o n
c msgjac . . . Jacobi matrix parameter :
c INTEGER: determine Jacobian a l l n s t ep s
c 1 f o r standard Newton ,
c else Broydens update a lgor i thm i s used
c msgquasi . . . INTEGER: quas i newton parameter :
c < 0 : no quas i newton i t e r a t i o n s
c 0 − quas i newton i t e r a t i o n s t i l l norm new residuum i s l e s s than
c 10% be t t e r than old residuum
c n − n quas i newton i t e r a t i o n s

integer size , e r ro r , npass in , maxit , i t , msg l inesearch , msgjac
integer msgquasi , npt , noel , nprops
double precision x ( s ize ) , residuum0 ( s ize ) , to l , r e s t , rdummy
double precision residuum1 ( s ize ) , dx ( s ize )
double precision j a c ( size , s ize ) , eps
double precision pas s in ( npass in ) ,damp( s ize )
double precision rdummyalt , x a l t ( s ize ) ,n ( s ize )
double precision beta , alpha , res iduumnachit ( s ize )
double precision xnachit ( s ize ) , rdummynachit , alpha2
double precision res iduumalt ( s ize ) , rdummynachit2
double precision dr ( s ize ) , hvek ( s ize ) , xnachit2 ( s ize )
double precision res iduumnachit2 ( s ize ) , j a c a l t ( size , s ize )
double precision rdummyquasi , props ( nprops )
integer i , j , k , nachitz , nachitp , opjac
integer indx ( s ize ) , quas icount
double precision a , b , c , f l 1 , f l 2 , f l 3 , f l 4
double precision l s ( 3 , 2 ) , a lpha l inks , a lpharecht s

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) " Star t Solven "
c write (∗ ,∗ ) "x="
c ca l l pr in tvek to r (x , s ize )
c end i f
c =====================================================================
c Call subroutine r e sma t e r i a l
c =====================================================================

ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,
& nprops , props )

c =====================================================================
c Call subroutine r e s
c =====================================================================

ca l l r e s ( residuum0 , size , rdummyalt )
rdummy=rdummyalt
eps=1.d−7
i t=0
nach i t z=0
nachitp=0
do while ( ( rdummy . ge . t o l ) .and . ( i t . l t . maxit ) )

i f (mod( i t , msgjac ) . eq . 0 ) then
opjac=1
else



Appendix C Fortran source codes for the user material 264

opjac=0
end i f

i t=i t+1
c JACOBIMATRIX

i f ( opjac . eq . 1 ) then
do i =1, s ize

x ( i )=x( i )+eps
ca l l r e sma t e r i a l (x , residuum1 , pass in , npass in , size , npt , noel ,

& nprops , props )
x ( i )=x ( i )−eps
do j =1, s ize
j a c ( j , i )=(residuum1 ( j )−residuum0 ( j ) ) / eps
end do
end do

c BROYDONS BAD UPDATE
else
rdummy=0.d0
do i =1, s ize

dx ( i )=x ( i )−xa l t ( i )
rdummy=rdummy+dx( i ) ∗∗2 . d0

end do
rdummy=1.d0/rdummy
do i =1, s ize
do j =1, s ize

j a c ( i , j )=j a c a l t ( i , j )+rdummy∗ residuum0 ( i ) ∗dx ( j )
end do
end do

end i f
c write (∗ ,∗ ) "END JACOBI, 10x r e sma t e r i a l "

do i =1, s ize
res iduumalt ( i )=residuum0 ( i )

xa l t ( i )=x ( i )
do j =1, s ize
j a c a l t ( i , j )=ja c ( i , j )
end do
end do

c write (∗ ,∗ ) "X ALT" , xa l t
c =====================================================================
c Call subroutine s o l v e l u
c =====================================================================

ca l l s o l v e l u ( size , jac , residuum0 , dx , e r ror , indx )
do i =1, s ize

x ( i )=x( i )−damp( i ) ∗dx ( i )
end do

c write (∗ ,∗ ) "X NEU" ,x
i f ( msgquasi . gt . 0 ) then

ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,
& nprops , props )

ca l l r e s ( residuum0 , size , rdummy)
k=0
write (∗ ,∗ ) rdummy
do while ( ( rdummy . gt . t o l ) .and . ( k . l t . msgquasi ) )
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k=k+1
ca l l LUBKSB( jac , size , size , indx , residuum0 )

do i =1, s ize
x ( i )=x( i )−damp( i ) ∗ residuum0 ( i )
end do
ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,

& nprops , props )
ca l l r e s ( residuum0 , size , rdummy)

write (∗ ,∗ ) rdummy
end do
write (∗ ,∗ ) x
end i f

i f ( msgquasi . eq . 0 ) then
ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,

& nprops , props )
ca l l r e s ( residuum0 , size , rdummyquasi )
rdummy=rdummyquasi ∗0.8999 d0
do while ( ( rdummy . l t . ( rdummyquasi ∗0 .9 d0 ) ) .and . ( rdummy . gt . t o l ) )
rdummyquasi=rdummy
ca l l LUBKSB( jac , size , size , indx , residuum0 )

do i =1, s ize
x ( i )=x( i )−damp( i ) ∗ residuum0 ( i )
end do
ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,

& nprops , props )
ca l l r e s ( residuum0 , size , rdummy)
end do
end i f

i f ( msg l ine search . gt . 0 ) then
write (∗ ,∗ ) "==============================================="
do i =1, s ize
dx ( i )=x ( i )−xa l t ( i )
end do

ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,
& nprops , props )
ca l l r e s ( residuum0 , size , rdummy)
i f (rdummy . l t . rdummyalt ) then
l s ( 1 , 1 ) =0.d0
l s ( 1 , 2 )=rdummyalt
l s ( 2 , 1 ) =1.d0
l s ( 2 , 2 )=rdummy
alpha=1.d0
rdummyalt=0.d0
do while ( rdummyalt . l t . rdummy)
alpha=alpha+1.d0
do i =1, s ize
x ( i )=xa l t ( i )+alpha ∗dx ( i )
end do

ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,
& nprops , props )
ca l l r e s ( residuum0 , size , rdummyalt )
end do
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l s ( 3 , 1 )=alpha
l s ( 3 , 2 )=rdummyalt
else
l s ( 2 , 1 ) =0.d0
l s ( 2 , 2 )=rdummyalt
l s ( 3 , 1 ) =1.d0
l s ( 3 , 2 )=rdummy
alpha=0.d0
rdummy=0.d0
do while (rdummy . l t . rdummyalt )
alpha=alpha −1.d0
do i =1, s ize
x ( i )=xa l t ( i )+alpha ∗dx ( i )
end do

ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,
& nprops , props )
ca l l r e s ( residuum0 , size , rdummy)
end do
l s ( 1 , 1 )=alpha
l s ( 1 , 2 )=rdummy
end i f
do j =1, msg l ine search
write (∗ , ’ (3F20 . 1 0 ) ’ ) l s ( 1 , 1 ) , l s ( 2 , 1 ) , l s ( 3 , 1 )
write (∗ , ’ (3F20 . 1 0 ) ’ ) l s ( 1 , 2 ) , l s ( 2 , 2 ) , l s ( 3 , 2 )

write (∗ ,∗ ) "==============================================="
a lpha l i nk s =0.5d0 ∗( l s ( 1 , 1 )+l s (2 , 1 ) )

do i =1, s ize
x ( i )=xa l t ( i )+a lpha l i nk s ∗dx ( i )
end do

ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,
& nprops , props )
ca l l r e s ( residuum0 , size , rdummy)
i f (rdummy . gt . l s ( 2 , 2 ) ) then
l s ( 1 , 1 )=a lpha l i nk s
l s ( 1 , 2 )=rdummy
else
l s ( 3 , 1 )=l s (2 , 1 )
l s ( 3 , 2 )=l s (2 , 2 )
l s ( 2 , 1 )=a lpha l i nk s
l s ( 2 , 2 )=rdummy
end i f

a lpharecht s =0.5d0 ∗( l s ( 2 , 1 )+l s (3 , 1 ) )
do i =1, s ize

x ( i )=xa l t ( i )+a lpharecht s ∗dx ( i )
end do

ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,
& nprops , props )
ca l l r e s ( residuum0 , size , rdummy)
i f (rdummy . gt . l s ( 2 , 2 ) ) then
l s ( 3 , 1 )=a lpharecht s
l s ( 3 , 2 )=rdummy
else
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l s ( 1 , 1 )=l s (2 , 1 )
l s ( 1 , 2 )=l s (2 , 2 )
l s ( 2 , 1 )=a lpharecht s
l s ( 2 , 2 )=rdummy
end i f
end do
i f ( l s ( 2 , 1 ) . eq . 0 . d0 ) l s ( 2 , 1 ) =1.d0

do i =1, s ize
dx ( i )=dx ( i ) ∗ l s ( 2 , 1 )

x ( i )=xa l t ( i )+dx ( i )
end do
end i f

ca l l r e sma t e r i a l (x , residuum0 , pass in , npass in , size , npt , noel ,
& nprops , props )

c write (∗ ,∗ ) x
c write (∗ ,∗ ) residuum0

ca l l r e s ( residuum0 , size , rdummy)
rdummyalt=rdummy

c write (∗ ,∗ ) i t , " te I t e r a t i o n "
end do

c i f ( npt == 1 .and . noe l == 1) then
c write (∗ ,∗ ) "Ende Solven "
c write (∗ ,∗ ) "Das waren " , i t , " Newtonschr i t te ! "
c write (∗ ,∗ ) "x="
c ca l l pr in tvek to r (x , s ize )
c write (∗ ,∗ ) " pas s in="
c ca l l pr in tvek to r ( pass in , s ize )
c write (∗ ,∗ ) " residuum0="
c ca l l pr in tvek to r ( residuum0 , s ize )
c end i f

return
end

C.6 Subroutine RES

c =====================================================================
c =====================================================================
c === Subroutine RES
c =====================================================================
c =====================================================================

subroutine r e s ( r , size , e rg )
implicit none
integer size , i
double precision r ( s ize ) , erg
erg =0.d0
do i =1, s ize

i f ( dabs ( r ( i ) ) . gt . e rg ) erg=dabs ( r ( i ) )
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end do
c erg =0.d0
c do i =1, s ize
c erg=erg+r ( i ) ∗∗2 . d0
c end do
c erg=dsqrt ( erg )

return
end

C.7 Subroutine SOLVELU

c =====================================================================
c =====================================================================
c === Subroutine SOLVELU
c =====================================================================
c =====================================================================

subroutine s o l v e l u ( size ,A, b , dx , e r ror , indx )
implicit none
integer size , e r ro r , i
double precision A( size , s ize ) ,b ( s ize ) , dx ( s ize ) ,d
integer indx ( s ize ) , np
do i =1, s ize

dx ( i )=b( i )
end do

c =====================================================================
c Call subrout ine s LUDCMP and LUBKSB
c =====================================================================
c J in , decomposed J out

ca l l LUDCMP(A, size , size , indx , d)
c dx in ( r i ght , dx ( s o l u t i o n )out

ca l l LUBKSB(A, size , size , indx , dx )
return
end

C.8 Subroutine LUDCMP

c =====================================================================
c =====================================================================
c === Subroutine LUDCMP
c =====================================================================
c =====================================================================

subroutine LUDCMP(a , n , np , indx , d)
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implicit double precision ( a−h , o−z )
c
c Given an NxN matrix A, with dimension NP, t h i s r ou t ine r e p l a c e s i t by
c the LU decomposit ion o fa rowwise permutation o f i t s e l f . A and N are
c input . A i s the output , arranged in equat ion 2 . 3 . 1 4 on p . 34 . INDX

i s
c an output vec to r which r e co rd s the row permutation r e s u l t i n g from
c p a r t i a l p i vo t ing . D i s output as +/− 1 depending on whether the

number
c o f row in t e r change s was even or odd , r e s p e c t i v e l y . Used in

combination
c with LUBKSB to s o l v e l i n e a r equat ions or i n v e r t a matrix .
c
c Numerical Recipes , p . 38−9.
c

INTEGER n , np , indx (n) ,NMAX, i , imax , j , k
DOUBLE PRECISION d , a (np , np) ,TINY
PARAMETER(nmax=500 , tiny=1.d−40)
DOUBLE PRECISION aamax ,dum,sum, vv (NMAX)
d=1.0
do 12 i =1,n

aamax=0.d0
do 11 j =1,n

i f (abs ( a ( i , j ) ) . gt . aamax) aamax=abs ( a ( i , j ) )
11 continue

i f (aamax . eq . 0 . d0 ) PAUSE ’ S ingu la r matrix in LUDCMP’
vv ( i ) =1.d0/aamax

12 continue
do 19 j =1,n

do 14 i =1, j−1
sum=a ( i , j )
do 13 k=1, i−1

sum=sum−a ( i , k ) ∗a (k , j )
13 continue

a ( i , j )=sum
14 continue

aamax=0.d0
do 16 i=j , n

sum=a ( i , j )
do 15 k=1, j−1

sum=sum−a ( i , k ) ∗a (k , j )
15 continue

a ( i , j )=sum
dum=vv ( i ) ∗abs (sum)
i f (dum. ge . aamax) then

imax=i
aamax=dum

endif
16 continue

i f ( j .ne . imax ) then
do 17 k=1,n

dum=a ( imax , k )
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a ( imax , k )=a ( j , k )
a ( j , k )=dum

17 continue
d=−d
vv ( imax )=vv ( j )

endif
indx ( j )=imax
i f ( a ( j , j ) . eq . 0 . d0 ) a ( j , j )=tiny
i f ( j .ne . n ) then

dum=1.d0/a ( j , j )
do 18 i=j +1,n

a ( i , j )=a ( i , j ) ∗dum
18 continue

endif
19 continue

return
end

C.9 Subroutine LUBKSB

c =====================================================================
c =====================================================================
c === Subroutine LUBKSB
c =====================================================================
c =====================================================================

subroutine LUBKSB(a , n , np , indx , b)
implicit double precision ( a−h , o−z )

c
c So lve s the s e t o f N l i n e a r equat ions A.X=B. Here A i s input , not as
c the matrix A but ra the r i t s LU decomposit ion , determined by the

rou t ine
c LUDCMP. INDX i s input as the permutation vec to r returned by LUDCMP.

B
c i s input as teh r i g h t hand s i d e vec to r B and r e tu rn s with the

s o l u t i o n
c vec to r X. A, N, NP, and INDX are not modi f i ed by t h i s r ou t in e and

can
c be l e f t in p lace f o r s u c c e s s i v e c a l l s with d i f f e r e n t r ight−hand s i d e s

B.
c This r ou t i e takes in to account the p o s s i b i l i t y that B w i l l begin with
c many zero elements , so i t i s e f f i c i e n t f o r use in matrix i nv e r s i o n .
c
c Numerical Recipes , p . 39
c

INTEGER n , np , indx (n)
DOUBLE PRECISION a (np , np ) ,b(n)
INTEGER i , i i , j , l l
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DOUBLE PRECISION sum
i i =0
do 12 i =1,n

l l=indx ( i )
sum=b( l l )
b ( l l )=b( i )
i f ( i i .ne . 0 ) then

do 11 j=i i , i−1
sum=sum−a ( i , j ) ∗b( j )

11 continue
else i f (sum .ne . 0 . d0 ) then

i i=i
endif
b( i )=sum

12 continue
do 14 i=n,1 ,−1

sum=b( i )
do 13 j=i +1,n

sum=sum−a ( i , j ) ∗b( j )
13 continue

b( i )=sum/a ( i , i )
14 continue

return
end

C.10 Subroutine SDVINI

c ====================================================================
c ====================================================================
c = Subroutine SDVINI to s e t the i n i t i a l va lue s DEPVARS
c ====================================================================
c ====================================================================

SUBROUTINE SDVINI(STATEV,COORDS,NSTATV,
& NCRDS,NOEL,NPT,LAYER,KSPT)
IMPLICIT NONE

c De f i n i t i o n s ABAQUS
INTEGER nstatv , ncrds , kspt , l ayer , npt , noe l
DOUBLE PRECISION s t a t ev ( nstatv ) , coords ( ncrds )

c Own d e f i n i t i o n s
c write (∗ ,∗ ) "SDVINI"
c P i n i t i a l va lue

s t a t ev (1 ) = 1 . d0
s ta t ev (2 ) = 0 . d0
s ta t ev (3 ) = 0 . d0
s ta t ev (4 ) = 0 . d0
s ta t ev (5 ) = 1 . d0
s ta t ev (6 ) = 0 . d0
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s t a t ev (7 ) = 0 . d0
s ta t ev (8 ) = 0 . d0
s ta t ev (9 ) = 1 . d0

c lambda i n i t i a l va lue
s t a t ev (10) = 0 . d0

c ca l l pr in tvek to r ( s tatev , 1 0 )
RETURN
END



273

Appendix D

Fortran utility subroutines

D.1 Subroutine VEKTOR_TENSOR

c =====================================================================
c =====================================================================
c === Subroutine VEKTOR_TENSOR
c === Input : 9x1 Vector
c === Output : Tensor 3x3
c =====================================================================
c =====================================================================

SUBROUTINE VEKTOR_TENSOR(v ,T)
implicit none
integer i
double precision v (9 ) ,T(3 , 3 )
T(1 , 1 ) = v (1)
T(1 , 2 ) = v (2)
T(1 , 3 ) = v (3)
T(2 , 1 ) = v (4)
T(2 , 2 ) = v (5)
T(2 , 3 ) = v (6)
T(3 , 1 ) = v (7)
T(3 , 2 ) = v (8)
T(3 , 3 ) = v (9)
return
END SUBROUTINE VEKTOR_TENSOR

D.2 Subroutine TENSOR_VEKTOR

c =====================================================================
c =====================================================================
c === TENSOR_VEKTOR
c === Input : Tensor 3x3
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c === Output : 9x1 Vector
c =====================================================================
c =====================================================================

SUBROUTINE TENSOR_VEKTOR(T, v )
implicit none
integer i
double precision v (9 ) ,T(3 , 3 )
v (1 ) = T(1 ,1 )
v (2 ) = T(1 ,2 )
v (3 ) = T(1 ,3 )
v (4 ) = T(2 ,1 )
v (5 ) = T(2 ,2 )
v (6 ) = T(2 ,3 )
v (7 ) = T(3 ,1 )
v (8 ) = T(3 ,2 )
v (9 ) = T(3 ,3 )
return
END SUBROUTINE TENSOR_VEKTOR

D.3 Subroutine SYM_VEKTOR_TENSOR

c =====================================================================
c =====================================================================
c === Subroutine SYM_VEKTOR_TENSOR
c === Input : 6x1 Vector
c === Output : Symmetric Tensor 3x3
c =====================================================================
c =====================================================================

SUBROUTINE SYM_VEKTOR_TENSOR(v ,T)
implicit none
integer i
double precision v (6 ) ,T(3 , 3 )
T(1 , 1 ) = v (1)
T(2 , 2 ) = v (2)
T(3 , 3 ) = v (3)
T(1 , 2 ) = v (4)
T(2 , 1 ) = v (4)
T(1 , 3 ) = v (5)
T(3 , 1 ) = v (5)
T(2 , 3 ) = v (6)
T(3 , 2 ) = v (6)
return
END SUBROUTINE SYM_VEKTOR_TENSOR



Appendix D Fortran utility subroutines 275

D.4 Subroutine SYM_TENSOR_VEKTOR

c =====================================================================
c =====================================================================
c === Subroutine SYM_TENSOR_VEKTOR
c === Input : Symmetric Tensor 3x3
c === Output : 6x1 Vector
c =====================================================================
c =====================================================================

SUBROUTINE SYM_TENSOR_VEKTOR(T, v )
implicit none
integer i
double precision v (6 ) ,T(3 , 3 )
v (1 ) = T(1 ,1 )
v (2 ) = T(2 ,2 )
v (3 ) = T(3 ,3 )
v (4 ) = T(1 ,2 )
v (5 ) = T(1 ,3 )
v (6 ) = T(2 ,3 )
return
END SUBROUTINE SYM_TENSOR_VEKTOR

D.5 Subroutine PRINTMATRIX

c =====================================================================
c =====================================================================
c = Subroutine PRINTMATRIX
c = Input : m matrix , sm dimension
c = Output : s c r e en print
c =====================================================================
c =====================================================================

SUBROUTINE PRINTMATRIX(m, sm)
IMPLICIT NONE
INTEGER i , j , sm
DOUBLE PRECISION m(sm , sm)
DO i =1,sm

PRINT 113 , (m( i , j ) , j =1,sm)
END DO
PRINT∗

113 FORMAT(30F30 . 1 8 )
RETURN
END
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D.6 Subroutine PRINTMATRIX2

c =====================================================================
c =====================================================================
c = Subroutine PRINTMATRIX2
c = Input : m matrix , sm dimension
c = Output : s c r e en print
c =====================================================================
c =====================================================================

subroutine pr intmatr ix2 (m, sm)
c Matrix m output on sc r e en

implicit none
integer i , j , sm
double precision m(sm , sm)
do i =1,sm

print 113 , (m( i , j ) , j =1,sm)
end do
print∗

113 format (10 f16 . 9 )
return
end

D.7 Subroutine PRINTVEKTOR

c =====================================================================
c =====================================================================
c === Subroutine PRINTVEKTOR
c === Input : vec to r v , dimension n
c === Output : s c r e en print
c =====================================================================
c =====================================================================

SUBROUTINE PRINTVEKTOR(v , n)
implicit none
integer i , n
double precision v (n)
do i =1,n

write (∗ ,∗ ) v ( i )
end do
END SUBROUTINE PRINTVEKTOR

D.8 Subroutine DEVIATOR
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c =====================================================================
c =====================================================================
c === SUBROUTINE DEVIATOR
c === Input : T 3x3 matrix
c === Output : Tdev 3x3 d e v i a t o r i c part o f matrix T
c =====================================================================
c =====================================================================

SUBROUTINE DEVIATOR(T, Tdev)
implicit none
integer i , j
double precision T(3 ,3 ) , Tdev (3 , 3 ) , spur
spur = 0 .D0
do i =1,3

spur = spur + T( i , i )
end do
do i =1,3
do j =1,3

i f ( i==j ) then
Tdev( i , j ) = T( i , j ) − 1 .D0/3 .D0∗ spur

else
Tdev( i , j ) = T( i , j )

end i f
end do
end do
return
END SUBROUTINE DEVIATOR

D.9 Subroutine NORMT

c =====================================================================
c =====================================================================
c === SUBROUTINE NORMT
c === Input : T 3x3 matrix
c === Output : norm o f T as s c a l a r va lue
c =====================================================================
c =====================================================================

SUBROUTINE NORMT(T, norm)
implicit none
integer i , j
double precision T(3 ,3 ) , norm
norm = 0 .D0
do i =1,3
do j =1,3

norm = norm + T( i , j ) ∗T( i , j )
end do
end do
norm = dsqrt (norm)
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return
END SUBROUTINE NORMT

D.10 Subroutine MEXP

c =====================================================================
c =====================================================================
c === SUBROUTINE MEXP
c === Input : m1 3x3 matrix
c === Output : msum as exponent o f m1
c =====================================================================
c =====================================================================

subroutine mexp(m1,msum)
implicit none
double precision m1(3 , 3 ) ,m2(3 , 3 ) ,msum(3 , 3 ) ,m3(3 , 3 ) ,rdummy
integer count
double precision fak
msum(1 , 1 ) =1.d0+m1(1 , 1 )
msum(1 , 2 ) =0.d0+m1(1 , 2 )
msum(1 , 3 ) =0.d0+m1(1 , 3 )
msum(2 , 1 ) =0.d0+m1(2 , 1 )
msum(2 , 2 ) =1.d0+m1(2 , 2 )
msum(2 , 3 ) =0.d0+m1(2 , 3 )
msum(3 , 1 ) =0.d0+m1(3 , 1 )
msum(3 , 2 ) =0.d0+m1(3 , 2 )
msum(3 , 3 ) =1.d0+m1(3 , 3 )
m2(1 , 1 )=m1(1 , 1 )
m2(1 , 2 )=m1(1 , 2 )
m2(1 , 3 )=m1(1 , 3 )
m2(2 , 1 )=m1(2 , 1 )
m2(2 , 2 )=m1(2 , 2 )
m2(2 , 3 )=m1(2 , 3 )
m2(3 , 1 )=m1(3 , 1 )
m2(3 , 2 )=m1(3 , 2 )
m2(3 , 3 )=m1(3 , 3 )
count=1
fak =1.d0
rdummy=1.d0
do while (rdummy . gt . 1 . d−16)
count=count+1
fak=fak ∗count
ca l l mult ip ly233 f1 (m2,m1,m3)
msum(1 , 1 )=msum(1 , 1 )+m3(1 , 1 ) / fak
msum(1 , 2 )=msum(1 , 2 )+m3(1 , 2 ) / fak
msum(1 , 3 )=msum(1 , 3 )+m3(1 , 3 ) / fak
msum(2 , 1 )=msum(2 , 1 )+m3(2 , 1 ) / fak
msum(2 , 2 )=msum(2 , 2 )+m3(2 , 2 ) / fak
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msum(2 ,3 )=msum(2 , 3 )+m3(2 , 3 ) / fak
msum(3 , 1 )=msum(3 , 1 )+m3(3 , 1 ) / fak
msum(3 , 2 )=msum(3 , 2 )+m3(3 , 2 ) / fak
msum(3 , 3 )=msum(3 , 3 )+m3(3 , 3 ) / fak
m2(1 , 1 )=m3(1 , 1 )
m2(1 , 2 )=m3(1 , 2 )
m2(1 , 3 )=m3(1 , 3 )
m2(2 , 1 )=m3(2 , 1 )
m2(2 , 2 )=m3(2 , 2 )
m2(2 , 3 )=m3(2 , 3 )
m2(3 , 1 )=m3(3 , 1 )
m2(3 , 2 )=m3(3 , 2 )
m2(3 , 3 )=m3(3 , 3 )
ca l l norm33 (m2, rdummy)
rdummy=rdummy/ fak

c write (∗ ,∗ ) rdummy, count
end do
return
end

D.11 Subroutine MULTIPLY233F1

c =====================================================================
c =====================================================================
c === SUBROUTINE MULTIPLY233F1 product : m3 = m1 ∗ m2
c === Input : m1,m2 as 3x3 matr i ce s
c === Output : m3 as 3x3 matrix
c =====================================================================
c =====================================================================

subroutine mult ip ly233 f1 (m1,m2,m3)
implicit none
double precision m1(3 , 3 ) ,m2(3 , 3 ) ,m3(3 , 3 )
m3(1 , 1 ) = (m1(1 , 1 ) ∗m2(1 , 1 )+m1(1 , 2 ) ∗m2(2 , 1 )+m1(1 , 3 ) ∗m2(3 , 1 ) )
m3(1 , 2 ) = (m1(1 , 1 ) ∗m2(1 , 2 )+m1(1 , 2 ) ∗m2(2 , 2 )+m1(1 , 3 ) ∗m2(3 , 2 ) )
m3(1 , 3 ) = (m1(1 , 1 ) ∗m2(1 , 3 )+m1(1 , 2 ) ∗m2(2 , 3 )+m1(1 , 3 ) ∗m2(3 , 3 ) )
m3(2 , 1 ) = (m1(2 , 1 ) ∗m2(1 , 1 )+m1(2 , 2 ) ∗m2(2 , 1 )+m1(2 , 3 ) ∗m2(3 , 1 ) )
m3(2 , 2 ) = (m1(2 , 1 ) ∗m2(1 , 2 )+m1(2 , 2 ) ∗m2(2 , 2 )+m1(2 , 3 ) ∗m2(3 , 2 ) )
m3(2 , 3 ) = (m1(2 , 1 ) ∗m2(1 , 3 )+m1(2 , 2 ) ∗m2(2 , 3 )+m1(2 , 3 ) ∗m2(3 , 3 ) )
m3(3 , 1 ) = (m1(3 , 1 ) ∗m2(1 , 1 )+m1(3 , 2 ) ∗m2(2 , 1 )+m1(3 , 3 ) ∗m2(3 , 1 ) )
m3(3 , 2 ) = (m1(3 , 1 ) ∗m2(1 , 2 )+m1(3 , 2 ) ∗m2(2 , 2 )+m1(3 , 3 ) ∗m2(3 , 2 ) )
m3(3 , 3 ) = (m1(3 , 1 ) ∗m2(1 , 3 )+m1(3 , 2 ) ∗m2(2 , 3 )+m1(3 , 3 ) ∗m2(3 , 3 ) )
return
end
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D.12 Subroutine NORM33

c =====================================================================
c =====================================================================
c === SUBROUTINE NORM33
c === Input : m1 as 3x3 matrix
c === Output : norm as s c a l a r va lue
c =====================================================================
c =====================================================================

subroutine norm33 (m1, norm)
implicit none
double precision m1(3 , 3 ) ,norm
norm=m1(1 , 1 ) ∗m1(1 , 1 )+

& m1(1 , 2 ) ∗m1(1 , 2 )+
& m1(1 , 3 ) ∗m1(1 , 3 )+
& m1(2 , 1 ) ∗m1(2 , 1 )+
& m1(2 , 2 ) ∗m1(2 , 2 )+
& m1(2 , 3 ) ∗m1(2 , 3 )+
& m1(3 , 1 ) ∗m1(3 , 1 )+
& m1(3 , 2 ) ∗m1(3 , 2 )+
& m1(3 , 3 ) ∗m1(3 , 3 )

norm=dsqrt (norm)
return
end

D.13 Subroutine LN

c =====================================================================
c =====================================================================
c === SUBROUTINE LN c a l c u l a t e s ln o f a 3x3 matrix mi with the s e r i e s
c === ln (X)= 2 ∗ sum( k=0. . unend . ) 1/(2k+1) ∗ ( (X−I ) (X+I )^−1)^(2k+1)
c === Input : mi as 3x3 matrix
c === Output : mo as 3x3 matrix
c =====================================================================
c =====================================================================

subroutine LN(mi ,mo)
implicit none
double precision mi (3 , 3 ) ,mo(3 , 3 ) , faktor , h1 (3 , 3 ) , h2 (3 , 3 ) , h3 (3 , 3 )
double precision h4 (3 , 3 ) , h5 (3 , 3 ) , h6 (3 , 3 ) , h7 (3 , 3 ) ,rdummy, h8 (3 , 3 )
integer i , j , k
double precision restnorm
do i =1,3
do j =1,3

h1 ( i , j )=mi ( i , j )
h2 ( i , j )=mi ( i , j )
i f ( i . eq . j ) then

h1 ( i , j )=mi ( i , j )−1.d0
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h2 ( i , j )=mi ( i , j )+1.d0
end i f

end do
end do
ca l l i nv e r t 3 (h2 , h3 )
ca l l mult ip ly233 f1 (h1 , h3 , h4 )
do i =1,3
do j =1,3

mo( i , j )=h4 ( i , j )
h5 ( i , j )=h4 ( i , j )
h6 ( i , j )=h4 ( i , j )

end do
end do
restnorm=1.d0
ca l l mult ip ly233 f1 (h5 , h6 , h7 )
k=0
do while ( ( restnorm . gt . 1 . d−16) .and . ( k . l t . 10000) )

k=k+1
rdummy=2.d0∗k+1.d0
ca l l mult ip ly233 f1 (h4 , h7 , h8 )
restnorm=0.d0

do i =1,3
do j =1,3

restnorm=restnorm+(h8 ( i , j ) /rdummy) ∗∗2 . d0
mo( i , j )=mo( i , j )+h8 ( i , j ) /rdummy
h4 ( i , j )=h8 ( i , j )

end do
end do

restnorm=dsqrt ( restnorm )
end do

c write (∗ ,∗ ) k , restnorm
do i =1,3
do j =1,3
mo( i , j )=mo( i , j ) ∗2 . d0
end do
end do
return
end

D.14 Subroutine INVERT3

c =====================================================================
c =====================================================================
c === SUBROUTINE INVERT3
c === Input : m as 3x3 matrix
c === Output : mi as 3x3 matrix being the i nv e r s e o f m
c =====================================================================
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c =====================================================================
subroutine i nv e r t 3 (m, mi )
implicit none
double precision m(3 ,3 ) ,mi (3 , 3 ) , hi3m
ca l l det3 (m, hi3m)
i f (abs ( hi3m) . gt . 1 . d−12)then

mi (1 , 1 )=(m(2 , 2 ) ∗m(3 ,3 )−m(3 ,2 ) ∗m(2 ,3 ) ) /hi3m
mi (2 , 1 )=(m(3 , 1 ) ∗m(2 ,3 )−m(2 ,1 ) ∗m(3 ,3 ) ) /hi3m
mi (3 , 1 )=(m(2 , 1 ) ∗m(3 ,2 )−m(3 ,1 ) ∗m(2 ,2 ) ) /hi3m
mi (1 , 2 )=(m(3 , 2 ) ∗m(1 ,3 )−m(1 ,2 ) ∗m(3 ,3 ) ) /hi3m
mi (2 , 2 )=(m(1 , 1 ) ∗m(3 ,3 )−m(3 ,1 ) ∗m(1 ,3 ) ) /hi3m
mi (3 , 2 )=(m(3 , 1 ) ∗m(1 ,2 )−m(1 ,1 ) ∗m(3 ,2 ) ) /hi3m
mi (1 , 3 )=(m(1 , 2 ) ∗m(2 ,3 )−m(2 ,2 ) ∗m(1 ,3 ) ) /hi3m
mi (2 , 3 )=(m(2 , 1 ) ∗m(1 ,3 )−m(1 ,1 ) ∗m(2 ,3 ) ) /hi3m
mi (3 , 3 )=(m(1 , 1 ) ∗m(2 ,2 )−m(2 ,1 ) ∗m(1 ,2 ) ) /hi3m

end i f
return
end

D.15 Subroutine DET3

c =====================================================================
c =====================================================================
c === SUBROUTINE DET3
c === Input : m33 as 3x3 matrix
c === Output : det as s c a l a r va lue
c =====================================================================
c =====================================================================

subroutine det3 (m33 , det )
implicit none
double precision m33(3 , 3 ) , det
det=m33(1 , 1 ) ∗m33(2 , 2 ) ∗m33(3 , 3 )
det=det+m33(1 , 2 ) ∗m33(2 , 3 ) ∗m33(3 , 1 )
det=det+m33(1 , 3 ) ∗m33(2 , 1 ) ∗m33(3 , 2 )
det=det−m33(3 , 1 ) ∗m33(2 , 2 ) ∗m33(1 , 3 )
det=det−m33(3 , 2 ) ∗m33(2 , 3 ) ∗m33(1 , 1 )
det=det−m33(3 , 3 ) ∗m33(2 , 1 ) ∗m33(1 , 2 )
return
end

D.16 Subroutine SHRINK333266
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c =====================================================================
c =====================================================================
c === Subroutine SHRINK333266 Tetrade (3 , 3 , 3 , 3 ) in ( 6 , 6 ) Notation
c === Input : m as 3x3x3x3 four th order t enso r
c === Output : m66 as 6x6 matrix in vo i g t notat ion
c =====================================================================
c =====================================================================

subroutine shr ink3333266 (m,m66)
c only subsymmetries impl i ed

implicit none
double precision m66(6 , 6 ) ,m(3 , 3 , 3 , 3 ) , rd
integer i 1 (6 ) , i 2 (6 ) , i , j
i 1 (1 )=1
i 1 (2 )=2
i 1 (3 )=3
i 1 (4 )=1
i 1 (5 )=1
i 1 (6 )=2
i 2 (1 )=1
i 2 (2 )=2
i 2 (3 )=3
i 2 (4 )=2
i 2 (5 )=3
i 2 (6 )=3
do i =1,6
do j =1,6
m66( i , j )=(

& m( i 1 ( i ) , i 2 ( i ) , i 1 ( j ) , i 2 ( j ) )+
& m( i 2 ( i ) , i 1 ( i ) , i 1 ( j ) , i 2 ( j ) )+
& m( i 1 ( i ) , i 2 ( i ) , i 2 ( j ) , i 1 ( j ) )+
& m( i 2 ( i ) , i 1 ( i ) , i 2 ( j ) , i 1 ( j ) )
& ) /4 . d0
end do
end do
rd=dsqrt ( 2 . d0 )
m66(1 , 4 )=m66(1 , 4 ) ∗ rd
m66(1 , 5 )=m66(1 , 5 ) ∗ rd
m66(1 , 6 )=m66(1 , 6 ) ∗ rd
m66(2 , 4 )=m66(2 , 4 ) ∗ rd
m66(2 , 5 )=m66(2 , 5 ) ∗ rd
m66(2 , 6 )=m66(2 , 6 ) ∗ rd
m66(3 , 4 )=m66(3 , 4 ) ∗ rd
m66(3 , 5 )=m66(3 , 5 ) ∗ rd
m66(3 , 6 )=m66(3 , 6 ) ∗ rd
m66(4 , 1 )=m66(4 , 1 ) ∗ rd
m66(5 , 1 )=m66(5 , 1 ) ∗ rd
m66(6 , 1 )=m66(6 , 1 ) ∗ rd
m66(4 , 2 )=m66(4 , 2 ) ∗ rd
m66(5 , 2 )=m66(5 , 2 ) ∗ rd
m66(6 , 2 )=m66(6 , 2 ) ∗ rd
m66(4 , 3 )=m66(4 , 3 ) ∗ rd
m66(5 , 3 )=m66(5 , 3 ) ∗ rd
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m66(6 , 3 )=m66(6 , 3 ) ∗ rd
m66(4 , 4 )=m66(4 , 4 ) ∗2 . d0
m66(4 , 5 )=m66(4 , 5 ) ∗2 . d0
m66(4 , 6 )=m66(4 , 6 ) ∗2 . d0
m66(5 , 4 )=m66(5 , 4 ) ∗2 . d0
m66(5 , 5 )=m66(5 , 5 ) ∗2 . d0
m66(5 , 6 )=m66(5 , 6 ) ∗2 . d0
m66(6 , 4 )=m66(6 , 4 ) ∗2 . d0
m66(6 , 5 )=m66(6 , 5 ) ∗2 . d0
m66(6 , 6 )=m66(6 , 6 ) ∗2 . d0
return
end

D.17 Subroutine M3TO6_COWIN

c =====================================================================
c =====================================================================
c === Subroutine M3TO6_COWIN to cowin with nomalized base
c === Input : m3 as 3x3 matrix
c === Output : m6 as 6x6 matrix
c =====================================================================
c =====================================================================

subroutine m3to6_cowin (m3,m6)
implicit none
double precision m3(3 , 3 ) ,m6(6 , 6 ) , rd
integer i , j
rd=dsqrt ( 2 . d0 )
do i =1,3
do j =1,3
m6( i , j )=m3( i , j ) ∗∗2 . d0
end do
end do
m6(1 , 4 )=rd∗m3(1 , 1 ) ∗m3(1 , 2 )
m6(2 , 4 )=rd∗m3(2 , 1 ) ∗m3(2 , 2 )
m6(3 , 4 )=rd∗m3(3 , 1 ) ∗m3(3 , 2 )
m6(1 , 5 )=rd∗m3(1 , 1 ) ∗m3(1 , 3 )
m6(2 , 5 )=rd∗m3(2 , 1 ) ∗m3(2 , 3 )
m6(3 , 5 )=rd∗m3(3 , 1 ) ∗m3(3 , 3 )
m6(1 , 6 )=rd∗m3(1 , 2 ) ∗m3(1 , 3 )
m6(2 , 6 )=rd∗m3(2 , 2 ) ∗m3(2 , 3 )
m6(3 , 6 )=rd∗m3(3 , 2 ) ∗m3(3 , 3 )
m6(4 , 1 )=rd∗m3(1 , 1 ) ∗m3(2 , 1 )
m6(4 , 2 )=rd∗m3(1 , 2 ) ∗m3(2 , 2 )
m6(4 , 3 )=rd∗m3(1 , 3 ) ∗m3(2 , 3 )
m6(5 , 1 )=rd∗m3(1 , 1 ) ∗m3(3 , 1 )
m6(5 , 2 )=rd∗m3(1 , 2 ) ∗m3(3 , 2 )
m6(5 , 3 )=rd∗m3(1 , 3 ) ∗m3(3 , 3 )
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m6(6 , 1 )=rd∗m3(2 , 1 ) ∗m3(3 , 1 )
m6(6 , 2 )=rd∗m3(2 , 2 ) ∗m3(3 , 2 )
m6(6 , 3 )=rd∗m3(2 , 3 ) ∗m3(3 , 3 )
m6(4 , 4 )=m3(1 , 1 ) ∗m3(2 , 2 )+m3(1 , 2 ) ∗m3(2 , 1 )
m6(4 , 5 )=m3(1 , 1 ) ∗m3(2 , 3 )+m3(1 , 3 ) ∗m3(2 , 1 )
m6(4 , 6 )=m3(1 , 2 ) ∗m3(2 , 3 )+m3(1 , 3 ) ∗m3(2 , 2 )
m6(5 , 4 )=m3(1 , 1 ) ∗m3(3 , 2 )+m3(1 , 2 ) ∗m3(3 , 1 )
m6(5 , 5 )=m3(1 , 1 ) ∗m3(3 , 3 )+m3(1 , 3 ) ∗m3(3 , 1 )
m6(5 , 6 )=m3(1 , 2 ) ∗m3(3 , 3 )+m3(1 , 3 ) ∗m3(3 , 2 )
m6(6 , 4 )=m3(2 , 1 ) ∗m3(3 , 2 )+m3(2 , 2 ) ∗m3(3 , 1 )
m6(6 , 5 )=m3(2 , 1 ) ∗m3(3 , 3 )+m3(2 , 3 ) ∗m3(3 , 1 )
m6(6 , 6 )=m3(2 , 2 ) ∗m3(3 , 3 )+m3(2 , 3 ) ∗m3(3 , 2 )
return
end

D.18 Function DET

c =====================================================================
c =====================================================================
c === FUNCTION DET Determinant o f a 3x3 Matrix
c === Input : matrix m
c === Output : s c a l a r va lue o f the determinant
c =====================================================================
c =====================================================================

function det (m)
IMPLICIT NONE
double precision det , m(3 , 3 )
det=+m(1 ,1 ) ∗m(2 ,2 ) ∗m(3 ,3 )

& +m(1 ,2 ) ∗m(2 ,3 ) ∗m(3 ,1 )
& +m(1 ,3 ) ∗m(2 ,1 ) ∗m(3 ,2 )
& −m(3 ,1 ) ∗m(2 ,2 ) ∗m(1 ,3 )
& −m(3 ,2 ) ∗m(2 ,3 ) ∗m(1 ,1 )
& −m(3 ,3 ) ∗m(2 ,1 ) ∗m(1 ,2 )
return
end
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Appendix E

Example output files

The example files are from the calculation of the x-y-shear of the uni-directionally
reinforced material.

E.1 Outfile K0_ANLAUFRECHNUNG.rpt

U:U1 PI : FIBBI−1 U:U2 PI : FIBBI−1 U:U3 PI : FIBBI−1 U:U1 PI : FIBBI
−1 U:U2 PI : FIBBI−1 U:U3 PI : FIBBI−1 U:U1 PI : FIBBI−1 U:U2
PI : FIBBI−1 U:U3 PI : FIBBI−1\\

X N: 2638 N: 2638 N: 2638 N: 2639 N: 2639 N: 2639 N: 2640 N: 2640 N:
2640

0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .

100 .E−03 −0. 500 .E−06 −0. −1.84155E−36 −0. 0 . −0. 0 . −0.

200 .E−03 −0. 1 .E−03 −0. −3.68311E−36 −12.2265E−39 0 . −0. 0 . −0.

.

.

.

200 . −1.05954E−03 500.975E−03 −6.67E−09 −9.0195E−03 −3.25134E−03 75 .946
E−09 7.33338E−09 −72.3482E−09 59.6508E−06

E.2 Outfile K0_ANLAUFRECHNUNG_H0.txt

0 .000000 , 0 .500000 , 0 .000000
0 .000000 , 0 .000000 , 0 .000000
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0 .000000 , 0 .000000 , 0 .000000

E.3 Outfile K0_ANLAUFRECHNUNG_H1.txt

−1.070704e−03 ,5.005839 e−01 ,5.720507 e−08
−8.625158e−03 ,−3.066690e−03 ,6.329396 e−08
−5.659331e−08 ,−9.172872e−08 ,7.050904 e−05

E.4 Outfile K0_ANLAUFRECHNUNG_T1.txt

3.822745 e−04 ,1.910864 e−04 ,−4.442093e−06
1.889818 e−04 ,−5.147681e−04 ,−4.607616e−06
−4.403416e−06 ,−4.574429e−06 ,1.927272 e−04

E.5 Outfile K0_matheEGREEN_einzeln.txt

9.989298 e−07 ,0.000000 e +00 ,0.000000 e+00,
2 .502919 e−07 ,2.860254 e−14 ,0.000000 e+00,

0 .000000 e +00 ,9.969338 e−07 ,0.000000 e+00,
−4.312579e−09 ,0.000000 e +00 ,3.164698 e−14,

0 .000000 e +00 ,0.000000 e +00 ,1.000071 e−06,
0 .000000 e+00 ,−2.829666e−14 ,−4.586436e−14,

−8.624658e−09 ,5.005844 e−07 ,0.000000 e+00,
9 .979313 e−07 ,3.164698 e−14 ,2.860254 e−14,

4 .434231 e−13 ,0.000000 e +00 ,5.572209 e−13,
−4.587997e−14 ,9.994999 e−07 ,2.502919 e−07,

0 .000000 e +00 ,4.082290 e−13 ,5.632161 e−13,
−2.831069e−14 ,−4.312579e−09 ,9.985019 e−07,
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E.6 Outfile K0_matheT2PK_einzeln.txt

4.215586 e−02 ,1.195762 e−02 ,1.417150 e−02,
−9.914443e−03 ,3.929877 e−08 ,3.309542 e−08,

2 .240174 e−02 ,4.021668 e−02 ,1.560775 e−02,
−2.075727e−02 ,3.711311 e−08 ,3.647988 e−08,

1 .808729 e−02 ,1.558635 e−02 ,7.347116 e−02,
−7.824693e−03 ,3.808867 e−08 ,3.311851 e−08,

−2.880589e−02 ,−2.130365e−02 ,−7.949692e−03,
2 .920955 e−02 ,4.023180 e−08 ,3.172748 e−08,

−1.299025e−05 ,−8.807129e−06 ,−1.412913e−06,
5 .136588 e−06 ,2.466441 e−02 ,−6.220451e−03,

−1.295309e−05 ,−8.849800e−06 ,−1.422639e−06,
5 .140203 e−06 ,−1.259238e−02 ,2.504515 e−02,
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Appendix F

Mathematica post-processing

F.1 Material Plasticity

Remove [ "Global ‘∗ " ] ;
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
(∗ Subrout ines ∗)
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
Se tDi r ec to ry [ NotebookDirectory [ ] ] ;
Trans late66to3333 [M66_] :=( Indexmatrix ={{1 ,4 ,5} ,{4 ,2 ,6} ,{5 ,6 ,3}} ;
Faktormatrix ={{1 ,1/Sqrt [ 2 ] , 1 / Sqrt [ 2 ] } , { 1 / Sqrt [ 2 ] , 1 , 1 / Sqrt [ 2 ] } , { 1 / Sqrt

[ 2 ] , 1 / Sqrt [ 2 ] , 1 } } ;
Table [M66 [ [ Indexmatrix [ [ i , j ] ] , Indexmatrix [ [ k , l ] ] ] ] ∗ Faktormatrix [ [ i , j ] ] ∗

Faktormatrix [ [ k , l ] ] , { i , 1 , 3} , { j , 1 , 3} , { k , 1 , 3} , { l , 1 , 3 } ] ) ;
Trans late3333to66 [ C3333_ ] :=( Ivek1 ={1 ,2 ,3 ,1 ,1 ,2} ;
Ivek2 ={1 ,2 ,3 ,2 ,3 ,3} ;
Faktvek ={1 ,1 ,1 ,Sqrt [ 2 ] , Sqrt [ 2 ] , Sqrt [ 2 ] } ;
Table [ C3333 [ [ Ivek1 [ [ i ] ] , Ivek2 [ [ i ] ] , Ivek2 [ [ j ] ] , Ivek1 [ [ j ] ] ] ] ∗ Faktvek [ [ i

] ] ∗ Faktvek [ [ j ] ] , { i , 1 , 6} , { j , 1 , 6 } ] ) ;
Rayle igh [A33_, B3333_] :=
(
C3333=Table [ 0 , { i , 3} , { j , 3} , { k , 3} , { l , 3 } ] ;
For [ i =1, i <=3, i++,
For [ j =1, j <=3, j++,
For [ k=1,k<=3,k++,
For [ l =1, l <=3, l++,
C3333 [ [ i , j , k , l ] ]=0 ;
For [m=1,m<=3,m++,
For [ n=1,n<=3,n++,
For [ o=1,o<=3,o++,
For [ p=1,p<=3,p++,
C3333 [ [ i , j , k , l ] ]=C3333 [ [ i , j , k , l ] ]+B3333 [ [m, n , o , p ] ] ∗A33 [ [ i ,m] ] ∗A33 [ [ j , n

] ] ∗A33 [ [ k , o ] ] ∗A33 [ [ l , p ] ]
] ;
] ;
] ;
] ;
] ;
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] ;
] ;
] ;
C3333
)
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
(∗Read ABAQUS example output − uni−d i r e c t i o n a l mater ia l , shear t e s t

13∗)
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
s t r i n g 0="K0_ANLAUFRECHNUNG_H1. txt " ;
data0=ReadList [ s t r ing0 ,Number, RecordSeparators−>" , " ] ;
s t r i n g 1="K0_matheEGREEN_einzeln . txt " ;
data1=ReadList [ s t r ing1 ,Number, RecordSeparators−>" , " ] ;
s t r i n g 2="K0_matheT2PK_einzeln . txt " ;
data2=ReadList [ s t r ing2 ,Number, RecordSeparators−>" , " ] ;
s t r i n g 4="K0_ANLAUFRECHNUNG_H0. txt " ;
data4=ReadList [ s t r ing4 ,Number, RecordSeparators−>" , " ] ;

(∗ read H0∗)
H0=Table [ 0 , { i , 3} , { j , 3 } ] ;
F0=Table [ 0 , { i , 3} , { j , 3 } ] ;
z = 0 ;
For [ i =1, i <=3, i++,
For [ j =1, j <=3, j++,
z+=1;
H0 [ [ i , j ] ] = data4 [ [ z ] ] ;
F0 [ [ i , j ] ]=H0 [ [ i , j ] ] ;
I f [ i==j , F0 [ [ i , j ] ]+=1 ] ;
] ;
] ;

(∗ read H1∗)
H1=Table [ 0 , { i , 3} , { j , 3 } ] ;
F1=Table [ 0 , { i , 3} , { j , 3 } ] ;
z = 0 ;
For [ i =1, i <=3, i++,
For [ j =1, j <=3, j++,
z+=1;
H1 [ [ i , j ] ] = data0 [ [ z ] ] ;
F1 [ [ i , j ] ]=H1 [ [ i , j ] ] ;
I f [ i==j , F1 [ [ i , j ] ]+=1 ] ;
] ;
] ;

(∗ read E Green ∗)
EG=Table [ 0 , { i , 6} , { j , 6 } ] ;
z = 0 ;
For [ i =1, i <=6, i++,
For [ j =1, j <=6, j++,
z+=1;
EG[ [ j , i ] ] = data1 [ [ z ] ] ;
I f [ j >3,EG[ [ j , i ] ]∗=Sqrt [ 2 ] ] ;
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] ;
] ;

(∗ read T2PK∗)
T=Table [ 0 , { i , 6} , { j , 6 } ] ;
z = 0 ;
For [ i =1, i <=6, i++,
For [ j =1, j <=6, j++,
z+=1;
T [ [ j , i ] ] = data2 [ [ z ] ] ;
I f [ j >3,T [ [ j , i ] ]∗=Sqrt [ 2 ] ] ;
] ;
] ;

(∗ Ca lcu la t i on o f K1∗)
K=Table [ Kparam [ i , j ] , { i , 1 , 6} , { j , 1 , 6 } ] ;
eqs1=Flat ten [ Table [ {T [ [ i , k]]==Sum [K [ [ i , j ] ] ∗EG[ [ j , k ] ] , { j , 6 } ] } , { i

, 1 , 6} , { k , 1 , 6 } ] ] ;
(∗Print [ " eqs1 = " ,MatrixForm [ eqs1 ] ] ∗ )
s o l=Solve [ eqs1 , F lat ten [K ] ] ;
Set@@@sol [ [ 1 ] ] ;

EINS=Table [ 0 , { i , 3} , { j , 3 } ] ;
EINS [ [ 1 , 1 ] ] = 1 . ;
EINS [ [ 2 , 2 ] ] = 1 . ;
EINS [ [ 3 , 3 ] ] = 1 . ;
Pext=Inve r s e [ EINS+H1 ] ;
CPext=Transpose [ Pext ] . Pext ;
e va l s=Eigenva lues [ CPext ] ;
eveks=Eigenvector s [ CPext ] ;
Uext=Sum[ Sqrt [ e v a l s [ [ i ] ] ] ∗ Outer [ Times , Normalize [ eveks [ [ i ] ] ] , Normalize [

eveks [ [ i ] ] ] ] , { i , 1 , 3 } ] ;
Rext=Pext . Inve r s e [ Uext ] ;
Print [ "PC = " ,MatrixForm [ Pext ] ] ;
F=Inve r s e [ Pext ] ;
Print [ "F = " ,MatrixForm [F ] ] ;
Print [ "H0 = " ,MatrixForm [H0 ] ] ;
Print [ "F∗K1 = " ,MatrixForm [ Trans late3333to66 [ Rayle igh [F ,

Trans late66to3333 [K ] ] ] ] ] ;
K1 = 1/2(K+Transpose [K] ) ;
Print [ "symF∗K1 = " ,MatrixForm [ Trans late3333to66 [ Rayle igh [F ,

Trans late66to3333 [K1 ] ] ] ] ] ;
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
(∗ Ca lcu la t i on o f PK∗)
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
K0=
{{34828.1 ,13568.3 ,14519. ,−0.0314602 ,−0.0319863 ,−0.0102192} ,
{13568.3 ,34826. ,14518.3 ,−0.030704 ,−0.0102193 ,−0.0319844} ,
{14519. ,14518.3 ,72710.5 ,−0.00962756 ,−0.0342346 ,−0.0342332} ,
{−0.0314602 ,−0.030704 ,−0.00962756 ,21264.4 ,1.57501∗10^−9 ,−6.31069∗10^−9} ,

{−0.0319863 ,−0.0102193 ,−0.0342346 ,1.57501∗10^−9 ,22598. ,−0.000766524} ,
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{−0.0102192 ,−0.0319844 ,−0.0342332 ,−6.31069∗10^−9 ,−0.000766524 ,22597.2}};

(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
(∗ Ana ly t i c a l c a l c u l a t i o n o f PK ( three f r e e va lue s ) ∗)
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
time=100;
PC=Pext ;
Fpunkt = H1 / time ;
Print [ "Fpunkt = " ,MatrixForm [ Fpunkt ] ] ;
(∗Determination o f f a c t o r s k1 , k2 and k3 from sepe ra t e s t a r t i n g

c a l c u l a t i o n ∗)
k1=(0.999837−1) /(0.5−0) ;
k2=(1.03216−1) /(0.5−0) ;
k3=(0.916138−1) /(0.5−0) ;
Print [ "k1 = " , k1 ]
Print [ "k2 = " , k2 ]
Print [ "k3 = " , k3 ]
P11={};
P22={};
P33={};
P3 l i s t ={};
K l i s t ={};
FSTART = {} ;
AppendTo [FSTART,{{1 , 0 , 0 } , { 0 , 1 , 0 } , { 0 , 0 , 1 }} ] ;
AppendTo [ P11 , 1 ] ;
AppendTo [ P22 , 1 ] ;
AppendTo [ P33 , 1 ] ;
Print [ "=== Euler e x p l i c i t ===" ] ;
Print [ "=== with evo lu t i on o f K ===" ] ;
h=1;
For [ z=1,z<=100,z++,
AppendTo [FSTART,FSTART[ [ z ] ]+h∗Fpunkt ] ;
L=Fpunkt . Inve r s e [FSTART[ [ z + 1 ] ] ] ;
Lre f=( Inve r s e [FSTART[ [ z + 1 ] ] ] . L) .FSTART[ [ z +1 ] ] ;
AppendTo [ P11 , P11 [ [ z ] ]+h∗k1 (Sqrt [ Lre f [ [ 2 , 1 ] ] ^2+ Lre f [ [ 3 , 1 ] ] ^ 2 ] ) ] ;
AppendTo [ P22 , P22 [ [ z ] ]+h∗k2 (Sqrt [ Lre f [ [ 1 , 2 ] ] ^2+ Lre f [ [ 3 , 2 ] ] ^ 2 ] ) ] ;
AppendTo [ P33 , P33 [ [ z ] ]+h∗k3 (Sqrt [ Lre f [ [ 1 , 3 ] ] ^2+ Lre f [ [ 2 , 3 ] ] ^ 2 ] ) ] ;
AppendTo [ P3 l i s t , {{P11 [ [ z ] ] , 0 , 0 } , { 0 , P22 [ [ z ] ] , 0 } , { 0 , 0 , P33 [ [ z ] ] } } ] ;
(∗Print [ " z = " , z , " P3 l i s t = " , P3 l i s t [ [ z ] ] ] ; ∗ )
AppendTo [ Kl i s t , Trans late3333to66 [ Rayle igh [ Inve r s e [FSTART[ [ z ] ] ] . P 3 l i s t [ [

z ] ] , Trans late66to3333 [K0 ] ] ] ] ;
(∗Print [ " z = " , z , " K l i s t = " ,MatrixForm [ K l i s t [ [ z ] ] ] ] ; ∗ )
] ;
P3={{P11 [ [ −1 ] ] , 0 , 0 } , { 0 , P22 [ [ −1 ] ] , 0 } , { 0 , 0 , P33 [ [ − 1 ] ] } } ;
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
(∗Numerical c a l c u l a t i o n o f Pk = PMIN3 with three f r e e va lue s ∗)

(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
Clear [ P11 , P22 , P33 ]
(∗PC=Pext ; ∗ )
P={{P11 , 0 . , 0 . } , { 0 . , P22 , 0 . } , { 0 . , 0 . , P33 }} ;
expr=K1−Trans late3333to66 [ Rayle igh [PC.P, Trans late66to3333 [K0 ] ] ] ;
expr2=Flat ten [ Table [ Table [ expr [ [ i , j ] ] ^ 2 , { i , j , 6 } ] , { j , 1 , 6 } ] ] ;
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minimi=Expand [Sum[ expr2 [ [ i ] ] , { i , 1 , 2 1 } ] ] ;
e rg=FindMinimum [ minimi , {{P11} ,{P22} ,{P33}} , MaxIterat ions −>800];
Print [ " erg " , erg ]
(∗ erg2=NMinimize [ { minimi ,−1\[ LessEqual ] P11 \ [ LessEqual ]1 ,−1\[ LessEqual ]

P22 \ [ LessEqual ]1 ,−1\[ LessEqual ] P33 \ [ LessEqual ] 1} , {P11 , P22 , P33 } ] ;
Print [ " erg2 " , erg2 ] ∗ )
PMIN3={{erg [ [ 2 , 1 , 2 ] ] , 0 , 0 } , { 0 , erg [ [ 2 , 2 , 2 ] ] , 0 } , { 0 , 0 , erg [ [ 2 , 3 , 2 ] ] } }
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
(∗Numerical c a l c u l a t i o n o f Pk = PMIN9 with nine f r e e va lue s ∗)
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
P={{P11 , P12 , P13} ,{P21 , P22 , P23} ,{P31 , P32 , P33 }} ;
expr=K1−Trans late3333to66 [ Rayle igh [PC.P, Trans late66to3333 [K0 ] ] ] ;
expr2=Flat ten [ Table [ Table [ expr [ [ i , j ] ] ^ 2 , { i , j , 6 } ] , { j , 1 , 6 } ] ] ;
minimi=Expand [Sum[ expr2 [ [ i ] ] , { i , 1 , 2 1 } ] ] ;
(∗EINSTENSOR a l s Star twert ∗)
PSTART={{1 ,0 ,0} ,{0 ,1 ,0} ,{0 ,0 ,1}} ;
s t a r t=Table [ { R i f f l e [ F lat ten [P] , F lat ten [PSTART ] ] [ [ 2 i +1 ] ] , R i f f l e [ F lat ten

[P] , F lat ten [PSTART ] ] [ [ 2 i +2] ]} ,{ i , 0 , 8 } ] ;
erg=FindMinimum [ minimi , s t a r t , MaxIterat ions −>800];
Print [ " erg " , erg ] ;
PMIN9={{erg [ [ 2 , 1 , 2 ] ] , e rg [ [ 2 , 2 , 2 ] ] , e rg [ [ 2 , 3 , 2 ] ] } , { erg [ [ 2 , 4 , 2 ] ] , e rg

[ [ 2 , 5 , 2 ] ] , e rg [ [ 2 , 6 , 2 ] ] } , { erg [ [ 2 , 7 , 2 ] ] , e rg [ [ 2 , 8 , 2 ] ] , e rg [ [ 2 , 9 , 2 ] ] } } ;

Se tDi r ec to ry [ NotebookDirectory [ ] ]
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
(∗Write Output ∗)
(∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗)
Print [ "H0 = " ,MatrixForm [H0 ] ]
Print [ "F0 = " ,MatrixForm [ F0 ] ]
Print [ "H1 = " ,MatrixForm [H1 ] ]
Print [ "F1 = " ,MatrixForm [ F1 ] ]

Print [ "DeltaEG = " ,MatrixForm [EG] ]
Print [ "DeltaT2PK = " ,MatrixForm [T ] ]

Print [ "F=" ,MatrixForm [ Inve r s e [ Pext ] ] ] ;
Print [ "P3 = " ,MatrixForm [ P3 ] ] ;
Print [ "PMIN3 = " ,MatrixForm [PMIN3 ] ] ;
Print [ "PMIN9 = " ,MatrixForm [PMIN9 ] ] ;

Print [ "K0 = " ,MatrixForm [K0 ] ] ;
Print [ "K1 = " ,MatrixForm [K1 ] ] ;
Print [ "F∗K1 = " ,MatrixForm [ Trans late3333to66 [ Rayle igh [F ,

Trans late66to3333 [K1 ] ] ] ] ] ;
Print [ "PC∗PMIN3∗K1 = " ,MatrixForm [ Trans late3333to66 [ Rayle igh [PC.PMIN3,

Trans late66to3333 [K0 ] ] ] ] ] ;
Print [ " | | K1 − K0 | | / | | K1 | | = " , MatrixForm [Norm [K1−K0, "

Frobenius " ] /Norm [K0, "Frobenius " ] ] ] ;
Print [ " | | K1 − PC∗K0 | | / | | K1 | | = " , MatrixForm [Norm [K1−

Trans late3333to66 [ Rayle igh [PC, Trans late66to3333 [K0 ] ] ] , "Frobenius " ] /
Norm [K1, "Frobenius " ] ] ] ;
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Print [ " | | K1 − PC∗P3∗K0 | | / | | K1 | | = " ,MatrixForm [Norm [K1−
Trans late3333to66 [ Rayle igh [PC.P3 , Trans late66to3333 [K0 ] ] ] , " Frobenius
" ] /Norm [K1, "Frobenius " ] ] ] ;

Print [ " | | K1 − PC∗PMIN3∗K0 | | / | | K1 | | = " ,MatrixForm [Norm [K1−
Trans late3333to66 [ Rayle igh [PC.PMIN3, Trans late66to3333 [K0 ] ] ] , "
Frobenius " ] /Norm [K1, "Frobenius " ] ] ] ;

Print [ " | | K1 − PC∗PMIN9∗K0 | | / | | K1 | | = " ,MatrixForm [Norm [K1−
Trans late3333to66 [ Rayle igh [PC.PMIN9, Trans late66to3333 [K0 ] ] ] , "
Frobenius " ] /Norm [K1, "Frobenius " ] ] ] ;

L=F−EINS ;
LP=PMIN3−EINS ;
Print [ "L=F−1=" ,MatrixForm [L ] ] ;
Print [ "LSYM = " ,MatrixForm [1/2∗ (L+Transpose [ L ] ) ] ] ;
Print [ "LSKW = " ,MatrixForm [1/2∗ (L−Transpose [ L ] ) ] ] ;
Print [ "LP=PMIN3−1=" ,MatrixForm [LP ] ] ;
Print [ "LPSYM = " ,MatrixForm [1/2∗ (LP+Transpose [LP ] ) ] ] ;
Print [ "LPSKW = " ,MatrixForm [1/2∗ (LP−Transpose [LP ] ) ] ] ;
Print [ "H0 = " ,MatrixForm [H0 ] ] ;
Print [ "H1 = " ,MatrixForm [H1 ] ] ;
Print [ "F0 = " ,MatrixForm [ F0 ] ] ;
Print [ "F1 = " ,MatrixForm [ F1 ] ] ;
Print [ "F = " ,MatrixForm [F ] ] ;

F.2 Distance of stiffness tetrads to symmetry
classes

Remove [ "Global ‘∗ " ]
(∗ This s c r i p t c a l c u l a t e s the d i s t an c e s o f a g iven s t i f f n e s s t e t rad \
to i t s p r o j e c t i o n s onto the 7 non−t r i v i a l symmetry c l a s s e s o f \
e l a s t i c i t y based on Weber , Gluege Bertram : Dis tances o f s t i f f n e s s \
t e t r ad s to the
symmetry groups o f e l a s t i c i t y . I n t e r n a t i o n a l Journal o f S o l i d s and \
St ruc tu r e s 2018 . ∗)
(∗ Input : 6x6 s t i f f n e s s Matrix w. r . t . the \
6−dimens iona l non−normal ized symmetric t en so r ba s i s with the o rde r ing \
f o l l ow i ng Cowin (11 ,22 ,33 ,12 ,13 ,23 ) ∗)
(∗ Run with "Evaluat ion " \
\ [ Rule ] "Evaluate Notebook" ∗)
(∗ Output : Bar−chart o f the d i s t an c e s ∗)

(∗ The Input ∗)

K66 = {{47344 .5 , 14639 .4 , 14639 .4 , −622.211 , −622.175 , −1439.37} ,
{14639 .4 , 39515 .5 , 12773 .5 , 4385 .7 , 668 .875 , −2304.24} ,
{14639 .4 , 12773 .5 , 39515 .5 , 668 .931 , 4385 .75 , −2304.15} ,
{−622.211 , 4385 .7 , 668 .931 , 15690 . , −3312.97 , −1811.98} ,



Appendix F Mathematica post-processing 295

{−622.175 , 668 .875 , 4385 .75 , −3312.97 , 15690 .1 , −1811.92} ,
{−1439.37 , −2304.24 , −2304.15 , −1811.98 , −1811.92 , 18908 .3}} ;

(∗ Ut i l i t y f unc t i on s ∗)

T8Rayleigh [T2_] :=
Table [T2 [ [ i , m] ] T2 [ [ j , n ] ] T2 [ [ k , o ] ] T2 [ [ l , p ] ] , { i , 1 , 3} , { j , 1 ,

3} , {k , 1 , 3} , { l , 1 , 3} , {m, 1 , 3} , {n , 1 , 3} , {o , 1 , 3} , {p , 1 ,
3 } ] ;

T8T4 [T8_, T4_] :=
Table [Sum[

T8 [ [m, n , o , p , i , j , k , l ] ] T4 [ [ i , j , k , l ] ] , { i , 1 , 3} , { j , 1 ,
3} , {k , 1 , 3} , { l , 1 , 3 } ] , {m, 1 , 3} , {n , 1 , 3} , {o , 1 , 3} , {p ,

1 , 3 } ] ;
T8T8 [T8_, T82_ ] :=

Table [Sum[
T8 [ [m, n , o , p , i , j , k , l ] ] T82 [ [ i , j , k , l , q , r , s , t ] ] , { i , 1 ,

3} , { j , 1 , 3} , {k , 1 , 3} , { l , 1 , 3 } ] , {m, 1 , 3} , {n , 1 , 3} , {o ,
1 , 3} , {p , 1 , 3} , {q , 1 , 3} , {r , 1 , 3} , {s , 1 , 3} , {t , 1 , 3 } ] ;

T4T4 [T4_, T42_ ] :=
Sum[ T4 [ [ i , j , k , l ] ] T42 [ [ i , j , k , l ] ] , { i , 1 , 3} , { j , 1 , 3} , {k , 1 ,

3} , { l , 1 , 3 } ] ;
ScalarProdT4 [T4_] := T4T4 [T4 , T4 ] ;
Trans late66to3333 [

M66_] := ( Indexmatrix = {{1 , 4 , 5} , {4 , 2 , 6} , {5 , 6 , 3}} ;
Faktormatrix = {{1 , 1/Sqrt [ 2 ] , 1/Sqrt [ 2 ] } , {1/Sqrt [ 2 ] , 1 ,

1/Sqrt [ 2 ] } , {1/Sqrt [ 2 ] , 1/Sqrt [ 2 ] , 1}} ;
Table [M66 [ [ Indexmatrix [ [ i , j ] ] , Indexmatrix [ [ k , l ] ] ] ] ∗

Faktormatrix [ [ i , j ] ] ∗ Faktormatrix [ [ k , l ] ] , { i , 1 , 3} , { j , 1 ,
3} , {k , 1 , 3} , { l , 1 , 3 } ] )

Trans late3333to66 [ C3333_ ] := ( Ivek1 = {1 , 2 , 3 , 1 , 1 , 2} ;
Ivek2 = {1 , 2 , 3 , 2 , 3 , 3} ;
Faktvek = {1 , 1 , 1 , Sqrt [ 2 ] , Sqrt [ 2 ] , Sqrt [ 2 ] } ;
Table [ C3333 [ [ Ivek1 [ [ i ] ] , Ivek2 [ [ i ] ] , Ivek2 [ [ j ] ] , Ivek1 [ [ j ] ] ] ] ∗

Faktvek [ [ i ] ] ∗ Faktvek [ [ j ] ] , { i , 1 , 6} , { j , 1 , 6 } ] )
id = Ident i tyMatr ix [ 3 ] ;
(∗ Parametr iz ing the r o t a t i on ∗)
(∗ R: 2nd order r o t a t i on tenso r \
depending on three Euler ang l e s ∗)
(∗ We choose the e x t r i n s i c \
r o t a t i o n s ( i . e . w. r . t . f i x e d axes ) in the order z , y , x around the \
ang l e s alpha , beta , gamma, r e s p e c t i v e l y . ∗)
(∗ The i n t e r v a l s o f the \
Euler ang l e s are :
−Pi < alpha \ [ LessEqual ] Pi

−Pi /2 \ [ LessEqual ] beta \ [ LessEqual ] Pi /2
−Pi < gamma < Pi ∗)
(∗ With t h i s cho ice , s i m p l i f i c a t i o n s regard ing the \
ang le gamma are p o s s i b l e f o r the monoc l in i c and t r a n s v e r s a l \
symmetries
with the gene ra to r s that are used here . The d i s t ance function becomes \
gamma−i nvar i ant , and a minimizat ion over alpha and beta
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i s s u f f i c i e n t , s e e the appending c e l l s and a l s o Cagri , Kochetov , \
S law insk i : I d e n t i f y i n g Symmetry C la s s e s o f E l a s t i c i t y Tensors
Using Monocl in ic Distance Function , Journal o f E l a s t i c i t y (2011) , \
102(2) :175−190. ∗)

R = RotationMatrix [ gamma, {1 , 0 , 0 } ] . RotationMatrix [
beta , {0 , 1 , 0 } ] . RotationMatrix [ alpha , {0 , 0 , 1 } ] ;

(∗ Rot : 8 th order r o t a t i on tenso r that , when app l i ed to a four th \
order t enso r K, g i v e s the g en e r a l i z e d r o t a t i on ( Rayle igh product ) o f \
R with K ∗)
Rot = T8Rayleigh [R ] ;
(∗ The gene ra to r s o f the 6 d i s c r e t e symmetry groups monocl in ic , \
o r thot rop i c , t e t ragona l , t r i g ona l , hexagonal , cub ic ∗)
SymGroups = {} ;
AppendTo [ SymGroups , {− id + {{2 , 0 , 0} , {0 , 0 , 0} , {0 , 0 ,

0 } } } ] ; (∗1 monoc l in i c ∗)

AppendTo [ SymGroups , {− id + {{2 , 0 , 0} , {0 , 0 , 0} , {0 , 0 ,
0}} , −id + {{0 , 0 , 0} , {0 , 2 , 0} , {0 , 0 ,
0 } } } ] ; (∗2 o r tho t r op i c ∗)

AppendTo [ SymGroups , {{{0 , 1 , 0} , {−1, 0 , 0} , {0 , 0 ,
1}} , −id + {{2 , 0 , 0} , {0 , 0 , 0} , {0 , 0 , 0 } } } ] ; (∗3 t e t r agona l ∗)

AppendTo [ SymGroups , {RotationMatrix [ 2∗ Pi /3 , {0 , 0 , 1 } ] ,
RotationMatrix [ Pi , {0 , 1 , 0 } ] } ] ; (∗4 t r i g o n a l ∗)

AppendTo [ SymGroups , {RotationMatrix [
Pi /3 , {1 , 0 ,
0 } ] , −id + {{0 , 0 , 0} , {0 , 0 , 0} , {0 , 0 , 2 } } } ] ; (∗5 hexagonal ∗)

AppendTo [ SymGroups , {{{1 , 0 , 0} , {0 , 0 , 1} , {0 , −1, 0}} , {{0 , 0 ,
1} , {1 , 0 , 0} , {0 , 1 , 0 } } } ] ; (∗6 cubic ∗)

(∗ Prepare empty l i s t to hold the p r o j e c t o r s onto the symmetry groups ∗)

P8s = {} ;

(∗ We combine the group elements un t i l no new group members appear \
and bu i ld then the p r o j e c t o r s by averag ing over a l l group members ∗)

For [ i o u t e r = 1 , i o u t e r <= 6 , i o u t e r++,
Print [ " Bui ld ing symmetry group " , i oute r , " and p r o j e c t o r " ] ;
l i s t = SymGroups [ [ i o u t e r ] ] ;
i n i t = Length [ l i s t ] ;
o u t i t = 100000;
(∗ Generate a l l e lements in symmetry group ,
proceed while new elements appear ∗)
While [ i n i t != ou t i t ,

i n i t = Length [ l i s t ] ;
For [ i = 1 , i <= in i t , i += 1 ,
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For [ j = 1 , j <= in i t , j += 1 ,
l i s t = Append [ l i s t , Fu l l S imp l i f y [ l i s t [ [ i ] ] . l i s t [ [ j ] ] ] ]
] ;

] ;
l i s t = De l e t eDup l i ca t e s [ l i s t ] ;
o u t i t = Length [ l i s t ] ;
] ;

(∗ Build 8 th order p r o j e c t o r by summing over a l l group elements ∗)

AppendTo [ P8s ,
Fu l l S imp l i f y [
1/Length [ l i s t ] Sum[

T8Rayleigh [ l i s t [ [ x ] ] ] , {x , 1 , Length [ l i s t ] } ] ] ] ;
] ;

(∗ I n i t i a l i z e empty l i s t that ho lds the d i s t an c e s l a t e r on ∗)

d i s t an c e s = {} ;
(∗ Cast input to f our th order t enso r ∗)
K = Trans late66to3333 [K66 ] ;

(∗ Loop over the 6 non−t r i v i a l d i s c r e t e symmetry groups ∗)

For [ i o u t e r = 1 , i o u t e r <= 6 , i o u t e r++,
Print [ "Minimizat ion " , i o u t e r , " o f 6 . " ] ;
(∗ Combine P8 und Rot ∗)
SuperP = T8T8 [ P8s [ [ i o u t e r ] ] , Rot ] ;
o b j e c t i v e f un c t i o n = ScalarProdT4 [T8T4 [ Rot , K] − T8T4 [ SuperP , K ] ] ;

(∗ The method "RandomSearch" s t a r t s a l o c a l minimizat ion from a l l \
g r id po in t s .

With the g r id spacing no l a r g e r than Pi /4 ,
the g l oba l minimum i s found , s i n c e
no symmetries h igher than a four−f o l d r o t a t i o n a l symmetry
can be d i s t i n gu i s h ed in l i n e a r e l a s t i c i t y . ∗)

n i = 4 ; nj = 2 ; nk = 4 ; (∗ alpha (2 Pi ) ,
beta ( Pi ) and gamma (2 Pi ) i n t e r v a l d i v i s i o n ∗)

I f [ i o u t e r == 1 | | i o u t e r == 5 , (∗
in case o f monoc l in i c and t r a n s v e r s a l i s o t r o p i c symmetry a two−
dimens iona l search domain s u f f i c e s , s e e appending c e l l s ∗)

r e s = NMinimize [ { ob j e c t i v e f un c t i o n / . {gamma −> 0} , −Pi <= alpha <=
Pi , −Pi /2 <= beta <= Pi /2} , {alpha , beta } ,

Method −> {"RandomSearch" ,
" I n i t i a l P o i n t s " −>

Flatten [ Table [{−Pi + i ∗2 Pi/ni , −Pi /2 + j ∗Pi/ nj } , { i , 1 ,
n i } , { j , 1 , nj } ] , 1 ] } ] ,

r e s = NMinimize [ { ob j e c t i v e f un c t i on , −Pi <= alpha <= Pi , −Pi /2 <=
beta <= Pi /2 , −Pi <= gamma <= Pi } , {alpha , beta , gamma} ,

Method −> {"RandomSearch" ,
" I n i t i a l P o i n t s " −>
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Flat ten [ Table [{−Pi + i ∗2 Pi/ni , −Pi /2 + j ∗Pi/nj , −Pi +
k∗2 Pi/nk} , { i , 1 , n i } , { j , 1 , nj } , {k , 1 , nk } ] , 2 ] } ]

] ;

(∗ The method "NelderMead" i s much f a s t e r ,
but may not g ive the g l oba l minimum . ∗)
(∗ erg=
NMinimize [ { ob j e c t i v e f unc t i on ,−Pi \ [ LessEqual ] alpha \ [ LessEqual ] Pi ,−Pi/
2\ [ LessEqual ] beta \ [ LessEqual ] Pi/
2,−Pi \ [ LessEqual ] gamma\ [ LessEqual ] Pi } ,{ alpha , beta , gamma} ,
Method \ [ Rule ] { "NelderMead" } ] ; ∗ )

AppendTo [ d i s tance s , Sqrt [ r e s [ [ 1 ] ] ] / Sqrt [ ScalarProdT4 [K ] ] ] ;
] ;

(∗ Add d i s t ance to i s o t r opy us ing i s o t r o p i c p r o j e c t o r s ∗)

P1 = Table [
1/3 id [ [ i , j ] ] id [ [ k , l ] ] , { i , 1 , 3} , { j , 1 , 3} , {k , 1 , 3} , { l , 1 ,

3 } ] ;
P2 = Table [

1/2 ( id [ [ i , k ] ] id [ [ j , l ] ] + id [ [ i , l ] ] id [ [ j , k ] ] ) , { i , 1 ,
3} , { j , 1 , 3} , {k , 1 , 3} , { l , 1 , 3} ] − P1 ;

KISO = T4T4 [K, P1 ] P1 + 1/5 T4T4 [K, P2 ] P2 ;
AppendTo [ d i s tance s , Sqrt [ ScalarProdT4 [K − KISO]/ ScalarProdT4 [K ] ] ] ;
(∗ Draw chart ∗)
Print [ d i s t an c e s ] ;
BarChart [ d i s tance s , BarSpacing −> {0 .5 , 2} ,
ChartLabels −> {Placed [ { " monoc l in i c " , " o r tho t r op i c " , " t e t r agona l " ,

" t r i g o n a l " , "hex . / t rans .− i s o . " , " cubic " , " i s o t r o p i c " } , Below ] } ,
ChartStyle −> {White } ]

(∗ A P P E N D I X C E L L 1 − Demonstration o f the \
i n t e r a c t i o n o f R and P in s p e c i a l c a s e s − part 1 − monoc l in i c \
symmetry ∗)

(∗ S imp l i f i c a t i o n s regard ing the ang le gamma are p o s s i b l e f o r the \
monoc l in i c generato r that has been used here .
The d i s t ance function becomes gamma−i nvar i ant , and a minimizat ion \
over alpha and beta i s s u f f i c i e n t . ∗)

SuperP = T8T8 [ P8s [ [ 1 ] ] , Rot ] ; (∗ Load monoc l in i c p r o j e c t o r ∗)

K66 = {{6 , 5 , 4 , 3 , 2 , 1} , {5 , 9 , 5 , 4 , 3 , 2} , {4 , 5 , 7 , 1 , 2 , 3} , {3 ,
4 , 1 , 5 , 3 , 2} , {2 , 3 , 2 , 3 , 8 , 1} , {1 , 2 , 3 , 2 , 1 ,

7}} ; (∗ T r i c l i n i c s t i f f n e s s ∗)
K = Trans late66to3333 [K66 ] ;
K = K/Sqrt [ ScalarProdT4 [K ] ] ; (∗ Normalize f o r s imp l i c i t y ∗)

o b j e c t i v e f un c t i o n = ScalarProdT4 [T8T4 [ Rot , K] − T8T4 [ SuperP , K ] ] ;

ContourPlot3D [ ob j e c t i v e f unc t i on , {alpha , −Pi , Pi } , {beta , −Pi /2 ,
Pi /2} , {gamma, −Pi , Pi } , Contours −> {0 .04 , 0 . 08 , 0 . 12} ,

ContourStyle −> { Di r e c t i v e [ Opacity [ 0 . 3 ] , Red ] ,
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Di r e c t i v e [ Opacity [ 0 . 2 ] , Red ] , D i r e c t i v e [ Opacity [ 0 . 1 ] , Red ] } ,
Mesh −> None, P lotPo ints −> {20 , 10 , 2} , MaxRecursion −> 0 ,
BoxRatios −> {2 , 1 , 2} ]

(∗ A P P E N D I X C E L L 2 − Demonstration o f the \
i n t e r a c t i o n o f R and P in s p e c i a l c a s e s − part 2 − t r a n s v e r s a l \
i s o t r opy ∗)

(∗ S imp l i f i c a t i o n s regard ing the ang le gamma are p o s s i b l e f o r the \
hexagonal generator ( i n d i s t i n g u i s h a b l e from t r an s v e r s a l i s o t r opy in \
e l a s t i c i t y ) that has been used here .
The d i s t ance function becomes gamma−i nvar i ant , and a minimizat ion \
over alpha and beta i s s u f f i c i e n t . ∗)

SuperP = T8T8 [ P8s [ [ 5 ] ] ,
Rot ] ; (∗ Load t r an s v e r s a l i s o t r o p i c p r o j e c t o r ∗)

K66 = {{6 , 5 , 4 , 3 , 2 , 1} , {5 , 9 , 5 , 4 , 3 , 2} , {4 , 5 , 7 , 1 , 2 , 3} , {3 ,
4 , 1 , 5 , 3 , 2} , {2 , 3 , 2 , 3 , 8 , 1} , {1 , 2 , 3 , 2 , 1 ,

7}} ; (∗ T r i c l i n i c s t i f f n e s s ∗)
K = Trans late66to3333 [K66 ] ;
K = K/Sqrt [ ScalarProdT4 [K] ] ; ( ∗ Normalize f o r s imp l i c i t y ∗)

o b j e c t i v e f un c t i o n = ScalarProdT4 [T8T4 [ Rot , K] − T8T4 [ SuperP , K ] ] ;

ContourPlot3D [ ob j e c t i v e f unc t i on , {alpha , −Pi , Pi } , {beta , −Pi /2 ,
Pi /2} , {gamma, −Pi , Pi } , Contours −> 3∗{0 .04 , 0 . 08 , 0 . 12} ,

ContourStyle −> { Di r e c t i v e [ Opacity [ 0 . 3 ] , Red ] ,
D i r e c t i v e [ Opacity [ 0 . 2 ] , Red ] , D i r e c t i v e [ Opacity [ 0 . 1 ] , Red ] } ,

Mesh −> None, P lotPo ints −> {10 , 5 , 10} , MaxRecursion −> 0 ,
BoxRatios −> {2 , 1 , 2} ]

(∗ A P P E N D I X C E L L 3 − Number o f g r id po in t s \
nece s sa ry to obta in the g l oba l minimum ∗)

(∗ The worst p o s s i b l e case i s the determinat ion o f the d i s t anc e o f a \
t r i c l i n i c c e l l to the monoc l in i c symmetry .
Then the g l oba l minimum i s only two−f o ld , as the monoc l in i c symmetry \
group i s o f order two . Less g l oba l minima
are not po s s i b l e . Using the result from Appendix Ce l l 1 , we draw gr id \
po in t s and the d i s t ance landscape in one p l o t to s ee that a g r id
spacing o f Pi /4 i s s u f f i c i e n t . Then , each l o c a l minimum has at l e a s t \
one g r id point , such that each l o c a l minimum i s a t ta ined
at l e a s t once . However , a b e t t e r d i s c r e t i z a t i o n o f the o r i e n t a t i o n \
space than with two Euler ang l e s would be through a f a i r d i s t r i b u t i o n \
o f po in t s on the sphere
( s ee second p lo t ) . In case o f three Euler angles , unit quatern ions or \
p l a t on i c s o l i d s may g ive a good s t a r t i n g po int d i s t r i b u t i o n ( see , \
e . g . Nawrat i l and Pottmann :
Subd iv i s i on Schemes f o r the f a i r D i s c r e t i z a t i o n o f the Sphe r i c a l \
Motion Group , Journal o f Computational and Applied Mathematics \
(2008) , 222(2) , 574−591) . ∗)
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SuperP = T8T8 [ P8s [ [ 1 ] ] , Rot ] ; (∗ Load monoc l in i c p r o j e c t o r ∗)

K66 = {{47344 .5 , 14639 .4 ,
14639 .4 , −622.211 , −622.175 , −1439.37} , {14639 .4 , 39515 .5 ,
12773 .5 , 4385 .7 , 668 .875 , −2304.24} , {14639 .4 , 12773 .5 , 39515 .5 ,
668 .931 , 4385 .75 , −2304.15} , {−622.211 , 4385 .7 , 668 .931 ,
15690 . , −3312.97 , −1811.98} , {−622.175 , 668 .875 ,
4385 .75 , −3312.97 ,
15690 .1 , −1811.92} , {−1439.37 , −2304.24 , −2304.15 , −1811.98 , \

−1811.92 , 18908 .3}} ; (∗ T r i c l i n i c s t i f f n e s s ∗)

K = Trans late66to3333 [K66 ] ;
K = K/Sqrt [ ScalarProdT4 [K] ] ; ( ∗ Normalize f o r s imp l i c i t y ∗)

o b j e c t i v e f un c t i o n = ScalarProdT4 [T8T4 [ Rot , K] − T8T4 [ SuperP , K ] ] ;
g r i d spac ing = Pi /4 ;
Show [ ContourPlot [

o b j e c t i v e f un c t i o n / . {gamma −> 0} , {alpha , −Pi , Pi } , {beta , −Pi /2 ,
Pi /2} , Mesh −> None, Contours −> 10 , PlotPo ints −> {40 , 20} ,

MaxRecursion −> 1 , AspectRatio −> 1/2 ,
ColorFunction −> "ThermometerColors" ] ,

Graphics [ { Po intS i ze [ Large ] ,
Point [ F lat ten [

Table [{−Pi + i ∗ gr idspac ing , −Pi /2 + j ∗ g r i d spac ing } , { i , 0 ,
2 Pi/ g r i d spac ing } , { j , 0 , Pi/ g r i d spac ing } ] , 1 ] ] } ] ]

o [ alpha_ , beta_ ] = 30∗ ob j e c t i v e f un c t i o n / . {gamma −> 0} ;
Spher ica lPlot3D [ 1 , {beta , 0 , Pi } , {alpha , 0 , 2 Pi } ,
ColorFunction −>
Function [ { x , y , z , beta , alpha , r } ,
ColorData [ "ThermometerColors" ] [ o [ alpha , beta − Pi / 2 ] ] ] ,

Mesh −> None, P lotPo ints −> {80 , 40} , Boxed −> True , Axes −> True ,
Co lorFunct ionSca l ing −> False ]
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