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Non-Linear Mechanics of Generalized Continua and Applications
to Composite Materials

Abstract

The micro-structure of materials is an essential feature for the design of engineering structures
with improved performances. Generalized continuum theories are able to account for the effect of
microstructure on the overall mechanical behavior of architectured materials. Indeed, one of the
most promising fields of application of generalized continuum theories is that of the study of the
mechanical behavior of woven fibrous composite reinforcements. Such metamaterials are constituted
by two order of fibers which have very high elongation stiffness, but very low shear stiffness. This
strong contrast in the mechanical properties of the mesostructure is such that the homogenized
material must necessarily be described at least in the framework of second gradient theories. As a
matter of fact, classical Cauchy theories are not sufficient for the description of specific deformation
patterns usually observed in such fibrous composites such as concentration of high gradients of
strains in thin boundary layers which can be seen to be related to flexural strains of the fibers. It is
worth to stress the fact that a classical Cauchy continuum theory is not able in any case to take into
account the effect of flexural bending stiffness of the yarns on the overall mechanical behavior of
fibrous composite reinforcements. On the other hand, it is easy to understand that such a mesoscopic
deformation mechanism may have an important macroscopic effect on the overall deformation of the
considered material, at least for particular boundary conditions and/or applied external loads. It
can be easily understood that the bending of the yarns, which takes place at lower scales, must be
necessarily taken into account if one wants to fully characterize the behavior of fibrous composite
reinforcements from a mechanical point of view. The macroscopic manifestation of mesostructure
could indeed play an important role when considering the molding process of the reinforcement
which may sometimes take complicated shapes so allowing the conception of complex engineering
structural elements. It is clear that, during the forming process of the raw woven composite, the
flexural rigidity of the yarns may play an important role on the final deformation of the blade. It is
for this reason that a generalized continuum theory is mandatory if one wants to correctly predict
the final deformed shape of the considered fiber reinforcements while remaining in a continuum
framework.

In the light on such considerations, we propose to use a second gradient continuum theory
to completely describe the mechanical behavior of woven fibrous composite reinforcements. The
introduced second gradient model is used to simulate the so-called bias extension test on 2D woven
reinforcements and a three point bending test on thick composite interlocks. In both cases, the effect
of the bending of the yarns at the mesoscopic level is seen to be essential to correctly describe the
deformation of the specimens at higher scales.

Keywords: Woven fibrous composite reinforcements, second gradient theories, generalized con-
tinua, bias extension test, three point bending of composite interlocks.
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Mécanique non-linéaire des milieux continus généralisés et applica-
tions aux matériaux composites

Résumé

La microstructure des matériaux est un levier essentiel pour 'optimisation des propriétés
mécaniques des structures. Le passage a la description continue de la matiére conduit souvent
a une simplification trop drastique de la réalité et a une perte significative d’informations.
Les développements de la mécanique des milieux continus, des moyens de calcul numérique et
des techniques expérimentales permettent aujourd’hui de rendre compte des effets d’échelle
observés en mécanique des matériaux et des structures. Le but primaire de cette thése
a été celui de développer un modéle continu de gradient supérieur pour intégrer dans la
modélisation continue la morphologie complexe des microstructures ainsi que les longueurs
caractéristiques associées. Ce modéle continu généralisé a ensuite été utilisé pour décrire
en détail le comportement mécanique des renforts de composites textiles. Des simulations
numériques qui montrent I'importance des termes de deuxiéme gradient pour la correcte
description du comportement mécanique de ces matériaux ont été développées dans le cadre
de cette thése a ’aide du software COMSOL Multiphysics. Il a été montré que des théories
de deuxiéme gradient sont nécessaires pour intégrer dans la modélisation continue 'effet
de la flexion des meéches au niveau mesoscopique. Ceci a été mis en évidence pour le cas
du “bias extension test” et de la flexion trois points d’un interlock 3D de composite. Pour
le cas du “bias extension test”, les termes de deuxiéme gradient permettent la description
de certaines couches limites qui déterminent une zone de transition entre deux régions a
angle de cisaillement constant. Pour ce qui concerne la flexion trois points des interlocks
de composite, il a été montré que les termes de deuxiéme gradient sont nécessaires pour
décrire correctement la déformée des deux extrémités de la poutre et la courbure au milieu
de I’échantillon. Dans les deux exemples traités, l'effet de la flexion des méches a 1’échelle
mesoscopique est le mécanisme principal donnant lieu aux effets de deuxiéme gradient.

Mots-Clés: Renforts fibreux de composite, théories de second gradient, milieux continus général-
isés, bias extension test, flexion trois points d’un interlock de composite.
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(zeneral Introduction

It is nowadays well accepted that the microstructure of materials can be suitably tailored in order
to design engineering metamaterials which show better performances and new functionalities. In
this optic, a class of materials which is gaining more and more attention is that of so-called com-
plex materials, e.g. materials exhibiting different mechanical responses at different scales due to
different levels of heterogeneity. In fact, the overall mechanical behavior of such materials is macro-
scopically influenced by the underlying microstructure especially in presence of particular loading
and /or boundary conditions. Therefore, understanding the mechanics of meso- and micro-structured
materials is becoming a fundamental issue in engineering.

Complex metamaterials may exhibit superior mechanical properties with respect to more com-
monly used engineering materials, also providing some advantages as easy formability processes,
light weight and exotic behavior with respect to wave propagation. In this manuscript we address
the problem of the description of the mechanical behavior of a class of complex engineering materials
which are known as woven fibrous composite reinforcements. These materials possess a hierarchical
microstructure, since they are constituted by woven tows which are themselves made up of thousand
of fibers. We will show that the meso- and micro-structure of fibrous composites actually have a
strong impact on the overall mechanical behavior of the macroscopic engineering piece. In particular,
the macroscopic manifestation of the microstructure of such materials is accounted for by i) the use
of suitable orthotropic constitutive laws which allow for the description of two privileged directions
in the material corresponding to warp and weft and ii) the introduction of second gradient terms in
the strain energy density which permit to take into account the bending stiffness of the yarns.

A first gradient continuum orthotropic model is not able, alone, to take into account all the
possible effects that the microstructure of considered materials have on their macroscopic deforma-
tion. More precisely, some particular loading conditions, associated to particular types of boundary
conditions may cause some microstructure-related deformation modes which are not fully taken into
account in first gradient continuum theories. This is the case, for example, when observing some
regions inside the materials in which high gradients of deformation occur, concentrated in relatively
narrow regions. One way to deal with the description of such boundary layers, while remaining in
the framework of a macroscopic theory, is to consider so-called “generalized continuum theories”.
Such generalized theories allow for the introduction of a class of internal actions which is wider than
the one which is accounted for by classical first gradient Cauchy continuum theory. These more
general contact actions excite additional deformation modes which can be seen to be directly related
with the properties of the microstructure of considered materials.

The main aim of the present work is to explicitly show the interest of using second gradient
theories for the modeling of the mechanical behavior of fibrous composite reinforcements. This task
will be accomplished by presenting a second gradient modeling for two important experimental tests
on such materials, namely the “bias extension test” on 2D woven fabrics and the three point bending
of thick composite interlocks. We will show, by presenting suitable numerical simulations, that in
both cases the second gradient elastic moduli are able to describe the effect of the bending stiffness
of the yarn on the macroscopical behavior of considered materials.

This manuscript is constituted by six chapters. In the first one the hierarchical microstructure of
fibrous composite reinforcements is described in detail and some elementary tests, usually performed
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in order to characterize the mesoscopic and macroscopic behavior of these materials, are presented.

In chapter 2 the fundamental concepts and methods of the first gradient theory are recalled:
representation theorems, some classical constitutive laws for isotropic materials and the strong form
of the equations of motion are presented.

In the chapter 3 the basic kinematics of the micro-structured continua in the framework of
nonlinear regime is presented and the linear theory proposed by Mindlin [MIN64] is discussed through
a comparison with some new models recently proposed in the literature [NEF13, MAD13|. It is also
shown how to obtain a particular generalized theory by constraining a more general one by imposing
suitable constraints. We finally derive the equations of motion in strong form for a micromorphic
continuum by means of a suitable variational procedure.

In chapter 4 some well-established facts about second gradient theories are recalled and, in
particular, the general equations of motion in strong form for a hyperelastic, second gradient material
are presented. Finally, a generalized Hooke’s law for linear second gradient material is presented to
the sake of introducing some basic tools about constitutive modeling in second gradient theories.

In chapter 5 a technologically important class of fibrous composite reinforcements is considered
and their mechanical behavior is described at finite strains by means of a second gradient, hypere-
lastic, orthotropic continuum theory which is obtained as the limit case of a micromorphic theory.
The case of the bias extension test is analyzed and it is shown that second gradient energy terms
allow for an effective prediction of the onset of internal shear boundary layers which are related to
in-plane bending stiffness of the yarns.

Finally, in chapter 6 we propose to apply a suitable second gradient model to the case of the
three point bending of composite interlocks. We show that second gradient terms are able to account
for the effect of the out-of-plane bending stiffness of the yarns on the macroscopic bending of the
specimen.
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Chapter 1

Modeling the mechanical behavior of
woven fibrous composite reinforcements

In this chapter we show that fibrous composite reinforcements are materials with hierarchical mi-
crostructure. Indeed, different scales of heterogeneities may be identified, namely the microscopic
scale (scale of the fiber), the mesoscopic scale (of the yarns) and the macroscopic scale (of the engi-
neering piece). The micro- and meso-structure of the considered materials play a crucial role on the
overall mechanical behavior of the material at the macroscopic scale. We try here to specify which
are the main characteristics of the micro- and meso-structures which have a macroscopic manifes-
tation on the overall behavior of woven fibrous composite reinforcements. Some simple mechanical
tests are presented which allow to characterize some basic macroscopic deformation modes as related
to the meso- and microscopic ones. All the considerations exposed in this chapter are at the basis
of the conception of suitable macroscopic hyperelastic constitutive laws to be used in the modeling
of fibrous composite reinforcements in the framework of a continuum theories.
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1.1 General introduction

By definition, a composite material is a combination of two or more constituents which are not
miscible and whose resultant properties are improved with respect to those of the individual com-
ponents used separately. Composite materials are usually constituted by two phases, namely the
reinforcement and the matrix. These two phases posses different functionalities: the reinforcement
gives the fundamental mechanical properties to the material and the matrix plays the role of co-
hesion between the different components. The main advantages which can be found in the use of
these materials are light weight, improved strength and stiffness and the possibility of constructing
new materials, designed ad hoc, by choosing in an appropriate way the mechanical properties of
the constituents. There exists several examples of natural or artificial materials which respect the
definition given above and which can henceforth be classified as composite materials. Among them
we list, for example, wood, bone, mud brick and concrete, etc.

In the context of this manuscript we will be interested in the description of the mechanical be-
havior of some particular composite materials which are known as woven fiber-reinforced com-
posites. Such materials are conceived by molding the raw fiber reinforcement into the desired shape
and then injecting a polymeric resin which confers the final stiffness to the engineering piece. In
the framework of the present thesis we will consider the study of the mechanical behavior of the
raw woven reinforcement alone, before the injection of the polymeric resin. This study is of crucial
interest for an accurate description of the forming process of such reinforcements. The tools which
are needed to develop a complete theoretical framework for the description of the behavior of such
materials are not trivial since different complicated aspects must be taken into account. We will
show in the remainder of this thesis how the following points must be addressed when dealing with
the modeling of fibrous composite reinforcement:

e development of suitable hyperelastic constitutive laws which allow for the description of an
average material behavior at large strains,

e development of a generalized continuum theory which is able to account for the effect of the
presence of the mesostructure on the overall mechanical behavior of the considered material.

To approach the first problem, we will follow the efforts made in [CHA11b, ORL12, CHA12] in which
suitable hyperelastic, orthotropic constitutive laws are given for fibrous composite reinforcements.

The second problem is the key point of the present work, since different approaches are indeed
possible in order to account for the presence of microstructure on the homogenized behavior of
the material a higher scales (see e.g. homogenization methods, multi-scale methods etc.). One of
the possible approaches is that of remaining in the framework of a continuum theory, while trying
at the same time to account somehow for the effect of microstructure on the overall behavior of
the considered materials. This can be done (see e.g. [FOR06, ERIO1, MIN64|) by using so called
generalized continuum theories which will be presented in detail in the body of this manuscript.

Before approaching more closely the problem of the mechanical modeling of fibrous composite
reinforcements, we recall in the following subsections some general aspects concerning composite
materials.

1.1.1 The Matrix

There are different types of matrix that can be used for conceiving a composite materials and the
choice usually depends on different aspects concerning the characteristics that the composite material
must posses. In general, all these matrices can be schematically divided in two categories:

e the organics matrices,

e the mineral matrices.
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Examples of materials belonging to the first category are thermoplastic polymers, thermosetting
polymers and elastomers. On the other hand, examples for the second category are ceramics, metals
and graphite. The first category is the most used in the industry, while the second is are generally
employed to build advanced materials or when the environment is not suitable for the use of organic
matrix (high temperature and/or unfavorable humidity).

1.1.2 The Reinforcements

The reinforcements may be of various type and are generally classified by their geometry. One can
henceforth classify them as

e particulate reinforcements: this type of reinforcement consists in a series of inclusions dispersed
in the matrix. Such inclusions may be of different type: granular, lamellar or needle-shaped.

e reinforcements with discontinuous fibers: such reinforcementss are constituted by fiber of short
length that posses generally a random orientation.

e reinforcement with continuous fibers: this type of reinforcement is constituted by an assembly
of continuos fibers which posses a length comparable to the dimensions of the workpiece. These
fibers are generally oriented in specific directions in order to confer to the reinforcement specific
mechanical properties.

The fibers which constitute the reinforcement (continuous or not) may be of different nature: glass,
metal, etc. In this manuscript, as already mentioned above, we will focus our attention on the
reinforcements with continuos fibers and, in particular, on the so called class woven fibrous rein-
forcements.

1.2 Woven fibrous composite reinforcements

The reinforcements that will be the object of the study exposed in this manuscript are classified as
woven fibrous reinforcements. Such materials are constituted by packages of fibers, which are called
yarns, that are woven following more or less complex weaving patterns. In general, one can classify
the weaving as:

e 2D weaving;
e 2.5D weaving (interlocks);
e 3D weaving (tridimensional);

A brief description of each of these three classes can be found below.

In this manuscript we will address the problem of the mechanical modeling of such reinforcements
and we will present some examples concerning the characterization of the mechanical behavior of
2D and 2.5D fibrous reinforcements.

1.2.1 2D Weaving

This type of weaving is obtained by interleaving two networks (warp and weft), which are the
preferred directions of the fabric. There exists three principal patterns for the 2D weaving:

e the plain weave is the more simple pattern: each warp yarn passes alternately over and under
each weft yarn (see Fig. 1.1);

e the twill (n x m): the warp yarn passes alternatively over n and under m yarns in the weft
direction by shifting from a given number of yarns at each passage (see Fig. 1.1);
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e the satin: the binding points of the warp and weft are scattered so as to mitigate the diagonal
effect of the twill (see Fig. 1.1).

s sSsssSse ©SoS°ssSSsese> =eeesceesses
Plain Weave Twill Satin

Figure 1.1: Different pattern for the 2D weaving.

1.2.2 2.5D Weaving - Interlock

Interlocks are 2.5D woven reinforcements, in which multiple layers of warp are joined together by a
plurality of weft. This structure of interwoven layers avoids the problems of delamination that may
occur in multi-layered materials obtained by superimposing independent woven layers and permits
the realization of thick reinforcements (see e.g. Fig. 1.2). Such materials are very expensive and are
hence reserved for advanced aeronautics and aerospace applications.

Figure 1.2: Example of 3D woven composite interlock reinforcement [ORL12| and general principle
of the interlock weaving pattern.

1.2.3 3D Weaving

This type type of weaving is obtained by adding a complete third direction of weaving to the warp
and weft described above. Such materials differ from the 2.5D described above since they are thicker
and they present a third material direction. The application of such reinforcements is nowadays
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rather limited since the third weaving directions usually produces spurious concentrations of stress
after the forming process and the subsequent injection of the polymeric matrix. Such problem of
stress localization may be deleterious for the engineering structure and is indeed much reduced when
using 2.5D reinforcements.

1.3 Multi-scale mechanical behavior of fibrous composite reinforce-
ments

In the light of the aforementioned description, it becomes clearer that woven composite reinforce-
ments are multi-scale materials and that their macroscopic mechanical behavior is influenced by the
different scales presented by the material. The hierarchical heterogeneity of composite reinforcements
is illustrated in Fig. 1.3, in which three different scales can be recognized:

e the macroscopic scale (left): scale of the specimen;
e the mesoscopic scale (center): scale of the mesh;
e the microscopic scale (right): scale of the fibre.

The study of the mechanical behavior of the material at the different scales itemized above permits a
correct characterization of its phenomenological behavior. Indeed, we will show that the mesoscopic
scale of the material has a visible effect on the overall mechanical behavior at the macroscopic
scale. Such influence of the microstructure on the averaged behavior of the material has a twofold
nature related to: i) the orthotropy conferred to the material by the presence of the woven yarns
and ii) the effect of some mesostructural properties (as the effect of the bending stiffness of the
yarns) on the macroscopic deformation mechanisms. We will show in this manuscript how the first
point concerning the orthotropy of the material will be approached by means of the use of suitable
hyperelastic constitutive laws, while the second point will be addressed by using generalized, second
gradient, continuum theories.

Figure 1.3: Macro, meso and microscopic scale of the composite reinforcement.

1.3.1 Mesoscopic behavior at the scale of the yarns

The macroscopic behavior of the material is influenced by deformations mechanisms associated to
the deformation of the yarns at the mesoscopic scale. Such mesoscopic deformation mechanisms
are, in turn, influenced by the microscopic structure of the material, i.e. by the behavior of the
fibers which constitute the yarns. In the remainder of this manuscript we will try to clarify how
the microscopic and above all the mesoscopic properties of the considered material influence the
deformation of the macroscopic piece. To do so we will need to

e develop suitable first gradient hyperelastic, orthotropic constitutive laws at the macroscopic
scale and
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e develop suitable second gradient macroscopic constitutive laws in order to account for the
effect of the bending stiffness of the yarns (and hence of the fibers) at the macroscopic scale.

In order to be able to conceive realistic macroscopic constitutive laws one needs to understand
deeply which are the deformation mechanisms which take place at the mesoscopic scale. To do so,
it is sensible to describe some basic experimental tests which are used in the community of woven
fiber reinforcements and which allows for the measurement of simple mechanical parameters related
to simple deformation mechanisms at the mesoscopic and microscopic scales. The presentation
and description of such experimental tests has then the twofold aim of i) better understanding the
deformation mechanisms which may take place at the mesoscopic (and also microscopic) scale and
ii) propose some simple procedures to measure some mechanical characteristics of the material at
the mesoscopic (or microscopic) scale.

1.3.1.1 Behavior of the Yarn Under Tension

The yarns, as already remarked above, are constituted by many fibers. When a yarn is subjected
to tension a nonlinear behavior can be recognized which is due to the fact that the fibers are
not all stretched simultaneously. Naturally, the type of nonlinearity also depends on the material
which constitutes the yarn (and then the fibers) which may be e.g. glass or carbon, and on the
procedure of fabrication. Nevertheless, when reaching a certain threshold load, corresponding to
which the fibers are all stretched, the yarn starts showing a very high stiffness. When the transition
from the nonlinear behavior to the acquisition of the complete stiffness of the yarn does not have
significant effects on the macroscopic material behavior of the woven fabric, one can also consider, as
a limit case that the fibers are inextensible. The study of the material behavior of woven composite
reinforcements based on such simplifying hypothesis (inextensibility) could be of interest in order
to obtain some “reference” material behaviors starting from which one could then conceive more
complicated constitutive laws. Nevertheless, such study introduces conceptual difficulties related to
the fact that the ratio between the value of the tension stiffness and that of the shear stiffness tends
to infinity. If such limit case could be perhaps analyzed by looking for suitable analytical solutions
obtained imposing some particular loading and boundary conditions, it is instead very delicate to be
treated from a numerical point of view. Indeed, it is known (see [HAM13a, HAM13b]) that when one
consider very high tension stiffnesses (of many orders of magnitude higher than the shear stiffness)
of the yarns then phenomena of locking can be observed when performing numerical simulations
that do not allow to obtain the correct solution to the considered differential problem.

1.3.1.2 Compaction of the Yarn in the Transverse Plane

The compaction of the yarn is defined as the change of the area in the transversal plane to the yarn,
which is the plane orthogonal to the fibers directions. When the yarn is compressed in the direction
orthogonal to its main direction the internal fibers are more closely packed together and fill the
voids initially present in the transversal section of the fibers. We remark that the behavior of the
material in compaction presents an asymptotical behavior: after an initial phase in which the fibers
organize themselves in such a way that the voids are filled, the material shows an increased stiffness.
In particular, the stiffness of the yarn finally tends to the stiffness of the material constituting the
fibers. In addition, is it worth noting that this type of mechanism is difficult to characterize from
an experimental point of view due to the fact that a pure compaction test is difficult to be realized
and reproduced.

1.3.1.3 Shear Behavior of the Yarn

There exist two types of shear modes in the yarns

e the distortion: this deformation mode occurs in the transversal plane of the yarn;
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e the transverse shear: this deformation mode occurs in the direction of the fibers.

The first deformation mode is characterized by the fact that the cross section of the yarn changes
its shape without activating compaction deformation modes. Such deformation mode is due to the
fact that the fibers constituting the yarn slide one with respect to the other in order to adapt the
overall imposed deformation. So, if one considers, for example, a yarn with cross sections which
are initially, let us say, vertical and if a bending deformation is imposed to the yarns, the fibers are
forced to slide one with respect to the other in order to let the yarn assume the desired form and,
at the same time, let the fibers respect the quasi-inextensibility constraint. This internal sliding of
the fibers can be interpreted as a motion of the cross sections (for example a rotation). It is worth
noting that a coupling mechanism can be recognized between the compaction of the yarn and its
distortion: when the yarn is compacted the distortion of the yarn occurs with increased difficulty.
This is sensible since when the fibers are compacted friction mechanisms are more pronounced which
render sliding more difficult.

The transverse shear is a deformation mode in the direction of the fibers and corresponds in
to a sliding between the fibers in the direction of the fibers themselves. As for the distortion,
an increased compaction of the yarn causes a stiffening effect on the transversal shear. It can be
also understood that, being the two quoted deformation modes of the yarns based on the same
microscopic mechanism of fibers’, a coupling exists between them. Both these types of deformation
are difficult to be characterized from an experimental point of view, in particular the stiffening effects
due to compaction.

1.3.1.4 Behavior of the Yarn Subject to Bending

There exist only few studies which concern the behavior of the yarns subjected to bending. This
type of studies, however, is interesting since the bending properties of the yarns can affect the
macroscopical behavior of the specimen. In particular, as we will see in the next chapters, the
fact of neglecting the effect of the bending stiffness of the yarns (and so of the fibers), produces
macroscopic models that are not able to describe all the experimental evidences. As it will be shown
in detail in the remainder of this manuscript, a Cauchy continuum theory is not able to account
for the effect of bending stiffness of the yarns on the macroscopic behavior of the fabric. It is for
this reason that generalized continuum theories (second gradient) may be introduced to palliate this
inconvenience. Such theories are indeed able to account for the macroscopic manifestation of the
mesoscopic bending of the yarns, still remaining in the framework of a continuum theory. In addition
to what said, the characterization of the behavior of the yarn subjected to bending is necessary if
one wants to realize a macroscopic model by the use of suitable homogenization procedures. These
latters, as well-known, start from the characterization of the microstructure and it is evident how
the experimental characterization can be fundamental to determine such microscopic properties.

h - o
=
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i

Figure 1.4: Bending of the yarn before the lateral expansion (a) and after (b).
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When the mesh is subjected to a three point bending test, three different types of mechanism
are turned on, that are (see Fig. 1.4)

e the transversal shear of the yarn;
e the bending of the fibers which constitute the mesh;
e the lateral expansion of the fibers in correspondence of the central support.

The first mechanism is activated due to the internal sliding of the fibers which takes pace as a
consequence of the fact that they are bending together and that they are almost inextensible. The
activation of the second mechanism is indeed evidently easy to understand. As for the third mecha-
nism, one can imagine that the contact with the central support can indeed let the fibers rearrange
in the horizontal plane.

1.3.2 Macroscopic Behavior

In order to characterize the macroscopic mechanical behavior of woven fibrous composite reinforce-
ments one must start from the conception of suitable elementary material tests that we try to
describe in this section. The tests described here will be subsequently used for the identification
of the first gradient constitutive laws used to describe the homogenized behavior of the considered
material.

1.3.2.1 Uniaxial Extension Test

The behavior of the material subjected to uniaxial tension test results to be nonlinear. This nonlin-
earity is due to the compaction of the yarns and the undulation of the tissue (with the subsequent
straightening). More particularly, when an uniaxial tension test is performed on a given specimen,
two successive phenomena can be observed

e a reduction of the undulation in the direction of the solicitation up to arrive to a complete
straightening of the yarns,

e the elongation of the yarns in the direction of the solicitation.

These two mechanisms give an easy interpretation of the diagram obtained from experimental mea-
surements in the plane force vs imposed displacement (see [CHA11b, ORL12|). In the first phase,
corresponding to the reduction of the undulation of the yarns in the direction of the solicitation, the
material possesses a stiffness that increases as the undulation decreases. When the complete straight-
ening of the solicited yarns is reached, the material offers a constant stiffness which corresponds to
an increasing force measured in function of the elongation of the yarns.

It is worth noticing that the stiffness at elongation showed by fibrous composite reinforcements
strongly depends on the orientation of the yarns with respect to the sides of the considered specimen.
Indeed, if one order of yarns is directed as the side of the specimen which is parallel to the applied
load, then the tension stiffness of the macroscopic material will be the maximum possible. A small
elongation of the macroscopic specimen will be observed due to a reduction of the undulation of
the weaving pattern. On the other hand, if the fibers are not parallel to the side of the specimen
(and hence to the applied load) the resistance to tension is much lower and significant macroscopic
elongations can be observed which are substantially due to pantographic motions of the yarns (see
Fig. 6.7).

Such experimental test can be used to characterize the constitutive behavior at elongations of the
macroscopic pieces. The macroscopic elongation mechanism can be easily activated when considering
standard loading conditions on macroscopic specimens.
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1.3.2.2 Biaxial Extension Test

The biaxial extension test is performed by soliciting to tension the material simultaneously in the
warp and weft directions. If one denotes the deformation in one of the solicited observed direction
as gops (l.e. warp or weft) and the deformation in the orthogonal direction as eo4p, is possible to
define the coefficient of the biaxial extension test as

k= ior}zh, (1.1)
obps

from which different cases of solicitation can be classified

e k = 0 or kK = oo corresponds to a limit case in which the biaxial test degenerates into an
uniaxial one;

e k =1 corresponds to an equal solicitation in both direction;

e k =r with r € R corresponds to a solicitation case in which the deformation in the orthogonal
direction is r times the deformation in the observed one.

The results of the test, naturally, depend on the chosen value of the coefficient k¥ and one can
experimentally observe that when k = 1 the deformation in the observed direction is due to the
compaction of the yarns, indeed when k = 0 or £k = oo the deformation is due to the reduction
of the undulation (that involves the shear of the yarns in its transversal plane). When k = r the
two mechanism are in competition. The biaxial extension test can be hence used if one wants to
understand better which is the effect of such two deformation mechanisms on the overall mechanical
behavior of the macroscopic piece.

1.3.2.3 Transversal Compression Test

The transversal compression test is a test realized by compressing a specimen of composite rein-
forcement between two parallel plates. This test permits the characterization of the behavior of the
material in the direction orthogonal to the plane of warp and weft. Performing the test, one can
observe that this behavior results to be nonlinear, since the the contact between the yarns and fibers
increases when the plates approach one to the other. In oder words, the fact that the two plates
approach one to the other produces a compaction of the yarns and, as a consequence, a compaction
of the specimen.

Such an experimental test can be used for the constitutive characterization related to compaction.
Such deformation mechanism can be easily activated when considering standard loading conditions
ON MAacroscopic specimens.

1.3.2.4 Shear Tests in the Plane of the Reinforcement (determination of the shear
stiffness)

The shear tests conceived for composite reinforcements show that the associated deformation mode is
a privileged mode also when considering more complicated macroscopic deformations. This means
that the stiffness of the material associated to this deformation mode (which we will call shear
stiffness) is very low when compared to the others. The macroscopic deformation associated to shear
is basically due to the change of the angle between yarns at the mesoscopic scale. The behavior
of the reinforcement subjected to shear in the plane, results to be highly nonlinear. Some studies
based on the technique of the image correlation [DUMO03a, DUMO03b] have shown that, in an initial
phase of the test, the two families of yarns rotate in a relative way (like rigid bodies connected by
internal pivots) and hence the shear force associated to this deformation is relatively low. When the
shear angle variation between yarns becomes larger than 40° (and lower than 50°) a stiffening in
the shear behavior is observed and the mechanism of deformation drastically changes. In this phase
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the relative motions described above are replaced by a contact between the yarns (and their relative
lateral compaction), so to this fact corresponds to an increased stiffness.

Two simple tests permit the study of the behavior of the composite reinforcement subjected to
shear in the plane: the picture frame test and the bias extension test. Due to the important effect
that such macroscopic deformation mode has on the deformation of specimens subjected to more
complex loading conditions it is essential to set up experimental procedures which are able to give
precise informations in this sense.

N

(a) (b)

Figure 1.5: Kinematic of the picture frame test. (a) Specimen before the deformation (b) specimen
after the imposed displacement d.

1.3.2.4.1 Picture Frame Test In the picture frame test the composite reinforcement is placed
into an articulated quadrilateral structure, that possesses initially a square shape. By imposing a
displacement d at one node of the structure, see Fig. 1.5, the reinforcement is subjected to pure
shear and a simple kinematical relation furnishes the shear angle variation v as a function of the
imposed displacement d and the length of the edge of the articulated square , say L:

M) | 12)

T _9
= = — arccos
T 2L

1.3.2.4.2 Bias Extension Test The bias extension test is performed on rectangular samples
of composite reinforcements, with the height (in the loading direction) relatively greater (at least
twice) than the width, and the yarns initially oriented at +45-degrees with respect to the loading
direction. The specimen is clamped at two ends, one of which is maintained fixed and the second
one is displaced of a given amount. The relative displacement of the two ends of the specimen
provokes angle variations between the warp and weft: the creation of three different regions A, B
and C, in which the shear angle between fibers remains almost constant after deformation, can be
detected (see Fig. 1.6). In particular, the fibers in regions C' remain undeformed, i.e. the angle
between fibers remains at 45° also after deformation. On the other hand, the angle between yarns
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becomes much smaller than 45° in regions A and B, but it keeps almost constant in each of them.
In particular if in the zone A the angle is v it will be of 7/2 in the zone B . Also in this case, a simple
kinematical relation furnishes the shear angle variation as function of the imposed displacement and
of the geometry of the specimen:

2 d
v = g — 2arccos (% (1 + m)) . (1.3)
\ Clamp Area /

Clamp Area

Lo

v v
Clamp Area Clamp Area

Figure 1.6: Kinematic of the bias extension test.

It is worth noting that the kinematical relations (1.2) and (1.3) are deduced by implicitly using
the assumption that the yarns are inextensible so that only pantographic motions are activated at
the scale of the yarns which allow to univocally relate the angle variation to the geometry of the
specimen and the imposed displacement. As we will show in the remainder of this manuscript,
other deformation mechanisms actually intervenes in the bias extension test which are related to the
bending of the yarns at the mesoscopic scale. Such mesoscopic bending actually creates transition
layers between the regions A, B and C which allow to shift from one value of the angle to the other.
It is for this reason that the bias extension test, when simulated in the framework of second gradient
theories, can be useful additional informations about the bending stiffness of the yarns.
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A
@ %
1 1

(a) (b)

Figure 1.7: Kinematic of the transversal shear test. (a) Specimen before the deformation (b) speci-
men after the imposed displacement d.

1.3.2.5 Transversal Shear Test

This test is performed in order to characterize the behavior of the composite reinforcement when it is
subjected to transversal shear. The machine, depicted in Fig. 1.7, imposes on the specimen (shaped
as a parallelepiped) a kinematic of pure transversal shear in order to solicit the only transversal shear
deformation mode. The test is usually performed twice by orienting the specimen in the direction
of the warp and weft, since the material, if not perfectly balanced, may have different stiffnesses in
these two directions.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0100/these.pdf
© [M. Ferretti], [2014], INSA de Lyon, tous droits réservés



Chapter 2

Continuum Mechanics Preliminaries:
First Gradient Theory

In this chapter the fundamental concepts and methods of the first gradient theory are recalled.
First, the basic kinematical relations and the measures of strain are presented. Then, the concept of
internal contact actions (stress) are introduced. At the end of chapter, representation theorems for
the functional dependence of the strain energy density with respect to the invariants of deformation
are detailed, both for isotropic and anisotropic media. Some classical constitutive laws for isotropic
materials are also presented. Finally, the strong form of the equations of motion for a classical
Cauchy continuum are derived by means of a variational principle. It is worth noting that all these
aspects are “classical” and a more extensive and systematical presentation of these arguments can

be found in e.g. in [CIA88, HOLO0Ob, SILI7].
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2.1 Finite Kinematics

A continuum body B is a set of material points that are in bijective correspondence, at each in-
stant of time, with the geometrical points of a region of the Euclidean Space, denoted as R3. The
abstraction of continuum body is, clearly, an approximation since the real structure of the mate-
rials is discontinuous, but it is necessary for performing the classical mathematical operation (e.g.
differentiation, etc...) and commonly accepted since the mathematical models developed under this
assumption are suitable for the description of many experimental evidences.

Under the infinite possible configurations of the body, we call reference configuration By and
current configuration B, the configurations of the body at time ¢ = 0 and t € R™, respectively. The
two configurations are equivalently called Lagrangian and Eulerian configuration and the material
points are labeled as X and x, respectively. The generic nonlinear transformation that maps the
reference configuration into the current one defined as

x = x (X,1) (2.1)
is called placement. A fundamental hypothesis is that x (X, ¢) is one-to-one in X in such a way that
compenetration of matter is excluded. Moreover, the placement map is usually assumed to be a C*
diffeomorphism, in order to be able to perform the space derivatives of this fundamental kinematical
field. In addition, we require that

det (Vx) > 0 (2.2)
in which V (-) stands for the gradient with respect to the Lagrangian variable X.

The vector field
u (Xa t) =X (X7 t) -X (23)

is called displacement field.

2.1.1 Deformation Gradient

The second order tensor

0X;
is called the deformation gradient. This tensor has nine independent components and it characterizes
the motion in the neighbor of a material point. In view of Eq. (2.3) and Eq. (2.4) we can also write!

(9ui
0X;
in which by I is denoted the 3 x 3 identity matrix and by ¢;; the Kronecker delta.

F=1+ Vu, Fij = 57;]‘ + (25)

2.1.2 Line, Area and Volume Element Transformation

With the definition of the deformation gradient it is possible to define the deformation of line,
area and volume elements from the reference to the current configuration. So, an infinitesimal line
element dX in the reference configuration is transformed into its image in the current configuration
through the formula

'Here and in the sequel, we present when possible formulas both in absolute notation and in its counterpart with
Levi-Civita index notation. In the body of the manuscript one notation will be preferred to the other for the sake of
consistency when no confusion can arise.
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dx=F- dX, dl’z = Fijde’ (26)

where from now on we indicate by a central dot a simple contraction between two tensors of any
order greater than one.

Analogously, Piola transformation establishes a relation between an infinitesimal Lagrangian
area dS and its Eulerian image ds (see e.g. [CTA88, HOLOOb])

ds = det (F)F~1 .dS = cof (F) - dS. (2.7)
=:cof (F)

In the previous formula dS := NdJS, ds := nds, with N, n unit normal vectors with respect to the
two elements of area dS and ds.

Finally, the deformation of a volume element dV in the reference configuration is obtained by
the well known change of variables formula

dv = det (F) dV. (2.8)

2.1.3 Deformation Measures

In this section we introduce some deformation measures which are usually encountered in continuum
mechanics and which will be useful in the following for the formulation of suitable first and second
gradient constitutive theories. We want to stress the fact that the introduction of such deformation
measures in not unique. We will present different deformation measures which can be used in various
contexts with the aim of describing at best the available experimental evidences. For example, a
logarithmic deformation measure is introduced [NEF14a, NEF14b| with the main scope of showing
that such a measure can sometimes be more realistic than others to describe the deformation of
some materials like e.g. rubber.

I >

k‘/v

Figure 2.1: Geometric representation of the polar decomposition.

2.1.3.1 Polar Decomposition

The deformation gradient can be decomposed in a multiplicative form through the polar decompo-
sition, and one can obtain:
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F=R-U=V-R (2.9)

which is called right and left polar decomposition. In Eq. (2.9) R is an orthogonal tensor (i.e.
R” = R ! and det (R) = 1) and it represents a rotation, and U and V are symmetric and definite
positive tensors. These two tensors are called right and left stretch tensor respectively and are linked
via the rotation tensor through the formula

V=R -U-RT (2.10)

The right and left polar decomposition have a direct geometric interpretation that is depicted
in Fig. 2.1 (which is 2D only to ensure a rapid interpretation): the deformation of a body, under
the action of a constant F, can be obtained first by stretching it by means of U and later by the
application of the rotation R; equivalently, the same result can be obtained first by the application
of the rotation R and later by applying the stretch V.

Two important tensors, related to the right and left stretch tensors, are the right (C) and left (B)
Cauchy-Green tensor (this latter sometimes referred to as Finger tensor). Such tensors are defined
as

oxn 0
c=F" . F=R-U)T.-R-U=U".RT.-R-U=UT.U=U2 Cij = FiFy; = SXh2Xh
0X; 0X;
_ T _ T _ T ~T _ T 2 _ _Oxi Ox;j
B=F-FF=V-R-(V-R)’ =V-R-R"-V' =V.V" =V~ Bi; = Fyp Fyp =
00Xy, 0Xp,
(2.11)
and are linked via the formula
B=R-C -R". (2.12)
2.1.3.2 Different Types of Strain Measure
Suitable strain measures useful for applications are the Green-Lagrange strain tensor
1 1
€ = 5(0_1)7 €ij = 5(01_51]) (2.13)
and the Almansi strain tensor
1 1 1 1
e=3(I-B7), eij:§(5ij—3ij) (2.14)

that both become identically zero when the motion of the body is rigid.
It is worth noting that this is not the only way for the quantification of strain. As a matter of
fact, a family of Lagrangian strains is defined by (see [SET64, HIL70])

in which In [-] stands for the tensor logarithm and m € R . Analogously a family of Eulerian strains
can be introduced as

(2.16)

S (VT =T m#0
In [V] m =0

The two family of strain are linked via the formula
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e™m =R.eM™ . RT (2.17)
Using the spectral decomposition theorem Eq. 2.15 can be rewritten as

3
eM=>"g(\)eg®e (2.18)

i=1
in which ® stand for the classic dyadic product, g (A;) are the principal strains, expressed by the
formula

LR =1) m#0
g(\i) = {m ) — (2.19)

A; are the principal stretches and g; the principal directions.

Figure 2.2: Principal strain as function of the principal stretch.

In Fig. 2.2 the principal strain as a function of principal stretch is presented, for different
(integer) value of m, namely Green-Lagrange (m = 2), Biot (m = 1), Hencky (m = 0) and Almansi
(m = —2). We stress the fact that all the strain measure vanish when the principal stretch are equal
to one (i.e. when the deformation is locally a rigid rotation).

2.2 Internal Contact Actions

In this section we recall the concept of the internal actions (stress) and we discuss briefly the property
of the traction vectors and stress tensors. Finally, different stress tensors are introduced, namely

Cauchy, Piola-Kirchhoff (first and second) and Kirchoff.
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Figure 2.3: Traction vector in the current and reference configurations.

2.2.1 Cauchy Stress

The external forces that can act on a body may be classified as surface or body forces. The surface
forces represent the contact actions exerted by the environment on the body (e.g. the pressure
exerted by the wind on a surface); the body forces represent the “action-at-a-distance” that the
environment exert on the body (e.g. the gravitational force). Under this external action (but not
only) the body is solicited and this solicitation causes the onset of internal actions which finally give
rise to the deformation of the body.

Let us consider a body that occupy the region By C R? with boundary dBj in the reference
configuration, loaded by some external forces on a part of it that lead the body in the current
configuration B with boundary 0B, as indicated in Fig. 2.3. We postulate that this external
solicitation causes the onset of internal actions per unit area. Under this postulation, if we cut
the current configuration of the body by a plane m with normal n, passing through a given point
x € 7N B at a given time ¢t € RT, and if we consider a small neighbor ds of x € m N B, the two
parts of the body exchange through this small region internal contact actions with resultant force
df (resultant couples dm are not consider because it can be proved that they cannot be sustainable
by a first gradient medium) . By our assumption, we require that for every point x € 7 N B and for
the surface element ds with normal n

df = tds. (2.20)

The vector t =t (x,t,n) is called Cauchy traction vector and represents the force per unit area
exerted on a surface element ds with normal n. We stress the fact that this vector is defined in the
current configuration, then it is the “real” internal action acting on the body. As stated above, the
Cauchy traction vector depend, at given time ¢ € R™, on the position x and on the normal n; an
important result that links the traction vector to the normal n in a fixed point x and at a given
time t € R, is the Cauchy’s stress theorem. This theorem states that there exists a unique second
order tensor o = o (x,t) such that

t(x,t,n) = o (x,t) - n, ti = oin;. (2.21)

The tensor o = o (x,t) is called Cauchy stress tensor and it can be proved that it is a symmetric
tensor (by imposing the balance of moments).

2.2.2 First Piola-Kirchhoff Stress

In spite of what stated above, one can define a traction vector defined on the initial configuration
and is are such that

df = TdS. (2.22)
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This traction vector, that acts on an infinitesimal surface dS of the point X = x~!(x,t) with
normal N, is the first Piola-Kirchhoff traction wvector. It represents the internal contact action
referred to the reference configuration. The Cauchy theorem is also valid for the first Piola-Kirchhoff
traction vector, then

T(X,t,N)=P(X,1) N, T =P;N;. (2.23)

in which the second order tensor P is called first Piola-Kirchhoff stress tensor. The first Piola-
Kirchhoff stress tensor, in spite of the Cauchy stress tensor, is not symmetric.

2.2.3 Kirchhoff Stress

Another stress tensor can be defined through the Cauchy stress tensor o and the volume ratio det (F)

T = det (F) o, Tij = det (F) Oij (2.24)

in which the tensor 7 is referred as Kirchhoff stress tensor.

2.2.4 Second Piola-Kirchhoff Stress

The second Piola-Kirchoff stress tensor S is defined as the pulled-back of the Kirchoff stress tensor
7. This tensor is a symmetric tensor (proof omitted) that not have a physical interpretation. It is

defined as
S = F_1 T F_T, Sij = Fi]_llThkF‘J;l- (225)

2.2.5 Relations between Stress Tensors

The following relationships between the stress tensors defined above can be checked

P =det(F)o -F T, Pij = det (F) o F;p)!
S=F"' P, Sij = Fﬁllphj (2.26)
S=det(F)F'-o-F 7, 5;=det(F)F, 'omF;.

2.3 Hyperelastic Constitutive Laws

In this section we introduce the concept of hyperelastic material and we present some well known
representation theorems for isotropic, transversely isotropic and orthotropic materials. Such rep-
resentation theorems specify the functional dependence of the strain energy density on given sets
of invariants of the Cauchy-Green deformation tensor. The results provided by such theorems are
really useful for the effective construction of explicit constitutive laws which fit at best the available
experimental evidences on the materials that one wants to model.

At the end of this section, we give some examples of explicit constitutive laws for isotropic
materials which are of large use in mechanics. Such isotropic laws can be very effective to model
the mechanical behavior of simple materials which can indeed be considered isotropic, but are
not sufficient to model the complex materials which are the fibrous composite reinforcements. Such
explicit isotropic constitutive laws are given here as an example to get familiar with standard results.
We leave to the remainder of this manuscript (see Chap. 5 and 6) the introduction of suitable explicit
orthotropic constitutive laws which will be able to correctly model fibrous composite reinforcement.
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2.3.1 General aspects

A material is said to be hyperelastic or Green-elastic material if there exist a scalar function W, called
Helmhotz free energy function starting from which one can derive the stress-strain relationships .
In the case in which W = W (F) depend only on F, the Helmholtz function is referred to as strain-
energy function or stored-energy function. In the above description, the homogeneity of the medium
has been assumed, then the function W depends only on F. A more richer description could require
that the function W depends also on the position of the material point in the medium, which is the
case for materials which are macroscopically heterogeneous. In this manuscript we limit ourselves
to consider strain energy densities which are homogeneous at the macroscopic scale and we will
introduce the possibility of microscopic heterogeneity by means of second gradient or micromorphic
models (see Chap. 5 and 6).

With the aim of defining a suitable and consistent constitutive law for considered materials, the
strain-energy function must satisfy the fundamental requirement itemized below

e The function W must be differentiable with respect to F;

e The function must vanish in the the reference configuration (normalization condition), so that
W (I) = 0;

e The function W increases with the deformation, so that W (F) > 0;

e The function W must satisfy the growth condition

{W (F) > 00 as det(F)— o0 (2.27)

W (F)—oco as det(F)—0F"

this condition possesses a physical meaning: an infinite energy is needed for expanding a contin-
uous body in an infinite range or compressing it in a point with vanishing volume.

e The function must respect the principle of frame indifference (objectivity): the energy does
not change under a change of Galilean observer

W (F)=W (QF) (2.28)
for all orthogonal tensor Q.
e The energy must respect the symmetry group of the material

W (F) =W (FQ) (2.29)

for every Q € G C SO(3), in which G is the symmetry group of the material.
It is important to note that the the condition of objectivity expressed by (2.28) is automatically
satisfied if one choses the right Cauchy-Green tensor as argument of W (i.e. W =W (C)) .

2.3.2 Representation Theorem for Isotropic Materials

A material is said to be isotropic if its response, in terms of stress-strain relation, is the same in all
possible direction (see e.g. [CIA88, RAU(09|). The symmetry group for such material is represented
by all rotations and all reflections (i.e. G = O (3)). Then, the well known representation theorem
for the isotropic strain energy function states that the function W does not depend arbitrarily and
entirely on C but only on three scalar invariants of such tensor. In other words

W = W™ (i1, 9, 13) (2.30)

where i1, i9 and i3 are defined as
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i1 =tr(C), ig = tr (cof (C)), ig = det (C). (2.31)

By using the Eq. (2.30), one can write the second Piola-Kirchoff stress tensor as

S=2 C+i3——

oW :QKGW oW )I_aw oW | (2.32)
812 13

) C
aC PR T
2.3.3 Representation Theorem for Transversally-Isotropic Materials

A material is said to be transversally isotropic when it has the same properties in one plane and
other properties in the direction normal to this plane, that we label as d; (see e.g. [RAU09|). In
this materials

e a rotation around the direction dy
e a rotation with axis orthogonal to d; and with angle 7

before applying a homogeneous deformation should not change the strain energy.
Then, the representation theorem for transversally isotropic materials states that the energy
depends on five scalar invariants (see e.g. [RAU09]), so that

W = W (41 iy, i3, 144, 15) (2.33)

where 74 and 75 are defined as

iy=d;-C-dy, i5=d;-C?-di. (2.34)

This two additional invariant (with respect the isotropic case), describe the local stretch in
the direction of the preferential direction d; and changes of angles mixed to changes of length
respectively.

Then, as for the isotropic case, by using (2.33) one can write the second Piola-Kirchoff stress
tensor as

tran tran tran tran tran
s 2™ _, aw, + z’laW, I- aW, C + i3 aw, c!
oC 811 822 322 813 (2 35)
O/ tran O/ tran :
+——d; ®d; + — (1 ®(C-d1)+(C-di)®di)
(97,4 825

2.3.4 Representation Theorem for Orthotropic Materials

If the material possesses two privileged directions, that we label as d; and ds, in its reference
configuration then it is called orthotropic. For such materials it is natural to require that a rotation
around d; or de with angle m before the application of an homogeneous deformation, should not
change the strain energy.

As discussed more extensively in the Chap. 5, the more diffused version of the representation
theorem for the strain energy potential for orthotropic media states that seven invariants can be
used to write the functional dependence of the strain energy density. However, it can be proved that,
indeed, only six independent scalar invariants are sufficient to completely describe the behavior of an
orthotropic material (see e.g. [RAU09]). So, the functional dependence of the energy with respect
to a suitable set of scalar invariants of C, can be written as

W =W (iy, iy, i, lis| , lio] , |i10] , sgn (igigi1o)) (2.36)

in which
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iﬁzdg-c'dQ, ig:d1~C-d2, igZdl-C'dg, ’ilUZdQ'C'dg. (237)

where d3 := d; A da and sgn () stands for the sign function?. It is worth noting that ig represents
a stretch in the direction do, while ig, i9 and 419 represent changes of angles mixed to changes of
length between the directions (di,ds2), (d;,d3) and (dg, ds) respectively. Then, by using (2.36), the
second Piola-Kirchhoff reads

6worth 8worth aworth Worth aworth
S=2 =2 I1+2 d®d 2 d,®d ig) ——— (d d d,®d
50 o0, + i 1 ®@d; + Bl 2 ® da + sgn (ig) i) (di ®dz +d2 ®dy)
orth aWorth
+ sgn (19) _ (d1 ®ds+ds® dl) + sgn (ilo) _ (dg ®ds+ds® dg) .
d ig] 0 |i1o|

(2.38)

2.3.5 Hyperelastic incompressible materials

There exists a wide class of materials that are able to sustain large strains without notable changing
volume [OGD84, HOLOOb]. Such kind of materials are nearly incompressible materials and in this
section we recall the principal aspects with respect to their modeling. In a more precise way, a
material is incompressible if it respects the constraint

det (F) = 1 (2.39)

under a generic motion. This constraint may be taken into account by defining a suitable strain
energy function

W =W (F) — p(det (F) — 1) (2.40)

in which the scalar function p is a Lagrangian multiplier added in order to take into account the
incompressibility condition. The quantity p can be identified as hydrostatic pressure and can be
determined only by solving the equilibrium equations equipped with suitable boundary conditions
[HOLOOb]. It is worth noting that the incompressibility condition may be defined in an equivalent
way imposing e.g. det (C) = 1.

In the case of isotropic incompressible material [HOLOOb| a suitable energy function is given by

W= W (in,i2) — 5p (is — 1) (2.41)

in which the functional dependency of W is reduced to only two scalar invariant (i.e. i1 and iz).
For a material described by a strain energy function of the type given in Eq. (2.41), the second
Piola-Kirchhoff stress tensor reads

(2.42)

S=-pC'+2 [<8W : 3W> I- aWc] :

5, T Vo, iy

2The sign function for = € R is defined as
-1 ifx<0
sgn(z) =40 ifx=0.
+1 ifz>0
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2.3.6 Some Energies for Isotropic Materials

The simpler hyperelastic model for isotropic materials is the Saint Venant-Kirchhoff model. The
strain energy function for this model reads

W (e) = %tr (&) + utr () (2.43)

in which A and p are the Lamé constants of the material. It is worth noting that the strain energy
function of Eq. (2.43) may be expressed in terms of the right Cauchy-Green tensor C instead of the
Green-Lagrange tensor € (see e.g. [CIAS8S]).

Another useful model is the Rivlin model [RIV48|, in which the strain energy function is expressed
as a polynomial series. For incompressible materials it reads

W= Y Ci(ir—3) (i —3) (2.44)
i=0,j=0

in which Cpp = 0 (normalization condition), and for compressible material

W= 4_02_0 Cij (i1 — 3)" (i2 — 3)” + ; Dy, (det (F) — 1)% (2.45)

From the energy defined by Eq. (2.44), one can obtain different known models in the literature

e Neo-Hooke model

W = Cyo (i1 — 3) (2.46)
e Mooney-Rivlin model
W = Cio (i1 — 3) + Co1 (i2 — 3) (2.47)
e Yeoh model
W = Cig (i1 — 3) + Cao (i1 — 3)* + Co (i1 — 3)° (2.48)

Finally, a model suitable for describing the behavior of incompressible (rubber-like) material is
the Ogden model [OGD84, HOLOOb|, in which the strain energy is defined as

n
w=3" % (AZE 4+ AZE 4 ASF — 3) (2.49)
k=1 F
where \;, i =1,...,3 are the principal stretches.

All the strain energy densities defined in this section are adapted to describe the behavior of
some specific isotropic materials and each of such energies is more or less adapted to fit experimental
evidences on real materials. Indeed, the choice of the constitutive expression to be used to model
a given material must be based on the correct fitting of the available experimental data. In such
sense, the constitutive choice of the energy can be seen as the “engineering effort” to model at best
the behavior of the considered system. Nevertheless, one is not always guaranteed that an arbitrary
choice of the constitutive relation for deformation energy always gives rise to a well posed problem.

A huge amount of work is available in the literature to establish some conditions which ensure
existence and sometimes uniqueness of the solution for differential problems stemming from defor-
mation energies. The convexity of the strain energy function with respect to F would render the
mathematical analysis of the associated minimization problem very simple (see e.g. [CIA88|). Nev-
ertheless, such requirement is too strict to lead to the choice of energies which are realistic enough
to model materials which rather complicated behaviors (see e.g. [CIA88]). It is for this reason that
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CHAPTER 2. FIRST GRADIENT THEORIES 41

weaker requirements (policonvexity, rank-one convexity) have also been introduced for the strain
energy function which can still guarantee well-posedness of the associated differential problem (see
e.g. |[CIA8S8|). It is sometimes hard to look for an energy which satisfies such requirements and which
fits well the experimental data. In such cases, one could try to rely on some theorems which state
that if a suitable second gradient energy is added to a generic first gradient energy, then the resulting
problem can be considered to be well posed. In the remainder of this manuscript we will adopt this
latter strategy to reach the compromise of modeling at best the available physical phenomena and,
at the same time, having good possibilities of dealing with a well-posed problem.

2.4 Variational Deduction of the Equations of Motions

The action functional for a first gradient continuum is defined as

T
A= /O BOW(s) (2.50)

where W is the Lagrangian strain energy density defined per unit volume which possesses the features
itemized in the previous section and e is the Green-Lagrange strain tensor defined by Eq. (2.13).
In order to calculate the equations of motion for the considered continua, one must compute the
first variation (denoted as 0.4) of the action functional and impose it to be equal to zero. This
equations consist in bulk equation and duality condition, which must be satisfied in the domain
of the continuum body and on its boundary respectively. So, by assuming suitable kinematical
regularity for the field expressed by the placement function 'x, one can write the first variation §.A

M:/OT/BO @Vf\as) (2.51)

where the symbol | stands for the scalar product between two tensor of the same order®. For
notational convenience, we set

oW oW
=9 =% STy

Since the tensor H is symmetric, by recalling the Eq. (2.13), one can easily check that

S = Sji . (2.52)

Then, integrating by part Eq. (2.51) and remembering that Fj; = x4 j, one obtains

T T
0A = —/ / (Siiji),j OXE —l—/ / (SiijﬁXk),j (2.54)
0 Bo 0 By

and using the divergence theorem

T T
0A = —/ / (Siiji)J 5Xk + / / Siijmjéxk . (2.55)
0 Bg 0 0B

From this last expression for §.A, recalling that dx = du and assuming that the test functions
are arbitrary in the volume, it can be checked that the condition 6.4 = 0 implies the bulk equation

Div <F - ?:) 0 (2.56)

31Let for example A and B two four order tensors of component A;;n, and Bjjnk, respectively. Their scalar product
is deﬁned as A |B = Aijhk Bijhk .
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and the duality conditions
t-ou=0. (2.57)
in which the quantity t is linked at the strain energy function through the relation

e (5 s

Here no external action has been considered but its inclusion in the theory is straightforward,
especially if it can be derived from a potential energy.
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Chapter 3

Continuum Mechanics Preliminaries:
Micro-structured Continua

It is known that every material is heterogeneous if one looks at sufficiently small scales. It is hence
often interesting to introduce models accounting for the presence of the microstructure and which
are suitable for describing the real material behavior. The first gradient theory, presented in the
previous chapter, is not able to take into account some macroscopic manifestations of particular
microstructures and then in this chapter we want to highlight the existing so called continuum
micro-structured theory.

The introduction of generalized continuum theories dates back to Piola [PI046, PIO14| who
was the first to use second and N-th gradient continuum theories to account for microstructure-
related long-range interactions. Then other authors continued to develop generalized continuum
theories (see Germain [GER73a| for second gradient theories, Mindlin and Eringen [MIN64, ERI64a,
ERI64b, ERIO1| for micromorphic theories, Cosserat [COS09| for particular generalized theories
only accounting for rotation of the microstructure) giving rise to a flourishing research activity.
In addition to these references, more recent and interesting results can be found e.g. in [FORO06,
NEF06a, NEF06b, NEFO07].

In the first part of this chapter, following [ERIO1]|, we present the basic kinematics of the micro-
structured continua in the framework of nonlinear regime. Then, we present the linear theory of
micro-structured materials proposed by [MIN64]. Motivated by the large number of material con-
stants which are present in Mindlin’s micromorphic model, we present a particular simplified version
of it which is valid for the isotropic, linearized case, following the spirit of [NEF13]. Finally, start-
ing from this last simplified version of micromorphic model, we show how, by introducing suitable
constraints, it is possible to obtain second gradient theories from micromorphic ones. Moreover, we
propose another particular micromorphic model called “relaxed micromorphic model” introduced in
[NEF13], which has been proven to be the simplest possible micromorphic model which needs to be
considered in the linear, isotropic case, to guarantee well-posedness of the associated Euler-Lagrange
equations. In order to get familiar with the procedure of obtaining a particular generalized theory
by constraining a more general one with suitable constraints, we also show how a Cosserat contin-
uum theory can be obtained by constraining the relaxed micromorphic model. Finally, to the sake
of completeness, we also show how the equations of motion in strong form can be obtained for a
micromorphic continuum by using variational arguments.

The tools which are presented in this chapter are well established in the literature and the
constitutive choices made here for presenting them consists of very simple energy densities (often
isotropic and linearized case). Nevertheless, the core message which we want to transmit to the
reader is basically focused on the procedure of obtaining a particular generalized theory starting
from a more general micromorphic one. This procedure, suitably readapted for the more complicated
cases considered thereafter, will allow us, in the following, to obtain the hyperelastic, orthotropic,
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CHAPTER 3. MICROMORPHIC MEDIA

second gradient model which is needed for modeling fibrous composite reinforcements as a particular
limit case of a more general micromorphic model. As it will be better pointed out in the chapter
concerning the constitutive second gradient modeling of fibrous composite reinforcements, the tool
which will be used to impose the needed constraints in the considered micromorphic model will
be that of using suitable Lagrange multipliers. In this chapter, we refrain to present the theory
of Lagrange multipliers which is indeed well established in the literature (see e.g. [FER13]) and
we limit ourselves to make some considerations about the behavior of the considered micromorphic

model when considering suitable limit cases.
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CHAPTER 3. MICROMORPHIC MEDIA 45

3.1 Kinematics

In the classical Cauchy continua, as we have seen in the previous chapter, a continuum body is
seen as a set of material points which interact by means of simplified internal contact actions.
This type of mathematical idealization, which is suitable to give a global description of numerous
experimental evidences, however, is not always able to take into account the microstructure of the
materials which is evident when one look at a given characteristic length-scale. Then, in order to
take into account the effect of such microstructure on the overall mechanical behavior of considered
micro-structured materials, we present in this section (and in general in this chapter), what is called
theory of micromorphic continua. Also in this theory a continuum body is regarded as a set of
deformable material points, but the embedded microstructure is accounted for by the introduction
of suitable additional kinematical fields. In particular, the deformability of the material points, as
proposed in |[ERI64a, ERIO1], is taken into account by replacing the classical deformable particle by
a geometric point P and a set of vectors E,, a = 1,..., N, which account for its inner structures.
So, both the geometric point P and the vectors E, posses their own motion. A continuuum of this
type is called microcontinuum of grade N, but in this manuscript we focus the attention only on
the case N = 1.

3.1.1 Motions

As in the previous chapter, we call By and B the Lagrangian and the Eulerian configuration of the
body. The deformable material point P (X, Z), in the reference configuration, is characterized by
its centroid C' (indeed, as in classical Cauchy theory a material point is seen as a small elementary
volume of the considered continuum) and by the vector E attached to it (see Fig. 3.1). The centroid
is labeled as X (respectively x) in the reference (current) configuration; similarly the vector attached
to it is labeled as E (respectively &).

Figure 3.1: Lagrangian and Eulerian configurations of the micromorphic continuum.

The classical placement function, that in this case map the centroid of the material point from
the reference configuration to the current configuration

x = x (X, 1) (3.1)

must be complement by the microplacement

£=¢(X,E 1) (3.2)
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CHAPTER 3. MICROMORPHIC MEDIA 46

which maps the vector attached to the centroid from the reference configuration into the current
one.

Since the deformable material particle is considered small with respect the macroscopic scale of
the body, then a linear approximation is generally assumed for the microplacement

E=v(X,t)-E, § = i;E; (3.3)

where 9 (X, t) is a second order tensor often called microdeformation tensor.

Following [ERIO1], a material body is called micromorphic continuum of grade one if its motion
is described by (3.1) and (3.3), which are of class C' with respect to the variable X and t and
uniquely invertible

X =x"1(X,t
—_ X_l ( : (3.4)
Similarly to what done in the previous chapter for the first gradient theory, we require that
det (Vx) > 0 (3.5)
and in addition
det (1) = 1/det (¢p~ 1) > 0. (3.6)

The two conditions expressed by the Eq. (3.5) and (3.6) ensure the physical assumption of con-
tinuity, indestructibility and impenetrability of matter. In addition, the three independent directors
®,; are transformed into three independent directors ¢;

b5 = Vi (X, t) ag,

®; = (X, ) A (3.7)

in which A; and a; (i = 1,2, 3) are the components of suitable Cartesian unit vectors in the reference
and current configuration, respectively. Then, it is worth noting that a material point possesses, in
addition to the three usual translations, three deformable directors which represent the additional
degrees of freedom that are able to take into account the deformation of the microstructure.

3.1.2 Polar Decomposition for the Microdeformation Tensor

The polar decomposition presented in the previous chapter for the deformation gradient still holds,
but in a similar way one can perform the polar decomposition for the microdeformation tensor

b-—R-U=V.R (3.8)

where R is an orthogonal tensor (ie. R™' = R” and det (R) = 1) called microrotation tensor
and U and V are symmetric and definite positive matrices called right and left microstrech tensor,
respectively.

3.1.3 Definition of Different Type of Continua

By imposing particular constraints on the microdeformation tensor one can define particular class
of micro-structured continua. Here, following [ERIO1|, we recall, as an example, the definition of
two of the most famous types of microstructured continua. A systematical presentation of different
classes of micro-structured continua can be found in [FOR06.
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3.1.3.0.1 Microstretch Continua A microstretch continuum is a micromorphic continuum
constrained to undergo microrotation and microstretch (expansion and contraction) without micros-
hearing.

3.1.3.0.2 Micropolar Continua A micropolar continuum is a micromorphic continuum in
which the director are orthogonal and rigid, so that the microdeformation tensor consists only
in a microrotation.

Such particular cases of constrained generalized continua can all be rigorously obtained by im-
posing precise kinematical constraints on the introduced set of kinematical parameters. We refrain
here to extensively show here how such model are obtained from a general micromorphic model,
but we will show analogous procedures in the remainder of this chapter to obtain a second gradient
theory from a general micromorphic one and a Cosserat theory from a relaxed micromorphic one.

Then, one can summarize the situation in this way

e A micromorphic continuum is a classical continuum that possesses additional degrees of free-
dom represented by deformable directors;

e A micromorphic continuum in which the directors are stretchable but not shear-deformable is
called microstretch continuum;

e A micromorphic continuum in which the directors are rigid is called micropolar.

3.2 Micro-strucure in Linear Elasticity: Mindilin Theory

Once the kinematical framework which is needed for describing the mechanical behavior of mi-
crostructured materials via a continuum micromorphic theory is introduced, then one needs to deal
with the problem of the conception of suitable constitutive laws which are able to account for the
behavior which is peculiar of each microstructured material. The problem of choosing constitutive
laws which are representative of real material behaviors is not trivial and passes through the intro-
duction of suitable deformation measures. We will present in the following chapters constitutive laws
which are suitable for the description of the mechanical behavior of orthotropic micro-structured
materials at finite strains which are suitable for the study of the mechanical behavior of fibrous
composite reinforcements. Nevertheless, to the sake of conciseness and in order to focus on the main
objective of this chapter which is to introduce micromorphic theories and to show how they can be
suitably constrained to obtain more particular generalized theories, we limit ourselves to introduce
here some argumentations based on the constitutive modeling of materials under the assumption of
small strains. To this aim, it is of interest the presentation of the linear theory of micro-stuctured
continua that has been introduced by Mindlin in 1964 [MIN64|. The interest of this presentation
lies in the fact that

e the linear model possesses a paradigmatic structure that can be useful for a simpler compre-
hension of the nonlinear one since the mathematical complexity introduced by nonlinearities
is avoided;

e the linearized case allows to familiarize with the process of obtaining particular generalized
continuum theories by constraining more general micromorphic theories

e the linear model is suitable for the description of a wide range of physical phenomena.
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3.2.1 Kinematics and Lagrangian Deformation Measure

The kinematics of the model introduced by Mindlin in [MIN64] is the same presented in the previous
paragraph. Then, the classical placement map x (X, t) is complemented by a second order tensor
field P (X, t), which accounts for the deformation associated with the microstructure of the medium.
So, the degrees of freedom of the system becomes 12, in spite of the 3 classical degrees of freedom
present in Cauchy continua.

The Lagrangian strain measures introduced by Mindlin are of the type!

1 1
E=g (Vu+ vu’), Eij = 5 (uij + i), macro strain
~y=Vu-P, Yij = ui; — B , relative microdeformation (3.9)
k=VP, Kijk = Pijk, gradient of microdeformation

in which u = x — X is the classical macroscopic displacement field. The tensor E is the classi-
cal linearized macro deformation strain tensor, the tensor < accounts for the relative micro-macro
deformation and, finally, k is the gradient of the microdeformation.

3.2.2 Kinetic and Potential Energies

Let us denote by p and n the macroscopic and microscopic mass densities defined per unit of macro
volume, then the kinetic energy-density defined by Mindlin is of the type

1 1 ) 1 1
T= 59!\U,t|l2+§nH¢,tH o T=gouiguig+ 5n Pigy Py (3.10)

in which ||-|| stands for the norm induced by the scalar product? in R and in R3*3, respectively.
Since the second order tensor P is dimensionless the coefficient 1 has a dimension of a bulk density
times a square of a length. Then, if ¢’ is the true density of the microstructure one can write the
microscopic mass densities as

n=1%0, (3.11)

where [ is a characteristic length which can be directly associated to the characteristic size of the
microscopic inclusions embedded in the considered micro-structured material (see]MIN64]). It is
important to note that in the definition of the kinetic energy we have considered a micro-structured
material that possesses only one characteristics length. A more general form of the energy, account-
ing for a wealthy of characteristic lengths /;; and hence for more complicated microstructures, in
considered in Mindilin [MIN64| and is of the type

1 1
T= 20 Ui Ui + 5 70ij Prit Prjt, (3.12)

where 7;; = l%g’.
The general form of the strain energy density is a function of the 42 kinematical variables E;;, v;;
and KRijk
W = W(E,’}’,K,) = W(Eijaryija’%ijk) (313)

and it is defined for unit of macro volume.

We consider here a microdeformation tensor P which is the transposed of the the microdeformation tensor
introduced by Mindlin. This choise is related to the used convention about the differentiation of considered tensor
fields.

2Let a,b € R? two vectors and A,B € R?® x R? two second order tensors. We denote here and in the sequel the
scalar product in R? and in R**® as (a,b)ys = a;b; and (A, B)yaxs = A |B = A;;Byj.
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3.2.3 Variational Deduction of the Equations of Motion in Strong Form

Let T € R™ and By the reference (Lagrangian) configuration of the considered continuum. The
equations of motion for a linear micromorphic continuum will be derived through the Hamilton
Principle which states that the motion of a dynamical system subjected to conservative loads make
minimum the Hamiltonian functional

H= /T (T =W + Wext) (3.14)

with respect to all kinematically admissible motions that lead the system from the initial position to
the final one in the same interval of time [0,T]. In the Hamiltonian functional expressed by Eq.
(3.14), the symbols T and W stands respectively for the total kinetic and elastic potential energies
which expressions are defined by

7=/ T
Bo (3.15)

W = w
By

where T' and W have been defined in (3.10) and (3.13) respectively and Wy, represents the potential
of the external loads.
The minimization condition for the action functional (3.14) can be written as

T
§H = / (6T — 6W 4 Wext) = 0 (3.16)
0

from which one can derive the equations of motion as done below. The variation of the kinetic terms
expressed by Eq. (3.10) can be written as

T T T
/ 5T:/ 6T = —/ / (ou;0ui s + 1nPij 0 Pij i) (3.17)
0 0 Bg 0 By

that integrated by parts with respect to the time variable ¢ becomes

T T T
/ (57’:/ 0T = —/ / (oui edu; + 1nP;j 16 Pij) (3.18)
Bo Bo

in which the conditions du;|,_q = dui|,_p = 0 and §P;|,_, = 0P;;|,_, = 0 has been accounted for.

Analogously, for the elastic potential energy, which is given by Eq. (3.13), one can write

/m //Baw //B< |5E+8—W\5 +8VV|51<;> (3.19)

For notational convenience, we will set

oW _ 1 o W
8E 9 1] aE,LJ Jv

— —l (3.20)
87 ’ “ 8’72] )
ow ow

Mzﬁv F‘ijkzﬁzﬂjik

Recalling the definition of E from the first line of Eq. (3.9) and using the fact that o is symmetric,
it is easy to check that

g |5E =0 |6Vu N O'ijéEij = O'Z'j(S’LLZ'J. (321)
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With the notations given in Eq. (3.20) using Eq. (3.21) and the definition of « (3.9), one can
check that Eq. (3.19) becomes

T T T
/ 5W = / / 5W = / / (aijéuiyj + Tij (5ui7j — 533) + Nijk(spij,k) N (3.22)
0 0 Bo 0 Bo

which integrated by parts reads

/OT oW = /OT /BO oW Z/OT /BO {[(Uz’j + 7ij) Oug] ; — (045 + Ti5) ; Oui (3.2

— (7ij + Mijr k) OPij + (Mijképij)7k} :

By using the divergence theorem, Eq. (3.23) is transformed into

T T
/ oW Z/ oW = —/ (0ij + 7ij) ; Ous —/ (Hijie g + 7ij) 0P
0 0 BO Bo BO
+/ nj (045 + Tij) Ou +/ HijkMk0 P,
6B() 630

in which n; (or ny) are the components of the unit normal vector n to the boundary surface 9By.
Following Mindlin [MIN64] we assume that the variation of the energy due to the external loads
takes the form

(3.24)

T T
/ Weoxt = / Wext = / b?Xt(Sui —I—/ @f}‘t(SPij + / t?Xt(Sui +/ ﬂert(SPij, (3.25)
0 0 B() B() B() 8B0 630

in which b$** is the external body force per unit volume, t** is the external surface force per unit
area, @‘fj’-‘t is the external double force per unit volume and 7}‘}“ is the external double force per unit
area (see [MING4| for further details) .

So, by substituting Egs. (3.18), (3.24) and (3.25) in Eq. (3.16) one finally obtains

T T
/ / [(Gij = 7ig) g 07— Q“i’”} Ou; + / / [ijk e + i + @5 = nPiju] 0Py
0 Bo 0 BO

T T
—|—/ / [t?Xt —n; (Uij + TZ‘]‘)] ou; —l—/ / [T;}Xt — /%'jknk] 5Pz‘j =0
0 0By 0 dBo

from which, by assuming arbitrary variations of the introduced kinematical fields du; and 0 P;;, one
obtains the bulk equations with associated natural boundary conditions in terms of components

(3.26)

(0ij + 7i3) ; + b7 = ouiu

ow
o L P — P
lul‘]k,k: a/_)/l‘] 1) n 17,tt (327)
ng (035 + i) = 7
pijpne = T3

or in compact form

Div (o +7) + b™" = puy
Div (p) + 7 + @™ = P 4
(6 +7) n=t>"

p-m = T

(3.28)
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The tensors o, 7 and p represent the Cauchy stress, the relative stress and the double stress,
respectively. It is worth noting that differently from first and second gradient theories in which the
only kinematical field is the displacement field, here the kinematical variables are the displacement
field u and the components of the microstructural tensor P. So, the scalar equations of motion are
augmented in a number that equates the one of the new kinematical variables.

3.2.4 Constitutive Equations

The general form of the potential energy presented in Mindlin [MIN64] is an homogeneous quadratic
function of the 42 variables E;;,v;; and k;j;, and it is of the type?

1 1 1
W = 5 Ciikl E;j By + ibijkl Yij Vil + 3 ighlmn Kijk Kimn

+ dijkim Vij Kkim + fijkim Kijk Eim + giji Yij Er-

(3.29)

In Eq. (3.29) there are 1764 scalar coefficients but only 903 of them are independent due to the
symmetries of the introduced strain and micro-strain tensors. The isotropy of the material reduces
again the number of independent constant at 18(see [MING64]), so the potential energy expressed by
the Eq. (3.29) reduces to

1 1 1 1
W= A Eii Bjj + p Eij Eij + 501 % 755 + 5b2 %5 Yig + 508 %is Vi
+ 91 vii Ejj + 92 (Vij + vji) Eij + a1 Kik Kijj + a2 Kik Kjkj

1 1
+ 53 Kiik Kjjk + 504 Kijj Kikk + as Kijj Kkik + 548 Hiji Fikjk (3.30)

+ §a10 Rijk Kijk + Q11 Kijk Kjki T 56113 Kijk Kikj + §CL14 Kijk Kjik

+ §a15 Kijk Kkji-

Such expression of the strain energy density is rather simplified with respect to the general one
introduced in Eq. (3.29). Nevertheless the number of constitutive parameters is still elevated, so
that we follow [NEF13| and introduce an ulteriorly simplified micromorphic strain energy density
which reflects, at least qualitatively, all the features of the classical micromorphic model of Mindlin,
but drastically reducing the number of constitutive parameters from 18 to 6.

Ae A
W = jie lsym (Vu = P)[* + 5 (tr (Vu = P))* + oy [lsym (P)[* + 5 (x () aa
+ e ||skew (Vu — P)||2 + % IVP|2.

Suitable identification of the coefficients proposed here in terms of the ones introduced by Mindlin
can be found in [MAD13|.

3.3 Relaxed Micromorphic Continuum and Constrained Micromor-
phic Models

In this section we introduce the relaxed micromorphic energy proposed in [NEF13| which is the
simpler micromorphic energy which can be introduced in order to prove existence and uniqueness of

3We recall once again that the microdeformation tensor P used in this manuscript is connected to the tensor
used by Mindlin via the formula P;; = ;; so that the tensor & introduced here has its two first indices inverted
with respect to the one used by Mindlin. This implies that, in order to correctly identify the constitutive coefficients
introduced here with those used by Mindlin, one must account for these slight differences.
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the associated Euler-Lagrange equations. Moreover, we will show how, imposing suitable constraints,
it is possible to obtain particular generalized models (like second gradient and Cosserat models) from
the classical micromorphic model and the relaxed micromorphic model respectively.

3.3.1 Notation

In order to make reading easier we declare here the notation adopted in the following paragraphs.
This notation is the same adopted in [NEF13], in order to avoid confusions in the reader.

Let a € R? a vector and A € R? x R? a second order tensor. We define the standard divergence
and curl operators for vectors and second order tensors as

Div (a) = a;j, (Curl (a))z = Qg b€iab

. 3.32
(Div (A)); = Aijj,  (Curl(A));; = Ajap€jan e

where € is the Levi-Civita tensor. The gradient operator for vectors and tensors is the same adopted
in the previous paragraphs.

In addition, we denote the symmetric, skew-symmetric, spheric, and deviatoric part of a tensor,
respectively, as

sym (A) = % (A+AT), skew(A) = % (A~ A7),
! (3.33)
sph(A) = gtr (A)I, dev(A)=A —sph(A),
or equivalently
(sym (&) = 5 (A + Az, (skew (A))y; = 5 (A — Aji). s
(sph(A));; = %Akk% (dev (A));; = Aij — (sph (A)),;,

where 0;; is the Kronecker delta and I is the identity matrix.

3.3.2 The relaxed Micromorphic Energies

The kinetic energies in the relaxed micromorphic model is of the same type of one presented by the
Eq. (3.10). Instead, the authors in [NEF13| proposed the following strain energy density

W = e lsym (Y — P+ 55 (6r (Vi — P))2 4 g fsym (P + 32 (or (P))2 +
(3.35)

+ pe [[skew (Va = P)|[* + 5 || Curl (),

in which all the introduced constitutive coefficients are assumed to be constant. It is important to
note, as highlighted by the authors in [NEF13|, that in Eq. (3.35) appears an energy term involving
the curl of the microdeformation tensor P, instead of its gradient as done in the classical models
(see Eq. (3.31)). This choice allows, among others, for the description of frequency band-gaps (see
[MAD13| for details) which are observed when considering wave propagation in phononic crystals
and lattice structures. The interesting aspect of this constitutive choice is that the structure of
the proposed strain energy density is the simplest possible which is needed to prove well-posedness
of the associated Euler-Lagrange equations by means of arguments related to Legendre-Hadamard
ellipticity of the Energy itself (see [NEF13]). Positive definiteness of the potential energy implies
the following simple relations on the introduced parameters [NEF13]

e >0, e >0, 3e + 2pe > 0, pp >0, 3+ 2up >0, e > 0. (3.36)
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One of the most appealing features of the energy proposed by the authors in [NEF13|, is the
reduced number of elastic parameters which are needed to fully determine the mechanical behavior
of a micromorphic continuum. Indeed, as showed by the same authors [NEF13|, each parameter can
be easily related to specific micro- and macro-deformation modes.

3.3.3 A second gradient model obtained as a limit case of a classical micromor-
phic model

As said above, the strain energy function expressed by Eq. (3.31) is the simpler one that reflects (at
least qualitatively) the classical micromorphic model of Mindlin. In this section we want to show
that such classical micromorphic model contains in itself a second gradient model when one consider
a suitable limit case. More precisely, if one let simultaneously pe — 0o and p, — oo in Eq. (3.31),
since the energy must be bounded, this implies that

sym (P) — sym (Vu),

3.37
skew (P) — skew (Vu), (3:37)
so, we finally have that
P — Vu (3.38)
and the strain energy function expressed by thus becomes
_ 2 An 2, Qg 2
W Wag (Vu, TVu) =y [sym (V)]? + 2 (1 (Vw)? + 52 [ 9Vl (3.39)

which is a function of the first and second gradient of the placement.

We have hence proven by simple arguments that if one is able to impose suitable constraints
on the extra degrees of freedom which are peculiar of a micromorphic theory then more particular
theories can be easily derived as particular cases. This type of procedure will be applied in the
remainder of this manuscript in order to numerically implement a second gradient theory as the
limit case of a micromorphic one.

3.3.4 A Cosserat model obtained as a limit case of a relaxed micromorphic
model

In a similar way, one can obtain another well-known model starting from the relaxed micromorphic
energy introduced above in Eq. (3.35). In particular, by letting pj, — oo, since the energy must be
bounded, one equivalently obtain

sym (P) — 0, (3.40)
and then

tr (P) — 0. (3.41)

These two last equations imply that the relaxed energy (3.35) degenerates into the Cosserat one

Ae
W — Weosserat (Vu, skew (P)) = pe ||[sym (Vu)||2 + 5 (tr (Vu))2 (3.42)
3.42
+ pie |skew (Vu — P)||2 + % |Curl (skew (P))|2.

As a general remark, we want to stress, once again, the fact that a rigorous but simple procedure

based on suitable constraining of micromorphic theories can lead to some other more particular
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generalized theories as limit cases. The operative way in which such constraints can imposed may
be different: one can, for example, think to let some elastic parameters to infinity, as done here, or
can use the well-known method of Lagrange multipliers (see e.g. [FER13|). In the following chapters,
when introducing a second gradient model for fibrous composite reinforcements, as the limit case of
a suitable micromorphic model, we will choose to use the method of Lagrange multipliers to impose
the desired constraints. This choice is related to the fact that we found more convenient this last
strategy to implement the constraints in the numerical code.
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Chapter 4

Continuum Mechanics Preliminaries:
Second Gradient Theory

In this chapter we recall some well-established facts about second gradient theories. In particular, we
introduce the definition of second gradient continuum and we find the general equations of motion in
strong form for a hyperelastic, second gradient material. The main scope of this chapter is to show
that second gradient theories can indeed be obtained both as constrained micromorphic theories but
also by means of direct variational principles based on a standard kinematics which accounts for the
displacement field alone.

In summary, we want to underline the fact that two possible strategies are possible to deal with
second gradient continua

e Directly use a constrained kinematics uniquely based on the macroscopic displacement field
and then consider higher gradients of the displacement in the strain energy density (this is the
strategy described in this chapter).

e Start from a richer kinematics (as done for micromorphic media) and then impose suitable
constraints on the extra kinematical descriptors in order to obtain the desired second gradient
model as as a limit case (see what done in Chap. 5).

Which of the two strategies has to be used to deal with the application of a second gradient theory
is a matter of convenience. In this manuscript we report all the available possibilities to the sake
of a complete description of generalized continuum theories. As it will be seen in the following, we
will privilege the second strategy in order to deal with the application of second gradient theories
to fibrous composite reinforcements. This choice was dictated by two advantages:

i) micromorphic theories are more suitable for an easier physical interpretation of internal
and external internal actions related to microstructure and

ii) micromorphic theories are more convenient to be treated from a numerical point of view
since the differential system of associated Euler-Lagrange equations is of lower order with
respect to second gradient case.

Notwithstanding the previous considerations, we want to stress the fact that the correct continuum
framework which we found to be well-adapted for describing the mechanical behavior of fibrous
composite reinforcements is the one of second gradient theories.
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CHAPTER 4. SECOND GRADIENT THEORIES o7

4.1 Nonlinear Second Gradient Models

The kinematics that has to be introduce when one wants to deal with second gradient continua
is the same introduced in the first chapter for the first gradient theory. Then, this kinematics
is described by the usual placement function x (X,¢) which associates at any material point that
occupies the position X in the reference configuration By its current position x in the current one.
The characteristic which makes a second gradient theory different from a first gradient one is the
fact that the strain energy density is a function not only of the Green-Lagrange strain tensor € but
also of its gradient Ve (that is a third order tensor). In formulas, one have

W =W (e, Ve). (4.1)

In the following subsection we derive the equations of motion for a second gradient continuum
in which the strain energy function is defined by Eq. (4.1) also considering the possible presence of
surfaces of discontinuity inside the considered medium (e.g. the considered domain is constituted
by two different materials).

4.1.1 Variational Deduction of the Equations of Motion

Let T € R™ and By be the reference (Lagrangian) configuration of a body. The action functional
for the considered second gradient continuum is defined as

T
A= /0 . W (e, Ve), (4.2)

in which W is the Lagrangian strain energy density defined per unit volume, € is the Green-Lagrange
strain tensor defined as

1 1
€= (FIF-1I), &= 5 (FinFij = di) (4.3)
where 0;; stands for the Kronecker delta and F denotes the gradient of the placement function (i.e.

F = Vx).

In order to calculate the the stationary points of the action functional, one must compute its
first variation (denoted as 0.4) and impose it to be equal to zero. This allows to determine the
Euler-Lagrange equations and the associated duality conditions, which represent the equilibrium
equations that must be satisfied in the bulk and at any (eventual) surface of discontinuity. So, by
assuming that the kinematical field expressed by the placement function x is suitably regular, one
can write the first variation of the action functional as

T oW oW

For notational convenience, we set

S = 87W, Sij = 8W’
Oe 8%« A5
oW oW (4.5)
aVEZ’ ik = 85ij,k’

that, naturally, are a second order and a third order tensor, respectively. The tensor H is symmetric
and the tensor H is symmetric with respect to its first two indices, so, with these two symmetry
properties and by recalling Eq. (4.3), it can be checked that

S|0e =S |(FT - 6F), Sijoeij = SijFrid Fyj, (4.6)
S|6Ve =S|V (6FT - F) , Sijk0€ijk = Sijk (0FniFhj) . - |
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Integrating by part Eq. (4.4) a suitable number of times and remembering that F = Vx, one

T T
—/ / [(Sij — Sijp.p) Fral j Oxk + / / [(Sij — Sijp.p) Fribxr]
0 B() 0 BO

T
+ / [SijpFrj0Fril ,
0 By

By using the divergence theorem and by considering test functions with compact support K
included in By that have non-empty intersection X with a (possible) discontinuity surface ¥ (see
[DELO09a| for more details), the previous equation implies

T T
= —/ / [(Sij = Sijpp) Fril 5Xk+/ / [(Sij = Sijp.p) Frinox]
0 K 0 YK
T
+ / / [SijpFrjrpdx,il
0 YK

in which n; is the component of the unit normal vector n to the surface Y¥x and the symbol
[a] := a™ — a~ stands for the jump of any field a on a surface (here) or, with a slight abuse of
notation, also on an edge (after). The last term in Eq. (4.8) involve the quantity Vdx which can
be decomposed by projecting it in the normal and in the tangential direction of the surface as

obtains

(4.7)

(4.8)

Véx = Véx - (n®@n) +Véx - (I-n®n) = (§x), ®n+ VZx (4.9)

in which the symbol (a),, := V (a)-n stands for the normal derivative of any field a, while the symbol
V*>a stands for its surface gradient. In what follows, in order to distinguish the surface gradient
from other differentiations defined on the whole domain, we will use Greek letters. In particular, we
set (Vza)a =:a4. So, by using this decomposition, Eq. (4.8) becomes

T T
—/ / [(Sij — Sijpp) Fril ; Oxk +/ / [(Sij — Sijp.p) Frinjoxx]
0 JK 0 Jyg

T T
+ / / [SijpFrjning ((6x),),] + / / [SajpFrjnpdxk,al -
0 EK 0 EK

Integrating by parts of the last term of Eq. (4.8) and using the surface divergence theorem, one
finally obtains
T T
—/ / [(Sij = Sijpp) Fril 5Xk+/ / [(Sij = Sijp.p) Frinjdxs]

//EK (SajpFrjnp) o 5Xk / / [SijpErjning ((6x),,) ] (4.11)

5> [ [ BaFismool
i=1 g

in which &, i=1,...,N are the edges of the surface ¥ i and v, is the component of the normal
v to the border of Y.

From this last expression for d.A, recalling that H is symmetric with respect to its first two
indices, that dx = du and assuming that the test functions are arbitrary in the volume but not
necessarily on the (eventual) discontinuity surface, it can be checked that the condition 4.4 implies

the bulk equation
. ow . [ OW
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and the duality conditions

[t - du] =0,
[7 - (6u),] =0, (4.13)
[f - ou] = 0.

The first two duality conditions of the Eq. (4.13) are valid on any (eventual) discontinuity surface
Y C By and the last one on its (eventual) edges &, ¢ =1,...,N. The quantities that appear in
Eq. (4.13) are linked to the strain energy function by means of the following relationships

e (7 o (YWY ] n i (. Y
t:= [F (a DW(@VE))] n — Div (F Ve n),

e
ow

T = <F8Vsn> -1, (4.14)
ow

in which Div® (-) stands for the surface divergence operator.The vector t represents the so-called
“generalized force” which, contrarily to what happens in classical Cauchy theory, explicitly depends
on the “shape” of ¥.. Moreover, following the notation introduced by Germain [GER73al, the vector
T is the so-called “double-force”, i.e. a special type of non-local contact action which expends power
on the normal derivative of velocity. Finally, f represents a contact action per unit line which can
be exchanged by two sub-bodies of the considered body across the edges (if any) of the Cauchy cut.

Here no external actions have been considered but their inclusion in the theory is straightforward,
especially if they can be derived from a potential energy.

4.2 Constitutive Equations for Second Gradient, Isotropic Continua

In this section, we introduce some constitutive relations for isotropic second gradient continua. These
equations can be used to describe the material behavior of microstructured materials, such as fibrous
composite reinforcements, which can take advantage of a second gradient description. The introduced
constitutive equations take into account geometrical non-linearities (since the deformation measure
is the Green-Lagrange strain tensor) but not material non-linearities.

In [DEL09| dell’Isola et al., propose a generalization of the Hooke’s law for second gradient
materials and establish a relation between the generalized stress (named above as S and S) and
the strain and strain gradient (e and Ve respectively). The constitutive relations expressed by the
Eq. (4.5) are assumed to be linear with respect to the strain measures and, then, the stored elastic
energy is assumed to be a quadratic form of both its arguments. In formulas

1
W (e, Ve) = 3 (Cijki €ij €kl + 2Kijkip €ijk €ip + Gijkipg €ijk €ip.g) (4.15)

where C, K and G are fourth-, fifth- and sixth-order tensors respectively, which satisfy the following
symmetry conditions
Cijkt = Chiijs
Kijrip = Kipijk, (4.16)
Gijklpq = Glpqijk-

Moreover, in [DEL09] it is shown that the symmetry of the Green-Lagrange strain tensor induce
on the tensors introduced above, other additional symmetries
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Cijkt = Cijik = Cjikts
Kijrip = Kjikp = Kijkpl, (4.17)
Gijklpq = Gjiklpq = Gijkplq-
So, with the definition of the energy (4.15) and using Eq. (4.5), the relation between generalized
stress and strain, becomes

Sij = Cijkl €kt + Kripij €kt ps

(4.18)
Sijk = Kijkip €1p + Gijkipg Eip,q-
By requiring that the energy satisfies frame indifference by means of the relation
W (gij, €iji) = W (Qni €ij Qmgs Qni Enmmn Q@mj @nk) » (4.19)

for all orthogonal tensors Q, in addition to the conditions (4.16) and (4.17), the authors obtain the
generalized Hooke’s law for isotropic second gradient materials in the form

Cijrt = A 6ij g + p (8ir 651 + 041 Ojic)
Kijkip =0,
Glijkipg = 2 (8ij Ot Opgq + 0ij Okp O1q + dik 0jq S1p + Giq Oji O1p) + €3 0ij Org dip (4.20)
€5 (81t 80 Ong + 01t i O1g + 055 O Ong + Gip By O1g) + €11 (5 B kg + Oip 81 Okg)
Y15 (651 810 Sop + Sip O30 Ont -+ Biq S50 Sty + 610 Sy S1)

These equations provide the most general linear elastic constitutive relations for isotropic materials.
Such relations generalize standard Hooke’s law to second gradient materials. The analysis presented
in [DEL09] shows that a complete isotropic second gradient constitutive theory must include five
more elastic parameters in addition to the classical Lamé constants A and p. Such parameters account
for internal lengths which are peculiar of the microstructure of the considered materials. Their value
can be estimated, for any given material, e.g. by means of comparison with experimental evidence
by inverse approach. This is what we will do when dealing with fibrous composite reinforcements.
In particular, we will present a particularized second gradient theory, we will perform numerical
simulations simulating some standard experiments and we will compare the obtained results with
available experimental data. This comparison will allow the estimate of some second gradient elastic
parameters for the considered materials. We will see that such parameters are, for the considered
material, related to the microstructural bending stiffness of the yarns constituting the composite
reinforcement.
With Eq. (4.20) the energy function in Eq. (4.15) particularizes into

1 1
Wie, Ve) = S e eii + pcij €ij + 262 €iij Ejk + 53 Siik €5k + 265 Eiji €k (4.21)

+ C11 Eijk Eijk T 2C15 Ekij Eijk-

4.2.1 Positive definiteness of stored elastic energy

Always in [DEL09], the authors determine the conditions under which the strain energy function is
a strictly convex function of strain and strain gradient. Thus, some relations between constitutive
parameters A, u, c2, ¢3, ¢5, c¢11 and c15 are establish and read
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c11 >0,
c11 > —2c¢5,
€5 < 1, (4.22)
Heg > 2c15 — 4eqy,
e (3c11 + c15) + 2 (c%l — 5¢3 — 61500 — 203 + c11 (202 + 015))
4c15 — 10c3 — 8cqq

Cy >

Such relationships should be complemented and compared with the equivalent ones deriving imposing
the convexity of the energy with respect to VF. Indeed, as shown in [DEL14| convexity with respect
to this latter quantity is a suitable property in order to have a well posed problem.
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Chapter 5

Modeling the onset of shear boundary
layers in 2D fibrous composite
reinforcements by second gradient theory

2D second gradient modeling of fibrous composites

It has been known since the pioneering works by Piola, Cosserat, Mindlin, Toupin, Eringen,
Green, Rivlin and Germain that many micro-structural effects in mechanical systems can be still
modeled by means of continuum theories. When needed, the displacement field must be com-
plemented by additional kinematical descriptors, called sometimes microstructural fields. In this
chapter a technologically important class of fibrous composite reinforcements is considered and their
mechanical behavior is described at finite strains by means of a second gradient, hyperelastic, or-
thotropic continuum theory which is obtained as the limit case of a micromorphic theory. Following
Mindlin and Eringen, we consider a micromorphic continuum theory based on an enriched kinemat-
ics constituted by the displacement field u and a second order tensor field v describing microscopic
deformations. The governing equations in weak form are used to perform numerical simulations
in which a bias extension test is reproduced. We show that second gradient energy terms allow
for an effective prediction of the onset of internal shear boundary layers which are transition zones
between two different shear deformation modes. The existence of these boundary layers cannot be
described by a simple first gradient model and its features are related to second gradient material
coefficients. The obtained numerical results, together with the available experimental evidences,
allow us to estimate the order of magnitude of the introduced second gradient coefficients by inverse
approach. This justifies the need of a novel measurement campaign aimed to estimate the value of
the introduced second gradient parameters for a wide class of fibrous materials.
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Plain Weave

Figure 5.1: Schemes of weaving for fibrous composite reinforcements.

5.1 Introduction

In the engineering effort of designing new materials, a constant demand is directed towards the search
for better performances and new functionalities. A class of materials which is gaining more and more
attention is that of so-called complex materials, e.g. materials exhibiting different mechanical re-
sponses at different scales due to different scales of heterogeneity. Indeed, the overall mechanical
behavior of such materials is macroscopically influenced by the underlying microstructure espe-
cially in presence of particular loading and/or boundary conditions. Therefore, understanding the
mechanics of meso- and micro-structured materials is becoming a major issue in engineering.

Such materials may exhibit superior mechanical properties with respect to more commonly used
engineering materials, also providing some advantages as easy formability processes. We focus
in this chapter on a class of engineering materials which are known as woven fibrous composite
reinforcements (see Chap. 1 for additional details) . These materials, as already remarked in
chapter 1, are constituted by woven tows which are themselves made up of thousand of fibers.
Different weaving schemes can be used giving rise to different types of composite reinforcements (see
Fig.5.1), but in each of considered case one can assume that sharp changes in mechanical properties
may occur inside the unit cell. Indeed, for the considered materials, the tensile stiffness of tows can
be considered to be of many order of magnitudes higher than the shear stiffness related to angle
variations between yarns. The hierarchical heterogeneity of composite reinforcements is illustrated
in Fig. 5.2, in which three different scales can be recognized: the macroscopic scale (left), the
mesoscopic scale (center) and the microscopic scale (right).

All materials are actually heterogeneous if one considers sufficiently small scales, but the woven
composites reinforcements show their heterogeneity at scales which are significant from an engineer-
ing point of view. It is also clear that woven materials also macroscopically show strong anisotropy,
since their mechanical response significantly varies if the load is applied in the direction of the fibers
or in some other direction. As it will be better pointed out in the following, the introduced contin-
uum model for composite reinforcements belongs to the class of initially orthotropic continua, i.e.
continua which have two privileged directions in their undeformed configuration.

The fibrous composite preforms can be shaped and their final shape is maintained by injection
and curing of a thermoset resin or by the use of a thermoplastic polymer (see chapter 1 for additional
details). The final composite material commonly used in aerospace engineering is hence constituted
by the fibrous composite reinforcement and the organic matrix. We are interested here only in
describing the mechanical behavior of the fibrous composite reinforcements since this knowledge is
fundamental for the process of formability of the final composite. Following [CHA1la, CHA12| we
find convenient to model the quoted fibrous reinforcements as continuous media. This hypothesis
can be considered to be realistic if no relative displacement between superimposed fibers occurs. In
other words, we are assuming that two superimposed fibers can rotate around their contact point,
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Figure 5.2: The different scales of textile composite reinforcements.

while no slipping takes place. This hypothesis is generally verified during experimental analyses,
even at finite strains. In fact, when straight lines are drawn on the textile reinforcement, these lines
become curved after forming but they remain continuous (see e.g. [BOI95|). As it will be better
pointed out in the remainder of this chapter, the anisotropy of the considered reinforcements will
be taken into account by introducing suitable hyperelastic, orthotropic constitutive laws which are
able to characterize the behavior of considered materials also at large strains.

Nevertheless, a first gradient continuum orthotropic model is not able to take into account
all the possible effects that the microstructure of considered materials have on their macroscopic
deformation. More precisely, some particular loading conditions, associated to particular types of
boundary conditions may cause some microstructure-related deformation modes which are not fully
taken into account in first gradient continuum theories. This is the case, for example, when observing
some regions inside the materials in which high gradients of deformation occur, concentrated in those
relatively narrow regions which we will call boundary layers.

Actually, the onset of shear boundary layers can be observed in some experimental tests which
are used to characterize the mechanical properties of fibrous composite reinforcements. Indeed,
internal boundary layers do arise in the so-called bias extension test, the phenomenology of which
we duly describe in section 5.4. One way to deal with the description of such boundary layers, while
remaining in the framework of a macroscopic theory, is to consider so-called “generalized continuum
theories”. Such generalized theories allow for the introduction of a class of internal actions which
is wider than the one which is accounted for by classical first gradient Cauchy continuum theory.
These more general contact actions excite additional deformation modes which can be seen to be
directly related with the properties of the microstructure of considered materials.

Indeed, it has been known since the pioneering works by Piola [PI046], Cosserat [COS09]|, Midlin
[MING64|, Toupin [TOU64|, Eringen [ERIO1|, Green and Rivlin [GRE64] and Germain |[GERT73a,
GERT73b| that many microstructure-related effects in mechanical systems can be still modeled by
means of continuum theories. It is known since then that, when needed, the placement function must
be complemented by additional kinematical descriptors, called sometimes micro-structural fields.
More recently, these generalized continuum theories have been widely developed to describe the
mechanical behavior of many complex systems, such as e.g. porous media [SCI07, DEL00, SCIO0S8,
MADOS8|, capillary fluids [CAS72, DEGS81, DEL95a, DEL96, DEL95b|, exotic media obtained by
homogenization of heterogeneous media [ALI0O3, SEP11, PID97|. Interesting applications on wave
propagation in such generalized media has also gained attention in the recent years for the possible
application of this kind of materials to passive control of vibrations and stealth technology (see e.g.
[DEL12a, MAD12b, PLA13, ROS13]).

In this chapter, the class of fibrous composite preforms described before is considered and their
macroscopic mechanical behavior (i.e. at a scale relatively larger than the yarn) is described by means
of a second gradient, hyperelastic continuum theory. The quoted hyperelastic, second gradient theory
is obtained as the limit case of a micromorphic theory, following what done in [BLE67, MIN64| for the
linear-elastic case. The governing equations in weak form are used as a basis for the formulation of
suitable numerical codes, which allow to perform simulations reproducing the so-called bias extension
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test. We show that second gradient energy terms allow for an effective prediction of the onset of
internal shear boundary layers which can be defined as those transition zones between two different
regions exhibiting different shear deformation modes. The existence and thickness of these boundary
layers cannot be described by a first gradient model and its overall features are related to the
particular second gradient model introduced here. The obtained numerical results seem to be in
a good agreement with the already available experimental evidence and fully justify the need of a
novel measurement campaign.

5.2 Micromorphic media and second gradient continua

We describe the deformation of the considered continuum by introducing a Lagrangian configuration
By C R3 and a suitably regular kinematical field x(X,t) which associates to any material point
X € By its current position x at time t. The image of the function x gives, at any instant ¢ the
current shape of the body B(t): this time-varying domain is usually referred to as the Eulerian
configuration of the medium and, indeed, it represents the system during its deformation. Since
we will use it in the following, we also introduce the displacement field u(X,t) := x(X,t) — X,
the tensor F := Vx and the Right Cauchy-Green deformation tensor C := F? . F (SEE E.G.
Chap. 2). The kinematics of the continuum is then enriched by adding a second order tensor
field (X, t) which accounts for deformations associated to the microstructure of the continuum.
Indeed, as it was explained e. g. by Mindlin [MIN64] and Cosserat [COS09|, the addition of
supplementary kinematical fields can be of help to describe the deformation of the microstructure of
the considered material independently of its average continuum deformation. If, on the one hand,
Cosserat’s models are able to complement the classical continuum deformations with extra rotations
of considered microstructure, on the other hand, micromorphic models also allow to consider micro-
stretches and micro-shear deformations. In particular, the introduced micromorphic tensor ¥ (X, t)
allows to account for all these microscopic deformation in a very general fashion. If some constraints
are introduced on the tensor 1, the micromorphic model can then be particularized so as to obtain
Cosserat or second gradient models as limit cases (SEE E.G. Chap. 3). In what follows, the current
state of the considered medium is, in general, identified by 12 independent kinematical fields: 3
components of the displacement field and 9 components of the micro-deformation field. Such a
theory of a continuum with microstructure has been derived in [MIN64| for the linear-elastic case
and re-proposed e.g. in [ERI64a, ERI64b, FOR06, FOR09| for the case of non-linear elasticity.
For the sake of clearness, using similar notations to [MIN64| and [BLE67|, ALSO USED IN 3, we
introduce the following kinematical quantities which are all functions of the basic kinematical fields
introduced before

gij = (Cij — 0i5) /2, the macro-strain,
Yij = €i5 — Vij, the relative(micro/macro) deformation, (5.1)
Kijk = Vij ks the gradient of micro-deformation,

where clearly C;; and v;; represent the components of the second order tensors C and ) respectively.
If one, for example, imposes the relative deformation to be zero (i.e. 1;; — €;5), then r;j, — €451 and
one recovers the standard second gradient theory presented in [GER73a, GER73b]. As it will be more
clearly explained in the following, the external actions which can be introduced in the framework of
a micromorphic continuum theory are more easily understandable than those intervening in second
gradient theories since they have a more direct physical meaning. Since second gradient theory
can be readily obtained as limit case of the micromorphic theory, one can then derive the second
gradient contact actions in terms of the micromorphic ones following the procedure used in [BLE67].
We present in the following the weak formulation of a constrained micromorphic theory which will
actually give rise to a particular second gradient theory. This constrained micromorphic theory is
the one which we directly implement in the numerical simulations presented in this chapter.
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5.2.1 Equations in weak form for a constrained micromorphic continuum

We assume that we can write the power of internal actions as the first variation of a suitable action
functional A as follows

n
pint = (5_,4 =9 4 [ w (Eija 'Yija /%'jk) + Z /\a fa(é‘ij, ’Yz'j; Hijk) dX, (5.2)
0 a=1
where W and f are real scalar-valued functions of the introduced deformation measures and, in
particular, W (ei;, vij, Kijx) is the bulk micromorphic strain energy density, A, are Lagrange multi-
pliers and f,, are particular constraints the particular form of which will be better specified later on.
As it will be better explained in the sequel, this expression of the power of internal forces is the one
which is necessary to describe a micromorphic continuum which is subjected to the n constraints
fa(€ijs 7ijs Kijr) = 0.
Considering that the independent kinematical fields appearing in (5.2) are indeed ¢;5, ;; and
Kijk, it can be recovered that the power of internal actions can be rewritten by computing the first
variation of the action functional as

oW i Ofea i Ofeo
pint — 5 A = + ) N\, =22 | dg +5 A\ Sy
() (% > e e ) o

1o Z— O fa
+ <8m‘jk * az::l Aa Om‘gk) ka * Z fadha,

a=1

(5.3)

where from now on we drop the symbol dX inside the integral sign and we adopt the Einstein
notation of sum over repeated indices if no confusion can arise.

As for the expression of the power of external forces, we assume that they take the following
general form (see also [MIN64, BLE67])

poxt — / B + / D5 + / 15t Sy + / TS 5y (5.4)
By Bo 0Bgy 0By

where b$** are volume forces, @fj‘t are so called double forces per unit volume, ¢ are forces per
unit area and TZXt are double forces per unit area. The physical meaning of aforementioned external
actions is immediate: b$*' and t&** work on the displacement of the centroid of each Representa-
tive Elementary Volume, while @‘f}‘t and TfJXt work on micro-deformations inside the considered
REV. If one forces 1;; — ¢&;5, i.e. imposes the constraint v;; — &;; = 0, then a more compli-
cated form of the contact actions than those appearing in (5.4) can be derived by integration by
parts. In this way, it is possible to recover the standard form for external actions of second gradi-
ent materials which work on displacement and on the normal derivatives of displacement (see e.g.
|GER73a, MAD12a, SCI08, MADO08, DEL95c, DEL97, DEL12b]). Considering the surface power
densities t&*du; and ﬂf;?‘téz/}ij appearing in expression (5.4) for the power of external actions, one
can imagine to act on the boundary of considered body both by assigning the forces and/or double
forces (natural boundary conditions) or by assigning the displacements and/or micro-deformation
(kinematical boundary conditions).

The mechanical governing equations in weak form can be directly expressed by imposing the

validity of the principle of virtual powers
Pint — rPext7 (55)

where Pt and P are respectively given in Eq. (5.3) and (5.4). We explicitly remark that, given
the considered expression of the principle of virtual powers, we are assuming that the considered
phenomena are sufficiently slow to neglect inertia. We do not explicitly write here the corresponding
strong form of balance equations since we will directly implement a particularization of the weak
form (5.5) in the finite element code used to perform numerical simulations.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0100/these.pdf
© [M. Ferretti], [2014], INSA de Lyon, tous droits réservés



CHAPTER 5. 2D SECOND GRADIENT MODELING OF FIBROUS COMPOSITES 68

5.3 Hyperelastic orthotropic model with micromorphic correction

In this section we specify the constitutive equations for the strain energy density W (e;;, vij, Kijk)
which we use to model the mechanical behavior of some fibrous composite reinforcements in the
finite strain regime. We will equivalently use the deformation measure C = 2e + I instead of € to
specify the form for the energy, i.e. W (ei;, vij, Kijk) = W (Cijs Vij» Kijk)- In particular, we will
assume that

W (Cij, vigs Kijk) = Wi(Cij) + Wir(kij)- (5.6)

In this formula W7 is the first gradient strain energy and Wi is the energy associated to the
macro-inhomogeneity of micro-deformation. We do not explicitly consider a coupling energy de-
pending on v;;, but some coupling effects will be accounted for by introducing particular constraints
fa(€ijs Vij» Kijk) = 0 in the power of internal actions by using Lagrange multipliers, as specified in
Eq.(5.2).

5.3.1 Representation theorem for hyperelastic orthotropic materials

Various hyperelastic constitutive equations for an isotropic strain energy density W°(C) have been
proposed in the literature which are suitable to describe the mechanical behavior of isotropic materi-
als even at finite strains (see e.g. [OGD84, STE(02|). Generalized constitutive laws are also available
for linear elastic isotropic second gradient media (see [DELO09|). These constitutive equations for
isotropic materials are classically derived starting from a well-known representation theorem for the
strain energy potential which states that only three independent scalar invariants of the Cauchy-
Green tensor C are sufficient to correctly represent the functional dependence of W on C. In
other words, for an isotropic material, it is sufficient to consider that W°(C) = W (i1, ia, i3), where
i1, 19, i3 are the three scalar invariants of C classically defined as

i1 =t1(C), iz =tr(det(C) C™T), i3=det(C). (5.7)

These three invariants respectively describe local deformations associated to changes of length,
changes of area and changes of volume: superposition of these three deformation modes are sufficient
to reproduce the global deformation of an isotropic medium. Constitutive equations for transversely
isotropic materials are also well assessed in the literature (see e.g. [ITS04, BOES87, BOE78, OGDO03,
CHA1la, ITS00]) and their derivation relies on the classical representation theorem according to
which five independent invariants of the tensor C are needed to characterize the behavior of such
materials: W™ (C) = W (i, ig, i3, 4, %5). If one denotes by d; the unitary vector along the preferred
direction inside the transversely isotropic material in its reference (Lagrangian) configuration, then
the two additional invariants appearing in the representation of W' are defined as

is=d;-C-dy, i5=d;-C?*-d. (5.8)

These two invariants respectively describe local stretch in the direction of the preferential direction
d; and changes of angles mixed to changes of length.

As far as orthotropic materials are considered, clear and exploitable constitutive hyperelastic
equations are harder to be found in the literature. Plenty of authors try to generalize the represen-
tation theorems valid for isotropic and transversely isotropic media, but often there is apparently
not agreement between the different versions proposed for such a theorem. The more diffused ver-
sion of the representation theorem for the strain energy potential for orthotropic media states that
seven invariants can be used to write the functional dependence of the strain energy density (see e.g.
[HOLO0Ob, SPE84, OGD03]). More precisely, denoting by d; and dz two orthogonal unitary vectors
along the preferred directions in the considered orthotropic material, the functional dependence of
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the orthotropic energy on C can be expressed in the form worth — W (i1, 42,13, 14, 15, 16, i7), Where
the additional two invariants are defined as

ig=dy-C-dy, i7r=dy-C?-dy, (5.9)

Nevertheless, it can be proved that, indeed, only six independent scalar invariants are sufficient to
completely describe the behavior of an orthotropic material (see the elegant proof given in [RAU09]),
so that, even if it is effectively possible to write the strain energy as function of seven scalar invariants,
it must be kept in mind that not all of them are truly independent functions of C. In particular,
following [RAU09], one can think to introduce the following set of six invariants to represent the
functional dependence of W on C:

io = {41,144, 76, 18, 79,110} , (5.10)
where all the invariants not previously defined are given by
ig=d1-C-do, ig=d;-C-ds, i19g=dy-C-ds, (5.11)

where d3 := dj A da. All the invariants belonging to the set ip correspond to simple deformation
modes. In particular, in addition to the invariants already discussed before, one can remark that
ig represents stretching in the direction ds, while ig, ig and i1¢ represent changes of angles between
the directions (dj,d2), (di,ds) and (dg,ds) respectively. It can be shown (see [RAU09|) that all
previously introduced invariants can be written as functions of the six invariants in ip as

in = igig 4 (i4 + i) (i1 — (ia + 1)) — i3 — i3 — i3y,

is = (iais — i3) (i1 — (ia + i) + 2 igigi10 — d6ig — i4i1,
is = i + i3 + 15,

i7 = ig + i3 + 10

(5.12)

The fact of correctly identifying the maximum number of scalar invariants which are all independent
functions of C is of fundamental importance when one wants to write the constitutive hyperelastic
laws starting from the considered strain energy potential. Indeed, a hyperelastic energy is, by
construction, differentiable with respect to the strain tensor C and, considered that all the invariants
in ip are independent functions of C, one can obtain the second Piola-Kirchhoff stress tensor for
orthotropic materials as

. 6worth B 2aV[/'orth .y aworth %
T 0 oc ~ 0i, 0C’

k€io

(5.13)

W™ (C) = W (i1, i, 6, is, d9, i10) (5.14)

In [RAU09] it is also explicitly proved that a strain energy W (i1, 2, i3, 4, i5, i6, i7) Which is function
of the seven classical invariants can also be obtained starting from the strain energy Wo" defined in
(5.14). If we consider the functional dependence of W™ on the six invariants in i given in (5.14) we
must take into account the results found in [RAU09| where it is proven that W (i1, i4, i, is, i9, i10) =

W (i1,14, 16, |is| , |99, |i10| , sgn(igigi1n)). Using this expression for the energy and replacing it in
(5.13), then it is possible to prove that the constitutive law for the second Piola Kirchhoff stress
tensor is given by

oW oW oW
S=2—T1+2—d; ®d; +2—do®dy + sgn(ig)
(924 826

di®dy+dy®d
a0, (di ®ds +dy®dy)

oW
il (5.15)

_LOW L OW
+ sgn(m)%(dl ®ds+ds®d;) + Sgn(llo)m(dQ ®ds +ds ®ds).
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This orthotropic constitutive law can be used to model the macroscopic behavior at finite strains of
3D interlocks of fibrous composite reinforcements. Fully reliable models which are able to describe
the mechanical behavior of 3D composite preforms are not completely developed up to now both for
the interlock reinforcements (see e.g. [CHA12|) and for the complete composite (reinforcements plus
organic matrix) (see e.g. [DUMS8T]). For this reason, the mechanical characterization of such mate-
rials is nowadays a major scientific and technological issue. The mechanical behavior of composite
preforms with rigid organic matrix (see e.g. [DUMS87, OSH06, MAK10, MIKO09]) is quite different
from the behavior of the sole fibrous reinforcements (see e.g. [CHA12|). In [CHA12| a hyperelastic
approach is presented which allows to capture the main features of 3D interlocks at finite strain. On
the other hand, in [CHA12] it is also underlined that Cauchy continuum theory may not be suffi-
cient to model a class of complex contact interactions which are related to local stiffness of the yarns
and which macroscopically affect the overall deformation of interlocks. Such microstructure-related
contact interactions may be taken into account by using generalized continuum theories, such as
higher order or micromorphic theories. In this chapter, we will limit ourselves to the application of a
hyperelastic, orthotropic, second gradient model to the case of thin fibrous composite reinforcements
at finite strains, for which the third direction can easily be thought to have negligible effect on the
overall behavior of the material.

5.3.2 Phenomenological choice of the potential W) for thin sheets of fibrous
composite reinforcements

Explicit expressions for the strain energy potential W™ as function of the invariants io which
are suitable to describe the real behavior of orthotropic elastic materials are difficult to be found
in the literature. Certain constitutive models are for instance presented in [ITS04|, where some
polyconvex energies for orthotropic materials are proposed to describe the deformation of rubbers in
uniaxial tests. Explicit anisotropic hyperelastic potentials for soft biological tissues are also proposed
in [HOLOOa| and reconsidered in [SCHO05, BALO6] in which their polyconvex approximations are
derived. Other examples of polyconvex energies for anisotropic solids are given in [STE03].

Polyconvex energies are energies automatically satisfying the Legendre-Hadamard (L-H) ellip-
ticity condition which, in turns, guarantees material stability of considered potentials. Reliable
constitutive models for the description of the real behavior of fibrous composite reinforcements at
finite strains are even more difficult to be found in the literature and can be for instance recovered in
[AIMO09, CHA11a]. In the present chapter, we will introduce a first gradient anisotropic hyperelastic
potential of the type proposed in [CHA1la, CHA12| to model the overall behavior of considered
fibrous materials and we will add a second gradient term to account for the onset of some boundary
layers which are observed experimentally but which cannot be described by means of a first gradient
theory. We do not attempt in this manuscript to test L-H ellipticity of the chosen first gradient
potential W1(Cj;), our major concern being that one of recovering the experimental deformed shape
of some particular fibrous composite preforms. We are nevertheless aware that the used first gradient
potential might not be L-H elliptic on some precise directions along which one could hence obtain
material instability. We postpone these investigations to subsequent works in which we will also
put in evidence how the addition of some second gradient terms in the energy potential can indeed
guarantee mathematical existence of the solution.

To the sake of consistency, we recall here some steps which have been followed to derive the
constitutive hyperelastic expression for the potential Wi (C) proposed in [CHA1la, CHA12|. We
recall that the two privileged directions in the reference (or Lagrangian) configuration are identified
by means of two vectors d; and ds which are assumed to be orthogonal and to have unitary length.
For the considered fibrous composite reinforcements the two privileged directions clearly coincide
with the fiber directions d; and dz (called warp and weft) in the undeformed configuration. For
the case studied in this chapter, we focus on the modeling of specimens of fibrous composite rein-
forcements which are very thin in the direction d3 = d; A do and we will treat the case of thick
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composite reinforcements in subsequent works. The fact of considering very thin sheets of fibrous
composite preforms allows us to assume that the strain energy potential is constant with respect
to the invariants i9 and 419, so that the calculation to get the stress tensor S starting from (5.13)
results to be simplified since the last two terms are automatically vanishing. We hence propose the
following additive decomposition which separately accounts for the potential associated to isotropic
deformation, to elongation of fibers in the two privileged directions (warp and weft) and to the
variation of the shear angle among two fibers respectively

Wi (C) = WN(C) + Wigne (C) + Wione (C) + Wapear (C). (5.16)

elong elong

The isotropic energy potential WNH can be assumed to take the classical Neo-Hooke form
W (i, i, g, i, 49, i10) = pu[(i1 — 3) — In (i3(i1, ia, i, i, d9, 10))] , (5.17)

where the explicit expression of i3 as function of the other invariants is given in the previous sub-
section. We remark that, in the case studied in the following, the isotropic deformations can be
considered to be very small compared to the anisotropic ones, so that the stiffness coefficient p
will be considered to be very small with respect to the anisotropic material constants. As for the
anisotropic energies appearing in (5.16), we now specify their explicit dependence on the invariants
i4, i¢ and ig following what done in [CHA12|. To do so, we first introduce the three scalar functions

Lionglia) = In (Via) s Iionglis) = In (Vis),  Lsnear(ia, i, is) = \/%6 (5.18)
which clearly represent elongation measures in the two principal directions of fibers and variation
of the angle between fibers. It can be checked that the function Ighear is indeed related to the
angle variation ¢ from the reference angle between the fibers by the formula Igpe., = sin(¢) (see
e.g.|CHA1la, CHA12|). We then recall the explicit form of the three introduced potentials which
has been shown to be suitable for describing physically reasonable material behavior for thin fibrous
composite reinforcements (see [CHA1la, CHA12|):

2
11,0 1 o7l 0
1 . §Kelong (Ielong) if Ielong < Ielong
Wetong (1) = 1l 1 0 2 130 1 70 o7l 0
§Kelong (Ielong o Ielong) + §Kelonglelonglelong if Ielong > Ielong’
2
11,0 2 72 0
2 . §Ke10ng (leong) if Ielong < Ielong (519)
Welong (i2) = 1pcl 2 0 2 10 2 70 e 72 0
§Kelong (Ielong - Ielong) + iKelongIelongIelong if Ielong > Ielong7
12 2 . 0
Wshear (i47 ’i67 |28|) = K;lrllear (|IShear|) 0 " |IShear| = ISOhear
—p .
Kshear (1 - |Ishear‘) + Wshear if |Ishear‘ > Ishear'

In the three proposed potentials one can notice the existence of threshold values of the three intro-
duced scalar functions, namely [ glong for I glong and [ 310ng and Ighear for Ighear- The threshold value

for the elongation strain measures [ glong is due to the fact that, for small stretch of the fibers, the
weft and warp yarns are undulated due to weaving. When the fibers are completely stretched, they
start showing their complete tension stiffness which can indeed reach extremely high values if one
considers e.g. carbon fibers. Also for the shear deformation measure a threshold value is identi-
fied (related to lateral contact between the yarns due to shearing) which discriminates between two
different behaviors.

As already explained in detail, the first gradient energy given by Egs. (5.16), (5.19) has been
introduced on a phenomenological basis. The strong non-linearities and some loss of regularity of
such energy make the well-posedness of elastic problems related to it difficult to prove. Actually, some

new mathematical results seem to be needed in order to regularize the considered form of the energy
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potential. In the literature, these regularization has been proposed by the use of judicious numerical
techniques: in [HAM13a, HAM13b] the functional space where looking for solutions is constrained
by suitably choosing the mesh for employed finite elements. This is done in [HAM13a, HAM13b] in
conformity with the indications given by the models developed e.g. in [SPE84|. Another possible
method for regularizing hill-posed problems, as the one which seems to be confronted here, is to
introduce an ad hoc regularizing parameters involving higher order derivatives or fictitious additional
kinematical parameters. However, until a physical interpretation for such parameters is not reached,
one cannot consider that the ill-posedness is removed: indeed, as it is obvious, there is not a unique
limit of the solution when these parameters vanish. An elegant example of successful regularization,
obtained by introducing in the mathematical modeling some physically relevant corrections, is given
e.g. in [LAS88] where some important dissipation phenomena in strain softening are accounted for
by means of suitably chosen regularizing parameters. It has to be remarked that the first remedy
proposed by [HAM13a, HAM13b| determines the correct limit to be obtained when regularizing
parameters vanish. In the subsequent subsection we propose a first attempt to find a regularized
energy which is based on the physical concept of longer range mechanical interactions among non-
adjacent unit cells of considered fibrous composite reinforcements. A validation of the regularized
model proposed here is obtained by comparing the obtained numerical results with those presented
in [HAM13a, HAM13b].

Mathematically speaking, micromorphic models produce boundary problems for partial differen-
tial equations which are “singular perturbations” of the boundary problems obtained in the frame-
work of first gradient models. Therefore, the type of PDEs may change when micromorphic consti-
tutive parameters tend to zero and, as a consequence, it could be lost the possibility of describing
the onset of boundary layers. Also relevant are the phenomena of loss of stability, buckling and post-
buckling phenomena which may occur in considered structures: while refraining here to attempt to
model e.g. the wrinkling occurring in bias test for very high imposed displacements, we want to
mention that, by using methods similar to those presented in [LUO91, LUOO01, LUOO05|, also this
modeling challenge may be confronted.

5.3.3 Some physical considerations leading to regularized micromorphic strain
energy potentials

In woven reinforcements for composite materials, when the external loads are applied only at the
terminal extremities of the yarns, a unit cell is deformed because of its interaction with the closest
ones. The basic assumption about these interactions which leads to first gradient homogenized
continua is that they are negligible when the two considered cells are not the closest adjacent
ones. However, simple mechanical considerations can be heuristically developed: i) for low loads,
friction among yarns introduces perfect constraints at the contact points between them and, in a
first approximation!, these constraints are internal pivots which do not interrupt continuity of single
yarns, ii) the actions which are deforming one unit cell are transmitted to closer cells via these
internal pivots. Therefore, jumps in elongation and in shear deformation are not allowed as it can
be seen from microscopic balance considerations. More detailed models considering friction between
yarns can be obtained by following e.g. the methods used in [NADO3|

We postpone to further investigations the quantitative analysis needed to identify the macro-
scopic constitutive parameters which we are going to introduce in terms of the microscopic properties
of yarns. Suitable multi-scale methods as the one introduced in [NADO6| may be generalized to be
applied to the present case. Moreover, the description of the considered system at the micro-
scopic scale may take advantage of some of the results proposed in [ATA97, HAS96, STE92, RINOS,
RIN09, RINO7a, RIN11, RIN13]. Indeed, we content ourselves here with the introduction of three

"When yarns experience a relative displacement of the contact points the macroscopic modeling may become very
difficult to be obtained from microscopic considerations: an eventual attempt should be based on the methods used
in [RIN13, RINO7b].
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phenomenological parameters controlling the thickness of the shear and elongation boundary layers
and the value of the introduced deformation gradients.

The micromorphic hyperelastic model which we propose here is based on a phenomenological
approach: the addition of the micromorphic terms in the strain energy density as specified in Eq.
(5.6) allows us to describe the existence of some regions inside the material in which high gradi-
ents of deformation occur (see also [AIF92, TRI86| for the use of gradient theories to model strain
localization). The onset of such boundary layers is completely accounted for by the proposed gener-
alized hyperelastic model and will be illustrated by numerical simulations which will be subsequently
compared with experimental results.

At this point, we can finally introduce the constitutive form of the micromorphic strain energy
densities which will be used to describe the onset of some boundary layers which are actually
observed in experimental tests on the described thin specimens of fibrous composite reinforcements.
In particular, we assume that the micromorphic term appearing in Eq.(5.6) takes the particular form

1 1
Wi(k) = 5 o (di ik df) (dy bipgr dg) + 5 2 (di kijie d5) (d rpgr dy) 520
1 i
+ 5 s (dF Figr d5) (dy Fpan dg)
where we denoted by d} and d? the components of the vectors d; and ds respectively. We can then
rewrite the action functional defined in (5.2) as

A= (WI( )+ Wn(k) + Z Aa fa(y > , (5.21)
Bo

where we set n = 3 for the number of introduced constraints which we now suppose to depend only
on the relative deformation . With the considered expressions of the strain energy densities Wi (¢)
and Wi(k) and with the considered constraints, one can recover the particularization of the power
of internal forces given in (5.3) which reads

- Wi Ofa OV
int __ _ ..
Pr=oA= Bo ((8513 Z 8’7hk 851’]’ 58”

=1

Ofa OV 8WH
+ Ao 0 + ——— (5 ik + w0y
(35 Gt Gt S

a=1

(5.22)

We now choose the following particular form for the constraints f,(7)

A =di () e p =i (v43) i A —de (v ) de G2)

In other words, recalling the definition of 7y given in (5.1), we are imposing that particular projections
of the micro-deformation tensor @ on directions d; and do actually tend to angle variations between
the directions d; and do and to macroscopic stretches in these two privileged directions. Other
possible types of constraints could be included in the proposed micromorphic model which, for
example, impose inextensibility of yarns so giving rise to so-called micropolar continua (see e.g.
[ERIO1, PIE09, ERE05, ALT03, ERE13|). This is not the case here, since we suppose that the yarns
are very stiff in elongation, but still deformable. More particularly and as it will be better seen in the
following, fi; imposes constraints on the variation of shear angle, while fo and f3 impose constraints
on the elongations in the two preferred directions d; and dy. Recalling definition (5.1) for 4, and
that the vectors d; and dg are constant vectors, it is possible to verify that the power of internal
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forces can be finally written as

pint _ / (8WI + M\ dll d? + Ay dzl djl + A3 d? d?) deij
Bo

8%
oWn
<azﬂa&ﬂf+§:ﬂﬁA>

It can be checked that, imposing the principle of virtual powers P = Pt where P and Pt
are respectively given by equations (5.24) and (5.4), and considering arbitrary variations J\; one
explicitly gets the constraints

fi(y) =0, f2(v) =0, f3(y) =0. (5.25)

We explicitly remark that, recalling definitions (5.1), the constraints f, = 0 actually relates the
micro-deformation to the macroscopic deformation as follows

(5.24)

_/‘m££+M£#+&ﬁﬁM%+/
Bo Bo

f1(’7)=d1'<’7+;>'d2=;d1'(c2¢)' %(28*7/}1)
fa(y) =d1- (’Y+;> ~dp = %dr(C—Q@b)- %(Z4—1/12) (5.26)

f3(’7):;m2'(’Y+;>'m2=;mz'(c—2¢)'m2:;(i6—¢3):

where we set 1! := 2dy - - do, % :=2dy -4 -dy, Y3 :=2dy -9 - dy. If we now consider the
constitutive expression for Wy given in Eq. (5.20), recalling that d; and dy are constant vectors
and that ki, = ¥ x, equation (5.24) reduces to

Pm:/<m%+M£ﬁ+M£@+Mﬁﬁ>@j
B €ij
0
—L(M@ﬁ+Mﬁ#+MﬁﬁW%' (5.27)
0
[ (G B Pt i+ DB duie
By

together with the constraints 1! = ig, 12 = iy, 93 = ig. Recalling that d; and dy are constant
vectors, we can write

i m? 60y = 6(m} m3 i) = 5 60,

(5.28)
m m; &ngk—é(m m; wz]k)—(s(m m21/]23) (wk)
and analogously
151 Loo

d; dj 6pi; = %51#3 9
d; d} § Ls3 o

7 Ay wij,k = 9 ( ,k)

1
d? d? OVijr = 55(1/},?%)
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so that the power of internal forces, written in terms of the strain tensor C, finally simplifies into

, oWy
int __ 1 52 1 41 2 7
P / (acifkld 43+ Xodl d} + N3 di d )5% BOX;A ;01
! (5.30)
/Zazwk (W),
Bo ;=1

where we set \; := A/2 and &; := /4. As for the power of external forces given in Eq. (5.4), we
neglect body actions setting b = 0 and ®¢F* = 0, and we also set T;7" = 235t d! d? + 285 d} djl- +
235t 42 d?, so that the principle of virtual powers Pt = Pt finally implies

/ <8WI + A} d? + Ny dl d} + Az d? d?) 0Ci;

aC,
/BZA‘W / Zowk (%) / tf”dui+/d ZBWW

0 j=1 Bo ;—1 Bo =1

(5.31)

together with the constraints ' = ig, 1> = iy and ¥> = i5. We remark that the considered
expression for the external double forces, actually allows to consider external actions which expend
power on shear angle variations and on fiber elongation. In this way, one has the possibility to act
on the boundary of considered material assigning force or displacement, shear double force or shear
angle variation and also elongation double force or fiber elongation.

We finally want to explicitly remark that Eq. (5.31) actually represents a very particular case of
second gradient theory. In fact, using the constraints ¢! = ig, 1> = iy and ¥ = ig one gets

St = big = d; dF 6Cy, §? = biy = d} dj 6Cyj, 51 = big = d; d5 6Cj,
§(}h) = 6(is) o = di dF 6Cijp, 6(3) = 6(ia) o = di dj 6Cijp, (%) = 6(i6) e = di d 6Cijp,
(5.32)
so that Eq. (5.31) is also equivalent to

oW
/B [aoj 6Cij + (6n (dyd Cpgr) di df + vz (dydy Cpgr) di dj + 3 (dp d2 Cpa ) di d7) 6Cijk
0 )

= / £ 0u; + / ( DUd}di + B df df + B d d§> 5Cy5 (5.33)
0Bo 9By

We have hence explicitly recovered a special second gradient theory starting from the proposed
constrained micromorphic model. Nevertheless, in our numerical simulations, instead of using the
second gradient weak form (5.33), we use the constrained micromorphic one (5.31). The advantage
of using the micromorphic approach instead of directly using a second gradient theory is that the
boundary conditions which can be imposed are, in the present case, more easily understandable from
a physical point of view. In particular, we remark that, for example, under the constraints ! = ig,
the fact of imposing ¢! = 0 on the boundary means that we are imposing zero variation of the
angle between the fibers. Analogously, under the constraints ¢ = i4 and 93 = ig, imposing ¥? = 1
and 13 = 1 is equivalent to prevent elongation in the preferred directions d; and dy. We therefore
end up with a model in which it is possible to impose, at the boundary of considered system, both
the displacement field and the deformation fields measuring variation of the angle between fibers
and elongations along the two preferred directions. The generalized theory proposed in this chapter
becomes essential for describing deformation patterns in which high gradients of deformation occur
in relatively narrow regions of the material. This is the case for the deformation patterns which will
be described in the next section.
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5.4 Phenomenology of the bias extension test

The bias extension test is a mechanical test which is very well known in the field of composite
materials manufacturing (see e.g. [CAO08, HAR04, PEN13]). It is widely used to characterize the
mechanical behavior of woven-fabric fibrous composite preforms undergoing large shear deformations.
Such fibrous materials have attracted significant attention from both industry and academia, due to
their high specific strength and stiffness as well as their excellent formability characteristics. These
materials are widely being used in the aerospace industry since they provide a suitable compromise
between high mechanical performances, light weight and easy shaping. The bias extension test is
performed on rectangular samples of woven composite reinforcements, with the height (in the loading
direction) relatively greater (at least twice) than the width, and the yarns initially oriented at +
45-degrees with respect to the loading direction. The specimen is clamped at two ends, one of which
is maintained fixed and the second one is displaced of a given amount. The relative displacement of
the two ends of the specimen provokes angle variations between the warp and weft: the creation of
three different regions A, B and C, in which the shear angle between fibers remains almost constant
after deformation, can be detected (see Fig. 5.3). In particular, the fibers in regions C remain
undeformed, i.e. the angle between fibers remains at 45° also after deformation. On the other hand,
the angle between fibers becomes much smaller than 45° in regions A and B, but it keeps almost
constant in each of them.

Clamp Area

Clamp Area

\ 4 v
Clamp Area Clamp Area

Figure 5.3: Simplified description of the deformation pattern in the bias extension test.

The main characteristics of the bias extension test are summarized in Fig. 5.3 in which both the
undeformed and deformed shapes of the considered specimen are depicted. The specimen is clamped
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Figure 5.4: Boundary layers between two regions at constant shear (left) and curvature of the free
boundary (right).

at its two ends using specific tools which impose the following boundary conditions:
e vanishing displacement at the bottom of the specimen,
e assigned displacement at the top of the specimen
e fixed angle between the fibers (45°) at both the top and the bottom of the specimen.
e vanishing elongation of the fibers at both the top and the bottom of the specimen.

It is clear that the third type of boundary condition which imposes that the angle between fibers
cannot vary during deformation of the specimen is a boundary condition which, at the level of
a macro model, imposes deformation and not displacement. The same is for the fourth type of
boundary conditions blocking elongation of fibers. Boundary conditions of this type cannot be
accounted for in a first gradient theory, while they can be naturally included in a second gradient
one, as duly explained in the previous section.

Moreover, the deformation scheme described in Fig. 5.3 does not take into account some speci-
ficity of the deformations which are actually observed during a bias extension test. In particular,
the following two experimental evidences are not included in the scheme presented in the quoted
figure:

e the presence of transition layers between two adjacent zones with constant shear deformation
e the more or less pronounced curvature of the free boundaries of the specimen.

Indeed, both these evidences can be observed in almost any bias extension test on woven composite
preforms, as it is shown in Fig. 5.4.

A set of bias tests run on specimens under identical circumstances have produced some suggestive
results which were gathered in a picture of [CAOO08| which we reproduce here in Fig. 5.5. In
this figure the contour of the shear angle variation between yarns is depicted as the result of some
optical measurements conducted at INSA-Lyon. Unfortunately, the yarns constituting the considered
reinforcements have a very high extensional rigidity and, as a consequence, the thickness of the
corresponding elongation boundary layers is relatively smaller. Hence, in order to obtain similar
results for the elongation boundary layers, suitably targeted measurement campaigns should be
conceived.
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oS

Figure 5.5: Contour of shear angle in a bias-extension test obtained from the optical measurement
software Icasoft (INSA-Lyon).

Table 5.1: Constitutive first gradient coefficients used in the numerical simulations.

0 1 0 12 2 0 0
Kelong Kelong Ielong Kshear Ksﬁear P Wshear Ishear
[MPa]  [MPa -] [MPa] [MPa] [MPa] -]

37.85 816.33 1.45x10~2 0.07575 1.69x10~% 3.69 -1.69x10~% 4.20x10~3

The principle of virtual powers for constrained micromorphic media formulated in Eq. (5.31)
allows for the description of the onset of thin boundary layers in which high gradients of shear
deformation occur and which allow for a gradual transition from one value of the shear angle to the
other one. The onset of these boundary layers cannot be accounted for by a first gradient theory,
while it can be described by adding a dependence of the energy density on gradients of the shear
deformation. Curvature effects will be also pointed out in the results obtained in the performed
numerical simulations and which will be shown in the next section.

5.5 Numerical simulations

We now propose to apply the introduced second gradient model to perform numerical simulations
of the bias extension test which take into account the onset of shear boundary layers. We consider a
rectangular specimen of 100 mm of width of and 300 mm of height in the undeformed configuration.
The fibers are at +45° with respect to the direction of the height of the specimen in the undeformed
configuration. To perform the numerical simulations we choose a fixed orthonormal basis such that,

the components of the two structural vectors introduced before are d; = (\/§ /2,v/2/2, O)T and dg =

(\/5/2, —V/2/2, O)T and we impose at the top of the specimen a vertical displacement d = 55 mm.
Clearly, also the deformation tensor C and all its introduced invariants can be accordingly written in
the chosen basis. We summarize in Tab. 5.1 the values of the first gradient constitutive parameters
appearing in the orthotropic hyperelastic potential (5.19) which are used to perform the numerical
simulations presented in this section.

These values have been proposed in [CHA12| as the result of specific measurement campaigns.
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5.5.1 First gradient limit solution

As discussed in detail by [HAM13a, HAM13b], first gradient energies, in which the physical phe-
nomena governing the onset of boundary layers are neglected, actually produce mesh-dependent
numerical simulations. To remedy to this circumstance, [SPE84| suggested some techniques whose
numerical counterpart has been developed in [HAM13a, HAM13b| for considered case: following the
ideas there exposed we could get numerical simulations in which boundary layers reduce to lines and
deformation measures are subjected to jumps.
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Figure 5.6: Shear angle variation ¢ for an imposed displacement d = 55 mm obtained with the first
gradient theory. The lateral bar indicates the values of ¢ in degrees.

We show the result of one of these numerical simulations in Fig. 5.6. This picture represents the
shear deformation field which is the correct limit to which regularized models must converge when
higher gradient parameters tend to zero. In particular, figure 5.6 shows the shear angle variation
¢ which is obtained as solution of the first gradient equilibrium problem resulting from (5.31) by
setting &1 = o = a3 = 0 and Bf"t = NSXt = ngt = (0. The boundary conditions which have been
used to solve the first gradient equilibrium problem are

e Vanishing displacement on the left surface: du; =0, i = {1,2},
e Assigned displacement on the right surface: du; = 55 mm, dug = 0,
e Unloaded lateral (top and bottom) surfaces (i.e. t* =0, i = {1,2}).

As it can be seen, the three zones A, B and C defined in Fig. 5.3 can be identified in the solution
shown in Fig. 5.6: the red zones (corresponding to zones C) are such that no angle variation occurs
with respect to the reference configuration (¢ = 0). On the other hand, the green and the blue zones
respectively correspond to regions B and A and are such that two different constant angle variations
(¢ =~ ¢pa/2 # 0) with respect to the reference configuration occur. The first gradient solution is
such that a sharp interface between each pair of the three shear regions can be observed.

5.5.2 Second gradient solution and the onset of boundary layers

For what concerns the solution which we have obtained by means of the introduced second gradi-
ent model, we start by heuristically choose the values of the second gradient parameters by using
an inverse method based on physical observations. However, further investigations are needed to
establish a theoretical relationship between the microscopic structure of considered reinforcements
and the macroscopic parameters here introduced: it is indeed well known (see e.g. [CAS72, DEGS81,
DEL95a, FOR10|) that the second gradient parameters are intrinsically related to a characteristic
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length L. which is, in turn, associated to the micro-structural properties of considered materials.
It is also known that many identification methods have been introduced to relate the macroscopic
second gradient parameter to the microscopic properties of the considered medium. Some of these
methods are presented in [ALIO3, SEP11]. Calling L. the measured thickness of the shear boundary
layer highlighted in Fig. 5.4, we tune the value of the second gradient parameters &;, i = {1,2,3}
in our numerical simulations until we obtain a boundary layer having the same thickness L.. In
particular, for a characteristic length L. ~ 2 cm, we obtain, by inverse approach, the following
values of the shear and elongation second gradient parameters respectively

a1 =3x107° MPam?, @y = a3 =9 x 1073 MPam?. (5.34)

The second gradient solution for the shear angle variation ¢, obtained for the aforementioned
values of the second gradient parameters, is shown in Fig. 5.7. For obtaining this solution, Eq.
(5.31) was solved with the following additional boundary conditions

e Zero angle variation at the clamped ends of the specimen: ! = ig = 0,
e Zero elongation of the fibers at the clamped ends of the specimen: 1? =iy = 1, ¥ = ig = 1.

e Boundaries on the lateral (top and bottom) surfaces free from micromorphic loads: 5?’“ =
0, i ={1,2}.
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Figure 5.7: Shear angle variation ¢ for an imposed displacement d = 55 mm obtained with the
proposed second gradient theory. The lateral bar indicates the values of ¢ in degrees

It can be noticed that in the second gradient solution shown in Fig. 5.7 the transition zones
between different shear regions are regularized and shear boundary layers can be clearly observed,
as well as a curvature of the free boundaries on the two free sides. It can be immediately remarked
how the solution shown in Fig. 5.7 is, at least qualitatively, very close to the experimental picture
shown in Fig.5.5.

We show in Fig. 5.8 the first and second gradient solutions for the shear angle variation along
the sections I and II.

It can be clearly seen that, along section I, the first gradient solution (dashed line) produces a
sharp variation of the shear angle across the two regions C and B. On the other hand, the second gra-
dient solution (continuous line) clearly regularizes the transition between the zone at zero variation
of the shear angle and the adjacent zone. The same arrives in section II, which spans on the whole
specimen, in which the transition zones are clearly regularized by the second gradient solution.

In Fig. (5.9) we show the effect of the variation of the shear second gradient parameter &; on the
solution for the shear angle variation ¢ along the sections I and II respectively. It can be seen that
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Figure 5.8: Definition of the sections I and II (top) and shear angle variation ¢ for the two sections
I and II both for first gradient (dashed line) and second gradient (continuous line).

the effect of increasing the shear second gradient parameter actually lower the value of the shear
angle variation so producing more regular transitions from the two regions at different constant
shear. This clearly results in an increasing of the characteristic size of the shear boundary layer.
It can be also noticed that the value of ¢ increases with &; in the center of the specimen. We can
conclude that the choice of the shear second gradient parameter ¢&; is directly related to the fact of
fixing the thickness of the shear boundary layer. This parameter can be hence easily tuned on the
basis of experimental evidences. In the presented numerical simulations, we tuned the shear second
gradient parameter & in order to have a boundary layer of thickness L. ~ 2 cm, so obtaining the
quoted value &; = 3 x 107°> MPam?.

As for the choice of the second gradient elongation parameters, the identification procedure is
less direct than that one used for identifying the shear parameter &;. First of all, due to symmetry of
material properties in the directions of weft and warp, we set a priori that s = a3. Unfortunately,
due to the very high tensile stiffness of the yarns, experimental measurements of elongation boundary
layers in the fiber directions are not available, as it was instead the case for shear boundary layers
(see Fig. 5.5). The precise tuning procedure which allows us to fit the second gradient elongation
parameters to experimental measures of elongation boundary layers is henceforth not possible at this
stage. Therefore, the value of the parameters & and &3 was tuned after performing the parametric
study shown in Fig. 5.10 in which the effect of the variation of the second gradient elongation
parameter on the value of the shear angle is shown. It can be remarked from this picture that
increasing the value of the second gradient elongation parameter results in an overall increase of the
shear angle variation ¢. The value of ao which gives, in the center of the specimen, the same value
of ¢ obtained for the limit first gradient solution shown in Fig. 5.6 was chosen, so resulting in the
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Figure 5.9: Parametric study on the shear second gradient parameter a; € [7 x 10766 x
1075 MPam?, taking fixed ao = @3 = 9 x 1073 MPam?.
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Figure 5.10: Parametric study on the elongation second gradient parameter ds = é3 € [3x 1073,9 x
1073] MPam?, taking fixed a3 = 3 x 107> MPam?.

value o = 9 x 1073 MPam?. We obtained, in the performed numerical simulations, an elongation
field which is everywhere very small: the maximum value of elongation is of the order of 1073, We
show in figures 5.11 the elongation boundary layers (each corresponding to the elongation in one of
the two preferred directions of the fibers) obtained in the performed numerical simulations. In order
to precisely reveal the nature of these elongation boundary layers suitable experimental campaigns
as well as adapted microscopic models should be developed together with suitable micro-macro
identification techniques.

5.5.3 By using first gradient models it is not possible to correctly describe the
onset of boundary layers

One could wonder if it is really necessary to introduce micromorphic continuum models to carefully
describe the onset of boundary layers in bias tests. In the present subsection we discuss some
difficulties which arise if one tries to use the methods discussed in section 5.1. Actually, as shown
by Fig. 5.12, although it is indeed possible to describe the onset of some boundary layers still
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Figure 5.11: Elongations in the direction +45° (top figure) and —45° (bottom figure).

remaining in the framework of first gradient models, it seems very unlikely that with those methods
one can catch all experimental features which are present in bias extension tests. In the numerical
simulations leading to Fig. 5.12 one can see formation of boundary layers where high gradients of
shear and elongation are concentrated even if this simulation is conducted in the framework of first
gradient theory. However, the solution is qualitatively and quantitatively different from the first
gradient sharp solution shown in Fig. 5.6 so that realistic quantitative values for shear deformations
cannot be obtained from it.

Moreover, if one evaluates the reaction force on the fixed clamped end in the last considered case,
it can be checked that its value exceeds of a big amount the reaction force which is expected. More
particularly, the force evaluated for the limit first gradient solution depicted in Fig. 5.6 is of the
order of 5 N which is a sensible force for the bias extension test. On the other hand, if one evaluates
the force for the case depicted in Fig. 5.12, this force exceeds from 10 to 100 times the 5 N obtained
in the limit sharp first gradient solution, depending on the choice of the mesh. This means that
the mesh dependence of the first gradient solution is even more evident when analyzing force than
when analyzing deformation. Such a problem on the value of calculated force is not present when
considering the second gradient solution shown in Fig. 5.7. This point allows us to conclude that,
using first gradient models, it is not possible to correctly describe the onset of boundary layers and
that the reaction forces at clamped ends are definitely overestimated as soon as one gets far from
the limit first gradient solution shown in Fig. 5.6.
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Figure 5.12: Shear angle variation ¢ for an imposed displacement d = 55 mm obtained with the first
gradient theory and for an arbitrary mesh. The lateral bar indicates the values of ¢ in degrees

5.6 Conclusions

In this chapter a constrained micromorphic theory is introduced which includes, as a particular case,
a second gradient model. Particular orthotropic, hyperelastic, constitutive laws are introduced in
order to account for the anisotropy of fibrous composite reinforcements undergoing large deforma-
tions. The obtained theoretical framework is used to model the mechanical behavior of such fibrous
composite materials during the so-called bias extension test.

The first and second gradient solutions are compared showing that the proposed second gradient
model is actually able to describe the onset of shear boundary layers which regularize the first
gradient sharp transition between two zones at different levels of shear. Moreover, differently from
what happens for the first gradient model, the proposed second gradient theory also allows to describe
the curvature of the free boundaries of the specimen.

In order to identify the values of introduced second gradient parameters we proceed by inverse
approach, performing numerical simulations which correctly fits the experimental data. More par-
ticularly, we choose the values of second gradient parameters in order to fit at best the characteristic
length of the shear boundary layer which is observed is bias test experiments.

Therefore, the results obtained allow us to estimate the order of magnitude of the second gradient
parameters to be used for the considered fibrous materials. These results are promising and justify
the need of novel experimental campaigns in order to estimates such gradient parameters for a wider
class of composite preforms.
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Chapter 6

Second Gradient Modeling of the Three
Point Bending of 3D Interlocks

In this chapter we present a simple quadratic second gradient model for the description of the three
point bending of thick composite interlocks. In particular, we will address the following points:

e formulate a first 3D extension of the 2D model presented in [DEL14] by introducing suitable
quadratic second gradient deformation energy dependences,

e adopt the same deformation energy introduced by [CHA12]| for the description of first gradient,
hyperelastic, orthotropic constitutive behavior,

e introduce a 3D generalization of the numerical integration scheme proposed in [FER13| to
describe the 3 point bending test with fixed cylindrical supports for which [CHA12| supplies
experimental evidence and first gradient numerical simulations,

e calibrate second gradient constitutive parameters to describe the experimental mechanical
behavior of the 3 point bending of 0°/90° and +£45° fibrous composite interlocks.

The performed numerical simulations were obtained by interfacing the solid mechanics module (used
to model contact and first gradient constitutive behavior) with the weak form PDE module (used to
implement second gradient constitutive laws) in COMSOL®. Second gradient effects were obtained
by using suitable Lagrange multipliers linking the introduced micromorphic kinematical descriptors
to some orthotropic invariants of the right Cauchy-Green deformation tensor.

In conclusion, we can state that the numerical difficulties found when applying Cauchy models
are a symptom of their weakness in the modeling capabilities of complex physical phenomena.
Introducing second gradient models, one simultaneously obtains a twofold effect i) to enlarge the
scope of applicability of continuum theories and ii) to improve the efficiency of introduced numerical
integration schemes.
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6.1 Kinematics

In this section we are interested in the introduction of the correct kinematical framework which is
needed to describe the deformation of three dimensional interlocks. To do so, we follow the reasonings
proposed in [DEL14| for the case of two dimensional networks in which suitable second gradient
energies are proposed which account for the effect of yarns’ bending stiffness on the deformation of
the considered 2D woven fabrics.

Fibrous composite interlocks are constituted by different layers of thin woven fabrics which
are held together by a third weaving pattern. To account for the fact that such materials show two
privileged material directions, we introduce two orthonormal vectors D; and D9 which represent the
warp and weft directions of the yarns constituting the 2D woven fabrics in the reference configuration.
These weaving directions are the same for all points in the considered woven specimen. A third
direction can be introduced as D3 = Dy x Ds: it is worth noticing that while D; and D4 actually
identify the pattern of the yarns in the undeformed configuration, the third unit vector D3 does not
necessarily represent a material direction. The quoted set of unit normal vectors is known to be
worth to describe the reference configuration of an orthotropic material (see e.g. [RAU09|). Once
the Lagrangian unit vectors are introduced, we can define the corresponding Eulerian vectors as:

dj=F-D;, d;=F-D,, ds=F- Dy, (6.1)

where F = Vx is the gradient of the usual placement map x. The vectors di, ds and dj are the
push-forward in the current configuration of the vectors Dy, Do and Dg respectively. It is worth
to stress the fact that, while the vectors d; and ds, represent the current directions of the warp
and weft, the vector ds cannot be related to privileged directions inside the considered orthotropic
material.

We can summarize by saying that the kinematics of the considered continuum is univocally
determined by the introduction of a suitably regular placement field x : By — R? which maps
the Lagrangian configuration By C R3 of the considered body into the 3D Euclidean space. The
deformation of the body is hence completely described by means of the deformation gradient F = Vx
as in classical continuum mechanics. In this framework, if one introduces an orthonormal basis
{D1,D3, D3}, the corresponding deformed vectors {di,d2,ds} are immediately found by means of
Eq. (6.1). The fact of identifying two of the Lagrangian material vectors (namely D; and D)
with the reference directions of yarns will be seen to be useful to describe in an intuitive way the
deformation of the considered orthotropic material.

D, dy

D,

Figure 6.1: Eulerian yarn vectors d; and ds: the angle 6 is the angle between yarns in the current
configuration, -« is the total angle variation with respect to the reference configuration

In fact, with reference to Fig. 6.1 for the definition of the angles 6 and ~, it is possible to remark
that the shear strain .S can be related to the total angle variation « according to the formula

S = d1 . d2 = |d1’ |d2| COS (0) = ‘dﬂ |d2‘ sin ('y) s (6.2)
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where v = 1 + 2 is the total angle variation field between the two orders of yarns from the reference
configuration to the current one and |-| represents the length of considered vectors. Analogously,
A1 = |di| and Ay = |d2| are a measure of the yarns’ stretches: indeed the elongations of the two
orders of yarns with respect to the reference configuration can be easily obtained as A1 —1 and Ao — 1
respectively.

6.2 Second gradient energy density for 3D interlocks

The aim of this section is to introduce constitutive laws which are suitable to describe at best the
mechanical behavior of 3D fibrous composite reinforcements. It will be shown that a second gradient
constitutive law which is able to account for the in-plane and out-of-plane bending stiffnesses of the
yarns is indeed necessary to correctly model the mechanical behavior of such materials. Following
what done in [DEL14]| for the 2D case, we suppose that the deformation energy density W depends
on the deformation tensor and on its gradient by means of the following additive decomposition:

W (F,VF) = Wi (F) + Wy (F,VF), (6.3)

where W1 and Wiy are the first and second gradient energies respectively.

In order to determine a suitable constitutive expression for the first gradient energy W7y, we start
recalling the representation theorem for orthotropic materials (see [RAU09|) which states that the
first gradient energy for an orthotropic material can take the following functional form:

Wi (F) = Wi (i1, 44, %6, s, 99, i10) , (6.4)
where

is=D1-C-D; =X, ig=Dy-C-Dy=2)3, ig=D;-C-Dy=25,
i9:D1-C~D3, ilozDQ-C-Dg, ilztr(C),

are the invariants of the right Cauchy-Green deformation tensor for an orthotropic material and
where C = FT . F is the classical right Cauchy-Green deformation tensor. It is worth noticing
that the first three invariants respectively coincide with the square of the stretches in the yarns’
direction and with the shear strain. The invariants i9 and 719, on the other hand, are related to the
out-of-plane angle variations of the two orders of yarns and their spacial gradient can be related to
the out-of plane bending of the yarns. Specific constitutive laws for the first gradient energy which
fit available experimental data will be given in the next subsection.

As far as the second gradient energy is concerned, a general class of expressions which can be
considered is of the type

(6.5)

Wit (F, VF) = Wiy (Viy, Via, Vig, Vis, Vig, Vi) . (6.6)

In the next subsection we will point out some reasonings which will allow us to consider simpler
constitutive expressions for the second gradient energy which are suitable to describe the overall
behavior of the considered interlock subjected to three point bending..

6.2.1 Constitutive choice for the first gradient energy

Following what done in [CHA12|, we introduce some specific functions of the introduced invariants
which are relatively simple to be determined by means of suitable experimental settings:

Iellong =In (\/ZZ) ’ Ie210ng =1In (\/%) ) Isph = -

i i ; (6.7)
I:ﬁ = 2 I:}21 = 10 Icomp =1In ( 3) s
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where the invariants which have not been previously introduced are defined as
i3 = det (C) , 111 = D3-C-Ds. (6.8)

Indeed, considering an energy which depends on the quantities appearing in (6.7) is equivalent to
consider a functional dependence of the type (6.4). In fact, as shown in [RAU09], the additional
two invariants defined in (6.8) depend on the previously introduced ones by means of the following
relationships

111 =11 — 14— 1

N (6.9)

iz = (1426 — 28) (11 — 4 —ig) + 248 i9 G10 — 96 15 — 14 17p-
The interest of introducing a particular functional dependence of the strain energy density on the
invariants (6.5) through the introduction of the quantities (6.7) can be found in the fact that these
quantities can be easily measured by means of suitable experimental set-ups. The two quantities
Iélong and Iezlong are directly related to yarns elongations \; = /iy and Ao = /ig. As for the
second quantity, it can be checked that I = sin () (see also Eq. (6.2)): this means that it can
be directly related to the shear angle variation between yarns. Analogously, Istﬁ and I:ﬁ represent
the out-of-plane angle variations of the two orders of yarns and are thus related to out-of-plane
shear modes. Finally, Icomp represent a normalized volume variation which can be directly related
to a compression deformation mode. The possibility of performing simple elementary measurements
on the quantities (6.7) allows the conception of constitutive laws which characterize the behavior
of composite interlocks and which show considerable agreement with the available experimental
evidences. In [CHA12| it is proposed a constitutive expression of the first gradient deformation
energy of the type

Wi = ellong + Wezlong + Wcomp + WSIL + Wst}} + Wstla (610)
where
1170 1 2 o7l 0
Wl _ iKelong <Ielong) ) if Ielong < Ielong
Y Weatong (T, — 19,.) + 3K 1% 10 if 11> 19
2 trelong | Lelong elong 2" “elong~elong " elong 1 elong elong’
1 2 2 : 2 0
ng _ §Kelong (Ielong> ) if Ielong < Ielong
clong 1101 2 0 110 2 70 72 0
§Kelong (Ielong - Ielong) + §KelongIelongIelong if Ielong > Ielong’
Icomp - Icomp
Wcomp = Kcomp 1- 0 —dq 0 -1
Icomp Icomp (6 11)
K2 (15)° if |15 | < %Y
WIL — ;}ip sh » o sh| = sk(l]
S P |\ : P P
Kshp (1 - |Ish ) + Wshp if ’Ish| > Ish
112 1)2 : 1 0
Wil — {QKshtl (Isth2) if [I5] < I
5 22 1 21 1 0 : 1 0
Kshtl (Is?h) + Kshtl ‘I:h‘ + Wshtl if ’Isfh‘ > Ishtl
112 2)2 : 2 0
W2 — {QKsht2 (Isth2) if |75 < I
5 22 2 21 2 0 : 2 0
Ksht2 (Is?h) + Ksht2 ‘I;h‘ + Wshtl if ’Isth‘ > Isht2‘
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In the previous formulas, all the quantities which have not been introduced before are constant.

It is worth noticing that the elongation energies I/Vellong and I/Vezlong are defined in such a way that
a threshold value I glong exists for which the yarns’ rigidity is smaller for small elongations than for
higher ones (Kglong < Kelong)- This constitutive choice allows to take into account the fact that the
yarns are not initially straight due to weaving and they can hence initially be elongated more easily.
The elongation threshold I (glong corresponds to the configuration in which the yarns are completely
straightened and start showing a higher resistance to deformation. The need of introducing such
elongation strain energy densities is related to the fact that they actually carefully describe the
response of the woven yarns to elongation. Nevertheless, the elongation of yarns is a mechanism
which is definitely less important than the deformation mechanism associated to the angle variations
between the two orders of yarns. We can actually say that, in most of the experimental tests, the
considered yarns can be considered almost inextensible with respect to the observed predominant
shear strains: the energy associated to elongation is negligible when compared to the energy associ-
ated to the in-plane and out-of-plane shear of the considered set of yarns. As it will be better pointed
out in the next subsection, this feature, which is peculiar of fibrous composite reinforcements, will

be essential for choosing a simplified constitutive expression for the second gradient energy.

6.2.2 Constitutive choice for the second gradient energy

In this subsection we specify the constitutive expression which we will use to model the mechanical
behavior of 3D composite interlocks. To do so, we start considering some results recently proposed
in [DEL14] for 2D woven composites. In the quoted paper, it is shown that a suitable 2D second
gradient energy which is able to account for in-plane bending stiffness of the yarns at the mesoscopic
scale is of the type

1 1
Wit (F, VF) = 5 4, (IVn]? + 192 + 5As VS, (6.12)

where Ay and Ag are positive constants. This energy has been shown to be a good choice for the
description of the mechanical behavior of 2D woven composites due to its convexity with respect to
VF which guarantees well posedness of the resulting differential problem. A second gradient energy
of this type has also been used in [FER13] to model the bias extension test on 2D woven composites.
It is clear that, when considering inextensible yarns, the gradient of elongations are vanishing and
the second gradient strain energy density thus reduces to

1 1 .
Wi (F,VF) = S As IVS|2 = 5As |Vig|? . (6.13)

In [DEL14] it is also shown that, in the limit case of inextensible yarns, an alternative to the strain
energy density (6.13) is given by

1
W (F,VF) = §Ag (\&’2 + !g2|2> : (6.14)

where
g1 = K1V1, g2 = Kal2 (6.15)

are two vectors which account for the bending of the yarns at the mesoscopic level and A, is a
positive constant. In the last formulas k1 and ko are the bending strains of the two orders of yarns
and v; and vy are vectors orthogonal to the current yarn directions d; and dy respectively (see
[DEL14] for more details). Direct comparison of equations (6.13) and (6.14) allows to conclude
that, in the case of almost inextensible yarns, the fact of considering an energy accounting for the
gradient of the shear angle variation is equivalent to consider an energy accounting for the bending
of the two orders of yarns at the mesoscopic level. This interpretation is intriguing since it provides
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a clear interpretation of the deformation mechanisms which take place at the mesoscopic level when
considering woven fabrics.

By extension of the previous reasoning, we consider the following expression for the second
gradient energy to be used for accounting for out-of plane bending stiffness of the yarns in 3D
composite interlocks

1 , 1 .
Wi (F,VF) = §A‘g |Vig|? + §A§3 |Vito)? . (6.16)

By this constitutive choice, we are considering that the wires are almost inextensible (small elonga-
tions compared to the shear strains) and that the predominant second gradient deformation modes
are the out-of-plane bending of the yarns at the mesoscopic level. This is coherent with the usual
phenomenology observed when dealing with 3D composite interlocks.

As a matter of fact, the constitutive choice (6.16) for the second gradient strain energy den-
sity deserves more accurate investigations in future works in order to be generalized to describe
any observable material behavior of thick composite interlocks. Actually, even if the predominant
mesostructure-related deformation mechanisms which are activated in the three point bending test
are the out-of-plane bending of the yarns, it is possible that other second gradient mechanisms could
be activated when considering other loading and/or boundary conditions. In order to explore all
these possibilities, other independent macroscopic tests need to be conceived which are able to un-
veil such supplementary material behaviors taking place at the mesoscopic level. A fully realistic
constitutive choice for the generalized elasticity parameters remains a big challenge for mechanicians
and it constitutes an open field of research. Despite the simplicity of the constitutive choic made
here, non-linear material behaviors are likely to occur also for second gradient deformation mech-
anisms. If Eq. ¢(6.16) is well adapted for describing the macroscopic effect of the mesostructure
when considering a macroscopic bending of the specimen, it is possible that more general expressions
(including a dependence of the elastic second gradient parameters on the first gradient strain and/or
more complicated functional expressions for the strain energy density) will be needed to describe
the behavior of interlocks when subjected to arbitrary loading and boundary conditions.

6.3 Least action principle and principle of virtual powers

Once the kinematics and the adopted constitutive laws for 3D orthotropic materials have been
introduced, we can introduce the action functional as

A= [ w(E VF) dB, - / (Wi (F) + Wi (F, VF)) dB, (6.17)
Bg By

where W and Wiy are constitutively given by (6.10) and (6.16) respectively. Assuming the previous

expression for the action functional implies that all inertia effects are neglected and that we are

hence considering a static case. As it will be shown in the remainder of the chapter, this assumption

is sensible for the applications which are targeted here.

6.3.1 Second gradient theory as the limit case of a micromorphic theory

In this subsection we will present the principle of virtual powers for the considered second gradient
material passing through the theory of micromorphic media. The theory of micromorphic media (see
[MING64, ERIO1]) is known to be suitable to account for microstructure in elastic materials. This
theory is more general than a second gradient one in the sense that the set of unknown kinemati-
cal fields is enriched with respect to the classical kinematics based on the displacement field alone.
More precisely, supplementary kinematical fields accounting for the motion of the microstructure
are provided thus generalizing the classical kinematical framework of Cauchy and second gradient
continua. In this chapter, we state the principle of virtual powers for 3D composite interlocks by
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means of a simple micromorphic model and we use suitable Lagrange multipliers to let the con-
sidered micromorphic model tend to the second gradient model presented in the previous sections.
The interest of introducing the principle of virtual powers by means of this approach is threefold:
i) the presentation via a micromorphic model allows to better catch the physical meaning of the
considered internal and external actions, ii) the natural and kinematical boundary conditions which
can be used naturally take an intuitive meaning, iii) last but not least, the numerical implementation
of the considered generalized problem is easier and the obtained solution is more stable. As far as
considering the third quoted advantage of using constrained micromorphic theories to numerically
implement second gradient problems, one has to notice that the gain in terms of numerical calcu-
lations is evident. Indeed, when considering a differential problem stemming from a micromorphic
model, the associated differential equations are of lower order with respect to those which would
directly derive from a second gradient model. These lower order equations are obviously easier to
be solved from a numerical point of view and the obtained numerical solution will be more stable
and precise.

To proceed according to this optic, we introduce the kinematical fields of the considered micro-
morphic model by means of the two vector functions

x : By — R3, ¥ : By — R?, (6.18)

the first one being the classical placement field introduced before also for the 2nd gradient kinematics
and the second one accounting for microscopic motions in the considered continuum. The micro-
morphic model proposed here is simpler than the classical one proposed by Mindlin and Eringen
[MIN64, ERIO1| since we only consider here two additional scalar functions instead of the 9 which
are introduced in the quoted models. We hence introduce a micromorphic strain energy density
which take the following particular form and which is used to implement our numerical simulations:

- 1 1
Wi (V) = 5,4@51 IV |2 + 5Ag? Vo |?, (6.19)

where we denoted by 1., a = 1,2 the components of the vector 9. By direct comparison of the
energies (6.19) and (6.16) it can be checked that the proposed micromorphic energy tends to the
second gradient one introduced before if ¥ — ig and 19 — 419. In order to account for such
constraints in the weak formulation of the problem, we introduce suitable Lagrange multipliers A;
and As which have an associated energy density of the type

Wi, (F, 9, A) = Ay (1 —ig) + Az (P2 — i10) (6.20)

where we clearly set A = (A1, A2).
We hence propose to write the action functional of the proposed micromorphic medium as

A= | (WI (F) + Wit (Vo) + Wy, (F,¢,A)) By, (6.21)

where Wi is the same energy given in 6.10, while the energies Wi and Wi, are introduced in terms
of the additional kinematical variables as in formula (6.19) and (6.20) respectively. The power

of internal forces of the considered constrained micromorphic medium can be written as the first
variation of the considered action functional as

; oWy oW, oW, oWn oW,
Plnt _ _ . .
=0A= Bo ((apij * aFij> OF + M e+ OMa,j Pai t 8, M“) ' (6.22)

The power of external forces is easily introduced when considering a micromorphic framework (see
e.g. |BLE67]) and in the present case, neglecting body external actions, can take the form

Pext — / (fieXt5Xi 4+ 7'15%) . (623)
0By
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Indeed, in the performed numerical simulations we assume that the virtual fields dv; is arbitrary
on the boundary of the considered specimen (vanishing double force: 7; = 0), while the virtual
displacement 0'y; is arbitrary almost everywhere, except on small subparts of the boundary where the
displacement is assigned or vanishing. Such small parts of the boundary on which the displacement is
vanishing can eventually change during deformation as happens for the contact of simply supported
interlocks undergoing large bending deformations. The boundary conditions to be applied to model
contact between two deformable continua is of difficult implementation but contact laws are usually
already implemented in numerical codes as e.g. COMSOL Multiphysics. We used such tool to model
the contact in our numerical three point bending simulations.
The weak formulation of the differential problem for the considered constrained micromorphic
medium can be then stated as
Pint — Pext’ (624)

where the internal and external power are respectively given by (6.22) and (6.23).

It is worth to remark that, starting from this formulation of the principle of virtual powers and
considering arbitrary variations dA; of the Lagrange multipliers, one gets the bulk constraints which
actually let the considered micromorphic model tend to the particular second gradient one previously
introduced, namely

Y1 =1y, P2 =1i10. (6.25)

It is clear that, starting from the principle of virtual powers and integrating by parts, one could
also obtain the strong form of the bulk equations and naturally associated boundary conditions in
duality of the virtual variations §y; and d1;. Nevertheless, since the numerical simulations presented
in the following are directly implemented via the weak form (6.24), we do not explicitly write here
such strong equations.

6.4 Numerical simulations for three point bending of composite in-
terlocks

In this section we present the numerical results stemming from the application of the proposed
second gradient model to the case of three point bending of a composite interlock. The first gradient
constitutive parameters appearing in equation 6.11 are assumed to take the values presented in tables
6.1, 6.2 and 6.3, in agreement with the experimental identification proposed in [CHA12]. We remark
that the two out-of-plane shear potentials are not symmetric in the sense that the corresponding
constants appearing in table (6.3) do not take the same values for the two order of yarns. This fact
is due to different weaving patterns in the warp and weft directions and has been experimentally
observed in [CHA12|.

0 0
Kelong Kelong Ielong

37.85 [MPa] 816.33 [MPa] 0.0145 7.57x1073 [MPa] -1.12 2.85

Kcomp I 0 q

comp

Table 6.1: Constitutive parameters appearing in the elongation and compression energy potentials.

12 21 0 0
Kshp Kshp p Ishp W, hp

S

0.07575 [MPa] 1.69x10~% [MPa] 3.69 4.2x10~% -1.69x10~* [MPa]

Table 6.2: In-plane shear constitutive parameters.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0100/these.pdf
© [M. Ferretti], [2014], INSA de Lyon, tous droits réservés



CHAPTER 6. 3D SECOND GRADIENT MODELING OF INTERLOCKS 94

12 22 21 0
Kshtl Kshtl Kshtl Ishtl

0.064945 [MPa] 0.00401131 [MPa] 0.00079691 [MPa] 1.4x10 2

12 22 21 0
Ksht2 Ksht2 Ksht2 Isht2

0.0330351 [MPa] 0.0042497 [MPa| 0.000736072 [MPa] 3x102

Table 6.3: Out of plane shear constitutive parameters.

Indeed, it must be said that the constitutive expressions for the in-plane and out-of-plane shear
potentials (last three equations in 6.11) are slightly different from the ones used in [CHA12|. Never-
theless, the associated stresses (derivatives of the energy with respect to I;’h, Istﬁ and Igﬁ) are seen to
be almost equivalent. The reason to introduce here a simplified expression for the shear potentials is
that a quadratic energy (linear stress) is more easily treated in numerical calculation than an energy
in which non-integer powers of the considered invariants appear. All other constitutive laws used
here (see Eq. 6.11) coincide with the one proposed in [CHA12].

The physical test we want to reproduce here is a simple three point bending of a composite
reinforcement beam with rectangular cross-sections. The considered interlocks are 3D materials (see
Fig. 6.2) in which a specific meso-structure with particular ordered patterns can be identified.

Figure 6.2: Example of 3D woven composite interlock reinforcement [ORL12| and general principle
of the interlock weaving pattern.

As it can be inferred from figure 6.2, such materials are realized by different superimposed sheets
of 2D woven fabrics which are partially interwoven in the direction orthogonal to the plane of the
yarns. More particularly, the weaving in the direction orthogonal to the plane of the yarns is not
continuous through the thickness of the specimen and thus cannot be considered as a material
direction. For more details about the considered woven materials, we refer to [CHA11b, ORL12| in
which the mesostructure of Snecma composite interlocks are described in greater detail.

In this chapter we will focus on two different three types of samples which basically differ one
from the other for the direction of warp and weft with respect to the boundaries of the considered
specimen. More particularly, we consider a three point 0°/90° bending test (warp and weft directions
aligned with the edges of the specimen) and a three point £45° bending test (the yarn directions form
an angle of 45° degrees with respect to the longer sample edge). Numerical simulations showing the
effect of the introduced second gradient parameters will be proposed for both cases and a discussion
on the need of considering such a generalized continuum theory will be performed.
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In all the performed numerical simulations we consider specimens with the dimensions of 200 x
30 x 15mm, and we impose in the middle of the specimen a displacement of 60 mm. As already
discussed, since large deformations are imposed to the specimen, the contact law between the spec-
imen and the two cylindrical supports is a crucial point for the correct modeling of the considered
problem. More particularly, as far as boundary conditions are concerned, we suppose that external
double-forces are vanishing, while the force at the supports are assumed to follow a frictionless con-
tact law which is built-in in the COMSOL code. In the middle of the top surface a displacement is
applied which goes from 0 to 60 mm.

As for the values of the second gradient parameters appearing in Eq. (6.16), they are chosen by
fitting the performed second gradient numerical simulations with the available experimental data
concerning three point bending of 0°/90° and +45° composite interlocks. As it will be seen in the
following subsections, the values of the second gradient parameters which are needed to fit at best the
experimental evidences are not constant but depend on the entity of the macroscopic deformation.
This indicates that the constitutive law (6.16) may not be general enough to catch all the possible
material behaviors at high strains. Indeed, as far as sufficiently small imposed displacements are
considered (up to 30 —40 mm), a quadratic constitutive law of the type (6.16) is sufficient to describe
quite precisely the overall material behavior. On the other hand, when higher imposed displacements
are considered, different values of the second gradient parameters must be chosen to fit at best the
experimental shape. Further studies on the formulation of the constitutive behavior of composite
interlocks are thus needed which are focused on the development of more complex non-linear second
gradient constitutive equations.

6.4.1 Three point 0°/90° bending test: the effect of out-of plane yarns’ bending
stiffness

In this subsection we present the numerical simulations obtained via the proposed linear second
gradient model and we compare the obtained solutions with those issued by the classical Cauchy
theory.

Figure 6.3 shows the comparison between the experimental tests, the first gradient solution
and the second gradient one. It can be immediately noticed that the first gradient solution does
not allow to correctly describe the deformation of the two ends of the beam whose deformation
significantly deviates from the experimental data. This discrepancy between the experiments and
the first gradient solution can be better pointed out in Fig. 6.4.

In this picture the fact that the the two ends of the beam do not correctly lift up results to
be quite evident. On the other hand, the better fitting of the second gradient solution with the
experimental evidence can be seen in Fig. 6.5.

It can also be remarked in the quoted picture that the fitting between the second gradient
solution and the experimental data is performed by using two different values of the second gradient
parameter when considering small and high deformations. These observations lead naturally to infer
that the second gradient out-of-plane parameters cannot be considered to be constant, but seem to
vary with deformation. This allows to conjecture that the second gradient constitutive law should
indeed be generalized with respect to the simple quadratic form considered in Eq. (6.16) in order to
include material non-linearities also in the second gradient terms. In this chapter, we limit ourselves
to the quadratic second gradient constitutive law (6.16) which is able to catch the most important
features of the mechanical behavior of considered interlocks with very few elastic constants. On the
other hand, we also remark that, in subsequent works, a generalized non-linear constitutive law needs
to be formulated for the second gradient energy in order to complete the mechanical characterization
of considered materials.

The results obtained by means of the performed numerical simulations are appealing as they
strongly suggest that the presence of second gradient terms in the strain energy density of the
considered orthotropic material is unavoidable if one wants to correctly model the three point bending
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Figure 6.3: 0°/90° three point bending for an imposed displacement of for 30 mm (left) and for
60 mm (right). Top: experimental shapes [ORL12|, middle: first gradient numerical simulations
[CHA12], bottom: second gradient numerical simulations with AY = A2 = 1.2 x 1075M Pa x m?
(left) and AY = A2 =5 x 107°M Pa x m?(right).

of a 0°/90° interlock while remaining in a continuum framework. Indeed, it is sensible that the out-
of-plane bending stiffness plays a very important role in the deformation of such materials. In fact,
the predominant deformation mode in such a test is related to the bending deformation of the order
of yarns which are aligned with the longer side of the specimen. The order of yarns aligned with the
depth of the specimen has very little influence on the global deformation of the considered sample.
The fact that the longer yarns bend and that they posses a non-negligible out-of-plane bending
stiffness allow the two ends of the beam to lift up. Such a deformation pattern is well recovered
by the second gradient numerical simulations, but not by the first gradient ones (see Fig. 6.3).
Moreover, it can be seen in the quoted figure that, as far as the three point bending of a 0°/90°
specimen is considered, the cross sections of the beam are not orthogonal to its mean axis: this is
directly related to the fact that the yarns can be considered almost inextensible in the considered
woven composite.

Indeed, as it can be seen in Fig. 6.6, a specimen which behave as an Euler-Bernouilli beam would
need that the upper part of the specimen shrink and the lower part elongate in order to let the cross
sections stay orthogonal with respect to the mean axis. This shrinking/elongation deformation of the
specimen is not possible due to the quasi-inextensibility of the yarns: the inextensibility constraint
actually imposes a relative sliding of the yarns and, as a result, a rotation of the cross-sections with
respect to the direction orthogonal to the mean axis.
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Figure 6.4: Comparison between experimental data (dots) and first gradient solution: current shape
of the mean axis of the specimen for imposed displacement of 30 mm (a) and for 60 mm (b).
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Figure 6.5: Comparison between experimental data (dots) and second gradient solution: current
shape of the mean axis of the specimen for imposed displacement of 30 mm and AY = A? =
1.2 x 107°M Pa x m? (a) and of 60 mm (b) and AY = AZ =5 x 107°M Pa x m?.

6.4.2 Three point +£45° bending test

The present subsection is devoted to the comparison between first and second gradient solutions for
the £45° 3 point bending. Figure 6.7 shows a schematic representation of the bending of a +45°
specimen.

It can be seen from this figure that in such a deformation pattern, the upper part of the specimen
necessarily undergoes to shrinking, while the bottom part is instead elongated. This change of length
of the specimen is not due to elongation of the yarns (which we know to be almost inextensible), but
to their pantographic motions. Indeed, it is known (see also Fig. 6.7(b) and (c)) that pantographic
structures can increase or decrease their global length without changing the length of the single
elements constituting the pantograph itself. Such “pantographic” variation of length of the specimen,
coupled to out-of-plane angle variation of the two order of yarns give rise to the overall deformed
shape of the £45° specimen.

Figure 6.8 shows the comparison between the experiments and the first and second gradient
solutions for the +45° specimen for an imposed displacement of 60 mm. It can be inferred from this
figure that the first gradient solution is closer to the experimental shape than in the 0°/90° case.
This means that the second gradient effects due to in-plane and out-of-plane bending of the yarns
are definitely less important than in the 0°/90° case. Indeed, this is sensible since the yarns are
short compared to the length of the specimen and they can hence deform (rotate) changing their
out-of-plane shear angle with no significant bending.

Figure 6.9 shows the experimental deformation of the mean axis together with those obtained
via the first and second gradient theories. It is evident that that the two ends of the specimen
are partially lifted up even when considering the first gradient solution (which means that some
out-of-plane rotation takes place even without bending), but the experimental shape becomes much
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Figure 6.6: Schematic representation of 0°/90° bending test: Euler-Bernouilli hypothesis of cross
sections orthogonal to the mean axis is violated.

Figure 6.7: Schematic representation of (a) +45° bending test: Euler-Bernouilli hypothesis of cross
sections orthogonal to the mean axis is almost verified; (b) and (c) possible motions of panthographic
structures allowing for elongation and shrinking of the macroscopic specimen.

closer to the experimental one for a non vanishing value of the out-of-plane shear second gradient
parameters. The fact that a partial lift-up of the two ends of the beam takes place even in the case
of a first gradient theory is due to the fact that the fibers can rather easily rotate with respect to the
vertical direction even without bending, due to their reduced length. Such almost rigid rotation of
the fibers produces a non-local transmission of deformation which allows the two ends of the beam
to partially lift-up. Nevertheless, a small amount of bending of the yarns can be seen to be present
also in the £45° case. Such effect of the shear bending stiffness can be recognized to be important
both for the complete lift of the two ends of the beam and for the curvature of the middle part of
the specimen.

Once again, we remark that the value of the second gradient parameter used in the numerical
simulations is not the same as the one used for the 0°/90° test. This corroborates the thesis according
to which the introduced simple constitutive load must be further generalized in order to account for
nonlinear second gradient material behaviors.

6.5 Conclusions

In this chapter we present an orthotropic 3D second gradient model which is suitable to describe
the complex mechanical behavior of thick composite interlocks. The need of using such generalized
continuum theory is revealed by the study of the three point bending of 3D fibrous composite
reinforcements. The considered specimens are parallelepipeds with the dimensions of 200 x 30 x
15 mm. Two types of specimens are considered which differ for the relative directions between the
yarns and the edges of the specimen itself. More particularly, we consider the so-called 0°/90°
specimen in which one order of long yarns follows the direction of the longer edge of the specimen,
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Figure 6.8: +45° three point bending for an imposed displacement of 60mm (right). left: ex-

perimental shape [ORL12|, middle: first gradient numerical simulation [CHA12|, bottom: second
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Figure 6.9: Comparison of experimental data with different second gradient solutions for an imposed
displacement of 60 mm and ALY = AtSQ =7.5%x10"5MPa x m?

while the second order of shorter yarns is directed along the depth of the specimen itself. The
second type of specimen is called £45° and is such that the yarns are directed at +45° degrees with
respect to the direction of the longer edge of the sample. In both cases, the specimens are subjected
to a classical three point bending test and the experimental results are compared with numerical
solutions obtained via first and second gradient continuum theories. It appears clearly from the
obtained results that the use of a second gradient theory is useful tool if one wants to correctly
model the behavior of composite interlocks subjected to three point bending. Indeed, we show that
the fact of including the gradient of the out-of-plane shear angle variations in the strain energy
density is directly related to the fact of considering the out-of-plane bending stiffness of the yarns
at the mesoscopic level. Such bending rigidity of the mesostructure is crucial to correctly describe
the response of the material to the applied external sollicitations. In particular, we show that the
out-of-plane bending of the yarns is one of the leading mesoscopic deformation mechanism affecting
the macroscopic bending of 0°/90° specimens. In fact, when subjected to bending, such materials
basically behave as a “package” of superimposed wires which are held together by a second order of
shorter yarns which indeed do not intervene directly in the deformation process. The longer wires so
bend all together (as happens for the pages of a book when one tries to bend it) and their bending
rigidity allows to the two ends of the macroscopic specimen to lift up and to the middle part of the
specimen to take its characteristic curvature. A first gradient theory is not able to account for the
bending of the mesostructure and hence is not suitable to correctly describe all the mechanisms which
intervene in the complex process of deformation of composite interlocks. Moreover, we explicitly
point out that the constraint of “quasi-inextensibility” of the yarns is directly related to the fact that
a 0°/90° specimen does not behave as an Euler-Bernouilli beam in the sense that cross-sections which
are initially orthogonal to the mean axis of the beam, do not remain orthogonal during deformation.
Indeed, due to large bending deformations, the upper and lower surface of the specimen inevitably
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have different curvature and cross sections could remain orthogonal to the mean axis if and only if
a significant change of length occurred in the direction of the longer edge of the specimen. This is
actually impossible, due to the fact that the yarns have a very high extensional rigidity.

Similar reasonings can be repeated also for the +45° specimens, even if the deformation of such
materials is more complex to be understood from a phenomenological point of view. We prove that
in such a case, the bending rigidity of the yarns intervenes much less on the macroscopic deformation
of the specimen, even if it keeps playing some role. Indeed, the main part of the out-of-plane motion
of the yarns is accounted for by simple rotations of the yarns with no (or very few) associated
bending. Such a deformation mode is possible due to the fact that the yarns are relatively short
with respect to the size of the specimen and they can rotate rather easily with respect to the vertical
direction. Nevertheless, the fact of considering the bending of the yarns still bring some complements
to the complete description of the experimental behavior of the considered materials, both for what
concerns the complete lift of the two ends of the specimen and its global curvature. We finally
remark the +45° specimens almost behave as Euler-Bernouilli beams. This is possible since changes
of length of the specimen are allowed due to pantographic motions of the yarns.

We can summarize by saying that 3D composite interlocks can be correctly modeled by consider-
ing the bending stiffness of the yarns by means of second gradient theories. When considering three
point bending tests, the influence of the out-of-plane bending stiffness is much higher for 0°/90°
specimens than £45° ones. We can infer that for orthotropic media with different initial angles
between yarns the effect of second gradient terms would be of intermediate importance with respect
to the two limit cases presented here.

The results proposed here are a fundamental step for the characterization of the mechanical
behavior of thick composite interlocks for the impact that such results can have on the modeling
of forming processes of complete engineering components. Nevertheless, the conception of more
complex non-linear, second gradient constitutive laws appears to be a crucial point for further
investigations.
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General Conclusions

The complete characterization of fibrous composite reinforcements must account for the description
of their mechanical behavior at the mesoscopic and microscopic scales. In order to consider the
presence of lower scales in a macroscopic continuum theory, suitable constitutive laws must be
introduced which account for

e the description of the microstructured material at high strains by means of suitable hyperelastic
constitutive laws accounting for the orthotropy of the material,

e the description of microstructure-related deformation modes (as the bending of the yarns) by
means of second gradient theories.

In order to bring new elements to the constitutive characterization of fibrous composite reinforce-
ments, the hyperelastic constitutive laws proposed in [CHA11b| are complemented here by adding
suitable second gradient terms which account for the effect of the bending stiffness of the yarns on
the macroscopic mechanical behavior of the considered fibrous composite reinforcements.

Two experimental tests are targeted, namely the bias extension test on 2D fibrous composites
and the three point bending of tick composite interlocks, which are simulated by means of a second
gradient continuum model. It is shown that, in both the considered cases, the fact of using second
gradient theories allows for the description of in-plane and out-of-plane bending modes of the yarns
which inevitably have a non-negligible effect on the overall deformation of the considered specimens.

In particular, for the bias extension test, internal boundary layers are individuated which are
transition zones between two regions of the specimen in which the shear angle between fibers remains
almost constant. In such transition layers in-plane bending of the fibers can be observed which allows
for a gradual variation of the angle between the two quoted zones. Such in-plane bending modes are
associated to a simple second gradient energy whose elastic coefficients are determined by inverse
approach.

The second considered experimental test is the three point bending of composite interlocks. It
is seen that in this case a second gradient energy is needed to describe the out-of-plane bending
modes of the yarns. The second gradient terms are proved to determine a complete fitting between
the numerical simulations and the experimental results. In fact, if the solution obtained by a first
gradient theory does not allow for the correct description of the deformation of the two ends of
the interlock beam, a second gradient theory cures this inconvenient by providing a more realistic
deformed shape of the specimen.

In the light of the previous remarks, we can conclude that the work presented in this thesis
actually provides an advancement in the knowledge of the mechanical behavior of fibrous composite
reinforcements. Nevertheless some open points still remains open and then need to be addressed in
further works. Among them we can list

e Conception of general non-linear, second gradient constitutive laws which allow to univocally
characterize the mechanical behavior of considered woven composites for any deformation
state (small and very large deformations) and consequently for any set of imposed loads and
boundary conditions.
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e Inclusion of the inextensibility constraint of the yarns in the adopted second gradient analytical
model in order to investigate limit systems which can serve as a reference for more complicated
material behaviors.

e Micro-macro identification, i.e. identification of the macroscopic average second gradient co-
efficients as function of the microscopic mechanical characteristics.

e Rigorous study of the well-posedness (existence and uniqueness) of the second gradient differ-
ential problem.
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