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Abstract

This thesis is devoted to the mesoscopic study on the performance of textile reinforce-
ments. F.E. simulation is carried out on a mesoscale model for the fibrous material, based
on which two kinds of new deformation modes are developed. The first one is a longi-
tudinal compression mode, which is used to reflect the small stiffness when the yarn is
compressed longitudinally. The incompatibility problem between the small longitudinal
compression stiffness and the large tension stiffness are solved by three different strate-
gies : constraining the critical step time, adding the nonlinear tension part, or using a new
strategy to update the stress. The second one is transverse expansion mode that could
reflect the influence from longitudinal deformation to transverse deformation. This defor-
mation could be found in tomography view but was ignored by the former researches. An
experiment is designed to measure the expansion magnitude, and the geometrical inverse
fitting process is applied to measure the value of the longitudinal-transverse Poisson ratio.
The parameters of the mesoscale model are measured by a series of mechanical experi-
ments and the simulation results are verified by the tomography methodology.

KEYWORDS: Composites, textile reinforcements, forming process, mechanical prop-
erties, finite element method, mesoscopic modeling, hypo elastic, tomography, longitudi-
nal compression, transverse expansion
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Résumé

Ce travail de thèse est consacré à l’étude des renforts textiles techniques 2D à l’échelle
mésoscopique. La méthode des éléments finis est utilisée pour résoudre un problème aux
limites, fortement non linéaire, dans le domaine du renfort fibreux. Deux nouveaux modes
de déformations pour le comportement des mèches de renforts ont été développés et car-
actérisés. Le premier mode est la compression longitudinale, qui permet de traduire la
faible rigidité des mèches lorsqu’elles subissent une dilatation négative dans le sens des
fibres. La relation conflictuelle sur le plan numérique entre la rigidité en tension, très
forte, et la rigidité en compression longitudinale, très faible, peut être résolue via trois
méthodes : réduction du pas de temps critique, addition de la contribution en tension ou
avec une nouvelle stratégie pour l’actualisation du champ de contrainte. Le second mode
de déformation est la dilatation transversale des mèches considérée comme conséquence
directe de la compression longitudinale. Ce phénomène d’expansion de matière dans les
directions transverses peut être observé avec un essai de compression longitudinale in-
situ sous tomographie X et est communément ignorer. Un protocole expérimental a été
mise en place pour mesurer cette dilatation transversale des mèches et un coefficient de
Poisson a pu être caractérisé par identification inverse. Une campagne expérimentale a
permis d’identifier les paramètres matériau du modèle mésoscopique et les résultats de
simulations sont comparés aux images issues d’essai mécanique in situ sous tomographe.

MOTS CLÉS : Composites, renforts tissés, mise en forme, propriétés mécaniques,
méthode par éléments finis, modélisation mésoscopique, hypoélasticité, tomographie, com-
pression longitudinale, dilatation transversale
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Chapitre 1

Introduction

This chapter gives the introduction of composite. The definition of composite and
textile reinforcement, as well as several common used matrix are introduced in section
1.1. An unbalanced woven composite which is called tapas fabric is chosen as an
example to introduce the most important mechanical properties of textile reinforcement
(tension, in-plane shear, compaction etc.). The mechanical characteristic of this fabric is
well exhibited, and will be used in the following chapters. At last the well known
numerical approaches, including kinematic and Finite Element (F.E.) simulation for
composite are briefly mentioned in section 1.4.
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1. Introduction

1.1 Introduction to composite material

1.1.1 Definition of composite material

(a) Mud bricks (b) Aero engine blade

(c) Composite-body BMW i3
[BIR 13]

(d) Construction [MIN 10] (e) Leg protector

FIGURE 1.1 – The applications of composites in multiply fields

According to the commonly acceptable definition, the material made up of several dif-
ferent continuous materials is called composite material or composite. This definition is so
broad that even the brick with straw fibers (FIG. 1.1a) can be classified as an ancient com-
posite. The combination of different materials brings composite specific benefits, such
as large strength-weight ratio, the resistance to corrosion or sometimes the capability to
dampen vibrations, etc. All these result in the explosive growth in the demand of com-
posite, not only in aeronautic or automotive area (the BMW i3 in FIG. 1.1c is the first
mass produced composite car in production, and it is made from dry, carbon non-crimp
fabric preforms that are resin transfer molded [SLO 14]), but also for construction indus-
try and even the domain of medicine. Composite has a large family, and we are interested
in those composites consisting of reinforcement (loading bearing constituent) and matrix
(constraining the relative movement of reinforcement).

1.1.2 Types of reinforcement
Reinforcements mainly come in three geometries : continuous fiber, discontinuous

fiber and particulate. The arrangement of these fibers is of utmost importance for the
mechanical performance of composite. The continuous fibers are usually arranged in one
direction or two perpendicular directions, but more complex arrangements also exist ; the
discontinuous ones are short, they are distributed in the matrix randomly or regularly ;
for the particulates, their shapes can be spherical or sheet, regular or irregular while their
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Introduction to composite material

Material
Young’s modulus

(GPa)
Tensile strength

(GPa) Density (g/cm3)

E-Glass 80 2 2.55

S-Glass 90 4.8 2.5

Alumina 300 2 3.3

Carbon 200∼ 800 2.9 2

TABLE 1.1 – Properties of common material for fibers

distribution may be random or rhythmic. All these kinds of reinforcements are created
from sources such as glass, carbon and aramid, which are favored in different occasions
in light of their own advantages and disadvantages. E.g. glass fiber is low cost and has an
outstanding ability to stretch, thus is useful for flexible applications such as snowboards,
helicopter blades and ballistics where high impact damage exist. Carbon fiber is stiffer
and stronger, and is conductive electrically and thermally. Moreover, the size of carbon
fiber does not change with temperature, while the glass fiber does. The major pain for
carbon fiber is the high cost, roughly 10 times more expensive than glass fiber. Similar
with carbon fiber, aramid fiber is thermally stable in dimensions, but has better resistance
to impact and abrasion damage. Nonetheless, it absorbs moisture thus is sensitive to the
environment.

This thesis concerns the properties of the textile reinforcement. In most cases, the
fibers and yarns are not straight arranged in the fabric, and the waviness of a fiber is
described by the term crimp. It is defined as the difference between the straightened yarn
length and the distance between the ends of the yarn while in the fabric :

C =
Ly−L f

L f
(1.1)

where C is the crimp value, Ly is the length of straightened yarn and L f is the correspond-
ing length of fabric. Crimp concerns the stability of the fabric. E.g., small crimp value
normally leads to a loose and unstable structure but improves the mechanical properties
of the fabric. Moreover, crimp also influences the drapability and permeability[ARB 11]
of the fabric. The objective of this section is giving up-to-date information of the most
common textile reinforcement formation such as the woven fabric, braid, knitted fabric,
as well as non-woven and interlock ones.

At the mention of textile fabric, woven reinforcement is surely the first thought since
it is the most traditional one. For example, the application of woven composite on cloths
can be dated back to thousands of years ago. Industrial method to obtain the woven fabric
is called weaving, which interlaces the yarns on the weaving machine (also called loom).
Five common woven patterns are shown in FIG. 1.2.

Plain woven fabric. Plain is the simplest kind of woven style. The warp yarn and weft
yarn pass over and under each other alternatively to form the whole fabric. It has
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1. Introduction

(a) Plain (b) Twill (c) Satin

(d) Basket (e) Multiaxial

FIGURE 1.2 – Examples of woven fabric

quite good permeability but low mechanical properties. The high crimp in this fabric
makes it quite stable, but on the other hand, quite difficult to drop.

Twill woven fabric. Twill is another common woven fabric. In a twill fabric, one or more
warp yarns pass over and under more than one weft yarns regularly. The twill fab-
ric has a reduced crimp level and smoother surface comparing with plain, so its
drapability is better, and this is a notable advantage when the fabric is formed into
complex shapes. Although the interlocking between warp and weft yarns are not as
tight as those in plain fabric, its stability reduces just a litter bit.

Satin woven fabric. Satin is a more complex weaving style. The number of weft yarns
over and under warp yarns are not balanced any more : the ratio can be as large as
8 :1. Since there are fewer intersections between orthogonal yarns, the satin is very
flat. The low crimp leads to outstanding mechanical properties and drapability, but
poor permeability. The largest disadvantage of satin concerns its weak stability : the
interlocking level of warp and weft is too low to fix their positions. Careful attention
should be paid to the slide of yarns, especially in the multilayer cases.

Other derivated weave diagrams The plain, twill and satin are three fundamental
weave diagrams, but there are also some other derivated weave diagrams such as
basket weave and multiaxial woven fabric.
Basket woven fabric. For those yarns or fibers with large linear density (hex) or
sectional area, it is easy to have the problem of excessive crimping during weaving.
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Introduction to composite material

The basket can be a good choice to avoid this problem, since it provide a small
crimp structure. This weaving style is quite similar with plain except that two or
more warps interlace with two or more wefts. FIG. 1.2 shows an example of 2×2
interlacing. Similar to the discussion on satin fabric, basket also has the shortcoming
of poor stability.
Multiaxial woven fabric. Multiaxial woven fabric consists of three or more yarn
sets. The structure generally has large rectangular or hexagonal openings thus the
volume fraction is small. Since the yarns exist in more than two directions, multi-
axial structures are more stable than the biaxial ones.

Besides the woven fabric, the non-crimp fabric (NCF), knitted fabric, braid fabric and
interlock fabric (FIG. 1.3) are also common used textile reinforcement in industry.

(a) Examples of Non Crimp Fabric [BEL 11]

(b) Knitted fabric (c) Braid fabric

(d) The cross sections of interlock fabric G1151 of Hexcel [BAD 08b]

FIGURE 1.3 – Several common used textile fabrics
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1. Introduction

NCF. The term of non crimp implies the structural yarns in the fabric will keep straight,
and they are in fact held in place by non-structural stitching threads (so this fabric
is also called stitched fabric). There is no interlacement between layers which is
a large advantage. Small crimp brings attractive benefits : first of all, the straight
fibers allow a fluent flow and uniform distribution of resin in the fabric [ADA 87].
Less resin-poor and resin-rich areas make the structure lighter and more stable ;
secondly, without obvious crimps, the fabric has better mechanical properties such
as higher tensile stiffness ; thirdly, the weaving process of NCF is simpler than other
kind of textile reinforcement, and the forming operations such as cutting are easier
since the structure is hold together by stitching threads ; last but not the least, the
smooth surface of NCF can be a significant advantage in applications.

Knitted fabric. Knitted fabric consists of yarn loops by the interloping technology. In
a basic knitting type (FIG. 1.3b), a row of loops formed from a long continuous
yarn can be called a course. It is connected to the previously formed course in
the interloping process. The vertical columns of loops are called wale. So course
and wale are two basic concept for knitted fabric, e.g., the course density (number
of courses per unit length along the wale direction) or wale density (number of
wales per unit length along the course direction) are usually used to characterize the
knitted fabrics. Knitted fabrics provide more elasticity than other kinds of fabrics
because of their specific structures. And the way the yarns are looped together in
knitted fabric means that less yarns are used, thus they are much lighter than woven
fabrics.

Braid fabric. Braid fabric has a rope like structure. There are one set of yarns in the
common braid style, in which the yarns are inter-weaved together by a diagonally
overlapping pattern. The excellent elongation characteristic as well as flexibility is
the most important advantages of braid fabrics.

Interlock fabric. To manufacture a stable textile reinforcement with high thickness, in-
terlock fabric (3D fabric) is proposed (FIG. 1.3d). It is first developed nearly 30
years ago in an attempt to replace expensive high temperature metal alloys in air-
craft brakes [MOU 99]. 3D fabric is preferred because of its ability to produce com-
plex near-net-shape. Moreover, 3D woven composites have high ballistic impact
damage resistance and low-velocity impact damage tolerance [LUN 95].

1.1.3 Types of matrix

The matrix in composite is basically continuous and homogeneous. Besides holding
the reinforcement into a solid, it also protects the surface of the composite from damage
and transfer the stress to the fibers in the structure. There are three kinds of common
matrix material. They are organic (the most famous organic matrix is polymer, includ-
ing thermoset organic, thermoplastic organic, rubber), metal and ceramic. The matrix of
organics are light and have resistance to atmospheric and other forms of corrosion, and
are non-electrical conductive. The metallic matrix is composed of light metals such as
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Preforming technology for textile composite

aluminum or titanium that is resistant to fire or other high-temperature environment, as
well as radiation damage. Ceramic matrix receives attention in recent years, its advan-
tages over traditional matrix mainly lie in its extreme thermal shock resistance, chemical
inertness and super hardness.

Among all the matrix materials mentioned above, the polymer is the dominant one
in most composites products. It can be thermosetting or thermoplastic. The thermoset-
ting polymer is called thermoset, and it is soft or viscous and could change irreversibly
into insoluble polymer network by curing. The advantage of thermoset is that it is better
suited to high-temperature applications up to the decomposition temperature, and is gen-
erally stronger than thermoplastic polymer, yet it is more brittle. Thermoplastic polymer
is also called engineering plastic. Its advantage is that the processing of thermoplastic is
reversible : the resin becomes flowable above a specific temperature and it solidifies at
lower temperature. So the resin can be formed into other shapes at the processing temper-
ature.

1.2 Preforming technology for textile composite
Many automated processing methods have been developed to manufacture the com-

posite components and products, such as Automated Tape Laying (ATL) and Automated
Fiber Placement (AFP). Both of them rely on costly pre-impregnated materials. Autoclave
is used to provide appropriate temperature and pressure for the preforming of composites,
but this equipment is expansive and most importantly, it limits the size of the compos-
ite products. What’s more, autoclave is energy consuming since the whole inner space
of the autoclave should be heated to conduct the heat to the composite product. Consid-
ering all these, some new technologies such as Liquid Composite Molding has attracted
the attention of researchers in recent years [MAC 56, ROB 81, ROB 84, Van 91, EBE 97,
POT 01, IVA 01, IVA 02, TAB 03, BAH 04, DUR 05, YAN 14]. The Resin transfer mold-
ing (RTM) and Vacuum Assisted Resin Transfer Molding (VARTM) as well the Thermo-
forming process for thermoplastic prepregs will be introduced here.

1.2.1 Liquid Composite Molding (LCM)

Among the technologies to produce the composite components and parts, Resin Trans-
fer Molding (RTM) is most commonly used to fabricate the composite components and
parts. During this process, the dry fabric is stamped into an enclosed metal mould to
get the preform with specific shape, followed by the injection of thermosetting resin. A
schematic diagram of RTM is shown in FIG. 1.4. Comparing to those more traditional
fabrication technology such as Compacting Prepreg or Autoclave, RTM is preferable for
some reasons [SON 03]. First of all, the reinforcement with high air void contents can
be compressed and fabricated with high volume fraction (v f ) ; secondly, it is capable of
fabricate parts with high complex shapes ; last but not least, RTM avoids hand lay-up thus
is more efficient, and at the same time, the exposure of operators to harmful volatile is
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1. Introduction

(a) RTM : initial state (b) RTM : preforming

(c) RTM : injecting resin (d) VARTM

FIGURE 1.4 – RTM and VARTM

also reduced.
It seems that the most obvious shortcoming of RTM comes from the high cost of metal

molds, which stimulates the development of Vacuum Assisted Resin Transfer Molding
(VARTM) in recent years. As is shown in FIG. 1.4d, the upper mold in RTM is replaced
by a vacuum bag. The air is firstly pumped out to provide a pressure environment until the
dry fabric is compressed to the desired volume fraction ; due to the negative pressure state
in the bag, resin can be injected into the bag with relative high speed (thus VARTM is also
more time efficient than RTM). Both RTM and VARTM are composed of two stages : the
preforming and the injection of liquid resin (so they are called Liquid Composite Molding,
or LCM).

1.2.2 Thermo-forming process

The thermo-forming technology is applied on the forming process of prepregs. As is
shown in FIG. 1.5, it contains four parts : first of all, the thermoplastic prepreg is heated
to the melting temperature and becomes soft ; then it is stamped into the mold. There are
usually three kinds of technologies to force the prepreg into the mold : the thermo-vacuum
forming, the thermo-compression forming and the thermo-stamping ; in the third step, the
deformed prepreg is consolidated ; at last, the product cools down and solidifies.
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Deformation mechanisms of textile composite

(a) Heating (b) Forming

(c) Consolidation (d) Final piece

FIGURE 1.5 – Thermo-forming process for prepregs [BOI 04]

1.3 Deformation mechanisms of textile composite

The important reasons for that textile composites are favored in automobile and air-
craft industries are the fibrous features of the textile reinforcement. The tension perfor-
mance will be firstly introduced since it provides the main resistance for the whole struc-
ture ; followed by the in-plane shear that contributes to the flexibility of fabric layer ; the
bending stiffness of fabric is small but important for the generation and development of
surface wrinkles ; the biaxial performance is also highlighted here because it reflects the
weaving feature of woven fabric ; last but not the least, the transverse compaction perfor-
mance of fabric layers is described.

(a) Image of tapas fabric (b) Tapas fabric observed in tomography experiment

FIGURE 1.6 – Tapas fabric in this study
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1. Introduction

All the introductions will be based on a fabric named tapas fabric (FIG. 1.6). This
fabric has small density value (its area density is 0.522 kg/m2, and the density of the glass
fiber is 2204 kg/m3), thus is quite light. As will be shown, it has large tension strength,
small in-plane shear stiffness as well as other outstanding mechanical properties. There
are three kinds of yarns in this fabric : the largest one is called warp yarn and is much
larger than the others and occupies most of the surface area of tapas fabric ; the yarn
parallel to warp yarn is called binder ; the weft yarn is orthogonal to them. The thickness
of tapas fabric is around 0.72 mm.

1.3.1 Tension

FIGURE 1.7 – An experiment setup for the tension test on yarn [FLO 13]

Uni axial tension is one of the most important deformations for textile fabric, because
the tension stiffness provides the main resistance of composites. Manufacture process and
simulation studies require a precise tension stiffness of the yarns and fabric layer. In the
tension experiment on yarns, it should be ensured that the samples are fixed firmly (the
yarns are normally slender and slippery). Charlotte FLORIMOND [FLO 13] used the
experimental setup in FIG.1.7 to solve this problem. Besides the tension phenomenon of
single yarns, the measurement of the tension stiffness for fabric is also measurement. This
is because the stretch of fabric is a very normal phenomenon in the forming process of
composite material, and the tension stiffness value of fabric is a important parameter for
the macroscopic simulation of composite material.
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Deformation mechanisms of textile composite

(a) The yarn is fixed by permanent glue to avoid
the slide

(b) Setup of tension test on the yarn of tapas fab-
ric

FIGURE 1.8 – Tension test on the yarn of tapas fabric

For tapas fabric in this study, all the tension experiments are carried out on the Zwick
Meca Bi-axes of LaMCoS, INSA de Lyon. To measure the tension stiffness of the yarns
in tapas fabric, the three kinds of yarns are used as tension samples. To constrain the
slide of the yarn, the ends of the yarn are fixed on plate by permanent glue to increase
the friction when the sample is clamped by the clips (FIG.1.8a). To measure the tension
stiffness of the fabric, fabric samples of 20 mm × 5 mm are used as tension samples.
The stretching speed in the experiment is 2 mm/min, which is slow enough to avoid the
dynamic interference. The strain can be calculated from the displacement d and the initial
length L0 :

εl = ln
L0 +d

L0
(1.2)

so εl is the so called true strain along the yarn.
The tensile curves of the three yarns in tapas fabric are shown in FIG. 1.9a. All tensile

curves begin with a nonlinear part, which can be explained by the rearrangement of the
fibers. After the short nonlinear part, the tension performance of the yarn becomes linear.
The tension stiffness of the yarn could be obtained by measuring the slope of the linear
part : the tension stiffness values of the warp yarn, binder yarn and weft yarn in tapas
fabric are around 19000 N, 2340 N, 2740 N separately. So warp yarn has a much large
stiffness than the weft yarn, and tapas fabric is a high-unbalanced fabric. This feature of
unbalance brings tapas fabric some specific deformation performances, e.g., the asym-
metric s-shape deformation [BAR 16] or out-of-plane deformation of the specimen in a
bias extension experiment, which will be discussed in the next part.

The tension stiffness curves of the tapas fabric in warp and weft directions are shown
in FIG. 1.9b. It is noted that the unit is N/yarn, which means the stiffness of the fabric
is divided by the number of yarns in the concerning directions. Two conclusions can be
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FIGURE 1.9 – The tensile stiffness of tapas yarns and fabric
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Deformation mechanisms of textile composite

drawn : the nonlinear part of fabric in warp direction is larger that of warp yarn, similarly,
the nonlinear part of fabric in weft direction is larger that of weft yarn, which can be
explained by the weaving nature of the woven structure ; as to the magnitude of tension
stiffness, the fabric and the yarn have close stiffness values.

1.3.2 In-plane shear
In spite of the fact that the in-plane shear stiffness is tiny comparing to the tensile stiff-

ness, the importance of the in-plane shear for the drapability cannot be overstated. E.g.,
the locking angle has been proved an important concept that influces the generation and
development of surface wrinkles (FIG. 1.10). The experimental identification of in-plane
shear resistance, according to the benchmark reached since the year of 2003 [CAO 08],
is realized through two kind of pure shear experiments : Picture Frame Test and Bias
Extension Test.

FIGURE 1.10 – The locking angle and the generation of wrinkle [PRO 97]

Picture frame test

The diagram of the picture frame test is shown in FIG. 1.11. The sample is cut into
square and fixed in a pin joint frame which is stretched diagonally to realize a pure shear
deformation. An ideal picture frame test fulfills the following assumptions : the shear
strain distributes homogeneously on the fabric ; the shear of the fabric is the same with
the frame, which is expressed as the function of displacement d :

γ =
π

2
−2cos−1

(√
2L f rame +d
2L f rame

)
(1.3)

In an ideal test, the external power provided by the machine is assumed to be equal
with the power absorbed by the sheared fabric :

F · ḋ = L2
f rame ·Cs · γ̇ (1.4)

where Cs is the normalized torque. Taking the geometry of the frame into account :

Cs = F ·
L f rame

L2
f rame

· sin
(

α

2

)
(1.5)
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1. Introduction

(a) Setup of shear sample (b) Deformed sample

FIGURE 1.11 – Diagram for the picture frame test

FIGURE 1.12 – The setup of picture frame experiment on Zwick Meca 10kN

For tapas fabric in this study, the sample of tapas fabric fixed by the metal frame in
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Deformation mechanisms of textile composite

FIG. 1.12. The borders of the sample are sticked with sheetmetals by permanent glue.
The metal frame is fixed diagonally to make sure there is no shear deformation when the
sample is fixed on the frame. It is noted that when the sample is fixed in a tight state,
tension will be serious during the picture frame test. On the other hand the shear of the
sample will be smaller than the frame if the fabric is fixed too loose. The experiment is
carried out on a traction-compression equipment (Zwick Meca 10kN, LaMCoS, INSA de
Lyon). Considering that the shear stiffness of the composite fabrics are normally small,
the force sensor in the experiment should have a high sensitivity, so an extra force sensor
(up to 500 N) is used.

The yarns in the fabric does not distribute homogeneously in the sample at the be-
ginning of the experiment, so in some areas, the weaving is loose while in other areas it
is too tight which introduces tension of the yarn during experiment. To homogenize the
distribution of yarns, a cyclic loading is quite necessary. FIG. 1.13 shows an example of
the cyclic loading for the picture frame experiments of tapas fabric, as can be seen, the
loading force becomes smaller after several loading cycles.

-50 0 50 100

-20

0

20

40
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ad

(N
)

Displacement of the traction point of the frame(mm)

 Cycle loading of picture frame test

FIGURE 1.13 – The cyclic loading results of the picture frame experiments

One of the trickiest parts of picture frame experiment is the large tension appearing
during the shear. On one hand, the tension of yarn is inevitable since it transforms the
loading force from the metal frame to the fabric. On the other hand, the tension stiffness
of the fabric is thousand times larger than its shear stiffness, so the tension of fabric or
yarn could perturbed the measurement of shear stiffness. The perturbation can be serious,
and this shortcoming is one important reason that the bias extension experiment is pre-
ferred by some researchers. The shear stiffness of tapas fabric measured by the picture
frame experiment is shown in FIG. 1.17. This result is compared with the stiffness curve
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1. Introduction

measured by another test that is called bias extension experiment, and it seems that the
tension of the yarns in the picture frame experiments makes the result larger.

Bias extension test

Bias extension experiment is an alternative for picture frame test. As is seen in
FIG. 1.14a, a rectangular sample is fixed by two grippers. Yarns are oriented ±45o to the
loading direction. Displacements are applied on the grippers to stretch the sample, and
the tensile force are measured by the sensors on the grippers. Bias extension is favored
by many researchers for its simplicity comparing with picture frame test, especially in the
aspect of experimental set-up.As is revealed in the experiments, the deformed fabric has
three kinds of distinct zones : the zones A are the triangles next to the grippers, and they
retain their shape all along ; zone B is located at the center of the sample, and it undergoes
a pure shear deformation ; the transition regions between A and B also experience pure
shear, and they are marked as C. The shear strain of C is half of the one of B. In an ideal
bias extension test, the in-plane shear (B and C) and bending deformation (on common
borders of A and C, B and C) dominate the deformation of the fabric.

(a) The sample before extension (b) The sample after extension

FIGURE 1.14 – Diagram of bias extension experiment for fabric

The shear angle (FIG. 1.14a) of zone B, with respect to stretching displacement d, can
be expressed as :

γ(d) =
π

2
−2cos−1

(
L+d√

2L

)
(1.6)

The power from the tensile force F is assumed to be dissipated completely into the
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Deformation mechanisms of textile composite

FIGURE 1.15 – Bias extension test set-up for different temperature [GUZ 15]

pure shear energy in zones B and C :

F · ḋ =Cγ
s ·Sγ · γ̇+C

γ

2
s ·S

γ

2 · γ̇
2

(1.7)

where Sγ and S
γ

2 , Cγ
s and C

γ

2
s are the areas and normalized torques of zone B and zones C,

respectively. Substitute EQ. (1.6) into EQ. (1.7), we obtain :

Cγ
s =

1
2L−3W

((
L
W
−1
)
·F ·

(
cos

γ

2
− sin

γ

2

)
−W ·C

γ

2
s

)
(1.8)

Some more complex setups are developed based on FIG. 1.14. For example, FIG. 1.15
shows a setup by Wang [WAN 12] and Guzman [GUZ 15]. The bias extension can be done
in different temperatures, which is interesting when the specimen is thermoplastics.

For the tapas fabric in this study, the bias extension experiment is carried out at room
temperature, on Zwick Meca 10kN, LaMCoS, INSA de Lyon. FIG. 1.15 provides the
setup for the experiment. Loading velocity of the experiment is as slow as 2 mm/min to
avoid the dynamic influence. It is noted that the tapas fabric is not a balanced fabric and
the mechanical properties are different in the two orthogonal directions. As a result the out
of plan distortion develops during the test and the out-of-plane phenomenon of the fabric
and the sliding of the yarn are obviously observed at the final stage of the experiment
(FIG. 1.16). This phenomenon concerning the deformation of unbalanced fabric has been
studied by Barbagallo [BAR 16] et al., in which the influence of the strong unbalance in
the bending stiffness is specially highlighted. They use a second-gradient term to consider
the differential bending rigidity values of the two families of yarns.
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(a) The tapas sample in the beginning stage of bias extension experiment : all in a 2D plane

(b) The tapas sample in the final stage of bias extension experiment : out-of-plane deformations
arise

FIGURE 1.16 – The tapas fabric during the bias extension experiment

1.3.2.1 Conclusion of in-plane shear

So in conclusion, when the in-plane shear test is required for the unbalanced compos-
ite such as tapas fabric, the two kinds of tests have their own merits and demerits respec-
tively. For the picture frame experiment, the out-of-plane phenomenon is constrained, but
the tension of the yarn and fabric would lead to a too large measurement. And for the bias
extension test, the range of measurement is limited since distortion and sliding appear
when the shear angle is large. The results of these two tests on tapas fabric are shown
in FIG. 1.17. The latter one gives smaller stiffness since it avoids tension of yarn/fabric.
As can be seen, the shear curve of woven composite includes three shear phases : at the
very beginning of the in-plane shear deformation, the resistance comes from the contact
friction thus is quite small. The yarns only have rotation deformation and the space be-
tween them tend to be closed. Then the second phase starts when the side contacts of
yarns become obvious and the shear stiffness increases. When the space between yarns
almost disappears and the shear locking arises, the lateral compaction becomes the main
source of shear stiffness.
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FIGURE 1.17 – Shear stiffness measurements of the tapas fabric, from bias extension test
and picture frame test

FIGURE 1.18 – Experiment setup for the transverse shear experiment [CHA 12]
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1.3.3 Transverse shear
Transverse shear stiffness is important for the macroscopic simulation of the compos-

ite fabric. Different with the in-plane shear, transverse shear reflects the shear in the trans-
verse section of the fabric. It has been studied by many researchers [CHA 12, HAA 14].
FIG. 1.18 is a kind of experiment setup used in the work of A. Charmetant to measure the
transverse shear stiffness [CHA 12]. The transverse shear stiffness of the fabric in warp
and weft directions are measured. As can be seen, the sample of the fabric stack is fixed
on the parallel planes, and pure transverse strains are imposed to the specimen. He found
that the transverse behavior of the fabric stack can be split into two phases : a first one
during which the stiffness initially strong decreases significantly and a second one during
which the stiffness is quite constant [CHA 12].

1.3.4 Bending

(a) Simulation without bending stiffness (b) Bending stiffness is considered in the simula-
tion

FIGURE 1.19 – The influence of bending stiffness on draping simulation [LIA 16]

The bending stiffness of the fabric or the yarn is small but complex. When a yarn
is bent, there could be relative sliding between fibers, as a result, the bending stiffness
value is not directly related to the in-plane mudulus as the classical continuum materials
[LIA 16]. Bending stiffness of textile fabric has been proved non-ignorable by many re-
searchers [LIA 14, BOI 11]. The importance of bending stiffness can be well explained
by FIG. 1.19, which shows two simulations for the draping of a woven fabric on a cylin-
der. In the first figure only the tensile and in-plane shear rigidities are considered while in
the second one the bending stiffness is also taken into account. Obvious differences can
be found between them. It is obvious that bending stiffness has influence on the shape and
number of wrinkles. Bending of reinforcement is an out of plane behavior and depends
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Deformation mechanisms of textile composite

on the geometrical configuration of the yarns and their mechanical properties as well as
the contact properties of adjacent yarns [BIL 09].

FIGURE 1.20 – The standard cantilever bending experiment [LIA 16]

The bending stiffness of a fabric is normally expressed by curvature-bending moment
curve. There are different experiments for the bending performance of composite fabric.
The first one is the standard cantilever test (FIG. 1.20). It has been found that the angle
of the tilted board should be between 40o ∼ 50o to make sure the measured bending
stiffness is stable [ABB 51]. The strip of fabric is set on the horizontal board and moved
slowly toward the tilted board, until the end of the fabric strip touches the titled board.
The bending stiffness can be calculated according to the following equation :

B =
l3

8
cos(φ/2)
tan(φ)

·w (1.9)

where B is the bending stiffness of the fabric along the corresponding orientation ; w is
the weight per unit area and l is the length of the bending part of the strip. So in this test
only one parameter (the stiffness B) is to be decided, and the nonlinear information of the
fabric bending is ignored.

(a) Bending test device developed by Debilbo
[BIL 09]

(b) Bending test device that could work at differ-
ent tempratures [LIA 16]

FIGURE 1.21 – Two experimental setups for the bending test of fabric
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DeBilbao [BIL 09] improved the cantilever experiment with an optical method (non-
contact measurement). The experiment devices are shown in FIG. 1.21a : the mechanical
part clamps the specimen of fabric and the optical module could take photos with high
resolution. The specimen is cut from the fabric along the concerned direction (the warp or
weft direction). One end is fixed horizontally while the rest of the part bends under gravity.
Sometimes a lumped mass can be added at the free end to realize a larger bending. Since
this device works at room temperature, Biao Liang [LIA 16] developed another setup
(FIG. 1.21b) to enlarge its application to different temperatures. The information about
the curvature and bending moment can be analyzed from the profile shape of the bending
strip. This optical cantilever test works for a large range of fabric, despite of the thickness
and number of layers of the fabric, and thus is recommended.

(a) The KES-FB2 bending equipment (b) An example of bending result on fabric

FIGURE 1.22 – The bending test designed by Kawabata [BIL 09]

The third experiment is designed by Kawabata [KAW 08] and is capable of record the
moment versus the curvature during a bending cycle, this method works well on clothing
textiles instead of thicker and stiffer composite reinforcement. The equipment is shown
in FIG. 1.22. The fabric sample is fixed by two clamps, and one of them is movable.
FIG. 1.22b is an example of the bending result from this method. As can be seen the
nonlinear part of the bend phenomenon is taken into account, which is an advantage over
the standard cantilever test.

For the tapas fabric in this study, the bending test has been carried out by STEER at
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FIGURE 1.23 – The bending stiffness curves of tapas fabric in warp and weft directions

LaMCoS, INSA de Lyon, based on the cantilever bending experiment. The sample is the
single layer tapas fabric, and the experiments are done in the room temperature. FIG. 1.23
shows the bending stiffness of the tapas fabric in its warp and weft directions. It is noted
that the unit for y-axis is N, so the quantity expressed in y-axis is in fact the bending
moment per unit width of the fabric strip. It can be found that the bending stiffness of the
tapas fabric in the warp direction is much larger than that of weft direction, which implies
that the tapas fabric is a high-unbalanced fabric. The largest bending moment is found at
the fixed end of the fabric strip, while the smallest one is at the free end of the bending
strip. Moreover, the fact that the curve is quite linear implies the assumption of a constant
bending stiffness.

1.3.5 Biaxial extension

Biaxial behavior means the interaction of mechanical behavior along different yarn
directions. For example, the biaxial tensile test on a fabric shows a progressive nonlin-
ear hardening which arises from the undulated nature of the yarns in the fabric, and this
nonlinearity performance changes with the tension states along another yarn direction
[KAW 73, CHE 93, HIN 96, BUE 01, WIL 08]. This is definitely a kind of biaxial behav-
ior. To better understand this fabric-specific behavior, an amount of researches have been
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undertaken. FIG. 1.24 shows two different biaxial loading on a plain woven fabric. It has
been proved that the loading in y direction influences the undulation of not only the yarns
in y direction, but also those in x direction.

FIGURE 1.24 – The illustration for the test of biaxial tension

The biaxial tension test of tapas fabric is realized on Zwick Meca Bi-axes of LaMCoS,
INSA de Lyon (FIG. 1.25a). This machine is designed for the biaxial tension test, and has
four fixtures and force/displacement sensors distributed in two orthogonal directions. All
of them can move independent of each other with different velocity. The fixture No.1 and
No.3 are distributed in one line, and orthogonal to them are fixture No.2 and No.4. The
velocity of the fixture should be slow enough to make sure the experiment is a quasi static
one. The tapas fabric sample used in the experiment is shown in FIG. 1.25b.

The experiment results are shown in FIG. 1.26a (tensile stiffness of tapas fabric in the
warp direction) and FIG. 1.26b (tensile stiffness of tapas fabric in the weft direction). The
parameter k has the following expression :

k =
εx

εy
(1.10)

where εx and εy are strains in orthogonal directions. It seems that a large k will signif-
icantly reduce the non-linearity of the tensile performance. The biaxial phenomenon, in
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(a) Zwick Meca Bi-axes of LaMCoS,INSA de Lyon (b) The sample of tapas fabric for the
biaxial tension test

FIGURE 1.25 – The biaxial tension test for tapas fabric

essence, reflects the coupling of the tensile deformation and transverse compaction defor-
mation. Considering this point, this experiment will be used to measure the parameter in
the F.E. model in section 3.2.

1.3.6 Transverse compaction
The study on the transverse compaction of composite reinforcements should be high-

lighted, because it is one of the most important deformations arising in textile reinforce-
ments during composites manufacture. Especially for the LCM process, the transverse
is the dominant deformation : it increases the volume fraction of the dry fabric to the
required value, which has an important influence on the flow of resin, moreover, if one
wants to know the requirements of the mould (the values of the forces required to close
and maintain closure of the mould during the LMC), the knowledge of fabric transverse
compression properties is necessary [BIC 03, KEL 11]. Transverse compaction is also im-
portant for the consolidation of prepregs : although the change of volume fraction of the
prepreg during the compression is not as significant as in LCM, the transverse compaction
helps to drive out voids [KEL 11]. So transverse compression response of composites
should be well studied by experiment.

For the tapas fabric in this study, different kinds of compaction tests have been carried
out and some interesting results are obtained. These experiments include the compaction
on single layer fabric (with different shear angles), or multilayer fabric samples (with dif-
ferent layouts and shear angles). The machine used to compact the fabric samples is Zwick
Meca 10kN at LaMCoS, INSA de Lyon. The compaction setup is shown in FIG. 1.27. The
reinforcement is positioned on the bottom plate which is a 100-mm diameter steel plate,
and the size of the sample is larger than the compaction plates. Since the thicknesses of
the tapas samples can be as small as several millimeters (e.g., the single layer of tapas
fabric is around 0.72 mm), the bottom plate is versatile (FIG. 1.27b) to make sure the
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(a) Biaial tension tests on warp direction of tapas fabric
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(b) Biaial tension tests on weft direction of tapas fabric

FIGURE 1.26 – Biaxial tension tests on tapas fabric

26

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI108/these.pdf 
© [D. Wang], [2016], INSA Lyon, tous droits réservés



Deformation mechanisms of textile composite

(a) Setup with versatile base

(b) Setup with versatile base (c) Fixed compaction base

FIGURE 1.27 – The setup of compaction test

compaction force is perpendicular to the fabric surface precisely. This is important for the
sake of a uniform pressure distribution [WAL 12], as well as protecting the devices. A
displacement sensor is used to measure the distance between the bottom and top plates.
The compaction velocity is 2 mm/min to make sure the experiment is a quasi static one.
The tests on different kinds of samples have been repeated several times.

Compaction on single layer fabric

FIG. 1.28 shows the stiffness curve of the single layer tapas fabric, in which v f is the
volume fraction of the fabric :

v f =
ms ·n
ρ ·δ

(1.11)

where ms is the areal mass of a single fabric ; n is the number of fabric layers ; ρ is the
material density (the density of the fiber) ; δ is the distance between compaction plates.

27

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI108/these.pdf 
© [D. Wang], [2016], INSA Lyon, tous droits réservés



1. Introduction

FIGURE 1.28 – The compaction stiffness of the single layer tapas fabric

The three parts of the compaction stiffness curve in FIG. 1.28 are explained as fol-
lows : at the beginning stage of the transverse compaction, the thickness of the sample is
not uniform over the total area (this is caused by its woven nature), and the compaction
exist locally at thick places. During the second stage, the fabric is compacted to a uniform
thickness and the yarns/fibers in the fabric experience rearrangements to adapt to the re-
duction of space, and the stress rises up slowly. Finally, there is not enough space for the
rearrangements and the stress increases sharply to reach a value as high as 1200 KPa.

Compaction on fabric stacks

In the industry field, the fabrics are often stacked up to manufacture products with a
thickness larger than the ply. The compaction could change the internal structure of the
fabric stacks, which will influence the phase of resin injection in LCM. So it is meaningful
to study the compaction performance of fabric stacks.

When the compaction experiments are carried out on fabric stacks, the yarns in one
fabric goes into the void of the adjacent fabrics. This is called nesting and it could reduce
the compaction stiffness. The nesting phenomenon of composite fabric has been studied
by many researchers [LUO 99, LOM 03, NGU 13]. E.g., Nguyen [NGU 13] found that
for twill 2×2 fabric, the compaction stiffness of the fabric stack is alway smaller than the
single layer sample, and for the stacks, the largest stiffness could be found in the layout
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of 0o/45o/0o since the nesting in this case is the smallest (FIG. 1.29a).

(a) Transverse compation experiments on a twill fabric 2/2 by Nguyen [NGU 13]

(b) Transverse compation experiments on the tapas fabric

FIGURE 1.29 – Compaction on fabric stacks

The similar conclusion could be found on tapas fabric. Since the warp yarn in the tapas
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fabric is much larger than the weft yarn or the binder yarn (FIG. 1.6), it takes up most of
the surface area of the fabric. As a result, transverse compaction stiffness of tapas fabric is
led by the warp yarn. Noting that the nesting phenomenon of the warp yarns would reach
the minimum in the case of 0o/90o/0o/90o/0o, this kind of stack layout has the largest
transverse compaction stiffness (FIG. 1.29b).

The effect of in-plane shear on its compaction

In-plane shear is an important deformation during the forming process of composite.
Experiments on tapas fabric show that in-plane shear can modify the compaction stiffness
[NGU 13]. This is mainly because when the shear happens, the void between yarns and the
fibers become smaller and almost disappear when the locking angle is reached. So there
will be less space for the yarn and fiber to rearrange themselves when the compaction
happens.

For the tapas fabric, FIG. 1.30a exhibits three compaction curves corresponding to
different in-plane shear states. As can be seen, when the tapas fabric has a shear deforma-
tion in its 2D plane, the compaction stiffness increases largely. Besides the single fabric
layer, the influence of in-plane shear to the compaction stiffness of the fabric stacks is also
studied. FIG. 1.29a provides the compaction results on tapas fabric stacks with different
in-plane shear angles. It seems that the shear deformation has a large influence on the
compaction stiffness of fabric stacks. There are three groups of stacks in this experiment :
in-plane shear of 13o, in-plane shear of 20o, in-plane shear of 28o. And each group has
two kinds of layouts : 0o/90o and /0o/0o/0o. So there are totally 6 stiffness curves in
the comparison. It seems that the in-plane shear angle is the foremost factor that affects
the compaction stiffness, and the secondary factor is the layout angles (with the same in-
plane shear deformation, the stacks with a layout of 0o/90o performs stiffer than the one
of 0o/0o).
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stack
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1. Introduction

1.4 Numerical approaches for analyses of reinforcement
deformation

The optimal research of reinforcement preforming could be costly and sometimes
time consuming, and the reasons stem from not only the material consumption, but also
the experiment equipment. This motivate the academic work on some numerical studies.
For composite material, the numerical methodologies are usually grouped into two cate-
gories : the kinematic methods that are also called fishnet algorithms are favored for their
high efficiency, since they are capable of provide the draping appearance (this is sufficient
in some industrial occasions) in a short computer time ; the second one is based on the de-
velopment of finite element technology, which can take into account more details and get
more precise results. Composite researches have benefited a lot from all these tools, for
instance, different simulations could provide right conditions that enable a forming pro-
cess, or give information that cannot be observed in the real forming experiments (such
as the failure and twist of yarns or fibers). Moreover, the simulation results can be used to
predict the permeability of the preforms [BIC 97, LOI 08].

1.4.1 Kinematic approach
Kinematic approach is an early method to anticipate the shape of draped fabric. Mack

and Taylor [MAC 56] firstly proposed this algorithm in which they assumed that the yarns
are pinned at the cross points and are inextensible and incompressible (thus can only ro-
tate around the hinge points). After their work, a great deal of sequential studies were
carried out. E.g., different boundary conditions are considered to get more complex drap-
ing shapes [Van 91, YAN 14] ; New algorithms are found to improve the computational
efficient [AON 94, EBE 97, IVA 01, IVA 02]. The very basic thinking of kinematic ap-
proach is easy to be understand. The textile fabric is considered as a fishnet (for this
reason, kinematic approach is also called Fishnet Algorithm). To locate the cross points
on the dome structure (FIG. 1.30), the calculation always starts from a point and spreads
progressively to the neighbor nodes. The mapping methodology to determine the coor-
dinates of the current node is the focus of kinematic approach technology. An example
in FIG. 1.30 shows how to locate the unknown point C from the known points A and B.
According to the basic assumptions, the location of C fulfills the following equations :

ÂC = ÔB (1.12)

B̂C = ÔA (1.13)

C ∈ Smold (1.14)

where M̂N means the surface distance of M and N ; Smold is the surface of the mold.
Kinematic approach is fast and stable, thus is widely accepted in industry. Nevertheless
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Numerical approaches for analyses of reinforcement deformation

the drawbacks are also very obvious, since it ignores the specific mechanical properties
of the reinforcement thus can only give a rough description of the forming process. More-
over, its application is limited to 2D fabric since the kinematic approach technology on
3D fabric is still immature and expensive.

FIGURE 1.30 – An example for fishnet algerithm

1.4.2 Finite element approaches
Finite element (F.E.) technology has been used to study the reinforcement deforma-

tion for decades. It has many advantages over kinematic algorithm : firstly, it is capa-
ble of considering detailed mechanical properties which means the results are more re-
liable ; secondly, F.E. method has wider application since it is adapted to quite complex
deformations ; most importantly, F.E. methods could provide results at different scales
(FIG. 1.31) to fulfill different research requirements, e.g., micro scale simulations are
used to find out fiber-level phenomena [VAN 96, IVA 01, BAH 04, DUR 05, LAD 06,
MIA 08, DUR 10, LAT 11, DUR 12, MAR 12, El 14, SAI 16] while results of mesoscale
[MIE 04, BOI 05a, PIC 06, LOM 07, BAD 07, BAD 08c, BAD 08b, BAD 09, TAB 14]
take into account the interactions between elementary tows, if the phenomenon in the
fabric level is interested, macroscale studies [BOI 05a, GOW 97, HAM 08, HAM 09,
PEN 02, PEN 04, WAN 97, XUE 03, YU 02] can be carried out based on different ho-
mogenized approaches.

FIGURE 1.31 – Analysis of composite at differente scale [NAO 15b]
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1. Introduction

Macroscopic F.E. modeling

The macroscale is the scale of fabric product (FIG. 1.32). The reinforcement is con-
sidered as continuous structure with specific properties, which is quite dependent of the
performance of yarns at mesoscale and fibers at microscale (e.g., the fabric usually has
small deformation in warp/weft directions but large angular variation between warp and
weft yarns). Some macroscale F.E. models have been developed over the last few decades
based on different homogenization processes, and most of them are realized in membrane
or shell elements. For instance, Yu et al. used a non-orthogonal model based on force
analysis along yarn directions [YU 02]. Boisse.P et al. [ALL 11] proposed a triangular
shell element for the simulating of textile composite forming ; Cao J et al. developed
two continuous models based on transformation approach [PEN 02] and energy approach
[XUE 03], respectively.

(a) Stamping of 3D fabric (b) Stamping simulaion of 3D fabric [CHA 12]

(c) Stamping of 2D fabric (d) Stamping simulation of 3D fabric [KHA 10]

FIGURE 1.32 – Macroscopic study of composite stamping

Mesoscopic F.E. modeling

Mesoscale concerns the yarn-level phenomenon, and the yarn is modeled as 3D con-
tinuum with specific properties. Some necessary work to build up mesoscopic model have
been figured out by E. Vidal-Salle et al. [VID 11]. The first step is geometrical modeling
which means to find a Representative Unit Cell (RUC). The selection of an RUC is a
multi-choice problem (FIG. 1.33a), and a good choice may reduce the complexity to de-
fine boundary conditions and improve the computational efficiency. For the three RUCs
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in FIG. 1.33, RUC2 and RUC3 are smaller than RUC1, which leads to shorter computa-
tion time. Furthermore, comparing RUC2 and RUC3, the former one is preferable when
it comes to the definition of periodicity boundary conditions. The reason is that RUC2 is
embraced by material boundary (FIG. 1.33b), while in RUC3, the boundary consists of
material and geometrical ones. More detailed explanation can be found in Badel’s work
[BAD 07]. The 3D geometry of the selected RUC can be built up by different technolo-
gies. There are various of accesses for this purpose : the first choice can be some geom-
etry modelers such as TexGen [LON 11] and WiseTex [LOM 11], which are developed
to generate textile structures conveniently. They give a reasonable description of the in-
ternal geometry of textile fabric and both of them are accessible on the internet ; A more
precise way is based on the x-ray computed tomography technology [NAO 14], which is
non-destructive and can reconstruct the internal geometry of textile reinforcement in 3D.
The fabric is scanned by x-ray devices, and image processing algorithms are used to gain
the 3D structure from tomography data ; The third choice may be a sweeping modeling
methodology [HIV 08], in which the yarn section or sections are swept along the yarn
trajectory to generate the yarn geometry.

The second step to build up a mesoscale model concerns the constitutive relation. Two
examples that have been extensively used on mesoscopic simulations are hypo elasticity
and hyper elasticity. They relate stress and strain and allow taking into account mate-
rial non-linearity. The related parameters can be measured from tension test, shear test,
compaction test,etc. A mesoscopic simulation result is shown in FIG. 1.34, in which the
outlines of yarns are clear to be observed. The simulation is verified by a tomography test
(FIG. 1.34a).

(a) Three RUCs for plain fabric (b) Two boundary types for RUC

FIGURE 1.33 – The selection of RUC for the plain fabric

Microscopic F.E. modeling

The microscale concerns the fiber-level phenomena such as fiber twist, transverse
property of the fibers, as well as the stochastic nature of fiber strength. The most obvious

35

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI108/these.pdf 
© [D. Wang], [2016], INSA Lyon, tous droits réservés
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(a) Tomography of compacted fabric (b) Mesoscopic simulaiton of compaction

FIGURE 1.34 – Mesoscopic simulation of composite [NAO 15a]

advantage of microscale simulation over macroscale and mesoscale ones is that it only
requires the characteristics of the fibers, instead of assuming some deformation modes to
describe the behavior of fabric (as is done in mesoscale/macroscale models). It is found
that the key issue is how to taking into account the contact-friction between fibers. To
solve this mechanical problem involving a large number of contacts, some researchers
found efficient approaches based on F.E. technology.

Durville [DUR 05, DUR 10] developed an efficient microscopic approach in which
each fiber is described in contact with its neighbors. This approach is based on implicit
F.E. code that was specially developed for the study of mechanical behavior of entangled
materials. He computed the initial configuration of the fibrous structure with a special
process which gradually moves fibers until satisfying the chosen weaving pattern. The
trajectories of all the fibers can be found by solving a global equilibrium that offers an
accurate geometrical information of the arrangement of fibers and tows in the fabric. The
process is illustrated in FIG. 1.35a and FIG. 1.35b. Once the initial geometry has been
obtained, different loading cases can be applied to the geometrical model to identify the
mechanical properties. FIG. 1.35c and FIG. 1.35d provide two example of the loaded
model. The advantage of this model is that it requires few parameters (mechanical prop-
erties of fibers and geometrical description of the weaving pattern) [DUR 10, DUR 11],
but can be very helpful to provide information to mesoscale or macroscale study, e.g.,
providing the initial configuration of fabric, and so on.
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(a) Initial state (b) Micro model

(c) Globle twist simulaion (d) Globle bending simulaion

(a) Globle shear simulaion

FIGURE 1.34 – Microscale model for textile reinforcement [DUR 10, DUR 11]
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Chapitre 2

Tomography technology for textile
reinforcement

Nowadays tomography technology has become an effective tool to study the
composite materials. It plays quite an important role in this study thus deserves special
presentation. Section 2.1 introduces the physical principles of tomography technology,
and several common operators used to process tomography data. The rest of this
chapters introduces several important applications of tomography on tapas fabric in this
study : section 2.2 shows how to build up the geometric model of mesoscopic scale for
tapas fabric ; section 2.3 introduces how tomography is used to observe the nesting
phenomenon in fabric stacks, the transverse expansion of the yarn, etc.
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2. Tomography technology for textile reinforcement

2.1 Introduction of tomography
Tomography is a non-invasive technology that allows the reconstruction of the inner

structure of an object, thus has found wide application in medical and the industrial field,
e.g., nondestructive testing and reverse engineering. The physical excitation to realize
tomography can be ultrasonic, magnetic field, x-ray, γ-ray and electric field [BAR 00],
among which the x-ray is the most used in the field of industrial non-destructive test-
ing (NDT). This section presents x-ray tomography [STO 99, BAR 00, DES 05, STO 08,
HSI 09, HER 09, MAI 14]. The physical principle and usual setups will be presented
firstly. Then several mathematical morphology technologies will be discussed, since they
are normally used to pre-process the raw data of tomography.

2.1.1 Physical principle
An illustration that explains the principle of x-ray tomography is shown in FIG. 2.1.

A complete system consists of three essential parts [BAR 00, MAI 14] : the x-ray source,
the rotation stage and the x-ray detector. The line scanner in FIG. 2.1a was usually used
in the early time, its scanner process can be time consuming since the detector is a mono
one ; Cone scanner has a plate detector and the x-ray source could give off ray sets at the
same time, thus obviously improves the efficiency of tomography test. All the tests in this
study are done in the device in FIG. 2.1b.

A simple diagram is exhibited in FIG. 2.3 to explain how tomography works. The
intensity of the x-ray is reduced because the beam is passing through the matter, and the
photons are absorbed. The attenuation could be detected by the ray sensor. A distribution
map of attenuation coefficient µ is obtained according to Beer-Lambert law :

N
N0

= e−
∫

path µ(x,y1)dx (2.1)

where N0 is the number of photons emitted by ray source ; N is the photons detected by
ray detector and it depend on the thickness only if the material is homogeneous. Rotating
the object to obtain a full set of radiographs corresponding to a 360o rotation. From this
data set, EQ. (2.1) can be written for each pixel of each radiography, which gives a linear
function of the local attenuation coefficient in each voxel :

ln
(

N0

Ni j

)
=−∑

k
µik (2.2)

where Ni j is the number of transmitted photons recorded by the detector j in radiograph
i, and µik is the total value of local attenuation coefficient of each voxel k summed along
the beam which reaches the detector point j [BOI 11]. EQ. (2.2) provides an equation set
to get the attenuation coefficients for all material points of scanned object.

The most important parameter for a tomography test is the resolution. A compromise
between the resolution and size of the sample should be made before the experiment is
carried out. Specific to textile reinforcement, a resolution value of 10∼ 20 µm is sufficient

40

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI108/these.pdf 
© [D. Wang], [2016], INSA Lyon, tous droits réservés



Introduction of tomography

(a) Line beam scanner (b) Cone beam scanner

FIGURE 2.1 – Different kinds of x− ray principles

FIGURE 2.2 – Devices (LAB MATEIS,INSA de Lyon) used in this thesis

to obtain yarn level views, as is shown in FIG. 2.4a, the outlines of the yarns are quite
clear. Smaller resolutions around 5 ∼10 µm are also frequently used for the purpose of
the microscopic observation of composite fabric. Generally, when the resolution is below
4 microns, fibers can be distinguished individually.
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2. Tomography technology for textile reinforcement

FIGURE 2.3 – Diagram to explain the physical principle of tomography

(a) Mesoscale tomography (b) Microscale tomography

FIGURE 2.4 – Two tomographies of composite materials with different resolutions

2.1.2 Mathematical morphology
To extract useful information from the raw data of tomography, various image pro-

cesses could be used. They are introduced as follows :

Binarization. Binarization operator is the base of other image processing operators. It
creates binary images from grayscale or color ones. The intension is to delete mul-
tifarious details in the image while keeping the most important information. After
binarization, the tomography data is compressed in size and becomes easier to be
further processed. In a binary image, each pixel has a value of 0 or 255, correspond-
ing to black and white, respectively.

Dilation. Dilation is one of the most basic operations in mathematical morphology. The
objective is to repair the small spurious gaps and holes of the structure in the image
according to various dilation algorithms. As can be seen in FIG. 2.5b. This operation
can gradually enlarge the boundaries of the regions of white pixels, so the area of
the foreground pixels grows in size.

Erosion. Erosion is an opposite operation of dilation. Its effect is eroding away the small
boundaries of white pixel regions as well as eliminate the small clumps of undesir-
able pixels such as salt-and-pepper noise (FIG. 2.5c). Thus the white areas becomes
smaller after erosion.

Opening. Opening is the combination of dilation and erosion. In fact different open oper-
ators could have a flexible number of dilation and erosion operators in different or-
ders, according to different algorithms. However on the whole, the erosion prevails.
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Geometrical modeling with tomography data

(a) An image before/after binarization

(b) A binary image before/after dilation (c) A binary image before/after erosion

(d) A binary image before/after opening (e) A binary image before/after closing

FIGURE 2.5 – The common mathematical morphologies

So the effect of opening operator is somewhat like erosion but is less destructive.
An example is shown in FIG. 2.5c.

Closing. Closing also comes from the alternative usage of dilation and erosion opera-
tors, however dilation operator prevails. So closing is like the dilation but is less
destructive (FIG. 2.5e).

2.2 Geometrical modeling with tomography data
The geometrical model in this thesis is built up using the tomography data, which is

one of the most attractive applications of tomography experiment on composites. To built
up the geometrical reprentative unit cell (RUC) for tapas fabric in FIG. 2.6, the computed
tomography process [YOU 05, NAO 14, NAO 15a, NAO 15b] could be a choice since to
a large extent, it is capable of preserving the details of the real configuration. Nevertheless
it will be shown in 2.2.1that this methodology has limitation on RUC modeling : firsly, a
RUC should be a reasonable balance between precise and representative, and too many
details such as irregular convex hull reduces the representativeness of the geometrical
mode ; what’s more, it is expected to obtain the whole fabric by the repetition of RUC, and
this puts forward special geometrical requirements on the boudaries of the RUC, but the
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2. Tomography technology for textile reinforcement

FIGURE 2.6 – The tomogrpahy result of tapas fabric

model from computed modeling technology cannot fulfill these requirements and should
be modified. For these two reasons sweeping modeling technology [HIV 05, WEN 13,
WEN 14, WEN 15] is chosen as a supplementation to improve the geometrical model.
These two methodologies will be presented bellow and both of them are based on the
tomography data in FIG. 2.6.

2.2.1 Computed tomography modeling

Computed tomography modeling is usually applied on the modeling of metal mate-
rial. E.g., Youssef [YOU 05] defined three essential processes to get a meshed model for
cellular materials : the first step is the binarization and enhancement of grey radiographs ;
followed by the definition of the solid boundary, in which a closed surface domain that
bounds the solid volume is obtained ; the last step is meshing the solid structure with
advancing front method. The last two steps can be replaced by transforming the voxels
into hexahedron elements directly, this is known as voxel-element technique and do not
require any additional expenses for mesh generation. The shortcoming is that when the
voxel is small comparing with the whole structure, the massive mesh will slow down the
simulation. The modeling methodology will come across a problem when it comes to
composites. An additional step is required to separate a warp yarn and a weft yarn at their
crossing area. Naouar [NAO 14, NAO 15a, NAO 15b] solves this problem by means of a
segmentation process. Segmentation refers to partitioning a radiograph into different sets
of pixels. The segmentation is realized on account of an important value that is called
structure tensor [JEU 08, REZ 12] :

A =

[
〈 fx, fx〉w 〈 fx, fy〉w
〈 fx, fy〉w 〈 fy, fy〉w

]
(2.3)

where fx and fy are the partial spatial derivatives of brightness distribution f (x,y) in
the image, and 〈m,n〉w is the short form of

s
w ·m ·ndxdy . The local orientation can be
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extracted from structure tensor through the following expression :

θ =
1
2

arctan
(

2
〈 fx, fy〉w

〈 fy, fy〉w−〈 fx, fx〉w

)
(2.4)

where θ is the local orientation of the pixel in the image. The pixel points in a image can
be divided into different groups according to their local orientation magnitude. After seg-
mentation, some traditional image operators (as has been presented in 2.1.2 ) are applied
to smooth the tomography data, followed by skeletonization, which gives the information
of neutral axis of each yarn [CAL 68, BOR 99]. At last, the polygonal surface is generated
and the advancing front mesh generation method [FRE 98] is chosen to get the meshed
F.E. structure. Computed tomography methodology is an automatic technology that can
reduce the man-made interference to a large extent. It reflects the realistic structure of the
scanned material. Naouar [NAO 14, NAO 15a, NAO 15b] has proved the efficiency of this
modeling tool. In spite of this, when the expected model is a RUC one that is small and
representative, two problems arise.

(a) Irregular convex hull on the cross section (b) The corresponding boudaries
should have same outlines

FIGURE 2.7 – Two problems when modeling the RUC with computed tomography methe-
dology

Firstly, model of computed tomography preserves too much details (such as irregular
convex hull of warp yarn in FIG. 2.7a) and makes the RUC model too individual to be
representative.

Secondly, it is expected to construct a periodic structure by the repetition of RUC,
which means the corresponding boundaries should have the same outlines. E.g., in
FIG. 2.7b, ∂V−α and ∂V+

α should have the same shape. This point cannot be guaranteed in
the computed tomography methodology.
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2. Tomography technology for textile reinforcement

2.2.2 Sweeping modeling methodology

(a) Section of yarn

(b) Trajectory of yarn

(c) Constact part on the trajectory

(d) Contact free part on the trajectory

FIGURE 2.8 – Different zones to be considered in a geometrical medeling process
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Geometrical modeling with tomography data

Sweeping modeling proposes to obtain the geometrical model by sweeping section
along a trajectory. There are different ways to measure the geometry of the yarn, e.g.,
direct measurement with ruler or optical measurement based on high quality photos. They
are sample but have no access to the sections/trajectories inside the fabric. Now in this
study we can use tomography technology to measure all the needed parameters precisely.

The early models assumed that the yarn has a constant section along the trajectory,
which makes the modeling process fast and easy. As to the trajectories of different yarns,
they are considered to be sinusoids, splines, polynominals, etc. [LOM 11]. An obvious
drawback of this kind of treatment is that the contact zone is not well considered and
designed. Hivet et al. [HIV 05] improved the sweeping methodology. Firstly he found
that the section of a yarn is affected by the contact condition (FIG. 2.8a), so it should
adapt different sweeping sections according to the contact circumstance along the sweep
path ; secondly, as to the sweep path, which is the mean line of the yarn (FIG. 2.8b), is
studied separately : the contact part on the trajectory has the same conic surface as the
contact curve of the cross section (FIG. 2.8c) ; and the contact free part is assumed to be
straight (FIG. 2.8d) because the bending stiffness of the yarn is small. The model created
by this technology has been proved close to the real structure. So it is used in this study
to obtain the geometrical model, along with the computed tomography technology.

2.2.3 Geometrical modeling of tapas fabric

As is discussed, in this study, a combination process of these two methodologies are
carried out to build up the geometrical model for tapas fabric. Firsly, the 3D geometrical
model created by computed tomography method. An example of warp yarn is shown in
FIG. 2.9b, and it is very close to the tomography radiography in FIG. 2.9a, which has some
irregular convex hull. Then a cross section based on the parameterization theory of Hivet
[HIV 05] is used in CAD software to modify the warp model, after which the irregular
edge becomes regular (FIG. 2.9c). Moreover, it is noted that the RUC should fulfill the
geometrical periodicity, as is exhibited in FIG. 2.9, there are totally 8 groups of symmetry
boundaries. This requirement for the geometrical symmetry should be fulfilled when the
model from computed tomography is modified by CAD software. The final geometry of
the RUC for tapas fabric is exhibited in FIG. 2.9. As can be seen, the type of element is
C3D6. For two reasons, the size of elements in binder yarns and weft yarns are smaller
that those in warp yarns : firstly, the size of binder and weft yarns are small, so they need
fine mesh to reflect their geometrical shapes ; secondly, the deformation of binder yarn is
relatively complex, which calls for the fine mesh.
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2. Tomography technology for textile reinforcement

(a) The sectional shape of warp yarn in the tomography image

(b) The warp yarn model from computed tomog-
raphy

(c) The warp yarn model from computed tomog-
raphy is improved by average section shape

FIGURE 2.9 – The geometrical model of warp yarn generated from computed tomography
modeling method is improved by sweeping modeling methodology

(a) Binder yarn (b) Warp yarns (c) Weft yarns
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(a) The RUC model for tapas fabric

FIGURE 2.9 – The RUC for tapas fabric and its periodicity boundaries

2.3 Other applications of tomography technology
Besides the geometrical modeling, tomography experiments also finds its applications

in other aspects. When it is applied to observe the loaded fabric, x-ray scanning gives
details circumstance of the deformed yarns and fibers, thus can provide support to consti-
tutive studies. This section provides several examples such as observing the compaction
and shear of the fabric as well as the transverse expansion of the yarn.

2.3.1 Observation of the nesting phenomenon
Nesting is a typical internal phenomenon that cannot be observed directly. It has

been mentioned in section 1.3 when the compaction deformaiton of the composite re-
inforcement is discussed. The compaction experiment tests on tapas fabric have shown
that nesting between layers of fabric will obviously affects the compaction stiffness. E.g.,
for tapas fabric, the layout of 0o/0o/0o/0o/0o has a smaller stiffness curve than the one
of 0o/90o/0o/90o/0o. This is different with the satin or other balanced fabric (e.g., for
satin the circumstance of 0o/45o/0o/45o/0o has the smallest nesting and the largest com-
paction stiffness [NGU 13]). The x-ray tomography tests are carried out here to get the
internal access to the nesting phenomenon.

The fabric is the compacted tapas reinforcement, and the device is from LAB
MATEIS, INSA de Lyon. Different with the tomography operation on unloaded fabric,
the compacted fabric should be fixed by devices in order to keep a constant deformation
state when scanning is ongoing. The devices should be well designed in order to adapt
to the limited space in the tomography machine (FIG. 2.10). The fabric is compressed by
two plexiglas plates which are fixed by screws instead of normal clips, for the sake of a
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2. Tomography technology for textile reinforcement

FIGURE 2.10 – The experimental setup for the tomography of compacted tapas stacks

(a) 0o/0o/0o/0o/0o

(b) 0o/45o/0o/45o/0o

(c) 0o/90o/0o/90o/0o

FIGURE 2.11 – Tomography comparison of the nesting on different layouts of fabric
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Other applications of tomography technology

large compression force. The center part of the device is made of plastic which has small
influence for the propagation of x-ray.

As can be seen in FIG. 2.11, the nesting in the layout of 0o/0o/0o/0o/0o is very
clearly observed. The fabrics fill the void of the adjacent fabrics. For the layout of
0o/45o/0o/45o/0o, since the yarns’ orientations do not coincide with the orientation of
the void in the adjacent fabric, the nesting level is reduced. When the fabric layout be-
comes 0o/90o/0o/90o/0o, as can be seen, the nesting almost disappears. This explains
why the layout of 0o/90o/0o/90o/0o has the largest compaction stiffness in FIG. 1.29b
in section 1.3. This phenomenon will be further studied in chapter 4 by F.E. simulations.

2.3.2 Observation of shear deformation

Shear is a normal but important deformation mode for fabric. As is discussed, it affects
the drapability of the fabric, as well as the generation/development of wrinkles. Direct
observation could provide some useful data such as shear angles but has no access to
the internal structure. So to understand the yarn and fiber level activities during the shear
deformation, a NDT technology such as x-ray scanning method can be helpful. The part
introduces two kinds of observations of the sheared fabric, from mesoscale and microscale
respectively. The mesoscale one is on the tapas fabric and the microsopic one is from the
work of Badel [BAD 08a].

Mesoscale tomography observation of sheared tapas fabric

(a) Gap inside the yarn from the tapas fabric with
in-plane shear

(b) Wrinkles on the surface of the yarn from the
tapas fabric with in-plane shear

FIGURE 2.12 – Mesoscale observation of tapas fabric with an in-plane shear angle of
30.9o)
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2. Tomography technology for textile reinforcement

The sample of tapas fabric with a in-plane shear angle of 30.9o is scanned in the
tomography experiment. The resolution is 10 µm and the result is shown in FIG. 2.12.
The performance of the yarns in a sheared fabric seems quite complex : the yarns seem
to be twisted and compressed, and some wrinkles or gaps appear on the yarn surfaces or
inside the yarns. These local deformations should be well considered in the simulation.

Microscale tomography observation of sheared tapas fabric

FIGURE 2.13 – Covariance analysis on the sheared glass plain weave [BAD 08a]

The microscopic tomography study could be also meaningful, since the understanding
of the fiber level phenomenon is always helpful to establish a reasonable constitutive rela-
tionship. E.g., Badel [BAD 07] observed the cross section in a sheared fabric (FIG. 2.13).
The tomography radiography provides clear information about the location and distri-
bution of fibers. It seems that the fibers distribute homogeneously in the sheared cross
section, that is to say the cross section has a kind of isotropic performance during de-
formation. To verify this assumption, covariogram [BAD 08a, BAD 11] is carried out to
provide information about the spatial distribution of fibers : firstly the image is converted
into binary form ; then Fourier transform is carried out on the binarization image and the
square of the Fourier results are computed ; finally, inverse Fourier transform from which
histograms are plotted along two orthogonal directions. More details about this process
can be found in [DOU 03]. Obviously the two covariograms look similar which validate
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Other applications of tomography technology

the assumption of isotropic section. This conclusion will be used in chapter 3, when dis-
cussing the mesoscopic constitutive relationship.

2.3.3 Observation of the transverse expansion of yarn
Tomography is also used to observe the transverse expansion of yarn in this study.

When a yarn is compressed along its longitudinal direction, it will have transverse expan-
sion deformation. Although it has influence on the permeability of the deformed fabric, to
the best of the author’s knowledge, there are not much literature on it. This phenomenon
will be well discussed in section 3.4, based on tomography technology. Two kinds of
resolutions will be used : the resolution of 10 µm gives a mesoscopic conception of this
phenomenon (FIG. 3.26b), while a smaller resolution of about 5 µm provides a quite clear
view of the fibers (FIG. 3.25) in the yarn. As will been shown in chapter 3, both of these
two observations are helpful to understand the transverse expansion phenomenon.

2.3.4 Calculation of the porosity
The forth example of the application of tomography is the calculation of compos-

ite porosity. The porosity of composite material is an important topic for the composite
and has been studied by many researchers [DAN 92, BIR 04, LIN 08, KAS 10, TOS 13,
CIN 13]. One reason is that the porosity level affects the mechanical properties such as
shear strength. It has been found that the interlaminar shear strength decreases by 7 %
per 1 % porosity [BIR 04]. For those composite used in the aircraft and cars, the porosity
level is usually between 2.5 % and 5 %. In the early time, acid digestion and materi-
alography are used to measure the porosity value, nonetheless their nature of destructive
influence the precision. For this reason, KASTNER et al [KAS 10] managed to improve
the detection precision and he found that x-ray tomography is a powerful non-destructive
tool for measuring the volumetric porosity of composite reinforcement. An obvious peri-
odicity can be found from this image, which also gives useful guidance to find the good
representative unit cell. The average porosity value calculated based on this figure is about
3.2%.

2.3.5 Validation of simulation results
Last but not the least, tomography technology is applied widely to verifying the simu-

lation result. No doubt that the traditional mechanical experiments such as compaction test
plays the most important roles when verifying the simulation results. In spite of this, they
cannot provide any information to verify the shape of deformed model, e.g., the change
of yarn cross-sections, the fiber level phenomenon such as fiber twist. So tomography is
a complement to check or confirm the simulation. This geometrical tool has been used
in many researches. In chapter 3 and chapter 4, all the simulations will be checked by
tomography.
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Chapitre 3

Mesoscopic mechanical model for textile
reinforcement

There have been some publications and thesises about the hypoelastic mesoscale
model for fibrous structures
[HAG 04, BOI 05b, BAD 07, BAD 08b, BAD 09, NGU 12, NGU 13]. This previously
proposed mesoscopic model will be introduced and improved in this chapter. Section 3.1
presents a special hypoelastic law that is adapted to the fibrous structure. Section 3.2
reviews the mesosopic model proposed in the previous works which includes four
deformation modes (elongation, longitudinal shear, transverse compaction and
transverse shear). In section 3.3 and section 3.4, two kinds of new deformation modes
are developed separately : Longitudinal Compression (LC) mode is used to reflects
yarn’s small longitudinal compression stiffness, while Transverse Expansion (TE) mode
aims to reflect the transverse expansion when the yarn is compressed longitudinally (so
more precisely, it should be called the mode of Transverse Expansion arising from
Longitudinal Compression). They are supplemented into the model proposed in the
previous works, and the simulation results are apparently improved.
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Hypo-elasticity law for fibrous material

3.1 Hypo-elasticity law for fibrous material
This section introduces the stress updating framework used in the mesoscopic model

proposed in the previous works for the composite. It is an specific hypoelastic law that is
adapted to the fibrous nature of textile structures [BOI 05b, BAD 07].

3.1.1 Continuum mechanics
The use of the behavior law in large deformation problems need a description of move-

ments that goes beyond the hypothesis of small perturbations. Before introducing the con-
stitutive relationship for yarn material, several basic concepts about nonlinear continuum
mechanics will be recalled.

Deformation gradient

In any deformation, the material particle initially located at the position X in space
will move to its new position x. Considering that the material cannot appear or disappear,
the correspondence between X and x is one-to-one, we can always write the history of the
location of a particle as :

x = x(X , t) (3.1)

Now consider two adjacent particles in the initial configuration, located at X and X +
dX , in the current configuration we have :

x =
∂x
∂X
·dX = F ·dX (3.2)

The partial derivative matrix in equation (3.2) is called the deformation gradient ma-
trix, which is a powerful tool for nonlinear deformation study. All the deformation in-
formation of the continuum is included in F , e.g., the change of the volume element or
surface element can be expressed as :

dv = J ·dV (3.3)

ns ·ds = JF−T ·NSdS (3.4)

where dV and dS are the volume and area elements in the initial configuration, and they
become dv and ds in the current configuration ; NS and ns are the direction vectors of dS
and ds ; the well-known Jacobian J is the determinant of F .

As the material behavior depends on the straining of the materiel instead of the rigid
motion, the rigid motion should be distinguished by means of polar decomposition theo-
rem :

F = R ·U =V ·R (3.5)

where R is an orthogonal tensor (RT = R−1) ; U and V are positive and symmetric.
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3. Mesoscopic mechanical model for textile reinforcement

Here it is worth mentioning the limitation of R : it is just an average rotation expression
for the whole structure. To be exact, it is precise only for the principle directions :

ni = R ·Ni (3.6)

where Ni and ni are relevant to the eigenvalue problem of F . As for the rotations of other
directions, R is an approximate expression. For materials such as concrete, metal and
rubber, this limitation of R is negligible.

However the property of composite reinforcement badly depends on the yarn’s orien-
tation, which means the orientation of the yarn should be strictly followed. So R is not
a appropriate choice on this occasion. Hagege and Badel [HAG 04, BAD 07] settled this
problem with a new rotation frame, and more details can be found in section 3.1.3.

Deformation measurement

In the nonlinear continuum mechanics, there are several choices for the strain mea-
surement. All of them can be derived from the stretch tensor U or V , since they contain the
complete deformation. In order to study the stretch deformation and rotation of the nodes
in a deformed object, we can choose two elemental vectors in the initial configuration :

du ·dv = duidvi = Fi jdU jFikdVk = dU jFT
ji FikdVk

= dU ·FT ·F ·dV

= dU ·C ·dV

(3.7)

where C is the right Cauchy-Green deformation tensor C = FT · F = U2. And the
variation of the vector production between the deformed configuration and the initial con-
figuration is :

du ·dv−dU ·dV = dU ·C ·dV −dU ·dV

= dU · (C− I) ·dV

= dU ·2E ·dV

(3.8)

where the tensor E = 1/2(C− I) is the Green-Lagrange strain tensor : in small deforma-
tion, this tensor is the same with the linear deformation tensor ε. The two tensors men-
tioned above are defined on the initial configuration, so they are lagrangian quantities. We
can also define the same quantities on the deformed configuration :

b = F ·FT =V 2

a =
1
2

(
I−b−1

) (3.9)
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Hypo-elasticity law for fibrous material

these two quantities are the left Cauchy-Green tensor and Euler-Almansi tensor.
It should be emphasized that Green strain and Almansi strain are two ways of viewing

the same deformation process, so they can transform into each other by push-forward or
pull-back operations :

E = FT ·a ·F (3.10)

a = F−T ·E ·F−1 (3.11)

In order to define different kinds of deformation laws, it is necessary to define the
quantities to describe the deformation velocity. According to EQ. 3.2, we have :

dẋ = Ḟ ·dX = Ḟ ·F−1 ·dx = l ·dx (3.12)

where l is the velocity gradient. It can be decomposed into a symmetry part d (deformation
rate)and an anti-symmetric part w (rotation rate) :

l = d +w

d =
1
2
(F +FT )

w =
1
2
(F−FT )

(3.13)

The tensor of deformation rate is a measurement on the deformed configuration. We
can also get the corresponding measurement in the initial configuration :

Ė =
1
2

Ċ = FT ·d ·F (3.14)

Stress measurement

There are several different stress tensors, and the most fundamental one is Cauchy
stress. Considering an infinitesimal area element ds in the deformed body, its normal
direction is ns and the force on this small area is t (it is also named stress vector). The
well-known Cauchy law proves that there always exists a tensor that could map n to t :

t = σ ·n (3.15)

σ is Cauchy stress, which is also known as true stress. It is work-conjugated with the rate
of deformation D :

P =
∫

V
σ : DdV (3.16)

Rewriting the work rate over the initial configuration volume, the Kirchhoff stress τ

arises : ∫
V

σ : DdV =
∫

V 0
Jσ : DdV 0 =

∫
V 0

τ : DdV 0 (3.17)
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3. Mesoscopic mechanical model for textile reinforcement

FIGURE 3.1 – Definition of Cauchy stress.

Kirchhoff stress finds its application in the large strain deformation. From EQ. (3.16) we
know that σ and D are work conjugation couples, for the same reason, it is useful to find

out the stress tensor conjugated with Green strain rate ε̇
G :

∫
V

σ : DdV =
∫

V 0

(
JF−1 ·σ ·F−T

)
: ε̇

GdV 0 =
∫

V 0
τ : ε̇

GdV 0 (3.18)

3.1.2 Definition of hypo-elasticity

The hypo-elastic law relates the rate of stress to the rate of deformation D linearly :

σ
∇ =C : D (3.19)

where C is a fourth-order tensor of elastic moduli, which may itself depends on the stress.

σ∇ represents any objective time derivative of the Cauchy stress σ to avoid the stress

change due to the rigid body rotation in σ̇, so σ∇ can be comprehended as the deriva-
tive from an observer who is fixed on the material. If we define Q as the rotation of

the observer, define Ω = Q̇ ·QT as the rotation rate, and expand σ on the material base

{e1;e2;e3} :
σ = σi jei⊗ e j (3.20)
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Hypo-elasticity law for fibrous material

The following derivation shows how the σ∇ eliminates the effects of rigid rotation
from σ̇ :

σ̇ =σ̇i jei⊗ e j +σi jėi⊗ e j +σi jei⊗ ė j

=σ̇i jei⊗ e j +σi j (Ω · ei)⊗ e j +σi jei⊗
(
Ω · e j

)
=σ

∇ +Ω ·σ−σ ·Ω
(3.21)

So the objective derivative of Cauchy stress is :

σ
∇ = σ̇−Ω ·σ+σ ·Ω (3.22)

EQ. (3.22) gives the definition expression of objective derivative, while in the finite
process, it is updated according to this equation :

σ
∇ = Q ·

(
d
dt

(
QT ·σ ·Q

))
·QT (3.23)

It should be highlighted that defining a proper rotation Q is a challenge. In fact for a

given material point, it is impossible to find a Q to precisely reflect the rigid rotation of all

materiel directions. This is because the rotation value varies according to the directions
(except the circumstance of pure rigid movement). E.g. the discussion in section 3.1 tells
us that the rotation R from polar decomposition is only precise for the principle directions,
while for the other directions it is just a kind of rough expression. If R is chosen to identify

σ∇, we get Green-Naghdi objective derivative (see table 3.1). Table 3.1 also shows some
other expression of objective derivative for both Cauchy stress and Kirchhhof stress as
well as the corresponding rate law.

Rate law Stress rate

Jaumann rate of
Cauchy stress σ∇J =CσJ : D σ∇J = σ̇−W ·σ−σ ·W t

Jaumann rate of
Kirchhoff stress

τ∇J =CτJ : D τ∇J = τ̇−W · τ− τ ·W t

Green-Naghdi
rate of Cauchy

stress
σ∇G =CσG : D σ∇G = σ̇−Ω ·σ−σ ·Ωt Ω = Ṙ ·Rt

Truesdell rate of
Cauchy stress σ∇τ =Cστ : D σ∇τ = σ̇+div(v)σ− (D+W ) ·σ−σ · (D+W )t

TABLE 3.1 – Common objective derivatives and rate laws
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3. Mesoscopic mechanical model for textile reinforcement

3.1.3 Objective derivative frame for fibrous material
As have been discussed in section 3.1, the rigid rotation tensor Q is an average rota-

tion expression. This is not a big deal for those materials in which the material orientation
is not obvious (concrete, metal, rubber, etc.). Nevertheless the property of composite re-
inforcement badly depends on the yarns’ orientation, which implies the importance of
monitoring yarns’ orientation.

Hagege [HAG 04, BOI 05b] and Badel [BAD 07, BAD 08c, BAD 09] have no-
ticed that the hypo-elastic constitutive law based on traditional rotations (Green-
Naghdi,Jaumann,etc.) cannot correctly describe finite strains of a fibrous medium. So
a new objective derivative frame Φ was developed based on the direction of yarn :

σ
∇Φ =CΦ : D (3.24)

in which σ∇Φ is defined as follows :

σ
∇Φ = σ̇−Ω

Φ

·σ+σ ·Ω
Φ

(3.25)

where Ω
Φ

= Φ̇ ·ΦT is the spin tensor.

f0 =
{

f 0
1, f 0

2, f 0
3

}
is the orthogonal base on the undeformed yarn, and f 0

1 respects the
orientation of the yarn. The rotation tensor Φ is calculated as follows (FIG. 3.2) :

Step 1. Updating the direction of yarn f 1 from the initial f 0
1. The updating is realized

based on deformation gradient F :

f 1 =
F · f 0

1

‖F · f 0
1‖

(3.26)

Step 2. Projecting the 2nd direction F · f 0
2 on the plane perpendicular to f 1 :

f 2 =
F · f 0

2−
((

F · f 0
2

)
· f 1

)
· f 1

‖F · f 0
2−
((

F · f 0
2

)
· f 1

)
· f 1‖

(3.27)

Step 3. Updating the 3rd direction f 3 according to f 1 and f 2 :

f 3 = f 1

∧
f 2 (3.28)

The rotation tensor could be written as the following form :

Φ = f i⊗ f 0
i (3.29)

62

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI108/these.pdf 
© [D. Wang], [2016], INSA Lyon, tous droits réservés



A mesoscopic model proposed in previous works

FIGURE 3.2 – Definition of the rotation to follow the direction of yarn [BAD 08b]

EQ. (3.24) is integrated with Hughes-Winget formula [HUG 80] over ∆t = tn+1− tn :

[σn+1] f n+1 = [σn] f n +[Cn+ 1
2 ]

f n+ 1
2
[∆ε

n+1]
f n+ 1

2
(3.30)

The stress updating in EQ. (3.30) should be recognized in the commercial F.E. codes.
For instance in ABAQUS/Explicit the user-defined material model is implemented in user
subroutine VUMAT, and the strain increment is expressed on the work frame of Green-
Naghdi in which the rotation is R :

ei = R · e0
i (3.31)

where e0
i is the vector base in the undeformed configuration (so e0

i = f 0
i ). If we use Θ to

denote the rotation between f i and ei :

Θ = f i⊗ ei (3.32)

the corresponding matrix form of Θ used in F.E. loop is [T], that is to say :

[σ]ei = [T ][σ] fi (3.33)

so the strain increment on the Green-Naghdi base ei is transformed into the base of f i to
update the stress, after which [∆σ] is rotated back to the Green-Naghdi to continue the
F.E. loop. The stress updating process based on the fiber frame Θ is displayed in the flow
diagram in FIG. 3.3.

3.2 A mesoscopic model proposed in previous works
In order to obtain the expression of [C]Φ, the deformation of the yarn should be

well studied. The deformation of the fibrous structure can be regarded as the combina-
tion of different deformation modes. In previous studies [BAD 07, BAD 08b, BAD 08c,
BAD 09], four modes play the dominant roles : the elongation, the longitudinal shear, the
transverse compaction and the transverse shear (FIG. 3.4).
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3. Mesoscopic mechanical model for textile reinforcement

FIGURE 3.3 – Flow diagram of VUMAT to update stress for fibrous material [KHA 09,
KHA 10]

(a) Elongation (b) Longitunidal shear (c) Compaction of the
cross section

(d) Distortion of the
cross section

FIGURE 3.4 – Mesoscale deformation modes considered in the previous works [CHA 11]

3.2.1 Elongation deformation
Elongation stiffness of the yarn Kl is the most important parameter for composite,

because it provides the main resistance of the structure. The tension experiments on tapas
fabric have been introduced in chapter 1 and the stiffness information of the three kind
of yarns in tapas fabric (warp yarn, weft yarn and binder yarn) have been exhibited in
FIG. 1.9a. All the stiffness curves start by a nonlinear part, which can be explained by
the rearrangement of the fibers. So the tensile stiffness Kl is nonlinear (the minuscule l is
always used to express longitudinal when it is written as subscript). Nonetheless, for the
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A mesoscopic model proposed in previous works

purpose of brevity, the nonlinear part of Kl can usually be ignored.
In this case, Kl should be converted into Young Modulus in F.E. loops :

El =
Kl

S
(3.34)

where El is the longitudinal Young’s modulus and S is the area of the cross section. El is
not constant since S varies in the deformation. FIG. 3.5 shows how S is tracked :

FIGURE 3.5 – Mornitoring the change of secion area of the yarn

Step 1. The surface element of the cross section in the undeformed yarn can be stated
by f 0

2 and f 0
3 :

dS0 = ‖ f 0
2× f 0

3‖= 1 (3.35)

Step 2. Projecting the deformed f 0
2 and f 0

3 on the new cross section that is normal to
f 1 :

f ∗2 = F · f 0
2−
((

F · f 0
2

)
· f 1

)
· f 1 (3.36)

f ∗3 = F · f 0
3−
((

F · f 0
3

)
· f 1

)
· f 1 (3.37)

note that f ∗2 and f ∗3 are different with f 2 and f 3.
The new surface element of the cross section in the deformed yarn can be stated by f ∗2

and f ∗3 :

dS = ‖ f ∗2× f ∗3‖ (3.38)

Step 3. The initial area S0 can be measure from tomography experiment, and the re-
sults for tapas fabric are shown in table 3.2.

Step 4. The longitudinal Young’s modulus is updated according to :

El =
Kl

S0
· dS0

dS
=

E0
l

‖ f ∗2× f ∗3‖
(3.39)
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3. Mesoscopic mechanical model for textile reinforcement

Kl(N) S0 (mm2) Initial El(MPa)

Warp yarn 19000 0.5735 ∼ 33130

Weft yarn 2740 0.0868 ∼ 31567

Binder yarn 2340 0.0798 ∼ 29323

TABLE 3.2 – Longitudinal tensile properties of yarns in tapas fabric

3.2.2 Longitudinal shear deformation

Longitudinal shear is the shear in the longitudinal section of the yarn, so its stiffness
can be noted by Glt(l means longitudinal and t is transverse). Glt is small since the fibers
in the yarn are slippery and tend to have relative sliding. This is proved by the fact that
the fabric and the yarns have almost no resistance to bending (see section 1.3.4). But
attention is still required, since improper shear stiffness in a simulation could lead to
numerical failures such as hourglass problem. It is found that for the tapas fabric fabric,
Glt around 20 MPa is a suitable choice to keep the yarn’s physical nature and keep the
simulation away from the hourglass problem.

3.2.3 Two kinds of transverse deformations

Transverse compaction and transverse shear deformation modes in FIG. 3.4 exist in
the cross-section of the yarn. The corresponding stiffness are Et and Gt . When the yarn
deforms, the shape and area of the cross section change simultaneously. This leads to a
decomposition of the strain tensor : the strain field in the cross section of the yarn can be
decomposed into a spherical part and a deviatoric part that characterize the area change
and shape change respectively [BAD 07, BAD 08b] :

[εt ] f =

[
εs 0
0 εs

]
+

[
εd ε23
ε23 −εd

]
(3.40)

where [εt ] f is the strain field of the transverse section, expressed on the fiber base ; εs is
the spherical strain component ; εd and ε23 are the deviatoric strain components. So εs and
εd have the following relationships with ε22 and ε33 :

εs =
ε22 + ε33

2
(3.41)

εd =
ε22− ε33

2
(3.42)

The decomposition in EQ. (3.40) is also considered valid for strain and stress incre-

66

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2016LYSEI108/these.pdf 
© [D. Wang], [2016], INSA Lyon, tous droits réservés
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ments [∆εt ] f and [∆σt ] f , which leads to the following constitutive relations :

∆σs = A∆εs

∆σd = B∆εd

∆σ23 =C∆ε23

(3.43)

where A, B and C are stiffness parameters. In section 2.3, the transverse isotropy of the
yarn has been proved. Based on this isotropy assumption, it is derived that B=C.

As is displayed in 3.43, the parameter of A provides the resistance to the variation of
sectional area, which is affected by two kind of deformations : the elongation that stretches
the fibers into a tighter state, and the transverse compression that improves the compact-
ness of the cross section. Both of them make it more difficult to change the sectional area.
So A becomes larger when the elongation state (εl) becomes larger, and becomes smaller
when the spherical part of the transverse strain field (εs) is smaller :

A = A0e−pεsenεl (3.44)

where A0 is the initial value of A ; the influence factors of εs and εl are p and n.
Another parameter B provides the resistance to the shape change of the cross section,

which is affected by the compactness of the yarn :

B = B0e−pεs (3.45)

where B0 is the initial value of B.
Finally, the constitutive matrix [C]Φ is expressed as :

[C]Φ =



E 0 0 0 0 0
A+B

2
A−B

2
0 0 0

A+B
2

0 0 0

Glt 0 0
syms B 0

Glt


(3.46)

All the unknown parameters (A0,B0, p and n) will be obtained by the Levenberg-
Marquardt (L-M) inverse fitting algorithm [LEV 44, MAR 63, SCH 92], which is a stan-
dard technique used to solve nonlinear least square problem. L-M is a combination of two
minimization algorithms : the Gauss-Newton algorithm and the gradient descent method.
It is more like the Gauss-Newton when the parameters are close to their optimal value,
and acts more like gradient-descent method when the parameters are far from the opti-
mal values [GAV 13]. Based on L-M, A0, B0 and p can be obtained by the compaction
experiment, the fitting curves are shown in FIG. 3.6a.

Noting that n is a coupling parameter of the longitudinal deformation and transverse
deformation, the biaxial tension experiment is the appropriate choice to evaluate the value
of n. This is because tension and transverse compaction exist in the biaxial tension test
simultaneously. The fitting curves are shown in FIG. 3.6b. For the tapas fabric in this
study, the values for A0, B0 , p and n are shown in table 3.3.
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3. Mesoscopic mechanical model for textile reinforcement
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FIGURE 3.6 – Measurement of parameters in the mesoscopic model

3.2.4 Applications and defects

In order to show the effectiveness and defects of the mesoscopic model proposed in
the previous works, several simulations will be displayed. Some of these simulations are
quite successful : the deformed structure is quite similar with the tomography results.
Nevertheless for some others, there exist non-ignorable defects. These defects will be
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A mesoscopic model proposed in previous works

Parameter A0(MPa) B0(MPa) n p

Value 0.16 0.14 1000 26.7

TABLE 3.3 – The optimised parameters concerning the transverse deformation of the
mesoscopic model

well exhibited here while the reasons and solutions will be revealed in section 3.3 and
section 3.4.

(a) Tomgraphy of sheared plain fabric (b) Simulation of the pure shear of plain fabric

FIGURE 3.7 – Comparison of shear simulaion and tomography [BAD 08b]

The first example is a shear simulation from the work of Badel [BAD 08b] (FIG. 3.7).
The simulation is on the plain composite and the largest shear angle is 46o. The geomet-
rical model is the first kind of RUC in FIG. 1.33, so its initial geometric boundaries are
material boundaries thus permit to directly impose the periodicity conditions. The cross
sections of the deformed model are verified by tomography technology. From a qualita-
tive points of view, it is found that the model could capture the main geometry features
observed in tomography, including section asymmetry, significant decrease of the width,
flat sides, rounded sides and overall decrease of the area. Moreover, the ratio of the area
between initial and deformed states are 0.77 for the measure by tomography versus 0.71
for the simulation, and those for the width are 0.77 and 0.74 respectively. There are two
error sources in this simulaion : the first one is the identification of constitutive parameters
and the second one is the model itself. The conclusion is that although there exists minor
different, the numerical simulation is able to reflect the main geometric trends observed
in tomography [BAD 08b].

The second example is a compaction simulation on carbon twill fabric stacks
[NGU 12] (FIG. 3.8), in which two kinds of fabric stacks are studied. There is no nesting
between adjacent fabric layers in the first kind of fabric stack, while the nesting phe-
nomenon of the second kind of the stack is very large. He found that the compaction
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3. Mesoscopic mechanical model for textile reinforcement

(a) The compaction simulation on carbon twill
fabric stacks without nesting

(b) The compaction simulation on carbon twill
fabric stacks with large nesting

FIGURE 3.8 – The compaction simulations on carbon twill fabric stacks [NGU 12]

stiffness of the second stack is smaller because of the nesting phenomenon, and this con-
clusion is verified by experiment[NGU 12, NGU 13].

However the model proposed in the previous works is not always perfect. It is no-
ticed that, among all the deformation modes considered in this model, the longitudinal
compression performance of the yarn has not been determined, and equating it to the
tension performance is probably not correct. The two above mentioned examples from
previous works are successful because the longitudinal compression deformations in the
deformations of these examples are quite small. However, when longitudinal compression
becomes non-ignorable, some flaws arise. E.g., the RUC of tapas fabric is compressed
transversely by two rigid plates, and the compaction ratio is 55.4%, which is the same
with the tomography experiment is FIG. 3.9a. Comparing the yarns observed in the to-
mography experiment and the compaction simulations, two kinds of defects could be
found :

Spurious wrinkle. As can be observed, some spurious wrinkles exist in the binder yarn
(FIG. 3.9). These wrinkles are numerical ones since they cannot be found in to-
mography radiography (FIG. 3.9a). The reason of this numerical problem is that
the small longitudinal compression stiffness of the yarn is assumed to be equal to
the tensile one. In other words, the large tension stiffness and small compression
stiffness is not distinguished in the previously proposed mesoscopic model. More
details and solutions can be found in section 3.3.

Insufficient transverse expansion. The comparisons between tomography and simula-
tion (FIG. 3.9) reflects another shortcoming of the previously proposed meso-
model. As are marked by the arrows, the transverse expansion observed in the
tomography radiography is much larger than the one in the simulations. This is
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A mesoscopic model proposed in previous works

because the transverse expansion phenomenon when the yarn is compressed lon-
gitudinally is ignored. This phenomenon will be considered in a new deformation
mode named transverse expansion mode in section 3.4.

(a) Tomography of compacted tapas fabric

(b) Simulation of tapas fabric compaction

FIGURE 3.9 – simulation of compaction on tapas fabric with the mesoscale mechanical
model proposed in the previous works (compaction ratio is 55.4%)
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3. Mesoscopic mechanical model for textile reinforcement

3.3 Longitudinal compression mode

To settle the spurious wrinkles found in FIG. 3.9, a new deformation mode called lon-
gitudinal compression (LC) will be developed in this section. The purpose of longitudinal
compression is taking into account the weak longitudinal compression stiffness. It will
be shown that it is possible to measure the value of longitudinal compression stiffness,
nonetheless the main difficulty is the incompatibility problem between the small longitu-
dinal compression stiffness Kcomp

l and the large tensile stiffness Ktens
l .

FIGURE 3.10 – Longitudinal compression mode

3.3.1 The necessity of longitudinal compression mode

When the constitutive matrix [C]Φ is derived in section 3.2, the longitudinal compres-
sion is assumed to be equal to the tensile one. As a result, the longitudinal stiffness of the
yarn is a constant (FIG. 3.11). This is not compatible with the physical characteristic of
the yarn, since its longitudinal compression stiffness should be quite small. This is exactly
the source of the spurious wrinkles.

FIGURE 3.11 – Kl is constant in the model proposed in the previous works
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Longitudinal compression mode

FIG. 3.12 shows how the ignorance of longitudinal compaction stiffness leads to the
spurious wrinkles. The 2-element structure is compressed by horizontal forces or dis-
placements, and since the longitudinal compression stiffness is as large as the tension
stiffness (around 20000 N/yarn for warp yarn, and 3000 N/yarn for weft and binder yarns
in tapas fabric, see table 3.2), and the shear stiffness is very small (about 20 N/yarn in the
model of tapas fabric), the deformation in FIG. 3.12 will happen.

FIGURE 3.12 – The explanation for the source of spurious wrinkles

In a conclusion, the source of spurious wrinkle is that, when the yarn is compressed
longitudinally, El >> Gl in the simulation, which is quite physical unreasonable. It is
necessary to take into account the weak Young’s modulus of longitudinal compression.

3.3.2 Construction of longitudinal compression mode
Measurement of longitudinal compression stiffness

Longitudinal compression stiffness Kc
l omp for different yarns are measured by lon-

gitudinal compression experiments. The experimental setups are shown in FIG. 3.13). It
is noted that the yarns without resin are so soft that they have almost no resistance to
longitudinal compression. For this consideration, high accuracy force sensor is required
(the one in this study is a sensor of 10 N), and it is advised to compress several yarns at
the same time (e.g., Fig. 3.13 shows a experiment sample of 10 binder yarns). The com-
pression velocity is 2 mm/min, which is slow enough to eliminate the dynamic influence.
As an example, the longitudinal compression stiffness curves of the binder yarn in the
aforementioned 2D fabric are exhibited in Fig. 3.14. It is found that the shorter yarn has
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3. Mesoscopic mechanical model for textile reinforcement

larger resistance to longitudinal compression. Moreover, comparing with any other stiff-
ness such as , is small. With this in mind, Kc

l omp could be approximately treated as small
constants around 30 MPa in the simulation.

FIGURE 3.13 – The yarn sample during a longitudinal compression test

Now the longitudinal stiffness Kl is divided into two parts : the elongation stiffness
Ktens

l and the longitudinal compression stiffness Kcomp
l (FIG. 3.15) :{

Kl = Ktens
l i f εl ≥ 0

Kl = Kcomp
l i f εl < 0

(3.47)

Stiffness gap problem

The stiffness gap between Ktens
l and Kcomp

l (FIG. 3.15) could be very large ( e.g.,
for the warp yarn in tapas fabric, this difference can be 18900 N/yarn). Although this
gap is physically reasonable (in other words, it is the physical characteristic of the yarn),
as will be shown, such a sudden and large transformation in the stiffness curve leads
to incompatibility problem in F.E. simulations, and it is called stiffness gap problem in
this study. A 2-element structure is applied (FIG. 3.16) to explain how the stiffness gap
influences the simulation. (εn

l )A and (εn
l )B are the longitudinal strain states of elements A

and B at the beginning of a time step n. Assuming they fulfill the following relations :

(εn
l )A > 0

(εn
l )B < 0

(3.48)
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FIGURE 3.14 – The longitudinal compression curves of the three yarns (with length of
10 mm)

FIGURE 3.15 – Kl is decomposed into Kcomp
l and Ktens

l

According to EQ. (3.47) and EQ. (3.48),the longitudinal stiffness of element A and
element B at the beginning of this time step n are :

(Kn
l )A = Ktens

l

(Kn
l )B = Kcomp

l
(3.49)

so (Kn
l )A � (Kn

l )B. When the elements are stretched under forces or displacements, el-
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3. Mesoscopic mechanical model for textile reinforcement

ement B would have a larger deformation than element A, which leads to distortion of
structure. An compaction simulation on the RUC of tapas fabric is given in FIG. 3.16.
The RUC of tapas fabric is compressed transversely and the simulation is not finished
successfully because of the distortion of some elements.

FIGURE 3.16 – The explanation for the stiffness gap problem

Solutions for stiffness gap problem

On the one hand, it has been pointed out that the stiffness curve of Kl in FIG. 3.15
could reflect the real characteristic of the yarn, that is to say, the stiffness gap between
the longitudinal compression stiffness Kcomp

l and elongation stiffness Ktens
l is physically

reasonable. On the other hand, it has been proved that this stiffness gap makes the struc-
ture unstable in the F.E. numerical simulation. The stiffness gap problem should be well
studied.

In F.E. method, the stiffness of an element in one time increment (∆t) is constant. This
approximation is based on a precondition : the change of the real stiffness in ∆t should
be small enough. In view of this, normal F.E. code is incapable of dealing with sudden
variation of stiffness, such as the stiffness gap in FIG. 3.15. To explain this more clearly,
the element B in FIG. 3.16 is applied as an example. As is discussed, the initial and final
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strain state of element B in step n are :

(εn
l )B < 0(

ε
n+1
l

)
B > 0

(3.50)

as is shown in FIG. 3.17. The exact stress increment (∆σn
l ) should be written as the dif-

ference between (σn
l )B and (σn+1

l )B :

(∆σ
n
l )B = (σn+1

l )B− (σn
l )B

=
Ktens

l
S
· (εn+1

l )B−
Kcomp

l
S
· (εn

l )B

(3.51)

FIGURE 3.17 – The stress updating of element B in FIG. 3.16

However in the F.E. process, there is an approximate treatment : the longitudinal stiff-
ness of the element is a constant that is evaluated at the beginning of the time step. Con-
sidering that at the beginning of the time step n, the longitudinal stiffness of element B is
Kcomp

l , the stress increment in the F.E. simulation is :

(∆σ
n
l )

FE
B =

Kcomp
l
S
·
(
(εn+1

l )B− (εn
l )B
)

(3.52)

the error of this F.E. increment is :

(∆σ
n
l )

FEerror
B = (∆σ

n
l )B− (∆σ

n
l )

FE
B

=
Ktens

l −Kcomp
l

S
· (εn+1

l )B

(3.53)

this expression of error has an important significance, because it reveals how the F.E.
process is affected by the stiffness gap.

EQ. (3.53) implies two possible ways to solve the stiffness gap problem : minifying
the magnitude of the | (εn+1

l )B | or scaling down the gap magnitude ∆K = Ktens
l −Kcomp

l .
Or a more radical solution is replacing the stress updating process in EQ. (3.52) with a
new stress updating strategy. These three strategies will be tested in sequence.
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1. The 1st solution for stiffness gap problem
According to EQ. (3.53), restraining the value of |(εn+1

l )B| could minify the F.E.
error caused by stiffness gap problem. This is the main idea of the first solution for
stiffness gap problem. This most direct way to restraining |(εn+1

l )B| is constraining
critical time step ∆t. In order to check whether this strategy could solve the stiffness
gap problem in FIG. 3.16, the compaction simulation on RUC of tapas fabric is
repeated with a fixed critical time increment of 1E-7. The result in FIG. 3.23a shows
that those distorted elements in FIG.3.16 basically disappear in the new simulation
result. In spite of this, the shortcoming of this strategy is apparent : smaller critical
step time leads to longer computation time. The normal computation time for the
compaction simulation on tapas RUC is around 4 minutes (8 multiple processors),
but it takes almost 1 hour (8 multiple processors) when the critical time is 1 E-
7, which is unacceptable from the perspective of computational efficiency. So this
strategy is recommended only when the model is small.

2. The 2nd solution for stiffness gap problem According to EQ. (3.53), scaling down
∆Kgap can be helpful to constrain the F.E. error. This is the main idea of this 2nd

solution for stiffness gap problem. The magnitude of the stiffness gap is :

∆Kgap = Ktens
l −Kcomp

l (3.54)

FIGURE 3.18 – The diagram to explain how the nonlinear tension is considered

For the purpose of reducing ∆Kgap, the nonlinear parts of the tension curves
(FIG. 1.9a) are recalled. A diagram is displayed in FIG. 3.18, in which the longitudi-
nal stiffness Kl includes three parts : the longitudinal stiffness Kcomp

l , the nonlinear
tensile stiffness and the linear tensile stiffness. So there are two unknown param-
eters for each yarn : the initial tension stiffness Ktens0

l and the demarcation longi-
tudinal strain εnlt

l between the nonlinear tension part and linear tension part. These
parameters can be measured from the tension stiffness curves of yarns in tapas fab-
ric (FIG. 3.19 displays the slope information of the tension curves in FIG. 1.9a).
They are listed in table 3.4. In this way, the stiffness gap is reduced to :

∆Kgap = Ktens0
l −Kcomp

l (3.55)
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FIGURE 3.19 – Tension stiffness of the yarns in tapas fabric

Parameter εnlt
l Ktens0

l (N)

Warp 0.2% 6004

Binder 0.15% 855

Weft 0.15% 916

TABLE 3.4 – Nonlinear tensile parameters of tapas fabric

In order to check whether this strategy could solve the stiffness gap problem in
FIG. 3.16, the compaction simulation on RUC of tapas fabric is repeated. The non-
linear tension parts of the yarns are considered in Kl , and the simulation result is
shown in FIG. 3.23b. The result shows that those distorted elements in FIG.3.16
basically disappear. In spite of this, it has to be emphasized that the stiffness gap
problem cannot be solved radically by this strategy, since the gap ∆Kl still exists.
Moreover, adding the nonlinear tensile parts into the model makes the simulation
complex and reduces the simulation efficiency.

3. The 3rd solution for stiffness gap problem
As is discussed above, two strategies have been tried to solve the incompatibil-
ity problem between the elongation stiffness Ktens

l and Kcomp
l , but none of them

could provide an ideal resolution. They could only decrease the error expressed
in EQ. (3.53), instead of eliminating it thoroughly. To radically eliminate the F.E.
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error (∆σn
l )

FEerror
B (EQ. (3.53)), the 3rd strategy is developed here to modify the

stress updating process in F.E. loops. As will be shown, this strategy is a thorough
solution since the error expression can be constrained to zero.
In a given time step during the F.E. simulation, the stiffness matrix of element
(Kn

element) is normally calculated at the beginning of time step and keeps constant
during the whole time increment :

Kn
element ≡Kelement(tn) (3.56)

this is reasonable in most cases, because normally the change of stiffness matrix in
a limited increment is small and can be ignored. In other words, The approximated
approach in EQ. (3.56) is based on a precondition : the stiffness should not change
extremely. The longitudinal stiffness curve for the composite yarn (FIG. 3.15) can-
not fulfill this precondition, because of the existence of stiffness gap. So the F.E.
codes should be improved to adapted to this character of composite yarn. To be
exact, for those time steps influenced by stiffness gap, the stress updating process
should be improved.

(a) Three different time steps according to the
positon of stiffness gap

(b) Updating stress for the 2nd kind of time step
in FIG. 3.20a

FIGURE 3.20 – A modification of the stress updating strategy in F.E. process, aiming to
solve the stiffness gap problem

FIG. 3.20a shows three kinds of time steps according to their relative positions with
the point of stiffness gap. The 1st and 3rd kind of steps are not affected by the
stiffness gap points, thus the corresponding stress updating could be done in the
normal way :

∆σ
n
l =

Kcomp
l
S
·∆ε

n
l

or ∆σ
n
l =

Ktens
l
S
·∆ε

n
l

(3.57)

where S is the area of cross section. For the 2nd kind of time step (e.g.,εn
l <

0 < ε
n+1
l ), the stress increment is the sum of a compaction part and tension part
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(FIG. 3.20b) :

∆σ
n
l = (∆σ

n
l )

tens +(∆σ
n
l )

comp

=
Ktens

l
S
· (∆ε

n
l )

tens +
Kcomp

l
S
· (∆ε

n
l )

comp
(3.58)

where (∆εn
l )

tens and (∆εn
l )

comp are (according to FIG. 3.20b) :

(∆ε
n
l )

comp = ε
n
l

(∆ε
n
l )

tens = ε
n+1
l

(3.59)

εn
l and ε

n+1
l (εn+1

l is calculated based on the stiffness matrix of tn, which is updated
in last step) are calculated and passed into VUMAT. So they are known before stress
updating. Plugging EQ. (3.59) into EQ. (3.58) :

∆σ
n
l =

Kl(ε
n+1
l )

S
· εn+1

l −
Kl(ε

n
l )

S
· εn

l (3.60)

where Kl(εl) is expressed in EQ. (3.47). So Kl(ε
n
l ) and Kl(ε

n+1
l ) could be Kcomp

l or
Ktens

l .
EQ. (3.60) gives the right stress increment when the time step is influenced by the
stiffness gap, and in order to realize this stress updating, the following longitudinal
stiffness should be applied in the corresponding F.E. loop :

Kl =
∆σn

l

ε
n+1
l − εn

l

=
Kl(ε

n+1
l ) · εn+1

l −Kl(ε
n
l ) · ε

n
l

(εn+1
l − εn

l ) ·S

(3.61)

This expression is in fact a value averaged from Kcomp
l and Ktens

l . This can be more
clearly understood in a diagram of Strain−Load curve (FIG. 3.21), in which the
stiffness gap corresponds to an extreme transition. When εn

l · ε
n+1
l ≤ 0, the value

of Kn
l is neither Kcomp

l nor Ktens
l . It is the slope value of the red ligature, which is

decided by the relative size of εn
l and ε

n+1
l : when εn

l is larger, the slope value is
closer to Kcomp

l and vice versa.
Although all the above-mentioned conclusions are derived for the circumstance of
εn

l < 0 < ε
n+1
l , they also apply to the circumstance of ε

n+1
l < 0 < εn

l .
As a conclusion, the 3rd method to solve the stiffness gap problem is shown in the
diagram of FIG. 3.22. It can be realized by VUMAT interface in ABAQUS. In order
to check whether this strategy could solve the stiffness gap problem in FIG. 3.16, the
compaction simulation on RUC of tapas fabric is repeated. The mechanical model
is updated according to the diagram of FIG. 3.22. The results in FIG. 3.23c finishes
in 4 minutes (8 multiple processors), which means the simulation efficiency is not
affected. Most importantly, the numerical wrinkles disappeared completely in the
simulation result.
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3. Mesoscopic mechanical model for textile reinforcement

FIGURE 3.21 – A diagram of εl− load curve

FIGURE 3.22 – A diagram of the 3rd strategy for stiffness gap problem

3.3.3 Conclusion of longitudinal compression mode

Yarn’s longitudinal compression stiffness is small. In order to distinguish it from ten-
sion stiffness Ktens

l , the longitudinal compression mode is developed. It is found the largest
challenge is the incompatibility phenomenon between Ktens

l and Kcomp
l , in light of the gap

between them. To solve the stiffness gap problem, three different strategies are applied.
In the first attempt, the critical time increment is constrained to a small value, and it

works well when the critical time is small enough (FIG. 3.23a). The advantage of this
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(a) The 1st strategy (∆t ≡ 1E−7) to solve the stiffness gap problem

(b) The 2nd strategy to solve the stiffness gap problem

(c) The 3nd strategy to solve the stiffness gap problem

FIGURE 3.23 – Comparison of efficacies of the three strategies for stiffness gap problem
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3. Mesoscopic mechanical model for textile reinforcement

strategy lies in its simplicity, but it is time consuming. So it is not workable for large
structures.

The 2nd strategy make use of the nonlinear phenomenon when the yarn is stretched.
The nonlinear part of the tensile curve is used to diminish the stiffness gap. Its advantage
is that, compared with the 1st strategy, the simulation result is ameliorated without pro-
longing the simulation duration (FIG. 3.23b). In spite of this, the weakness is obvious :
the gap cannot be eliminated from the root, and the result is barely satisfactory.

In order to thoroughly remove the F.E. error from the stiffness gap, the stress updat-
ing process is modified in the 3rd strategy. The time increments are divided into different
groups according to their relative position with the stiffness gap point. For those influ-
enced by the gap problem, the longitudinal stiffness is defined as a value averaged from
Ktens

l and Kcomp
l . This strategy has almost no influence on the computation duration, and

the final simulation result is quite acceptable (FIG. 3.23c).
Comparing the efficiency of the three strategies in FIG. 3.23, the 3rd strategy is much

better than the other two. For this reason, it is recommended to be applied for the longitu-
dinal compression mode, and it will be used in the following simulations by default.

3.4 Transverse expansion mode

FIGURE 3.24 – The deformation mode of transverse expansion

The simulation result in FIG. 3.9 shows two defects of the initial mesoscale mechan-
ical model described in section 3.2. The first one is the spurious wrinkle and has been
solved by the longitudinal compression model in the last section. Besides the spurious
wrinkles, it is also found that the transverse expansion of the yarn is not enough, and there
are more and larger voids between adjacent yarns in the simulation result (FIG. 3.9b). This
problem will be analyzed in this section.

The yarn’s transverse deformation is affected by the load along the yarn. Neverthe-
less no deformation mode in the initial mesoscale mechanical model described in sec-
tion 3.2 could reflect this phenomenon. For this reason, the transverse expansion mode
(FIG. 3.24) is developed. The need of the transverse expansion mode will be firstly em-
phasized through the tomography observation, after which the transverse expansion mode
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Transverse expansion mode

is constructed. Finally an optical experiment and an inverse fitting process is carried out
to identify the parameters.

3.4.1 The necessity of transverse expansion mode

As is mentioned, tomography is an useful tool to observe the internal structure of the
loaded fabric. Two kinds of tomography observations are carried out for the transverse
phenomenon of the yarn. They are realized on the tomography machine of laboratory
MATEIS, INSA De Lyon (FIG. 2.1).

The first one is carried out for a transversely compacted tapas fabric. The resolution
is 10 µm, and gives a mesoscopic view of the deformed tapas fabric (FIG. 3.26b). The
fabric is compressed from initial state to a loaded state with a compaction ratio of 55.4
% . Expansion of the yarn exists in the compressed fabric, and the expansion ratio of the
binder yarn can be larger than 50% in some areas. However, the same transverse expansion
could not be found in the simulation in FIG. 3.26d, noting that the mechanical model
used in the simulation in the one developed at the end of section 3.3 (the initial mesoscale
mechanical model + the longitudinal compression mode). As can be seen, there is almost
no transverse expansion on the binder yarn. This implies the necessity of the transverse
expansion mode.

To get a better understanding of the fibers’ behavior when the yarn is compressed
longitudinally, a microscale tomography experiment is required. For this purpose, a yarn
sample is compressed longitudinally (εl ≈−5%) and scanned by the tomography device
with a resolution of 5 µm (FIG. 3.25). The deformations of the fibers in this longitudinally
compressed yarn seem like buckling and bending. The magnitudes of these deformations
are very large, e.g., the yarn’s middle part almost doubles in width. So transverse expan-
sion deformation rising from the longitudinal compression should be well studied.

FIGURE 3.25 – Tomography observation of transverse expansion of the longitudinally
compressed yarn (the ends of the yarn are fixed ; the longitudinal compaction ratio of this

yarn is around −5%)

3.4.2 Construction of transverse expansion mode

Transverse expansion mode should reflect the influence from longitudinal deformation
to transverse expansion, so it is to be constructed by means of longitudinal-transverse
Poisson ratio, which is marked as υlt . As announced previously, l denotes the longitudinal
direction while t is for transverse direction of the yarn. When the hypo elastic law is
adapted as the stress update strategy, the corresponding Poisson ratio is expressed by
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3. Mesoscopic mechanical model for textile reinforcement

(a) Before compaction (b) After compaction, the expansion of the yarn
(compaction ratio is 55.4%)

(c) Before compaction

(d) After compaction, the transverse expansion of the yarn is small (compaction ratio is 55.4%)

FIGURE 3.26 – The transverse expansion of the yarn in simulation is too small (the trans-
verse expansion mode is not considered in the mechanical model of the simulation)
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increment quantities :

υlt =−
∆εt

∆εl
(3.62)

By the way, there is another similar Poisson ratio between longitudinal and transverse
section that is marked as υtl . However as is known to all, υtl is not independent of υlt :

υtl =
Et

El
·υlt (3.63)

where El is the longitudinal Young’s Modulus and Et is the transverse one, and both of
them are known during the numerical simulation :

El = Kl/S

Et =
2A ·B
A+B

(3.64)

where the meanings of A and B are the same with those in section 3.2. Before studying
the value of υlt , three points are worth mentioning :

1. It has been mentioned that, for the mesosopic mechanical model introduced in sec-
tion 3.2, the cross section of the yarn is isotropic. To keep compatible with this as-
sumption, υlt should also be assumed to be transversely isotropic (FIG. 3.27), which
might be inconsistent with the physical reality. Nevertheless as will be shown,
it is found in the experiment that when the longitudinal compression is limited
(|εl|< 5%), υlt is independent of the geometry dimension of the yarn, so the trans-
verse isotropy assumption is acceptable.

FIGURE 3.27 – In order to keep compatible with the model presented in section 3.2, υlt
should be assumed to be constant in the transverse section

2. The yarn would expand transversely when it is compressed longitudinally, how-
ever when the yarn is stretched, the fibers tend to stay straight, and υlt could be
considered as zero :

υlt = 0 i f εl ≥ 0 (3.65)
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3. Mesoscopic mechanical model for textile reinforcement

3. The longitudinal compression is normally slight during the deformation of textile
composite. This is because the bending stiffness of the yarn is normally small, so
when the longitudinal compression arrives a certain degree, the bending of yarn
would appear, which precludes the possibility of a large longitudinal compression.
E.g., for the tapas fabric in this study, it is found in the simulations that εl is always
larger than−5%. As will be shown, this precondition simplifies the work to measure
the value of υlt .

Now υlt can be supplemented into the constitutive model. For the purpose of brevity,
this work will be effectuated by means of compliance matrix [D]Φ. As is known, it has a
inverse relation with stiffness matrix [C]Φ :

[D]Φ = [C]Φ
−1

(3.66)

Φ implies that this constitutive relation is expressed on the fiber base (see EQ. (3.29)). So
the stiffness matrix in EQ. (3.46) could be written in its compliance form :

[D]Φ =



1
El

0 0 0 0 0

A+B
2A ·B

B−A
2A ·B

0 0 0
A+B
2A ·B

0 0 0
1

Glt
0 0

syms
1
B

0
1

Glt


(3.67)

where the meaning of A and B can be found in section 3.2. It is convenient to add the υlt
into compliance matrix, since υlt only concerns two independent elements in [D]Φ :

[D]Φ =



1
El

−υlt

El
−υlt

El
0 0 0

A+B
2A ·B

B−A
2A ·B

0 0 0
A+B
2A ·B

0 0 0
1

Glt
0 0

syms
1
B

0
1

Glt


(3.68)
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[D]Φ12 and [D]Φ13 has the same expression because of the transverse isotropy assumption.
EQ. (3.66) is turned to account again to calculate [C]Φ :

[C]Φ =

E2
l

El−2A ·υ2
lt

A ·El ·υlt

El−2A ·υ2
lt

A ·El ·υlt

El−2A ·υ2
lt

0 0 0

2A ·B ·υ2
lt− (A+B)El

2El−4A ·υ2
lt

2A ·B ·υ2
lt +(A−B)El

2El−4A ·υ2
lt

0 0 0

2A ·B ·υ2
lt− (A+B)El

2El−4A ·υ2
lt

0 0 0

Glt 0 0
syms B 0

Glt


(3.69)

according to the prerequisite of positive definiteness of strain energy density, the determi-
nant of [C]Φ should be positive :

det([C]Φ) > 0 (3.70)

which leads to a restriction on the value range of υlt :

0≤ υlt <

√
El

2A
(3.71)

Experimental setup to record the transverse expansion

To measure the Poisson ratio υlt of the yarns in the tapas fabric, the transverse expan-
sion phenomenon should be recorded and measured. Since it would be difficult to measure
the transverse expansion of the yarn from the fabric directly, the experiment could be car-
ried out on single yarns. In this case, it is important to make sure the states of the yarns
(the shape, the tightness, etc.) are not changed when the yarn is moved out of the fabric.

To measure the deformation of the yarn, optical methodology is preferred since it
is precise and could avoid destructive factors. For this reason, the experiment setup
(FIG. 3.28) is designed. It is based on Zwick Meca Bi-axes of LaMCoS, INSA de Lyon.
The ends of the yarn are fixed on two fixtures that can move towards each other. A high
resolution camera is positioned above the sample to record the compression process. The
compression velocity is 2 mm/min and the camera takes 10 photos every second. Here are
several notes worth mentioning.

1. In the woven fabric the yarn is curved constantly, so that its straight segments
are short. E.g., the size of the straight yarn segments in tapas fabric is shown in
FIG. 3.29. Referring to this, the length of the yarn samples should be shorter than
10 mm.
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3. Mesoscopic mechanical model for textile reinforcement

FIGURE 3.28 – The experiment setup to measure the transverse expansion

FIGURE 3.29 – The dimension of the straight yarn segments in tapas fabric
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Transverse expansion mode

2. It has been highlighted that the yarn sample should keep its state (fiber tightness,
section shape, etc.) when the experiment is prepared. In this study the liquid glue
is applied to stick the yarn on the holders, the ends of the yarn is fixed firmly when
the glue becomes dry.

3. The expansion of the yarn is measured from the images, so it is important to use
the lamp to adjust the brightness (FIG. 3.28), and black backdrop is placed in the
background to improve the contrast between the yarn and the environment.

Processing the experiment images

To measure the expansion of the yarn, the boundaries of the yarn should be found in
the images. Here is an example to explain how the images are processed : the initial length
of the yarn is 10 mm, and its initial visible width is 2 mm. The largest longitudinal com-
pression in the experiment is εl = −4.422% (FIG. 3.30). An image is in fact a matrix of
brightness value from 0 to 255 (’0’ denotes absolute black while ’255’ is absolute white).
The brightness demarcation between yarn and background is effected by many factors
such as the brightness of lamps and experiment site, so this value should be found out
individually for each experiment. This is not difficult for a high-contrast image, because
the matrix gradient is very large near the boundary (FIG. 3.30), the values change sharply
from values smaller than 10 to values larger than 20. So for this group of experiment, the
brightness demarcation is 10 ( any number between 9 and 13 are acceptable, since their
corresponding boundaries differs by just several micrometers).

FIGURE 3.30 – Extracting the boundaries of the yarn

The upper and lower boundary of the yarn are ∂V 1
EXP and ∂V 2

EXP. The average shape
of ∂V 1

EXP and ∂V 2
EXP is shown in FIG. 3.30.

Inverse fitting process to measure the υlt

In order to study how the υlt varies with εl , the compression is discretized averagely
into six stages (FIG. 3.32a).
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3. Mesoscopic mechanical model for textile reinforcement
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FIGURE 3.31 – The average shape of ∂V 1
EXP and ∂V 2

EXP

(a) Since the increment of εl in each stage is limited, υlt _i are assumed to be constants
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(b) The experimental expansion shapes at the end of each stage

FIGURE 3.32 – The compression process is discretized into small stages

Since the largest compression is −4.422%, the discretization is as follows :

εl_0 = 0
εl_1 =−0.737%, εl_2 =−1.474%
εl_3 =−2.211%, εl_4 =−2.948%
εl_5 =−3.685%, εl_6 =−4.422%

(3.72)

the ∆εl is so small that υlt_i could be treated as a constant in each stage. And the expansion
shapes at the end of each stage are shown in FIG. 3.32b. Here is how these curves are used
to get the υlt_i in each stage :

Step 1. The F.E. model for the yarn sample is established. The transverse displacements
of its two ends are constrained to zero. Monitoring those black element nodes in the
model (FIG. 3.33), the expanding shapes of the two boundaries ∂V 1

FE and ∂V 2
FE are
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FIGURE 3.33 – The F.E. model for the yarn experiment

followed. The dimension of the model is completely the same with the experimental
sample, and ∂V i

FE corresponds to ∂V i
EXP.

Step 2. The model is firstly compressed to the deformation state of εl_1 =−0.737%. At
the end of the compression, the coordinates of the nodes on ∂V 1

FE and ∂V 2
FE are ex-

tracted, and they are compared with the experiment curve (the curve of−0.737% in
FIG. 3.32) in the Levenberg-Marquardt [LEV 44, MAR 63, SCH 92] inverse fitting
program, in which υlt is updated. This process is repeated for several times until a
good fitting is reached, as is shown in FIG. 3.34a, an expansion of the numerical
model is close to the experiment result. The optimized υlt is 12.0065, and it is the
optimized longitudinal-transverse Poisson ratio of the deformation from εl_0 = 0 to
εl_1 =−0.737%.

Step 3. The purpose of this step is to find out an optimized longitudinal-transverse Pois-
son ratio of the deformation from εl_1 = −0.737% to εl_2 = −1.474%. Starting
from the optimized expansion shape in last step, the yarn is further compressed
to εl_2 = −1.474% (FIG. 3.34b). That is to say, the yarn is compressed from εl_1
to εl_2. And the simulation is compared with the experiment curve (the curve of
−1.474% in FIG. 3.32). The optimized υlt in this process is 11.8024, which is a
little smaller than last compression step.

Step 4 ∼ Step 7. Similar with step 3, the yarn model is compressed from εl_2 to εl_3, εl_3
to εl_4, εl_4 to εl_5, and finally, εl_5 to εl_6. In each step an optimized υlt could be
obtained. All the υlt_i are given in FIG. 3.34.
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(a) From εl_3 to εl_4
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(b) From εl_4 to εl_5
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FIGURE 3.33 – The optimisation for υlt from εl = 0 to εl = εl_6
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FIGURE 3.34 – υlt in each optimization step

All the optimized υlt from step 2 step 7 are listed in FIG. 3.34. There are several
points worth noting :

1. The magnitude of υlt is around 11 ∼ 12, which is quite large. It is known that for
the isotropic material, the Poisson ratio should smaller than 0.5.
Here is a way to explain the rationality of this large Poisson ratio. When the yarn
is compressed longitudinally, the fibers would bend or buckle, which leads to a
large void ratio (FIG. 3.25). As a result, the yarn has almost no resistance to the
transverse compression load, in other words, the Et becomes null. As can be seen
in EQ. (3.63), when Et becomes null, υlt would be much larger than υtl .
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FIGURE 3.35 – υlt of a yarn could be considered as a constant
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2. The fluctuation of the υlt curve in FIG. 3.34 is slight in the limited longitudinal
compression range (εl > −5%). So the υlt could be considered as constant during
the compression. To verify this, a new simulation is performed. The yarn model
in FIG. 3.33 is compressed from εl_0 = 0 to εl_6 = −4.422% with a constant υlt
of 11.5 (it is the average value of υlt_i in FIG. 3.34), and the result is shown in
FIG. 3.35. It is very close to the experimental expansion shape of the yarn. So the
υlt for a yarn can be considered as a constant, nevertheless it remains to compare
the υlt between different yarns.

Experiments on different yarn samples
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 L0=5.0,   W0=0.6              unit: mm

FIGURE 3.36 – The optimised υlt for different yarn samples

Repeating the above-introduced experiment and inverse fitting processes on different
yarns, different curves of υlt are exhibited in FIG. 3.36. It seems that the L0 has negligible
influence on the evaluation of υlt , while the yarns with smaller sectional dimensions (W0)
tend to have larger values of υlt . Since these curves are quite close, it is interesting to study
whether it is possible to chose the same value of υlt for all the yarns in tapas fabric. For
this purpose, two simulations are carried out. The υlt are 11.8 and 13 respectively (11.8 is
chosen because it it the average value of all the points in FIG. 3.36, and 13 it their upper
limit). The two simulations are compared at different strain states, from εl =−0.073% to
εl =−4.422% (FIG. 3.37). At the initial phase of the deformation, the difference is small,
and it becomes larger when εl surpasses−2.948%. The difference when εl =−4.422% is
about 0.037 mm in the middle of the yarn. In spite of this, the relative magnitude of this
error is small since the corresponding expansion value is around 0.57 mm. So this error
could be ignored and it is possible to use a value around 12 for υlt of all the yarns in tapas
fabric.
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FIGURE 3.37 – Comparison between υlt = 11.8 and υlt = 13

3.4.3 Conclusion of transverse expansion mode
The transverse expansion of the yarn should be taken into account. In order to in-

clude this deformation phenomenon into the mesoscale model for the fibrous structure,
the transverse expansion mode is developed based on υlt . It has been found that υlt is
independent of the dimensions of the yarn, so υlt is isotropic in the cross section.

The compaction simulation of the tapas RUC is effectuated to verify the effect of
transverse expansion mode 3.38b. The compaction ratio is 55.4%. Compared with the
simulation result in which the transverse expansion is not considered, the shape of the
new simulation result is closer : the binder yarn is similar to the one in tomography result
in FIG. 3.26b, and yarns’ transverse expansion minifies the voids between the yarns.
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Conclusions of chapter 3

(a) Transverse expansion is not considered in the mechanical model

(b) Transverse expansion is added into the mechanical model, and υlt = 11.5

FIGURE 3.38 – The effect of transverse expansion mode

3.5 Conclusions of chapter 3

Two kinds of new deformation modes are developed in this section and are added to
the existed mesoscopic model.

Longitudinal compaction mode is quite helpful to eliminate the annoying numerical
wrinkles on the longitudinally compressed yarns, and this thesis provides three possible
strategies to make sure longitudinal compression is compatible with the elongation mode.
Among them the 3rd one in which a new strategy to update stress is developed is recom-
mended since it has no influence on the simulation time.

The transverse expansion deformation mode concerns the expansion arises from the
longitudinal compression. The study begins from an experimental observation, and an
inverse fitting method is used to find out the appropriate value for υlt . It is found that a
constant υlt is sufficient when the longitudinal compression is normally small (which is
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3. Mesoscopic mechanical model for textile reinforcement

true for most deformations of tapas fabric).
Both of these modes improve the reliability of the simulation, which has been proved

by tomography results. In the next chapter, more simulation results will be given on
new/old model to further show the advantage of longitudinal compression and transverse
expansion modes.
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Chapitre 4

Numerical simulations

In this chapter, various numerical simulations are carried out on the numerical
model of tapas fabric. In section 4.1, the transverse compaction simulation of single
layer fabric is carried out on the previously proposed mesoscale model and the new
mesoscale model developed in chapter 3. The simulation results are compared with the
tomography data and the effectiveness of longitudinal compression mode and transverse
expansion mode is verified. With that in mind, the rest of the simulations of chapter 4 are
carried out with this improved mesoscale model. These simulations include the
compaction of different tapas fabric stacks, the compaction of sheared tapas fabric, as
well as the shear simulations. The numerical results are compared with the mechanical
experiment results of chapter 1, or the tomography experiment results of chapter 2.

Contents
4.1 Simulations of compaction . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.1.1 Compaction simulations of single layer fabric . . . . . . . . . . . . 102
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4. Numerical simulations

Transverse compaction deformation and in-plane shear deformation are two most im-
portant deformations for composite reinforcement, since they are the dominant deforma-
tion modes when the composite products are manufactured. In order to get a better under-
standing of the yarns’ activities in the preforming process of the fabric, these two kinds of
deformations should be studied by mechanical experiments, tomography experiments as
well as numerical simulations. For the tapas fabric, the mechanical experiments (tension
tests on tapas fabric and yarns, picture frame test, transverse compaction test, etc.) have
been presented in details in chapter 1, and the tomography study of tapas fabric has been
presented in chapter 2. In this chapter, different kinds of compaction and shear simulations
are carried out, the parameters of the model for tapas fabric have been given in chapter 3.
The numerical results will be compared with the results of mechanical experiments and
tomography experiments.

4.1 Simulations of compaction
Compaction deformation of the fabric is one of the most important deformations in

LCM process, and should be carefully simulated by numerical tools which help to moni-
tor the deformation of yarns and predicting the permeability of the deformed fabric. The
simulations in this section concern compaction simulations on various tapas fabric mod-
els.

First of all, the simulation on single layer tapas fabric is achieved on the mesoscale
model proposed in the previous works and the new mesoscale model developed in chap-
ter 3. Both of them will be compared with the tomography experiment result. The purpose
of this work is to further verify the effectiveness of the two new deformation modes (lon-
gitudinal compression and transverse expansion). Then the simulations of compaction are
performed on tapas fabric stacks, in which the composite fabric could be 0o, 45o or 90o to
each other. The compaction stiffness obtained in the simulations will be compared with
the mechanical experiment results in chapter 1, moreover, the internal structures of the
deformed fabric stacks in the simulations will be verified by tomography experiments.
The third kind of compaction test is realized on the sheared fabric with different in-plane
shear angles. The compaction stiffness obtained in the simulation will be verified by the
corresponding experiments from chapter 1.

4.1.1 Compaction simulations of single layer fabric

The purpose of this simulation is to exhibit the effectiveness of the two deformation
modes developed in chapter 3 (longitudinal compression deformation mode and trans-
verse expansion deformation mode). The model in the simulation is a fabric model of
20.6mm× 20.4mm (FIG. 4.1), which is generated by repeating the smallest RUC model
in FIG. 2.9a from chapter 2. This model is meshed by wedge elements C3D6. Two rigid
plates are defined over and below the fabric to compress the model transversely. In order
to compared the simulation results with the tomography result, in which the compaction
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Simulations of compaction

FIGURE 4.1 – The geometrical model of tapas fabric

FIGURE 4.2 – The compacted tapas fabric observed in tomography experiment (com-
paction ratio is 55.4%)

ratio of tapas fabric is 55.4%, the compaction ratio of the fabric model in the simula-
tion is also 55.4%. Three kinds of mechanical models are adopted in this simulation :
the mesoscopic model proposed in previous works ; the model in which the longitudinal
compression mode is considered ; and the model in which the longitudinal compression
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4. Numerical simulations

mode and transverse expansion deformation mode are considered.

1. Simulation with the mesoscale model proposed in previous works.
The previously proposed mesoscopic model for textile structure considers four de-
formation modes of the yarn : elongation, longitudinal shear, transverse compaction
and transverse shear deformation. The compaction simulation on the tapas fabric is
firstly executed using this mechanical model.
The result is shown in FIG. 4.3a. From a general point of view, this simulation re-
sult is close to the tomography observation (FIG. 4.2). However there are mainly
two drawbacks : firstly, there are some spurious wrinkles in the simulation result,
which cannot be found in the tomography image ; Secondly, comparing with the
compacted tapas fabric observed in the tomography experiment, the transverse ex-
pansion of the yarns (especially the binder yarns) are not large enough in the simu-
lation. For example, there is no voids between the binder yarns and warp yarns from
the tomography result, however, some large voids exist in the simulation result. In
fact these two kinds of defects are the same with those discovered in section 3.2.4.

2. <Longitudinal compression mode> is considered
In chapter 3, the longitudinal compression deformation mode is developed to con-
strain the spurious wrinkles observed in the deformation simulations of composite
fabric. Here this new mode is added to the previously proposed mesoscopic model,
and this new model is applied in the compaction simulation of tapas fabric.
The result is given in FIG. 4.3b. Comparing with simulation result on the previous
mesoscale model 4.3a, the spurious wrinkles disappear, which implies that the new
mode of longitudinal compression is efficient. However, comparing with the com-
pacted tapas fabric observed in the tomography result, the voids between the yarns
still exist.

3. Both <longitudinal compression mode> and <transverse expansion mode> are con-
sidered
In chapter 3, another new deformation mode which is called transverse expan-
sion deformation mode is constructed to describe the transverse expansion of the
yarn under longitudinal compression. Now along with the longitudinal compres-
sion mode, it is added into the previously used mesoscopic mechanical model. The
compaction simulation result on this improved mechanical model is displayed in
FIG. 4.3c. Compared with the simulation result in FIG. 4.3b in which the trans-
verse expansion is not considered, the expansion of yarns are larger and the voids
between yarns become smaller. In a word, among the three simulation results in
FIG. 4.3, the last one is closest to the compacted tapas fabric observed in the to-
mography test.

The compaction simulation of the tapas fabric is executed on three kinds of mechan-
ical models separately. The analysis of the simulation results prove the effectiveness of
the deformation modes of longitudinal compression and transverse expression. For this
reason, the following simulations in this chapter will be performed on the mechanical
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Simulations of compaction

(a) The mesoscopic model used in the simulation is the one proposed in previous works

(b) The longitudinal compression mode is considered in the compaction simulation

(c) Both the longitudinal compaction mode and transverse expansion mode are considered

FIGURE 4.3 – Three compaction simulations on tapas fabric with different mechanical
models (compaction ratio is 55.4%)
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4. Numerical simulations

model of the model proposed in the previous works + longitudinal compression mode +
transverse expansion mode.

4.1.2 Compaction simulations of fabric stacks
In chapter 1, the compaction experiments of tapas stacks have been introduced, and

in this section, the corresponding simulations will be executed. Special attention will be
given to the nesting between fabrics. Considering that the layout of fabric stacks can be
multiply, the compaction simulation on fabric stacks could be complex. Here three kinds
of layouts will be considered.

1. Stack of 0o/0o/0o/0o/0o

FIG. 4.4 gives two kind of layouts for the parallel stacks. The first one has the
smallest nesting level while the second one has a large nesting level.
The compaction results of the parallel tapas stacks is given in FIG. 4.5a. The layout
with the small nesting level is stiffer than the experiment result while the second
simulation result has a smaller compaction stiffness. This is reasonable since in the
experiment, the five parallel layers are arranged randomly and the nesting should
be at an average level. FIG. 4.5b shows the nesting of fabric in the stacks. The same
nesting can be found in the tomography image and simulation results, which verifies
the effectiveness of the simulation results.

2. Stack of 0o/45o/0o/45o/0o

FIG. 4.6 gives the stack model of 0o/45o/0o/45o/0o. When the stack model is
compressed transversely, the compaction area is octagonal. The simulation results
is compared with the experimental compaction curve and an acceptable coincidence
could be found.
The nesting phenomenon of this 45o stack can be observed in FIG. 4.7, from the
tomography result and simulation result. As can be seen, they are quite close, and
the nesting level of 45o stack is smaller than it in the parallel stack (FIG. 4.5c). This
explains why 45o stack has a higher compaction stiffness.

3. Stack of 0o/90o/0o/90o/0o

The stack model of 0o/90o/0o/90o/0o is shown in FIG. 4.10a. The simulation re-
sults of compaction coincides well with the experiment stiffness curve, as is shown
in FIG. 4.9a. Almost no nesting can be found in the tomography result in FIG. 4.9b,
and this is very well reflected by the simulation (FIG. 4.9c). The low nesting level
explains why this kind of tapas stack has the highest compaction stiffness.
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Simulations of compaction

(a) Stack with small nesting

(b) Stack with large nesting

FIGURE 4.4 – The geometrical models for the tapas fabric stacks of 0o/0o/0o/0o/0o
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4. Numerical simulations
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FIGURE 4.5 – Compaction simulations of tapas stacks of 0o/0o/0o/0o/0o
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Simulations of compaction

FIGURE 4.6 – The geometrical models for the tapas fabric stacks of 0o/45o/0o/45o/0o
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4. Numerical simulations
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FIGURE 4.7 – Compaction simulations of tapas stacks of 0o/45o/0o/45o/0o
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Simulations of compaction

FIGURE 4.8 – The geometrical models for the tapas fabric stacks of 0o/90o/0o/90o/0o
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4. Numerical simulations
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FIGURE 4.9 – Compaction simulations of tapas stacks of 0o/90o/0o/90o/0o
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Simulations of compaction

4.1.3 Compaction simulations of sheared fabric
In-plane shear is a kind of common deformation for composite, so it is necessary to

study compaction performance of sheared fabric (this simulation will be introduced in
the next section). The model in FIG. 4.10b is obtained from a shear simulation (the shear
angle is 16.7o). The compaction ratio is 53.2%.

(a) Model of tapas with in-plane shear
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(b) Compaction stiffness curves from experiment and simulations

FIGURE 4.10 – Compaction simulations on tapas fabrics with in-plane shear deformation
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4. Numerical simulations

4.2 Simulations of in-plane shear deformation
The importance of shear deformation cannot be over-emphasized. The shear tests (bias

extension and picture frame test) on tapas fabric has been provided in chapter 1. In this
section, shear deformation will be studied by numerical tools. Two models are applied to
do the shear simulation of tapas fabric (FIG. 4.11) : the first model is the smallest RUC
of tapas reinforcement, in which six pin-joint constrains are defined on the ends of the
yarns ; the second geometrical model for the shear simulation is a fabric model, and pin
joint constrains are also defined on the ends of each yarn. An example of the pin-joint
constrain is shown in FIG. 4.11, as can be seen in FIG. 4.13a, all the nodes along the
pin-joints could only rotate along the pin-joint axis.

FIGURE 4.11 – Two goemetrical models for the shear simulation and their pin-joints
boundary conditions

The shear happens in a bias extension test or picture frame test is pure shear, and for
the pure shear deformation, the deformation gradient is homogeneous over the structure.
According to this principle, the displacements of all the pin-joints in the two models
are calculated, and defined in the two geometrical models as boundary condition. The
simulation results will be discussed from the perspectives of shear stiffness and sheared
geometry.

The shear stiffness of both simulations are shown in FIG. 4.12. The larger model get
a better result than the small RUC model. The possible reason is that a smaller model is
normally more sensitive to the defects of boundary conditions. For example, for both of
these two geometrical models, when the shear angle becomes large, several parts of the
yarns leave the geometric domain and become overhanging [BAD 07]. When the shear
angle is large, the proportion of the overhanging parts are large for the small RUC model,
however for the fabric model, the proportion of the overhanging parts is small comparing
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Simulations of in-plane shear deformation
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FIGURE 4.12 – Shear stiffness curves obtained from in-plane shear simulations on RUC
and fabirc model

with its large surface area (FIG. 4.12).
The sheared geometries of the numerical simulations are shown in FIG. 4.12. Both

models realize pure shear deformations. The deformations are homogeneous and close to
the real shear deformation observed in the tomography result (FIG. 4.12). Nevertheless
some defects exist. During the real shear deformation on tapas fabric, there are some
specific deformation types concerning the yarns’ discrete nature. For example, when the
shear angle is large, the gaps inside the yarns will appear and some wrinkles on the surface
of the yarns arise. These two kinds of deformation could not be reflected in the mesoscale
simulations in which the yarns are considered as continuous medium.

(a) The sheared RUC model
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4. Numerical simulations

(a) The sheared fabric model

FIGURE 4.12 – The sheared models and the overhanging parts

(a) Tapas fabric with a in-plane shear angle of 35.4o
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Simulations of in-plane shear deformation

(a) The gaps inside the yarn (b) The wrinkles on the surface of the yarn

FIGURE 4.12 – The observation of the sheared tapas fabric with tomography technology
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4. Numerical simulations
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Chapitre 5

Conclusions and perspectives

Conclusions The mesoscopic mechanical model for the forming simulation of compos-
ite reinforcements has been developed for years, and its efficiency has been proved
in previous research works. Nevertheless some aspects about the deformation of
the yarn are not well considered in this model, in particular the longitudinal com-
pression stiffness and the transverse expansion phenomenon. The consequence is
that the forming simulations cannot accurately predict the deformation of reinforce-
ments, e.g., spurious wrinkles arise at the yarn level, and comparing with the phys-
ical deformation observed in the tomography results, the transverse expansion of
the yarn in the simulation is not enough. To improve the mesoscopic model, new
deformation modes are analyzed in this study.
The first one is longitudinal compression mode, which is used to distinguish the lon-
gitudinal compression stiffness with the elongation stiffness. The main difficulty is
the stiffness gap problem, which is an incompatibility problem between the small
longitudinal compression stiffness and the large elongation stiffness. Three strate-
gies are provided to constrain this problem : restriction of the critical step increment,
reduction of the stiffness gap magnitude by virtue of yarns’ nonlinear tension parts,
or the modification of stress updating strategy. The 3rd one is recommended to be
applied for the longitudinal compression model, since it is more efficient than the
others. The second deformation mode is transverse expansion mode. It is a mode
that could reflect the transverse expansion of the yarn when it is compression longi-
tudinally. An experiment is designed to measure the expansion shape of the yarns,
and combining with the inverse fitting process , the values of longitudinal-transverse
Poisson ratio for different kinds of yarn samples are measured. It is finally found
that this ratio could be considered as a constant around 11.5 ∼ 13 for all yarns in
tapas fabric.

Perspectives Based on the above mentioned conclusions, and considering the deficien-
cies of the work in this study, additional investigations could be done in the future.
They are summarized as follows :
– The simulations in this study are mainly transverse compaction simulations and

shear simulations. It is expected to apply the new mechanical model on larger
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5. Conclusions and perspectives

structures and more complex deformations. To do this, the execution efficiency
of the F.E. loop must be improved (e.g., it is possible to compare the simulation
results of different element types and meshing densities).

– The study on the transverse expansion mode is based on the yarns in tapas fab-
ric, in which the yarns are consist of glass fibers. It is interesting to study the
same phenomenon on yarns made up of other glass fibers, carbon fibers or other
materials.

– For the tapas fabric, macroscopic study is expected. This is because, although
the mesosopic simulations help to study the yarn-level phenomenons of the tapas
fabric, it is difficult to simulate the complete preforming process of a large fabric
layer. Moreover, the microscopic study on tapas fabric would also be valuable to
study the corresponding fiber-level deformation and damage, and so on.
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négative dans le sens des fibres. La relation conflictuelle sur le plan numérique entre la rigidité en tension, très forte, et la rigidité
en compression longitudinale, très faible, peut être résolue via trois méthodes : réduction du pas de temps critique, addition
de la contribution en tension ou avec une nouvelle stratégie pour l’actualisation du champ de contrainte. Le second mode de
déformation est la dilatation transversale des mèches considérée comme conséquence directe de la compression longitudinale. Ce
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