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Résumé

Pour les composites concernés, la mise en forme du renfort textile a un effet direct sur les
propriétés mécaniques du composite une fois consolidé. Mesurer la déformation des ren-
forts textiles lors de leur formage, à différentes échelles, à l’aide de la Corrélation d’Images
Numériques (CIN) semble une voie prometteuse pour développer et valider la modélisa-
tion. Cependant, une mesure traditionnelle de CIN se confronte à des défis majeurs en
raison de leurs propriétés physiques, de leur structure, des grandes déformations induites
et de la cinématique particulièrement complexe. De plus, les informations fournies par
un tel outil sont difficilement comparables aux résultats des simulations numériques. La
thèse se focalise sur le test d’extension de biais. Elle propose le développement d’outils
non traditionnels dans ce domaine, qui comprennent la CIN éléments finis (CIN-EF) et
des tests menés in-situ dans un scanner à rayons X, pour améliorer le lien entre modèles
et mesures. La thèse est divisée en trois parties. La première propose de mesurer la défor-
mation par FE-DIC à la surface de plusieurs tissus typiques. Pour limiter les incertitudes
de mesure, l’étude porte sur l’évolution de l’erreur ultime et des résidus de corrélation
lorsque l’on fait varier la taille et l’orientation du maillage. La deuxième partie propose
une approche incrémentale qui permet, cette fois, de réduire les erreurs de mesure dues
aux très grandes déformations, en profitant de l’évolution des résidus de corrélation fournis
par le FE-DIC. La dernière partie propose un premier pas vers l’assimilation des données
images, qui exploiterait les essais in-situ. Il est démontré que les données tomographiques
collectées peuvent être utilisées pour produire des modèles basés sur l’image, et que la
machine de test spécialement développée permet de collecter des informations précieuses
à la fois à la surface et à l’intérieur du tissu lorsqu’il se déforme.

Mots clés : Composites, Renfort textile, Tissu, Corrélation d’Images Numériques,
CIN-EF, Micro-tomographie RX, Modèles basés image numérique, Eléments Finis, Essais
in-situ
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Abstract

For the composites concerned, shaping the textile reinforcement has a direct effect on the
mechanical properties of the consolidated composite. Measuring the deformation of textile
reinforcements during forming at different scales using DIC seems to be a promising way
to develop and validate the modelling. However, a traditional Digital Image Correlation
(DIC) measurement faces significant challenges due to their physical properties, struc-
ture, large deformations and complex kinematics. In addition, the information provided
is difficult to compare with the results of numerical simulations. The thesis focuses on
the bias extension test. It proposes the development of non-traditional tools, including
finite element DIC (FE-DIC) and in-situ testing in an X-ray CT, to better bridge models
and measurements. The thesis is divided into three different parts. The first proposes to
measure the deformation by FE-DIC on the surface of several typical fabrics. To limit
the measurement uncertainties, the study focuses on the evolution of the final error and
the correlation residuals when we vary the size and orientation of the mesh. The second
part proposes an incremental approach that allows, this time, to reduce the measurement
errors due to very large deformations, taking advantage of the evolution of the correla-
tion residuals provided by the FE-DIC. The last part proposes a first step towards the
assimilation of image data, which would exploit the in-situ tests. It is shown that the
tomographic data collected can be used to produce image-based models, and that the
specially developed testing machine allows information to be collected both at the surface
and inside the tissue as it deforms.

Keywords : Composites, Textile reinforcement, Fabric, Digital Images Correlation,
FE-DIC, X-ray micro-tomography, Digital Image Based modelling, Finite elements, in
situ testing

Doctoral thesis - XU Taiwei - vii -



Abstract

- viii - Doctoral thesis - XU Taiwei



Contents

Acknowledgments iii

Résumé v

Abstract vii

Table des matières xi

Figures xxii

Introduction 1

1 General literature review 5
1.1 General information on composite materials . . . . . . . . . . . . . . . . . 6

1.1.1 The fabric reinforcement material . . . . . . . . . . . . . . . . . . . 6
1.1.2 Structure of textile reinforcement materials (2D) . . . . . . . . . . . 14

1.2 The composite molding process and effect of textile reinforcement molding 15
1.2.1 Resin Transfer Molding (RTM) . . . . . . . . . . . . . . . . . . . . 15
1.2.2 Laminated and rolled tube forming process . . . . . . . . . . . . . . 17
1.2.3 Bag moulding, autoclave, hydraulic autoclave, and thermal expan-

sion moulding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.2.4 Spray forming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.2.5 Effect of textile reinforcement molding on the mechanical properties

of composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.3 Characterization methods for mechanical properties of textile reinforcement 25

1.3.1 Bias-extension test . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.3.2 Picture frame test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1.3.3 Draping experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1.4 Characterization of textile reinforcements using optical measurements . . . 33
1.4.1 Digital image correlation (DIC) . . . . . . . . . . . . . . . . . . . . 33
1.4.2 Speckle pattern fabrication for textile reinforcements . . . . . . . . 41

1.5 X-ray tomography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
1.6 Reminder of the roadmap . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2 Parametric study of the performance of FE-DIC 47
2.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.1.1 Material and patterning . . . . . . . . . . . . . . . . . . . . . . . . 50
2.1.2 Coupon preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 52
2.1.3 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

Doctoral thesis - XU Taiwei - ix -



Contents

2.1.4 FE-DIC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.2.1 First observations and conventional data processing . . . . . . . . . 56
2.2.2 Influence of mesh size . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.2.3 Influence of mesh orientation . . . . . . . . . . . . . . . . . . . . . . 64
2.2.4 Interim report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

2.3 A first step towards synthetic ground truth data to challenge (FE-)DIC . . 68
2.3.1 Generation of synthetic images . . . . . . . . . . . . . . . . . . . . 68
2.3.2 a priori evaluation for FE-DIC mesh size choice . . . . . . . . . . . 69
2.3.3 FE-DIC diplacements and residuals for the selected mesh size . . . 71
2.3.4 Comparison in between Abaqus computed displacements (ground

truth) and FE-DIC measurements for a given mesh size . . . . . . . 73
2.3.5 Comparison of FE-DIC measurements for different mesh sizes . . . 75
2.3.6 Comparison of FE-DIC measurements for a given mesh size but

different speckles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
2.5 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3 FE-DIC to study the large deformation of textile reinforcements. 81
3.1 Non incremental FE-DIC measurements . . . . . . . . . . . . . . . . . . . 84

3.1.1 Data and settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.1.2 Limits of FE-DIC in the presence of large deformations . . . . . . . 86

3.2 Incremental FE-DIC for studying large deformations of textile reinforcement 90
3.2.1 Unconstrained FE-DIC incremental algorithm . . . . . . . . . . . . 90
3.2.2 Residual constrained incremental FE-DIC algorithm . . . . . . . . . 94
3.2.3 Incremental FE-DIC displacement field measurement in C/PPS fabric100

3.3 Application example: Mechanical behavior of carbon fabrics under the
action of shear forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
3.5 Conclusion of the chapter and outlook for the future . . . . . . . . . . . . . 108

4 Study of the deformation of a textile reinforcement at the yarn scale:
towards the assimilation of visible and X-ray image data 109
4.1 Feasibility of image-based model construction . . . . . . . . . . . . . . . . 113

4.1.1 Preparation of samples . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.1.2 X-ray micro tomography on glass fabric samples . . . . . . . . . . . 115
4.1.3 Image based Meso Modelling of a unit cell . . . . . . . . . . . . . . 119
4.1.4 FE model of a mini bias extension test . . . . . . . . . . . . . . . . 127
4.1.5 Simulation results for a mini bias extension test . . . . . . . . . . . 133
4.1.6 Intermediate summary for the DIB models part . . . . . . . . . . . 133

4.2 Toward multi instrumented in situ bias extension tests . . . . . . . . . . . 136
4.2.1 Preparation of samples for mini bias extention tests . . . . . . . . . 136
4.2.2 In-house developed in situ tensile machine . . . . . . . . . . . . . . 139
4.2.3 ex-situ bias extension tests . . . . . . . . . . . . . . . . . . . . . . . 141

4.3 In situ bias extension tests . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
4.3.1 Experimental setup and operation . . . . . . . . . . . . . . . . . . . 149
4.3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

- x - Doctoral thesis - XU Taiwei



Contents

4.3.3 Intermediate summary for the in situ tensile test . . . . . . . . . . 160
4.4 Chapter summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

Conclusion and Outlook 163

Bibliography 166

Doctoral thesis - XU Taiwei - xi -



Contents

- xii - Doctoral thesis - XU Taiwei



List of Figures

1.1 Fiber-reinforced composites: The general structural assembly.(Hesseler et al.,
2021) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2 Classification of composite materials with respect to reinforcement. (Al-
tenbach et al., 2004) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Glass fiber manufacturing principle. (Stickel and Nagarajan, 2012) . . . . . 8
1.4 Examples of available forms of fiber reinforcements (Correia, 2023). . . . . 9
1.5 Schematic illustration of the carbon fiber production process out of poly-

acrylonitrile (PAN) fibers.(Sawaryn et al., 2011) . . . . . . . . . . . . . . . 10
1.6 Classification of carbon fibers according to physical properties. . . . . . . . 12
1.7 A detailed observation of carbon fiber. . . . . . . . . . . . . . . . . . . . . 12
1.8 Various commingling techniques and hybrid yarn structures. (Choi et al.,

1999; Asghar et al., 2021) . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.9 C/PPS structure observed under the microscope : roving made by the fiber

commingled yarn techniques 1.8 (A), and the co-wrapped commingled yarn
techniques 1.8 (C). (Patou et al., 2019) . . . . . . . . . . . . . . . . . . . . 14

1.10 Common weave types: (a) plain weave; (b) twill weave; (c) 5 harness satin.
(Bloom, 2015) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.11 (a) The satin of 5 structure and (b) the twill 2×2 structure. . . . . . . . . 15
1.12 Double-belted press lamination used to produce thermoplastic composite

lamination sheet and blanks.(Long, 2005) . . . . . . . . . . . . . . . . . . . 16
1.13 Double-belted press lamination used to produce thermoplastic composite

lamination sheet and blanks.(Wagner, 2016) . . . . . . . . . . . . . . . . . 18
1.14 Principle of tube roll forming process.(Groche and v. Breitenbach, 2008) . 18
1.15 Vacuum bag molding process.(Rajak et al., 2019) . . . . . . . . . . . . . . 19
1.16 Autoclave at Institute Clément ADER - Toulouse (Patou, 2018). . . . . . . 20
1.17 Schematic of the spray forming process for the manufacture of billets.(Grant,

2007) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1.18 Schematics of performing and resin injection molding processes. (Boisse,

2004) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.19 Deformation mechanisms of continuous, aligned fiber-based materials dur-

ing forming. (Long and Clifford, 2007) . . . . . . . . . . . . . . . . . . . . 23
1.20 Schematic representation of shear deformation of woven fabrics. . . . . . . 24
1.21 (a) Fabric sample subjected to a bias extension test. The region of interest

(ROI) selected in the present work is illustrated by the red rectangle. This
region enables the study of the three classical zones (noted A, B and C)
but also of the transition layers (b) Classical zoning observed in the Bias
extension test: A zone without shear, B semi-shear zone, C pure shear zone
(from (Cao et al., 2008)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Doctoral thesis - XU Taiwei - xiii -



List of Figures

1.22 Images taken at various stages of loading during a picture frame test (Zhu
et al., 2007a) and DIC instrumentation for monitoring deformation locally
at yarn scale (Launay et al., 2008) . . . . . . . . . . . . . . . . . . . . . . . 27

1.23 Pure shear kinematics. (Launay et al., 2008) . . . . . . . . . . . . . . . . . 28
1.24 Theoretical shear angle obtained from the formula 1.2. . . . . . . . . . . . 29
1.25 The draping experiment: (a) setup, moulds; (b) hemispherical; (c) box-

shape. (Iwata et al., 2019) . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
1.26 Draping of a woven reinforcement on a double-curved surface. (Bai et al.,

2022) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
1.27 Example of two representative biaxial NCF configurations with their re-

spective layer orientations. (Colin et al., 2020) . . . . . . . . . . . . . . . . 32
1.28 Implementation procedures of 2D-DIC. (Pan, 2018) . . . . . . . . . . . . . 34
1.29 Schematic diagram of the principle of 2D-DIC. (Pan, 2018) . . . . . . . . . 34
1.30 Principle of the common local approach to DIC, known as subset-based

DIC. The approach is to treat the problem piece by piece in a number of
image portions, called subsets. An i th subset is taken from the reference
image f (on the left) at position (xi, yi). Taking into account a given
transformation, the subset that best matches it in the image g is searched
for. The likelihood criterion used is generally based on the hypothesis of
gray level or luminance conservation. The recorded displacement vector ui

is usually calculated at the centre of the subset (Pan, 2011). . . . . . . . . 35
1.31 FE-DIC principle. The sought-for displacement field is described on a

FE basis (Sun et al., 2005; Besnard et al., 2006). In this case, a uniform
quadtree structured mesh is selected. The red and light blue dots represent
the position of mesh nodes in the current and deformed states respectively.
Green arrows represent identified nodal displacements. In practice, the
problem is treated in physical space as described in (Pierré et al., 2016),
using the Pyxel (Passieux, 2021) library. P stands for the projector allowing
to project one point X on the sample surface into the image (x = P (X))
and U for the displacement in the physical space. . . . . . . . . . . . . . . 36

1.32 1D shape functions ϕn and ϕn+1. . . . . . . . . . . . . . . . . . . . . . . . 37
1.33 Four different types of lens, and their principles of performance. [Taken

from VS Technology website] . . . . . . . . . . . . . . . . . . . . . . . . . . 39
1.34 The optical model of a bi-telecentric lens. (Hu et al., 2022) . . . . . . . . . 40
1.35 Schematic diagram of the principle of stereo-DIC. (Pan, 2018) . . . . . . . 40
1.36 Implementation procedures of stereo-DIC. (Pan, 2018) . . . . . . . . . . . 41
1.37 Example of images obtained for speckles deposited in different ways: (a)

and (b) come from a deposition with an airbrush; (c) and (d) result from
a more conventional spraying of paint (Crammond et al., 2013) . . . . . . . 42

1.38 Treatment of a carbon fabric with matte coating and toothpaste speckles.
(De Luycker, 2009) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

1.39 Example of grayscale histograms of different speckles to be qualified (Hua
et al., 2011) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

1.40 Diagrammatic representation of X-ray micro-computed tomography work-
flow. (O’Sullivan et al., 2018) . . . . . . . . . . . . . . . . . . . . . . . . . 44

1.41 Meso-scale FE analyses of carbon twill based on X-ray computed tomog-
raphy. (Naouar et al., 2014) . . . . . . . . . . . . . . . . . . . . . . . . . . 44

- xiv - Doctoral thesis - XU Taiwei



List of Figures

2.1 Microscopic observation of the structure of the samples : (a) glass fabric,
(b) carbon fabric and (c) C/PPS fabric. . . . . . . . . . . . . . . . . . . . 50

2.2 Aspect of speckle patterns obtained on the three types of fabrics studied
with the procedures proposed in this work. . . . . . . . . . . . . . . . . . . 52

2.3 Proposed bias test specimen preparation procedure. An aluminum frame
is added to the fabric piece so that the warp and weft remain well oriented
at ±45◦ throughout the test preparation. The end portions will then serve
as tabs during the test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.4 Experimental setup for the bias extension test. A stereo-DIC bench allows
measuring the global fabric deformation. A 5 Mp camera equipped with a
telecentric lens zooms on a smaller ROI to perform 2D FE-DIC measurements. 54

2.5 Example of Load[kN]/Displacement[mm] curve for a bias extension test
performed on a carbon/PPS fabric studied in this paper. As with more
conventional fabrics, three phases of deformation can be clearly distinguished. 56

2.6 Comparison of (a) theoretical of shear angles obtained from the formula 1.1
and measured and of (b) the load/shear angle curves for the three fabrics
studied in this chapter (carbon fabric, glass fabric, and C/PPS fabric) . . . 57

2.7 Typical reference image of a glass fabric captured by the 5Mp camera
equipped with the telecentric lens (optical resolution: 3.07 × 10−2 mm/px).
The tensile axis X is horizontal (sample width=50mm). 3 meshes covering
the same ROI are shown here in the first row. The three corresponding
element sizes are (a) 0.98 mm (approx. 32x32 px2 available for correlation
calculation), (b) 1.964 mm ( 64x64 px2) and (c) 3.928 ( 128x128 px2). The
second row shows a zoom on a finite element. . . . . . . . . . . . . . . . . 58

2.8 Artificial "deformed" images are created by applying sub-pixel translations
to the reference image. An error, known as the ultimate error, between
the displacements measured by FE DIC and those imposed (Bornert et al.,
2009). The left-hand column shows the evolution of the systematic error eu,
while the right-hand column shows the random error σe (in mm). From top
to bottom: (a) and (b) are the curves obtained for a glass fabric sample, (c)
and (d) for a carbon fabric sample, (e) and (f) for a C/PPS fabric sample.
In the same graph, the different curves correspond to different element sizes. 60

2.9 FE-DIC results obtained using Pyxel (Passieux, 2021) and displayed with
ParaView (Ahrens et al., 2005). Distribution of the measured horizontal
displacement field ux (along the loading direction, in mm) in the deformed
configuration (×10) and corresponding correlation residual maps (in %).
The ROI studied is shown in Fig.9. The element size is set at 1.964 mm
(approx. 64 × 64 px). The samples were stretched by 2 mm. Results for
3 samples are presented: for a glass fabric sample ((a), (d)), for a carbon
fabric sample ((b), (e)) and for a C/PPS fabric sample ((c), (f)). . . . . . . 61

2.10 Evolution of MRE, the median random error (left-hand column), and of
R, the correlation residuals (right-hand column), as a function of the mesh
size. Results for 3 samples of each fabric (from top to bottom: glass,
carbon, and C/PPS) are presented. The sample was stretched by 10 mm. . 63

Doctoral thesis - XU Taiwei - xv -



List of Figures

2.11 A uniform square structured mesh is again used. It is now rotated through
an angle θ with respect to the tensile direction X. The diagonal of the
square mesh matches the width of the useful region. FE DIC measurements
are made for angles ranging from 0◦ to 90◦. The correlation residuals R
obtained (standard deviation of correlation residuals) are compared only
in the circular region common to all mesh orientations (in yellow). . . . . 64

2.12 Evolution of the standard deviation of the overall residuals R as a function
of the relative mesh orientation/tensile direction θ for a glass fabric sample
((a) and (b)), a carbon fabric sample ((c) and (d)), and a C/PPS fabric
sample ((e) and (f)). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.13 Comparison of speckle patterns for experiments where the influence of mesh
orientation (a) can be observed and (b) is not observed. A clear difference
in terms of dots density and distribution is observed. . . . . . . . . . . . . 67

2.14 Mesh of a "micro" bias extension test specimen generated from the X-ray
tomographies performed in Chapter 4 (a). Three speckles were manually
generated on the surface of the specimen by randomly colouring the ele-
ments (b-d). Synthetic images were generated by taking a ’top view’ (a
view similar to that provided by the telecentric) screenshot mimicking the
scanning process carried out by the sensor. . . . . . . . . . . . . . . . . . . 69

2.15 Evolution of systematic and random errors for the synthetic images gener-
ated using Abaqus simulations . . . . . . . . . . . . . . . . . . . . . . . . . 70

2.16 Evolution of the median value of the random error (MRE) for the synthetic
images generated using Abaqus simulations . . . . . . . . . . . . . . . . . . 70

2.17 Displacement field measured by FE-DIC from synthetic images (unit m).
The yellow dot indicates a point where the displacement is particularly
important and will be investigated. . . . . . . . . . . . . . . . . . . . . . . 71

2.18 Evolution of the measured displacement (Pyxel) of the node selected in
Fig. 2.17 according to the number of the processed image. . . . . . . . . . 72

2.19 Correlation residual map obtained from the synthetic images for the last
loading step. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

2.20 Evolution of the global correlation residual R as a function of mesh size,
obtained for 3 different speckle distributions. . . . . . . . . . . . . . . . . . 73

2.21 Evolution of the imposed displacement (Abaqus calculation) of the node
selected in Fig.2.17 according to the number of the synthesized image. The
displacement measured by FE-DIC at the same point is shown in dotted
lines for comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.22 Distribution of the relative error between measured displacements and im-
posed displacements for all the nodes of the mesh (mesh of Pyxel). The
results are listed here from smallest to largest. . . . . . . . . . . . . . . . . 74

2.23 Unscaled standard deviation of the displacement errors for different mesh
sizes with the same speckles distribution. The red crosses correspond to
the displacement norm deviations, while the top and bottom of the bars
indicate the displacement deviations along X and Y, respectively. . . . . . 76

2.24 Unscaled standard deviation of the displacement errors for the three speckle
patterns (shown in Fig. 2.14). The FE-DIC element size is set to 1.25 mm
(65 × 65pixel2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

- xvi - Doctoral thesis - XU Taiwei



List of Figures

3.1 Force[N] vs Displacement[mm] curves for three bias extension tests per-
formed on glass fabric samples (top). The images shown below were cap-
tured during the 3 phases indicated on the curve. The images shown below
were taken during the 3 phases indicated on the curve. From left to right,
the displacement corresponding to the image shown is 10 mm (image 60),
26 mm (image 160) and 34 mm (image 200). . . . . . . . . . . . . . . . . . 84

3.2 Diagram of the "classic" FE-DIC algorithm. The reference image is not
updated. Moving to the previous step initialises the next measurement.
If the deformation between two images is significant, the initialisation and
consequently the measurement can become difficult. . . . . . . . . . . . . . 85

3.3 Reference image of a glass fabric sample prior to the bias extension test.
The mesh selected for the FE-DIC measurements covers the 3 zones shown
(non-shear zone A, semi-shear zone B and shear only zone C). The yarn
directions are indicated in red. . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.4 The displacement fields measured with Pyxel for the (a) 60th, (b) 120th
and (c) 200th frames and plotted with ParaView (d, e and f). (g), (h)
and (i) are plots comparing macroscopically the visually estimated "real"
displacement field (dotted blue square) and the FE-DIC measured one. . . 87

3.5 Correlation residual maps in the selected ROI for (a) the 60th, (b) the 120th
and (c) the 200th image obtained with Pyxel and plotted with ParaView. . 88

3.6 Evolution of correlation residuals R (%) for the three glass fabric samples
during loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.7 Three areas are selected in the refernce image for a more local assessment
of FE-DIC performance in the presence of large deformations . . . . . . . . 89

3.8 Comparison between the displacement field measured by "conventional"
FE-DIC and the "real" displacement field (estimated visually by tracking
points on the specimen surface) in the three regions shown in Fig.3.7 . . . 90

3.9 Diagram of the operation of the unconstrained incremental FE-DIC algo-
rithm. In this case, all captured images are processed. . . . . . . . . . . . . 91

3.10 Measured displacement fields for the (a) 60th, (b) 120th and (c) 200th
image measured using an unconstrained FE-DIC incremental approach and
plotted in ParaView (d, e and f). (g), (h) and (i) allow comparison of
the deformed mesh position with the "real" ROI boundaries (blue dotted
quadrilateral, visually identified). . . . . . . . . . . . . . . . . . . . . . . . 92

3.11 Correlation residual obtained at each increment for a glass fabric using the
unconstrained incremental FE-DIC method. . . . . . . . . . . . . . . . . . 93

3.12 Local comparison of displacement fields measured by an unconstrained in-
cremental FE-DIC approach. Here all the images have been used and the
displacement between two images is of the order of 2 tenths of a mm, and
the correlation residual R of the order of %. . . . . . . . . . . . . . . . . . 94

3.13 Diagram of an incremental FE-DIC measurement process using correlation
residuals as constraints for reference image update. . . . . . . . . . . . . . 95

3.14 Bias extension test on a glass fabric. Example of the evolution of the
correlation residual provided by a constrained incremental FE-DIC with 2
different constraints (R < 3% or 5%). . . . . . . . . . . . . . . . . . . . . . 96

Doctoral thesis - XU Taiwei - xvii -



List of Figures

3.15 Bias extension test on a glass fabric. Comparison between the "real" dis-
placement field (blue dotted line region - visually identified) and the FE-
DIC displacement field measured by different methods (yellow meshes). . . 97

3.16 Bias extension test on a glass fabric. Comparison of the displacement field
measured by the different incremental FE-DIC approaches proposed with
the "real" displacement field in zone 1 and zone 2. . . . . . . . . . . . . . . 98

3.17 Bias extension test on a glass fabric. Average of the vector norm between
nodes of the measured deformed mesh and their "real" (visually identified)
homologs in zone 1 and zone 2 for different thresholds. . . . . . . . . . . . 99

3.18 Force [N] vs Displacement [mm] curves recorded during two bias-extension
tests performed on C/PPS fabric samples. . . . . . . . . . . . . . . . . . . 101

3.19 Result of a "classical" FE-DIC analysis on a C/PPS fabric. Reference and
deformed mesh superimposed on reference image f (left) and deformed
image g (right - 34 mm stretch). . . . . . . . . . . . . . . . . . . . . . . . . 101

3.20 Deformed mesh and displacement field along the load axis measured in a
C/PPS specimen by unconstrained incremental FE-DIC, plotted by Par-
aView. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

3.21 Bias extension test on a C/PPS fabric. Comparison of the displacement
field measured by the different incremental FE-DIC approaches proposed
with the "real" displacement field in zone 1 and zone 2. . . . . . . . . . . . 103

3.22 The average modulus of the vectors between the mesh nodes and the actual
positions for C/PPS fabric sample in zone 1 and zone 2 for different limits. 104

3.23 Bias extension test of a carbon fabric sample: reference image (left) and
200th image (right) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.24 Bias extension test of a carbon fabric sample. Displacement field in the
direction of loading measured by "classical" FE-DIC and corresponding
residual map. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

3.25 Deformed mesh given by incremental FE-DIC with an update constraint
based on correlation residuals ( R < 5%). . . . . . . . . . . . . . . . . . . . 106

3.26 Tracking of the displacement field in the area where the defect occurs. . . . 107

4.1 Glass fabric (5-harness satin weave) from which samples are taken. The
blue auxiliary wires are aligned with the yarns spaced 50 mm apart. The
rectangles on the left and right correspond respectively to the cutting pat-
terns for the specimens studied in previous chapters and here, in tomography.114

4.2 First samples produced to test the manufacturing protocol for future test
specimens and produce the first CT scans: a cardboard frame holds the
fabric in place. However, the sample are still too flexible for tomography
(a tomography scan takes about 48 minutes) without developing a specific
support. The idea here is to use the same type of tube that will be used
for the frame of the in situ tensile testing machine. Two options have
been tested : (a) the sample is held by the ends (b) the sample is inserted
between two PMMA tabs, themselves glued to the tube . . . . . . . . . . . 115

4.3 RX Solutions Easytom 130 µCT scanning system (located at Clement Ader
Institute, Toulouse). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.4 Experimental setup for X-ray tomography of the fiberglass fabric sample . 116

- xviii - Doctoral thesis - XU Taiwei



List of Figures

4.5 Visualization with DragonFly software of reconstructed tomographic im-
ages of the glass fabric sample. The image batch (a) corresponds to an
acquisition covering a good part of the sample (at approximately 47.5
µm/vx), while the batch (b) corresponds to a zoom on the lower part
(at approximately 10.3 µm/vx). For each batch, a realistic 3D rendering
of the reconstructed image (top left), a cut in the mid-plane (bottom left),
and two cuts in planes perpendicular to the previous one and oriented at
45° to the sample axis are displayed. . . . . . . . . . . . . . . . . . . . . . 118

4.6 Qualitative comparison of volume images reconstructed at resolutions of
47.5 µm/vx (a) and 10.3 µm/vx (b) in a common zone. It shows that
tomography at the higher resolution reveals the architecture, and even the
fibers arrangement, much better. As a reminder, the glass fibers diameter
is around 10 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.7 The first theoretical CAD model of glass fabric, "naive", obtained automat-
ically with TexGen by providing only a few basic geometric parameters. . . 120

4.8 Slice views obtained in the warp (a and b) and weft (c and d) direction
when the cutting plane passes approximately threw the middle of the yarn.
(a) and (c) correspond to raw grayscale images used for sementation; (b)
and (d) are the segmented images. Warp and weft strands appear green
and purple respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.9 (a) Scheme of the studied fabric with the main dimensions useful for mod-
elling. The square area indicated by the blue dotted lines corresponds to
a unit cell; (b) DD tomographic slice obtained after segmentation (top)
and schematic diagram of the corresponding image-based model (bottom)
aimed at . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.10 Evolution of the section of the same weft yarn at the 5 crossings; the
"rotation" angle is measured at the level of the contact (angular sector in
blue) and reported on the segmented section (on the right) . . . . . . . . . 123

4.11 Weft yarn from state (a) to state (b): the change of fiber distribution is
obvious. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.12 The sinusoidal function used here in TexGen to interpolate the yarn path.
The blue points correspond to the "master nodes" whose position is esti-
mated from the segmented tomographies. . . . . . . . . . . . . . . . . . . . 125

4.13 Schematic diagram showing the sine paths of two intersecting yarns and
the nodes used in TexGen. . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.14 (a) Warp yarn paths in the unit cell; (b) CAD model of the warp yarns
obtained by sweeping an elliptical section along the paths. . . . . . . . . . 126

4.15 Taking into account the orientation of the section (resulting from the mea-
surements on the segmented tomographic sections) makes it possible to
partially restore the effects of the interaction between the warp and weft
yarns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.16 Comparison of TexGen CAD models before and after "optimisation" of yarn
sections of yarn sections (taking into account cross section rotation) . . . . 127

4.17 Final unit cell DIB model obtained by integrating the yarn path, a typical
"mean" yarn cross-section and its orientation at crossings: (a) Texgen CAD;
and (b) Abaqus FE mesh. . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

4.18 (a) Model in Texgen; (b) meshing of textile cell. . . . . . . . . . . . . . . . 128

Doctoral thesis - XU Taiwei - xix -



List of Figures

4.19 A small local curvature radius can locally lead to an unreasonable discreti-
sation of the section edge in Texgen. Once imported into Abaqus, this
discretisation can lead to highly distorted elements. . . . . . . . . . . . . . 129

4.20 Comparison of yarns before and after simplifying : (a) mesh overly granular
(mesh size is 0.2) ; (b) mesh deformation (mesh size is 0.3); (c) simplified
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.21 Model simplification procedure in Texgen (a) the CAD model is simpli-
fied by a smoothing operation; it follows interpenetrations of yarns, here
highlighted by the white dotted lines (b) The yarn size and the distance
between the yarns at the crossings are slightly modified in order to obtain
a suitable model for the FE analysis. . . . . . . . . . . . . . . . . . . . . . 130

4.22 Simplified model compare with the 3D reconstructed model obtained from
tomography. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.23 Evolution of (a) the static friction coefficient µs, and (b) the dynamic fric-
tion coefficient µk between yarns versus normal pressure at a speed of 1
mm/sec. Error bars represent standard deviations. These curves are taken
from the work of (Montero et al., 2017) . . . . . . . . . . . . . . . . . . . 132

4.24 Initial mesh and associated boundary conditions ( clamped on the right,
displacement imposed on the left and out-of-plane displacements restricted
on the top and bottom ’free’ edges) . . . . . . . . . . . . . . . . . . . . . . 133

4.25 Displacement field resulting from the simulation of a "mini" bias test in
Abaqus: (a) displacement magnitude; (b) and (c) are respectively the com-
ponents of the displacement field in the horizontal and vertical axes (along
X and Y, respectively). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

4.26 Principle of the solution by assembling and gluing pre-cut pieces . . . . . . 137
4.27 Use of a prefabricated cardboard frame. First option: (a) Use a scalpel to

remove the 60 mm × 20 mm rectangle pieces in the centre of the two 100
mm × 30 mm cardboard base pieces; Glue is deposited in the areas shown
in green; (b) The pre-cut 90 mm × 20 mm piece of fabric is carefully fitted
and glued to the two pre-made frames. The removed covers can be used to
protect the specimen during manipulation. . . . . . . . . . . . . . . . . . 138

4.28 Use of a prefabricated cardboard frame. Second option: (a) The two pieces
of cardboard that will act as the frame are cut only along the yellow dotted
lines. The green areas are pre-glued. The fabric is carefully positioned and
then sandwiched between these two pre-cut pieces. (b) The assembly is cut
lengthwise to define the future useful area of the specimen and the central
part is removed (to be used for protection until the test). . . . . . . . . . . 138

4.29 in-situ tensile machine designed in-house for the purposes of this study: (a)
CAD of the machine without the tube and (b) first manufactured version.
The main interfaces connecting the commercial parts were obtained by 3D
printing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

4.30 Schematic diagram of the system chosen for the control of the machine and
the acquisition of data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

- xx - Doctoral thesis - XU Taiwei



List of Figures

4.31 Bias extension tests carried out ex situ with the miniature tensile machine:
(a) experimental setup: the stereo bench, which did not yield convincing
results, is not represented; (b) photo of the machine fixed on a table: the
side slits made in the PMMA tube allow the fabric to be released (by
cutting the side posts of the frame) before the test . . . . . . . . . . . . . . 142

4.32 Force (N)/Displacement (mm) curves for the tension-extension test per-
formed on speckled glass fabric samples using a miniature tensile machine. 143

4.33 Images of the deformed specimen taken by the 5Mp+ telecentric camera
system for extensions of 3mm (30th), 9mm (90th) and 16mm (160th). . . . 144

4.34 Evolution of the ultimate error as a function of mesh size for a 60 mm ×
20 mm specimen of speckled glass fabric: evolution of the systematic error
(a), the random error σe (b) and the median value of the random error,
denoted MRE (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

4.35 Displacement fields measured by FE-DIC (with Pyxel) when the displace-
ment reaches 9 mm (left - 90th image) then 16 mm (right - 160th image):
the deformed mesh is superimposed on the image. (a), (b) present the re-
sult obtained when the FE-DIC is carried out between the reference image
and the considered image while (c), (d) present the result delivered by an
incremental approach (in this case, updating the reference image when the
correlation residual reaches 6%). . . . . . . . . . . . . . . . . . . . . . . . . 146

4.36 Force (N)/Displacement (mm) curves for the tension-extension test per-
formed on unspeckled glass fabric samples using a miniature tensile machine.147

4.37 Photo showing the in-situ traction machine mounted in the ICA tomograph
(bottom). A diagram shows the entire system implemented during these
tests (top) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

4.38 Typical load/displacement curve obtained for a glass fiber specimen. The
yellow dots indicate the levels at which the scans were planned. In prac-
tice, each scan requires an interruption of the displacement. The plateaus
required are symbolized in the displacement/time figure presented above
and last approximately 48 minutes here. . . . . . . . . . . . . . . . . . . . 150

4.39 Load (N)/displacement (mm) curve recorded during the bias extension test
performed in the ICA tomograph. Completed scans are reported (displace-
ment = 0, 6, 12 and 18 mm). . . . . . . . . . . . . . . . . . . . . . . . . . 152

4.40 3D reconstructed images from scans taken at the four different stages of
the bias-extension test. The yellow area is the ROI and the green area is
the zone where warp and weft yarn slippage and separation were observed. 153

4.41 The position of the selected cross sections. . . . . . . . . . . . . . . . . . . 154
4.42 The evolution of yarns’ sections during the bias extension test. . . . . . . . 154
4.43 Orthogonal projections are extracted from the scans for the four steps of

the bias test to test a radiograph-based 2D FE-DIC. The yellow square
indicates the ROI. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

4.44 Evolution of the systematic error and the random error as a function of the
size of the elements in the case of a 2D FE-DIC analysis based on simple
radiographic projections. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

4.45 FE-DIC measurements based on radiographs with the mesh size of 2 mm
(displayed with ParaView). (a) Displacement field along the loading direc-
tion, in mm (b) Correlation residual map (in %). . . . . . . . . . . . . . . 157

Doctoral thesis - XU Taiwei - xxi -



List of Figures

4.46 Contour surface meshes (STL) obtained from the reference volume image
: (a) raw reconstructed tomographic image cropped in the ROI; (b) seg-
mented image produced by manual individual marking of warp and weft
yarns; (c) contour surface mesh directly generated from the reference recon-
structed image; (d) Contour surface meshes automatically generated and
based on the segmented images . . . . . . . . . . . . . . . . . . . . . . . . 158

4.47 (a) Contour surface mesh after smoothing; (b) warp yarns; (c) weft yarns;
(d) warp yarns surface mesh imported by Gmsh; (e) weft yarns imported
by Gmsh. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

- xxii - Doctoral thesis - XU Taiwei



Introduction

Composite materials are used extensively in the aerospace and increasingly in the auto-
motive sectors due to their excellent specific properties. Among all the manufacturing
processes, the stamping of commingled thermoplastic fabrics is particularly attractive be-
cause it allows the rapid production of complex mechanical parts (Svensson et al., 1998).
However, the shaping of the textile reinforcements can generate defects that are likely to
impact the mechanical properties (Bhat et al., 2009; Soukane and Trochu, 2006). It is
therefore crucial to study the deformation mechanisms of reinforced fabrics during this
phase of the manufacturing process (Dufour et al., 2014). Many methods have conse-
quently been developed to investigate a correlation between the mechanical properties of
consolidated composites and the deformations of the reinforcing textiles. However, mod-
eling or measuring such deformations during forming is particularly challenging due to
the physical properties and architecture of fabrics.

The behavior of the fabric indeed depends on its initial architecture, the behavior of
the yarns (De Luycker and Hamila, 2023) (thus on the fibers and the friction between
fibers), the friction between yarns and between layers (Hivet et al., 2012), the friction with
the mould (Gorczyca-Cole et al., 2007) and of course on the loading history. Different
types of experiments were therefore proposed to better understand the mechanics of the
fabric and to build more meaningful models (Gasser et al., 2000; Buet-Gautier and Boisse,
2001; Hivet and Boisse, 2008; Kashani et al., 2017). For example, a series of tests have
been devised to generate plane shear, biaxial tension (Willems et al., 2008), compaction,
bending and possibly combined loads (Bhat et al., 2009). Among the most popular meth-
ods to explore the mechanical behaviour of the continuous fibres reinforcement, we could
mention the picture frame test (Mohammed et al., 2000b; Lebrun et al., 2003; Harrison
et al., 2004; Peng et al., 2004; Launay et al., 2008; Willems et al., 2008; Cao et al., 2008;
Bel et al., 2012), the bias extension test (Ackermann, 1984; Buckenham, 1997; Zhu et al.,
2007b; Willems et al., 2008; Taha et al., 2013; Wang et al., 2014; Boisse et al., 2017), and
the punch test (Toloczko et al., 2000; Guduru et al., 2006; Egan et al., 2007; Wakeman
et al., 2006; Boisse et al., 2011; Wang et al., 2014; Patou et al., 2019). During such exper-
iments, researchers have observed the same defects as in a textile reinforcement molding
process. Some have analyzed and modeled three types of defects (wrinkling, buckles due
to yarn curvatures, and large slippages) that may appear during textile composite rein-
forcement or prepreg forming (Boisse et al., 2016). The comparison between models and
simulations is still a hot topic in this field (Gasser et al., 2000; Buet-Gautier and Boisse,
2001; Xue et al., 2005; Badel et al., 2008a, 2007; Lomov et al., 2008; Hivet and Boisse,
2008; Durville, 2010; Daelemans et al., 2016; Kashani et al., 2017; Boisse et al., 2018b).

For this type of study, optical full field measurements, which are deemed to be min-
imally invasive, are generally preferred to investigate the deformation (Li et al., 2023).
Digital image correlation (DIC) has gradually become the reference technique (Lomov
et al., 2008). As far as the analysis of the internal architecture is concerned, the RX
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Introduction

micro-tomography (µCT) is very attractive. This technique has become popular in labo-
ratories and has already contributed greatly to a better understanding of the material and
its behaviour in many fields (London et al., 1990; Salvo et al., 2003; Emerson et al., 2017;
Wang et al., 2018b; Garcea et al., 2018; Depuydt et al., 2019; Wang et al., 2018b; Tretiak
and Smith, 2019; Yang et al., 2019; Parai and Bandyopadhyay-Ghosh, 2019; Di Lecce
et al., 2020). The study of textile preforms has been a particular beneficiary of µCT.
(Desplentere et al., 2005; Barburski et al., 2015). The reconstructed images even makes it
possible to go as far as image-based modelling at (or below) the yarn scale (Badel et al.,
2008b; Huang et al., 2019; Wang et al., 2020). However, we found no studies of in-situ
bias extension testing in micro-CT.

In this thesis we fosus on the bias extension test. The experiment consists in perform-
ing a tensile test on a fabric in which the warp and weft yarns are initially oriented at
45° from the loading axis. The test indeed leads to a piecewise homogeneous deformation
field at first order (Boisse et al., 2017). It consequently provides a simple characterization
of the in-plane shear behavior in the central gauge region. Moreover, beyond a certain
deformation, slippage occurs (Zhu et al., 2007b). Furthermore, on closer inspection, we
note the presence of interesting transition layers associated with the bending stiffness of
the fibers. This test is therefore rich enough to update part of the models and to challenge
them (Boisse et al., 2017).

If the DIC measurement is undeniably useful for challenging models in this context
(Jauffrès et al., 2010; Zhu et al., 2011), the complex movement between the threads and
the large deformation of the fabric can however lead to significant measurement errors
(Zhu et al., 2007b; Aimène et al., 2010). In addition, comparing data from subset based
DIC and EF simulation is tricky. In this work, we suggest using a global approach to DIC,
and more specifically the FE DIC (Sun et al., 2005; Besnard et al., 2006). It is indeed
particularly tempting to use the very same mesh as that used for the simulation (Passieux
et al., 2015) to measure the displacement field, so as to compare directly nodal measured
and computed displacement fields. To our knowledge, this approach to DIC has not been
used in the present context. Our ultimate aim is to carry out measurements at yarn scale,
in order to feed a test/calculation dialogue at this scale. The effect of the FE mesh used
on the FE-DIC measurement uncertainties is the first point to be considered. A proposal
for an incremental approach to reduce the level of error observed for large deformations
will be considered in a second step. As far as the simulation of the deformation of the
fabric on the yarn scale is concerned, it seems essential that it be carried out from a
representative CAD (Badel et al., 2008b).

This manuscript is composed of 4 chapters

• The first chapter is essentially a bibliographical survey. After some general remarks
on composites, the main manufacturing processes are recalled. The classical me-
chanical characterisation techniques developed for fabrics are also presented. The
principles of image correlation, particularly FE-DIC, and X-ray tomography are
explained.

• The second chapter proposes two advances. The first is an atypical sample prepa-
ration for the tensile test. Three different materials are investigated. The novelty,
in addition to dealing with the speckle problem, is the addition of a frame to the
specimen. The second development relates to using Finite Element Digital Image
Correlation (FE-DIC) in this context. More specifically, the influence of the mesh
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(element size and mesh orientation) on the final error and on the correlation resid-
uals observed during the tests is studied in detail. A draft generation of synthetic
data based on simulations of the deformation of a realistic model is also proposed.

• In chapter 3, incremental approaches of the FE-DIC are proposed so as to limit
the considerable errors observed in the measurement of the displacement field in
large deformation. The idea is to update the reference image from time to time to
remedy changes in texture and a fatally poorly described cinematic. The idea of
the proposed work is to rely on the correlation residue to automate this procedure
in a reasonable way. Two typical reinforcement materials are then studied.

• The last chapter aims at the joint use of tomography and FE-DIC for the study of
the behavior of a fabric subjected to an in situ bias extension test. In a first step,
tomographic images of representative samples are exploited to create image-based
models. Here again, a specific preparation of the sample simplifying its handling is
suggested. A suitable machine has been developed. Tests were first carried out ex
situ. Instrumented by FE DIC, they make it possible to take control of the machine,
to understand the effect of speckling and to check the feasibility of surface optical
measurements. Unpublished bias extension tests are then carried out.
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1.1 General information on composite materials

1.1 General information on composite materials
A composite material is defined as a material composed of two or more components with
different properties or different organizations. In most cases, the two major components
are the matrix (e.g. polymer, metal, ceramic) and the reinforcement (e.g. fiber, particle,
whisker). It is the assembly of these constituents, as illustrated in Fig.1.1, which gives the
new material "enhanced" properties (Ashby and Bréchet, 2003) particularly attractive in
the field of transport. The nature and the distribution of the reinforcement in the matrix
obviously plays an essential role in the actual performances of the structures.

Figure 1.1: Fiber-reinforced composites: The general structural assembly.(Hesseler et al.,
2021)

The requirements for the development of civil aircraft are safety, economy, comfort
and, increasingly, environmental protection. To meet these requirements, the airframe of
a civil aircraft must be designed using materials exhibiting exceptional specific mechanical
characteristics (rigidity, strength, etc.). Long-fibre reinforced composite materials with
polymer matrices are excellent candidates in this respect (Ashby and Bréchet, 2003).
They also offer the particularity of being able to be easily functionalized, for example
for structural health monitoring purposes (Ye et al., 2005). The application of composite
materials in the aerospace field covers a wide spectrum of applications, from structural
parts (e.g., primary structures such as fuselages, wings, central wing boxes, etc. - sec-
ondary structures such as ailerons, flaps, etc. - aerodynamic fairings, etc.) to aircraft
cabin parts. They account for more than 50 % by weight of the airframes in the latest
aircraft designs (Chatterjee and Bhowmik, 2019). Thermoset matrix based composites
are currently the most present in primary structures (Soutis, 2005a). These materials still
raise many questions, for example on recyclability (Zhang et al., 2020), impact resistance
(Vieille et al., 2013), non-destructive testing (Towsyfyan et al., 2020), repair (Katnam
et al., 2013), etc. Thermoplastic composites could be formidable options in the future
(Barile et al., 2020), especially from a manufacturing/assembly (Offringa, 1996) and po-
tentially ecological point of view (Bernatas et al., 2021).

Depending on the constituents and manufacturing method selected, the placement of
the fibers will be more or less easy to control. The latter can indeed generate defects in
the architecture which will affect the final behavior of the structure (Hassan et al., 2017).
In what follows, we provide an overview of the main constituents and the main related
existing manufacturing techniques.

1.1.1 The fabric reinforcement material
There are different ways to classify fiber reinforced composites. The first one is based
on the structure and properties of the material. For instance, according to the structure
of the material, the fiber reinforced composites can be continuous, woven fabric or short
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chopped. Subdivided further, reinforcing materials can also be divided into unidirectional,
bidirectional, random orientaion, etc. Fig.1.2 shows the classification of composite mate-
rials with respect to reinforcement. In the following, only continuous fibre reinforced are
considered because this thesis is focused on the underlying kinematics of fabrics.

It is also possible to classify according to the type of material :

1. Glass fiber ;

2. Carbon fiber ;

3. Organic fiber (Aromatic polyamide fiber, aromatic polyester fiber, polyolefin fiber,
etc.) ;

4. Metal fiber (Tungsten wire, stainless steel wire, etc.) ;

5. Ceramic fiber (Alumina fiber, silicon carbide fiber, boron fiber, etc.).

The most widely used reinforcing materials are glass fiber and carbon fiber, so in
this thesis we focus on these two materials and introduce carbon/PPS for analogous
experiments.

Figure 1.2: Classification of composite materials with respect to reinforcement. (Al-
tenbach et al., 2004)

1.1.1.1 Glass fiber

Glass fiber reinforced composites (Joshi et al., 2004) are a promising and extremely ver-
satile reinforcing material because their properties can be tailored to satisfy a variety of
specific requirements as Tab 1.2. In addition to this, the different types of raw glass mate-
rials are one of the reasons for the diversity of glass fibers as well as their high plasticity.
Glass fiber has the properties of high tensile strength, dimensional stability, high heat
resistance, good thermal conductivity, great fire resistance, compatibility with organic,
great durability matrices, etc. The main reason for choosing glass fiber as a reinforcing
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material in many cases, which is the main advantage of glass fiber, is the ability to increase
the tensile strength and toughness of the composite. In order for glass fibers to satisfy
the requirements of different types of composites, the production process of glass fibers
is particularly important, and this is the process that directly determines the physical
properties such as strength and toughness of glass fibers.

Figure 1.3: Glass fiber manufacturing principle. (Stickel and Nagarajan, 2012)

The process of producing glass fibers can be divided into four steps: preparation,
melting, cooling and fibrillation. The most critical step is the fibrillation of the glass and
the protection of the molded glass fibers after the fibrillation. This will directly affect its
tensile strength. If the formed glass fiber has a good continuous state, its tensile strength
will be higher than that of the chopped glass fiber Fig.1.3.

The main component of glass fiber is SiO2, for example, E-glass contains 53% - 55%
of this composition and C-glass has 60% - 65%. In addition to that there are CaO,
Al2O3, B2O3, MgO, Na2O, K2O, TiO2 and Fe2O3, etc (In order of the percentage of
each component in E-glass) (Derradji et al., 2018). Among them, the content of SiO2 is
roughly in the range of 52% - 74%, which is not toxic to human body. Glass fiber is easy
to cause allergic reactions on the body surface (the diameter is 5 - 25 µm (Middleton,
2016)). It cannot be decomposed in human body. Therefore, gloves, goggles and protective
clothing must be worn when processing samples. Due to the different proportion of
each component in the production process, the produced glass fibers are divided into the
following categories 1.1 and exhibit different physical properties 1.2.

The primary types of glass fiber used in fiberglass is E-glass 1.4. It is the first ma-
jor synthetic composite reinforcing material, originally developed for electrical insulation
applications. E-glass is one of the most widely used of all fiber reinforcement materials.
The principal reasons for this are their low cost and early development. The diametre of
E-glass is 13 µm (Çuvalci et al., 2014). It is worth mentioning that a few air bubbles are
observed in the glass fibers and these bubbles cause a reduction in the strength of the
fibers here, where fracture is probable to occur in tensile tests. The reinforcing fibers are
gathered together to form a yarn or a roving. The structure of the roving varies according
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Fiber Category Physical properties
E, electrical Higher strength and electrical resistivity
C, chemical Higher corrosion resistance

S2 High strength, modulus and stability
A, alkali Soda lime glass/ high alkali, higher durability, strength and electric resistivity

D, dielectric Low dielectric constant
R Higher strength and acid corrosion resistance

EGR Long term acid resistance and short term alkali resistance
AR Alkali resistance

Table 1.1: Common fiber categories and associated characteristic.(Sathishkumar et al.,
2014)

Fiber Density
(g/cm3)

Tensile
strength
(GPa)

Young’s
modulus
(GPa)

Elongation
(%)

Coefficient of
thermal expansion

(10−7/◦C)

Poison’s
ratio

Refractive
index

E-glass 2.58 3.445 72.3 4.8 54 0.2 1.558
C-glass 2.52 3.310 68.9 4.8 63 - 1.533
S2-glass 2.46 4.890 86.9 5.7 16 0.22 1.521
A-glass 2.44 3.310 68.9 4.8 73 - 1.538
D-glass 2.11-2.14 2.415 51.7 4.6 25 - 1.465
R-glass 2.54 4.135 85.5 4.8 33 - 1.546

EGR-glass 2.72 3.445 80.3 4.8 59 - 1.579
AR-glass 2.70 3.241 73.1 4.4 65 - 1.562

Table 1.2: Physical and mechanical properties of glass fiber. (Sathishkumar et al., 2014)

to the types of fibers used, but also the degree of mixing of these fibers within a roving
(Bourban, 2004). Because of the wide application rate of E-glass, it was chosen to make
one type of experimental samples in this thesis.

Figure 1.4: Examples of available forms of fiber reinforcements (Correia, 2023).

1.1.1.2 Carbon fiber

Carbon fiber is mainly composed of carbon atoms, which has the characteristics of high
temperature resistance, friction resistance, electrical conductivity, thermal conductivity
and corrosion resistance (Huang, 2009). The shape of carbon fiber is fibrous, soft, and
can be processed into various fabrics, and it has high strength and modulus along the
fiber axis due to its graphite microcrystalline structure which is preferentially oriented
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Figure 1.5: Schematic illustration of the carbon fiber production process out of polyacry-
lonitrile (PAN) fibers.(Sawaryn et al., 2011)

along the fiber axis. The density of carbon fiber is low, so the specific strength (the
strength-to-weight ratio) and specific modulus (modulus of elasticity per unit density)
are high. The main use of carbon fiber is as a reinforcing material compounded with
resins, metals, ceramics and carbon to make advanced composite materials. Carbon fiber
reinforced epoxy resin composites have the highest specific strength and specific modulus
among existing engineering materials. The diameter of carbon fiber is only 5 µm - 10
µm (Bhatt and Goe, 2017), which is equivalent to one tenth to twelfth of a hair, but the
strength is more than four times that of aluminum alloy.

Carbon fiber can be classified into polyacrylonitrile (PAN) based carbon fiber, rayon
(viscose) based carbon fiber (Harry et al., 2007) or petroleum pitch-based carbon fiber
(Singer, 1981) according to different raw materials. PAN-based carbon fibers are the most
widely used in aerospace, sports equipment, and automotive industries, with a market
share of more than 90% (Bhatt and Goe, 2017), due to their abundant raw material sources
and superior tensile strength. Rayon-based carbon fiber and pitch-based carbon fiber are
less used and less produced. Pitch-based carbon fiber have low strength and modulus, and
are mainly used in the field of insulation materials; high-performance pitch-based carbon
fiber are mostly used in aerospace engineering materials. Rayon-based carbon fiber is
mainly used to make ablative corrosion resistant and thermal insulation materials.

With the PAN as the most widely used carbon fiber, its production process is also
the most representative. Several researchers have described the production process in
great detail in 1998 (Donnet and Bansal, 1998). The main process of producing carbon
fiber, in general, is divided into three main processes : stabilization, carbonization and
graphitization (Ramezankhani et al., 2019). (1) It is necessary to pre-oxidize the PAN
filament in air first, so that the structure of PAN is transformed into a stable trape-
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zoidal six-membered ring structure, it is not easy to melt. In addition, when heated long
enough, there will be fiber oxygen absorption, PAN fiber molecules can form a stable
chemical bonding. Pre-oxidation needs to be carried out in an oxidizing environment at
200°C - 300°C, with the original filament under tension (Ramezankhani et al., 2019); (2)
Carbonization is the main stage of carbon fiber generation, which needs to be carried out
in an inert environment from 1000°C - 1500°C. The main purpose of this step is used to
remove a large amount of non-carbon elements such as nitrogen, hydrogen and oxygen,
thus changing the structure of the original PAN fiber, which can produce raw carbon fiber
yarn with about 99% carbon content. ; (3) Graphitization of carbon fibers needs to be
carried out at a temperature of 2000°C - 3000°C, with inert gas protection. Placing the
raw carbon fibers in a sealed device and applying constant pressure is able to transform
the crystalline carbon in the fibers toward graphite crystals, narrowing their angle in the
direction of the fiber axis. This step can effectively improve the modulus of elasticity of
carbon fibers. Finally, fibers are coated and wound onto bobbins. These are then loaded
onto spinning machines that twist the fibers into different size yarns.

Classification Carbon fiber Tensile strength
(ksi)

Tensile strength
(GPa)

Modulus
(MSi)

Modulus
(GPa)

Standard Modulus
Carbon Fibers

T300 512 3530 33.4 230
T700S 711 4900 33.4 230
T700G 711 4900 34.8 240

Intermediate Modulus
Carbon Fibers

T800H 796 5490 42.7 294
T800G 853 5880 42.7 294
T1000G 924 6370 42.7 294
T1100S 1017 7000 47.0 324

High Modulus
Carbon Fibers

M35J 654(6K)
683(12K)

4510(6K)
4700(12K) 49.8 343

M40J 640 4400 54.7 377

M46J 609(6K)
583(12K)

4200(6K)
4020(12K) 63.3 436

M55J 583 4020 78.2 540
M60J 554 3820 85.3 588

Table 1.3: Physical and mechanical properties of carbon fiber. (Toray, 2022)

For the classification of carbon fiber, the more accepted method worldwide is shown in
the table below 1.3. The largest producer of carbon fibers, Toray (in Japan) (Toray, 2022)
and Cytec (in US), both use carbon fiber classifications such as T300, T800H, M35J, etc.
For example, T300 indicates a tenacity (tensile strength) of 300 ksi, which translated to
about 2100 MPa. With precursor and process improvements, T300 grade now possesses a
tenacity of almost 3530 MPa. The modulus of such fibers is typically 230 GPa, whereas the
strain-to-failure is 1.5% – 2% (Inagaki, 2013). According to the different tensile modulus
of carbon fibers, they can be broadly classified into three grades : standard modulus
(SM), intermediate modulus (IM), and high modulus (HM) 1.6. According to the fiber
size, carbon fibers can also be divided into continuous and discontinuous carbon fiber
reinforced. Only long carbon fibers are discussed in this thesis. As carbon fiber T300
is the baseline carbon fiber used in aerospace applications and is known for balanced
composite properties, high quality and consistency, reliability and availability of supply.
In this thesis, a fabric made out of T300 fibres will be studied. Fig.1.7 shows the detailed
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observation of carbon fiber.

Figure 1.6: Classification of carbon fibers according to physical properties.

Figure 1.7: A detailed observation of carbon fiber.

1.1.1.3 Carbon/PPS fiber

In order to better conduct controlled experiments to study the deformation of woven
reinforced materials, the carbon/PPS (Phenylene polysulfide) fabrics 1.9, a commingled
composite (Patou et al., 2019), is introduced. PPS is a semi-crystalline thermoplastic
(Lee et al., 2019). It has excellent thermal resistance, it is non-flammable and self-
extinguishing, it has excellent resistance to chemicals, good mechanical properties, ex-
cellent dimensional stability, and is insensitive to moisture. As the name indicates, a
commingled composite is a new roving made by combining the reinforcement filament
and matrix filament in various ways during the production process (Asghar et al., 2021).
The manufacture of commingled composites takes the following 4 main forms :
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Figure 1.8: Various commingling techniques and hybrid yarn structures. (Choi et al.,
1999; Asghar et al., 2021)

The analyzed prepregs are made of stretch broken carbon fibers comingled with PPS
resins. The carbon fibers are commingled with thermoplastic polymer fibers (PPS fila-
ment) and are wrapped with a serving filament of the same polymer to stabilize the yarn
for subsequent weaving processes (Wang et al., 2015). Through the fiber commingled and
the co-wrapped commingled techniques, the main geometrical and physical properties are
as show in 1.4.

Material utilised Carbon/PPS
commingled prepreg

Reinforcement Structure 5 harness satin
Yarns (warp/weft) 313 tex / 313 tex
Number of Yarns 7.5 X 7.5

Areal density 281 g/m2 ± 5%
Fiber volume fraction 60%

Matrix Type PPS
Melt temperature 280℃

Areal density 188 g/m2 ± 5%
Volume fraction 40%

Prepreg Areal density 469 g/m2 ± 5%
Thickness 0.3 mm

Table 1.4: Physical and mechanical properties of carbon/PPS. (Wang et al., 2015)
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Figure 1.9: C/PPS structure observed under the microscope : roving made by the fiber
commingled yarn techniques 1.8 (A), and the co-wrapped commingled yarn techniques
1.8 (C). (Patou et al., 2019)

1.1.2 Structure of textile reinforcement materials (2D)
The textile reinforcement fabric consists of two or more sets of yarns interlaced together to
form a continuous 2D surface. The most common 2D textile reinforcement is the biaxial
(orthogonal) fabric which is composed of longitudinal (warp) yarns and transverse (weft
or filling) yarns interlaced at right angles (Lord, 1982). For the textile reinforcements,
their structure and the way they are woven have an impact on their mechanical properties.
Common weave types include plain weave, twill weave, and satin weave (Bloom, 2015).
Plain weave is the simplest and the most common weave in the fabric. A complete plain
weave cycle can be formed by using two warp and two weft threads. Twill construction
consists of three or more consecutive warp and weft yarn structures. The fabric has a
diagonal pattern. The satin weave is made of more than 5 consecutive warp and weft
yarns. The basic characteristic of this weave is the discontinuity of the weave pattern.

Figure 1.10: Common weave types: (a) plain weave; (b) twill weave; (c) 5 harness satin.
(Bloom, 2015)

In this thesis, for the samples of the glass fabric and the carbon/PPS fabric, the
studied weaves are satin of 5, and the estimated size of the pattern is approximately 6,7
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Figure 1.11: (a) The satin of 5 structure and (b) the twill 2×2 structure.

mm. For the samples of the carbon fabric, the studied weaves are twill 2×2, and the
estimated size of the pattern is approximately 8 mm.

1.2 The composite molding process and effect of tex-
tile reinforcement molding

The composite molding process is the basis and condition for the development of the
composite industry. With the broadening of the application field of composite materials,
the composite material industry has been developed rapidly, the old molding process has
been improved day by day, and new molding methods have emerged continuously, and
there are more than 20 kinds of molding methods for polymer matrix composites, which
are successfully used in industrial production. Compared with other material processing,
the composite molding process has the following features :

(a) Material manufacturing and product molding are completed simultaneously.
In general, the production process of composite materials is also the molding process of

products. The performance of materials must be designed according to the requirements
of products, so the physical and chemical properties, structural shape, and appearance
quality of products must be satisfied when selecting materials, designing ratios, and de-
termining fiber lay-up and molding methods.

(b) Products are relatively easy to be molded.
The resin matrix of general thermosetting composites is a flowing liquid before mold-

ing, and the reinforcing material is soft fiber or fabric. The process and equipment re-
quired to produce composite products with these materials are much simpler than other
materials, and only one set of molds is needed for some products.

1.2.1 Resin Transfer Molding (RTM)
Resin Transfer Molding (RTM) (Rudd et al., 1997; Rouison et al., 2004; Scarponi et al.,
2009; Sozer et al., 2012) is a closed-mold technology that was developed in the 1950s as
a modification of the hand-paste molding process to produce products with two sides.
Resin Injection and Pressure Infection are also included in this process.

Fig.1.12 shows the basic principle of RTM (Long, 2005) : lay the glass fiber reinforce-
ment material into the mold cavity of the closed mold, inject the resin into the mold cavity

Doctoral thesis - XU Taiwei - 15 -



1.2 The composite molding process and effect of textile reinforcement molding

with pressure, soak the glass fiber reinforcement material, and then solidify and demold
the molded products. From the previous research level, the research and development
direction of RTM technology will include microcomputer-controlled injection unit, rein-
forcing material performing technology, low-cost mold, rapid resin curing system, process
stability, adaptability, etc.

RTM technology has a wide range of applications (Kruckenberg and Paton, 2012) and
is widely used in construction, transportation, telecommunications, health, aerospace, and
other industrial fields. The products that have been developed include automobile shells
and parts, recreational vehicle components, spiral slurry, 8.5m long wind turbine blades,
antenna covers, machine covers, bathtubs, bathing rooms, swimming pool boards, seats,
water tanks, telephone booths, electric poles, small yachts, etc.

Figure 1.12: Double-belted press lamination used to produce thermoplastic composite
lamination sheet and blanks.(Long, 2005)

(1) RTM process and equipment (Potter, 1999; Schmachtenberg et al., 2005; Laurenzi
and Marchetti, 2012)

The entire production process of RTM is divided into 11 processes, with fixed positions
of operators and tools and equipment for each process (Liu et al., 1996). The molds are
transported by trolleys and go through each process in turn to realize flowing operation.
The cycle time of the mold on the assembly line reflects the production cycle of the
product. Small products generally take only ten minutes, and the production cycle of
large products can be controlled to be completed within 1h.

RTM molding equipment is resin injection machines and molds.
The resin injection machine (Stark et al., 1998; Bickerton et al., 2001; Lawrence

et al., 2002; Danisman et al., 2007; Tuncol et al., 2007) is composed of a resin pump and
injection gun. The resin pump is a set of pistons reciprocating pumps, and the uppermost
end is an air-powered pump. When the compressed air drives the air pump piston up and
down, the resin pump pumps the resin in the barrel into the resin reservoir quantitatively
through the flow controller and filter, and the lateral lever makes the catalyst pump
move to pump the catalyst quantitatively to the reservoir. Compressed air fills the two
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reservoirs, generating a buffer force opposite to the pump pressure to ensure a steady flow
of resin and catalyst to the injection gun head. There is a static turbulent flow mixer
behind the injection gun, which can make the resin and catalyst mix evenly without air,
and then inject into the mold through the gun. There is a cleaner inlet designed behind
the mixer, which is connected to a solvent tank with 0.28 MPa pressure, and when the
machine is used up, the switch is turned on and the solvent is automatically sprayed out
to clean the injection gun.

RTM molds (Moore and Bland, 1999) are divided into 3 types: fiber reinforced
plastics (FRP) molds (Schmachtenberg et al., 2005; Caba and Koch, 2015; Gauvin and
Chibani, 2022), FRP surface plated metal molds (Wang et al., 2016), and metal molds
(Tuncol et al., 2007; Yenilmez and Sozer, 2009). FRP molds are easy to manufacture and
less expensive, polyester FRP molds can be used 2000 times, epoxy FRP molds can be
used 4000 times. FRP molds with the metal-plated surface can be utilized more than
10,000 times. Metal molds are rarely utilized in the RTM process. The mold cost of RTM
is only 2% to 16% of that of SMC.

(2) RTM raw materials
The raw materials used for RTM are resin system, reinforcing material, and filler.
Resin system: The resin used for the RTM process is mainly unsaturated polyester

resin (Maazouz et al., 2000; Lee et al., 2002; Rouison et al., 2004).
Reinforcing materials: Generally, the reinforcing materials (Owen et al., 1990; Cai,

1992; Rouison et al., 2004; Sreekumar et al., 2012) for RTM are mainly glass fibers with
25% to 45% (by weight); commonly used reinforcing materials are continuous glass fiber
mats, composite mats, and axial fabrics.

Fillers: Fillers (Um and Lee, 1991; Young, 1994; Lim and Lee, 2000) are important
to the RTM process, not only to reduce costs and improve performance but also to ab-
sorb heat in the exothermic phase of resin curing. Commonly used fillers are aluminum
hydroxide, glass beads, calcium carbonate, mica, etc.

1.2.2 Laminated and rolled tube forming process
(1) Lamination molding process.

Laminated molding (Himmer et al., 1999; Pillay et al., 2005; Toledo Filho et al., 2009)
is the production process of cutting and stacking the prepreg according to the shape and
size of the product, putting it between two polished metal molds, and forming the com-
posite products by heating and pressing, as shown in Fig.1.13. It is an early and mature
molding method in the composite molding process. This process is primarily used to pro-
duce electrical insulation boards and printed circuit boards. Nowadays, printed circuit
boards are commonly used in radios, televisions, telephones and cell phones, computer
products, various control circuits, and other products requiring flat integrated circuits.The
lamination process is mainly used to produce various specifications of composite materials.
It has the characteristics of mechanization, high degree of automation, and stable product
quality. But the one-time investment is large, suitable for mass production, and can only
produce plates. The specifications are limited by the equipment. The lamination process
includes: Prepreg preparation, cutting and laminating, hot pressing, cooling, de-molding,
processing, post-treatment, and other processes.

(2) Rolling tube forming process
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Figure 1.13: Double-belted press lamination used to produce thermoplastic composite
lamination sheet and blanks.(Wagner, 2016)

The principle is to softening the tape and melting the resin on the tape with the
help of the hot rollers on the tape rolling machine (Thostenson et al., 2001; Groche and
v. Breitenbach, 2008; Li et al., 2022). Under a certain tension, the tape is continuously
rolled onto the core tube with the help of friction between the rollers and the core mold,
until the required thickness. Then cooled and shaped by the cold rollers, taken off from
the rollers and sent to the curing oven for curing. After the tube is cured, take off the
core mold, and the composite material rolled tube. The operation process is shown in
Fig.1.14 :

Figure 1.14: Principle of tube roll forming process.(Groche and v. Breitenbach, 2008)

1.2.3 Bag moulding, autoclave, hydraulic autoclave, and ther-
mal expansion moulding

Bag moulding (Han et al., 2000; Summerscales and Searle, 2005; Jose and Joseph, 2012),
autoclave or hydraulic autoclave (Boey and Lye, 1990; Nguyen et al., 2016; Grunenfelder
et al., 2017), and thermal expansion moulding (Gusev et al., 2002; De Oliveira et al.,
2008; Takenaka and Ichigo, 2014) are collectively referred to as low-pressure moulding

- 18 - Doctoral thesis - XU Taiwei



Chapter 1 : General literature review

processes. The molding process is to lay the reinforcing material and resin (including
prepreg material) on the mold one layer after the other according to the design direction
and sequence. After reaching the specified thickness, the product is obtained by pressing,
heating, consolidating, demolding, and modifying. The only difference between the four
methods and the hand-paste molding process is the process of pressurization and consol-
idation. Therefore, they are only the improvement of the hand-paste molding process, to
improve the density and interlayer bonding strength of the products.

High-performance composite products made by low-pressure molding method with
high-strength glass fiber, carbon fiber, boron fiber, aramid fiber, and epoxy resin as raw
materials have been widely used in aircraft, missiles, satellites, and the space shuttle, such
as aircraft hatch, fairing, airborne radome, bracket, wing, tail, bulkhead, wall panel, and
stealth aircraft.

(1) Bag moulding

Bag moulding is divided into 2 types of pressure bag method (Visconti and Langella,
1992) and vacuum bag method (Williams et al., 1996; Summerscales and Searle, 2005).

Figure 1.15: Vacuum bag molding process.(Rajak et al., 2019)

Bag moulding is to hand paste the uncured products, through the rubber bag or other
elastic material to its gas or liquid pressure, so that the products under pressure are dense,
curing, like Fig.1.15.

The advantages of the bag moulding method are: (1) The product is smooth on
both sides; (2) It can adapt to polyester, epoxy, and phenolic resin; (3) The product
performance is higher than hand paste.

The pressure bag method is to hand paste molding products not cured into a
rubber bag, fixed cover, and then pass into the compressed air or steam (0.25 - 0.5MPa),
so that the products are cured under hot pressure conditions.

The vacuum bag method is to cover the uncured products of hand-paste molding
with a layer of rubber film, and the products are between the rubber film and the mold,
sealed around, and vacuumed (0.05 - 0.07 MPa) so that the air bubbles and volatiles in
the products are excluded. The vacuum bag forming method is only used for the wet
forming of polyester and epoxy composite products because the vacuum pressure is small.

(2) Hot-press autoclave and hydraulic autoclave method

The hot-press autoclave and hydraulic autoclave method is a process of heating and
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pressurizing the uncured hand-paste products by compressed gas or liquid in the metal
container to ensure that they are cured. For instance, the Fig.1.16 is the autoclave at
Institute Clément ADER - Toulouse.

Figure 1.16: Autoclave at Institute Clément ADER - Toulouse (Patou, 2018).

Hot-press autoclave (Li et al., 2006; Mei et al., 2019) is a horizontal metal pressure
vessel, uncured hand paste products, plus sealed plastic bags, vacuum, then together with
the mold with a cart into the hot press autoclave, through the steam (pressure of 1.5 -
2.5MPa), and vacuum. The products are pressurized, heated, and discharged bubbles,
so that they are cured under hot pressure conditions. It combines the advantages of the
pressure bag method and the vacuum bag method, with a short production cycle and high
product quality. The hot autoclave method can produce high-quality, high-performance
composite products of large size and complex shape. The product size is limited by the
hot press kettle. The products that have been developed and applied are wings, tail fins,
satellite antenna reflectors, missile loading bodies, airborne laminated structure radomes,
etc. The major drawback of this method is the large investment in equipment, large
weight, complex structure, and high cost.

Hydraulic autoclave method (Johnston, 1997; Soutis, 2005b; Hubert et al., 2012)
is an airtight pressure vessel, smaller in volume than the hot autoclave, placed upright,
which is heated and pressurized to solidify the uncured hand-paste products by passing
hot liquid under pressure during production. The pressure of the hydraulic autoclave can
reach 2 MPa or higher, and the temperature is 80 to 100℃. With an oil carrier, the heat
can reach 200 ℃. This method produces dense products, with a short cycle time, the
disadvantage of the hydraulic autoclave method is a large investment in equipment.

(3) Thermal expansion moulding method

The thermal expansion moulding method (Gusev et al., 2002; De Oliveira et al.,
2008; Takenaka and Ichigo, 2014) is a process used to produce hollow, thin-walled high-
performance composite products. Its working principle is the use of different expansion
coefficients of the mold material, the use of its heat volume expansion generated by the
different extrusion pressure, and the construction of the product pressure. The upper
mold of the thermal expansion molding method is a large expansion coefficient of silicone
rubber, the lower mold is a small expansion coefficient of metal materials, hand paste

- 20 - Doctoral thesis - XU Taiwei



Chapter 1 : General literature review

uncured products placed between the upper and lower mold. When heated, due to the
different expansion coefficients of the positive and negative molds, a huge difference in
deformation is produced, so that the products are cured under hot pressure.

1.2.4 Spray forming
Spray forming technology (Srivatsan and Lavernia, 1992; Lawley and Apelian, 1994;
Grant, 1995; Raju et al., 2008) is an improvement of hand-gluing molding, to a semi-
mechanized degree. The proportion of injection molding technology in the composite
molding process is large, as the United States accounted for 9.1%, Western Europe ac-
counted for 11.3%, and Japan accounted for 21%.

Figure 1.17: Schematic of the spray forming process for the manufacture of billets.(Grant,
2007)

The spray forming process is to spray two kinds of polyester mixed with initiator and
accelerator from both sides of the gun. The cut glass fiber roving is sprayed out from
the center of the gun, so that it is evenly mixed with resin and deposited onto the mold.
When deposited to a certain thickness, it is compacted with a roller to make the fiber
soak through the resin and exclude the air bubbles, and then cured into products. The
schematic diagram is shown in Fig.1.17.

The advantages of spray forming (Singer, 1991; Schulz et al., 2008) are: i) the use of
glass fiber roving instead of fabric can reduce the material cost; ii) the production efficiency
is 2 to 4 times higher than that of hand gluing; iii) the product has good integrity, no
seams, high interlayer shear strength, high resin content, good corrosion resistance, and
leakage resistance; iv) the consumption of flying edges, cutting chips and remaining glue
can be reduced; v) the size and shape of the product are not restricted. The disadvantages
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are: 1) the resin content is high and the product strength is low; 2) products can only be
smooth on one side; 3) pollute the environment and endanger the health of workers.

The efficiency of spray forming reaches 15 kg/min, so it is suitable for large hull
manufacturing. It has been widely used for processing bathtubs, machine outer covers,
whole bathrooms, auto body components, large relief products, etc.

Other forming processes of polymer matrix composites mainly refer to the centrifu-
gal molding process (Wannasin and Flemings, 2005), casting forming process (Vijayaram
et al., 2006), elastomer storage resin molding process (ERM) (Palin-Luc et al., 2002), re-
inforced reaction injection molding process (RRIM) (Rudd et al., 1997; Kim and Macosko,
2000), etc.

1.2.5 Effect of textile reinforcement molding on the mechanical
properties of composites

Figure 1.18: Schematics of performing and resin injection molding processes. (Boisse,
2004)

For composite materials with a thermoplastic matrix, the shaping of the textile re-
inforcement profoundly affects the mechanical properties of the composite materials at
once consolidated 1.18. The deformation mechanisms of continuous, aligned fiber-based
materials during the molding process are as indicated below : Intra-ply shear, intra-ply
tensile loading, ply/tool or ply/ply shear, ply bending, and compaction/consolidation 1.19
(Long and Clifford, 2007).

The shear deformation of woven fabrics can be divided into four stages as follows:
initial state, during shearing, further deformation, and deformation beyond locking angle
(Rozant et al., 2000)(Syerko et al., 2015), where the deformation state of the textile
reinforcement can be expressed by the shear angle between the yarns 1.20. As can be
observed from the figure, the shear angle changes with the deformation of the reinforced
fabric. Generally, at the first stage, the strands rotate at the intersection of the warp
and the weft under a relatively small force. The degree of deformation is small, and the
low stiffness comes from the friction of the strands between them. The second stage is
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Figure 1.19: Deformation mechanisms of continuous, aligned fiber-based materials during
forming. (Long and Clifford, 2007)
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Figure 1.20: Schematic representation of shear deformation of woven fabrics.

the shear blocking phenomenon. Adjacent strands in the same direction contact each
other and produce lateral compression. This phenomenon can be observed by measuring
the shear angle between the warp and weft networks. In the final stage, the lateral
compaction of the strands gains in intensity and is added to the friction of the fibers
causing the stiffening of the fabric. Depending on the nature of the fibrous reinforcement,
this phase is generally accompanied by wrinkling of the reinforcement. The wrinkle is
the main defect. The shear in some areas exceeds the limit of in-plane deformation,
resulting in wrinkles; while other areas with relatively low shear have no wrinkling. In
RTM, for example, during the preforming of composite material, the fabric reinforcement
is subjected to forces exerted by the mold: (1) the orientation of the warp and weft yarns
is transformed; (2) the state of the warp and weft yarns changes from almost unstressed
and bent to stretched and taut.

As mentioned above, wrinkles may occur in the final state and fiber breakage will
greatly affect the mechanical properties of the composite material after molding, causing
irreversible consequences. Molding a fabric reinforced material in this state, there is a
certain possibility that air pores exist at the wrinkles. This means there is no perfect
contact between the resin and the fabric reinforcement material, and there are likely be
gaps between them. In the case of the finished product being subjected to external forces,
the defective areas are more likely to have: (1) the slippage between the fiber and resin;
(2) the inter-layer movement; (3) the fiber rupture; (4) the weakening of toughness and
strength; and (5) the cracking of the resin, which leads to the fracture of the finished
product.
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The overall objective of the work presented is to develop innovative tests and measure-
ment methods to study the mechanical properties of this type of composite in situations
representative of their shaping. For the measurement part, the idea is tantamount to
moving towards the finite elements approach to digital images correlation formulated in
the world reference (Pierré et al., 2017). The latter should open many perspectives in
terms of dialogue or take into consideration the underlying kinematics of tissue.

1.3 Characterization methods for mechanical prop-
erties of textile reinforcement

The deformations of reinforcements (Boisse, 2004) are complex and are a combination
of several phenomena: biaxial tension, plane shear, tension between strands, but also
compaction and friction during tests of performing multi-ply and bending. So, generally,
accepted methods for studying the link between the mechanical properties of the compos-
ite and the characteristics of textile reinforcement include bias-extension test (Buckenham,
1997; Taha et al., 2013; Wang et al., 2014; Boisse et al., 2017), picture frame test (Mo-
hammed et al., 2000b; Lebrun et al., 2003; Harrison et al., 2004; Peng et al., 2004; Launay
et al., 2008; Cao et al., 2008), and punch test (Toloczko et al., 2000; Guduru et al., 2006;
Wakeman et al., 2006; Egan et al., 2007; Boisse et al., 2011).

1.3.1 Bias-extension test
The bias extension test is a classical method for characterizing the shear deformation
of a woven reinforcement (Buckenham, 1997; Boisse et al., 2017). A simple rectangular
fabric sample whose edges are aligned with the bias is conventionally loaded into a tensile
machine (for a woven material, the weft and warp threads must be oriented at ±45◦ with
respect to the tensile direction). We note L its length and W its width. Let’s imagine
that we stretch the fabric from L to L + d. If L is at least twice as large as W, three
zones can be distinguished during the deformation process: a zone an where no shear is
observed, a semi-shear zone, and a pure shear zone (Bel et al., 2012; Gereke et al., 2013),
as shown in Fig.1.21. In zone A, both the warp and weft yarns have indeed clamped
ends, and the forces acting on the yarn in this zone are balanced. Therefore, the yarn
in this zone does not deform. In zone B, one yarn direction is clamped at its end while
the other direction is free. This means that during the stretching process, the yarns in
this zone will be stretched towards the fixed side. Zone C is the pure shear zone. In this
region, both the warp and weft yarns have free ends, and theoretically, there is no relative
movement of the crossover point between the warp and weft yarns during the stretching
process. There is only rotation around the crossover point. Due to this deformation state
between the warp and weft yarns, zone C is stretched in the direction of the force by a
distance of d. According to several researchers, the shear strain on the yarn in zone B is
half of that in zone C (Boisse et al., 2017).

γ = π

2 − 2arccos(H + d√
2H

) (1.1)

As a consequence of this property, the deformation state of the zone C can be expressed
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Figure 1.21: (a) Fabric sample subjected to a bias extension test. The region of interest
(ROI) selected in the present work is illustrated by the red rectangle. This region enables
the study of the three classical zones (noted A, B and C) but also of the transition layers
(b) Classical zoning observed in the Bias extension test: A zone without shear, B semi-
shear zone, C pure shear zone (from (Cao et al., 2008))

in terms of the shear angle γ (Cao et al., 2008). The most common method for calculating
the shear angle of textile reinforcement material during a bias extension test is attributed
to Gilbert Lebrun (Lebrun et al., 2003). In zone C, if the partition lines of the region
are extended (dashed lines indicate extension lines), a square is obtained as shown in
Fig.1.21 (b). In the initial state, the side length of the square can be easily calculated.
During the second stage of stretching, for the fabric sample, adjacent yarns of the same
direction touch each other and compress laterally, as shown in Fig.2.4 (b). The shear
angle consequently changes, resulting in the shear blocking phenomenon. At this stage,
the main role of tension is to promote the warp and weft yarns to rotate around the
intersection, and the tension in the direction of the extended fiber is not very large, so
the fiber elongation in the stretching process can be ignored. In other words, the edge
length of the diamond will not change during the shear angle change and can be calculated
based on the initial state H ∗ Cosθ0 = H√

2 . Assuming that the elongation of the textile
reinforcement material is d, the formula for the shear angle γ can be obtained from the
geometric properties of the rhombus, as shown in Equation 1.1:

1.3.2 Picture frame test

Shear deformation is the main mode of deformation in woven fabric forming (Launay
et al., 2008). Another experimental approach similar to the bias test is the picture frame
test, but with a significant difference (Lebrun et al., 2003; Harrison et al., 2004; Taha
et al., 2013; Hosseini et al., 2018). When performing the picture frame test, the sample
is theoretically subjected to a homogeneous pure shear strain field. As shown in Figure
1.22, a square hinged frame with four equal length bars is designed in the tensile testing
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machine. One corner of the picture frame device is fixed to the tensile testing machine and
the direction of tensile force is applied vertically upward along the diagonal direction of
the picture frame device. During the experiment, two cameras equipped with telecentric
lenses are mounted symmetrically on either side of the sample. They are used to measure
the displacement field at the surface of a yarn.

Figure 1.22: Images taken at various stages of loading during a picture frame test (Zhu
et al., 2007a) and DIC instrumentation for monitoring deformation locally at yarn scale
(Launay et al., 2008)

Due to the very high tensile stiffness of the fabric, the yarn is installed parallel to
the side of the frame in order to avoid not being stretched during the test. In order to
ensure that the fabric in the test effective area occurs pure shear (Zhu et al., 2007a), the
boundary yarns are removed to prevent the wrinkle phenomenon due to extrusion in the
near side frame 1.22.

Similar to the bias test, the shear deformation of the reinforced material can also be
divided into 3 stages (McGuinness and ÓBrádaigh, 1998; Mohammed et al., 2000b; Peng
et al., 2004). The first stage is the elastic deformation stage, the fabric shear force is less
than the friction resistance at the crossover point. The second stage is the yarn rotation
stage, the yarn in the fabric around the crossover point rotation. When the yarn rotation
to interlocking compact, the fabric shear process into the third stage, that is, the yarn
extrusion stage. At this moment, the yarn is locked and compressed with each other
until the wrinkle is produced, what one seeks to avoid in a forming process. The angle
between the warp and weft yarns in the fabric when adjacent yarns are in contact with
each other is called the fabric locking angle. In the ideal state (1) the sizing agent is
evenly distributed in the yarn; (2) the relative slip of warp and weft yarns in the shearing
process is ignored; (3) there is no elongation of the yarn in the length direction; (4) the
thickness of the fabric in the shearing process remains unchanged.

There are significant differences in the shear strain field in the fabric samples observed
during the bias extension test and the picture frame test (Harrison et al., 2004; Hosseini
et al., 2018). A large part of the reason for the difference in the observed results is due to
the difference in the boundary conditions on the fabric when the two experiments were
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performed. For the boundary conditions of the bias test, the shorter two sides are fixed
and the other two sides are free ends. During the experiment, the sample of the bias test
is divided into three regions: the zone without shear, the semi-shear zone, and the pure
shear zone, which can better reflect the shear deformation state of the reinforced fabric in
its natural state. For the frame experiment, the yarn is clamped to the rigid bars of the
frame, and ideally the entire fabric plane is considered to be a pure shear region, which is
difficult to achieve for other types of experiments. The bias test makes it much easier to
observe the shear angle. However, for the picture frame test, the parallelism between the
yarns and the sides of the frame is difficult to accomplish, and a certain initial tension
(Lebrun et al., 2003; Launay et al., 2008) will be applied when the fabric is installed.
As the initial tension is too small, the initial tension is regarded as zero, and the effect
on the results is negligible. And usually, the in-plane shear stress depends only on the
shear angle. For picture frame tests, the shear angle can be calculated from the frame
displacement or measured by optical measurements. The theoretical shear angle is related
to the elongation of the diagonal of the frame 1.23:

Figure 1.23: Pure shear kinematics. (Launay et al., 2008)

where the side length of the picture frame ABOC is L and the elongation of the
diagonal OA is d. During the stretching process, the angle of the frame is θ and the
shear angle is γ. According to the characteristics of isosceles triangle, it is easy to get the
expression equation of the shear angle γ :

γ = π

2 − 2arccos(
√

2L + d

2L
) (1.2)

According to Equation 1.2, the trend of the shear angle is only related to the length
L of the picture frame. Fig.1.24 shows the variation curve of the shear angle with respect
to the stretch length for L of 150 mm, 175 mm, and 200 mm. For the 3 curves, it can
be seen that the trend of the shear angle is approximately the same. The picture frame
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experiment also has some limitations. Since image frames are non-standard and each
frame test device is a unique device developed by the research institution or company
itself, there is no comparability between different test devices. And small changes in the
test device can cause substantial changes in the results.

Figure 1.24: Theoretical shear angle obtained from the formula 1.2.

1.3.3 Draping experiment
The purpose of the draping experiment is to provide information on the local deformation
of fabrics and yarns, as shown in Fig.1.26. The characteristic local deformations of yarns
are warpage and slippage of the yarn. Yarn flexion out of plane causes a change in yarn
orientation and gaps between the upper and lower plies of the yarn. When resin is applied
with compression and impregnation, these areas flatten out, leading to significant local
fiber misalignment, which reduces the local stiffness and strength of the composite. By
the same reason, in the transverse direction, yarn slippage can cause large gaps between
adjacent yarns, and after the composite is formed, can result in high resin content here
but low yarn percentage. No matter which defect is present, these areas are likely to
become the initiation point of matrix cracking when external forces are applied, as this is
the case with non-crimp fabrics (Truong et al., 2005; Mikhaluk et al., 2008).

It is well known that defects in composite materials are to a large extent generated
during the manufacturing process. The wrinkling (Mohammed et al., 2000a; Boisse et al.,
2018a; Guzman-Maldonado et al., 2019) is one of the most common defects during the
textile composite reinforcement molding process. The other is the large slippage that can
occur during the molding of preforms (Boisse et al., 2016). As mentioned before, in-plane
shear deformation is generally studied by bias test and picture frame test. Shearing can
cause fiber disorientation. It can lead to localized rigid orientations of the final part
that deviate significantly from the original design and expose the base material. It also
results in increased the stress in these areas, and causes unacceptably high tensile forces
in the part. This eventually leads to premature part damage. For textile composite
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reinforcement, shear behavior is the most important draping mode. If situations such
as wrinkles or fiber misalignment occur during the preforming process, this can lead to
resin enrichment in these draping defect areas during the infiltration process. These
resin-enriched areas then become the starting point for fracture. In order to study more
directly the deformation of the textile composite reinforcement during preforming, the
draping experiments is used.

Figure 1.25: The draping experiment: (a) setup, moulds; (b) hemispherical; (c) box-
shape. (Iwata et al., 2019)

More and more researchers are using this method to study the deformation of fabrics.
(Breen et al., 1994a) describe two experiments conducted to evaluate the approach. Dif-
ferent deformed shapes or drape patterns may appear when repeating the same draping
experiment for the same piece of fabric. (Hu et al., 2000) explore the possibility of using
numerical techniques to reproduce this complicated but interesting fabric drape behavior.
(Yin et al., 2014) investigate the complex fiber reorientation and redistribution of plain
woven carbon fabrics draping over a double-curvature mold through experimental and nu-
merical approaches. (Engelfried et al., 2017) deal with a method to describe the inter-ply
friction of preforms that consists of carbon fibre yarns joined by a thermoplastic binder.
(Iwata et al., 2019) report results of such combined meso-macro modelling for a plain
weave carbon fabric with spread yarns. Computationally viable meso-level simulation is
achieved by coupling continuous macro draping simulation with a local meso-modeling in
the location where the defects are expected to occur.

As shown in the Fig.1.25, the most common mould is hemispherical mould and box-
shaped mould. The draping experiments are performed into three steps (Breen et al.,
1994b; Han and Chang, 2018) : (1) First, the fabric is placed over the mould with fixed
corner points, and the fabric is fixed with double-sided tape, ensure that the state of the
fabric before the start of the experiment; (2) after that, the plate over the fabric was
moved down with steps of 10 mm; (3) the final step is to capture the fabric deformation
at each step with a camera.

The first 2 steps of the draping experiment process are basically completed, after which
the full-field 3D deformation of the formed fabric is measured by an optical measurement
system. For the optical measurement, there are two important points worth noting. One
is to make regular dots on the surface of the fabric for tracking the deformation field before
the experiment is conducted. Second, the experimental samples are photographed with a
camera at different positions after the samples are fixed in the experimental equipment.
The 3D coordinates of each dot can be derived by a photogrammetric algorithm. The
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Figure 1.26: Draping of a woven reinforcement on a double-curved surface. (Bai et al.,
2022)

images before and after deformation are analyzed to obtain the deformation field as well
as the surface strain tensor in space and also to analyze the local shear angle.

Here is a material that must be mentioned : non-crimp (multi-layered warp-knit
stitched) fabrics (NCFs) (Creech and Pickett, 2006; Sirtautas et al., 2013; Krieger et al.,
2018). NCFs have attracted much attention in the composite industry and its usage is
growing rapidly. As NCFs are deformed mainly due to shear deformation, they are difficult
to be formed in three dimensional shapes. NCFs enable relatively high mechanical prop-
erties by keeping the reinforcement tows straight. Handling of those fabrics is improved
by stitching the reinforcement tows together. While the stitching has little structural
influence on the final part, it highly affects the NCFs capability to shear and drape over
a mold duruing preforming. High tensile strain in the stitching yarn has been correlated
to the NCFs resistance to shearing and even adverse drape defects such as tow undula-
tions. Furthermore, stitching causes the shear behavior of the fabric to be anisotropic,
with different behavior in positive and negative shear. Fig.1.27 shows the example of two
representative biaxial NCFs configurations with their respective layer orientations (Colin
et al., 2020). The basic process of NCF’s draping experiment is slightly different from
the traditional one (Krieger et al., 2018). This experimental procedure is closer to the
experiment conducted by (Khan et al., 2010).
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Figure 1.27: Example of two representative biaxial NCF configurations with their respec-
tive layer orientations. (Colin et al., 2020)
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1.4 Characterization of textile reinforcements using
optical measurements

Many optical methods have been developed to study the displacement and deformation
of textile reinforcements during (or after) an experiment to in order to establish a link
between the mechanical properties of composites and the deformations of their reinforce-
ment (Vanclooster et al., 2009; Mallach et al., 2017; Dufour et al., 2018; Kunze et al.,
2020). Digital image correlation (DIC) technique is the most commonly used method
today (Launay et al., 2002; Lomov et al., 2008; Willems et al., 2008).

1.4.1 Digital image correlation (DIC)
1.4.1.1 DIC principle

Digital Image Correlation is an optical measurement method that gives access to the
displacement field on the surface of an object from a speckle pattern deposited on the
surface of an object. The idea is to match points of the surface in the images captured
in the initial state then after deformation. The displacement field obtained following this
pairing is often post-processed to provide a strain field.

2D DIC originated in the 1980s. Early work in the field of experimental mechanics is
attributed to Peters and Ranson (1982). With the development of personal computers,
digital cameras and processing methods, DIC then very quickly developed and imposed
itself in research laboratories (Sutton et al., 1983; Chu et al., 1985; McNeill et al., 1987;
Lyons et al., 1996; Sutton et al., 2009). The method gave rise to extensions called Stereo
DIC (Helm et al., 1996) or Digital Volume Correlation (Bay et al., 1999). For DIC and
Stereo DIC, more specifically, the three key steps to determine a displacement field are
(Pan, 2018):

1. Speckle Pattern Fabrication. This is often a necessary and always a crucial step.
A texture suitable for correlation must be created on the surface of the object: it
must follow the deformation of the object, not alter its behavior and not generate
parasitic reflections. The relevance of the image formed on the sensor (distribution
of gray levels) of the camera will directly depend on this. This point will be dealt
with in the section on 1.4.2.

2. Digital Image Acquisition When one is interested in "quasi 2D" displacements
on "planar" surfaces, 2D DIC is an option. Only one camera, carefully arranged,
is then required (see Fig. 1.29). The use of a calibration target, although it is
rarely reported, may be useful to correct for distorsions (Pierré et al., 2016). The
knowledge of an optical resolution is however necessary to go from measurements
in pixels to measurements in mm. Stereo-DIC requires 2 cameras. In this case, the
stereo bench should be calibrated. Many images of calibration targets are usually
captured in order to identify the intrinsic and extrinsic parameters of the camera
models.

3. Displacement and Strain Field calculation. The sample surface displacement
field could be obtained by image registration in the acquired set of images (2D-DIC).
For stereo-DIC, the 3D coordinates of all measured points are usually obtained (by
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"triangulation") from the disparity maps calculated by the DIC algorithm know-
ing the intrinsic and extrinsic parameters of both cameras. After that, a series of
algorithms can be used to determine the strain field.

Figure 1.28: Implementation procedures of 2D-DIC. (Pan, 2018)

Fig.1.28, taken from (Pan, 2018), explains the principle for 2D DIC. This technique is
very convenient because of the simplicity of its implementation. Fig. 1.29 shows the few
necessary elements and precautions. However, it should be borne in mind that, without
special precautions, the transformation identified by analysing the images has little chance
of representing the true transformation seen by the object (the one we are interested in).
With a standard macro lens, even if care is taken to orient the optical axis correctly with
respect to the specimen ("fronto-parallel" set up, as shown in Fig. 1.29), (Sutton et al.,
2008) show that the out-of-plane displacements can cause significant errors in the in-plane
displacement measurement. The same authors show that if a telecentric lens can partially
remedy this for small out-of-plane displacements, stereo DIC should be adopted in the
presence of significant out-of-plane displacements.

Figure 1.29: Schematic diagram of the principle of 2D-DIC. (Pan, 2018)
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DIC is based on the assumption of relies on a so-called luminance or grayscale con-
servation equation. It usually consists in searching for the displacement field u in a given
region Ω that minimize, in the least squares sense, the following functional:

Φ2(u) =
∫

Ω
[f(X) − g(X + u(X))]2dX (1.3)

where X is the position vector of a point in an image (in pixels), f and g represent
the images captured in the reference and the deformed states respectively, and u is the
sought-after displacement field.

Figure 1.30: Principle of the common local approach to DIC, known as subset-based
DIC. The approach is to treat the problem piece by piece in a number of image portions,
called subsets. An i th subset is taken from the reference image f (on the left) at position
(xi, yi). Taking into account a given transformation, the subset that best matches it in the
image g is searched for. The likelihood criterion used is generally based on the hypothesis
of gray level or luminance conservation. The recorded displacement vector ui is usually
calculated at the centre of the subset (Pan, 2011).

The problem being ill-posed, the displacement field is sought on a previously defined
kinematic basis. For common approaches, referred to as local, the field is described in a
small Zone Of Interest (or Subset - Ω=ZOI in Eq. 1.3) of the Region Of Interest (ROI)
(Sutton et al., 1983). The principle of such an approach is depicted in Fig.1.30 taken
from (Pan, 2011). In contrast, when the displacement field is described in the entire ROI
(Ω=ROI in Eq. 1.3), it is referred to as a global method. In this thesis, a finite element
formulation for a digital image correlation method (FE-DIC) (Sun et al., 2005; Besnard
et al., 2006; Pierré et al., 2017) is used.

By its great simplicity of implementation, its robustness, DIC is essential in a large
number of applications every day increasing. This method indeed plays an indelible role
in many fields, for instance such as experimental mechanics (Orteu, 2009; Pan et al.,
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Figure 1.31: FE-DIC principle. The sought-for displacement field is described on a FE
basis (Sun et al., 2005; Besnard et al., 2006). In this case, a uniform quadtree structured
mesh is selected. The red and light blue dots represent the position of mesh nodes in
the current and deformed states respectively. Green arrows represent identified nodal
displacements. In practice, the problem is treated in physical space as described in (Pierré
et al., 2016), using the Pyxel (Passieux, 2021) library. P stands for the projector allowing
to project one point X on the sample surface into the image (x = P (X)) and U for the
displacement in the physical space.

2013; Ye et al., 2015; Engqvist et al., 2016), biomechanics (Bay, 1995; Huang et al., 2009;
Brunon et al., 2010; Huang et al., 2016), composite mechanics investigation (Périé et al.,
2002; Boisse et al., 2017; Pierré et al., 2017; Bai et al., 2020), and, even now structural
health monitoring (Reagan et al., 2018).

1.4.1.2 FE-DIC

The most famous approach to global DIC, called FE-DIC, consists in decomposing the
displacement field on a Finite Element basis (Sun et al., 2005; Besnard et al., 2006).
Fig.1.31 illustrates the principle behind this technique.

FE-DIC problem resolution
A Gauss-Newton iterative method is used to solve this problem numerically. Suppose

we know the displacement ui at the i th iteration. In practice, we are looking for the
correction δu

ui+1 = ui + δu (1.4)

which allows us to minimise Eq. 1.3. The correction is assumed to be small. A Taylor
expansion of g(X + ui + δu) allows us to rewrite the equation 1.3 :

Φ2(u) =
∫

Ω
[g(X + ui) + δu▽g(X + ui) − f(X)]2dX (1.5)

In practice, we will not use g(X +u(X)) (the gradient of the deformed image advected
by the displacement), which should be updated at each iteration, but we will approximate
it by the gradient of the reference image f(X) (Neggers et al., 2016; Passieux and Bouclier,
2019). The new functional to be minimised is now:

Φ2(u) ≈
∫

Ω
[g(X + ui) + ▽f(X)δu − f(X)]2dX (1.6)
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The displacement correction is then decomposed on a FE basis as follows

δu(X) =
∑

aiN i(X) (1.7)
where ai represent the degrees of freedom (the components of the nodal correction

displacement field) and Ni(x) are finite element shape functions. Eq. 1.7 is finally injected
in the equation 1.6. The minimization of the scalar residual Φ2(u) leads to the solution
of linear systems of the type Ma = b. The displacement is then updated, and a new
correction is sought. Several types of stopping criteria are used (stagnation, number of
iterations, etc.). The following 1D example illustrates how the correlation matrix M and
the right-hand side vector are constructed.

1D FE-DIC problem resolution
We consider a one-dimensional displacement field. We consider a bar of length L. We

know the gray level distribution along the bar f(X) at the start (reference image). We
look for the displacement field u in the bar that explains which leads to the distribution
g(x) ( Assumption: the texture is passively advected by the displacement). We mesh
the bar uniformly. We use n linear elements. The length of each element is assumed
to be equal to h (h = L/n). Each element domain is defined as Ωe = [xe−1, xe], where
xk = (k − 1)h with e = 1, ..., n. ui is the displacement field obtained in step i. In each
element, two shape functions ϕn and ϕn+1

ϕn = 1 − X − xn

h
et ϕn+1 = X − xn

h
(1.8)

are used to interpolate the displacement field correction:

δu(X) = anϕn(X) + an+1ϕn+1(X) (1.9)

Figure 1.32: 1D shape functions ϕn and ϕn+1.

Eq. 1.6, for the eth element Ω = Ωe, reads

Φ2(u) ≈
∫

Ω
[g(X + ui) + ▽f(X)(anϕn(X) + an+1ϕn+1(X)) − f(X)]2dX (1.10)
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We can then derive Eq. 1.10 with respect to the two nodal displacements an and an+1.
The notations are simplified below: g(X + ui) = gu, ϕn(X) = ϕn and ▽f(X) = ▽f . This
gives:

∂Φ2

∂un

= 2
∫

Ωe

[gu + ▽f(anϕn + an+1ϕn+1) − f ]▽fϕndX = 0 (1.11)

∂Φ2

∂un+1
= 2

∫
Ωe

[gu + ▽f(anϕn + an+1ϕn+1) − f ]▽fϕn+1dX = 0 (1.12)

i.e. the following system:

an

∫
Ωe

ϕ2
n▽f 2dX + an+1

∫
Ωe

ϕnϕn+1▽f 2dX =
∫

Ωe

[(f − g(X + ai))ϕn▽f ]dX (1.13)

an

∫
Ωe

ϕnϕn+1▽f 2dX + an+1

∫
Ωe

ϕ2
n+1▽f 2dX =

∫
Ωe

[(f − g(X + ai))ϕn+1▽f ]dX (1.14)

A system [M ]e ∗ [a] = [b]en, where [M ]en and [b]en are respectively the elementary cor-
relation matrix and the right-hand side vector for the considered element e, is finally
obtained. It reads:

[M ]en =
[
M e

11 M e
12

M e
21 M e

22

]
=

[ ∫
Ωe

ϕ2
n▽f 2dX

∫
Ωe

ϕnϕn+1▽f 2dX∫
Ωe

ϕnϕn+1▽f 2dX
∫

Ωe
ϕ2

n+1▽f 2dX

]

[b]en =
[
be

1
be

2

]
=

[∫
Ωe

[(f − g(X + ui))ϕ1▽f ]dX∫
Ωe

[(f − g(X + ui))ϕ2▽f ]dX

]
To determine the Hessian matrix of the global problem [M ]global and the right-hand

side vector [b]global, we need to assemble the elementary matrices [M ]en and the elementary
vectors [b]en in the following form:

M1
11 M1

12 0 . . . 0
M1

21 M1
22 + M2

11 0
0 M2

21 M2
22 + M3

11 0
... . . . ...
0 0 0 . . . Mn

22

 ∗



a1
a2
a3
...

an

 =



b1
1

b1
2 + b2

1
b2

2 + b3
1

...
bn

2



Generalisation to any mesh, and of course extension to 2D and 3D, requires some
further development. However, the main task is to assemble the correlation matrix and
the right-hand side vector. The ’Pyxel’ library, developed by Passieux (2021), is designed
to do just that.

Specific features of the approach developed at the ICA
In the following, we follow the route proposed in (Pierré et al., 2016). The main

change is that the DIC problem is formulated directly in the physical coordinate system.
The problem’s unknown becomes the displacement U (expressed in mm in the physical
coordinate system), and no longer u in the image (in px). This requires the introduction
of a projector model P (a 3D point X is projected in the image plane at x, i.e. x = P (X)).
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The latter must be calibrated. There are several arguments for adopting such a FE-DIC
scheme. The method makes it possible to impose the continuity of the displacement field,
and by relying on the same kinematic basis as that usually adopted for the simulation,
it makes it possible to connect simply to these tools, even in stereo DIC (Pierré et al.,
2017).

1.4.1.3 Bi-telecentric lens

In this work, a bi-telecentric lens (Hu et al., 2022) is used to perform 2D FE-DIC mea-
surements. These lenses have two major advantages for monovision measurements:

1. Unlike the macro lenses traditionally used in DIC, a telecentric lens keeps the prin-
cipal rays parallel to the optical axis of the lens. As a result, the size of the object
remains unchanged in the event of (moderate) out-of-plane movements.

2. Telecentric optics offer very low distortion and provide extremely precise geometric
information

Figure 1.33: Four different types of lens, and their principles of performance. [Taken from
VS Technology website]

In addition, this type of lens enables (Mei et al., 2016):

• An increase in the depth of field;

• A homogeneous illumination of the CCD sensor;

• Constant magnification, even if the sensor is not perfectly positioned.

A bi-telecentric lens is composed of two sets of lenses called object-side lens and image-
side lens, respectively, as Fig.1.34 shows (Hu et al., 2022). The object-side lens’s rear
focal plane coincides with the front focal plane of the image-side lens at a common plane
where an aperture stop is placed. This aperture stop cooperates with the object-side
lens to form telecentricity in the object space and cooperates with the imaging lens to
form telecentricity in the image space. The magnification of the bi-telecentric lens is
determined by the focal lengths of the two sets of lenses together, so no matter the
working distance or the camera sensor’s position changes, it will not change the optical
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Figure 1.34: The optical model of a bi-telecentric lens. (Hu et al., 2022)

magnification. However, a specific working distance (depends on the model of the lens)
should be satisfied when applying bi-telecentric lenses to minimize imaging distortion and
maintain "perfect" telecentricity.

1.4.1.4 Stereo-digital image correlation

Based on the principle of binocular stereovision, stereo DIC (Genovese et al., 2013;
Goidescu et al., 2013; Shao et al., 2016; Pierré et al., 2017; Pan et al., 2018) is com-
monly used to measure 3D shape and is often preferred for assessing deformation of both
planar and curved surfaces where significant out-of-plane displacements are expected (Sut-
ton et al., 2008). The principle of operation for the stereo-DIC technique is similar to
2D-DIC.

Figure 1.35: Schematic diagram of the principle of stereo-DIC. (Pan, 2018)

For the stereo-DIC technique, the main components are the two cameras, the control
and image acquisition software, the calibration target, and the light source, as shown
in Fig.1.35. Fig.1.36 shows the main steps involved in stereo-DIC: calibration target
image acquisition, camera calibration, experiment image acquisition, image registration,
displacement measurements and calculation of strain fields. Before starting the experi-
ment, the cameras must indeed be calibrated to obtain the magnification factor and the
intrinsic and extrinsic parameters of the imaging systems. VIC-3D (Patou, 2018), the
subset based Stereo-DIC software used in this work, also controls the system and per-
forms image acquisition. This kind of Stereo-DIC approach uses disparity fields measured
by DIC between one master camera (say the left) and the others (say the right for shape
measurement, and the deformed ones for tracking the displacement) (Sutton et al., 2009).
The spatial position of a point M can then be calculated from the difference in position
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of its projection mL and mR respectively in the left and right camera and the knowledge
of the projectors P . Here, the parameters obtained from the stereovision calibration are
used. The 3D point cloud obtained at one stage of the deformation process gives access
to the shape of the part. The displacement field is finally deduced by subtracting the
position of the points in the deformed state from that obtained in the reference state (see
Fig.1.36).

Figure 1.36: Implementation procedures of stereo-DIC. (Pan, 2018)

1.4.2 Speckle pattern fabrication for textile reinforcements
DIC can track a selected point on the reference images in the "distorted" images (images
captured in the distorted states) provided that a sufficient distribution of gray levels (i.e.
gradients) is available in its vicinity. When the surface of the material is not adapted for
obtaining a suitable image (poor natural texture, reflections, etc.), it is necessary to apply
markings to the part. The idea is to create a distribution of ’colour’ on the surface of the
samples so that the image formed is informative. This phase is called "Speckle pattern
fabrication" (Dong and Pan, 2017). The literature provides a number of recommendations
for this process (Lecompte et al., 2007; Pan et al., 2010; Su et al., 2016). On a given scale,
the three characteristics expected for a speckle pattern to be acceptable are:

1. The distribution of speckles is random and disorderly (isotropic behaviour, make
the matching robust, etc.). Dots of random size and position with strong contrast
to the background are often the chosen solution.

2. The size of the speckles is reasonable, taking into account the resolution of the
image acquisition camera. These dots must be large enough to avoid aliasing, but
its maximum diameter must be controlled to improve spatial resolution (The iDICs
Good Practices Guide for DIC (Jones et al., 2018) consider that the optimal feature
size is 3-5 pixels once imaged by the camera).
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3. The density of the speckles is appropriate and uniformly distributed. Speckle pattern
does not contain too much black or too much white (The iDICs Good Practices
Guide for DIC (Jones et al., 2018) consider that the pattern density should be
arround 50 %)

Figure 1.37: Example of images obtained for speckles deposited in different ways: (a) and
(b) come from a deposition with an airbrush; (c) and (d) result from a more conventional
spraying of paint (Crammond et al., 2013)

Figure 1.38: Treatment of a carbon fabric with matte coating and toothpaste speckles.
(De Luycker, 2009)

Based on the above three considerations, different techniques are developed. Airbrush
or Spray speckle pattern are the most common. Black matte paint speckles of random
size are then usually sprayed on a white background (matte paints to avoid reflections).
White speckles on a black background are also possible, as shown in Fig.1.37. Although
this technique is by far the easiest to implement, dot size and density control require
experience, and the repeatability of the process is not guaranteed. Other techniques such
as printing or laser marking are developing (Liu et al., 2015; Pierré et al., 2017). It is
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indeed very tempting to digitally synthesize the "ideal" pattern (Orteu et al., 2006; Sur
et al., 2018; Fouque et al., 2021; Su and Zhang, 2022) and "print" it directly on the part.

Several methods and specific tools have been developed to qualify speckles once de-
posited and imaged (Su and Zhang, 2022). David Lecompte (Lecompte et al., 2007), for
instance, proposed a way to calculate the cumulative percentage of speckles within a given
radius interval. In other words, the size of the speckles is divided into several intervals
in pixel, and then the number and percentage of speckles in each interval are calculated.
The percentage of each interval is plotted as a curve, and the more the curve tends to be
straight, the more uniform the size and distribution of the speckles are. Another more
common and simple evaluation method consists in plotting the grayscale histogram of the
speckle pattern (Pan et al., 2010; Hua et al., 2011; Wang et al., 2012; Liu et al., 2015), as
shown in Fig.1.39. Other indicators are presented in (Dong and Pan, 2017).

Figure 1.39: Example of grayscale histograms of different speckles to be qualified (Hua
et al., 2011)

Speckle pattern fabrication for textile reinforcements is even more challenging. Due
to the physical properties of fabric, like the reflectivity, impregnation and uneven surface
of fabric, it is more difficult to make speckle on this kind of materials than metallic or
composite materials. In particular, the reflective characteristics of the fabric can interfere
for image correlation tracking. The most common method is to paint a matte coat and
then to spray speckles (De Luycker, 2009), as shown in Fig.1.38.

1.5 X-ray tomography
A radiograph essentially provides a contrast map of the attenuation of radiation as it
passes through a sample. Tomography, on the other hand, aims to identify the local
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attenuation at any point in the sample. The basic principle is to collect a large number
of 2D projections to reconstruct a 3D image.

Figure 1.40: Diagrammatic representation of X-ray micro-computed tomography work-
flow. (O’Sullivan et al., 2018)

Fig.1.40 shows the workflow of X-ray micro-CT with lab (cone beam) equipment as
described by (O’Sullivan et al., 2018). For each angle θ, several radiographs are taken
(typically 5 to 10). Frame averaging is then used to produce a single, less noisy 2D
projection, which is recorded (A). The procedure is repeated for another angle. Typically,
more than 1000 projections are recorded per rotation (B). An inverse problem must be
solved to go from the 2D projections to a 3D volume. Several reconstruction algorithms
have been developed (C). The reconstructed image is often stored as an image stack. It
can later be visualised and processed using software such as Dragonfly or Fiji ImageJ (D).

Figure 1.41: Meso-scale FE analyses of carbon twill based on X-ray computed tomography.
(Naouar et al., 2014)

The technique is still mainly used today for non-destructive evaluation of parts. It
allows 3D imaging of microstructures, detection of defects and damage in materials (Seib-
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ert, 2014; O’Sullivan et al., 2018). However, laboratory equipment now provides high
sensitivity and high resolution images. Laboratory µCT can currently go down to about
0.7µm/vx (note that the actual resolution depends on the spot size of the X-ray source,
but more importantly on the distance between the object and the source. The smaller
the object, the closer the source can be, the smaller the voxel size can be). It is therefore
conceivable that reconstructed images could be used to build a high fidelity finite element
model representing the actual microstructure of the material (Guldberg et al., 1998). In
addition, X-ray CT can be used in conjunction with in-situ testing (Buffiere et al., 2010)
to monitor damage (Toda et al., 2003) or to measure 3D displacement fields (Bay et al.,
1999).

For composite materials, X-ray tomography thus allows quantitative segmentation and
analysis of reinforcement, matrix and porosity (Morales-Rodriguez et al., 2009; Bonnaire
et al., 2019; Tretiak and Smith, 2019). X-ray micro-CT is also more and more widely
used for the study of textile reinforcement materials. It can perfectly provide images with
sufficient resolution to go down to the fibre scale, while imaging a region larger than a
unit cell. (Naouar et al., 2014), for example, build mesoscale FE models of textiles from
µCT images. They simulate the behaviour of a carbon fabric (shown in Fig.1.41). These
authors have also studied a 3D orthogonal non-crimp woven fibre architecture.

In this thesis, X-ray tomography is chosen to study the behaviour of fabric samples at
the yarn scale or below. We aim to develop both digital image based models and at the
same time measure their deformation during an in situ testing.

1.6 Reminder of the roadmap
The following chapters cover three topics:

1. In order to make develope yarn-scale test/calculation exchanges, chapter 2 first
proposes the development of the FE-DIC method to measure the displacement field.
Three materials are studied: glass, carbon and CPPS fabrics. The influence of mesh
size and mesh orientation on the measurement performance is discussed.

2. Chapter 3 deals with the delicate issue of the measurement of large deformations in
DIC. An incremental approach using specific features of FE-DIC is proposed. The
idea is to transform the problem of measuring large deformations of fabrics into a
problem of tracking multiple small deformation fields.

3. Chapter 4 considers the potential of X-ray tomography combined with in-situ testing
to eventually move towards data assimilation based on image-based models and full-
field measurements. An in situ bias extension test is developed in a laboratory X-ray
µCT to investigate the mechanical behaviour of yarns at the yarn scale.
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CHAPTER 2 Parametric study of the
performance of FE-DIC
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Background: For composite materials with a thermoplastic matrix, the shaping of the
textile reinforcement affects the mechanical properties of the composite materials at once
consolidated. Many experiments are available to simulate the process of fabric preforming.
The most typical one is the bias extension test. Presently, a variety of nondestructive mea-
surement techniques are used to study textile reinforcement materials, particularly Digital
Image Correlation (DIC). However, when measuring the deformation field of these mate-
rials, significant measurement errors could arise due to their large deformation and more
complex kinematics as a result of their physical characteristics and structure.

Objective: The objective of the proposed work is to reduce the measurement error of the
displacement field by studying the mesh in the analysis phase. This includes studying the
influence of mesh size and orientation. In a second part, the accuracy of the FE DIC
method through numerical simulations was evaluated.

Methods: In terms of experiments, bias extension tests are performed on several typical
reinforcing materials, including glass fabric, carbon fabric, and carbon/PPS fabric. The
displacement field is measured using "global" digital image correlation by finite elements
(FE-DIC) to regularize the displacement field and facilitate its exchange with simulation.
In the analysis of the results, the ultimate error and residuals are calculated and compared
while varying the mesh size and the mesh orientation to find the most suitable parameters.
The evaluation of the accuracy for numerical simulations was performed by the "Ground
Truth" method.

Results: A comparison of the analysis results reveals that for the influence of mesh size,
there is a specific size that minimizes the error for the same fabric, which is related to the
width of the yarn. Regarding the influence of mesh orientation, most of the experimental
samples demonstrate that the residuals are minimized with the mesh parallel to the yarn
direction, with the minimum value appearing in a certain range of the mesh orientation
(which varies according to fabric type). The FE DIC method is effectiveness in tracking
the displacement field of the fabric.

Conclusions: As a result, this regularized method reduces the error in measuring the
deformation field of fabrics and provides a theoretical basis for studying their large defor-
mation. This is of great interest for the use of the FE-DIC method in studying the shaping
of textile reinforcement.
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Besides the algorithmic aspects, the physical properties of the fabric and its architec-
ture may also affect the capability of DIC in presence of significant shear deformation.
For instance, since the scattered speckles are attached to the yarns, changes in speckle
distribution may be correlated with the size or rotation of the yarns (Lomov et al., 2008).
In addition, apart the issue of large deformations (which will not be considered in this
chapter), the speckle pattern recorded by the camera during testing (even for moderate
extensions) may be quite different from what should be recorded if the initial recorded
pattern was simply advected by the displacement field. Inter-yarn kinematics may indeed
cause changes in speckle distribution, such as shedding, deformation, covering, or hiding.
Small parts of the speckles can also peel off. Finally, specular reflections can appear and
strongly modify the recorded texture. A careful preparation of the specimen is therefore
suggested. Last but not least, to avoid applying deformations to the sample before the
test, but also to make sample mounting in the traction machine more repeatable and
easier, we imagined to stabilize the sample as soon as the speckle is applied. The idea is
to use a frame. An original procedure is proposed.

This chapter is divided into five sections. The ’Methodology’ section begins with
a reminder of the principles of the bias extension test. The initial preparation of the
coupons (generation of specific speckles and re-preparation) is then described. Finally,
the principle of FE-DIC is briefly recalled. In the "Results" section, the influence of mesh
size and orientation is analysed in detail. Two indicators are used: the final error and the
correlation residuals. The third section proposes a first step towards the generation of syn-
thetic images to evaluate the metrological performance in a representative but controlled
situation. This is followed by a "Discussion" and "Conclusion and Outlook".
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2.1 Methodology

2.1.1 Material and patterning
Three materials are investigated in the sequel: a classical glass fabric, a classical carbon
fabric and a carbon/PPS fabric (Patou et al., 2019). The materials, fabric structures
and pattern (unit cell) sizes were chosen to provide a clear contrast in the experimental
results. The yarn structure of the three fabrics used in this study is shown in Fig.2.1.
Table 2.1 lists the main characteristics of the fabrics.

Material name Weave Pattern size [mm] Sample size [mm] Number of
samples

Glass Fabric 5 Harness Satin 6.25 150×50 3
Carbon Fabric 2×2 Twill 8 150×50 3

Carbon/PPS (C/PPS) 5 Harness Satin 6.7 150×50 3

Table 2.1: Main characteristics of the specimens and number of tests performed.

The C/PPS fabric is produced by Porcher Industries. Its commingled weft and warp
yarns are made of cracked carbon fibers with PPS yarns. Specifically, a covering is made
around the carbon fibers by the yarns in each yarn, as shown in Fig.2.1. The roving is
made using the fiber commingled yarn techniques and the co-wrapped commingled yarn
techniques (Asghar et al., 2021).

Figure 2.1: Microscopic observation of the structure of the samples : (a) glass fabric, (b)
carbon fabric and (c) C/PPS fabric.

It should be noted that in the production of glass fabrics, blue glass fine yarns are
mixed in. These yarns are oriented in the same direction as the warp and weft yarns.
These are spaced 50 mm apart and form squares on the surface. This helps during sample
preparation to ensure that the warp and weft yarns are oriented at ±45◦.

To track the displacements of the fabric using DIC, speckles must be deposited on the
fabric. Numerous preparation techniques have been proposed, depending on the nature
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of the material (Lionello et al., 2014), the temperature (Berke and Lambros, 2014) and
the scale under consideration (Helm, 2008; Stinville et al., 2016).

In most cases, the aim is for the coating to be softer than the substrate, but speckle can
also be obtained from rigid features that adhere to the surface (Barranger et al., 2012). In
the conditions we are interested in, the classic method is to use paint projection. However,
it is difficult to create good speckles on the surface of woven materials due to their high
absorbency (we want to minimize the impact of the - a priori surface - treatment on
yarn behavior) and geometry. Furthermore, due to their architecture and the type of
fibers, these fabrics in their delivered state are prone to multiple specular reflections.
As these reflections change throughout the test (without being directly correlated to the
displacement), the speckle recorded by the cameras will therefore be strongly interfered
with. Finally, if we want to be able to resolve displacements at yarn scale, we need to be
able to create multiple spots across the width of a yarn. The process of making speckle
patterns thus involves three steps: matifying the fabric to get rid of specular reflections,
creating an attachment surface and, finally, spraying scattered speckles. Two procedures,
which are the result of numerous trials, were finally retained.

• For the glass and C/PPS fabrics used in this study, the first step involves spraying
white mat lacquer homogeneously on the surface of the sample. The second step
involves applying a high viscosity white watercolor uniformly to the upper surface
of the fabric with a paint roller after the mat lacquer had dried. The purpose of
this step was to reduce impregnation of the fabric. In the final step, black mat
lacquer was sprayed at a distance of 20-30 cm from the sample to obtain uniformly
distributed and appropriately sized speckles.

• For the carbon fabric samples, the thinness of the architecture proved to be a sig-
nificant obstacle when applying watercolor. The correct amount of paint had to be
carefully determined, as an excessive amount could stiffen the fabric and later alter
significantly its mechanical properties.

Fig.2.2 illustrates the three typical speckle patterns recorded for the materials under
consideration. The latter obviously have an impact on the resolution and the spatial
resolution of DIC measurements (Lecompte et al., 2006). In practice, it is recommended
that spots be between 3 px and 7 px in diameter (Sutton et al., 2009; Jones and Iadicola,
2018). In this respect, the previous deposition methods have produced satisfactory results.
Spot size was thus examined in more detail. For glass and C/PPS fabrics, spot sizes are
mainly in the range [0.1 mm, 0.35 mm] ([3.2 px, 11.4 px] measured in the image), with a
maximum diameter of 1.8 mm (58.6 px), while for carbon fabric they are mainly in the
range [0.1 mm, 0.3 mm] ([3.2 px, 9.8 px] in the image), with a maximum diameter of 1.1
mm (35.8 px). The difference between these two distributions can be attributed to the
higher permeability and impregnation of the glass fabric compared to the other fabrics.
In addition, the resulting pattern on the yarns is mat, random, presents a wide variety
of spot sizes, and there is usually more than one spot across the width of a yarn. Such
speckle patterns should thus enable spatial resolutions of the order of the yarn width to be
approached. However, a number of potential improvements have been identified. The size
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of the spots, especially the larger ones, could be reduced and the density increased using
an airbrush. In addition, the impact of speckling on fabric behavior should be studied
in greater detail. While the effects for the samples tested in this chapter appear to be
minimal (Patou et al., 2019), we were able to observe an effect on smaller samples.

Figure 2.2: Aspect of speckle patterns obtained on the three types of fabrics studied with
the procedures proposed in this work.

2.1.2 Coupon preparation
The aspect ratio of the fabric part is next fixed at 3. In this study, the dimensions of the
textile part between the grips are 150 mm × 50 mm. One of the main contributions of this
work concerns the preparation of the specimen once speckled. We suggest gluing a 2-piece
aluminum frame that sandwiches the fabric. The primary motivation for this proposal
is to simplify the pre-test handling and the specimen installation in the tensile machine.
Indeed, the frame maintains the fibers in position during the whole manipulation, and
also allows to align simply and precisely the specimen in the machine. In addition, this
aluminium frame, once the temporary lateral members cut, will later acts as tabs. The
latter will prevent the fabric from sliding in the grips, which is sometimes observed during
the test (Boisse et al., 2017).

The main steps involved in preparing the samples are illustrated in Fig.2.3: (a) A
piece of fabric larger than the one to be tested is first cut off. Its dimensions, 180 mm
× 70 mm in the present work, correspond to those of the aluminium frame. Particular
attention is paid to the angle between the yarns, and between the cutting template and
the yarns (warp and weft yarns being oriented at ±45◦). Only one side is then speckled
(DIC side) by following the procedures suggested in the previous section. (b) Two 1 mm
thick aluminum plates are laser pre-cut. The external dimensions of these plates are 180
mm × 70 mm. Four 2 mm wide notches are also cut out. They prevent adhesive from
being squeezed in the fabric to be tested during the future bonding phase. Two of them
are made perpendicular to the axis of traction. They precisely delimit longitudinally the
region of the fabric to be tested (L=150 mm). Two triangular notches are cut out on
both sides of the aluminum plates to facilitate the release of fixation on the left and right
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Figure 2.3: Proposed bias test specimen preparation procedure. An aluminum frame
is added to the fabric piece so that the warp and weft remain well oriented at ±45◦

throughout the test preparation. The end portions will then serve as tabs during the test.

sides of the sample before the experiment starts, so that the fabric would be in a free
state. (c) An adhesive "Araldite 2011" is carefully deposited around the frames. The
sandwich is then formed. After a final check of the angle between the warp and weft
directions (external marks on the cutting table are used), one of the plates is carefully
glued to the fabric, once the test specimen is upside down, the second plate is glued (d)
The sandwich is held in place during the bonding phase by vacuum bagging. (e) The
sandwich is water-jet cut to remove two rectangles with dimensions of 150 mm × 5 mm,
as shown in Fig.2.3. Spaced 50 mm apart across the width of the test specimen, they are
used to delimit the width of the piece of fabric to be tested (W=50 mm). The small sides
of these rectangles coincide with the laser pre-cuts and allow to clear the central part of
the useless aluminium piece. (f) The end parts will be placed inside the jaws. They will
later act as tabs. Once the grips are tightened, the temporary elements of the frame are
cut to keep only the fabric between the grips. Two notches have been added to simplify
cutting.

2.1.3 Experimental setup
Fig.2.4 shows the experimental setup. It contains the following components:
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(1) An electromechanical tensile testing machine 3R Instrumentation (Remy Research &
Realizations) MEG20 TT equipped with a 10 kN load cell is selected. The manufac-
turer’s software is used to control the machine and acquire load/displacement data. The
crosshead speed is set to 10 mm/min. (2) A stereo correlation bench (Two 5Mp cameras

equipped with macro lenses) is used to estimate the global deformation of the samples
and to verify the absence of significant out-of-plane displacement. A commercial software
(Vic 3D, Correlated Solutions) was used to perform those stereo DIC measurements.

(3) A 5 MP camera (Allied Vision Pike) equipped with a Opto Engineering TC ZR 072-C
telecentric lens (Bi-telecentric zoom with motorized controls, magnifications, × 0.125, ×
0.250 , × 0.500 and × 1.000) is preferred to perform FE-DIC measurements in the region
of interest (ROI). It is mounted on a tripod equipped with a 3-Axis translation stage.
This camera-lens assembly could eventually be used to carry out multi-scale acquisitions
while following the region of interest. It is carefully positioned so that the optical axis
is perpendicular to the sample surface. These precautions make it possible to limit the
impact of out-of-plane displacements on the in-plane measurements. For this study, a
single, fixed field of view is selected (70.4 mm along the tensile direction × 52.8 mm), and
is located near the lower wedge grip (fixed).

The camera cluster is mounted in front of the tensile testing machine and faces the
speckled side of the specimen as shown in Fig.2.4. The VicSnap acquisition software
(Correlated Solutions) is used to grab the images during the experiment. A led lighting
allows to reduce exposure time (20 ms), reduce noise and sensitivity to variations in
ambient light. The image acquisition rate is set to 1 frame/second.

Figure 2.4: Experimental setup for the bias extension test. A stereo-DIC bench allows
measuring the global fabric deformation. A 5 Mp camera equipped with a telecentric lens
zooms on a smaller ROI to perform 2D FE-DIC measurements.
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2.1.4 FE-DIC
In this work, the images captured during the tests are processed using Pyxel (Passieux,
2021), which is an open-source library for FE-DIC developed at the Clement Ader Institute
(see section 1.4.1.2 for more details). Here, we just analyse the images grabbed by the
camera equipped with the telecentric lens, and we perform a 2D DIC measurement. A
simple uniform quadtree structured mesh is then generated using the Gmsh software
(Geuzaine and Remacle, 2009). It is made of Q4 linear elements (see Fig.1.31). In practice,
we measure an in-plane macro 2D displacement field (the stereo DIC measurements show
that the fabric remains flat for the images considered). In our case, the adoption of a
telecentric lens and a "quasi-plane" kinematics greatly simplify the calibration phase. The
magnification is indeed known, and distortions can be neglected. Only one rotation and
one translation must be entered to position the mesh with respect to the image.

Thereafter, we study the impact of the mesh size and the orientation of the mesh
(with respect to the orientation of the fabric) on the measurements. A "Subpixel Transla-
tions" method is first applied to investigate the impact of mesh size on the ultimate error
(Bornert et al., 2009, 2018). The reference image is artificially translated in successive
steps of 0.05 pixels from 0 to 1 pixel, and each generated image is then considered as
a new "deformed" image. The displacement field is finally measured and compared to
the imposed displacement. Two parameters are subsequently introduced (Fouque et al.,
2021):

• The systematic error:

eu = 1
N

N∑
n=1

∑
α∈(x,y)

(Um
αn − U imp

αn ) (2.1)

• The random error:

σe =

√√√√√ 1
N

N∑
n=1

∑
α∈(x,y)

(Um
αn − U imp

αn − eu)2 (2.2)

where N represents the number of nodes in the mesh, Um
αn the displacement measured

at node n, where α indicates the component under consideration (α ∈ (x, y)) and U imp
αn is

the corresponding imposed displacement

From another perspective, at convergence, From another point of view, the quality of
a real image registration at algorithm convergence is revealed by the grayscale residual
map. Two indicators are then exploited:

• global residuals
residuals = f(P (X)) − g(P (X + U(X)))

η
(2.3)

• the standard deviation of the global residuals R

R =

√√√√√ 1
N

N∑
n=1

∑
α∈(x,y)

(µn − µn)2 /η (2.4)
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where η = Max(f) − Min(f) stands for the range of gray-levels in the ROI and
µn = f(P (X)) − g(P (X + U(X))) for the residual correlation field at convergence.

A low residual R (relative to the noise in the images) indicates that the displacement
field obtained by the FE-DIC method is consistent.

2.2 Results

2.2.1 First observations and conventional data processing
The specific procedure proposed in this chapter to prepare the specimens gives very sat-
isfactory results. The added frame plays its role perfectly. The orientation of the warp
and weft yarns in the reference image captured at the very beginning of the bias test have
been measured. For all the specimens manufactured, the absolute values of the angles be-
tween the yarns (warp or weft) and the tensile axis are in the following range [44.6°, 45.2°].
Moreover, while this procedure may seem complex, it greatly simplified later testing. Last
but not least, no slippage between the sample and the jaws was observed.

The load/displacement curve for a C/PPS fabric sample is presented Fig.2.5. Similar
to the shear deformation of classical woven fabrics, the bias extension test can be divided
into three main phases:

Figure 2.5: Example of Load[kN]/Displacement[mm] curve for a bias extension test per-
formed on a carbon/PPS fabric studied in this paper. As with more conventional fabrics,
three phases of deformation can be clearly distinguished.

Phase I: The yarns rotate at the warp and the weft crossover point under a relatively
small force (<15 N). The degree of deformation is small, and the low stiffness is due to
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friction of the yarns between them;

Phase II: The second phase is characterized by the shear locking phenomenon, where
adjacent yarns in the same direction come into contact and produce lateral compression.
This phenomenon can be observed by measuring the shear angle between the warp and
weft yarns, and the locking angle can be observed;

Phase III: In the final phase, the lateral compaction of the yarns gains in intensity and
is added to the friction of the fibers, causing the stiffening of the fabric. Depending on
the nature of the fibrous reinforcement, this phase is generally accompanied by wrinkling
of the reinforcement.

Figure 2.6: Comparison of (a) theoretical of shear angles obtained from the formula 1.1
and measured and of (b) the load/shear angle curves for the three fabrics studied in this
chapter (carbon fabric, glass fabric, and C/PPS fabric)

Fig.2.6 (a) displays the shear angle variation curves for the tested samples. The
green curve represents the theoretical shear angle variation curve derived from equation
1. The remaining curves illustrate the shear angle variation of the experimental samples,
including one glass fabric, one carbon fabric, and one C/PPS fabric sample. According
to the formula, the maximum theoretical elongation of the sample is 41.4 mm, which
indicates that the sample will enter the third stage before it is stretched by 41.4 mm. The
shear angle variation curve indicates that the shear angle of the test sample no longer
changes significantly when the glass fabric is stretched by 35.8 mm and the C/PPS fabric
is stretched by 39.2 mm. This result indicates that the experiment will enter the third
stage, and the shear angle at this point is the locking angle mentioned in Fig.2.5.

The previous shear angle estimation allows for the derivation of the Force/Shear-Angle
curve (Fig.2.6 (b)). Due to the variation in fabric structure, the tensile force applied to the
samples at the same shear angle showed a significant difference. Several factors influence
tensile strength, including the material, production process of the fibers, and warp and
weft yarn winding method.

The images acquired during the test are subsequently used to measure the in-plane
displacement field using FE-DIC. As planned, we propose to investigate the effect of 2
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key parameters, namely element size and mesh orientation, on the ultimate error and the
correlation residual R.

2.2.2 Influence of mesh size

Table 2.2: Mesh size in mm and approximate number of pixels used by an element.
Number of elements 36 24 18 12 9

Mesh size [mm] 0.982 1.473 1.964 2.946 3.928
Approximate number of

pixels used by an element 32×32 48×48 64×64 96×96 128×128

The choice of mesh size is indeed the result of a tricky compromise. A large element
size allows us to benefit from a large amount of information (large number of pixels
covered), thereby reducing measurement uncertainties, while at the same time reducing
the chances of being able to describe the underlying kinematics correctly (a bi-linear
interpolation certainly can’t describe the movement of multiple warp and weft yarns of
the textile reinforcement).

Figure 2.7: Typical reference image of a glass fabric captured by the 5Mp camera equipped
with the telecentric lens (optical resolution: 3.07 × 10−2 mm/px). The tensile axis X is
horizontal (sample width=50mm). 3 meshes covering the same ROI are shown here in
the first row. The three corresponding element sizes are (a) 0.98 mm (approx. 32x32 px2
available for correlation calculation), (b) 1.964 mm ( 64x64 px2) and (c) 3.928 ( 128x128
px2). The second row shows a zoom on a finite element.
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As a first step, we therefore propose to study the evolution of the ultimate error as a
function of mesh size using the procedure introduced in Section 2.1.4. The element size is
varied while fixing the size of the ROI (see Fig.2.7). The same number of nodes is used in
both horizontal and vertical directions. The resulting numbers of elements are specified
in table 2.2.2. The optical resolution in our case is around 3.07 × 10−2 mm/px. As the
number of pixels used by each element is a non-integer value, an integer value is chosen to
indicate approximately the number of pixels that each element uses during the correlation
process (so that it can be compared with more traditional subset based approaches).

It should be noted that the FE-DIC algorithm no longer converges when the element
size is less than approx. 0.982 mm (approx. 32×32 px2) due to speckle deficit on certain
yarns and/or in inter-yarn regions. As usual, the size of the speckle combined with the
optical resolution sets a kind of lower limit to the spatial resolution (Sutton et al., 2009;
Bornert et al., 2009). The displacements measured by FE-DIC are then compared with
the imposed displacement. The evolution of systematic eu and random errors σe is shown
in Fig.2.8. Measurement errors are of the same order of magnitude for all three fabrics.
We note that the measurement bias is generally smaller than the random error. In the
following, we will therefore focus on random errors σe. The latter are small in relation
to the size of the yarns (only a few hundredths of a mm), but they are almost ten times
greater than those observed in more common situations (they reach values representing
several tens of pixels in the image). To better illustrate the relationship between mesh
size and random error σe, we propose a new parameter, namely the median of the random
error (noted MRE in the following). The MRE simply corresponds to the value of σe

obtained for a reference image translation of 0.5 px (along the X-axis direction). Figures
2.9 (a), (c) and (e) show the evolution of MRE as a function of element size for various
samples of the 3 materials studied. Classically, for small element sizes, the MRE starts
to decrease as the element size increases. After a certain value, however, it increases.
Surprisingly, for all the fabrics tested, there appears to be an element size that minimizes
the ultimate error. We believe that speckle patterning largely explains the first part of
the curves (more informative gray-level gradients, better resolution), and that the second
part of the curves stems from the strong anisotropy of the recorded pattern induced by the
material architecture (yarn structure clearly visible) and its effect on speckle patterning
(large, elongated spots). For the glass fabric samples, the MRE are the smallest for mesh
sizes between 1.47 (approx. 48×48 px2 in each element) and 1.96 mm (approx. 64×64 px2
in each element). The variation within the samples is likely due to the difference between
speckle patterns, and this variability highlights the importance of this study. The findings
are similar for the C and C/PPS fabris: the smallest MRE is obtained for a mesh size of
approx. 1.96 mm. As a reminder, the width of one yarn of glass fabric, carbon fabric,
and C/PPS fabric are around 1.25 mm, 2 mm, and 1.34 mm, respectively. The optimum
size for minimizing the ultimate error is therefore larger than the yarn width, with the
exception of carbon fabric, for which they coincide.

We are now interested in real experiments. FE-DIC measurements are carried out
during the bias extension tests in the ROI specified in Fig.2.7 (overlapping the 3 usual
zones presented in section 1.3.1). The results for a displacement d=2 mm are presented
in Fig.2.9. The measured displacement field ux (along the tensile loading direction X)
is completely in line with the expectations (cf. Section 1.3.1). The triangular zone A
(min. displacement in dark blue) is clearly visible, as are the beginnings of the other
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Figure 2.8: Artificial "deformed" images are created by applying sub-pixel translations to
the reference image. An error, known as the ultimate error, between the displacements
measured by FE DIC and those imposed (Bornert et al., 2009). The left-hand column
shows the evolution of the systematic error eu, while the right-hand column shows the
random error σe (in mm). From top to bottom: (a) and (b) are the curves obtained for a
glass fabric sample, (c) and (d) for a carbon fabric sample, (e) and (f) for a C/PPS fabric
sample. In the same graph, the different curves correspond to different element sizes.
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Figure 2.9: FE-DIC results obtained using Pyxel (Passieux, 2021) and displayed with
ParaView (Ahrens et al., 2005). Distribution of the measured horizontal displacement
field ux (along the loading direction, in mm) in the deformed configuration (×10) and
corresponding correlation residual maps (in %). The ROI studied is shown in Fig.9. The
element size is set at 1.964 mm (approx. 64 × 64 px). The samples were stretched by 2
mm. Results for 3 samples are presented: for a glass fabric sample ((a), (d)), for a carbon
fabric sample ((b), (e)) and for a C/PPS fabric sample ((c), (f)).
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zones. However, there are significant differences in terms of maximum values and gradients
depending on the fabrics studied. Fig.2.9 also features residual maps, a strength of FE
DIC, for different fabrics. As explained earlier, these maps are used to estimate the
quality of the image registration performed. A structure clearly appears, in particular
in the case of carbon fabrics: we observe more important residuals at the level of the
inter-fiber regions and crossings. For glass and C/PPS fabrics, correlation residuals are
greater on the left, i.e. where the displacements are greater.

To better explain those residual maps, we studied in more detail the first 12 images
obtained during the tests for each material (12th image: 2 mm extension). For glass
fabrics (Fig.2.9 (d)), the main source of residuals is the specular reflection that evolves
during the experiment. Although our method of speckle creation clearly improved the
results, the deformation of the sample resulted in the mat coating on the surface splitting
or peeling off, giving rise to some reflections and a slight variation in speckle distribution.
Regarding carbon fabric (Fig.2.9 (e)), the speckle deposited on the wires doesn’t seem
to be too altered by the deformation, and there’s very little specular reflection. The
singularly higher residual levels in the inter-yarn and cross-yarn regions clearly reveal the
model error linked to a too poor kinematical description. Each carbon yarn is indeed
flattened and the frictional forces between yarns are relatively low, facilitating inter-
yarn movement. The yarns kinematics is correctly captured, but, as expected, the linear
interpolation adopted inside such a large element (in comparison with the inter yarn
distance) associated with the imposed continuity of the displacement field cannot describe
the underlying complex kinematics. The kinematics of the wires are correctly captured.
But, as expected, the linear interpolation adopted, the size of the element (far too large in
relation to the inter-wire distance), added to the imposed continuity of the displacement
field mean that the underlying complex kinematics cannot be captured. This results in
high correlation residuals concentrated at yarns crossings and between yarns. For C/PPS
fabric (Fig.2.9 (f)), the distribution of points with large correlation residuals is more
diffuse. The reason for this is that C/PPS fabric is manufactured using fiber commingled
yarn techniques and co-wrapped commingled yarn techniques, as shown in Fig.2.1 (c).
The speckle deposition procedure is therefore not sufficient to get rid of the specular
reflections caused by the PPS yarns. The gray-level values of these reflective spots change
constantly in the various images recorded, resulting in a flickering of the speckles, which
in turn leads to a salt-and-pepper appearance of the residual map. The effect is most
pronounced in regions that experience the most displacement.

We will now examine in greater detail the impact of mesh size on correlation residuals.
More specifically, we evaluate the influence of mesh size on the standard deviation of
the global residuals R (introduced in Section 2.1.4: see Equation (2.4)), later named
correlation residual, for a given stretch (d=10 mm). Fig.2.10 (b), (d), and (f) show the
same trend for all samples, whatever the material considered. The correlation residual
increases with element size. This observation can largely be related to the increase in
model error when the size of the elements becomes large in relation to the yarn width
(i.e. the interpolation of the displacement field, here linear by elements, is clearly too poor
to represent the deformation of a fabric). Conversely, if we reduce the size of the elements
to better describe the kinematics, we become more sensitive to spurious variations in the
recorded pattern, whether induced by kinematics (for example, masking effects linked to
the movement of a yarn covering/discovering speckle on the yarn below) or by changes

- 62 - Doctoral thesis - XU Taiwei



Chapter 2 : Parametric study of the performance of FE-DIC

Figure 2.10: Evolution of MRE, the median random error (left-hand column), and of R,
the correlation residuals (right-hand column), as a function of the mesh size. Results for
3 samples of each fabric (from top to bottom: glass, carbon, and C/PPS) are presented.
The sample was stretched by 10 mm.
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in gray levels (for example, associated with specular reflections or speckle degradation).
The previous study also clearly showed that decreasing the size of the elements below a
certain value will be accompanied by greater measurement uncertainties (cf. Fig.2.10).
For all the fabrics tested, an element size of between approximately 1.5 and 2 mm seems
to provide an interesting compromise between resolution and spatial resolution. In what
follows, we focus on the effect of mesh orientation, and only element sizes 1.47 and 1.96
mm are examined.

2.2.3 Influence of mesh orientation
In the literature, to the best of our knowledge, subset-based local DIC processing of bias
extension tests is always carried out using square subsets, one side of which is substantially
aligned with the tensile direction (due to the orientation of the image with respect to
the specimen). In this work, we propose to study the impact of mesh orientation, and
therefore of its elements, on FE-DIC measurements. We compare the quality of the image
registration performed using the global residuals, and in particular the correlation residual
R. We use again a uniform quadtree structured mesh rotated by an angle θ with respect
to the tensile axis X as shown in Fig.2.11. The diagonal of this square mesh is set to 50
mm, to match the width of the sample. To objectively compare the results obtained for
different angles, we propose to extract information only from the common circular region
common to all meshes defined in Fig.2.11.

Figure 2.11: A uniform square structured mesh is again used. It is now rotated through an
angle θ with respect to the tensile direction X. The diagonal of the square mesh matches
the width of the useful region. FE DIC measurements are made for angles ranging from 0◦

to 90◦. The correlation residuals R obtained (standard deviation of correlation residuals)
are compared only in the circular region common to all mesh orientations (in yellow).

The influence of mesh orientation on R is examined from two perspectives: (1) the
effect of mesh orientation for the 2 element sizes selected (1.47 and 1.96 mm: approx.
48×48 px2 or 64×64 px2 used) at a given stretch (d=5 mm); and (2) the impact of mesh
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orientation when the mesh size is fixed at 1.96 mm (approx. 64×64-px2 used), but for
different stretches (d=5 mm, 10 mm, 15 mm, and 20 mm). Fig.2.12 illustrates for the 2
analyses considered the evolution of R as a function of the mesh orientation θ for all three
materials, more precisely for a glass fabric sample ((a) and (b)), a carbon fabric sample
((c) and (d)), and a C/PPS fabric sample ((e) and (f)). Rotation angles θ ranging from
0◦ to 90◦ in steps of 5◦ are studied. When the mesh is rotated by 45◦, the edges of the
elements are theoretically parallel to the warp and weft yarns.

For the glass fabrics, all the curves R(θ) obtained look similar. They all feature
a valley where residuals are significantly lower than on the surrounding plateaus and
virtually constant. Changing the mesh size basically causes the curve to shift vertically.
Fig.2.12 shows that R goes from about 3% in the valley to about 3.8% on the plateaus and
from 3.2% to 4% for an element size of 1.47 mm and 1.96 mm respectively. The larger the
element size, the larger the residuals. The difference between the residuals obtained for the
2 element sizes at a given θ is in line with the observations made in the previous paragraph
(around 0,2 % - see Section 2.2.2). The valley extends over a range of θ angles from
approximately 20° to 60°. Fig.2.12 (b) shows that the shapes of the R(θ) curves are similar
for the 4 stretching lengths examined. However, the difference between the residual levels
observed in the valley and on the neighbouring plateaus becomes increasingly marked
with stretching. In addition, the width of the valley decreases slightly with increasing
stretching length: its extent varies from around [20°, 60°] to [25°, 60°]. We haven’t been
able to verify this, but we’re leaning towards a clear modification of the pattern linked
to both kinematics and specular reflections. For example, as the yarns are brought close
together, the spacing between adjacent yarns is reduced until they touch, resulting in a
smoother sample surface in the second stage, a slightly higher reflectivity, and a slightly
higher density of speckles.

For the C/PPS fabric sample (Fig.2.12 (e) and (f)), the curves have usually the same
aspect as those obtained for glass. The influence of mesh orientation is also significant.
Smaller residual values are concentrated in the range of mesh orientation of [30°, 50°]. We
assume that the same reasons as above are behind these observations. This range is clearly
narrower than that observed for glass fabrics (see Fig.2.12 (a) and (b)). This is probably
due to the presence of co-mingled fibers, which are potential sites for specular reflections.
It is interesting to note that for some samples, the influence of mesh orientation is no
longer observed. This is attributed to regions where the speckle on the yarns is too coarse
(large regions without gradients of gray-levels). Figure 2.13 shows the speckle pattern
when the influence of mesh orientation is observed (a) and not observed (b).

For the carbon fabric sample (Fig.2.12 (c) and (d)), the situation is different. Correla-
tion residuals are approximately within the ranges [3.9, 4.2] and [4.4, 4.6] % respectively
for these two different mesh sizes. No clear valleys or plateaus emerge. The influence
of mesh orientation on the residuals is not significant: changing the mesh orientation
has here no obvious positive/negative effect on the quality of image registration. Our
interpretation is that the speckle is theoretically dense and thin enough to obtain well-
resolved displacement measurements, but that most of the residuals are due to the poor
kinematic description (see previous section: continuity of displacement imposed by the
FE description, and element size too large compared to the inter-yarn size). In fact, the
carbon yarn is less prone to specular reflections, and the architecture of the fabric leads
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Figure 2.12: Evolution of the standard deviation of the overall residuals R as a function
of the relative mesh orientation/tensile direction θ for a glass fabric sample ((a) and (b)),
a carbon fabric sample ((c) and (d)), and a C/PPS fabric sample ((e) and (f)).
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to much better speckle coverage. Fig.2.12 (d) shows that the model error increases with
extension.

Figure 2.13: Comparison of speckle patterns for experiments where the influence of mesh
orientation (a) can be observed and (b) is not observed. A clear difference in terms of
dots density and distribution is observed.

2.2.4 Interim report
One of the delicate points of the previous analysis is that the evolution of the correlation
residuals is multi-factorial. As mentioned on several occasions, the increase in the latter
may in fact be due to flaking of the speckle, a variation in the reflected light, poorly
described kinematics, and so on. On the other hand, the analysis of a sub-pixel translation
can in no way account for the influence of kinematics in the real performance of an FE-DIC
measurement.

In the following section, we present the first initiated works aimed at producing syn-
thetic data representative of the product test, but where the displacement field is known.
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2.3 A first step towards synthetic ground truth data
to challenge (FE-)DIC

The work described below is part of a more general approach to develop "ground truth"
data to better evaluate the performance of DIC algorithms. The idea is to advect a
predetermined speckle applied to an object’s surface from a known displacement field
(Reu et al., 2022) to better understand the effect of mesh selection on measurement error.
It is now possible to move the approach to 3D and exploit a calculated field (Balcaen
et al., 2017; Rohe and Jones, 2022). This type of approach makes it simpler to study the
influence of certain parameters, and to evaluate a priori the performance of the algorithm
in more representative situations (field mimicking the expected experimental field, and
not a simple translation, effect of lighting and shooting, etc.), but with perfect knowledge
of the displacement field . We propose to initiate such a procedure for our case study.

2.3.1 Generation of synthetic images

Modelling of a micro-bias extension test is thus used to generate synthetic images.

2.3.1.1 Reference displacement field based on FE simulations

The geometry selected is intended to be representative, but the aspect ratio of the ROI is
just 1.5. The CAD model is created using Texgen and updated with tomography data as
described in Chapter 4. Volumetric meshing is performed in Abaqus from an STL mesh
generated by TexGen. The resulting mesh is shown in Fig. 2.14 (a). FE calculations
performed in Abaqus consider elastic yarns, but frictional contacts between them. The
whole simulation is divided into 200 steps.

2.3.1.2 Boundary conditions

Boundary conditions simulating gripping are applied to the ends. A uniform horizontal
displacement is applied to the left edge while the right edge is clamped. No out-of-plane
displacement is allowed on the "free edges". For more details on this aspect, one could
again refer to Chapter 4.

2.3.1.3 Creating an artificial speckle on the mesh

The speckle can be mimicked by marking the skin of the FE model element by element.
A simple method is proposed here. We start from a white background. Then, a gray level
is assigned to each element visible from above so as to produce a believable speckle. In
practice, several pixels are manually and randomly assigned to an element set. Here, 4
element sets are defined. Each of them is assigned its gray level. Fig.2.14 shows three
groups of different speckle distributions, and four sets of "elements" are defined in each
group. The whole surface of both yarn and weft yarns are here speckled. Three speckles
have been produced following this procedure in Fig. 2.14 (b-d).
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2.3.1.4 Image synthesis

Images corresponding to "top views" are then generated at all stages of mesh deforma-
tion (i.e. 200 images) directly in Abaqus. They mimic the acquisition by the cam-
era+telecentric device. The reference image and the deformed images are simply taken
from screenshots. The corresponding image resolution is 1150 x 661 pixels2. The corre-
sponding pixel size is approximately 0.019 mm.

Figure 2.14: Mesh of a "micro" bias extension test specimen generated from the X-ray
tomographies performed in Chapter 4 (a). Three speckles were manually generated on
the surface of the specimen by randomly colouring the elements (b-d). Synthetic images
were generated by taking a ’top view’ (a view similar to that provided by the telecentric)
screenshot mimicking the scanning process carried out by the sensor.

2.3.2 a priori evaluation for FE-DIC mesh size choice
As with real experiments, we want to evaluate the ultimate error in our situation in order
to select a correct element size before proceeding further. The ROI here covers the entire
surface of the model. The element size is 0.673 mm, 0.904 mm, 1.250 mm, 1.673 mm, and
2.038 mm, to use about 35 × 35 pixel2, 47 × 47 pixel2, 65 × 65 pixel2, 87 × 87 pixel2,
and 106 × 106 pixel2 respectively in the DIC process.

The evolution of the systematic error and random error is shown in Fig.2.15. As in
Section 2.2.2, the reference image is translated horizontally in the x-direction by successive
steps of 0.05 pixels between 0 and 1 pixel.

The evolution of the systematic error according to the displacement is classical (S-
shaped). The maximum amplitudes range from 0.012 to 0.017 mm for the different element
sizes considered. We attribute these higher amplitudes than those observed in real tests
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Figure 2.15: Evolution of systematic and random errors for the synthetic images generated
using Abaqus simulations

(0.006 to 0.008 mm) to the low image resolution, as well as to the excessive simplicity of the
speckles (too uniform size, too sharp texture). In the same way, the random errors have
a bell shape and the levels are again higher than those observed in the real experiments.
Once again we see that the random errors are more important than the systematic errors.
However, their level depends much more on the size of the element. Consequently, we
are again interested in the evolution of MRE (median value of the random error) as a
function of the element size plotted in Fig. 2.16. Fig.2.16 shows that the random error
is somewhat minimal when the mesh size is around 1.250mm. This value is retained for
subsequent analyses. It is worth noting that the yarn width in the model is close to 1.14
mm.

Figure 2.16: Evolution of the median value of the random error (MRE) for the synthetic
images generated using Abaqus simulations
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2.3.3 FE-DIC diplacements and residuals for the selected mesh
size

We are interested in the displacement field between the reference image and the last
synthesised image. As a reminder, the left part of the sample then moves by 2mm. The
element uses around 65 × 65 (pixel2) gray levels values.

Figure 2.17: Displacement field measured by FE-DIC from synthetic images (unit m).
The yellow dot indicates a point where the displacement is particularly important and
will be investigated.

Fig.2.17 shows the corresponding displacement field calculated with Pyxel. This field
should be compared with Fig.4.25 (a). Non-shear and semi-shear zones are clearly ob-
servable. In order to better compare subsequently the imposed displacement with the
measured displacement, a node is selected in the region of extreme values indicated in
Fig.2.17. The displacement curves as a function of time for this node are plotted in Fig.
2.18. As we are performing 2D DIC, only the displacement components (along the X
and Y axes) and their magnitude are available in the planes. Their maximum values are
-2.878 mm, -0.361 mm and 2.900 mm respectively.

The quality of the correlation can be assessed from the correlation residuals shown in
Fig.2.19. It shows that the high residuals are mainly located

1. at the edges of the strands and at the level of the crossings between strands

2. on yarns where significant relative slip occurs in the simulation (Fig.4.25).

3. at the edges of each Abaqus element mesh. There are two main reasons for this.
Firstly, the creation of the speckle pattern is based on the Abaqus mesh, knowing
that this mesh is very regular (same size and ordered). The other reason is that the
speckle is sharp and contains only few gray values.

We now focus on the global residual R defined by Eq.2.3 (see section 2.2.2). Fig.2.20
shows the evolution of R according to different mesh sizes for 3 different speckle patterns.
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Figure 2.18: Evolution of the measured displacement (Pyxel) of the node selected in Fig.
2.17 according to the number of the processed image.

Figure 2.19: Correlation residual map obtained from the synthetic images for the last
loading step.
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Figure 2.20: Evolution of the global correlation residual R as a function of mesh size,
obtained for 3 different speckle distributions.

There is no significant difference between the three curves. In fact, the dot size and density
are almost identical. As expected, we observe that the larger the size of the elements,
the larger the residuals. This is largely due to an increasingly poor representation of the
underlying kinematics. However, there is a slight bend in the curve at the value chosen
for the FE-DIC measurement shown above.

2.3.4 Comparison in between Abaqus computed displacements
(ground truth) and FE-DIC measurements for a given
mesh size

The most important difference between the simulation and the real experiment in this
section is that the imposed displacement field is known. Therefore, the ability of the
FE-DIC algorithm to track the displacement field could be evaluated by studying the
imposed displacement field.

Firstly, the parameter is proposed as the relative displacement error E which is based
on the imposed displacement field, as follows :

E =
uimposed

Abaqus (X) − umeasured
P yxel (X)

σ
(2.5)

where uimposed
Abaqus (X) is the computed displacement used to generate the synthetic im-

ages; umeasured
P yxel (X) is the FE-DIC displacement measured from those images; and σ =

Max(uimposed
Abaqus (X)) − Min(uimposed

Abaqus (X)) is the range of imposed displacements.
The evolution of the displacement uimposed

Abaqus with respect to the frame number for the
node selected in Fig. 2.17 is shown in Fig. 2.21. The maximum displacement uimposed

Abaqus

reaches -2.349 mm, -0.571 mm and 0.906 mm along the X, Y and Z axes respectively. The
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Figure 2.21: Evolution of the imposed displacement (Abaqus calculation) of the node
selected in Fig.2.17 according to the number of the synthesized image. The displacement
measured by FE-DIC at the same point is shown in dotted lines for comparison.

Figure 2.22: Distribution of the relative error between measured displacements and im-
posed displacements for all the nodes of the mesh (mesh of Pyxel). The results are listed
here from smallest to largest.
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difference in displacement between the displacement imposed and measured by FE-DIC
uimposed

Abaqus − umeasured
P yxel is therefore at most 0.529 mm on the X-axis, 0.211 mm on the Y-axis

and -0.48 mm in norm (in the X,Y plane). The corresponding relative error E for this
node is 19.4% along X, 5.4% along Y and 20% in norm (see Fig.2.21).

Fig.2.22 shows the relative error level for all mesh nodes. In practice, the nodes are
arranged so that they go from the smallest residual levels to the largest. The total number
of nodes is 13 × 9 = 117. It can be seen that the residuals of the nodes moving along
the X-axis (stretching direction) are larger than the residuals of the nodes moving along
the Y-axis. In other words, when tracking the displacement field, the measurement error
in the stretching direction is greater than that in the other directions. It is also evident
that there are several nodes where the E error is excessive, causing the motion tracking
to fail. After analysis, it was found that these faulty nodes are mainly concentrated at
the upper and lower boundaries of the mesh.

2.3.5 Comparison of FE-DIC measurements for different mesh
sizes

We now want to compare FE-DIC measurement errors as a function of mesh size. To do
this, we now introduce the unscaled standard deviation of the displacement errors:

SDu =

√√√√√ 1
N

N∑
n=1

∑
α∈(x,y)

(ξn − ξn)2 /σ (2.6)

where ξn = uimposed
Abaqus (X) − ucalculated

P yxel (X) is the displacement error, and ξn is its mean.
For an element size of 1.25 mm (using around 65 ×65pixels2), the unscaled standard

deviation SDu is 7.691 % along X, 5.485 % along Y and 7.285 % (in norm). This latter
value can be considered acceptable for tracking large strain displacement fields. We now
perform the same type of analysis for the other mesh sizes, but with the same speckle
pattern.

Fig.2.23 shows the evolution of the unscaled standard deviation SDu as a function of
the size of the elements. The red crosses in the figure indicate the standard deviations
SDu of the norm of the displacement. The upper and lower limits represent the SDu

along the X-axis (upper limit) and the Y-axis (lower limit). This analysis shows that the
mesh size has a significant effect on the quality of the tracking performed by 2D FE-DIC.
When the mesh size is smaller than the strand width (1.1 mm), SDu is smaller than when
the mesh size is larger than the strand width. The scaled standard deviation SDu is
smallest (7.285 %) when the mesh size is close to the strand width. This finding supports
the choice of element size suggested in section 2.2.2.

2.3.6 Comparison of FE-DIC measurements for a given mesh
size but different speckles

This time we are interested in the effect of different speckle patterns, but with a fixed
element size of 1.25 mm (65 × 65 − pixel2).

Fig.2.24 shows the unscaled standard deviation of the displacement errors SDu for the
three speckle patterns (shown in Fig. 2.14), but with the same mesh (element size = 1.25
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Figure 2.23: Unscaled standard deviation of the displacement errors for different mesh
sizes with the same speckles distribution. The red crosses correspond to the displacement
norm deviations, while the top and bottom of the bars indicate the displacement deviations
along X and Y, respectively.

Figure 2.24: Unscaled standard deviation of the displacement errors for the three speckle
patterns (shown in Fig. 2.14). The FE-DIC element size is set to 1.25 mm (65×65pixel2).
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mm). This figure shows that generated pattern has a direct effect on the tracking of the
displacement field. The first speckle seems to give better results overall. A refinement of
the mesh (what about the calculation time?) and/or another procedure for creating the
speckle pattern could make it possible to improve the latter.

2.4 Discussion
The aim of this work is to initiate work on FE-DIC in the context of fabric testing, with a
view to eventually developing test/calculation exchanges at yarn scale. Because the classic
bias extension test was chosen, we therefore decided to carry out FE-DIC measurements
in only a part of the specimen (region close to the heels which includes the 3 regions of
uniform deformation, but above all interesting gradient zones). We are interested here in
the impact of the mesh selected on the FE-DIC measurement.

For subset based approaches, subset size and shape function are clearly identified by
DIC users as the two key parameters. The resolution and spatial resolution of the DIC, for
a given speckle pattern, result from this parameterization (Pan, 2018). It is ideal for the
subset size to be large enough to contain sufficient information to mitigate random errors
caused by image noise, and for the shape function to accurately approximate local actual
deformations in the target subset region. For FE-DIC approaches, the same concerns
prevail: one must also be interested in the effect of the size of the element and the
FE shape function. Here, the FE-DIC (formulated in physical space) is conducted with
a uniform structured QUATREE mesh (using bilinear quadrilateral element). All the
elements therefore have the same size, which makes it possible to derive statistics. With
this approach to DIC, it even becomes very simple to orientate the elements with respect
to the tensile direction (here, we simply rotate the mesh). In this work, we therefore
look at the effect of both element size and orientation. The results suggest that if we are
unable to obtain an adequate speckle pattern and must therefore work with an element
size larger than the yarn width, it is preferable to align the elements approximately
with the yarn directions. This precaution considerably reduces the level of correlation
residual. Our interpretation is that when a large part of the correlation residual is linked to
alterations/changes in the speckle pattern, then orienting the mesh along the yarns should
make it possible to take advantage of the continuity of the displacement introduced by
the EF description (regularizing effect). Conversely, when the speckle pattern is passively
advected, but its characteristic size does not allow the adoption of small enough elements,
most of the residuals come from the model error.

The previous study makes it possible to envisage several ways of improvement. First,
despite our best efforts, reflection from the surface of the fabric was observed during the
tests, through the speckle detachment or poor coverage of certain elements (e.g. PPS
strands). Secondly, the size of the dots (especially the larger ones) should be reduced and
their density increased. We plan to explore other ways of speckling. Furthermore, only
three fabrics were studied. Other fabrics could be tested to support our conclusions. This
kind of parametric study could be carried out for any new fabric study. Nevertheless,
we think it would be interesting to carry out a similar study using synthetic images
generated from simulations, in order to have an objective ground truth (controlled images
and displacement fields). Such a study would certainly give us a better idea of the various
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sources of uncertainty in such a situation. This work is currently in progress. Finally,
the proposed method does not address the challenges caused by the complex kinematics
between yarns and defects in shear deformation. This question is part of future work. An
outlook on this work includes:

1) Optimizing FE-DIC for the measurement of less biased displacement fields during large
fabric transformations. In fact, as observed in this chapter, the correlation residual in-
creases significantly as the extension increases. In addition to the problems associated
with poorly approximated kinematics, and despite all efforts to improve the speckle,
the evolution of the recorded pattern clearly cannot be neglected. We are considering
2 avenues:

a) The first involves adopting an incremental approach. This could be achieved by de-
composing the problem into several consecutive FE-DIC problems. One advantage
of the FE-DIC method presented is that it allows us to simply update the reference
image (e.g. image n) and the mesh for subsequent calculations (e.g. we can exploit
the deformed mesh obtained for image n). Different strategies can be envisaged.
The correlation residual is an invaluable ally for comparing the performance of the
latter. This work is presented in the nex chapter.

b) Eventually, we plan to use an FE mesh that conforms to the real architecture
(Rouwane et al., 2022, 2023a). For example, it would be interesting to use a mesh
for each yarn. Our initial tests, with a single element across the width of the yarn,
show that this approach is feasible but that the uncertainty levels associated with
the measured displacements are not reasonable. The challenges to be overcome in
order to make this measurement exploitable include (i) improving the speckle (ii)
constructing a conformal mesh (iii) devising a suitable regularization (Chapelier
et al., 2021) (iv) addressing the tricky question of visibility.

2) Studying the mechanical behavior of fabrics during in-situ testing performed in a X-
ray micro-CT. The goal is to investigate the fabric structure and kinematics at the
yarn scale. This question will be the subject of the last chapter of this document.

Assessing the resolution of the FE-DIC measurement in such a context is, as we have
seen, particularly complex. An a priori study, although it seems to help in the choice
of an element size more adapted to a speckle pattern and probably to an architecture,
allows even less than usual to anticipate the "true" level of the expected uncertainties.
Furthermore, the evolution of the correlation residual during the test depends on a large
number of parameters. The effects of kinematics, speckle degradation, specular reflections,
etc. come to mind. The idea of generating synthetic data, as proposed in this chapter,
seems attractive in this context. Indeed, it would make it possible to test the 2D FE-DIC
algorithm in representative situations, knowing exactly the displacement used to deform
the images. In this first work, we modelled a glass fabric and performed a simulation of
a kind of bias extension test on a very small scale. In order to evaluate the ability of
the FE DIC method to follow the displacement field of the fabric, we generated synthetic
images from the FE simulations in which the elements were manually coloured. This
type of image can then be used to estimate displacement errors (Passieux et al., 2015),
correlation residual maps (here without reflection and without speckle degradation) and
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to evaluate separately the influence of the main parameters (mesh size, speckle pattern).
The main limitation of the presented work concerns the marking technique. For the time
being, this technique is essentially manual, the marking shows strong variations in gray
level and is too crenellated (depends on Abaqus mesh size), it covers all the strands (it
would be interesting to speckle only the visible parts of the yarn) and it is non-parametric
(Shi et al., 2022)). Lastly, we did not have time to study the influence of the orientation
of the measurement mesh on the results.

2.5 Conclusion and outlook
In this work, new procedures for carrying out bias extension tests are proposed. They
meet 2 objectives.

On the one hand, we suggest a new sample preparation procedure to facilitate sample
handling and installation in the tensile testing machine. The fabric is initially speckled:
a specific speckling procedure, adapted to the 3 types of fabrics studied (glass, carbon,
and co-mingled C/PPS), is proposed. A two-part frame is then glued to the fabric. A
water-jet cutting precisely delimits the lateral borders of the piece of fabric to be tested,
while clearing the unnecessary part of the frame. The frame allows easy alignment of
the sample and good respect of orientations. The order of magnitude of the maximum
deviation on yarn orientation is about one degree. The side posts of this frame are cut
just before the test, while its ends act as tabs that prevent slippage in the jaws.

On the other hand, we propose to make FE-DIC measurements in order to make
them directly comparable with the simulation results. To our knowledge, this is the
first time that such measurements have been carried out on this type of fabric. The
presented study investigates the influence of mesh size and mesh orientation on fabric
deformation measured using the FE-DIC method. The study uses images acquired during
bias extension tests performed on the 3 types of fabrics. The first part, based on the
analysis of artificially translated images, determines the evolution of the ultimate error as
a function of the mesh size. It demonstrates that it is advisable to adopt sufficiently large
elements to allow the convergence of the algorithm. Measurement uncertainty initially
decreases with increasing element size, but, contrary to usual observations, increases above
a certain element size. For the chosen speckling procedure and the fabrics studied, a
kind of optimal element size for measurement is therefore apparent. Here, to minimize
measurement errors, it would be desirable to use elements at least as large as the yarn
width. This analysis shows that the speckle could be a little finer to hope to go down
to the yarn scale or below. We plan to use an airbrush to better control the size of the
spots and increase their density. The second part of this study concerns the evolution of
correlation residuals during bias extension tests for different mesh sizes and orientations.
Regarding the influence of mesh size, as the element size decreases, the residuals diminish.
However, the displacements obtained for small elements do not seem to better describe the
kinematics (erratic oscillations) but simply compensate for some experimental artifacts
(reflections, speckles, etc.). Concerning the influence of the mesh orientation on the
correlation residuals, the work reveals that it is preferable to orient the quadtree mesh
in the direction of the yarns rather than in the direction of extension. Only the C fabric
seems insensitive to this parameter. We explain this by the fact that the element sizes
considered are close to or smaller than the yarn width. We believe that the kinematics of

Doctoral thesis - XU Taiwei - 79 -



2.5 Conclusion and outlook

yarn deformation can be captured correctly with such meshes and speckle. In this case,
most of the residuals arise from the inability of the kinematic model (linear interpolation of
displacement) to describe what happens in the inter-yarn voids and at inter-yarn crossings
related to inter-yarn movement.

All these observations confirm our decision to focus on yarn-scale measurements, gen-
erating a finer speckle pattern and using a FE mesh conforming to the actual architecture,
e.g., derived from a Digital Image Based Model (Rouwane et al., 2023a). Such a model
could perfectly be obtained from tomographies as will be detailed in the last chapter of
this document. Such a model could obviously be used to perform FE simulations in-
corporating ad-hoc behavior models of yarns and interfaces. Incidentally, this type of
simulation could make it possible to generate synthetic images allowing us to test our
algorithms and better understand the origin of the errors we have observed.

The last part of this chapter was precisely devoted to a first attempt to generate syn-
thetic images from simulated data. A FE micro-bias extension virtual test was performed.
The generated images were first subjected to an a priori analysis in order to propose an
appropriate mesh size for the next FE-DIC analysis. In a second step, given this mesh
size, the evolution of the residuals during the test, but also the displacement error be-
tween the displacement fields ("ground truth") and the displacement fields measured by
FE-DIC could be evaluated. Finally, the effect of the element size or the speckle used is
studied. Such an approach would make it possible to better define the kinematic part of
the increase in residuals. All of the essential elements have been put in place. However,
the speckle part can still be improved. The speckles should be more realistic and the
generation process should be automated. But above all, only the ’visible’ elements should
be speckled to better represent experiment conditions.

The following chapter examines the delicate question of the large deformations which
are expected during this type of test.
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CHAPTER 3 FE-DIC to study the
large deformation of
textile reinforcements.
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Background: Large deformations combined with complex underlying kinematics lead
to large DIC measurement errors, making it tricky to accurately track fabric deformation
even during a simple bias extension test. Changes in the recorded speckle pattern, whether
due to degradation of the speckle, its deformation, reflections or occlusion of part of the
speckle by an overlying yarn, are largely responsible.

Objective: In this part, the idea is to seek to improve the DIC algorithm in order to
reduce the measurement uncertainties of the displacement field during such tests.

Methods: In terms of experiments, bias extension tests were conducted on two distinct
reinforcement materials, namely glass fiber fabric and carbon/PPS (phenylene polysulfide)
fiber fabric. The measurement of displacement fields is again based on Finite Element Dig-
ital Image Correlation (FE-DIC). An initial classical analysis is proposed. The reference
image is not questioned. A sequential analysis, more conventional in this situation, is
then proposed. As the test progresses, the reference image is updated. The distorted mesh
that is obtained when the reference image is updated will be used for the next FE-DIC
measurement. Several strategies are compared. Updating the reference image with each
new correlation is the first strategy. The second strategy is to update the reference image
only when the correlation is estimated to be questionable. The correlation residual, which
provides global information about the quality of the image registration performed, can be
used for this purpose.

Results: The results indicate that the new algorithm method provides a displacement
field that corresponds more closely to the actual experimental results and reduces measure-
ment error to some extent. Additionally, the method provides a way to identify the best
partition conditions of the "residual values", thereby improving the accuracy of the ob-
tained displacement field. We can see that, despite all the efforts made, the measurement
is affected by a significant error at high levels of deformation.

Conclusions: This analysis once again shows the benefits of using FE-DIC measure-
ments. The correlation residual is a real plus in this type of analysis. In addition, this
work confirms our desire to move towards regularised measurements at yarn scale based
on information collected on the surface as well as the volume.
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Chapter 3 : FE-DIC to study the large deformation of textile reinforcements.

As mentioned at the beginning of this manuscript, the deformation of textile reinforce-
ments during forming has a direct impact on the properties of consolidated composites
(Boisse, 2004; Patou et al., 2019). Textile reinforcements generally have complex struc-
tures which give rise to complex deformation mechanisms (Bel et al., 2012; Nosrat-Nezami
et al., 2014; Nishi et al., 2014; Liang and Boisse, 2021), which in turn make it particularly
difficult to simulate their behaviour (Badel et al., 2007; Boisse et al., 2011; Rios-Soberanis
et al., 2012; Boisse et al., 2018b; Liang and Boisse, 2021). They also undergo large defor-
mations during forming (Zhu et al., 2007b; Badel et al., 2008a).

In this context, optical measurement techniques (Willems et al., 2008; Lomov et al.,
2008; Willems et al., 2009) and X-ray tomography (Naouar et al., 2014, 2015, 2020) have
proven to be important allies. Nevertheless, the processing and analysis of data for the
characterization of displacement and deformation fields can be difficult. In the previous
chapter, we showed for example that it is not easy to correctly measure the deformation
of the fabric with the DIC in particular because of the complex movements between the
threads and the modifications of the recorded speckle pattern. In this chapter, we now
wish to address the issue of measuring large deformations by FE-DIC. Our case study is
still the bias extension test. Glass fabrics (5 HS satin) are studied here. An aluminum
frame is again used to control and facilitate the placement of the sample in the machine.
The good flatness of allows to delay the appearance of folds (see chapter 2).

In "classical" (FE-)DIC, the displacement measurement is performed between the ref-
erence state and the deformed state. However, for large deformations, the considered
kinematics may be completely surpassed. In addition, the appearance of the speckle pat-
tern may change due, for instance, to stretching (e.g. what was initially seen as a small dot
may appear as a population of dots as the object is stretched) or due to its degradation or
even specular reflections. Decorrelation thus appears. Furthermore, in the case of fabrics,
the fabric is far from a continuum (complex movements between the yarns and within the
yarns). As a result, image registration becomes less efficient with increasing deformation.
It is therefore necessary in this case to adopt an incremental approach (Pan et al., 2012).
The idea is to update the reference image periodically. In subset-based DIC, the position
of the reference subset in the new reference image is then determined according to the
previous measurement (itself subject to uncertainty), and the displacement of a point is
the sum of incremental displacements, each subject to uncertainty. The multiplication
of these updates makes it possible to go further in the monitoring, but at the cost of an
increasing measurement error (Anwander et al., 2000). It is therefore essential to limit
the number of updates. To do this, it is necessary to have objective criteria that allow
the image registration carried out to be questioned (Pan et al., 2012).

In what follows, we are interested in an incremental approach to FE-DIC (see Fig.1.31).
First, we show the limitations of "classical" measurements. We then examine the perfor-
mance of different approaches to incremental methods. In FE-DIC we can rely natively
on a valuable indicator, the correlation residual. Furthermore, the mesh obtained in the
update stage can simply be used as a starting mesh in the new reference image.
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3.1 Non incremental FE-DIC measurements

3.1.1 Data and settings
The data obtained from the bias extension experiments in the previous chapter has been
reused in this study. Three experiments carried out on glass fabric speckled samples
are examined. Unlike carbon fabrics, glass fabrics have narrower yarn cross-sections and
experience more friction between yarns, resulting in simpler kinematic behaviour between
warp and weft yarns. The test is monitored by a camera equipped with a telecentric lens.
It is worth remembering that the travel speed is set at 10 mm/minute and the frame rate
is 1 frame/second. The field of view chosen for this study is shown in Fig.1.21.

Figure 3.1: Force[N] vs Displacement[mm] curves for three bias extension tests performed
on glass fabric samples (top). The images shown below were captured during the 3 phases
indicated on the curve. The images shown below were taken during the 3 phases indicated
on the curve. From left to right, the displacement corresponding to the image shown is
10 mm (image 60), 26 mm (image 160) and 34 mm (image 200).

Fig.3.1 shows the force vs displacement recorded for the 3 speckled specimens. As
mentioned earlier in Section 2.1.3, the shear deformation process of textile reinforcement
materials can be divided into three phases: shearing, deformation after shearing before the
locking angle, and deformation beyond the locking angle. The transition points between
the three phases can be clearly seen in Fig.3.1. The simple shear deformation ends when
the imposed displacement reaches between 25 mm and 33 mm. It can be concluded that
the first phase of the stretching process is from 0 to about 150 frames, the second phase
is from 150 to about 195 frames and the third phase starts after 195 frames. The 60 (10
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Chapter 3 : FE-DIC to study the large deformation of textile reinforcements.

mm), 160 (26 mm) and 200 (34 mm) images are then studied in particular in order to
estimate the potential of FE-DIC in each phase.

Figure 3.2: Diagram of the "classic" FE-DIC algorithm. The reference image is not
updated. Moving to the previous step initialises the next measurement. If the deformation
between two images is significant, the initialisation and consequently the measurement
can become difficult.

In this first section, the reference image is never updated. In this case, the loading
is monotonic. As a result, the displacement obtained at the nth image is theoretically a
very good initialization for identifying the displacement for image n+1. The schematic
diagram of the "classic" procedure is shown in Fig.3.2.

Figure 3.3: Reference image of a glass fabric sample prior to the bias extension test. The
mesh selected for the FE-DIC measurements covers the 3 zones shown (non-shear zone
A, semi-shear zone B and shear only zone C). The yarn directions are indicated in red.

Based on our preliminary observations, the uniformly structured square mesh used
for the FE-DIC measurement is oriented at 45° with respect to the tensile axis. Fig.3.3
shows the position of the mesh in the reference image. The latter includes: the non-shear
zone A, the semi-shear zone B and the shear-only zone C. Measuring the displacement
field is particularly challenging, not only due to the large deformation that may result
in significant measurement errors but also because of the intricate kinematic behavior
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3.1 Non incremental FE-DIC measurements

between warp and weft yarns. The marking of the lower yarns by the yarn passing over
them makes measurement in this area impossible. The analysis software used in this
section is Pyxel, as in chapter 2. Gmsh is used to generate the mesh. The mesh size is
chosen based on the analysis described in chapter 2. For glass fabrics, the latter analysis
indicates that an element size of 1.964 mm (using 64×64 pixels2) allows the ultimate error
to be minimised. We choose this size in the following.

3.1.2 Limits of FE-DIC in the presence of large deformations
To estimate the accuracy of the measured displacement field, this study proposes three
methods: observation of the global displacement field, analysis of the correlation residuals,
and a local comparison of the measured and visually estimated nodal positions. The
figures shown are for only one of the three glass fabric samples to make the illustrations as
clear as possible, but the results obtained for the other glass fabric samples are comparable
in every respect.

3.1.2.1 Global displacement field

The displacement fields obtained using the general FE-DIC method are presented in
Fig.3.4. By importing the displacement field results obtained from Pyxel’s calculations
into ParaView, a clearer view of the displacement field in the ROI is achieved. Pyxel
still tracks the displacement field very well at an elongation of 10 mm. However, as the
stretch length increases, the adjacent warp and weft yarns in the sample approach each
other, making the deformation in the semi-shear zone and pure shear zone more complex.
As shown in Fig.3.4 (f), the area with the largest deformation probably represents a part
of the zone B and/or C. In this area, the algorithm’s inability to track the displacement
field becomes first apparent. The likely boundaries of the ROI after deformation (blue
dotted lines) are shown in Fig.3.4 (g-i). They were obtained by tracking points on the
boundary of the initial ROI. Fig.3.4 (c) indicates that the algorithm is unable to track
and measure the displacement field at all, due to the excessive deformation. Figures (g),
(h), and (i) show that at the macroscopic level, there are significant differences between
the "actual" visually estimated and the FE-DIC measured displacement fields. Note, for
example, that the deformed mesh obtained at the highest level of deformation does not
even have its top and bottom corners above the fabric.

These macroscopic observations lead us to conclude that the ’classic’ FE-DIC method,
which never questions the reference image, cannot provide correct measurements in the
presence of major deformations such as those involved in a bias extension test.

3.1.2.2 Correlation residual map

To better illustrate the limits of the image registration achieved, the parameters defined
in chapter 2, namely the global residual (equation 2.3) and the standard variance R of
the global residual (equation 2.4), were used.

The Fig.3.5 displays the residual maps of the FE-DIC measured displacement fields
for the three phases. The darker color in the graph indicates a larger absolute value of
the residuals, which means that the measured displacement fields can not provide a nice
image registration. It can be seen that the residuals increase in intensity as the load
progresses. Only the less sheared part, as expected, continues to show low residuals. The
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Figure 3.4: The displacement fields measured with Pyxel for the (a) 60th, (b) 120th
and (c) 200th frames and plotted with ParaView (d, e and f). (g), (h) and (i) are plots
comparing macroscopically the visually estimated "real" displacement field (dotted blue
square) and the FE-DIC measured one.
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3.1 Non incremental FE-DIC measurements

Figure 3.5: Correlation residual maps in the selected ROI for (a) the 60th, (b) the 120th
and (c) the 200th image obtained with Pyxel and plotted with ParaView.

maps shown in Fig.3.5(b and c) show, on the other hand, that decorrelation is very marked
in the sheared regions. Fig.3.5(b and c) shows that the residuals are naturally greatest
where the deformed mesh has even emerged from the fabric. The corresponding global
residual R for the displacement fields in the three maps are approximately 4.94%, 11.62%,
and 14.94% respectively. Such high levels of residuals, for the last 2 states, illustrate that
it is illusory to claim to have correctly estimated a displacement field.

Figure 3.6: Evolution of correlation residuals R (%) for the three glass fabric samples
during loading.

Fig.3.6 shows the evolution of R for the three glass fabric samples. This figure shows
that R increases continuously with the stretching length, indicating that the measurement
error also increases with the stretching length.
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3.1.2.3 Local comparison

Three regions, named zone 1, 2 and 3, were selected to compare the measured displacement
field with the "actual" visually identified displacement field, as illustrated in Fig.3.7.

Figure 3.7: Three areas are selected in the refernce image for a more local assessment of
FE-DIC performance in the presence of large deformations

Figure 3.8 shows the distorted mesh in the 3 regions shown in Fig.3.7 for comparison
with visual estimates. In this case, the yellow mesh was created by Gmsh and calibrated on
the reference image. The red points in the reference images represent the initial positions
of the mesh nodes. As the sample is stretched, the positions of the red dots change, and the
positions of the mesh nodes (yellow mesh) measured by FE-DIC deviate from the positions
of the red dots. The actual displacement field or experimental displacement field in the
region can be obtained by connecting the red dots (in blue). This figure demonstrates
that the FE-DIC algorithm is still relatively effective in tracking the displacement field in
the 60th image. However, the algorithm fails when the stretch length reaches the position
of the 160th image. There are two main reasons for the inability to track displacement
fields:

1. The first and primary reason is excessive deformation, which could be addressed by
modifying the algorithm.

2. The second reason is the more complex kinematics between the warp and weft yarns
at this deformed stage. During the stretching process, the fibers in the yarn tighten
due to the traction and shear forces. Then, the warp and weft yarns rotate at the
intersection, causing two outcomes: the black dye attached to the fibers squeezes
and deforms or even falls off; and when the yarn rotates, it exposes the position
where the speckle is not sprayed. These phenomena generate a lost of information,
resulting in erroneous measurements of the displacement. New concept to avoid
these problems will be proposed.
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Figure 3.8: Comparison between the displacement field measured by "conventional" FE-
DIC and the "real" displacement field (estimated visually by tracking points on the spec-
imen surface) in the three regions shown in Fig.3.7

3.2 Incremental FE-DIC for studying large deforma-
tions of textile reinforcement

As shown in the previous section, a "classical" FE-DIC algorithm cannot be effective
for tracking displacement fields in the large deformation regime in the present situation.
Under these conditions, we propose to resort to an incremental FE-DIC method. In
other words, the reference image is now regularly updated so as to limit the deformation
field between the reference image and the deformation image. The problem of measuring
large deformations is thus transformed into a succession of problems measuring small
deformations (Pan et al., 2012; Tang et al., 2012).

The new proposals will be developed on the basis of the glass fabric, and will then be
tested with the C/PPS fabric.

3.2.1 Unconstrained FE-DIC incremental algorithm
In this first version, we choose to update the reference image with each new image pro-
cessed. Fig.3.9 shows the principle of this incremental approach to FE-DIC, which does
not require the setting of constraints. In the present case, all the acquired images are used:
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Figure 3.9: Diagram of the operation of the unconstrained incremental FE-DIC algorithm.
In this case, all captured images are processed.

the deformation between two successive images is very small and the residual correlations
are minimal. Based on the chosen stretching speed and frame rate, the stretched length
of two adjacent images is approximately 0.167 mm. Therefore, as long as the "distorted"
image (N + 1) is not the last one (n), the procedure is simply to repeat the following
sequence:

1. update the reference image. The reference image is image N .

2. use the deformed mesh obtained in the previous step as the new measurement mesh

3. compute the displacement field between the reference image N and the following
image N + 1

Fig.3.10 compares the contour of the deformed mesh obtained for the 3 key images
with the expected visually identified contour. From a macroscopic point of view, the
displacement field obtained with this algorithm appears to be much more relevant than
that obtained previously. At a stretching length of 26 mm (160th image), the FE-DIC
measurements are still convincing and we no longer observe pb of mesh dropout for certain
nodes, contrary to the classical FE-DIC approach. Even at a stretch length of 34mm
(200th frame), the algorithm is still efficient, albeit with reduced accuracy, as shown in
Figs.3.10 (f) and (i). However, the increase in measurement error is not only due to
the main reasons mentioned in the previous section, but also due to this new algorithmic
issue. Although the new algorithm has a strong tracking capability for displacement fields,
each operation changes the reference image, which weakens the correlation between the
calculated displacement field and the initial reference image. So the next direction for
improvement is to ensure tracking capability while increasing the correlation of the results
with the initial reference image.

The Fig.3.11 shows the standard deviation of the global residual R for all the incre-
ments. It can be observed that R in between two adjacent images are around 1%. There
were two instances where the standard residuals became slightly larger, near the 70th and
170th images, respectively. Upon observing the original images, it was discovered that
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Figure 3.10: Measured displacement fields for the (a) 60th, (b) 120th and (c) 200th image
measured using an unconstrained FE-DIC incremental approach and plotted in ParaView
(d, e and f). (g), (h) and (i) allow comparison of the deformed mesh position with the
"real" ROI boundaries (blue dotted quadrilateral, visually identified).
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the distribution of scattered speckles had suddenly changed slightly due to changes in
the glass fibers on the sample surface, such as peeling off from the surface, squeezing and
deforming each other, etc. This issue could be addressed by cleaning the excess fibers on
the surface of the sample before creating the scattered speckles. In the middle and late
stages of the third phase of deformation (deformation after the lock angle, after image
220), the distribution of scattered speckles changed considerably due to the compression
between the warp and weft yarns and the interaction between the fibers within the yarns,
resulting in a larger correlation residual.

Figure 3.11: Correlation residual obtained at each increment for a glass fabric using the
unconstrained incremental FE-DIC method.

The accuracy of this algorithm could be assessed by examining the local displacement
fields. Fig.3.12 shows a detailed comparison of local displacement fields calculated by
this algorithm. For the 160th image, analysis of the results for the three zones defined
in Fig.3.7 indicates that the displacement field is tracked more accurately than with the
general method for most zones. For the 200th image, significant errors are observed in
the calculations for zones B and C, although they still attempt to track the displacement
field.

The error can be estimated directly by calculating the norm of the vector between
the measured position of the mesh node and what should be its "real" position. As an
example, we consider zone A of the 160th image, which contains four elements and nine
nodes. We compute the vectors between the actual nodes and the nodes obtained from
the FE-DIC calculation in pixels. The average of the norms obtained for all the nodes
can be used to describe the measurement error in this zone. After calculation, this mean
displacement error in this zone ranges from 17.8 pixels to 47 pixels, with an average value
of 28.8 pixels. When the analysis reached the 200th image, the average modulus of the
vectors increased to 33.4 pixels. In zone B, the average modulus of the vectors changes
from 23.5 pixels to 57.4 pixels when going from the 160th image to the 200th image.
Although this new algorithm improves the measurement of the displacement field to a
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Figure 3.12: Local comparison of displacement fields measured by an unconstrained in-
cremental FE-DIC approach. Here all the images have been used and the displacement
between two images is of the order of 2 tenths of a mm, and the correlation residual R of
the order of %.

large extent, the error is still considerable. This indicates that there is still room for
further development of this algorithm.

We believe that a large part of the problem comes from cumulative measurement
uncertainties. Indeed, at each step, the deformed mesh is not "perfectly" placed on the
following image. Rather than questioning the reference image systematically, nothing
would for instance prevent us from "arbitrarily" processing only one image every p images.
Another approach is to keep a reference image as long as the level of decorrelation with
the deformed image under consideration is acceptable. The idea is to find a compromise
between a systematic approach (accumulation of uncertainties) and an approach where
the interval between images becomes inappropriate (effect of significant changes in texture
and poorly described kinematics). This is the subject of the next section.

3.2.2 Residual constrained incremental FE-DIC algorithm
3.2.2.1 Definition of operational procedures

Thus, we suggest to update the reference image only when the decorrelation between the
two images becomes ’critical’. This takes advantage of a datum that is directly available
at the end of a FE-DIC measurement, namely the correlation residual R. When the latter
exceeds a predetermined value, the reference image is updated, as shown in Fig.3.13.
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Figure 3.13: Diagram of an incremental FE-DIC measurement process using correlation
residuals as constraints for reference image update.

Fig.3.14 shows an example of correlation residual evolution obtained for a sample of
glass fabric with either a residual R < 3% or < 5%. Figures 3.15 show a comparison
of displacement fields measured with constrained incremental (with different thresholds),
unconstrained and "classical" FE-DIC. Several observations can be drawn from this:

• The constraints effectively reduce the number of iterations. For instance, when the
constraints are set as R < 3% and < 5%, there are only 11 and 6 iterations, respec-
tively, before entering the third phase of deformation (after lock angle). Moreover,
the first iteration occurs at the 30th and 65th images, respectively. Fig.3.15 shows
that a better match between the FE-DIC measured displacement field and the "real"
displacement field could be obtained by setting constraints.

• However, the larger the value of the constraint R, the greater the chance that the
error in the displacement measurement at each iteration will be large. Therefore,
the value of the fixed constraint R results from a compromise: we do not want large
uncertainties at each increment (the fact that R is small indicates a good registra-
tion), but we do not want to have too many increments to limit the uncertainty on
the final field (accumulation of many uncertainties).

• As the operation progresses to later stages, the reference image updating rate be-
comes faster, indicating that the calculation error gradually increases as the opera-
tion progresses.

3.2.2.2 Research of the optimized threshold of R to minimize computational
errors

In order to determine the optimal constraint value that minimizes the calculation error,
two methods were used: macroscopic observation of the overall displacement field and
local detailed view comparison. From a macro perspective, Fig.3.15 shows a compari-
son between the actual displacement field (blue dotted line region) and the displacement
field calculated by other methods (yellow meshes). The displacement fields are calculated
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Figure 3.14: Bias extension test on a glass fabric. Example of the evolution of the corre-
lation residual provided by a constrained incremental FE-DIC with 2 different constraints
(R < 3% or 5%).

using three different methods: the general FE-DIC algorithm, unconstrained FE-DIC in-
cremental algorithm, and incremental FE-DIC algorithm with different constraint values.

As shown in figures (a) through (f), when the sample is stretched by 26 mm (160th
image), the two new algorithms (unconstrained FE-DIC incremental algorithm, and in-
cremental FE-DIC algorithm with constraint) allow for good tracking of the displacement
field. However, when the constraint condition reaches a certain value (residual < 6%),
the operation fails again due to the influence of large deformation and the resulting error.
When comparing figures 3.15(e) and (f), it can be seen that the pure shear zone C is
the first to fail. In comparison to other zones, zone C not only undergoes the largest
deformation, but the yarns in this zone also gather more tightly during the stretching
process, leading to a more concentrated and variable distribution of scattered speckles in
zone C. Therefore, this may explain why the method first fails in this area.

When the fabric is stretched to the third stage of 34 mm (200th image), the difference
between the calculated and actual displacement fields becomes more obvious. (1) A
comparison of Fig.3.15 (g) and (h) shows that the unconstrained FE-DIC incremental
algorithm has strong tracking ability for the displacement field. However, as the sample
is gradually stretched, the discrepancy or distortion between the calculated and actual
displacement fields becomes increasingly larger. This distortion is mainly concentrated in
the semi-shear region B and the pure shear region C, especially at the intersection of the
two zones, where the deformation is the largest and the kinematics is the most complex.
The yarns at the intersection experience two different force cases and are more prone
to distortion during the tracking of the displacement field. (2) The incremental FE-DIC
algorithm with different constraint values gradually attenuates this distortion by changing
the constraint conditions. When R < 6%, the inability to track the displacement field
appears again. Thereby, for measuring the displacement field of the glass fabric in this
study, the best constraint condition is R < 5%.
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Figure 3.15: Bias extension test on a glass fabric. Comparison between the "real" displace-
ment field (blue dotted line region - visually identified) and the FE-DIC displacement field
measured by different methods (yellow meshes).
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Figure 3.16: Bias extension test on a glass fabric. Comparison of the displacement field
measured by the different incremental FE-DIC approaches proposed with the "real" dis-
placement field in zone 1 and zone 2.
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Figure 3.17: Bias extension test on a glass fabric. Average of the vector norm between
nodes of the measured deformed mesh and their "real" (visually identified) homologs in
zone 1 and zone 2 for different thresholds.
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Fig.3.16 presents a local comparison of deformed meshes obtained by FE-DIC and
visual tracking in regions 1 and 2 for different R thresholds. This zoom facilitates the ob-
servation of the effect of this parameter on the measured displacement field. It is observed
that as the value of the constraint conditions increases, the calculated results correspond
more closely to the actual displacement field. Similar to the conclusions obtained from the
macroscopic approach, when R < 6%, the obtained displacement field fails due to the ex-
cessive error caused by the large deformation between the reference and deformed images.
Therefore, as shown in Fig.3.16, when the threshold on R is set to 5%, the measurement
error appears to be minimal.

To better describe this trend and to identify the most appropriate constraints on the
residuals, the parameter proposed at section 3.2.1 is reused: it is proposed to calculate the
average of the standards of the vectors connecting the nodes of the measured deformed
mesh and their "real" positions (by visually tracking the points). Fig.3.17 makes it possible
to follow the evolution of this average displacement error as the constraint on R increases.
In addition to the results corresponding to the 4 thresholds already studied (3, 4, 5 and 6
%), we find results for a threshold of 1 %. In fact, as shown in Fig.3.11, the residual values
of two adjacent images are in the range [1, 1.06], which explains why the unconstrained
incremental FE-DIC algorithm is considered here as an incremental approach with a
constraint on R less than 1%. If the measurement error initially decreases in the 2 regions
studied, the analysis of the results confirms that R must be kept below 5%.

An intermediate conclusion at this stage is that the measurement of a displacement
field by incremental FE-DIC makes it possible to significantly reduce measurement errors
in the presence of large deformations. The solution adopted consists in using the correla-
tion residual R as a threshold triggering the updating of the reference image. In this case,
it seems that 5% is a good precision-efficiency compromise. We now propose to apply this
method to study other fabrics in large deformations.

3.2.3 Incremental FE-DIC displacement field measurement in
C/PPS fabric

We now study namely a C/PPS fabric. In this case, we know that new problems such
as specular reflections are likely to make our task even more difficult. Fig.3.18 shows the
force vs displacement curves recorded during two bias extension tests on C/PPS fabrics.
The C/PPS fabrics can be elongated more than the glass fabrics because the C/PPS
yarn is woven using the fiber commingled and co-wrapped commingled techniques. The
gap between adjacent yarns is greater than that of the glass fabric, resulting in a greater
elongation. In this study, the displacement field of the 200th image, when the sample is
stretched by 34mm, is analyzed.

Regarding the bias test of C/PPS fabric for locating the displacement field, it is evident
from Fig.3.19 that the general FE-DIC algorithm fails before the stretching length reaches
34mm. The failure region remains concentrated in the semi-shear and pure shear zones.
However, the unconstrained FE-DIC incremental algorithm performs well in tracking
the displacement field, as depicted in Fig.3.20, showing accurate results. Nevertheless,
residuals are important.
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Chapter 3 : FE-DIC to study the large deformation of textile reinforcements.

Figure 3.18: Force [N] vs Displacement [mm] curves recorded during two bias-extension
tests performed on C/PPS fabric samples.

Figure 3.19: Result of a "classical" FE-DIC analysis on a C/PPS fabric. Reference and
deformed mesh superimposed on reference image f (left) and deformed image g (right -
34 mm stretch).

By adding constraints to the algorithm for tracking the displacement field, improved
results were achieved, as shown in Fig.3.21. In this figure, the displacement field was
measured without constrain or with residual as constraint as it was propose on the glass
fabric. The tracking of the C/PPS fabric displacement field with the new algorithm is
similar to analyzing the kinetic motion of the glass fabric. The obtained displacement
field closely corresponds to the real situation as the associated residual R, which serves as
a constraint, gradually increases. This trend is evident in Fig.3.22, on which we can see
the evolution of the average modulus in function to the residual R parameter. Effectively,
the average modulus decreased this the residual R, when it is less than 5. However, when
the value of R exceeds a certain threshold (in this experiment, the specific value is 6), the
algorithm fails due to excessive deformation, resulting in increased measurement errors.
Therefore, it can be concluded that the new algorithm is highly effective in tracking the
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3.2 Incremental FE-DIC for studying large deformations of textile reinforcement

Figure 3.20: Deformed mesh and displacement field along the load axis measured in a
C/PPS specimen by unconstrained incremental FE-DIC, plotted by ParaView.

displacement field of the fabric and significantly reduces computational errors caused by
large deformations.
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Figure 3.21: Bias extension test on a C/PPS fabric. Comparison of the displacement
field measured by the different incremental FE-DIC approaches proposed with the "real"
displacement field in zone 1 and zone 2.
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3.2 Incremental FE-DIC for studying large deformations of textile reinforcement

Figure 3.22: The average modulus of the vectors between the mesh nodes and the actual
positions for C/PPS fabric sample in zone 1 and zone 2 for different limits.
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3.3 Application example: Mechanical behavior of car-
bon fabrics under the action of shear forces

The shear deformation of carbon fabrics under tensile load is more complex compared to
glass fabrics, and the defects that can be observed are more pronounced. This is attributed
to the physical properties of carbon fabric and its weave structure. Carbon fabrics have
a smooth surface, which causes reflection issues and poses challenges in measuring the
displacement field accurately. The shear deformation of carbon fabric can be studied
through bias extension tests, where the sample is subjected to tensile forces resulting in
three distinct zones: no shear zone (zone A), semi-shear zone (zone B), and pure shear
zone (zone C). The defects that occur in the carbon fabric during the experiment are
often concentrated along the partition line of these regions.

Figure 3.23: Bias extension test of a carbon fabric sample: reference image (left) and
200th image (right)

Fig.3.23 displays the reference image and the 200th image obtained during the bias
test on the carbon fabric. A comparison of the two images reveals that, as the experiment
progresses to a certain stage, yarns start to pull away at the boundaries of the regions
due to differential forces acting on them in the three zones limit. The yarns at the border
exhibit different kinematic behavior compared to the yarns in the three regions, resulting
in a more complex deformation pattern. This complex kinematic behavior is particularly
obvious at the intersections of the three regions.

Fig.3.24 illustrates that tracking the displacement field on the surface of the carbon
fabric through calculations is challenging due to the presence of huge inter yarns move-
ments, particularly yarns that have pulled off at the boundaries. The main reason for
this difficulty is that, in the woven and layered structure of the fabric, some yarns are not
exposed to the surface of the sample. Moreover, during the process of applying scattered
speckles, only the surface of the fabric is typically coated, while the yarns in the lower
layers retain their strong reflective properties. As a result, during the experiment, the
areas where defects occur may cause lower yarns to come to the surface, leading to a sig-
nificant alteration of the original surface layout. This irreversible transformation hinders
the tracking of the displacement field on the surface. These defective areas are also clearly
visible in the residual map shown in Fig.3.24. Furthermore, it is evident that the main
errors in the calculated displacement field are concentrated in these reflective regions.
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3.3 Application example: Mechanical behavior of carbon fabrics under the action
of shear forces

Figure 3.24: Bias extension test of a carbon fabric sample. Displacement field in the
direction of loading measured by "classical" FE-DIC and corresponding residual map.

Figure 3.25: Deformed mesh given by incremental FE-DIC with an update constraint
based on correlation residuals ( R < 5%).

The FE-DIC incremental algorithm with residuals as constraints has proven effective
in reducing computational errors arising from large deformations, as demonstrated in
Fig.3.25. However, errors resulting from experimentally induced defects are challenging to
eliminate using this method. In regions where the fabric has defects, nodes may struggle to
accurately identify corresponding points using the algorithm. This is obvious in Fig.3.26,
where the algorithm fails to accurately track the displacement field in the defective area
due to the substantial measurement error caused by sample-generated defects during the
experiment.
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Figure 3.26: Tracking of the displacement field in the area where the defect occurs.

3.4 Discussion
When using the FE-DIC algorithm to track the shear deformation of textile reinforcement,
two main sources of measurement errors were identified:

• large deformations

• complex kinematics between yarns

The majority of defects observed during the preforming of textile reinforcement mate-
rials can be attributed to this intricate mechanical behavior between the yarns. The
measurement error arising from large deformations can have a significant impact on the
study of defects in the fabric forming process, thus reducing the measurement error of the
deformation field is of great value.

It is widely acknowledged that FE-DIC has strong tracking ability for moderate de-
formations. When the deformations are small, it is the resolution of the FE-DIC which
poses a problem. When the deformations are large, in addition to the poor representation
of the kinematics, the very hypothesis on which the technique is based is questionable
(can we just write the conservation of gray levels to find the displacement?). In this
work, we proposed a method for transforming the large deformation problem of textile
into multiple moderate deformation problems, using glass fabric and testing it on C/PPS
fabric. We explored a way to reduce measurement errors by optimizing the operation
mode of FE-DIC. In contrast to the general FE-DIC algorithm (e.g. based on the cross
correlation product to evaluate the decorrelation Pan et al. (2012)), our approach uses
the correlation residual R as a constraint. When R becomes greater than a specific value,
the calculated displacement field is used as the initial value for the next operation, and
the deformed image of the previous operation is defined as the reference image. The effec-
tiveness of the FE-DIC incremental algorithm was confirmed through both macroscopic
and local detailed observations, ensuring both the correlation between the calculated dis-
placement field and the initial reference image, and greatly improving the ability to track
the displacement field.
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3.5 Conclusion of the chapter and outlook for the future

The incremental FE-DIC algorithm is more efficient, but this method still has its lim-
itations. This method mainly reduces measurement errors caused by large deformations
and cannot completely eliminate measurement errors caused by complex kinematics (yarn
rotation, slippage, wrinkling, etc.) or texture changes (whether related to speckle degra-
dation, reflections, relative movements, etc.). The analysis of the results for the carbon
fabric shows the way to go to measure the displacement field correctly at the end of the
test in the transition regions. Modifications of thresholds cannot compensate for the lack
of kinematic description. In these regions, significant shifts and rotations between warp
and weft yarns are observed. To date, few studies have been able to bring these move-
ments to light. To enable metrological studies in such regions, it therefore seems necessary
to work on new descriptions of kinematics ("conformal mesh") and speckle generation.

The main limitation of this study is that the "real" data is obtained by "visual" tracking.
In addition to stains, "visual" tracking exploits knowledge of the architecture of the fabric.
This task, eminently time-consuming and very texture dependent, is not conducive to a
generalization of the proposed methods.

3.5 Conclusion of the chapter and outlook for the
future

In this chapter, bias extension tests performed on glass fabrics and C/PPS fabrics are used,
and images acquired up to very high macroscopic strain levels are exploited to measure
the diplacement field. As expected, it is observed that the traditional FE-DIC method
cannot follow the displacement field correctly in any case. Incremental approaches to FE-
DIC have been proposed to reduce measurement errors induced by large deformations.
It is proposed, rather than updating the image and the mesh at each step, to wait for
the correlation residual to reach a predefined threshold value. Encouraging results were
obtained for bias extension tests on glass fabrics and C/PPS fabrics. A threshold set at
5% seems to give the most satisfactory results in these cases.

The research presented in this paper greatly reduces the measurement error in tracking
the displacement field. It provides strong theoretical support for studying the mechanical
properties of textile reinforcement and for further improving the performance of composite
materials after molding. The calculation errors caused by large deformations could be
further reduced by optimizing the speckling and by improving the resolution of the device.

However, and despite all our efforts, the differences observed between the results pro-
vided by the FE-DIC and the displacement field actually observable, remain significant at
the highest deformation levels. In addition, all the results obtained are based on references
obtained by visual tracking which does not allow generalizations.

Here again, synthetic data such as those generated in Section 2.3 would be welcome
to propose a convenient setting for a given speckle. Above all, this work strengthens our
conviction that our idea of moving towards regularised measurement using a model of the
architecture (Rouwane et al., 2023b) of the material would be a real way forward.

To achieve these further research objectives, in the following chapter we propose using
X-ray tomography to both model the tissue and study its deformation in situ.
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CHAPTER 4 Study of the
deformation of a textile
reinforcement at the
yarn scale: towards the
assimilation of visible
and X-ray image data
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Background: The implementation of an experiment/simulation dialogue down to
the yarn scale requires a good knowledge of the architecture of the fabric and an adapta-
tion of the measurement. An image data assimilation approach associated with an in situ
test conducted in an X-ray micro tomograph could constitute an ideal framework for this,
and eventually allow the identification of constitutive parameters.

Objective: In this section, we propose to set up the main ingredients of such an ap-
proach and to show its feasibility in the case of a miniaturized in situ bias extension test.

Methods: A specific sample preparation procedure is proposed. As in previous chap-
ters, a frame (which also acts as tabs) is again used to stabilize the fabric during handling
and to simplify the mounting of the sample. Under conditions similar to those that will
be encountered during the in situ test, the satin glass fabric samples are first scanned.
Once segmented, the resulting images are used to build digital image-based models (DIB)
in TexGen. The most representative model is then used to simulate a mini-bias extension
test. An in-situ tensile machine is then used to test this type of miniature specimen. This
machine is specially designed to accommodate the large displacements expected in such
experiments. In this machine, tests on specimens, both speckled and unspeckled, are first
performed ex situ. They were aimed at validating the design of the machine and specimens,
evaluating the effect of the patterning technique, anticipating the experimental protocol in
situ and defining the different load levels at which tomographies will be acquired. Surface
2D FE DIC measurements are performed on speckled samples. Finally, an in situ bias ex-
tension test is performed. A reference scan of the fabric is acquired at rest. It is segmented
and used to "directly" build a DIB model. 3 further scans to follow the deformation of the
fabric are taken at different stages of loading. First analyses concerning the evolution of
the architecture and an attempt to measure FE DIC based on radiographs are proposed.

Results: The preparation of the sample fulfilled its mission perfectly. The in-situ ten-
sile testing machine has given us full satisfaction. A 2D displacement field of the surface
of the speckled fabric could be measured by image correlation ex situ through the PMMA
tube by means of a telecentric lens. For the samples considered, the deposited speckles have
a significant influence. Under the experimental conditions presented, µCT can perfectly
be used to retrieve the architecture of such fabrics down to the yarn scale and to build
relevant DIB models. The developed tensile testing machine combined with the proposed
specimen preparation allows for in situ bias extension tests up to significant deformation
levels. The DIB model generated here directly from the segmented image does not capture
the architecture well. This underlines the interest of the work proposed above.

Conclusions: Multi-instrumented in situ bias tests are perfectly feasible in X-ray
micro computed tomography. The joint exploitation of volume images and surface images
collected should make it possible to improve the measurement of the complex kinematics
of fabrics. The idea would be to use global image correlation to carry out architecture-
assisted measurements. However, the speckle deposition procedure could be rethought (to
limit its effect on the mechanical part), the type and size of samples could be adjusted and
the cutting improved. Finally, the optical instrumentation inside the tomograph needs to
be developed.
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Chapter 4 : Study of the deformation of a textile reinforcement at the yarn scale:
towards the assimilation of visible and X-ray image data

The use of X-ray micro computed tomography (µCT) has become widespread in re-
search laboratories and industries. It has established itself as an essential tool in the study
of materials and structures. This imaging modality has been widely used in particular
for the characterization of composite materials. Uses range from initial defects and dam-
age characterization (Schilling et al., 2005; Mendoza et al., 2019) to architecture studies
(Desplentere et al., 2005; Requena et al., 2009), including Digital Image Based models
generation (Delerue et al., 2003; Czabaj et al., 2014; Naouar et al., 2015; Sencu et al.,
2016; Mazars et al., 2017; Sinchuk et al., 2019; Ai et al., 2021). In situ tests have been
developing over the past twenty years (Buffiere et al., 2010), including for investigating
the manufacture (Vilà et al., 2015; Larson and Zok, 2018) and the behavior (Schilling
et al., 2005; Moffat et al., 2008; Scott et al., 2011; Chai et al., 2020) of long fiber compos-
ite materials. µCT thus appears to be an invaluable element for studying effect of defects
(Wang et al., 2018a). If in situ testing often require complex compromises (weight and
footprint, loading, region of interest, image definition, etc.), it has the advantage of not
requiring delicate assembly/disassembly of the sample. By making it possible to keep the
sample loaded, they make it possible in particular to examine damage processes in detail
(the cracks remain open). Only a few works report the use of digital volume image cor-
relation (DVC (Bay et al., 1999)) with (Brault et al., 2013; Gomes Perini, 2014; Schöberl
et al., 2020) or without (Mazars et al., 2017; Mehdikhani et al., 2021) the introduction of
additional constrast particles to access information on internal damage and kinematics.

Concerning more precisely the study of the behavior of fabrics, µCT has already
enabled great progress. It allows in particular to investigate the actual geometry (De-
splentere et al., 2005), to build more representative models (Green et al., 2014; Naouar
et al., 2015; Blusseau et al., 2022; Ali et al., 2022) and even to validate partly meso mod-
els (Barburski et al., 2015) by scanning deformed sample. However, few studies report
analyzes of in situ tests (Yousaf et al., 2021), and, to our knowledge, no 3D measurements
at this scale has been reported to date. The measurement of 3D displacement fields by
DIC at the fabric architecture scale, in particular in the presence of large deformations,
faces major pitfalls. As presented in (Lomov et al., 2008) for 2D measurements, one can
speckle the sample and try to monitor its deformation by reducing the field of view and
performing a dense stereo DIC on both sides. However, these measurements would still
be complicated to link to the actual deformation of the yarns. If we rather try to retrieve
the displacement on a reduced kinematic basis (for example, by relying on an element
covering a unit cell during a FE approach), a usual interpolation will not be able to rep-
resent all the complexity of the deformation of the cell (cf. 2D studies: see chapter 3).
Moreover, visibility (for example, a part of the speckle masked following the movement of
a yarn) and lighting issues are expected. The latest work at ICA on stereo digital image
stereo correlation, namely Photometric DIC (Fouque et al., 2022), would potentially allow
to alleviate some of the identified issues. Another avenue being considered would be to
conduct an in situ bias test in a µCT and to use DVC to assess 3D volumetric displace-
ments. The reference image would provide valuable information for a digital image based
(say FE) modeling. The images collected would allow to characterize the geometry of the
fabric at various stages of its deformation. However, the texture (anisotropic at least)
present in such images would not allow to retrieve a displacement field in the yarns. One
solution might then be to use a mechanical model to regularise DVC (Rouwane et al.,
2022, 2023b). The work presented hereafter aims at initiating an approach which would
consist in exploiting jointly photometric DIC (Fouque et al., 2022) and architecture driven
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DVC (Rouwane et al., 2023b) during the very same in situ test.
In what follows, we therefore put in place the essential ingredients that would make it

possible to jointly grab tomographic and surface images during an in situ mechanical test
to identify some constitutive parameters of a meso (FE) model. At first, the point is to
make sure that the selected material, the sample and its environment enable exploitable
images for the construction of digital image-based models (DIB) to be obtained. In a
second step, the main building blocks that allow to perform an in situ bias extension test
in a µCT are presented. The final section presents the initial results of an in situ test
carried out in a lab CT.
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Chapter 4 : Study of the deformation of a textile reinforcement at the yarn scale:
towards the assimilation of visible and X-ray image data

4.1 Feasibility of image-based model construction
In this section, we first propose to scan samples under conditions close to those that will
be encountered for the in situ bias extension test. These first CT scans were actually
taken before the test machine was finalized. The fiberglass fabric studied in chapter 2
(5-harness satin weave) is here selected. The higher X-ray attenuation coefficient of glass
fiber (compared to carbon fiber) and the large cross-section of the yarns (yarn width close
to 1.25 mm), which facilitate the observation of the architecture by CT scan, are the main
reasons for this choice. The width of the gage region of the future coupon must be small
enough to obtain a satisfactory image (for cone beam microtomography, the smaller the
diameter of the machine - and therefore the sample width - the better the resolution) and
large enough to ensure that the test carried out is representative (the wider the sample,
the greater the number of unit cells involved). The width of the specimen is later set at
20 mm. This means that, in this case, the sample contains just over 2 unit cells across
the width. The gauge length is then set at 60 mm to maintain the same aspect ratio
as in the previous chapters. Even more than in the tests carried out in the previous
chapters, preparing the sample, handling it and placing it in the scanner and then in
the in situ machine (see next section), are a real challenge. We therefore first propose
to sandwich again the sample in between two frames. It is then proposed to verify that
the architecture of the glass fabric can correctly be resolved by X-ray tomography. Then,
from these images, we will try to develop the first models based on the image. Here we
will follow a classic approach. We will first segment the image so as to identify each yarn.
Then we will use the segmented images to build the model of a unit cell using an ad hoc
tool.

4.1.1 Preparation of samples
As mentioned earlier, we are here adopting the same type of "frame" as was used in the
previous experiments. The idea is to maintain the correct orientation/position of the
fibres when handling the small and fragile samples, but also when placing them in the
CT, and later in the machine. The main difference is the type of material used to make the
frame. We use cardboard rather than a metal frame to avoid the reconstruction artefacts
that would result. The side posts are cut after the jaws have been clamped to free the
fabric, while the upper and lower parts act as tabs.

Contrary to what was done in the previous chapters, and due to a lack of time, a
rectangular piece of fabric is here pre-cut to the width of the sample to be tested (i.e.
20mm). A simple scalpel is used. The reason for this is essentially linked to the fact that
water jet cutting is not viable here. The architecture of the glass fabric simplifies the
task of cutting. It is indeed woven with blue glass strands mixed in as auxiliary yarns.
The size of the squares formed by these blue yarns is 50 mm × 50 mm. The fabric can
therefore be easily planed once flattened, if required, and the pieces of fabric used to make
the test specimens can be precisely cut (the aim being to guarantee the orientation ±45◦

of the warp and weft yarns with respect to the edges). In our case, the sample taken is
90 × 20 mm. A typical cutting pattern is shown in Fig.4.1. Despite all the care taken,
the yarns at the edges are frayed. We plan to develop the protocol further in the future.
We are considering, for example, testing laser cutting.

The sample manufacturing process here comprises three main steps: (1) Cut the glass
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4.1 Feasibility of image-based model construction

Figure 4.1: Glass fabric (5-harness satin weave) from which samples are taken. The blue
auxiliary wires are aligned with the yarns spaced 50 mm apart. The rectangles on the
left and right correspond respectively to the cutting patterns for the specimens studied
in previous chapters and here, in tomography.

fabric as previously described (2) Four cardboard rectangles of 30 mm × 20 mm and
two long strips of 90 mm × 4 mm are cut. The glass fabric is sandwiched between the
four cardboard rectangles and bonded to them using Araldite 2011 adhesive, as shown in
Fig.4.2 (a). Next, the two long strips of cardboard were also glued to the four cardboard
stubs on either side of the glass fabric to complete the frame (3) Two rectangles of plastic
plate, measuring 60 mm × 30 mm, were cut using a laser cutter and adhered to the
long strips of cardboard. This only served to stiffen the specimen to simplify handling
(particularly for mounting in the holder), but also to flatten it. Fig 4.2 (a) shows a final
sample.

Although the sample is stiffened, the specimen remains too flexible to consider a
tomography without additional support. The idea here is to place ourselves in acquisition
conditions very close to those of the in situ test. A PMMA tube (identical in all points
to the tube that will be used in the in situ machine - see paragraph 4.2.2.1) with a height
of 100 mm was thus cut out and the sample is placed in its center. The inner and outer
diameter of this tube are respectively 32 mm and 38 mm. Fig. 4.2 illustrates the two
methods that have been tested to hold the specimen. The first, illustrated in Fig 4.2 (a),
consists in attaching the sample to plastic plates (1 mm thick) which are taped to the
ends of the tube. The second, shown in Fig. 4.2 (b), involves sliding the sample between
two parallel sheets of PMMA (1 mm thick), 3 mm apart, previously glued to the inside
of the tube. The 2 techniques gave excellent results in terms of stability during X-ray
tomography. The second technique proved more difficult to implement.
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towards the assimilation of visible and X-ray image data

Figure 4.2: First samples produced to test the manufacturing protocol for future test
specimens and produce the first CT scans: a cardboard frame holds the fabric in place.
However, the sample are still too flexible for tomography (a tomography scan takes about
48 minutes) without developing a specific support. The idea here is to use the same type
of tube that will be used for the frame of the in situ tensile testing machine. Two options
have been tested : (a) the sample is held by the ends (b) the sample is inserted between
two PMMA tabs, themselves glued to the tube

4.1.2 X-ray micro tomography on glass fabric samples
Fig.4.3 shows the lab micro-CT (RX Solutions Easytom 130 located at the Clement Ader
Institute, in Toulouse facilities) that is used. Its main components are: a Hamamatsu
130kV microfocus X-ray source (40 kV to 130 kV - Maximum Output: 39 W), a CsI planar
imager (1024 × 1024 px2, 127 µm pixel pitch), a computer running proprietary software
(X-Act 2.0) for controling the X-ray source, the CT axes and collecting radiographs.
The X-ray beam emitted by the source is polychromatic, divergent (conical). For such
a cone beam CT, the focal spot size plays an important role in the sharpness of the
images. The used source proposes 3 possible focusing modes. In the following, we use the
large focus mode and the focal spot size is estimated to be around 8 µm (min 5 µm at
4W). Another computer (with graphics cards and huge amount of memory), not visible
in Fig.4.3, is used for masked-time reconstruction using proprietary software (UniCT
module). It should be noted that the manipulator can support loads of up to 20 kg.
The tomograph was also placed in a large radio protection cabin (see Fig.4.3 (a)). As a
result, large parts/assemblies can be imaged, and the space available around them makes
it possible to simplify the assembly and the development of in situ experimentation.

The samples are mounted in their holders (PMMA tube) on the tomograph’s sample
manipulator as shown in Fig. 4.4. A simple glue gun is used to immobilize the different
elements together. Two acquisitions were made on the same sample in order to obtain two
images at different magnifications (ratio around 5): one covering practically the height
of the future gauge length (resolution around 47,5 µm/vx), the other one corresponding
to a zoom covering just the width around (approximately the lower third of the sample
- 10,3 µm/vx). The table 4.1 presents the parameters retained for the tomography. The
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4.1 Feasibility of image-based model construction

Figure 4.3: RX Solutions Easytom 130 µCT scanning system (located at Clement Ader
Institute, Toulouse).

parameters used to obtain the "macro" and "zoomed" images are respectively summarized
in the columns identified "Set (a)" and "Set (b)". For both magnifications, volumetric
CT images are reconstructed from 1,440 projections acquired when the object is rotated
through 360º. In practice, each of these projections corresponds to an average of 8 images
acquired at a given angle.

Figure 4.4: Experimental setup for X-ray tomography of the fiberglass fabric sample

At the end of the reconstruction, the UniCt module of the X-act software provides
stacks of images spaced one voxel apart. In our case, one of these is a stack of slices
in planes roughly parallel to the sample plane. Another stack provides slices in planes
roughly perpendicular to the "sample axis". Based on this data, software such as ORS
DragonFly or Fiji ImageJ can be used to visualize the volume image, generate further
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slices and, of course, process the image. The 3D reconstructed images for both resolutions
visualised using DragonFly are respectively presented in the upper left of Fig.4.4(a) and
Fig.4.4(b) (surrounded by a red frame). New slices are also presented: one generated
roughly in the mid-plane of the fabric sample (bottom left) and two perpendicular to this
plane and oriented at ± 45° (right-hand column). For information, the diameter of a glass
fiber is close to 10 µm/vx and it may be useful to remember that the width of the glass
fabric sample is close to 20 mm.

We did not observe any reconstruction artefacts in any of the reconstructed images
(which could interfere with segmentation). Fig.4.6 makes it possible to compare in a
common zone the two 3D reconstructions obtained. The 2 images make it possible to
give a good account of the reality of the architecture of the weaving. Unsurprisingly, the
high-resolution image makes it much easier to identify the orientation of the fibers inside
the yarns (you can almost guess the individual fibers). In what follows, we will therefore
use the HR image to construct an image-based model.

Parameters Set (a) Set (b) Unit
X-ray focal spot size Tube power 21 / W

Tube voltage 70 / kV
Tube intensity 300 114 µA

Imager Mode 1×1 0.5pF VG1 /
Frames per second 4 3

Calibration 128 /
Digital gain 1 /

Rotate/mirror Normal /
Average 8 /

Control Generator H 206.8728 211.8606 mm
Generator V -236.0117 0.0000 mm

Imager H 204.8294 211.8606 mm
Imager V -238.0529 2.0412 mm

Imager Zoom 0.0000 -2.0413 mm
Rotation -0.4425 -15.0548 °

Zoom 0.0000 210.0353 mm
Acquisition Total number of images 1440 1440

Geometrical Zoom 2.67 12.29
Optical Zoom 1.00 1.00

Voxelsize 47.52 10.33 µm
Volume height 63.6 13.8 mm

Volume diameter 86.3 18.8 mm
Slices 1339 1339

Estimated time 0:48 0:48 hh : mm

Table 4.1: Main acquisition parameters for tomography. The data sets (a) and (b) were
used to obtain respectively the wide and zoom images shown in Fig. 4.6
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Figure 4.5: Visualization with DragonFly software of reconstructed tomographic images
of the glass fabric sample. The image batch (a) corresponds to an acquisition covering a
good part of the sample (at approximately 47.5 µm/vx), while the batch (b) corresponds
to a zoom on the lower part (at approximately 10.3 µm/vx). For each batch, a realistic
3D rendering of the reconstructed image (top left), a cut in the mid-plane (bottom left),
and two cuts in planes perpendicular to the previous one and oriented at 45° to the sample
axis are displayed.
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Figure 4.6: Qualitative comparison of volume images reconstructed at resolutions of 47.5
µm/vx (a) and 10.3 µm/vx (b) in a common zone. It shows that tomography at the
higher resolution reveals the architecture, and even the fibers arrangement, much better.
As a reminder, the glass fibers diameter is around 10 µm.

4.1.3 Image based Meso Modelling of a unit cell
In what follows, the open source software TexGen (Brown and Long, 2021) is used to
develop CAD models of the fabric. As a reminder, the studied sample is a 5-Harness
Satin weave fiberglass fabric. The warp and weft yarns are woven in the same way. A
typical theoretical unit cell for such a fabric is shown in Fig. 4.9(a). Next, we try to model
the unit cell shown in blue dotted lines. The width of the yarn is denoted by w. The
horizontal distance between adjacent strands is denoted by L. The resulting clearance
(gap) is therefore g = L − w. According to manufacturer data, we know that the size of
the pattern is approximately 6.25 mm, i.e. L ≈ 1.25 mm. We also know the nominal
yarn width: w ≈ 1,25 mm. The D-D section proposed in Fig.4.9 (b) makes it possible to
specify the dimensions h and s of the yarns at the crossings. Here we first assume that
h = s. If the fabric is considered "almost flat", one can assume that h = s ≈ thickness/2,
i.e. h = s ≈ 0,65 mm. By providing Texgen with all this information, this handy tool can
automatically generate a CAD model of an idealized geometry. This first "naïve" model is
presented in Fig.4.7. A qualitative comparison of this model with the tomographic slices
presented in Fig. 4.8 clearly shows that this CAD is largely perfectible.

Our objective, in the following, is thus to try to propose a more realistic geometric
model of the unit cell using tomographic data. Starting from a high resolution image of
our fabric (cf. Fig. 4.8, the idea is thus to extract the key weaving parameters which
will make it possible to build new unit cell models still using TexGen (Brown and Long,
2021).

4.1.3.1 Segmentation for extracting key architectural parameters

The architecture analysis proposed thereafter is essentially based here on tracking the
evolution of the cross-section of the yarns (in the warp or weft direction) in the recon-
structed 3D image. Initially, the mid-plane (in green in Fig.4.5) is positioned as best as
possible (halfway between two planes which best frame the fabric). The orientation of
the 2 planes perpendicular to the previous (at approximately ± 45° with respect to the
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Figure 4.7: The first theoretical CAD model of glass fabric, "naive", obtained automati-
cally with TexGen by providing only a few basic geometric parameters.

Figure 4.8: Slice views obtained in the warp (a and b) and weft (c and d) direction
when the cutting plane passes approximately threw the middle of the yarn. (a) and (c)
correspond to raw grayscale images used for sementation; (b) and (d) are the segmented
images. Warp and weft strands appear green and purple respectively.
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Figure 4.9: (a) Scheme of the studied fabric with the main dimensions useful for mod-
elling. The square area indicated by the blue dotted lines corresponds to a unit cell; (b)
DD tomographic slice obtained after segmentation (top) and schematic diagram of the
corresponding image-based model (bottom) aimed at
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edges of the sample - red and blue lines in Fig.4.5 (b)) is then adjusted so that they were
as much as possible parallel to the yarns. Various cross sections are then obtained by
translating these planes. For the new Texgen modeling proposed in the next section, it is
necessary to extract from those images

1. the master nodes which later allow defining the yarn path. In practice, they are
defined where the warp and weft yarns cross (red points in Fig.4.9 (b)). In our case,
6 nodes per yarn must be defined. A smooth curve (C1 continuity) will be used to
interpolate the path in between those master nodes.

2. the shape and dimensions of the yarn sections. These sections are in the later
considered elliptical. It is therefore necessary to identify two dimensions (the semi
axes) and an orientation.

The cross-sectional slices shown in Fig.4.7 along the warp (a) and weft (c) direction
show the arrangement of the weft and warp yarns respectively. We decided to segment
the images to better distinguish the warp and weft fibres and to better identify the shape
and position of the yarns. Fig.4.8 (b) shows the result of a manual image segmentation,
taking advantage of the information available on adjacent slices. Fibers belonging to the
warp yarns are colored green, while those belonging to the weft yarns are colored purple.
About 130 slices were processed. For each slice, 2 to 3 minutes of manual processing were
necessary. Thus, the manual segmentation operation presented requires about 5 hours
for a unique unit cell. We have also tried automatic approaches, without much success.
Fig.4.8 (b) perfectly illustrates the challenge that this image represents for an automated
segmentation procedure based on a single slice. It is indeed tricky to distinguish cut fibres
(elipses with low eccentricity?) belonging to the warp or weft in a single slice. At the end,
the segmentation enables the cross-section of the strands to be discerned more objectively.

Fig.4.8 (b) actually present a transverse slice made in the warp direction and passing
approximately threw the middle of the warp yarn. The same type of processing is carried
out in the weft direction. From these data, we were able to verify that the distance
between the yarns was on average close to 1.25 mm for the unit cell considered. In the
following, L is still set to 1.25 mm. For each segmented weft yarn, the "out of plane"
position of its center is estimated. Using these data, we first define the set of needed
master nodes as illustrated in Fig. 4.9 (b).

Regarding the section of the wires (see Fig.4.9 (b)), the geometry delivered by the
segmentation process is very complex, highly variable and irregular. In this work, as
indicated, we nevertheless model the yarn section as an ellipse. In practice a mean width
w is calculated from the measurements taken on each segmented yarn. Note that all
of these manual measurements are made within in Dragonfly. In the present case, the
average yarn width w is 1.14 mm and the resulting gap between yarns g is 0.11 mm. The
thickness of the yarn (h and s respectively for weft and warp yarns) is never constant. As
shown in the warp yarn in Fig.4.9 (b), yarn is thinnest at position n1 and yarn is thickest
at position n2. This is due to the interaction between warp and weft yarns, and the warp
yarn is subjected to a greater bending at n1 than at n2. It also results in a smaller gap
between the fibers. However, to simplify the modeling, we will consider that h = s and we
will assign it an average value deduced from all the measurements made on the segmented
yarns. h and s are thus set to 0.51 mm.

Beyond the aspect ratio variation, the section of the strand rotates due to the inter-
action with the perpendicular strands. Fig.4.10 shows for example the evolution of a weft
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Figure 4.10: Evolution of the section of the same weft yarn at the 5 crossings; the "rotation"
angle is measured at the level of the contact (angular sector in blue) and reported on the
segmented section (on the right)
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strand (in red) at the crossing with the 5 successive warp strands. Seen from afar, it shows
a slight change of shape, but above all it reveals the rotation of the cross section. Once
again, the angle between the median (horizontal) plane and the line of contact can be es-
timated directly using Dragonfly. For Fig.4.10, the measured rotation angles of this yarn
are estimated to be around (a) γ1 = −9◦, (b) γ2 = −20◦, (c) γ3 = 20◦, and (d) γ4 = 9◦.
By analyzing and measuring the angles for all the strands present in this unit cell, it is
possible to confirm that the evolution is similar: practically identical and periodic. The
previous values will therefore be used later.

Figure 4.11: Weft yarn from state (a) to state (b): the change of fiber distribution is
obvious.

Microscopically, the reason for the variation in yarn shape can be more clearly observed
in Fig.4.11: it is a schematic representation of the transition of a selected weft yarn from
state (a) to state (b). Due to the compression from the warp yarn, the fibers in the weft
yarn are moving. There are pores between the glass fibers, and larger pores transform
into larger cracks. When subjected to compression from the warp yarn, the fibers are
extruded inward to reduce the squeezing pressure by reducing the pores. From state a to
state b, the weft yarn is subjected to different directions of force from the warp yarn. This
also leads to a slight rotation of the weft yarn as a whole. However, the main reason for
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this visual rotation is the deformation of the yarn. The variation of position of the fibers
in the yarn, in particular due to the transverse compression, remain a main challenge for
modeling (Durville, 2010; Sibellas et al., 2020).

4.1.3.2 Updated Digital Image Based TexGen models

The TexGen tool is used again. All the data collected in the previous section will be used
to produce new models of geometry, from the simplest but already more representative
than the first "naive" CAD model produced, to the most realistic. The idea is to better
represent first the yarn path and then the evolution of the sections.

4.1.3.3 Yarn path

In TexGen, the wire path can be defined in the form of a smooth curve. The idea here is
to find a simple curve which passes as close as possible to the centers of sections identified
at the levels of the crossings (called "master nodes"). Said curve must also be periodic.

Figure 4.12: The sinusoidal function used here in TexGen to interpolate the yarn path.
The blue points correspond to the "master nodes" whose position is estimated from the
segmented tomographies.

Figure 4.13: Schematic diagram showing the sine paths of two intersecting yarns and the
nodes used in TexGen.
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The first master node, centre of the warp yarn section at position n1 shown in Fig.4.9
(b) is assumed to be the coordinate origin. As stated earlier, the horizontal distance L
between two consecutive nodes is set at 1.25 mm. The "out of plane" position of the other
"master nodes" on the warp yarn are derived from the measurements made in DragonFly
in the previous section. For the sake of simplicity, we have chosen to represent the yarn
path using a simple sine Asin(ax + b) + c. The optimal path is presented in Fig.4.12. It
appears that other functions (polynomials, splines, etc.) would probably make it possible
to fit the data better. However, keep in mind that the measurements are the result of a
series of manual operations.

The vertical distance between two master nodes at crossings is not really constant.
This is due to the different forces on the yarn at each position. The average thickness of
the yarn was previously estimated: h = s ≈ 0.51 mm. If we assume that the thickness of
the wire is uniform, the master nodes at a crossing are therefore 0.51 mm apart, as shown
in Fig.4.13. It is thus possible to position all the paths in relation to each other as shown
on Fig.4.14 (a).

Figure 4.14: (a) Warp yarn paths in the unit cell; (b) CAD model of the warp yarns
obtained by sweeping an elliptical section along the paths.

As mentioned earlier, the cross section of all yarns is assumed to be elliptical and
homogeneous. No rotation of the cross section is introduced at first. The yarns then
basically result from a sweep of the elliptical section along the paths. could be constructed
as shown in Fig.4.14 (b). A typical result for warp strands is shown in Fig. 4.16 (a).
Compared to the actual fabric, the shape of the model is clearly too uniform to reflect
the deformation of the warp and weft yarns due to their interactions.

4.1.3.4 Optimization of the cross section definition

We now take into account the orientation of the sections measured in Fig.4.10 in order,
precisely to better account for the interactions between the warp and weft yarns. The
change can be visualized in Fig.4.15. A comparison of the unit cell CAD models before and
after section optimisation is shown in Fig.4.16. It can be seen that the interpenetrations
between the modelled yarns are large when rotation is not taken into account (a) and are
greatly reduced by this simple trick (b).
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Figure 4.15: Taking into account the orientation of the section (resulting from the mea-
surements on the segmented tomographic sections) makes it possible to partially restore
the effects of the interaction between the warp and weft yarns.

This latest model, although it probably still has a lot of room for improvement, repro-
duces the real geometry of the fabric much better. The difference with the first ’naive’
CAD model (Fig. 4.7) is striking. The Fig.4.17 shows the fabric unit cell model after the
optimization and Fig.4.17 (b) shows the corresponding unit cell once meshed in Abaqus.

Figure 4.16: Comparison of TexGen CAD models before and after "optimisation" of yarn
sections of yarn sections (taking into account cross section rotation)

4.1.4 FE model of a mini bias extension test
The previous CAD modelling of the mesh obtained via Texgen (Fig.4.18 (a)) is now
used to generate a first FE model of a (mini) bias extension test. The way the mesh is

Doctoral thesis - XU Taiwei - 127 -



4.1 Feasibility of image-based model construction

Figure 4.17: Final unit cell DIB model obtained by integrating the yarn path, a typical
"mean" yarn cross-section and its orientation at crossings: (a) Texgen CAD; and (b)
Abaqus FE mesh.

generated, the constituent parameters and the boundary conditions are presented below.

4.1.4.1 Mesh design

A STEP file generated by TexGen is imported into Abaqus. The Abaqus mesh generator
is then used to generate the volume mesh shown in Fig.4.17 (b) or Fig.4.18 (b). This
type of 3D mesh could be used partially or completely for the generation of a mesh for
FE-DIC measurements at this scale.

Figure 4.18: (a) Model in Texgen; (b) meshing of textile cell.

Simulating a bias test involves solving a very expensive non-linear problem. Therefore,
simplification of the model and mesh is necessary to reduce the computing time without,
however, compromising too much on the quality of the geometric model. During this
process, we need to pay particular attention to the following:

1. We must avoid inappropriate meshes. As shown in Fig.4.19, the highlighted elements
are of poor quality (highly distorted) and the geometry of the mesh regions is too
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complex for sweep meshing. The reason for this phenomenon is that the surface of
the fabric is too curved. This curvature causes the sides of the wire to be too finely
meshed, as shown in Fig.4.19. This phenomenon is already present in Abaqus when
the model file is imported and could not be optimised by changing the mesh type.

Figure 4.19: A small local curvature radius can locally lead to an unreasonable discreti-
sation of the section edge in Texgen. Once imported into Abaqus, this discretisation can
lead to highly distorted elements.

2. The mesh size should not be too fine. The main reason for long run times is the
complexity of the model (contact, friction, etc.), but also the level of mesh refinement
(or mesh size). The smaller the mesh size, the longer the run time. As shown in
Fig.4.20(a), when the "Approximate Global Size" of the mesh is small (here 0.2),
the surface of the model is accurately captured, but the computation time becomes
prohibitive.

3. Mesh coarsening should preserve geometry. As shown in Fig.4.20(b), increasing the
mesh size (here only to 0.3) directly in Abaqus can greatly alter the description of
the local geometry, especially in the area of higher curvature. Such an imperfection
would affect the results of subsequent calculations.

The remedy here, rather than trying to remesh in Abaqus, is to simplify the model
in Texgen as shown in Fig.4.21. The simplification involves smoothing the model surface.
This results in some interpenetrations between yarns (white dotted lines in Fig.4.21 (a)).
These cause the simulation to fail. The practical solution to eliminate them here was to
slightly reduce the yarn width (1.14 mm to 1.1 mm) and increase the distance between the
top and bottom knots (0.51 mm to 0.55 mm). As shown in figure 4.21 (b), the interference
is completely eliminated.

Fig.4.22 shows the model of our miniature specimen obtained with the parameters
given above. Its size is approximately 15.9 mm × 10.6 mm. It is possible to verify the
representativeness of such a model for the expressed need (i.e. to test the FE-DIC) by
superimposing this simplified mesh and the tomography.
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Figure 4.20: Comparison of yarns before and after simplifying : (a) mesh overly granular
(mesh size is 0.2) ; (b) mesh deformation (mesh size is 0.3); (c) simplified model.

Figure 4.21: Model simplification procedure in Texgen (a) the CAD model is simplified
by a smoothing operation; it follows interpenetrations of yarns, here highlighted by the
white dotted lines (b) The yarn size and the distance between the yarns at the crossings
are slightly modified in order to obtain a suitable model for the FE analysis.
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Figure 4.22: Simplified model compare with the 3D reconstructed model obtained from
tomography.

4.1.4.2 Yarn mechanical properties

A simple linear isotropic behaviour is considered for the yarns. The properties of the
glass fibres used in the fabric are given in Table 4.2 (see section 1.1.1.1). We use these
values directly for the yarn. We are fully aware that this modelling is crude for such a
fibrous medium. More advanced models could of course be chosen, such as those used,
for instance, in (Badel et al., 2007; Hamila and Boisse, 2007; Lomov et al., 2007; Durville,
2010; Naouar et al., 2015). Again, we are not trying to model the behaviour exactly. We
simply want to validate the DIB approach and simulate a more realistic kinematics first
(to challenge the FE-DIC).

No. Item Value Unit

1. Mass Density 2.58 g/cm3

2. Young’s Modulus 72.3 GPa

3. Poisson’s Ratio 0.2

4. Tensile strength 3.445 GPa

5. Plastic Strain 0

Table 4.2: Glass fibers properties

4.1.4.3 Contact between yarns

Frictional contact between the strands is assumed. (Montero et al., 2017) studied the
evolution of the friction between the yarns as a function of their relative orientation
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Figure 4.23: Evolution of (a) the static friction coefficient µs, and (b) the dynamic friction
coefficient µk between yarns versus normal pressure at a speed of 1 mm/sec. Error bars
represent standard deviations. These curves are taken from the work of (Montero et al.,
2017)

and of the normal pressure. The main results are summarised in Fig.4.23: it shows the
evolution of the glass fabric/fabric (a) static coefficient of friction µs and (b) dynamic
coefficient of friction µk as a function of the normal pressure at a speed of 1 mm/s. In
the following, the static friction is set to 0.2 and the dynamic friction to 0.17.

There are two approaches to defining the interaction between yarns: (1) create a
’surface’ for each yarn and then define the interaction for adjacent yarns one at a time.
This method defines the interactions very accurately, but is cumbersome. (2) The "Find
Contact Pairs" function is used to automatically find possible interactions. The advantage
is that the operation is relatively simple, but the calculation time increases. The first
method is used in this section.

4.1.4.4 Loading and boundary conditions

With regard to the boundary conditions, their purpose is to represent a kind of mini-
bias extension test, but they have been chosen to stabilise the calculation. It should be
remembered that the aim here is to generate a realistic displacement field to test the FE-
DIC and not, at least at this stage, to predict the behaviour of the fabric. The boundary
conditions adopted for the simulations presented below can be broken down as follows:

1. The nodes on the right edge are assumed to be clamped to represent gripping.

2. A uniform displacement is applied to the left edge to simulate the displacement of
the other grips. The motion speed is fixed at 2 mm/s.

3. To stabilise the calculation, the other two edges (upper and lower) are not left
completely free. Only movements in the X and Y planes and rotation around the Z
axis are allowed.
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Figure 4.24: Initial mesh and associated boundary conditions ( clamped on the right,
displacement imposed on the left and out-of-plane displacements restricted on the top
and bottom ’free’ edges)

4.1.5 Simulation results for a mini bias extension test
Once all the constitutive parameters and boundary conditions have been integrated, the
calculation is started in Abaqus. Such a calculation, with all the simplifying assumptions,
takes more than 11 hours to run on a standard laptop PC (LAPTOP-6266RGEL; Intel(R)
Core(TM) i7-9750h CPU @ 2.60GHz 2.59GHz; Installed RAM 8.00GB; System type: 64-
bit Operating System, x64 Processor).

The displacement field shown in Fig.4.25 corresponds to a displacement of the left
edge of 2 mm (t = 1 s). The simulation does not recover the pure shear zone, as the
aspect ratio of the model is only about 1.5 (a factor of 2 is usually required for a bias
extension test). However, the non-shear zone is clearly distinguishable and the semi-shear
zone can be inferred.

The magnitude of the displacement field is shown in Fig.4.25(a). The areas of maxi-
mum displacement (2.8mm) are indicated by the red circles. We observe that the maxi-
mum displacements occur in two places: (1) a very free yarn at top and bottom. (2) on
the yarn which is located at the boundary of the division of the zones. This phenomenon
is also observed in the tomograms obtained during the in situ test (Fig. 4.40). Figures (b)
and (c) show the displacement fields in the horizontal and vertical directions respectively
(X and Y axes). The distribution of non-shear and semi-shear zones is more clearly seen
in these maps. These results were considered sufficiently convincing for the generation of
realistic synthetic images (see section 2.3).

4.1.6 Intermediate summary for the DIB models part
An initial sample preparation procedure inspired by the previous chapters proved satisfac-
tory. The PMMA tube used as a support for the sample during the scan fulfilled its role
perfectly. X ray Tomographies carried out under highly representative data acquisition
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Figure 4.25: Displacement field resulting from the simulation of a "mini" bias test in
Abaqus: (a) displacement magnitude; (b) and (c) are respectively the components of the
displacement field in the horizontal and vertical axes (along X and Y, respectively).
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conditions provided nice and informative volumic images. The results obtained, however,
suggest favoring in the following a partial scan of the sample rather than trying to scan the
whole of it. A manual segmentation process helps to identify the sections of the strands,
to follow their position and to estimate their dimensions as well as their orientation. A
Digital Image Based CAD model was derived from the latter using TexGen. Automation
of the segmentation process, or even of the mesh, would obviously be desirable. One idea
could be to rely on the knowledge of CAD a priori. An ANR project (ANR AVATAR)
on this subject is underway at the Clément Ader Institute (Dorian Bichet’s PhD thesis,
in progress).

Secondly, we have shown how it is possible to generate FE simulations in Abaqus
from CAD DIB models previously created in TexGen. After slightly simplifying the
geometry, a first FE model of a mini-bias test was proposed. If the modelling of the strands
is kept simple, the model integrates the friction between the strands and a relatively
representative set of boundary conditions. This model was not intended to be perfect. It
was only used to generate realistic displacement fields and corresponding synthetic images
to test a DIC procedure (see section 2.3). Nevertheless, such a model could be perfectly
used to regularise a measurement, as suggested in (Rouwane et al., 2023b). To make these
simulations more predictive, it would be necessary to improve the DIB model, to refine
the description of the behaviour of the yarns, and to simulate "larger" pieces of fabric. It
is at this point that we could then consider the possibility of establishing a dialogue with
the measurements in order to identify some of its constitutive parameters.
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4.2 Toward multi instrumented in situ bias extension
tests

We now aim at performing a first bias extension test inside the µCT. In the previous
section we saw that adding a frame to the fabric greatly simplifies handling. We have
taken up the same idea here. A special in situ tensile machine has been designed to
accommodate the large displacements expected. A very similar PMMA tube to that
used to support the specimens in the previous section is used here to transfer the loads.
This means that the scans can be taken in similar conditions to those used previously.
We therefore know that the images obtained can be used to produce DIB models. The
machine’s operation is first tested ex situ, and images are taken through the tube using a
telecentric lens. The idea is then to test the possibility of supplementing X-ray monitoring
with surface field measurements by means of stereo FE-DIC in the future.

This section begins with an explanation of the preparation of the samples, followed by
a description of the in-house designed machine, then a presentation of the ex situ tests,
and finally the first results of an in situ test performed on your X-ray tomography system.

4.2.1 Preparation of samples for mini bias extention tests
The specimens used for the in situ tests in the µCT are similar in all respects to those used
in section 2, except that they are smaller and must not interfere with the tomography.
Since this solution was satisfactory in the previous part, we will again use 0.71 mm thick
cardboard to make the frame of the specimen. However, two methods have been tested:
the frame is assembled from different pre-cut pieces and the frame is obtained by a series
of cutting operations.

4.2.1.1 Frame made by gluing together multiple pre-cut pieces of cardboard

This first method is similar to the one used in the 4.1.1 section. The parts needed to
make the pattern (the heels and the uprights of the frame) are pre-cut, assembled and
then glued to the fabric to act as a frame. Figure 4.26 illustrates the various elements
used:

1. The glass fabric carefully pre-cut to size 90mm × 20mm

2. 4 tabs. These are glued to the ends as shown.

3. 2 strips to act as side posts for the frame. These are glued to the heels.

4. 2 Protective caps are placed around the frame to protect it before the experiment
begins (they will of course be removed before the jaws are gripped).

This protocol is feasible, but the method has not proved sufficiently robust. In fact, it
sometimes took several attempts to obtain samples that met the specifications (condition
of the fabric, position in the frame, etc.). The main reason for this is that there are too
many components and the preparation process, including cutting, is purely manual.
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Figure 4.26: Principle of the solution by assembling and gluing pre-cut pieces

4.2.1.2 Use of pre-cut frame

This new method has been proposed to eliminate the dispersion observed with the previous
technique. The idea is to pre-cut the frame. Two approaches were studied. In both cases,
only a rectangular piece of fabric and two rectangular pieces of cardboard are used, the
external dimensions of the latter being 100 mm × 30 mm (future frame).

For the first option, a 60 mm × 20 mm rectangle is precisely cut out of the centre of
the cardboard pieces to form the frame before gluing, as shown in Fig. 4.27. A scalpel is
used for this. The 90 mm × 20 mm piece of fibreglass is cut with a pair of scissors. Fraying
is observed. The fabric is then adjusted and glued to the frames as best as possible. The
green rectangles shown in Fig.4.27 (a) indicate the glued areas. Adjusting the position
of the fabric and cardboard pieces to ensure the relative orientation of the yarns and the
orientation of the fabric in relation to the edge of the sample is therefore easy, provided
the fabric piece has been cut correctly.

A variant of this technique has subsequently been developed. It largely follows the
proposal made in section 2.1.2, except that the main tool used is the scalpel. The key
points of the procedure are detailed in Fig.4.28. Here a 90 mm × 30 mm glass fabric is
used. As in section 2.1.2, two slits (dashed yellow lines indicated in 4.28) are cut into
the cardboard pieces near their ends to define the future limits of the tabs (60 mm from
each other) and to limit the support of the glued area. These pre-cut 100mm × 30mm
cardboard plates are then glued to the fabric in the tab area (the glued areas are indicated
by the green rectangles in fig.4.28 (a)). The final step in the process is to cut the entire
sandwich lengthwise to delimit the fabric gauge area and remove the useless cardboard
rectangle in this area. This last step proved to be particularly tricky due to the thickness
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Figure 4.27: Use of a prefabricated cardboard frame. First option: (a) Use a scalpel to
remove the 60 mm × 20 mm rectangle pieces in the centre of the two 100 mm × 30 mm
cardboard base pieces; Glue is deposited in the areas shown in green; (b) The pre-cut 90
mm × 20 mm piece of fabric is carefully fitted and glued to the two pre-made frames.
The removed covers can be used to protect the specimen during manipulation.

Figure 4.28: Use of a prefabricated cardboard frame. Second option: (a) The two pieces
of cardboard that will act as the frame are cut only along the yellow dotted lines. The
green areas are pre-glued. The fabric is carefully positioned and then sandwiched between
these two pre-cut pieces. (b) The assembly is cut lengthwise to define the future useful
area of the specimen and the central part is removed (to be used for protection until the
test).
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of the sandwich. It led to some inconveniences as shown in figure 4.28. Despite the
significant pressure exerted on the ruler to hold the parts together by adhesion and the
sharp scalpel used, fraying is again sometimes observed. The frame was sometimes even
damaged. Finally, even if the scalpel is held as vertically as possible, the trajectory of
the scalpel on the underside is not controlled. Several attempts were necessary before
achieving good results. We didn’t have time to try, but a laser cut could have been
attempted.

Both options which consists in using a pre-cut frame give better results in terms of
orientation control than the previous proposal. The second option gives better results in
the end. But the first, which corresponds to the best simplicity/result compromise, was
finally retained.

4.2.2 In-house developed in situ tensile machine
A specific machine was developed in-house for this study’s needs. It allows for the testing
of small specimens and is suitable for the large displacements expected when performing
bias extension tests.

4.2.2.1 in-situ tensile machine design

The proposed design is relatively conventional. The loads are transferred from the part
connected to the actuator to the fixed part via a PMMA tube, in view of the extremely
low loads to be expected. The idea is to avoid columns that would interfere with the
reconstruction of the tomographic image. Furthermore, to minimise the vibrations of
the machine (due to its high slenderness ratio), particular care was taken to make it as
"axisymmetric" as possible to prevent imbalance.

The following points made it possible to specify the specifications of the machine

1. The inner diameter of the tube must be greater than 30 mm, since the size of the
sample is 60 mm × 20 mm and that of the sample with its frame is about 30 mm.
In order to obtain interesting resolutions (in terms of fibre size), the outer diameter
should be as small as possible.

2. If the width of the fabric is 20mm, the maximum expected tensile force should not
exceed 100N (based on the results obtained with 50mm samples, using a simple
rule of three). We know that breakage will occur much earlier on such samples (2
elementary cells only in the width).

3. For a fabric of 60 mm × 20 mm, the maximum elongation expected should not
exceed 25 mm. However, the machine and/or the specimens could be modified to
test larger and therefore longer specimens.

The main machine components retained in the proposed design are presented in. Fig.
4.29. Their main characteristics in this work are specified below:

1. Electromechanical actuator. We have chosen a captive linear actuator developed
by Nanotec. It is equipped with a NEMA17 (42mm) stepper motor. Its stroke is
approximately 63.5 mm and the maximum peak force it can be subjected to is
approximately 46 daN. The motor is fitted with an encoder which allows us to know
its exact rotation and therefore the position of the cylinder rod.
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2. PMMA tube. The radial dimensions of this cylinder is 38 mm × 32 mm × 3 mm,
that is to say identical to those adopted in section 4.1.1. Its length has adjusted to
accommodate the present samples.

3. Load cell. An in-line strain gauge based sensor has been chosen to measure the
longitudinal load applied to the specimen. The maximum capacity of the miniature
threaded load cell selected in this work is 50 N.

4. Grips. Two stainless steel mini mechanical vice grips were purchased commercially.
They can transmit up to 500N and fit inside the tube.

Figure 4.29: in-situ tensile machine designed in-house for the purposes of this study: (a)
CAD of the machine without the tube and (b) first manufactured version. The main
interfaces connecting the commercial parts were obtained by 3D printing.

The machine was then designed around these "commercial" parts. The work therefore
consisted mainly in developing interfaces. A CAD view of the machine (without the
PMMA tube) and the first manufactured machine used during this thesis are shown in
Fig. 4.29. For this first achievement, all the main interfaces were made using plastic
additive manufacturing (ABS 3D printing) and the tube was bonded to the interface
parts (with Araldite 2011).
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4.2.2.2 Machine control and displacement force data acquisition

We chose a commercial solution to control the machine and collect data during the tests.
A USB card is used to control the actuator via a microstep driver and to record its position
and the force applied to the specimen. The software (Depex) supplied with the machine
has a graphical interface that simplifies operations both during test preparation and later
when exporting data. A schematic of the whole system is shown in Fig. 4.30 It should
be noted that the system is robust in the sense that the cables of the machine can be
disconnected during manipulations.

Figure 4.30: Schematic diagram of the system chosen for the control of the machine and
the acquisition of data.

4.2.3 ex-situ bias extension tests
In this section, we present the first tests carried out ex-situ with the machine developed.
There are several objectives:

1. It was important to prepare for the tests in the tomograph. Among other things,
the assembly of the specimens is a delicate phase. The first step is to align the jaws.
In practice, a rotation around the machine axis can be released between actuator
and base. The idea is then, as with conventional machines, to grip a martyr test
piece (much stiffer than our sample) once the machine is assembled, in order to force
the jaws to align. Rotation is then prohibited. The sample can then be mounted
with a minimum of twisting.

2. An important objective is to test the operation of the machine under less restrictive
conditions in preparation for the in-situ test. For example, we want to record the
effort/displacement curve on several such small samples in order to anticipate the
load levels at which we will stop the machine to perform the scans (the scans are
performed here, classically, with the movement stopped and the effort stabilised).

3. We wish to verify that field measurements by stereo DIC could be made through the
tube. Eventually, we plan to add a camera in the tomograph and capture images
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of the sample in the visible during its rotation (Fouque et al., 2022). We imagine
using a telecentric lens (although we are fully aware that this will not eliminate the
distortions induced by the PMMA tube, it could simplify the optical modeling)

4. Finally, in connection with the previous point, we want to take advantage of this
campaign to estimate the effect of the speckle deposited by the procedure proposed
in the section 2.1.1 on the behaviour of such small samples.

4.2.3.1 Mini bias extension tests on speckled specimens

Experimental setup
Several specimens are prepared according to the procedure described in section 4.2.1.2.

Four specimens are speckled according to the procedure introduced in section 2.1.1. They
are tested ex-situ using the mini-machine placed on a fixed support (see figure 4.31 (b)).
After releasing the specimen by cutting the frame posts (in this version, two rectangu-
lar slots, visible in Fig. 4.31 (b), are made on both sides of the PMMA tube - another
configuration has been adopted for tomography), the specimens are subjected to a mono-
tonic tensile load until the specimen separates. The Depex software makes it easy to
program the test (direction of applied displacement, displacement speed, automatic stop
after a drop in force, definition of end-of-test conditions, etc.). The travel speed is set at
6 mm/minute.

Figure 4.31: Bias extension tests carried out ex situ with the miniature tensile machine:
(a) experimental setup: the stereo bench, which did not yield convincing results, is not
represented; (b) photo of the machine fixed on a table: the side slits made in the PMMA
tube allow the fabric to be released (by cutting the side posts of the frame) before the
test

Optical instrumentation similar to that described in Chap. 2 is setup. It includes
a 5Mp stereo correlation bench, a 5Mp camera equipped with a telecentric lens (Opto
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Engineering TCZR lens visible in Fig.4.31 (b)). Special care has been taken to position
the camera + telecentric assembly so that the optical axis is perpendicular to the surface
of the sample. The frame rate is set to 1 fps.

Force vs displacement results

Figure 4.32: Force (N)/Displacement (mm) curves for the tension-extension test per-
formed on speckled glass fabric samples using a miniature tensile machine.

All of the Force (N)/Displacement (mm) curves obtained are shown in Fig.4.32. A
quick comparison with Fig.2.5 obtained for reference samples of 150mm×50 mm reveals
notable differences in terms of appearance and values. In particular, we observe a huge
difference in maximum load flow in the width of the specimen (12N/20mm against a little
more than 300N/50mm for the macro reference) and in the relative elongation (25/60 in
the present case against just over 40/150 for the macro reference). Given the few cells
included in the width, the shearing and frictional forces between the threads when the
fabric is stretched are greatly reduced. These tests carried out with the micro-machine
could however still be divided into three phases indicarted in Fig. 4.32:

1. The yarns spin at the crossing between warp and weft with a relatively small force.
The short duration of this phase is due to the small dimensions of the sample and
the rapid change in shear angle, which allows adjacent wires in the same direction
to approach each other more quickly.

2. The second phase is the shear locking phenomenon. Adjacent threads in the same
direction touch each other and produce lateral compression. However, for the small
specimens studied in this section, the observed wire movement is significantly differ-
ent from the usual shear blocking phenomenon. This leads to two observations: (i)
in terms of load, as shown in Fig.4.32, the experiment begins to show a significant
increase in tensile force as it enters the second stage. However, the associated slope
is very small (ii) the inter-wire kinematics, as shown in Fig.4.33(b), the shear angle
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could be measured to vary from about 3° to 11° in the second stage of the exper-
iment. However, no significant sliding phenomenon is observed. The main reason
for this discrepancy is the size of the sample. The number of yarns perpendicular
to the direction of traction is about 11 to 12 (2 patterns), a much smaller number
than the 28 to 29 (5 patterns) in the sample in chapter 2. So the friction between
warp and weft yarns is too small (compared to the friction in the sample in chapter
2). This is the main reason for the overall small traction force. Noteworthy is the
short duration of this phenomenon, which will quickly enter to the third phase.

3. The tensile force gradually increases with shear angle in phase 3. The main reason
for this is attributed to the evolution of the interactions between the yarns due to
the stretching and rotation of the yarns. In particular, the evolution of the friction
as the shear increases. In other words, as the shear angle increases, the compressive
force between the strands becomes progressively greater, resulting in progressively
greater friction. In addition, according to the study by L. Montero (Montero et al.,
2017), the adherence and dynamic friction coefficients increase significantly when
the angle between the glass strands decreases from 90° to 0°. In their case, they go
from 0.20 to 0.33 and from 0.17 to 0.28 respectively (for a given pressure between
the strands). Some slippage between the warp and weft yarns could be observed as
shown in Fig.4.33(c). When the shear angle reaches a critical value (for a 60 mm x
20 mm speckled glass fabric, this shear angle is estimated to be 11°), a significant
slipping phenomenon between the yarns is observed.

Figure 4.33: Images of the deformed specimen taken by the 5Mp+ telecentric camera
system for extensions of 3mm (30th), 9mm (90th) and 16mm (160th).

These results made it possible to get to grips with the miniature traction machine. The
latter fully satisfies the experimental requirements. The stepper motor provides smooth
operation, and the displacement resolution is more than sufficient for this type of testing.
The 50 N force sensor is widely and its resolution is considered excellent.

FE-DIC measurements
The images taken by the previously calibrated DIC stereo bench confirmed our fears.

We were unable to make a shape measurement. We attribute this to light reflections from
the surface of the tube and, to a lesser extent, to the fact that the tube was not included
in the calibration process. Only the images taken by the telecentric were used afterwards.

A 2D measurement is then attempted using FE-DIC. A uniformly structured square
mesh based on QUADTREE elements is again retained. It is rotated by 45° with respect
to the tensile direction, as suggested in the chapter 2. The mesh (i.e. ROI) is adjusted
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so that it touches the lower tabs and the edges of the specimen. The different mesh sizes
tested are given in Table 4.2.3.1. This table also gives the approximate number of pixels
used by each element. The optical resolution in this case is about 2.86 × 10−2 mm/px.

Table 4.3: Mesh size in mm and approximate number of pixels used by an element.
Number of elements 22 15 11 8 6

Mesh size [mm] 0.943 1.371 1.857 2.571 3.429
Approximate number of

pixels used by an element 33×33 48×48 65×65 90×90 120×120

Before we start our measurements, we want to estimate the final measurement res-
olution that can be expected with these settings. The classical approach described in
Chapter 2 is used again (sub pixel artificial translations of the reference image).

Figure 4.34: Evolution of the ultimate error as a function of mesh size for a 60 mm × 20
mm specimen of speckled glass fabric: evolution of the systematic error (a), the random
error σe (b) and the median value of the random error, denoted MRE (c).

Fig.4.34 shows the evolution of the systematic error (a) and the random error (b) as
a function of the element size considered. It can be seen that the systematic error is less
affected by the variation of the element size. Moreover, its level remains low compared
to that reached by the random error for a displacement of 0.5 pixels. Therefore, as in
chapter 2, we now focus on the evolution of the median value of the random error (MRE),
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shown in Fig.4.34 (c).The minimum value of the MRE is reached when 15 elements are
used in the width of the mesh, i.e. an element size close to 1.371 mm.

Figure 4.35: Displacement fields measured by FE-DIC (with Pyxel) when the displacement
reaches 9 mm (left - 90th image) then 16 mm (right - 160th image): the deformed mesh
is superimposed on the image. (a), (b) present the result obtained when the FE-DIC is
carried out between the reference image and the considered image while (c), (d) present
the result delivered by an incremental approach (in this case, updating the reference image
when the correlation residual reaches 6%).

Fig. 4.35 shows the results of the FE-DIC measurements with the same mesh (15 ele-
ments wide), but either in the "classical" or in the "incremental" way (see chapter 3). Figs.
4.35 (a) and (b) show displacement fields measured "classically", i.e. without updating the
reference image. The proposed images correspond respectively to displacements of 9 mm
and 16 mm (corresponding to the 90th and 160th images, respectively). We observe that
this method "unhooks" significantly (b), and this well before 16 mm of displacement is
reached. Figs.4.35 (c) and (d) show the displacement field measured by regularly updat-
ing the reference image once the residual R residual reaches 6 %. Again, the incremental
version of FE-DIC gives a much more satisfactory result for large transformations.

This section has demonstrated that a 2D FE-DIC measurement through the PMMA
tube is possible. However, as mentioned earlier, we are fully aware that the results
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obtained, even with a telecentric system, should be questioned. In fact, the system should
be calibrated to account for the presence of the PMMA tube in the optical path. If such
a calibration is carried out, and taking advantage of the rotation of the machine during
the RX scan, it should be possible to make stereo measurements on the surface of the
samples during future in-situ tests (Pierré et al., 2017; Fouque et al., 2022).

4.2.3.2 Mini bias extension tests on speckle free specimens

The idea here is to assess the effect of speckle on the mechanical behaviour of such
specimens. The small sample size makes this question all the more crucial. We therefore
decided to perform bias tests on four untreated samples to make a comparison. The
control parameters and the acquisition parameters are not changed: The image capture
rate is set to 1 frame/sec and the motion speed is again set to 6 mm/minute.

Figure 4.36: Force (N)/Displacement (mm) curves for the tension-extension test per-
formed on unspeckled glass fabric samples using a miniature tensile machine.

Fig.4.36 unifies all the force-displacement curves obtained for the 4 unspeckled samples.
There are significant differences with the previous results:

1. The first difference, which is obvious, is the huge difference in the maximum load
supported by the specimens (minimum over 9N for speckled specimens, maximum
under 2.8N for unspeckled specimens). The deposition of speckles must have several
effects that can explain this observation: it can cause local sticking and/or increase
the adhesion of the strands and fibres of the yarns to each other, thus increasing
the rigidity of the glass fabric and the friction between the yarns. If the levels are
different, the curve still retains the same appearance.

2. Overall, the maximum displacement seems slightly less important without speckle.
Again, speckle seems to delay sample separation. However, this effect remains less
pronounced than the previous one.
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3. The results obtained for the non-speckled samples appear to be much more dis-
persed. Despite all the care taken in preparing the samples and setting them up,
it seems that some of the observed dispersions come from these phases. Sample 2,
for example, behaves very differently from the others (see Fig. 4.36). On closer in-
spection, the sample was not perfectly perpendicular to the horizontal plane (about
2.5° inclined) when it was mounted. The very low force values measured also give
rise to measurement ’noise’ and the effect of external disturbances due to the lower
load, as shown by the area circled in red in the 4.36.

4.2.3.3 Intermediate summary for the ex situ testing part

In this part, we have implemented a miniature tensile testing machine that was developed
on the occasion of this thesis. The machine was at this stage tested ex situ and sev-
eral samples of speckled and unspeckled glass fabrics were tested. The machine worked
perfectly and the results obtained demonstrate

• the efficiency of the sample preparation method.

• the considerable influence of the speckling on such small samples. This observation
will lead us to reconsider our speckling technique to make the DIC measurement
much less intrusive in the future. In addition, the results obtained on the unspeck-
led fabric encourage us to consider future studies on slightly larger fabrics with
potentially smaller patterns.

• that it would be possible to perform stereo DIC on the surface of the specimen
in the tomograph during the test in situ. However, a calibration phase linked to
the presence of the PMMA tube between the objective and the tissue must be
considered.

It was also checked that the electronics could be connected and disconnected without
any adverse effect on the test and the measurements taken. This will make our task much
simpler (no cables that could wind up in a dangerous and erratic way).

Finally, on the basis of this work, we can now define in advance a sequence of stages
during the loading of the specimen in situ during which the specimen is scanned.
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4.3 In situ bias extension tests

4.3.1 Experimental setup and operation
We are now carrying out the first in situ bias extension tests with our machine in our
µCT. Figure 4.37 shows a schematic diagram of the complete installation and a photo of
the experimental setup in the X-ray protection cabin.

Figure 4.37: Photo showing the in-situ traction machine mounted in the ICA tomograph
(bottom). A diagram shows the entire system implemented during these tests (top)

The main phases of the installation are described below. The sample is first mounted
inside the mini machine and the entire process is initialised outside the tomograph (start-
up, acquisition and control parameter settings, displacement/load zeroing, etc.). The
travel speed is set at 6 mm/minute. The in situ machine is disconnected, then mounted
in the CT scanner as shown in Fig. 4.37. Its mounting base is screwed onto the rotation
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plate. The side posts of the frame are finally cut to release the tissue (the necessary holes
have been moved so that they do not appear in the tomographic image).

Figure 4.38: Typical load/displacement curve obtained for a glass fiber specimen. The
yellow dots indicate the levels at which the scans were planned. In practice, each scan
requires an interruption of the displacement. The plateaus required are symbolized in the
displacement/time figure presented above and last approximately 48 minutes here.

We had planned to do about 4 CT scans. In addition to the reference image, we
wanted to take at least 3 ’deformed’ images. One of these should be close to the peak
load. The typical elongation of an unspeckled fibreglass sample close to the separation is
around 18 mm (see Fig. 4.38). Figure 4.38 illustrates the sequence of these scans.

After the first tomography, the electrical cables were reconnected to the machine, a
displacement of 6 mm was requested on the mobile grips and the load and displacement
acquisition started again. Once the displacement and effort have stabilised, the cables are
disconnected and a new scan is performed. The operation is repeated until the peak is
reached.
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The CT acquisition parameters are given in the table 4.4. The resolution of the image
obtained here is of the order of 26 µm/vx. Each plateau here lasts about 48 minutes. The
imaged region does not cover the entire height of the tissue sample, but more than half
of it. It focuses on the lower part of the sample, starting to the right of the lower heels.
In this way, the area of interest remains within the imaged region. In fact, we want to
follow the deformation of the transition zones for as long as possible, without sacrificing
too much resolution (to give us every chance of still being able to guess the orientation of
the fibres and reconstruct DIB models in good conditions).

Parameters Value Unit
X-ray focal spot size Tube power 21 W

Tube voltage 70 kV
Tube intensity 300 µA

Imager Mode 1×1 0.5pF VG1
Frames per second 4

Calibration 128
Digital gain 1

Rotate/mirror Normal
Average 8

Control Generator H 206.2585 mm
Generator V 0.0000 mm

Imager H 203.8464 mm
Imager V -234.5667 mm

Imager Zoom -1.1082 mm
Rotation 180.4425 °

Zoom 0.0000 mm
Acquisition Total number of images 1440

Geometrical Zoom 4.85
Optical Zoom 1.00

Voxelsize 26.21 µm
Volume height 35.1 mm

Volume diameter 47.6 mm
Slices 1339

Estimated time 0:48 hh : mm

Table 4.4: Filters and settings of the parameters during the tomography experiment.

4.3.2 Results
Fig.4.39 shows the force (N)/displacement (mm) curve recorded during the in situ test.
This curve is similar to that obtained in the previous section, with a maximum force
estimated at 1.914 N and a maximum strain of approximately 16.345 mm. Minor, almost
imperceptible disturbances of the measurements (especially of the load) result from the
various connection and disconnection operations.

In terms of tomography, 4 scans were actually performed. The displacement levels
at which the scans were performed are reported in Fig. 4.39. The corresponding recon-
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Figure 4.39: Load (N)/displacement (mm) curve recorded during the bias extension test
performed in the ICA tomograph. Completed scans are reported (displacement = 0, 6,
12 and 18 mm).

structed images are shown in Fig. 4.40. Compared to the high resolution images obtained
in section 4.1.2, a decrease in resolution and sharpness can be observed. We no longer
distinguish individual fibres, but the architecture of the fabric is perfectly defined at the
yarn level.

The manipulation went perfectly, and this first in situ bias extension test is a success.
The manipulation went perfectly and this first in situ bias extension test is a success.
Nevertheless, it would be desirable to simplify the operations, in particular by limiting
the number of connections and disconnections. An evolution of the machine and/or the
wiring is planned. Finally, the whole system would benefit from better integration.

4.3.2.1 The evolution of yarns during the bias extension test (preliminary
observations)

The movements and cross sectional changes of the warp and weft yarns during the exper-
iment could be observed from the reconstructed images (Fig. 4.40). On the macroscopic
scale, the scans corresponding to the 12 mm and 18 mm displacements are particularly
revealing. At a stretch length of 12 mm, the shear angle between the warp and weft
yarns has not yet reached its maximum value. When the stretch length is 18 mm, we
have passed the peak and the shear angle has already reached its maximum value. The
slippage and separation between the warp and weft yarns develops in the green zone. It is
clear that the warp and weft yarns where separation occurs are at the boundary of three
zones (shear-free zone, semi-shear zone and pure shear zone). This phenomenon is related
to the complexity of the shear forces at the boundaries. This phenomenon is also due to
the small width of the sample and wrinkles are observed when the sample size is large
enough.
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Figure 4.40: 3D reconstructed images from scans taken at the four different stages of the
bias-extension test. The yellow area is the ROI and the green area is the zone where warp
and weft yarn slippage and separation were observed.
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Figure 4.41: The position of the selected cross sections.

Figure 4.42: The evolution of yarns’ sections during the bias extension test.
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On the mesoscopic scale (yarn scale), more complex kinematics between the yarns are
observed. Here, as shown in Fig. 4.41, we focus on the warp and weft threads located
at the intersection of the three regions are selected (yarns n°1 and n°2). The shape of
these threads changes as the stretch length increases. Let’s consider yarn no.1. We can
see that:

1. Its cross-section at 6 mm extension shows no significant change from the initial
state. All that can be observed is that the distribution of pores in the cross-section
of the yarn crossing it has changed. This means that the angle between the warp
and weft wires changes and the interaction force is weaker. The shear force applied
is counteracted by the reduced distance between the threads. And there are always
gaps between adjacent threads.

2. When the imposed displacement reaches 12 mm, the first thing observed is the
aggregation of adjacent parallel yarns. It is obvious that the gap between the threads
disappears. This is due to the reduction in the angle between the warp and weft
threads caused by the shearing force. It can also be seen that the pores within yarn
n1 are reduced and the cross-sectional shape is slightly altered due to the interaction
with adjacent yarns. The cross-section of n1 is rotated relative to the initial state
due to the compressive force of the adjacent wires. The interaction forces between
the wires become greater in this state and the change accelerates.

3. When the stretching length is 18 mm, the wires are closer together than before. And
because of the interaction between wires, it is possible to observe a large change in
the shape and position of adjacent wires. The cross-section of the wire is reduced
once again.

4.3.2.2 FE-DIC from radiographs?

We did not to try a DVC Bay et al. (1999); Roux et al. (2008) measurement on the
reconstructed tomographic images at this stage. On the other hand, we tested a 2D FE-
DIC based directly on the x-rays projections, just out of curiosity (Russell and Sutton,
1989). The Pyxel library is again used to perform FE-DIC.

Four "orthogonal" projections (sample parallel to the detector) are extracted from the
four scans performed (see Fig. 4.43). The dimensions of the obtained grayscale images are
1289 × 974 pixels2. The ROI is restricted to the lower part of the specimen as depicted on
Fig 4.43. The measurement FE mesh is square, structured, uniform and is based on Q4
linear elements. It is generated with Gmsh software. The size of the elements is obtained
by fixing the number of elements to the width of the ROI, as shown in Table.4.3.2.2 :

Table 4.5: Element size in mm and approximate number of pixels used by an element.

Number of elements 13 9 7 5 4
Element size [mm] 1.362 2 2.553 3.617 4.511

The approximate number of
pixels used by an element 32×32 47×47 60×60 85×85 106×106
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Figure 4.43: Orthogonal projections are extracted from the scans for the four steps of the
bias test to test a radiograph-based 2D FE-DIC. The yellow square indicates the ROI.

Figure 4.44: Evolution of the systematic error and the random error as a function of the
size of the elements in the case of a 2D FE-DIC analysis based on simple radiographic
projections.
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The usable texture here is simply consecutive to attenuation gradients. Once again,
an a priori study based on "artificial subpixel translations" is considered. Fig. 4.44 shows
the evolution of systematic and random errors as a function of the element size. The
median random error (MRE) reaches a minimum value when the mesh size is around 4.5
mm. However, such a coarse mesh will not allow to properly capture the kinematics. In
what follows, an element size of 2 mm will rather be adopted.

Figure 4.45: FE-DIC measurements based on radiographs with the mesh size of 2 mm
(displayed with ParaView). (a) Displacement field along the loading direction, in mm (b)
Correlation residual map (in %).

The 2D FE-DIC results obtained using Pyxel are shown in Fig.4.45. Fig.4.45 (a)
shows the displacement field measured using an incremental approach (such as the first
one introduced in Section 3.2.1). The reference image is here updated at new level. For
the first displacement level studied, the method manages to provide results consistent with
our expectations in a good part of the ROI, as evidenced by the low correlation residuals
(cf. Fig.4.45 (b)). However, a non-negligible part of the ROI (top left of the ROI) gives
aberrant results. This is probably due to the initialization of the DIC, which is difficult to
achieve given the level of deformation. It is in this part of the specimen that displacements
are most significant. The size of this region increases as displacement increases, and the
mesh gets increasingly " unstuck ". In the second stage, for a displacement of 12 mm,
only the "unsheared" part still gives realistic results. At the last stage, the algorithm is
totally lost.

In addition to the significant impact of the relative displacement between two images
(6mm/60mm), which is probably the main cause of our concerns, the architecture of the
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material is also evolving and may not help to correlate images.

4.3.2.3 Attempt to automatically generate DIB models from manually seg-
mented images

Figure 4.46: Contour surface meshes (STL) obtained from the reference volume image
: (a) raw reconstructed tomographic image cropped in the ROI; (b) segmented image
produced by manual individual marking of warp and weft yarns; (c) contour surface mesh
directly generated from the reference reconstructed image; (d) Contour surface meshes
automatically generated and based on the segmented images

In this part, we want to evaluate the potential of reconstructed tomographic images for
the generation of DIB models. As we no longer had time to repeat the approach proposed
at the beginning of this chapter (by updating a TexGen model), we just attempted a
manual 3D segmentation and meshing of the yellow area of the ROI in Fig.4.40. The
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reconstructed image cropped in the ROI is shown in Fig. 4.46 (a). Fig. 4.46. The warp
and weft strands are marked separately on each tomographic image, in order to separate
the strands. Fig. 4.46 (b) illustrates the result of a segmentation. The warp and weft
threads are well separated. Fig. 4.46 (c) shows a contour surface mesh (STL) based
directly on the reconstructed image. If the warp and weft strands are recognizable, their
shape and the contacts between them are not well represented. Fig. 4.46 (d) presents the
contour mesh of the model produced this time after segmentation. This contour mesh
seems more representative than the previous one.

Figure 4.47: (a) Contour surface mesh after smoothing; (b) warp yarns; (c) weft yarns;
(d) warp yarns surface mesh imported by Gmsh; (e) weft yarns imported by Gmsh.

However, on closer inspection, the contour meshes obtained from the segmented image
have a major flaw. Figs.4.47 (b) and (c) indeed show that there are still "menisci" between
the wires in the same direction. This is caused by errors when marking the wires and
when generating the contour mesh using the Dragonfly software. Contour mesh files can
be opened and edited in Gmsh software. Figures (d) and (e) correspond to two meshes
thus treated. This processing can be tedious and becomes eminently manual.

This experiment shows that the mesh of the images captured during the in situ test
must be able to be used to generate DIB moodels. It also reinforces our desire to move
towards a segmentation based on a geometric a priori (use of a CAD model).

Doctoral thesis - XU Taiwei - 159 -



4.3 In situ bias extension tests

4.3.3 Intermediate summary for the in situ tensile test
This section completed the in situ bias test with x-ray tomography. And three orienta-
tions were proposed based on the experimentally obtained 3D reconstruction models and
projections: (1) The most intuitive one is the study of yarn scale observation through 3D
reconstruction models. The main target is the study of the structure between yarns and
the kinematics of the yarns during the bias test. A simple modeling of the textile unit
cell was carried out by Texgen software. Also, it was observed the change of shapes and
rotations of yarns at the yarn scale through 3D reconstruction models at different stages
of the experiments. Due to the small size of the sample, relative sliding between yarns
was observed in the second half of the experiment. This conclusion cannot be generalized
to large size fabric samples for the time being. (2) The connection between the bias test
and X-ray tomography was found by tracking the displacement field with the grayscale
images of the projections. And the feasibility of tracking the displacement field of samples
by grayscale images of projections was verified. However, due to the time limitation of the
experiment, the bias test was not divided into sufficient number of stages. This resulted
in excessive errors in the calculated displacement field. The solution is to increase the
number of tomography in order to obtain more projections. (3) An attempt was made to
directly export a model from the 3D reconstruction model that could be used for numer-
ical simulations. However, the results were not satisfactory. The reason is that the ROI
region in the tomography is too large and the resolution is too low. It is possible to try
to reduce the ROI region of the tomography.

In addition, a lot of work needs to be done on the wiring to make the machine easier to
use. Finally, in order not to compromise the project, a large proportion of the machine’s
parts were produced using polymer additive manufacturing. For the tests envisaged in
this thesis (very low loads), this type of solution was viable. However, the machine is
intended to be used for other applications. Since the trials, a version more in line with
the initial design (machined aluminum alloy parts) has been assembled and tested.

Automation of segmentation and labeling tasks would make sense in the future if the
work were to be repeated.

Finally, a bias-extension test, unpublished to our knowledge, was carried out. During
the test, four intermediate resolution scans (between that obtained by zooming to maxi-
mum and that which would allow the entire specimen to be followed from the beginning to
the end of the test) are recorded. They make it possible to perfectly follow the deformation
of the reinforcement in the transition zones. Two rapid attempts to exploit these images
have been proposed. The first concerns the measurement of displacement which relies
directly on radiographs. The results simply reinforces the idea that the measurement of
displacement by volume correlation from such tomographic images in such a context is a
real challenge (e.g., large displacement, texture/microstructure link, complex kinematics
). The idea of assisting the measurement by relying on a DIB model seems particularly
attractive Rouwane et al. (2023b). The second attempt concerns the "fast" generation
of a DIB model which would dispense with the CAD modeling step (eg carried out with
TexGen). The results then highlight the challenge represented by the segmentation and
meshing of such microstructures. These observations confirm that the idea of adjusting a
CAD model from the images is probably a way to be preferred.
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4.4 Chapter summary
Our aim was to set up the necessary ingredients for a meaningful test-computation di-
alogue at the mesoscopic scale on the basis of a bias extension test carried out in a lab
µCT. An image-based model generation approach is proposed and a specific mini-machine
is built and operated. In this chapter, we have succeeded in removing several obstacles
that we will have to face in order to achieve such a goal:

• Preparation of small samples. Glass fibre satin samples have been manufac-
tured. Their dimensions are chosen with the aim of obtaining favourable tomo-
graphic images while maintaining 2 unit cells in width. A procedure inspired by
that used in previous chapters has enabled us to produce test specimens. The ad-
dition of a cardboard frame is suggested. This arrangement has greatly simplified
handling, for example during the first tomography tests carried out under repre-
sentative conditions, and above all the mounting of the specimens during the in
situ test. The first reconstructed tomographic images produced are sufficiently well
resolved to allow perfect identification of the yarns and even their structure.

• Image analysis. The tomographic images reconstructed under in situ test condi-
tions thus provides a wealth of information on the material’s architecture. When
we zoom to the maximum (max resolution), voxel size is close to the glass fiber
diameter. The high-resolution images produced even make it possible to highlight
each individual glass fibre and facilitate the manual image segmentation. It should
also help defining the local orientation of the fibers within the yarn. During the in
situ test, slightly more than the bottom half is scanned. Even if we move away from
the ultimate resolution, this choice makes it possible to reduce the scanning time
while following the displacement of the transition regions until the separation of the
sample. Those images enables us to trace certain key dimensional and structural
parameters of the glass fabric during the experiment.

• DIB model. Textile unit cell modelling was carried out using the reconstructed
HR images with Texgen software. The images obtained beforehand allow a segmen-
tation of the image which helps to extract some key parameters of description of
the architecture. The TexGen were subsequently updated and more realistic CAD
models are produced. First EF simulations of a "micro" bias extension test based
on a simplified (but realistic) microstructure CAD model are performed in Abaqus.
The results obtained have been used to generate the synthetic images used in section
2.3.

• in situ tensile machine. A miniature tensile machine adapted to bias testing on
small samples was designed and assembled during this thesis. It enables samples
to be subjected to high levels of deformation while simultaneously observing the
material’s internal architecture and visualizing its surface. It was first tested ex situ
by testing several speckled or unspeckled glass fabric specimens. These experiments
allowed us to familiarize ourselves with the machine and to check its operation. We
were also able to verify that the machine will make it possible to obtain usable
images of the surface of the sample.
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• 2D FE-DIC during an ex situ test performed with the mini tensile ma-
chine. A speckle pattern was deposited on some samples, and tests monitored by
a camera equipped with a telecentric lens were carried out using the miniature ma-
chine ex situ. 2D FE-DIC measurements were successfully carried out on the surface
of the fabric through the PMMA tube.

• in situ bias extension test. An experiment was finally successfully carried out in
an X-ray microtomograph. Four scans were taken at different stages of loading. The
evolution of the material’s architecture is clearly visible. The limitations of conven-
tional approaches that could be carried out with these scans are then illustrated:
first, a 2D FE-DIC method based on radiography is tested, as well as automated
mesh generation.

The first ambition for the future is to use the X-ray CT to automatically build a digital
image-based (DIB) model of the unit cell and track its deformation during a test performed
in situ. In particular, we plan to measure kinematics by combining regularised volume
correlation (Rouwane et al., 2023b) and surface measurements using stereo DIC (Fouque
et al., 2022). Secondly, in a longer perspective, we aim to identify some constitutive
parameters introduced in the (meso) model. We have clearly identified limits with this
respect.

• For example, the question of the impact of speckle on the behavior of fabrics in this
type of situation cannot be eluded. We have to develop speckling techniques that
limit its effect.

• Another hard point concerns the construction of DIB model. For the time being,
a large number of manual operations are necessary and the model results from
several operations (segmentation, measurements, generation of meshes, etc.). The
ANR AVATAR project should contribute to finding a way to use an a priori on
the geometry (in the form of the CAD model) to automate the generation of such
models.

• Our initial simulations also highlight the challenge posed by the simulation part
of a test. Even though the models used are small and only incorporate part of
the non-linearities (only friction between the strands is taken into account), the
calculation times observed are deemed prohibitive in relation to the objectives (e.g.
for identifying the constituent parameters).

• Even in its latest version, which incorporates all the major aluminium alloy interface
parts, the in-house developed machine still has some limitations. In its current state,
it can only handle certain types of samples. It is planned to purchase other actuators
and develop other equipment to extend the range of applications.
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The initial aim of the thesis was to evaluate FE-DIC in the context of fabric character-
isation and forming experiments. This technique, which has not yet been used in this
context, would greatly simplify the dialogue between the tests and the simulation. In this
work, we have focused on the bias extension test. 3 types of fabrics were tested: glass,
carbon and C/PPS (commingled) fabric.

Chapter 2 discusses the evaluation of 2D FE-DIC measurements in such a context.
The experiments are imaged using a telecentric lens which targets a restricted ROI of the
sample on the side of the fixed grip (including the ’rich’ transition regions between the 3
typical zones encountered in these tests). The level of deformation remains moderate. A
simple uniformly structured mesh based on Q4 linear elements is used. A speckle devel-
opment work was carried out for each of the fabrics. An original procedure for specimen
preparation, based on the addition of a temporary frame, was also proposed. It allows
good control of the test and greatly simplifies the handling prior to the test. Two elements
are taken into account to select the appropriate measurement mesh size and orientation:
the final error of the FE-DIC estimated from the reference images of the speckled speci-
mens, and the correlation residual (indication of the quality of the registration performed).
These studies show that the mesh size must be carefully adjusted. Initially, the reduction
in the ultimate error encourages the use of rather large elements, but then the natural
texture of the fabric makes correlation difficult. In a rather unconventional way, this
study leads to an ideal element size which seems to be close to the width of the yarns.
The correlation residuals, on the other hand, show that it is essential to use small ele-
ments to represent the complex underlying kinematics. The residuals also highlight all
the places where a continuous description of the displacement field is inappropriate. A
linear interpolation in a large element (with respect to the yarn width) can in no way
represent the true underlying kinematics, particularly at the level of a crossing between
yarns. Finally, for some fabrics, the orientation of the mesh seems to have a clear impact
on the overall level of the correlation residuals. It appears that, at least when the size of
the element is greater than the width of the yarns, the mesh is more likely to be oriented
when the direction of the yarns is indicated. However, some experimental results were not
consistent with this conclusion. The factors influencing this phenomenon could be further
investigated by repeating the experiment and using synthetic data. A first step towards
the synthesis of representative test images to challenge FE-DIC is then presented. An
image-based 3D model is built (see chapter 4) and then manually coloured. A non-linear
calculation in Abaqus is then used to generate images of plausible situations. For now,
the "synthetic" speckle and its generation are perfectible. Finally, in spite of the care
taken to produce the "real" speckle, it has shown its limitations (flaking, reflections, etc.).

Chapter 3 is concerned with the delicate issue of the measurement of large deforma-
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tions of the fabric in the presence of large deformations. Indeed, in this case the kinematics
become increasingly difficult to describe and it is less and less possible to say that the tex-
ture is passively advected. In this work, the initial reference nodes were followed visually
to have a point of comparison. We first show that the measurement error with a "classical"
FE-DIC (without updating the reference image) leads to both large measurement errors
and large correlation residuals. A first incremental method is then proposed. The idea
is to update the reference image and the mesh every time a new image is acquired. The
gain is obvious, but the measurement errors remain significant. These errors result from
the accumulation of the measurement uncertainties associated with the very large num-
ber of incremental measurements (uncertainty in the displacement obtained and incorrect
positioning of the deformed mesh for the future measurement). An incremental method
constrained by the level of the correlation residual is therefore proposed. Its contribution
is illustrated on the basis of tests carried out on glass fabrics. The results obtained for
different residual levels are compared. An "optimal" threshold is then identified. This
type of incremental approach has also shown interest for other fabrics. However, the error
generated by the complex kinematics between the yarns is enormous for carbon fabrics,
especially in the transition zones.

If we were to continue to use a telecentric lens to carry out 2D FE-DIC, it seems to
us that an attractive way would be to use a conformal mesh, which would be built from
the knowledge of weaving, in order to follow each yarn independently. Each yarn would
then be meshed independently. In particular, the knowledge of the weave would be used
to deal with visibility problems. On the other hand, with similar image definitions and
speckles as those encountered in the tests presented, it is inconceivable to hope to make
measurements with proper resolution (even with a single element in the width of the
yarn). We are therefore considering the use of regularisation techniques. In particular,
we plan to test the technique proposed by (Chapelier et al., 2021). Another possibility
under consideration would be to take advantage of a beam-type kinematics (Hild et al.,
2009).

The fourth chapter sets up elementary building blocks to establish a 3D test/simulation
dialogue at yarn scale using data acquired during a mini-bias extension test performed
in situ in a X-Ray µCT. The idea is to take advantage of X-ray scans to build a Digital
Image Based (DIB) model of the fabric and to better estimate its deformation by FE-DIC
(conformal mesh inherited from the model) and/or Digital Volume Correlation (DVC).
Miniature specimens attached to a temporary frame are designed and scanned. The
reconstructed volumetric images are manually segmented in order to adjust the dimensions
and orientations of the sections of the yarns defined in the CAD model prepared in
TexGen. A simulation of a micro-test mimicking a bias extension test was carried out
in Abaqus.The latter were used to generate the synthetic images presented in Chapter 2.
The difficulties associated with several steps requiring human intervention (segmentation,
CAD registration, meshing) are highlighted. A mini tensile machine designed to perform
in situ tests is then used to perform bias extension tests on specimens (comparable to
the previous ones). The operation of the machine is validated ex situ. The feasibility of
2D FE-DIC measurements is demonstrated. On the other hand, the tests carried out on
speckled and unspeckled specimens show an important influence of the speckling. Finally,
an in situ test is performed. CT scans performed on an intermediate resolution ROI allow
to follow the region where the transition zones are located until the end of the test, while
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providing informative images for the construction of DIB models. The scans performed
at different stages of the experiment provide valuable information on the architecture of
the fabric.

We believe that an image data assimilation approach based on an in-situ experiments
performed in X-ray CT is of primary interest to the fabric mechanics community. Our
initial results with a simple bias extension test support the feasibility of such an approach.
The most attractive route for us now is thus to carry out new multi-instrumented in-situ
bias extension tests (coupling X-Ray with surface information). We would remain "zoomed
in" on the same region (transition zones and strong relative sliding between the yarns).
The work revealed several areas for improvement:

• Specimen preparation, especially for tomography, can probably be improved and
even automated. We would like to limit the fraying to the edges. For example, we
would like to try laser cutting.

• The speckle pattern has many limitations. As it stands, the speckles deposited are
too coarse to be able to go down to the scale of the yarn. It tends to flake off
during deformation (more so on some fabrics). The deposition method is also very
manual and difficult to reproduce. In addition, there is evidence that it has a strong
influence on the behaviour of the fabric. It is therefore planned to rework this point
and, at the same time, to work on the lighting and/or the filters to limit the effects
of reflections.

• The creation phase of a DIB model is too user dependent. It needs to be automated.
The use of Virtual Image Correlation to automatically re-adjust the CAD geometry
on the tomography (Semin et al., 2011; Passieux et al., 2023) is being considered.
This work is in progress in the framework of the ANR AVATAR ( PhD thesis of
Dorian Bichet).

• The scan time is currently approximately 45 minutes. Therefore, in order to reduce
the time and cost of a test, only four stress levels were performed in this thesis.
This results in a large difference in the state of the samples between two scans. An
alternative would be to scan ’correctly’ only in the first step and be satisfied with
a faster acquisition in the following steps. It will also be necessary to finalise the
design of the wiring of the machine so that it is no longer necessary to connect and
disconnect the electrical cables at each new step.

• It is planned to place a camera in the µCT. The rotation of the sample during the
CT scan could then be used to measure the surface deformations on either side,
by 2D or by stereo FE-DIC (Pierré et al., 2017), or even to perform a scan of the
surface in order to move towards photogrammetric FE-DIC (Fouque et al., 2022).
The FE-DIC measurement through the tube requires however taking into account
the distortions it induces. In addition, the issue of lighting will have to be addressed.
Finally, the camera must be shielded.
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