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Abstract

Detailed characterization of fabric reinforcements is necessary to ensure the
quality of manufactured composite parts, and subsequently to prevent struc-
tural failure during service. A lack of consensus and standardization exists in
selecting test methods for the mechanical characterization of fabrics. More-
over, in reality, during any experimentation there are sources of uncertainties
which may result in inconsistencies in the interpretation of data and the
comparison of different testing methods. The aim of this article is to show
how simple statistical data analysis methods may be used to enhance the
characterization of composite fabrics under individual and combined loading
modes while accounting for inherent material/test uncertainties. Results us-
ing a typical glass non-crimp fabric (NCF) show that, statistically, there are
significant differences between the warp and weft direction responses of a
presumably balanced NCF under all deformation modes, with weft yarns be-
ing generally stiffer. Moreover, the statistical significance of warp-weft cou-
plings under both simultaneous and sequential biaxial-shear loading modes
became statistically evident, when compared to a pure biaxial deformation.
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Textile Composites, Material Characterization, Statistical Methods

1. Introduction

Textile composite reinforcements have received considerable attention in high

tech sectors for their multi-axial mechanical properties including high specific
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stiffness and impact strength [1] [2] [3]. Among different types of textile fiber
architectures, woven fabrics are made by weaving warp and weft yarns into an
interlaced repeated pattern. These materials have a sheet or mat-like shape and
the fabric reinforcement is composed of thousand threads of fibers made of, e.g.
carbon, glass, aramid, as well as natural fibers [1]. The fabric material properties
are closely dependent on the fiber type and weave architecture such as plain,
twill, satin, or basket [2]. On the other hand, non-crimp fabrics are sheet or web
structures comprised of long fibers consolidated by bonds of different nature
(e.g. chemical, stitching, or thermal) and are generally known to offer better
handling/formability compared to their woven counterpart in specific applica-
tions due to the absence of crimp [3] [4].

Due to the high drapability of textile fabric reinforcements (woven or
non-woven), they are capable of preforming into complex three-dimensional
shapes before consolidating the composite with a resin [5]. The consolidation is
often performed by means of resin transfer molding (RTM), resin injection
molding (RIM) or other conventional polymer processing techniques [6] [7]. At
the late 90s, researches also explored the use of thermo-stamping [8] and hy-
dro-forming [9] to manufacture fabric reinforced composites [10]. Large com-
ponents in today’s composite industries are, for the most part, made by hand
lay-up, press-molding [11] [12], automated tape laying, and resin-transfer
molding [7].

1.1. Characterization of Fabrics

In practice, textile composite manufacturers still face high part failure rates due
to the presence of defects in the final part such as voids, in-plane fiber waviness,
wrinkles and cracking [13]. In particular, the complexity of forming fabrics into
doubly-curved molds through processes such as press-forming has dragged re-
searchers attention toward carefully characterizing fabrics’ mechanical responses
under fundamental deformation modes [10] [13]. The characterization may be
done in macro, meso, and micro levels. Next to experimentation, researchers
have also rigorously employed numerical modeling tools to characterize the fab-
rics deformation at the aforementioned material scales [14] [15] [16]. Among
experimental characterization works, individual deformation modes (e.g. uniax-
ial tension, picture frame shear, bias extension shear, and biaxial tension) tests
have been frequently employed to characterize fabric materials and to assess
their homogeneity at macro/meso scales [17] [18] [19] [20].

During 2D and 3D characterization of dry fabric composite materials, the
main goal is to understand the effect of material parameters on the formation of
defects such as fiber misalignment and wrinkling [21]. Especially when forming
doubly-curved parts, it has been known that understanding the in-plane shear
behavior of the forming fabric is critical [22], and accordingly characterization
setups such as bias extension and picture frame tests have been widely developed
to investigate this shear response of fabrics. Normally, the weft and warp yarns

have a relative angle of 90° at the initial fabric configuration while during drap-
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ing this angle can drastically decrease, often to as low as 10° depending on the

mold shape and applied boundary conditions [21].

1.2. Combined Loading Modes

Recently, researchers have developed numerical and experimental studies to un-
derstand the effect of membrane forces on the shear response of fabrics under
combined shear-tension loading modes, as these loadings are likely to occur in
practice during manufacturing and/or service. Launay et al. [1] clearly observed
the effect of tension on in-plane shear behavior of woven fabric by placing load
sensors on four sides of the shear frame fixture. They observed a higher shear
force when applying tension on the fabric. Similarly, Willems et al [23] experi-
mentally applied pre-tension on fabric using a biaxial-tension fixture while ap-
plying shear, reporting that the shear stiffness is not significantly affected by ten-
sile forces. Other researchers [10] [24] [25] have employed biaxial bias-extension
tests to induce shear tension coupling in fabrics. From the numerical studies [25]
[26] [27], it has been noticed there are fuzzy deformation regions in such com-
bined loading modes, making their theoretical analysis fairly complex.

A new fixture was also designed and manufactured by the authors’ group to
apply simultaneous shear-tension as well as shear-compression coupling modes
on textile fabrics [28] [29]. Kashani ef al [30] employed this fixture to conduct a
set of characterizations and captured the coupling coefficients in a glass woven
fabrics by inducing biaxial tension in the yarns while shearing the fabric under
trellising shear mode and performing local load-displacement data transforma-
tions. Nosrat-Nezami et al [31] reported a similar shear-tension test fixture and
performed characterization of coupling effects in carbon woven prepregs. Both
groups of studies reported a substantial coupling effect specialty at high shear
angles.

1.3. Motivation and Objective of This Work

Despite the widespread interest in manufacturing and application of textile
composite reinforcements, as reviewed above, there still exists a lack of stan-
dardization on how to characterize and analyze fabric properties using different
fixtures/loading modes, and to realistically predict the formation of associated
defects such as wrinkling during forming trials. In addition, there is limited in-
formation on how to deal with unavoidable data inconsistencies during charac-
terization, no matter which deformation mode. This article, as part of a larger
research program at the Composites Research Network (CRN), aims to show
how basic statistical methods may be adapted to draw unbiased comparisons
between fabrics force-displacement characterization curves, under both indi-
viduals and combined loading modes. The rest of the manuscript has been
structured as follows. Section 2 begins with a description of the selected test ma-
terial and the characterization setup used along with the statistical analysis
framework. Results and discussions are presented in Section 3, followed by con-

cluding remarks in Section 4.
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2. Material and Methods
2.1. Fabric Material

A heavy triaxial [0, 90, 0] dry fiberglass non-crimp fabric with polyester stiches
(under TG-54-N commercial name) was opted for experiments. Table 1 presents a
summary of the material specifications, and Figure 1 shows an image of the fa-
bric structure. Per convention, the fabric roll direction determined the warp

yarns (Figure 1).

2.2. Experimental Device

The main aim of using the designed combined loading fixture (Figure 2) was to
be able to run the biaxial extension on the fabric while sequentially or simulta-
neously applying different shear modes (e.g. picture frame shear and/or circu-
lar/sliding shear). The instrument is controlled via six motors, load cells, data
acquisition systems, which are all connected to the LabView [32]. For measuring
the applied loads in the biaxial directions, two load cells were installed between
the jaws and the lead screw plate, which could measure in-line forces in each di-
rection. To apply shear for picture frame direction, a smaller synchronous motor
was installed, which applies the load at one diagonal corner of the fixture
(Figure 2), up to a maximum of 1000 N. In order to measure the load during the
rotational shear mode, another DC motor was installed as shown in Figure 2.
For displacement measurement in biaxial and shear directions, high-resolution
linear variable differential transducers (LVDTs) were used. In the biaxial direc-
tion, the LVDT provided axial displacement, and in the picture frame direction,
the LVDT provided shear displacement. As fiber slippage was known to be one
of the major difficulties in fabric tests [28] [29] [30] [31], which occurs between
the fibers and clamps, a custom-designed needle system along with proper
mounting contact was used (Figure 3). This clamping system could effectively
eliminate the slippage of the test samples while allowing the yarns to freely rotate
along needles under shear modes; for more details on the design of these clamp

needles, please refer to [30].

Table 1. Description of the fabric test material (adapted from TDS-Texonic JB Martin).

Commercial code E-Glass TG-54-N
Nominal weight (g/m?) 1824
Standard roll length (m) 35
Resin compatibility Polyester, Venylester, Epoxy
Compressed thickness (mm) 1.52
Wet layup thickness (mm) 2
Warp fill ratio (%) 52
Warp end counts (per cm) 8
Weft end counts (per cm) 11.4
DOI: 10.4236/0jcm.2019.92008 167 Open Journal of Composite Materials
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Figure 3. (a) Fabric clamping with needle jaw and C-clamps to ensure proper contact and
no slippage condition; (b) a close-up view under the jaw.

Figure 4 schematically shows three fundamental deformation mechanisms
induced by the combined loading test fixture. By combining these three funda-
mental modes, the instrument in total could be run in seven deformation modes.

Biaxial tension mode:. De-crimping of warp and weft tows when extended
concurrently prompts non-linearities in the mechanical response of the fabrics
[32] [33]. More specifically, because of the inter-locked architecture, the ten-
sioning/de-crimping in the warp and weft yarns become inter-dependent and

yield complex meso-level coupled deformations. As discussed in Section 1, bi-
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axial properties of several fabrics have been tested in the past research works
[23] [34] [35]. Relating to the same efforts, the present research used the pure
biaxial mode using the fiberglass fabric described in Section 2.1.

Picture frame shear mode: The schematic of pure shear (picture frame/PF)
definition is shown in Figure 5. Theoretically, the initial square (blue) region of
the fabric cell is changed to a rhomboid shape upon loading. Based upon the
work of Komeili ef al. [36] [37], it is critical to recognize the fabric’s shear beha-
vior with and without yarns rigid body rotation as follows.

Rotational shear mode or trellising: Ordinarily, a change in angle between ad-
jacent warp and weft yarns is referred to as shear angle in the fabrics. However,
shear angle can likewise happen with rigid body rotation of yarns (Figure 6) in
lieu of intra-yarn deformation and pure (picture frame) mode [30]. The circular
shear (CS) mode is a rather new mode of deformation considered by some re-
searchers in the literature due to its application in e.g. inflatable tubes [28]. The
fundamental difference between these two shear modes is that in the rotation-
al/circular mode the yarns at crossover do not retain the same contact points af-
ter loading (Figure 6). Also under this mode, the intra-yarn shear would be pre-
sent [30].

ersfEm tension

Circular
shear

s

Figure 4. Example of the induced deformation modes by the
combined loading test fixture.

(a)

Figure 5. The schematic of pure shear mode showing shear deformation
without yarn slippage; (a) initial region before the picture frame shear,
(b) deformed region after the picture frame shear.
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(a) (®)

Figure 6. The schematic of circular or rotational (sliding) shear; (a) initial
region before the circular shear, (b) deformed region after the circular shear.

2.3. ANOVA Analysis for Comparing Two Characterization Tests
against a Null Hypothesis

The analysis of variance (ANOVA) is one type of hypothesis testing technique
(among many others) that has found a great application in experimental data
analyses [38] [39] [40]. Material characterization data is often used by designers
to make decisions on the choice of optimum material/process/system based on
associated null hypotheses. Rejecting a null hypothesis is statistically considered
significant when the probability P-value is less than 0.05 [38] [39]. However, the
acceptance of the null hypothesis occurs when the probability P-value is higher
than e.g. 0.05. During the experiments under different deformation modes, the
axial displacement and/or shear angle were applied to the test fabric at different
deformation modes while the axial forces were observed at the output (ie. dis-
placement controlled tests). Considering the setup in Section 2.3, every test
mode was expected to experience some level of noise, due to e.g. sample prepa-
ration and handling errors, LVDT sensor errors, and fabric miss-clamping, in-
herent fiber misalignment variation from one sample to another, among others
(Figure 7). Under such a multitude of noise factors, statistically, one should ex-
pect that the output measurements have random variations. Hence, the signifi-
cant interpretations from the tests (e.g. the effect of deformation mode, warp-weft
coupling effect, etc.) must be analyzed under a statistical hypothesis testing
framework.

In order to account for random noises during the tests and find the correct
significance of force-displacement data from different tests, two-factor ANOVA
analysis was considered, with interaction terms representing the random error.
Namely, one factor was considered to be the controlled displacement (whose
levels can be arbitrarily selected from the response curve, as exemplified in Fig-
ure 8), and the other factor was the main targeted treatment factor, often with
two levels (e.g. when comparing two types of deformation modes such as shear
vs. simultaneous shear-tension, or when assessing the effect of reinforcement
direction in weft vs. warp in a given test mode, etc.). More specifically, in the
example of Figure 8 between the two deformation modes, at each given dis-
placement level (or shear angle), there are two means which are considered as

and ,. The test hypotheses are: Hy: 1, = g, and Hy: gy # @, The means of the
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material response in the two deformation modes are statistically the same when
the corresponding P-value is greater than 0.05 and the null hypothesis H, should
not be rejected [40]. On the other hand, the means of the material response in
the two deformation modes would be different when the P-value is lower than
0.05. Table 2 outlines one example of ANOVA statistical analysis at two defor-
mation modes, performed at Minitab®, where the targeted null hypothesis would
dictate that, “the force response in the two tested modes of fabric deformation is
statistically identical due to the presence of noise”. Only with a P-value less than
5% this hypothesis may be rejected for further design decisions. The validity of
the ANOVA assumptions (namely the normality and contact variance of resid-

ual errors [40]) were checked for each performed case (see the Appendix).

Table 2. Framework for ANOVA analysis in an example with two types of deformation
modes (Ze. as factor 1 with two levels) and eight selected displacement levels (as factor 2).
The tests outcomes (measurements) are assumed to be the force values.

Mode 1 Mode 2
Displacement Normalized force Displacement Normalized force
d1 f1 D1 F1
d2 [¥) D2 B2
d3 f3 D3 F3
d4 f4 D4 F4
ds f5 D5 E5
deé f6 D6 F6
d7 f7 D7 7
ds fs D8 F8
Input:
* Displacement Qutput:
Warp/weft Dry textile * Axial force
* Shear angle fabric . Shgar force
* Deformation * Wrinkle
mode
Noise:
* Machine vibration
* Sample
preparation and
handling
* LVDT setup
* Fabric clamping

Figure 7. Schematic of the experimental input, output and noise to
assess the statistical importance of material/test design factors.
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Figure 8. Schematic of the experimental input, output, and noise to assess the statistical.

3. Results and Discussions

3.1. Biaxial Tension Tests

The force-displacement results under the pure biaxial mode for the test material
are shown in Figure 9. For both the warp and weft directions, the normalized
axial force increase with applying the displacement. At the 1.1 mm displace-
ment, the biaxial forces in the warp and weft directions were 60.7 N/yarn and
78.9 Nlyarn, respectively (ie. ~24% difference). The DIC camera observation
(Figure 9) also showed that the axial displacement at this instant was around
1.08 mm (near to the displacement of 1.1 mm based in Figure 9), hence giving
confidence in the reliability of the LVDT values. The statistical analysis of this
biaxial mode resulted in rejecting the null hypothesis, meaning that the biaxial
responses of the warp and weft yarns are significantly different for the test

non-crimp fabric (P-value 0.008 < 5%).

3.2. Simultaneous Biaxial Tension and Shear Modes

Different experimental results of the simultaneous biaxial tension and shear
modes are shown in Figure 10. It can be observed that the material resistance to
deform is higher under the concurrent circular shear and picture frame shear
along with the biaxial loading, for both warp and weft directions (P-values <
5%). Similar to the pure biaxial mode in Section 3.1, here the weft response in all
simultaneous deformation modes was also higher than warp. The simultaneous
picture frame-biaxial weft response showed the highest axial force per yarn at
the displacement of 1.1 mm. With circular shear affecting the simultaneous
mode, the warp property (blue line in Figure 10) showed the lowest magnitude
among the four tested combined loading modes. The imposed shear deforma-
tion along the yarns increases the lateral (side to side) contact forces as well as
between filaments, and hence increases the fabric rigidity [30]. The magnitude of
these contact forces is anticipated to be higher in the picture frame (PF) mode
when compared to the circular shear, due to the intensified fiber interactions
resulting from thining of the yarns in the width direction in the PF mode [30].
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Figure 9. (a) Pure biaxial deformation of the fiberglass fabric in the warp and weft directions; (b) The axial displacement

measured by digital image correlation (DIC) in the weft direction.

120 +
e simultaneous CS+PF+biaxial_warp
100 | ———simultaneous CS+PF+biaxial_weft
simultaneous PF+biaxial_warp
80 -  e===simultaneous PF+biaxial_weft

o]
o
1

N
o
L

Normalized axial force (N/mm)

20 1

0 - T T T T 4 T :
0 02 | 0.4 I 0.6 - 08 1 1.2
T Displacement (mm)

Figure 10. The biaxial response of the fiberglass fabric in the warp and weft directions
under simultaneous picture frame-biaxial tension modes.

3.3. Statistical Evidence of Coupling Effect: Comparison between
Biaxial and Simultaneous Loading Modes

Composites may undergo multiple loading modes during forming or actual ser-
vice conditions (e.g. unbalanced blank holding forces, the weight of other
sub-components, skewed impacts with external objects, etc.). Hence, character-
izing the simultaneous biaxial tension, circular and picture frame shear of rein-
forcement fabrics would be essential to better predict the behavior of consoli-
dated final parts [37] [41]-[46]. Combining test data in Sections 3.1 and 3.2, in
this section, the pure biaxial and simultaneous picture frame (PF) + biaxial
modes were compared and analyzed in Figure 11. According to this figure, the

yarns behavior under simultaneous shear-tension is found to be much higher
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than that in the pure biaxial mode (P-value of 0.025 and 0.03 for the warp and
the weft related tests, accordingly). In addition, the weft yarns under pure and
simultaneous loading modes showed a statistically higher axial force than warp;
also note from the material specifications, Table 1, that the warp end count of 8
per cm which is lower than the weft end count (11 per cm); Figure 1 also
showed that warp yarns are normally wavier than the weft yarns.

The ANOVA analyses under these tests suggest that by applying shear while
tensioning the yarns, their axial stiffness is significantly changing (i.e. coupling
effect of shear on tensile behavior of the fabrics). Next, a similar coupling analy-
sis was performed between the pure biaxial mode and the simultaneous CS + PF
+ biaxial mode. According to Figure 12, shear-tension coupling in simultaneous
CS + PF + biaxial is found to be the highest in the weft direction. However, the
warp axial force was lower for simultaneous CS + PF + biaxial than the pure bi-
axial mode. The reason of this observation may be that during the latter test, the
circular shear (rotation) was applied to warp yarns, hence CS + PF + biaxial
warp was at a larger angle with the corresponding motor normal force direction.
The ANOVA analysis between the above two deformation modes was carried
out for both warp and weft directions. The null hypotheses were rejected in both
cases as P-values were found to be 0.014 for weft yarns and 0.001 for the warp
yarns, respectively. ANOVA concluded that the combined PF + CF shear modes
significantly affect the biaxial response of the fabric and hence a severe coupling
effect.

3.4. Assessing the Effect of Sequential Loading: A PF Shear
Followed by Biaxial Tension

During the molding of fabrics, they may experience some tension or shear se-
quentially depending on how the manufacturing process is designed by engi-
neers (e.g. handling of fabrics before molding may induce some pre-shear,
whereas the installment of the fabric in a blank-holder may induce some
pre-tension). Here a case of pre-shearing followed by biaxial deformation was
considered. Namely the test fabric was exposed to a 15° picture frame shear and
then it undertook the biaxial tension loading. Figure 13 illustrates results of this
test, both at warp and weft directions. The sheared and then biaxially tensioned
fabric overall showed higher tensile forces than the tensioned sample under pure
biaxial mode; the P-value for this comparison in the weft direction was 1.36 x
107° and in the warp direction it was 0.008, which means the corresponding null
hypotheses were strongly rejected and the pre-shear has a notable effect on both

warp and weft effective moduli of the material.

4. Concluding Remarks

This article aimed to adopt a simple statistical framework for comparing various
material characterization tests for woven fabric composites, and accordingly

contribute to the ongoing efforts toward standardization of these test methods
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Figure 11. Shear-tension coupling study by comparing simultaneous picture
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and capturing their differences. The statistical analysis throughout the per-

formed tests was found to be useful in confirming the reliability of general ob-

servations from the experiments, without which final design interpretations/decision
makings may be subjective. ANOVA results under the performed test modes
and their comparisons revealed that:

¢ For biaxial deformation mode, the warp and weft yarn properties were sig-
nificantly different (P-value < 0.008), suggesting an unbalanced fabric beha-
vior at warp and weft directions.

o Weft yarns were stiffer than warp yarns in their axial response under all
tested individual and combined deformation modes, including the picture
frame shear + circular shear + biaxial tension.

e Simultaneous picture frame shear-biaxial tension mode, as well as its sequen-
tial version, showed higher force magnitudes compared to the pure biaxial
mode, suggesting a significant effect of meso-level couplings within the fabric
(see [46] for details).

The methods presented here were for quasi-static deformation rates. For
high-speed tests, such as those for impact characterization, the material response
rate dependency should be additionally accounted for, e.g. possibly by using hy-
pothesis testing with time-series data. Characterization results may also be used
in conjunction with future simulations of fabrics for 3D draping processes, espe-
cially in the presence of coupling effects on doubly-curved mould surfaces. The
enhanced reliability of such simulations can result in more accurate prediction
and prevention of high stresses or defected regions in the final part; e.g. by pro-
viding optimum levels of membrane pre-stresses to each direction of yarns or by
using blank holders geometry modifications as recently suggested in [42] [43]
[44] [45] [46].
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Appendix

In order to use the standard ANOVA in experimental data analysis, the follow-

ing main assumptions need to be checked [40]:

e the samples/data points are independent;

e cach sample group is drawn from a normally distributed population and;

e all data populations have a common variance; Ze. the variances of the error
distributions among the populations are homogenous.

The first assumption is readily verified in the current study as the fabric sam-
ples were cut independently from the larger fabric rolls and the tests were per-
formed in no specific order. The following section provides the detailed results
for testing the normality and common variance assumptions for an example case
where the biaxial mode was compared with the simultaneous biaxial + shear
mode (Ze. Section 3.3). The ANOVA table for this case (Table Al) clearly indi-
cated higher F-ratios compared to critical F-ratio (Ze. P-values < 5%), for both
factors of 1) deformation mode type and 2) the displacement level (ie. effect of
large deformation on varying the reaction load magnitude). The quan-
tile-quantile plot or q-q plot plots of the residuals for this ANOVA is depicted in
Figure Al, showing the residuals are approximately lined up with the theoreti-
cally-driven normal values. Next, the homogeneity of error variances was as-
sessed using the Levene’s test, adapted to the two-way ANOVA. The result in
Table A2 suggests that the constant variance assumption of the ANOVA can be
justified since the P-value > 5% (ie. the null hypothesis of o =c) =0y is
failed to reject [47]). It is worth nothing, for the cases that the ANOV A assump-
tions are not met, one can use data transformation methods or perform non-
parametric test (e.g. Kruskal Wallis) [40]. The ANOVA assumption was met in
the current case study examples with the summary of all the P-values provided
in Table A3.

Table A1. ANOVA results between the biaxial tension and simultaneous biaxial-shear

modes.

Veration ofSeumres Presdom  Squape R0 PValue Fuy
Displacement level 8263.951 7 1180.564 5.062 0.0139  3.787
Deformation mode 699.365 1 699.365 2.998 0.126  5.591

Error 1632.471 7 233.210
Total 10595.791 15

Table A2. Levene’s test of equality of variances; The test rejects the hypothesis that the
variances are equal if F > Fa, k— 1, (a — 1)(b — 1) where Fa, k— 1, N — kis the upper
critical value of the F distribution with & — 1 (treatments) and (a2 — 1)(b — 1) (error)
degrees of freedom, at significance level of a (5%) [44]. Here a = 2 and b = 8
corresponding to the number of levels of the deformation mode and displacement factors,
respectively; kis the total number of sample groups (a x b) in the two-way ANOVA test.

F DOF 1 DOF 2 P-Value
0.472 15 7 0.780
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Table A3. Summary of the P-values for each hypothesis testing of deformation modes.

Deformation modes tested for the null hypothesis P-Value
Biaxial Warp vs Weft 0.008
Biaxial vs. simultaneous biaxial + PF Weft 0.025 Warp 0.03
Biaxial vs. Simultaneous CS + PF+ biaxial Weft 0.014 Warp 0.001
Biaxial with 15 degree pre-PF shear vs. pure biaxial Weft 1.36e-05 Warp 0.008
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Figure Al. Normal Q-Q plot to assess the normality assumption of the biaxial-shear case

in weft direction.
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