TOWARD BETTER UNDERSTANDING OF MECHANICAL RESPONSE OF FABRICS
UNDER MULTIPLE COMBINED LOADING MODES: EXPERIMENTAL AND
STATISTICAL ANALYSIS

by

Samia Sultana Mir

B.Sc. Bangladesh University of Engineering and Technology, Bangladesh, 2012

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE
in
The College of Graduate Studies
(Mechanical Engineering)

THE UNIVERSITY OF BRITISH COLUMBIA
(Okanagan)

August 2015

©Samia Sultana Mir, 2015

Abstract
Fabric reinforced composites are becoming among primary materials of choice in manufacturing
damage tolerant aerospace, automotive, and naval architectural parts. Detailed characterization
of fabric reinforcements, however, is necessary to ensure the quality of such composite part and
to prevent structural failure during their service. A number of experimental studies have been
dedicated in the past to characterize the deformation of fabrics under individual loading modes,
such as pure uniaxial tension, pure biaxial tension and pure shear. There still exists, however, a
lack of knowledge and standardization in testing and analyzing the mechanical response of
fabrics under combined shear-tension loadings, both in simultaneous and sequential modes.
Moreover, in reality, there are sources of uncertainties in the forming of these multi-scale fibrous
materials, which often results in non-repeatable test data and causes inconsistencies for full
characterization.

Recognizing the above gaps, the aim of this thesis has been to design, conduct, and analyze
a set of experiments for enhanced characterization of a typical glass fabric under select
individual and combined shear-biaxial tension loading modes. The experimental tests were
performed using a new fixture recently designed and manufactured by the Composites &
Optimization Laboratory at UBC and its international partners. On the account of inherent
material uncertainties, all tested deformation modes were analyzed and compared via a series of
ANOVA analysis. Results showed that statistically there were significant differences between
the warp and weft responses of the fabric under all the deformation modes, with weft yarns being
generally stiffer. The shear-tension coupling effect in combined deformation modes yielded
ii

higher normal axial and shear forces compared to the individual deformation modes. More
severe local damage zones were observed during the coupling tests. Finally, a Digital Image
Correlation test was conducted to inspect wrinkling in the deformed specimens. Under a pure
shear mode, some out of plane wrinkles appeared due to misalignment, whereas in the
simultaneous loading condition it was nearly disappeared, thanks to the presence of fiber tension.
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Preface
This thesis presents an experimental-statistical analysis of shear/tension response of fabrics
which was conducted in the Composites & Optimization Laboratory at the School of
Engineering, University of British Columbia-Okanagan. The thesis has been supervised by Dr.
Abbas S. Milani. Part of the thesis was published as two conference posters as follows.


Rashidi, S. Sultana, B. Crawford, M. DeWachter, A. S. Milani (2015) ―Towards wrinklingfree forming of woven composite materials‖, 2nd Annual Engineering Graduate Symposium,
June 8th, 2015, School of Engineering, UBC Okanagan (awarded the best MASc poster
presentation)



Samia Sultana Mir, A. S. Milani (2014) ―Woven fabrics characterization under combined
loading‖, 1st Annual Engineering Graduate Symposium, May 1, 2014, School of Engineering,
UBC Okanagan

Chapters 2-4 will be submitted soon for possible publications. The thesis contribution relies on
enhancing a novel experimental set-up for biaxial-shear characterization of fabrics, along with
adapting a new statistical framework for comparing the mechanical response of yarns in these
reinforcing materials within and between deformation modes.
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Chapter 1: Background and Thesis Organization
1.1 Introduction
Dry fabrics have already received a considerable attention from industries and researchers for
their promising applications in aerospace, automobile, and naval structures. Over the past
decade, a large portion of the studies in the composite materials field has been dedicated to
fabrics to predict their mechanical behavior under different forming conditions, along with
undesired defects such as wrinkling that if controlled, can significantly improve the quality of
final products. The present research work is based on an enhanced experimental characterization
and statistical analysis of dry fabrics. This chapter covers the motivation and objective of the
study and includes the thesis outline.

1.2 Problem definition and motivation
Fabric reinforced composites have gained attention by several industrial sectors for their low cost
and superior multi-axial properties, along with ease of forming process. However, complexities
can arise during the manufacturing of fabric composites such as wrinkling and fiber waviness/
misalignment, which in turn can affect the effective properties of the final products (Mesogitis et
al., 2014). Sheahan (2015) studied keel failures in race boats and reported that from 1984 to
2015, 72 cases have been found under such failure instant, causing a total loss of 24 lives. As
another example, the National Transportation Safety Board reported on 1 April, 2011 about the
Boeing 737-3H4 which faced a quick decompression during service (Hersman, 2013). The
investigation suggested that the fuselage crown skin installation/manufacturing may not have
been accurate (Hersman, 2013). As part of improving the quality of such high-risk composite
structures, it is important to avoid catastrophic failures in their reinforcement agents, while
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lowering manufacturing complexities during the production of multifaceted 3D shapes. This is
the reason for which some researchers have paid close attention in recent years to accurate
mechanical characterization of fiber fabrics as a promising reinforcement architecture type for
damage tolerant composite structures (Cao et al., 2008; Mesogitis et al., 2014; Smith & Vaidya,
2013; Taha et al., 2013; Zhu et al., 2007). A large number of experiments and simulations among
the past works have been carried out particularly on basic deformation modes such as pure
tension and/or pure shear of dry fabrics (Cao et al., 2008; Flores-Johnson et al., 2014; Willemset
al., 2008; Yin et al., 2014). However, there is much less information on biaxial behavior of
fabrics (Chen et al., 2011; Jackson et al., 2010). Likewise, simultaneous biaxial tension-shear
(combined) testing of fabrics has received attention only recently (Chen et al., 2011; Jackson et
al., 2010; Nosrat-Nezamiet al., 2014). Before curing of dry fabrics, they are often considered as
meso or micro-level material systems and after curing, the composite parts are considered as
macro level systems. To better understand fabrics‘ draping behavior and to avoid potential local
defects such as wrinkling, it is critical to characterize their tension-shear coupling effects at a
meso-level. As a result, next to experimental work above, efforts have been made to numerically
study the tension-shear behavior of fabrics (Harrison, 2012; Lee et al., 2009; Lee et al., 2010).
Overall, the majority of the above studies have not reported/compared other types of
simultaneous loadings such as sequential trellising shear-biaxial tension or sequential biaxial
tension-trellising shear, nor showed the coupling effect under circular/sliding shear mode. In
addition, no study has incorporated a full statistical analysis framework to reliably characterize
the variation in fabrics‘ tests under different loading directions and different modes. The latter
two gaps in knowledge formed the motivation of the present work.
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The experimental part of the research has employed a new biaxial tension-shear loading machine
(Figure 1.1) that was collaboratively designed and manufactured by the City College of New
York (CCNY), Naval Undersea Warfare Center (NUWC), and the Composites & Optimization
Group at UBC Okanagan.

Figure 1.1: Schematic of a biaxial-shear test fixture used in this thesis (Elliot et al. 2012).

1.3 Objectives of the study
This study‘s general objective is to enhance our understanding of complex behavior of fabrics
under different deformation modes, through an integrated experimental-statistical analysis. The
specific objectives include:
1. Characterization of a Fiberglass non crimp fabric under a series of single and combined
deformation modes (quasi-static rate).
2. Statistical analysis of data and tension-shear coupling effects in the fabric.
3. Preliminary recommendations to avoid wrinkling via tension-assisted draping.
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1.4 Thesis outline
Chapter 1 described the objective and motivation of the study and gave a general introduction to
biaxial-shear fabric testing approach. Chapter 2 includes a literature review on fabric materials
characterization, where a number of earlier researches are discussed and compared. Chapter 3
provides the methodology used in the current research, along with the description of the biaxialshear fixture set-up. Chapter 4 presents and discusses the results obtained throughout the tests. In
addition, the same chapter discusses the results of statistical analysis on test data under different
deformation modes. Finally, Chapter 5 includes the main conclusions of the work and outlines a
potential future work direction.
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Chapter 2: Literature Review
This chapter includes a literature review of past researches on dry fabric materials. This also
includes fibers in composites manufacturing processes and challenges,

dry fabric

characterization and combined loading phenomenon.
2.1 Fiber reinforced composites
Fibers in a composite material are surrounded by a matrix material and the percentage of fibermatrix combination contributes to the effective properties of the final consolidated material
system. Among different types of composites, fiber reinforced polymer composites has perhaps
presented the most benefit to leading industries such as aerospace and automotive, thanks to their
superior mechanical properties combined with ease of manufacturing and relatively low cost.
Evidenced by Mir and her peers (2015; 2012; 2013), in order to further maximize this benefit
over a range of fiber reinforcements and polymer matrix types, researchers have widely
improved the fiber-matrix compatibilities as well as their adhesions by treating the reinforced
fibers and also introducing new forms of fibrous reinforcement architectures.
2.2 Dry fabrics: application and manufacturing
Among different types of fibrous reinforcement architectures, woven fabrics are formed by
weaving of warp and weft yarns into one another. Another kind of dry reinforcements is known
as non-crimp fabrics. Both of 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,
etc. (Launay et al., 2008). In the case of woven fabrics, the material properties are closely
dependent on the weaving type and direction. Woven fabrics are often classified based on their
weaving types like plain weave, twill weave, satin weave, basket weave, leno weave and mock
leno weave (Strong, 2008). On the other hand, non-crimp fabrics are sheet or web structures
5

comprised of chopped or long fibers consolidated by bonds of a different nature than weaving (e.
g., chemical, stitching, thermal, etc) and are generally known to offer better handling and
mechanical properties in specific applications due to the absence of crimp (Edgren et al., 2004;
Creech & Pickett 2006). in either case, dry fabrics (i. e., before consolidation with matrix) are
considered as micro/meso structures, properties of which can directly affect the quality and
properties of the final consolidated part at macro-level (Guagliano & Riva, 2001).

Due to the high drapability of fabrics, they are capable of preforming into three dimensional
shapes, before consolidating/curing with a resin. To manufacture fabric reinforced composites,
the consolidation is done, e. g., by means of resin transfer molding (RTM), resin injection
molding (RIM), filament winding and fabric performing (Cao et al., 2008; Stig, 2008; Rowell et
al., 1997). After 1997, some researches also explored the use of thermo-stamping (Sargent et al.,
2010) and hydro-forming (Yuet al., 2003; Zampaloni et al., 2004) to manufacture fabric
composites (Abdiwi at al., 2013; Stig, 2009). Large components in today‘s composite industries
are, for the most part, made by hand lay-up (Sabbagh & Taha, 2013; Gujjala et al., 2014; Patel et
al., 2011), press-molding (Sabbagh & Taha, 2013; Ray et al., 2007) and resin-transfer molding
(Sabbagh & Taha, 2013; Rowell et al., 1997).

Next to low manufacturing costs, high impact tolerance, high specific stiffness and strength,
there are other advantages of woven/non-woven fabrics for industrial applications. For example,
owing to non magnetic properties and low weights, these composites are highly used in naval
vessels and high speed crafts (Hayman et al., 2001). In fact, fiber reinforced composites have
been used in the field of naval architecture since 1960 and lately they are receiving attention in
modern naval structures such as Norwegian prototype surface effect ship ‗Skjold‘ and French La
6

Fayette class Frigates(Hayman et al., 2001). Other examples of commercial applications of
fabrics include energy absorption products (e. g., Helmet) (Cao et al., 2008; Yuet al., 2000),
aerospace and defense (e. g., engine inlet cowlings, fuselage sections, rotor blade spars and fuel
pods) (Cao et al., 2008; Rudd et al., 1999), automotive and associated applications (e. g., battery
trays, seat structures, front end modules and load floors) (Cao et al., 2008; Long et al., 2001).
2.3 Composite manufacturing challenges
Although application of composites have been and continue to be of high interest to several
industries, there are defects during manufacturing/application of these materials which
occasionally create difficulties and challenges to designers. As an example, Hayman and his
peers worked on a project on the use of fiber reinforced composites in naval ships and their
report showed that air blast, under water shock and impact loads are some of the challenges for
composite naval architectures (Hayman et al., 2001). A number of aerospace, automobile, sport
goods etc. manufacturers are facing similar challenges during manufacturing of composites
(Conor et al., 2012; Hayman et al., 2001). Mesogitis and his peers summarized (Figure 2.1)
several types of uncertainties that may be encountered during composites manufacturing
processes (Mesogitis et al., 2014).
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Figure 2.1: Overview of challenges in composites manufacturing with prepregs /dry textile reinforcements
(Mesogitis et al., 2014).

During draping and consolidation of fabrics onto double curved shapes, void formation, nesting,
residual stress formation, delamination, crack initiation and shape distortions are among common
types of observed defects (Boisse et al., 2011). As per (Collier, 1991), a fabric's capacity to
structure folds when it is bowed under its own particular weight may be characterized as draping.
Sabbagh and Taha worked with jute woven fabrics to determine the feasibility of this type of
fabric in place of Fiberglass fabric using a drape meter. They particularly measured the drape
8

coefficient and concluded that a low drape coefficient suggests better deformation, though an
increment in the coefficient suggested a more hardened fiber that is less vulnerable against
deformity (Sabbagh & Taha, 2013).

Sabbagh and Taha also suggested that the draping behavior of fabrics assumes an imperative part
in esthetics, and also the acknowledgment of the final development and fiber permeability,
wettability, and resin absorption all closely depend on draping behavior of material (Sabbagh &
Taha, 2013). Particularly for resin-transfer molding techniques, it has been reported that the
inhomogeneity of fiber volume fraction all through the part as well as changes in fiber
orientation can take place during draping and consolidation (Fong & Advani, 1994). As indicated
by other researchers, these issues tend to be even more evident when working with non-woven
fabrics and natural strands (Sabbagh & Taha, 2013; Hancock & Potter, 2006).

Among different types of major defects during fabric composite manufacturing, wrinkling and
misalignment are further discussed in the following sections, as they are related to the
subsequent characterization tests in this thesis.
2.3.1 Out of plane wrinkle
Aerospace and automotive industries frequently follow resin transfer molding (RTM) process to
manufacture composite parts where the reinforcement fabric is laid on the forming mold and
after that resin is infused, followed by curing process (Lightfoot et al., 2013a). The targeted
composite parts should be free from defects, but unfortunately out of plane wrinkling sometimes
occurs during molding stages, which in turn can lower the mechanical property of the final part
(Bloom et al., 2013; Hayman, et al., 2007; Hsiao & Daniel, 1996; Lightfoot et al., 2013a). In
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order to increase the final composite parts‘ quality and to lower the part design cost,
manufacturers should possess a good understanding of wrinkling sources (Zhu et al, 2008).
Wrinkling forms basically by an entire re-arrangement of strains, stiffness, and boundary
conditions in the fabric (Sabbagh & Taha, 2013). In practice, when fabrics are consolidated into
a curved mold, such as a U shape, there is a possibility of ply slippage during consolidation,
which can lead to wrinkles (Figure 2.2) (Lightfoot et al., 2013a; Lightfoot et al., 2013h).
Additionally, researchers have shown that the mismatch of coefficient of thermal expansion
between the tool and fabric material can lead to wrinkling (Çınar & Ersoy, 2015; Lightfoot et al.,
2013).

Figure 2.2: Formation of wrinkles in consolidation stage of a fabric into a curved mold (Lightfoot et al.,
2013a).

2.3.2 Misalignment of yarns
A recent work has shown that misalignment of woven fabrics can depend on the warp and weft
yarn orientations while laying up the plies (Lightfoot et al., 2013a). Misalignment is a very
common behavior for dry fabrics as they are naturally loose and packaged in roll form, where the
warp and weft may not always become perfectly aligned. In Figure 2.3, the red, green, blue and
magenta highlighted lines indicate waviness in a sheared fabric, in the range of ±80 (Lightfoot et
al., 2013a).
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Figure 2.3: Example of misalignment in consolidation of a curved mold (Lightfoot et al., 2013a).

2.4 Characterization of dry fabrics
In practice, most of manufacturers are still facing high part failure rates due to the presence of
voids, in plane fiber waviness, wrinkles and other defects during manufacturing of fabric
composites (Yin et al., 2014). In particular, the complexity of forming fabrics into double curved
molds through processes such as press forming has dragged researchers‘ attention to further
characterize dry woven fabrics under fundamental deformation modes (Abdiwi et al., 2013; Yin
et al., 2014). The characterization can be done in macro, meso, and micro levels. Some
researchers have also employed numerical modeling tools to characterize the fabric deformation
at these material levels (Boisse et al., 1997; Kawabata et al., 1973a, 1973b; Kawabata et al.,
1973). A 3-D finite element model of fabrics under biaxial-tension was introduced by Gasser and
his peers (Gasser et al., 2000). The model was developed with the end goal of creating more indepth knowledge towards local deformation of yarns of fabric. Among experimental
characterization works, individual tests have been performed to characterize fabrics at micro and
macro levels and to assess the homogeneity of yarns (Chen et al., 2001; Peng & Cao, 2002).
Between 2003 to 2005, two critical researches were reported on macro level characterization of
fabrics (Peng & Cao, 2005; Peng, & Cao, 2003). In the latter work, a constitutive model was
developed for fabric sheets and its parameters were found by fitting the model to bias-extension
and biaxial tension tests. The most common testing modes of dry woven composites are uniaxial
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tension, biaxial tension, bias extension, and picture frame shear, which are considered macroscale characterization to understand the material‘s effective mechanical properties. Simultaneous
tension–shear testing of fabrics was performed in 2007 by (Cavallaro et al., 2007). The author
Flores-Johnson and his co workers also performed experiments to compare with simulation data
(Flores-Johnson et al., 2014).

A main goal during 2D and 3D characterization of composite materials is understanding the
underlying part geometrical effects (Cao et al., 2008). This is to perform forming without defects
such as wrinkles or fiber breakage, the effect of processing parameters (e. g., cure time), final
fiber distribution and orientation in the part (Cao et al., 2008). Scientists have specifically
worked with the reinforcement fabrics and found that by controlling the fiber orientation, defects
such as fiber misalignment and wrinkling can be decreased (Gereke et al., 2013). During the
forming of woven fabrics, shear stiffness loss at high temperatures is also a very common
problem (Spivak, 1966; Spivak & Treloar, 1967). Namely, it was found in one of the past
research work of Spivak & Treloar that the mechanical shear resistance declined when Nylon
monofil fabrics were set under temperature (Spivak & Treloar, 1967). Besides, it has been
observed that for the sake of optimum manufacturing of structural composite parts,
understanding the in-plane shear behavior of woven fabrics is critical(Colman et al., 2014). In
fact, the intra ply shear is the dominant deformation mode during draping of woven fabrics, and
accordingly characterization set-ups such as bias extension and picture frame tests have been
widely used to understand shear stiffness of woven fabrics. Normally, in woven fabrics, the weft
and warp yarns have a 900 relative angle at initial configuration but during draping over a double
curved surface the angle between the adjacent yarns decreases (Gereke et al., 2013).
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Figure 2.4: In plane shear curve of a plain weave fabric (Launay et al., 2008).

Figure 2.4 shows the in plane shear behavior of a typical plain weave where with yarns
rotation/trellising shearing happens and the associated force is partly the friction occurring
across the contact areas between warp and weft yarns (Gereke et al., 2013; Launay et al., 2008).
With increasing shear angle to higher levels, the neighboring yarns are compressed into each
other (side contact) and cause a sharp change in the material global stiffness. According to
(Gereke et al., 2013; Launay et al., 2008) this critical locking angle may also be the wrinkling
start.

As suggested by the current literature, a standard shear testing process for fabrics is still missing
(Hamila & Boisse, 2008; Launay et al., 2008; Milani et al., 2007). Three types of shear test
methods, namely the Direct Shear Force Measurement (DSFM) method, the Bias-Extension (BE)
test method, and the Picture Frame test method are presently most common to observe a fabric‘s
shear behavior and locking (Taha et al., 2013). Figure 2.5 shows a schematic of these three
different shear tests. According to (Taha et al., 2013), the direct shear force measurement is a
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complex process to analyze the fabric shear force as there may be a possibility of overlapping of
tensile and shear stresses throughout the material.

Figure 2.5: Different methods for measuring the shear properties of textiles: (a) direct shear force method, (b)
bias-extension test method, and (c) picture frame test method (Taha et al., 2013).

Conversely, a simple fabric cut with ±45o reinforcement angles and applying uniaxial tension
makes the bias extension test method a very simple shear characterization method. However,
sample slippage and fiber sliding during bias extension test is among disadvantages of this
method (Taha et al., 2013). Figure 2.6 shows a typical response of the fabric under bias extension
test , with sliding occurring in this case at around 60 mm displacement (Taha et al., 2013).

Figure 2.6: Force displacement curve from a typical bias extension test (Taha et al., 2013).

14

Picture frame test is more advantageous and reliable over the other two methods due to a more
uniform shear force induction throughout the fabric sample. However, this test method also
suffers from serve effect of misalignment (normally in the range of 10 to 50) and deviating from a
pure shear mode (Milani et al., 2007). Similar to the bias-extension test , at the beginning of
picture frame deformation a small force is needed for fiber yarns rotation and placement,
followed by a rapid increase in the force magnitude when adjacent warp and weft yarns become
packed into each other (Figure 2.7) (Taha et al., 2013).

Figure 2.7: Force-displacement curve from a picture frame test showing locking and shearing regions (Taha
et al., 2013).

At beginning, warp and weft yarns relatively rotates and shear force becomes very small due to
friction but at high displacement warp and weft yarn become pack to each other which result
sharp increase in force and obtain shear locking (Figure 2.7) (Taha et al., 2013).
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Harrison (2012) compared the reliability of picture frame , uniaxial bias extension and a new
biaxial bias-extension test, in order to closely observe fabric deformation and wrinkling using
backlit imaging (Harrison, 2012) and found that the biaxial bias-extension testing is an accurate
method of characterizing woven fabrics in combined loading modes (Harrison, 2012). Harrison
also proposed that to observe deformation and associated defects in woven composites, marking
tracer lines on the sample before testing and the transmitted backlit imaging can be useful. The
observation of Harrison‘s test found that excessive loads can result in more wrinkling on the
woven fabric. Normalization of characterization tests has also been a challenge to researchers in
the field to generalize the characterization results (Komeili & Milani, 2013). By using iterative
finite element simulations and normalization of bias extension test data, it has been observed that
shear–tension tests can somewhat identify actual deformation in the woven fabrics (Abdiwi et
al., 2013).

Tensile behavior of fabrics is also an important material characteristics, which can be
characterized by uniaxial and biaxial tension tests (Gereke et al., 2013). A recent work presented
a 3D finite element model of the tensile test for woven fabrics where experimental results were
compared with the simulation model to attain specific information on ballistic application of
aramid plain woven fabrics (Flores-Johnson et al., 2014).

As another type of characterization method, bending rigidity of fabrics has been tested and
shown a weaker response compared to the tensile rigidity due to the relative motion of yarns
(Bilisik & Yolacan, 2012; Gereke et al., 2013). The Kawabata bending test (Gereke et al., 2013;
Kawabata & Niwa, 1989) and the cantilever bending test (Bilisik & Yolacan, 2012; De Bilbaoet
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al., 2010; Gereke et al., 2013; Peirce, 1937) are among two most common bending rigidity test
methods. Khoshbakht and peers also tested combined tension-bending behaviour of GFRP plain
woven composites and found that maximum bending deformation occurred near to the fixture
clamping area (Khoshbakht et al., 2009). They also performed simulations and found similarities
between experimental and numerical results.

As stated before, woven fabrics are commonly used in marine, automotive, aerospace,
transportation and naval architecture applications; hence they should have a high impact
resistance next to their high static properties. The life time of these applications often depends on
the impact life of the underlying material. It is common in practice to use nondestructive or
destructive detection methods to investigate impact resistance of fiber reinforced composites.
Some of the impact characterization processes in the literature have used simple visual methods
(Ardakani et al., 2008; da Silva Junior et al., 2004; Nunes et al. , 2004; Shyr & Pan, 2003), and
some used X ray imaging (De Morais et al., 2005; Luo et al., 2001), ultrasonic C-scanning
(Aymerich & Meili, 2000) and thermal or electrical based methods (Krstulovic-Opara et al.,
2011; Meola & Carlomagno, 2010).

As another characterization tool, digital image correlation (DIC) has been used by researchers to
measure strain, damage modes, and in general to characterize the mechanical properties of
woven fabrics (Ullah et al., 2012; Willems et al., 2008). The deformability of woven fabrics can
also be tested under aforementioned characterization tests such as biaxial tension and shear tests
via DIC (Willems et al., 2008). Although this imaging-based method comes from the original
developments in 1980‘s, it has been developed over years for material testing purposes (Willems
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et al., 2008) and today is frequently employed in tensile tests, flexural tests, shear tests and
compressive tests, among many others (Ullah et al., 2012).
2.5 Combined loading modes
The literature shows that researchers more recently have performed numerical and experimental
studies to understand the effect of fabric tension on the shear response of fabrics. These attempts
were due to the high interest to know the fabric‘s response under combined shear–tension
loading modes that are very likely in practice (both during manufacturing and service). Launay
and his co-workers clearly observed the effect of tension on in-plane shear behavior of fabrics by
replacing load sensors on four sides of the shear frame fixture (Launay et al., 2008). They found
that shear force is higher when applying tension on the fabric. Similarly, Willems and his
coworkers experimentally applied pre-tension on a fabric using a biaxial-tension fixture while
applying shear (Willems et al., 2008). Other researchers (Abdiwi et al., 2013; Harrison, 2012;
Harrison et al., 2012) employed biaxial bias-extension tests to induce shear tension coupling in
fabrics. From the numerical studies (Harrison, 2012; Lee et al., 2009; Lee et al., 2010) it has
been noticed there are fuzzy deformation regions in such combined loading modes and hence
their analysis becomes fairly complex.

Over the past few years, through earlier works of (Cavallaroet al., 2004; Cavallaro et al., 2007), a
new fixture was designed and manufactured via a collaboration between the UBC‘s Composites
& Optimization Lab, the Naval Undersea Warfare Center (NUWC) and the City College of
New York (CCNY) (Elliot et al., 2012). The instrument is fully capable of applying
simultaneous shear tension as well as shear-compression coupling and individual uniaxial
tension, uniaxial compression, picture frame shear, rotational shear and biaxial tension, biaxial
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compression. This set-up has been further enhanced and used in this thesis; details will be
followed in Chapter 3. Nosrat-Nezami et al. (2014) recently reported a similar shear-tension test
fixture and performed characterization of coupling effect in carbon woven prepregs (NosratNezami et al., 2014). An ultimate aim of using such advanced fixtures is to enhance our
understanding of mechanical behavior of composite fabrics under multitude of combined
deformation modes that could not be realized via earlier test methods.
2.6 Summary
Woven and non-crimp fabrics have found a large interest in manufacturing applications in
various sectors. Despite this widespread interest, there is a lack of standard methods to
characterize and analyze their mechanical properties under different loading modes and to
predict the formation of associated defects such as wrinkling during forming. In particular, the
individual deformation modes such as uniaxial tension, picture frame shear and bias-extension
have been widely studied in the past, whereas there is little information on the complexity of
fabrics behavior under simultaneous/combined tension-shear modes. Moreover, there exists a
gap in understanding of inter-yarn fiber sliding effect during composites processing (Mesogitis et
al., 2014). To overcome this forming defect, rotational shear deformation mode of fabrics, next
to the convectional trellising shear mode, should be clearly understood. In addition there is
limited information in the past research on the shear-tension coupling effect in sequential
combined loading modes, as opposed to simultaneous modes. These gaps led to the objectives of
this thesis as listed earlier in Section 1.3.
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Chapter 3: Materials and Methods
3.1 Overview
This chapter covers the experimental and statistical methods employed in this thesis. These
include the biaxial-shear test set-up along with the test sample type, sample preparation, and
types of deformation modes considered. Also, Digital Image Correlation (DIC) which has been
one of the important experimental tools for wrinkling detection per the review is explained near
the end of the chapter. The chapter is concluded with describing a statistical analysis framework
for hypothesis testing between and within different deformation modes.
3.2 Experimental set-up
The main aim of using the biaxial-shear testing fixture (Figure 1.1) in this work was to run
biaxial tension loading on fabrics while sequentially or simultaneously applying different shear
modes (shear/picture frame and/or circular/sliding shear); the fixture will be frequently referred
to as CRN instrument in the subsequent sections. The instrument is controlled via motors, load
cells, data acquisition systems, which are all connected to the LabView software.

For measuring the applied load in the biaxial directions, two load cells are installed between the
jaw and the lead screw plate, which can measure in-line force in each direction applied to the
fabric by one motor pair. A steel coupling (Figure 3.1) is used to connect the lead screw to the
rotor of the motor. The lead screw is attached to every motor pair to convert the corresponding
rotational motion to a linear motion. A set screw is used in the coupling to hold the lead screw
and the rotor in position rigidly. It was ensured to check the tightness of every set screw before
testing a specimen. To apply shear for picture frame direction, a smaller synchronous motor was
installed, which applies the load at one corner of the picture frame (Figure 3.2), up to the
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maximum of ~1000N. In order to measure the load during the rotational shear mode, another DC
motor has been installed as shown in Figure 3.3.

Figure 3.1: Coupling and set screw with the rotor.

Figure 3.2: Shear motor and force sensor.

Figure 3.3: Circular shear motor.
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The biaxial-shear tester was operated using a NI LabView program (version 2011). The biaxial
load cells are capable to measure a maximum 2500 N of force in each axis direction. During each
test, a maximum force value had to be set in the LabView front panel. The experiment can then
be automatically stopped by the load cell by presetting this maximum value. For displacement
measurement in biaxial and shear directions, high resolution linear variable differential
transducers (LVDTs) were used (Figure 3.4). In the biaxial direction, the LVDT provides axial
displacement and in the picture frame direction the LVDT provides shear displacement. It should
be noted that as the individual motors in the two motor pairs are similar, for measuring net
displacement in one direction, the LVDT measurement should be multiplied by two. Similarly, to
measure the shear displacement in the picture frame mode, the corner of the frame movement
was observed by the LVDT. Finally, the test data were collected using National Instrument data
acquisition module and LabView. Since, the shear displacement is generally larger than the
biaxial direction displacement (a fabric is much stronger in tension than in shear), a large stroke
range (±1.27 cm) was used to measure the shear displacement. For the biaxial direction, a
shorter stroke range (±0.635cm) was used to avoid rapid fiber failure.
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(a)

(b)

Figure 3.4: (a) LVDT for Shear displacement measurement, (b) LVDT for axial displacement measurement.

As fiber slippage is one of the major difficulties in fabric testing, which often occurs between the
fabric sample and clamps, a custom-designed needle clamping system along with proper
mounting contact was used (Figure 3.5). This clamping system could successfully eliminate the
slippage of the test samples, while allowing the yarns to freely rotate along needles under shear
modes; for more details please also see (Nosrat-Nezami et al., 2014).

Figure 3.5: Fabric clamping with needle jaw and C clamps to ensure proper contact.
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Figure 3.6: The induced deformation modes by the test fixture (Elliot et al., 2012).

3.3 Types of tests with biaxial-shear fixture
Figure 3.6 schematically shows three fundamental deformation mechanisms induced by the
biaxial-shear test machine. The combined loading modes can accommodate any combination of
the above three modes. In total, the instrument may be run in seven deformation modes which
are discussed in the following sub-sections. Figure 3.7 shows the final assembled set-up used in
this work.
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Figure 3.7: The biaxial-shear test set-up; (a) top view, and (b) side view.

3.3.1 Pure biaxial tension mode
A schematic of deformation in this mode is shown in Figure 3.8. Decrimping of warp and weft
tows when extended concurrently prompts non-linearities in the mechanical response of the
fabrics (Boisse et al., 2011). More specifically, as a result of the inter-locked architecture, the
tensioning/decrimping in the warp and weft yarns become inter-dependent and yield complex
meso-level deformations. Biaxial properties of several fabrics have been tested in the past
research work (Buet-Gautier & Boisse, 2001; Carvelli et al., 2008; Kawabata et al., 1973;
Willems et al., 2008). Relating to the same efforts, the present research used the pure biaxial
mode with the CRN instrument using a Fiberglass fabric (more details of the material will be
presented in Section 3.4).
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Figure 3.8: Schematic of a pure biaxial mode.

3.3.2 Pure shear (picture frame) mode
The schematic of pure shear (picture frame/PF) mode is shown in Figure 3.9. Although the
previous literature showed that up to ~500 shear deformation is possible for some fabrics (Cao et
al., 2008), the set-up used in this work allowed to reach a maximum of 150 picture fame shear.
Theoretically, the initial square (blue) region of a fabric cell (Figure 3.9 (a)) is changed to a
rhomboid shape after pure PF shear (Figure 3.9 (b)).

(a)

(b)

Figure 3.9: Schematic of pure shear mode showing shear deformation without yarn slippage; (a) initial region
before PF shear , (b) deformed region after PF shear .
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3.3.3 Pure circular shear
Per (Komeili, 2014), it is critical to recognize a fabric‘s shear behavior with and without yarn
rotation. Ordinarily, a change in angle between adjacent warp and weft yarns is referred to as
shear in fabrics. However, shear angle can likewise happen with rotation of yarns instead of
trellising similar to Figure 3.10 (b). The CRN set-up provides both ―picture frame‖ or ―pure
shear‖ and ―circular (rotational)‖ shear testing possibilities. The circular shear mode is a rather
new mode of shear deformation considered in the recent literature of fabrics due to its
application in structures such inflatable tubes (Cavallaro et al., 2003). The fundamental
difference between this shear mode and the PF mode is that in the rotational/circular mode the
yarns and crossover points do not remain at the same point after deformation (Komeili, 2014), as
shown in Figure 3.10. The schematics used for PF and circular/rotational shear modes in the
subsequent graphs of the thesis are shown in Figure 3.11.

(a)

(b)

Figure 3.10: The schematic of rotational/sliding shear; (a) initial region before CS shear, (b) deformed region
after CS shear.
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(a)

(b)

Figure 3.11: The basic fundamental difference of loading applied in the picture frame and rotational shear
modes; (a) picture frame shear, (b) rotational shear.

3.3.4 Simultaneous biaxial tension and PF shear
The CRN set-up can perform characterization of dry fabrics when the biaxial tension and picture
frame shear motors working at the same time. Schematically shown in Figure 3.12, this
combined deformation mode has also found in recent literature (Cao et al., 2008; Nosrat-Nezami
et al., 2014).

Figure 3.12: Schematic of Simultaneous biaxial +PF deformation mode.

3.3.5 Simultaneous biaxial tension, PF shear and circular shear
The CRN set-up has been designed to characterize fabrics behavior under combined biaxial, PF
shear and circular shear modes. Figure 3.13 shows the schematic of this mode, which causes a
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severe deformation and coupling behavior in the fabric as will be shown in Chapter 4. No earlier
work has addressed this mode in literature.

Figure 3.13: Schematic of simultaneous biaxial +PF +circular shear deformation mode.

3.3.6 Biaxial tension affected shear (a sequential coupling effect)
Fabrics can experience PF shearing after going through a pre-biaxial tension under this
deformation mode. The CRN set-up was used to perform this coupling test where at first 1000N
biaxial force was applied to the fabric, and afterward the picture frame PF shear was applied up
to 15 degrees. Figure 3.14 shows the schematic of the biaxial affected shear deformation mode
where the numbers 1 and 2 points to the sequence of applied loads.

Figure 3.14: Schematic of biaxial affected shear deformation mode.

29

3.3.7 Shear affected biaxial tension (a sequential coupling effect)
In contrast to Section 3.3.6, in this coupling mode the fabric firstly observes 150 picture frame
shear as marked by number ‗1‘ in Figure 3.15 and afterwards that biaxial tension is applied to the
fabric, which is marked as ‗2‘ in the Figure.

Figure 3.15: Schematic of shear affected biaxial deformation mode.

3.4 Test material
A heavy triaxial [0, 90, 0] dry Fiberglass non-crimp fabric was provided by Campion Marine Inc.
and used in this research. Table 3.1 presents the summary of the material specifications and
Figure 3.16shows an image of the fabric. Per convention, the fabric roll direction was used to
determine the warp direction (Figure 3.17).
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Table 3.1: Description of the fabric material used in this research (adapted from TDS -Texonic JB Martin).

Commercial code

E-Glass TG-54-N

Nominal weight (g/m2)

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

Weft direction
Warp direction

directiondirection
direction
Polyester stiches
90
0
Figure 3.16: E-Glass TG-54-N Fiberglass fabric sample used in the experiments.
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Warp

Figure 3.17: Fiberglass fabric roll manufactured by Texonic JB Martin.

3.5 Other experimental considerations
3.5.1 Sample preparation and mounting
The cross-shape samples used in the CRN set-up is shown in Figure 3.18, each strip of the cross
having 450 mm length and 100 mm width. It is to note that long and narrow shape samples are
generally found better for uniformity of deformation in the middle zone of interest, when
compared to square cut samples (Spivak & Treloar, 1967). As addressed in Section 3.2, the CRN
test set-up uses needle clamps (Figure 3.19(a)) to perform tests, for which the above mentioned
test sample size was long enough. The reason of longer sample was that the edge of the sample
was folded (thought it is optional) with the needle of the jaws to further avoid fiber slippage.
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Figure 3.18: Fiberglass test sample shape used for biaxial, pure shear, and combined deformation modes.

(a

(b)

)

Figure 3.19: (a) Needle clamps used for mounting samples (b) Extra scarp layers of fabric in needle clamp
that further helped obtaining a slippage-free mounting.

In addition, two scarp layers of fabric pieces could also be inserted (Figure 3.19 (b)) to further
increase the friction in the clamp area and allow reaching the maximum load of the machine
during tensile testing while removing any fiber pull-out in the clamp area.
3.5.2 Uniaxial validation test
To ensure the reliability of the CRN set-up measurements, first it was compared with a standard
Instron machine under uniaxial tensile mode. For each test, in warp or weft direction, using the
Instron and biaxial-shear CRN machines (Figure 3.20), three repeats were conducted. By
choosing rubber furrowed surfaces square to clamp the fabric sample, Instron machine offered a
standard clamping of fabric test materials. This rubber maid clamp has also been utilized in
33

custom created fixtures by other researchers (Willems et al., 2008). A procedure similar to
ASTM D5035-11 was followed for the Instron test. Namely, the textile sample was cut into 160
mm gauge length, which was the distance between two grips, and 60 mm wide where 18 yarns in
the sample existed. The speed of the test was 6mm/min and a slight pre-tension was applied
before the actual test to straighten the fabric. The sample width of the CRN uniaxial test was
nearly the same as before, but the gauge length was 180 mm given the jaw-to-jaw distance of the
set-up. The results of this validation test will be presented in the next chapter.

(a)

(b)

Figure 3.20: Fixure used for uniaxial testing with (a) Instron set-up, and (b) CRN set-up.

3.5.3 Force normalization and limitation
While for axial modes the force normalization is straightforward (dividing the force by the
number of yarns in the loading direction or sample width; e. g. (Launay et al., 2008), according
to (Cao et al., 2008; Komeili & Milani, 2013) the picture frame shear force normalization is
slightly more intricate. Namely, the shear angle ɣ and shear force Fsh should be first calculated
based on the frame kinematics by Equations (3-1) to (3-3). The PF shear test data can then be
normalized by Equation (3-4).
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ɣ = 90° − Ɵ

CosƟ =

Fsh =

(3-1)

2Lframe + d𝑠ℎ
2Lframe

F
2CosƟ

Fnormalized = Fsh

(3-2)

(3-3)

Lframe
Lfabric²

(3-4)

The frame length, lframe, shear displacement, dsh and the length of fabric, Lfabric, as well as the
frame angle Ɵ are shown schematically in Figure 3.21.

Figure 3.21: Geometrical configuration of PF test (a) before (b) after deformation (Komeili & Milani, 2013).

As mentioned earlier, another shear test that was performed by the CRN instrument was circular
shear. As an example of this mode, Figure 3.22 shows the fabric‘s one direction rotated with the
sliding direction due to the circular force. The circular shear force was measured from the load
cell attached to the motor and the sliding shear angle of the yarn was measured by tracking the
marks on the yarns of deformed fabric. There is no standard formula currently in the literature
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for normalization of this mode, and hence the force magnitude is reported directly. Finally, there
was a limitation on the set-up at the time of these experiments on full calibration of magnitudes
of picture frame shear force; hence the data collected from this test were opted to be used only a
qualitative manner in the results to be presented in Chapter 4.

Figure 3.22: Sliding shear experiment was performed using CRN set-up.

3.6 Digital image correlation (DIC)
DIC is a non-contact full-field strain measurement system, which allows fully mapping and
tracking surface displacements in three dimensions, in the order of micro-strains. The DIC
instrument can be used for measuring displacement, strain, and different geometrical options
associated with the deformation of fabric specimens (Komeili, 2014). The steps needed for
running DIC in the present work were as follows.
3.6.1 Preparing the samples for DIC
DIC system generates the material surface by estimating the position of unique features inside a
square region called ‗facet‘. The software that comes with the employed DIC system (Instra4D)
generates facets as shown for a small region in Figure 3.23. The way that each facet is uniquely
recognized in the software is the patterns of features inside the facet. Thus, it is ideal to have a
random distribution of white and black spots inside each facet (two colors with a high contrast);
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this is called a speckle pattern. Samples of speckle patterns are shown in Figure 3.23 (a) and (b)
during fabric testing. It is important to note that before performing a test, an effective calibration
in the DIC software is required, which means in the black-white calibration plate, green dots
should form, instead of red or yellow dots. The red and yellow dots will mean a poor and an
average quality of the speckle pattern, respectively.
(a)

(b)

Figure 3.23: DIC steps after calibration of a speckle pattern,(a) example of strain window with speckle
pattern in the fabric during shear test with pre-tension and (b) during a biaxial test (Willems et al., 2008).

In order to make a speckle pattern on a given material surface, different methods may be used,
including a spray can, use of a toothbrush and ink, or simply printing of speckle pattern. Here, in
order to make speckle pattern, the toothbrush and spray methods were considered. The two
methods were first practiced individually and finally a combination of them (spraying on brush
and splitting the brush on the dry fabric) gave the most successful result to get a correct speckle
pattern. It provided 100 % green marked calibration.
3.6.2 Preparing the test set-up
One of the important cares to be taken in getting accurate results from stereovision is to assure
proper location of cameras. Figure 3.24 shows the placement of cameras during running a sample
test. It was found that the perfect condition for a test is attained when both cameras are having
the sample in their center of view and there is an angle of 40 to 60 degrees between the cameras.
LED lights can be turned on to increase the light intensity, but they must be avoided in the case
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of shiny surface or high reflections. If LED lights are connected to the control box they can be
turned on by a switch on the back of the box.

Figure 3.24: DIC cameras during a test with the biaxial-shear fixture.

3.6.3 Wrinkle detection with DIC
The sample was prepared for DIC analysis and clamped in the CRN fixture. Next, calibration
was done by the calibration plate and before starting a test one image was taken as a reference
image. After that the corresponding test (simultaneous shear-tension test and another time a pure
PF shear test) was performed. During the test images were taken continuously. Figure 3.25
shows the example of clamping E-Glass TG-54-N fabric while PF shear testing with DIC. Any
notable local z-displacement (out of plane) in the DIC images can be attributed to wrinkling.
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Figure 3.25: E-Glass TG-54-N fabric during wrinkle test with DIC.

3.7 ANOVA statistical analysis framework
ANOVA is one kind of statistical hypothesis testing, which has a great use in experimental data
analysis (Bilisik, 2011; Işık & Ekici, 2010; Montgomery, 2008). Experimental data is often used
by analysts to make decisions on the choice of a material/process/etc. based on testing associated
null hypothesis (Smith & Vaidya, 2013). Rejecting a null hypothesis is statistically considered as
significant when the probability P-value is less than 0.05. However the acceptance of the null
hypothesis occurs when the probability P-value is higher than 0.05.

During the experiments under different deformation modes, the axial displacement and/or shear
angle were applied to dry fabric at different deformation modes while the axial forces and/or
shear force as well as wrinkle were observed at the output. Considering the set-up and material
experimental conditions, every test configuration may have experienced some noises, such as
machine vibration, sample preparation and handling errors, LVDT sensor set-up and fabric
clamping, inherent fiber misalignment variation from one sample to another, etc. (Figure 3.26).
Under such noise factors, statistically speaking, one should expect that the output measurements
have some random variations (i. e., test non-repeatability). Hence, the significant outcomes of the
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tests (e. g., effect of deformation mode, coupling effect, etc.) must be analyzed statistically;
otherwise they will be more subjective.

Figure 3.26: Schematic of the experimental input, output and noise to observe the importance of statistical
analysis.

The experiment was performed with three replications, but due to high levels of noises only one
of three experiments got the reliable data for different deformation modes. Due to the noise
effect two of the three repeats observed slippage and uncertainties. So we took the one most
reliable and meaningful repeat data among those three repeats with high stiffness and positive
slope. However, still the effect of noise was present in that data which was needed to be
accounted.

In order to account for random noises during the tests and find the correct

significance of test outcomes, two-factor ANOVA statistical analysis of deformation modes was
considered with interaction terms representing the random error. Namely, one factor was the
controlled displacement level (or shear angle in the shear mode), the other factor was the main
targeted treatment (e. g., the type of deformation mode such as shear vs. simultaneous, or the
effect of reinforcement direction, such weft vs. warp given a test mode) (Figure 3.27). More
specifically, e. g., between the two deformation modes, at each given displacement level (or
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shear angle) there are two means which are considered as μ1 and μ2. The test hypotheses are: H0:
μ1=μ2 and H1: μ1≠μ2. The means of the 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
H0 is not rejected. On the other hand, the means of the material response in the two deformation
modes are different when the P value is lower than 0.05 and the null hypothesis is
rejected(Montgomery, 2008). To do ANOVA analysis, the experimental data were also
normalized according to the deformation types as discussed in Section 3.5.3. Table 3.2 outlines
one example of ANOVA statistical analysis at two deformation modes. Here at Mode 1 and
Mode 2, the effect of input displacement and the deformation mode factors on the output
normalized force can be analyzed by two-way ANOVA. The targeted null hypothesis is that the
force response in the two modes of deformation is statistically identical on average.
Table 3.2: Framework for ANOVA analysis in an example with two types of deformation modes as well as
eight displacement levels as input factors and the force response as the output.

Mode1

Mode2

Displacement

Normalized force

Displacement

Normalized force

d1

f1

D1

F1

d2

f2

D2

F2

d3

f3

D3

F3

d4

f4

D4

F4

d5

f5

D5

F5

d6

f6

D6

F6

d7

f7

D7

F7

d8

f8

D8

F8
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Mode 1
Mode 2

Figure 3.27: Example of force response in two different deformation modes at different controlled
displacement levels; for subsequent ANOVA analysis to test whether or not the two curves are different (i. e.,
checking the effect of deformation mode).

3.8 Summary
An advanced experimental set-up was described for fabrics characterization under seven
individual and combined deformation modes. the biaxial-shear set-up is also capable of
preforming bias-extension test for shear characterization; however excessive fiber slippage is
among disadvantages of the latter test method (Taha et al., 2013) and it was decided to use the
picture frame mode in this research, along with a separately controlled circular/sliding shear
mode. Sample preparation, clamping, and force normalization was outlined. DIC set-up was
discussed and showed how to identify wrinkle and strain in a deformed fabric. With reference to
earlier works, it was speculated that a non-linear behavior and high shear-tension effect should
be expected in the proposed tests. To account for the effect of noise in experimental results,
however, the application of two-way ANOVA was deemed critical.
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Chapter 4: Results and Discussion
4.1 Overview
In this chapter, the results of different modes of experiments will be discussed. The uniaxial
validation test result of the biaxial-shear CRN set-up will also be presented. Each of the test
modes, including the uniaxial mode, is analyzed under a two-way ANOVA framework as
discussed in the previous chapter. Moreover, the findings of digital image correlation (DIC) test
will be presented in this chapter.
4.2 Validation testing
Before running the main set of experiments, it was required to test whether or not the data from
the custom biaxial-shear instrument are reliable/correctly calibrated. On the ground of this
reason, the result of a uniaxial testing with the CRN machine were compared with those from a
standard Instron universal tensile machine as follows.
4.2.1 Uniaxial test with Instron
The uniaxial tension test was performed in both warp and weft directions of the Fiberglass fabric
in an Instron machine (Figure 4.1). Warp and weft mechanical responses showed very different
values (Figure 4.1), where the normalized axial force (i. e., force per yarn) was higher in the weft
direction, indicating some unbalancedness in the composite material. At a displacement of
around 1.2 mm, the maximum uniaxial force in the weft direction was 42.2 N/yarn, whereas in
the warp direction the uniaxial force was 32.1 N/yarn (i. e., ~25% mechanical unbalancedness).
However, to objectively rely on this directional difference in the material mechanical behaviour,
statistical analysis was needed. Using ANOVA with two factors, the null hypothesis acceptance
would mean that warp and weft direction properties are the same on average. Inversely, the null
hypothesis rejection condition indicates that the warp and weft properties are different. The
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ANOVA resulted in a P-value of 0.008 which means that the warp and weft yarns indeed behave
differently under uniaxial extension model, for the given Fiberglass material.
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Figure 4.1: Uniaxial test on the Fiberglass fabric in the Instron machine.

4.2.2 Uniaxial test with CRN
Uniaxial tension was realized in both warp and weft directions of the material in biaxial-shear
CRN machine. The displacement was measured by the LVDT sensors. Similar to the tests of
Instron machine, the uniaxial force was higher for the weft yarns than the warp yarns (Figure
4.2). At 1.1 mm displacement, the maximum uniaxial force per yarn was 86.6 N/yarn in the weft
direction, whereas in the warp direction it was 42 N/yarn (i. e., ~50% difference); however, as
indicated by the mean error bars, the noise level in the custom set-up was higher than those in
Figure 4.1.
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Figure 4.2: Uniaxial test on Fiberglass fabric in the biaxial-shear CRN machine.

Statistically, ANOVA analysis showed that the P value in this case is 0.004, which once again
similar to the previous test, it means the null hypothesis can be rejected and the warp and weft
responses for uniaxial tension mode are different from the given fabric.
4.3 Comparison between Instron and CRN set-ups
Combining the experimental date of Figures 4-1 and 4-2 within the same graph (Figure 4.3), it
can be seen that in reality, uniaxial tension response of fabrics is the same for both set-up
conditions, especially for the warp yarns. Similarly, the weft yarns‘ uniaxial response matches
between the two different instruments, especially at lower extensions. The higher variation in the
weft yarns response may be attributed to higher fiber count in this direction (Table 3.1 and
Figure 3.16). These are, however, general qualitative conclusions and ANOVA analysis was next
performed to ensure the comparison objectivity.
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Figure 4.3: Comparing the uniaxial responses of the Fiberglass fabric in the warp and weft directions in
Instron and biaxial-shear CRN machines.

The null hypothesis in the ANOVA analysis was that if the P - value>0.05, then the two
machines are overall giving the same response, which means the test custom set-up is reliable to
do further experimental tests. In opposite, the rejection of the null hypothesis (P<0.05= α) would
inform that the set-up is not reliable as the responses are not matching. From Table 4-1 warp
result, it can be seen that displacement factor shows a P- value of 6.9E-5< 0.05 or F= 35.06>
3.79= F-crit, hence the null hypothesis is rejected, meaning that as expected in both machines the
higher extension shows the higher force. For the machine type factor, however, the P value is
0.068 > 0.05 or F= 4.6< 5.59 = F-crit, which explains that the null hypothesis cannot be rejected
and for that reason at 95% confidence interval there is no significant difference in the output of
the two machines.
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Table 4.1: ANOVA results between the Instron and biaxial-shear CRN set-ups in warp and weft directions,
under uniaxial tension mode.

Warp direction
Sources of

SS

df

MS

F

P-value

Fcrit

7

359.6303

34.05916

6.90681E-05

3.78704354

4.609837

0.068912843 5.591447848

variation
Displacement 2517.412
level
Machine type

48.68551

1

48.68551

Error

73.92854

7

10.56122

Total

2640.026

15
Weft direction

Sources of

SS

df

MS

F

P-value

Fcrit

7

1180.564

5.062235

0.024139962 3.78704354

2.998865

0.126930965 5.591447848

variation
Displacement 8263.95
level
Machine type

699.3655

1

699.3655

Error

1632.471

7

233.2101

Total

10595.79

15

Considering he weft direction results in Table 4-1, again the displacement factor shows the Pvalue of 0.02< 0.05 or F=5.06> 3.78= F-crit, which concludes at 95% of confidence interval the
force output in both machines are varying with the displacement change. However, for the
machine type factor results show the P-value of 0.13 >0.05 or F = 2.99 < 5.59 = F-crit, which
suggests that the null hypothesis cannot be rejected. That means in 95% confidence interval, the
force outputs coming from the two machines are the same in the weft direction.
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4.4 Pure biaxial test
Pure biaxial tension was applied to the Fiberglass fabric test material. In the past, numerous
research efforts (Abdiwi et al., 2013; Komeili, 2010; Komeili & Milani, 2013; Sharma et al.,
2003) were dedicated to the biaxial deformation of dry fabrics, but very few gave attention to
different warp and weft biaxial properties, especially in the context of an objective statistical
analysis. Sharma et al., (2003) also provided a force normalization scheme for biaxial testing of
fabrics at off-angles, though the fabric behavior still was assumed to be balanced.

From Figure 4.4 the experimental results under pure biaxial mode for the material under study
can be seen. For both the warp and weft directions, the normalized axial force increased with
displacement. At 1.1 mm displacement, the biaxial forces in the warp and weft direction were
60.7 N/yarn and 78.9 N/yarn, respectively (i. e., ~24% difference). In Figure 4.5 the DIC result
of this biaxial deformation has been shown at 78.9 N/yarn biaxial forces for weft direction. The
DIC image indicates that the axial displacement at this instant was around 1.08 mm (near to a
displacement of 1.1 mm which can be comparable to that in Figure 4.4 for the weft direction
under 78.9 N/yarn load). Hence the DIC result gave further confidence in the reliability of the
LVDT displacement measurements of the CRN set-up.
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Figure 4.4: Pure biaxial deformation of the Fiberglass fabric in warp and weft directions.

Figure 4.5: Axial displacement measured by using digital image correlation into weft direction.

The statistical analysis of the above pure biaxial test resulted in rejecting the null hypothesis,
meaning that the biaxial responses of the warps and wefts are different (P-value 0.008<5%).
4.5 Shear tests
4.5.1 Picture frame shear
The E-Glass TG-54-Nfabric was set under picture frame shear deformation mode that has been
received wide interest in the past (Cao et al., 2008; Komeili & Milani, 2013), owing to the fact
49

that this mode mimics the main deformation mechanism occurring in the draping of fabrics.
Figure 4.6 shows the observed picture frame response trend from the CRN machine (please see
Section 3.5.3 as to qualitative comparison of shear forces rather than quantitative). Figure 4.6
shows that up to 50 of shear angle the two repeated experiments are very close; this is perhaps
because at the initial stage of PF test, the noise factors such as misalignment are less effective,

Normalized shear force
(N/mm)

and also the shear deformation rate are low.

1
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0

5

10

15

20

Shear angle (degree)
Figure 4.6: Pure picture frame test result of the Fiberglass fabric using CRN instrument.

4.5.2 Circular shear
Using the rotational shear mode of the biaxial–shear CRN machine, a pure circular deformation
test was performed. Table 4.2 shows three repeats of the test. The sliding shear angle was
measured using a protractor (Figure 4.7) and the sliding or circular shear force was measured by
an external load cell manually. The circular shear angle was on average found 10.8ο with an
average shear force of 81.76N. Due to the rotation mechanism of yarn, some wrinkling could be
seen in the part corner (Figure 4.7).
Table 4.2: Material deformation and uncertainty factors.

Test repeat
1
2
3

Shear angle
10ο
10.4ο
12ο

Sliding force (N)
79.1
80.2
86

50

Wrinkling

Figure 4.7: The rotational shear angle measurement using a protractor.

4.6 Simultaneous biaxial and shear deformations
Recent researches (Komeili, 2014; Nosrat-Nezami et al., 2014) numerically and experimentally,
respectively, presented a simultaneous biaxial-PF shear testing of fabrics, but did not consider
the rotational shear effect. The present work conducted two types of simultaneous deformation
modes: simultaneous biaxial and picture frame shear; and simultaneous biaxial, picture frame
(PF) shear and circular shear (CS). In addition, the earlier efforts did not distinguish between the
warp and weft responses under each of these modes.

Experimental test results of the above simultaneous deformation modes shown in Figure 4.8. It
can be seen that the simultaneous picture frame shear and biaxial force magnitude (i. e., material
resistance to deform) is higher than the simultaneous circular shear, picture frame shear and
biaxial loading mode, for both warp and weft directions. Similar to the pure biaxial mode in
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Section 4.3, here also the weft response in both simultaneous deformation modes was higher than
warp‘s. The simultaneous PF+biaxial weft response showed the highest axial force per yarn at
displacement 1.1 mm. With circular shear affected simultaneous mode, the warp property (blue
line in Figure 4.8) showed the lowest value among four combined loading modes, given that the
imposed rotation of ~10.8οhas caused this family of yarns to experience less tension.

Normalized axial force (N/yarn)

120
simultaneous CS+PF+biaxial_warp

100

simultaneous CS+PF+biaxial_weft
80
simultaneous PF+biaxial_warp
60

simultaneous PF+biaxial_weft

40
20
0
0

0.2

0.4

0.6
0.8
1
1.2
Displacement (mm)
Figure 4.8: Biaxial response of Fiberglass fabrics in warp and weft direction under simultaneous deformation
modes in biaxial-shear CRN machine.

During simultaneous deformations of the fabric, the shear response trends were as in Figure 4.9.
The shear force trend was found higher for PF+biaxial mode compared to the CS+PF+biaxial
mode, though the test could only be performed at low shear angles due to the highly elevated
shear stiffness of the fabric in the presence of yarns tension and limited shear load cell capacity.
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Normalized shear force (N/mm)

CS+PF+biaxial
PF+biaxial

Shear angle (degree)
Figure 4.9: Shear response of Fiberglass fabrics under simultaneous deformation modes; at low shear angle
regime.

4.7 Coupling evidences
4.8 Comparison between biaxial and simultaneous loading results
Composites undergo multiple loading modes at the same time during forming or actual service in
aerospace, automobile and marine fields (e. g., hydrodynamic forces/weight of other subcomponents/impacts with external objects, etc.). Hence characterizing the simultaneous biaxial
tension, circular and picture frame shear of reinforcement fabrics would be critical to predict the
behavior of consolidated final parts (Cavallaro, et al. 2006; Komeili, 2014; Nosrat-Nezami et al.,
2014). Combining test data in Sections 4.4 to 4.6, in this section the pure biaxial and
simultaneous PF+biaxial modes were compared and analyzed in Figure 4.10.
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Figure 4.10: Shear-tension coupling study by comparison of simultaneous PF+ biaxial with pure biaxial
deformation.

According to Figure 4.10, the yarns behavior under simultaneous shear-tension was found to be
much higher than that in the pure biaxial mode. In addition, weft yarns for both pure and
simultaneous loading modes show a higher axial force that warp; also note from the material
specifications, Table 3.1, that the warp end count of 8 per cm which is lower than the weft end
count (11 per cm); Figure 3.16 also showed that warp yarns are normally more wavy than the
weft yarns.

Next, ANOVA analysis was performed to statistically observe the above experimental
differences. From the hypothesis testing between the simultaneous PF+biaxial and pure biaxial
modes, for the weft axial property the P-value was found to be 0.03, and for the warp direction it
was 0.025. These values mean that the null hypothesis can be rejected, indicating that in applying
shear while tensioning the yarns, their axial stiffness are significantly changing (i. e., coupling
effect of shear on tensile behavior of the fabric).
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Figure 4.11: Shear-tension coupling study by comparison of simultaneous CS+PF+ biaxial with pure biaxial
deformation.

Next a similar coupling analysis was performed between the pure biaxial mode and simultaneous
CS+PF+bixial mode. According to Figure 4.11, shear-tension coupling in simultaneous CS+PF+
biaxial is found to be the highest in weft direction. However, the warp axial force was lower for
simultaneous CS+PF+biaxial than pure biaxial mode. The reason of that was 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.

ANOVA analysis between the above two deformation modes were carried out for both warp and
weft directions. The null hypotheses were rejected in both cases as P-value was found to be
0.014 for weft yarns and 0.001 for the warp yarns, respectively. ANOVA analysis concluded that
the combined PF+CF shear modes significantly affect the biaxial response of the fabric and
hence a severe coupling exists.
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4.9 A sequential coupling mode: PF shear followed by biaxial tension
During the molding of fabrics, they may experience some tension or shear sequentially
depending on how the manufacturing process is designed by engineers (e. g., handling of fabrics
before molding may induce some pre-shear, whereas the installment of the fabric in a blankholder may induce some pre-tension). The present research has conducted two types of
sequential coupling tests. This sub-section presents the case of pre- shear followed by biaxial
deformation. Here, the dry non-crimp fabric experienced 15ο picture frame shear by the
instrument and then undertook the biaxial tension. Figure 4.12 illustrates such sequential sheartension coupling results, both regarding warp and weft behaviors.
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Figure 4.12: Sequential coupling study (15ο shear then biaxial) and its comparison with pure biaxial
deformation.

The 15ο sheared then biaxial tensioned coupled fabric overall, showed higher tensile forces than
the pure biaxial mode in the weft and warp directions. Between the shear affected biaxial mode
and pure biaxial mode a two-way ANOVA was also performed. The P-value in the weft direction
was 1.36E-5 and in the warp direction it was 0.008, which means the corresponding null
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hypotheses were rejected and the pre-shear has indeed an effect on both warp and weft responses
of the material.
4.10 Sequential biaxial followed by PF shear
The other sequential coupling test performed in this thesis was pre-biaxial tension followed by
shear. Namely, 1000 N biaxial tension was applied to the fabric and then the pre-tensioned fabric
went through picture frame shear mode. The sequential mode resulted in a higher shear force
trend than the pure picture frame shear as shown in Figure 4.13.
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Figure 4.13: Qualitative comparison of sequential biaxial-shear mode and the pure biaxial mode.

4.11 Comparison between pure shear and tension affected shear
Figure 4.14 shows a general comparison of pure picture frame shear versus simultaneous circular
shear-picture frame shear-biaxial tension response of the Fiberglass non-crimp fabric. The rate of
biaxial deformation was much faster than the shear response in such simultaneous experiments
and for that reason the shear angles monitored were very small before the maximum elongation
limit is reached. Regardless, simultaneous (coupled) deformation mode from the beginning of
deformation showed a higher shear response than the pure shear response. Figure 4.15 shows the
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simultaneous PF+biaxial shear response versus the pure picture frame mode, again conforming
that the tension in yarns affects the shear behavior (and hence the drapability) of the fabric.
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Figure 4.14: Qualitative comparison of the shear response of the fabric under the pure picture frame and
simultaneous CS+PF+biaxial modes; at low shear angle regime.
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Figure 4.15: Qualitative comparison of the shear response of the fabric under the pure picture frame and
simultaneous PF+biaxial modes; at low shear angle regime.

4.12 Coupling factor
Nosrat-Nezami and his colleagues recently defined a coupling factor by using the ratio of
coupled and uncoupled shear force responses of the fabric (Nosrat-Nezami et al., 2014). The
current work similarity defined a coupling factor in the sequential case of 1000N biaxial, then
shear deformation in comparison to the pure shear (i. e., when the biaxial load is zero):
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coupling Factor CF =

Fs 1000 N ɣ
Fs 0N ɣ

. According to Figure 4.16, the coupling effect in the glass

fiber fabric increases as the shear angle increases, and then it starts decreasing. This trend exactly
matches the one observed by (Nosrat-Nezami et al., 2014) for carbon fiber fabrics.
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Figure 4.16: General trend observed for shear-tension coupling effect as a function of shear angle.

Coupling factor can be similarly calculated by for simultaneous modes: CS =

Fs ,simultaneous (ɣ)
Fs ,pure PF (ɣ)

.

The general expected trend is shown in Figure 4.17, where we speculate that without yarn sliding
(i. e., without CS), a much higher coupling factor is present in the fabric; this remains as a
worthwhile future study to confirm and comprehend its roots, e. g., using a meso-level finite
element model.
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Figure 4.17: Coupling factor for simultaneous deformation modes.

4.13 Deformed samples in the coupling tests
Before start of each test, square lines had been marked on each sample to monitor changes after
deformation in the region of interest, as shown in Figure 4.18. As can be seen in Figure 4.18,
there are signs of deformation noises such as fiber misalignment, fiber slippage, etc. At applying
1000 N biaxial then shear, the deformed area looks like a uniform rhomboid surface (Figure
4.18(a)). Some green line movement from the square box area towards the loading direction
(indicating fiber putt-out) can be seen in Figure 4.18(b). When picture frame shear and biaxial
tension is applied at same time (Figure 4.18(c)), the fibers at the boundary of region of interest
tend to move simultaneously along the tensile loading direction and diagonally across the frame
movement. With the increase of biaxial loading and shear force, fibers further deform and finally
at ~2500N biaxial load at some places of the fabric the fiber become torn. Yarn sliding is a direct
consequence of forced fiber rotation from warp toward weft under the circular shear mode.
Accordingly, under simultaneous circular shear, picture frame shear and biaxial tension mode the
deformation complexity/non-uniformity and fabric tearing became most obvious (Figure
4.18(d)). In fact according to the circular shear contribution in this mode the crossover points of
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red mark lines are not coincident after deformation any more, which well mimics the theoretical
scheme in Figure 3.10.

Figure 4.18: Deformed fabric samples after different types of tests (a) 1000N biaxial, then shear, (b) 15ο shear
then biaxial, (c) simultaneous biaxial and PF shear, (d) simultaneous circular shear, picture frame shear and
biaxial.
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Figure 4.19: Example of deformation defects observed in the Fiberglass non-crimp fabric under combined
loading tests.

Inside the inner deformation area, further zoomed-in examples of defects under simultaneous
loading conditions are illustrated in Figure 4.19. In Figure 4.19(a), fiber pull-out is seen when a
weft yarn has been under an excessive loading of ~2500 N. Due to initial misalignment in the
fabric and/or deviation from theoretical ideal clamping condition and subsequent pull-out, yarn
waviness has formed (Figure 4.19(b)). The misaligned deformation direction is aligned with the
biaxial loading direction. Another very common defect, fiber slippage that is often observed
during the experimentation on non-crimp fabrics is shown in Figure 4.19(c). Only when the axial
deformation of yarns was reaching to its extreme stages, fiber slippage was visible in the fabric.
4.14 Out-of-plane wrinkle test
In 2012 Harrison investigated the onset of wrinkling of a jute woven fabric by using backlit
imaging during bias extension tests (Harrison, 2012). The current research used digital image
correlation (DIC) to observe wrinkling (Figure 4.20). The dry woven fabrics are often loose
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before consolidation stage and hence any misalignment or mishandling of the fabric during
installation in the test frame can cause early wrinkles. Conversely, non-crimp fabrics are straight
and often stiffer than woven fabrics. Nevertheless, during sample preparation, handling, or loose
clamping there can be a chance of possible yarn misalignment and wrinkling. Under some
tension in yarns, such wrinkles were literally absent as can be seen in Figures 4.18(a) and
4.18(c). The latter was additionally verified quantitatively via the DIC as follows.

Figure 4.20: Out of plane wrinkling observed during picture frame shear test.

Figure 4.21: Wrinkle formation of the Fiberglas fabric during shear, as recorded by DIC.
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As explained in Section 3.6.2, during a picture frame shear of the Fiberglass fabric, the sample
was previously made ready for DIC recording with a speckle pattern. During image analysis, Z
direction displacements above ~4mm were considered as wrinkles. Subsequent processing of the
imaging data by DIC (Figure 4.21), showed that the Z direction displacement in this test was
between 11.5mm to 19.5 mm at 8οof shear angle, which indicated a slightly wrinkled specimen
out-of-plane. However, when applying simultaneous biaxial and picture frame shear, the
magnitude of displacement in the Z direction by DIC was found to be very low (~0.6 mm) at a
comparable shear angle (Figure 4.22).

Figure 4.22: Out-of-plane deformation/wrinkling disappearance during simultaneous PF shear and biaxial
test.

Simultaneous tension-shear with free rotation of boundary condition has caused much lower
magnitude of Z direction wrinkles.
4.15 Summary
This chapter presented the experimental findings on a Fiberglass non-crimp fabric under
different individual and combined loading modes. From statistical results of the analyses it is
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clear that the shear-tension coupling under both simultaneous and sequential combined loading
modes can necessitate higher forces for further deformation of the fabric, indicating stiffening of
both axial and shear rigidity of the material. The coupling effect can also induce some nonuniform deformation distributions and early damage/defects in the sharp edges of the forming
material. Simultaneous PF+biaxial mode can reduce wrinkling during forming process.
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Chapter 5: Conclusion and Future Work
A majority of past works in the analysis of fabric composites had assumed tension and shear
deformation modes in a decoupled form; however, this has been questioned recently by means of
numerical simulations (e. g., Komeili, 2014) as well as experimental evidences(e. g., NosratNezami et al., 2014). Therefore, this research project was aimed to further assess the tensionshear coupling effect and contributed to ongoing efforts toward a full characterization and
standardization of test methods for forming of composite materials. The statistical analysis
throughout the tests was found very useful to confirm the reliability of experimental
observations. Table 5.1 presents the summary of the ANOVA analysis results for different
combined loading modes tested, as each is related to a different coupling aspect of shear-tension
in fabrics.
Table 5.1: Summary of the ANOVA analyses of different combined loading modes.

Deformation modes
tested for the null
hypothesis

Conclusion

Biaxial vs. simultaneous
biaxial+ PF

Simultaneous shear-tension loading is significantly affecting the
response of both yarn families (P-weft 0.025, P-warp 0.03).

Biaxial vs. Simultaneous
CS + PF+ biaxial

Simultaneous shear-tension loading with addition, fiber rotation
(mimicking sliding) is significantly affecting the response of both yarn
families (P-weft 0.014, P-warp 0.001)

Simultaneous PF+ biaxial
vs. simultaneous
CS+PF+biaxial

The rotational shear mode is significantly affecting the coupling
behavior in biaxial-shear mode (P-weft 0.03, P-warp 0.022).

Biaxial with 15 degree prePF shear vs. pure biaxial

Pre-shear is significantly affecting the biaxial deformation of yarns (Pweft 1.36 E-5, P-warp 0.008).

Pure PF shear vs. 1000 N
pre-biaxial tension, then
shear

Pre-tension is significantly affecting the shear deformation of yarns
(qualitatively shown)
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In addition, ANOVA results under other individual modes and their comparisons revealed that:
1. For both uniaxial and biaxial deformation modes the warp and weft yarn properties
are significantly different (unbalanced fabric behavior).
2. The biaxial and uniaxial behaviors in a given yarn direction is significantly different,
indicating the weft-warp interaction dependency on deformation mode (state of
deformation) in composites.
3. Weft yarns were stiffer than warp yarns in their axial response under several
deformation modes.
4. Simultaneous PF+biaxial mode showed higher normal force per yarn and coupling
factor than CS+PF+biaxial.
5. The expected shear force order is: Pure PF<CS+PF+biaxial<PF+biaxial<1000N prebiaxial then shear.
6. Under tension of yarns, wrinkles were literally absent during shearing of the fabric as
verified visually and quantitatively by DIC.
5.1 Limitations of the work
The main limitation of the work was the challenge in measurement and calibration of PF shear
force, in particular given the horizontal set-up of the test fixture (Figure 3.23) and hence a high
effect from frictional forces. In addition, all tests were performed at room temperature and quasistatic loading rates. In fast forming processes, or impact /ballistic applications, the fabric will
deform and damage much faster.
5.2 Future work recommendations for practical application of this thesis
Fiberglass and carbon fiber woven and non-woven composite parts are more and more used in
aerospace, automotive, and naval applications (Cavallaro, 2015). Defects such as wrinkling is
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critical for designers in these industries during forming of fabrics (see, e. g., a draping set-up in
Figure 5.1), and this requires a very careful characterization of different fiber reinforcements.
The newly designed biaxial-shear test set-up at CRN may be further improved (especially
regarding the shear load calibration) and used in this industrial research direction, especially to
help manufacturers move toward a tension-assisted shearing/draping of fabrics during forming,
without encountering other side defects such as pre-mature fiber failure, etc. In addition, the
characterization results may be used in conjunction with future simulations of fabrics during
draping, in the presence of coupling effects. The reliability of simulations in turn will result in
better prediction and minimization of membrane stresses in composite layers during forming
processes. During manufacturing of complex shapes, defects such as wrinkling often occur in
corner areas (Lightfoot et al. 2013). The present research results may be helpful for a better
characterization and prevention of wrinkles in these areas by providing pretention to the fabric
during molding set-up design.
(a)

(b)

Figure 5.1: Future work outlook: By characterizing tension assisted shearing of fabrics, an optimum level of
membrane pre-stress may be generated in the yarns by blank holders/mold geometry modifications to
prevent wrinkles during draping; (a) original industrial draping set-up (Breuer et al., 1996), (b) suggested
design for future work (Rashidi et al., 2015).
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