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Abstract

Abstract

Woven fabric is one of the most widely used materials in textile composites and
structural applications. Some woven fabrics especially high-performance fabrics are
viscoelastic in nature which exhibit a combination of both elastic and viscous
behavior under different loading rate. Therefore, the characteristic of mechanical
behavior of fabric material should include both static mechanical properties like

tensile behavior and dynamic mechanical properties like impact behavior.

Nevertheless, there are still problems refer to the mechanism performance and
behavior of woven fabric that have not been explored at present and they still require
further study. For instance, there are few literature reports on the mechanism of the
effect of crimp or inter-yarn friction on woven fabric’s tensile properties, and research
on low-velocity impacts on woven fabrics is almost nonexistent. It is crucial for
engineering to develop woven fabrics especially high-performance fabrics with

improved all-round being well understood performance.

Therefore, this dissertation carries out static and dynamic mechanical study by
combing experimental and numerical methods to investigate in tensile and impact
mechanical behavior of high-performance Twaron® woven fabric which have never
been solved by other researchers up to present, and aiming to provide valuable

application reference for body armer and composite materials industry.

In this dissertation, firstly, a physical-geometric-feature of continuous yarn in a

plain-woven fabric is created and its FE model is analyzed by considering the two key
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issues of woven fabric, the crimp and inter-yarn friction. The basic parameters of
Young’s modulus of single yarn and the inter-yarn friction coefficient are investigated
for practical fabrics in tensile and pull-out tests. FE analysis indicated that the
stress-strain curves of the FE model are effective in evaluating the equivalent modulus
of a woven fabric by comparing with a tensile experiment on Twaron CT ® Plain
Woven Fabric. In addition, a simplified three-dimensional model of the unit cell of
plain-woven fabric (UCPW) is employed to quantitively investigate two important
fabric characteristics — the crimp rate of the yarn and inter-yarn friction to determine
their influence on the mechanical properties of the fabrics. Furthermore, we use FE
analysis to evaluate how the crimp rate and inter-yarn friction affect the mechanical
properties by determining the equivalent modulus of single yarn and UCPW in both
uniaxial and biaxial tensile loading. The stresses at representative nodal points and the
mechanical interaction between yarns are also investigated from a microscopic
perspective, and their deformation mechanisms are also analyzed and discussed.
Result showed that the equivalent modulus of plain-woven fabric dropped from 98.64%
to 95.83% of the original modulus when the crimp increased from 1.167% to 4.658%

when uniaxial tensile loading.

Secondly, low-velocity drop weight impact experiments of plain-woven Twaron CT®
at an impact energy of 15, 20, 30 J are carried out on a 9250HV drop weight impact
tester. Specially treated specimens are designed and used to deal with boundary
conditions because the fabric is too flexible and cannot be fixed precisely.

Experimental results reaffirm that Twaron® is an impact-rate-sensitive material and
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that a greater initial impact energy resulted in a larger breaking load, greater failure
strain, larger energy absorption and shorter contact duration to the fabric in the impact
process. The mean energy absorption in the 30-J impact event is 1.71J, 18.8% and
39.0% greater than that achieved in the 20-J and 15-J impact events. Numerical
impact model is created and the dynamic mechanical parameters of Twaron® is
analyzed and applied to FE model to describe the rate-sensitive mechanical properties
through a three-element spring-dashpot model. Standard earth gravity is applied to the
impact model to reflect the impact process realistically as well. The results indicate
that a remarkably close agreement is obtained between the simulation and
experimental results in various impact scenarios. Thus, the energy absorption
mechanisms and stress distributions during the impact process are clarified. The
influence of specimen shape and size are also analyzed systemically. These results
indicate that the present experimental set-up and the developed fabric geometry model

are effective at investigating many additional mechanical problems in textile fabrics

and/or flexible material structures.

Thirdly, as well known to all, defects, such as holes, appear in fabrics after long-term
use or damage. Holes can weaken the mechanical properties of fabric-based soft body
armor and fabric-reinforced composites to a certain degree. Hence, prediction the
effect of hole defect in the mechanical properties of fabric is of great importance for
material designers. In this dissertation, models of single- and multilayer panels of
plain weave as well as different weaving architectures are designed and created with

and without holes to compare impact properties. The influence of the size and location
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of hole defect on the impact behavior of single-layer Twaron® fabric are investigated,
the degree of influence of hole defects with different sizes on the impact behavior and
the influence level by different location of the hole defects are well understood. The
impact resistance ability was lower for larger hole defects than for the smaller hole
defects. The fabric model with a hole size of 3 x 3 yarn interweaving points can only
take11.9% of the energy absorption of the model without holes. In addition, the effect
of hole defects on the impact behavior of multi-layer armor panel are also studied.
Hole defects become less influential in terms of impact contact force and have less
severe constraining effect on front layer of the panel when the number of multi-layer
armor panels increased. Furthermore, the effect of hole defects on the impact behavior
of different weaving architectures (i.e., plain, twill, basket, and satin weave) are
analyzed. Plain weave fabric has the highest energy absorption capability in impact
scenarios with and without holes among all the woven architectures. Plain weave
fabric is the most affected and twill weave is the least affected by hole defects in
terms of transverse wave velocity; the satin weave is the most affected and the twill
weave is the least affected by hole defects in terms of energy absorption. These
findings will provide guidance for engineering of soft body amour and composite

materials.
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Chapter 1: General Introduction

1.1 Woven fabric

1.1.1 Overall introduction

Woven fabric is one of the most widely used materials in textile composites and
structural applications regardless of the clothing industry. They are produced
principally by the multiple warp weaving method, and generally consist of two sets of
interlaced yarn components, known as warp and weft (or fill) yarns according to the
yarn orientation. Warp yarns run vertically or lengthwise in woven fabrics, while weft
yarns run horizontally or crosswise. Each yarn is a bundle of filaments (or fibers) and
its size is measured by the number of filaments in the yarn. Three-dimensional (3D)
woven fabrics have additional yarns placed in through the thickness direction, 3D
woven fabrics can be produced by using either conventional looms with multilayer

constructions or entirely new equipment [1].

Woven fabric especially plain weave is the most commonly used basic reinforcement
for woven composites. In a plain weaving structure, one warp yarn is repetitively
woven over and under weft yarns. Other typically weave type such as twill weave, it
has a looser interlacing, and the weave is characterized by a diagonal line. In a twill
weaving structure, each warp yarn floats over two consecutive weft yarns, and under
the following one weft yarn. And satin weave has a good drapability, with a smooth
surface and minimum thickness. Currently, most of the pure and hybrid woven fabrics

used in textile composites are simple 2D fundamental weaves as aforementioned plain,



Chapter 1

twill and satin weaves, they are identified by the repeating patterns of the interlaced

regions in warp and weft directions.

Woven fabrics generally exhibit good dimensional stability in the warp and weft
directions, offer highest cover or yam packing density, and provide higher out of plane
strength which can carry the secondary loads due to load path eccentricity, local
bucking, etc. In addition, woven fabrics generally have a very low shear rigidity
which gives a very good formability. As an important reinforcement material, woven
fabric is commonly used in textile composites that are being widely used in advanced
structures in aerospace, automobile, and marine industries. This brings great concern
on studying the mechanical properties of woven fabric that made from

high-performance fibers especially.

1.1.2 high-performance woven fabric Twaron®

High-performance fibers, which have high strength and high stiffness, including
aramids, such as Kevlar® (DuPont) and Twaron® (by Teijin); PBO fibers, such as
Zylon® (by Toyobo); and ultra-heavy molecular weight polyethylene (UHMWPE)
fibers, such as Dyneema® (by DSM) and Spectra® (by Honeywell), are widely used in
various industries especially protection use owing to their flexibility and high
strength-to-weight ratio. High performance fiber Twaron®, similar to Kevlar®, is a
kind of Para-aramid fiber. Para-aramid fiber is one of commonly used high-strength
and high modulus fibers have good resistance to melt at high temperature. Extremely

strong and heat resistant aramids fibers are a class of synthetic fibers which
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introduced first by DuPont™ in the early 1960s. They are among the different
polymeric fibers which is most recognized in the applications of protective systems. It
is also constituted polyamides created from aromatic acids and amines.[2] Even
though it is relatively expensive, fabrics made from such kind of fibers can provide
high strength, high modulus, and good tenacity, which are desirable properties for the

ballistic applications.

In general, aramid fibers are 43 percent lighter than fiber glass (at density of
1.44kg/m* compared to 2.55 kg/m? for fiber glass), twice as strong as E-Glass, ten
times as strong as aluminum, same strength as of high strength carbon on a specific
tensile strength basis. It is also display excellent dimensional stability with a slightly
negative coefficient of thermal expansion (-2.4 x107%/°C) and could resist chemicals
except for a few strong acids and alkalis. Moreover, the aramids fiber exhibited an
excellent stability over a wide range of temperatures for prolonged periods with, no
strength loss at temperatures as low as —320°F (—196°C) and do not melt but will start

to carbonize at approximately 800 °F (427°C) [3].

Hundreds of Twaron® fibers are grouped together to make a yarn, and yarns are
woven to produce a high-performance fabric. Twaron® fabric is one of the two
commonly used para-aramid materials in the development of body armor industry. It
is even five times stronger than steel but yet flexible. It is also heat resistant, cut
resistant, chemical resistant, and can handle sever damage like high ballistic
impacts.[4] Moreover, the most recently released version of Twaron® fabric could

protects against knife and other weapon threats, and has led to the production of
3
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multi-threat vests that can halt both bullet and stab attacks. Due to the excellent
performance in mechanical performance, this dissertation as a result take Twaron®

fabric as representative woven fabric for static and dynamic mechanical study.

1.2 Current research status of static mechanical behavior of woven fabric

The static mechanical properties of fabric materials include tension, compression and
bending etc. Among these properties, tensile properties as the most basic properties of
materials, have been widely studied. Through the tensile experiment of the material,
the elastic modulus, strength, elongation, toughness, and other mechanical parameters
of the material can be obtained. At the same time, the tensile properties also determine
other properties of the material. For example, material with greater modulus, higher
strength and greater elongation can always absorb more energy when failure, and
show better resistance capacity to impact, deformation, and shear. As a result, this

research mainly focuses on the static tensile behavior of woven fabric.

1.2.1 Current research status with experiment method

Research on quasi-static strength of yarns along with studies of dynamic strength has
been reported in several studies. Schwartz et al. [5] carried out quasi-static tensile
tests on single fibers of Kevlar 29 and 49 yarns taken from various locations within a
spool and production lots. Variability in the failure load, tenacity, and linear density of
single aramid filaments is studied experimentally. Data indicate that both the failure
load and the tenacity of filaments, for a given gauge length and yarn cross section, can

be fitted to a two parameter Weibull distribution. Farsi et al [6] studied the parameters
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that affect the quasi-static and dynamic strength of five different yarns (Kevlar 129,
Kevlar KM2, Kevlar LT, Twaron, and Zylon) using hydraulic and Hopkinson bar
testing methods. The failure strengths of Kevlar products showed limited dependence
on strain rate, while Twaron and Zylon products showed a more significant strain-rate
dependency. Effect of specimen size on the failure stress of Kevlar 129 was studied by
testing single fiber specimens at five (5, 16, 25, 50, and 100 mm) different gauge
lengths and multifiber specimens tested at three different gauge lengths (24, 100, and
170 mm). Deju Zhu et al. [7] studied the multi-scale mechanical behaviors of Kevlar
49 in the forms of fiber, yarn and fabric subjected to uniaxial tension. The
experimental results showed that the material mechanical properties are dependent on
structural size scale and gage length of samples. The tensile strengths decrease with
increasing gage length and structural size scale from fiber to yarn, and to fabric, and
follow Weibull distribution by conducting statistical analysis, which is used to
quantify the degree of variability in the tensile strengths of fiber and yarn with

different gage lengths.

In addition, literatures indicate that many investigators have studied the deformation
theory and mechanical properties of Kevlar woven fabrics. Zhu et al.[8] investigated
the stress—strain response in warp and fill directions, the apparent Poisson’s ratio, and
the in-plane shear response of Kevlar 49 fabric including the possible effects of
specimen size and pre-loading on the mechanical responses of the fabric. The
experimental results showed that the fabric exhibits non-linear and orthogonal

behavior in tension and has identical Young’s modulus in warp and fill directions. The

5
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apparent Poisson’s ratio is a nonlinear function of strain and dependent upon the
levels of pre-loading. The shear response is highly nonlinear and independent of
specimen size after normalization. Naik et al. [9] characterized the behavior of Kevlar
49 dry fabric by means of tension tests, trellising shear tests, and friction tests. Results
showed that Kevlar fabric has almost equal modulus of elasticity and tensile strength
in both the warp and fill directions. The typical shear response displays an initial
region with large increase in shear angle with minimal increase in the actuator load,
during which the yarns begin to rotate offering a small resistance to the applied shear
loading, and then the load tends to increase rapidly due to shear locking. The friction
tests were carried out to obtain the coefficient of static and dynamic friction between

two Kevlar fabric layers.

1.2.2 Current research status with numerical method

Over the past two decades, a great deal of work has been done on the
computation-based engineering analyses and finite element simulations to tensile and
related performance of high-performance fabrics. Shim et al. [10] Lim et al. [11] used
pinjointed orthogonal bars to represent flexible—fabric yarns. While this method has
the most notable advantages on the efficiency of approximating the mechanical
behavior of woven fabrics, this oversimplified discrete yarn model immensely limited
the predictive capability of the analyses without accounting for important
contributions associated with weave architecture and friction governed yarn-to-yarn
and layer-to-layer contacts (in multi-layer fabrics). Zhang et al.[12] and Duan et al.[13]

carried out more detailed 3D continuum finite element analyses, which have proven to
6
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be effective tools for capturing and elucidating the detailed mechanic response of
single-layer fabrics with the disadvantages of demanding expense in computation
when applied to practical armor systems which typically contain 30-50 fabric
layers/plies. Nilakantan [14] established a reduced-resolution filament-level model to
provide invaluable insight into the mechanical behavior of the yarn and demonstrated
the sensitivity response to filament friction, material properties, and spreading and
redistribution. Unit-cell-based approaches have received widespread use for the
purpose to derive the equivalent (smeared) continuum-level (membrane/shell)
material models in view of the knowledge of the meso-scale fiber and yarn properties,

fabric architecture, and inter-yarn and inter-ply frictional characteristics.

Among the most remarkable studies based on these analyses are those carried out by
Kawabata et al. [15] who introduced simple analytical models to capture the uniaxial,
biaxial and shear behavior of fabrics. Ivanov and Tabiei [16] presented a
computational material model of flexible woven fabric for finite element impact
analysis utilizing the micro-mechanical approach and the homogenization technique
and accounting for reorientation of the yarns and the fabric architecture. Based on the
properties of the yarns and the weave architecture, Boisse et al. [17] and Peng et al.
[18] came up with a new approach for deriving the continuum-level material model
for fabrics, which involves the use of an energy minimization technique to establish
the relationship between the configurations of the fabric structure and the microscopic
deformation of fabric components. While the use of higher-order membrane elements

was found to be indeed advantageous computationally, it was never fully validated by

7
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comparing its results against either those obtained experimentally or those obtained
using full 3D finite element analysis. Zhu et al. [8] tested to obtain the tensile
mechanical behaviors and Weibull statistic parameters of Kevlar 49 single filaments
and yarns with different gage lengths. The results of single filaments were then used
to build a constitutive model for simulating the stress—strain response of single yarns
and fabrics under quasi-static loading, and the experimental parameters of single
yarns were used in finite element models with shell elements and solid elements to

simulate the uniaxial tensile properties of fabrics.

1.3 Current research status of dynamic mechanical behavior of woven fabric

Some woven fabrics especially high-performance fabrics are viscoelastic in nature
which exhibit a combination of both elastic and viscous behavior. Therefore, the
characteristic of mechanical behavior of fabric material should include dynamic
mechanical properties such as ballistic impact and drop weight impact. For many
decades, many researchers have been applied various methods and approaches to
derive and understand the constitute relation and simulate the overall impact resistant
materials behavior in response of impact in order to use in various ballistic impact
application. This section will discuss current research status in brief the different
approaches used to investigate, analyzed, and understand the impact behaviors

high-performance woven fabrics.

1.3.1 Current research status with experiment method

Experimental methods are one of the commonly used methods to investigate the
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impact performances of high-performance fabrics, and it is effective to characterize
and obtain relevant data to optimize applications of the ballistic material. [19-22]
During experimental methods, the effect of different target configuration and target
mechanical properties on ballistic performance of the material can be observed when
struck by various standard bullet or FSP (Fragment simulating projectile) at the
different velocities.[23] The experimental approach while ballistic impact test could
also help to determine the energy absorbed by the target and transmitted beyond the
target based on different parameters while using in body amours. [24] The different
phenomenon including back face signature (BFS), damaged targets, residual velocity
and caught bullets will be thoroughly examined using various techniques and
equipment including optical microscope, SEM, and high-speed camera etc. for further

analysis and interpretations.

Various researchers have used different approaches including high speed camera to
capture and measured the values of the back face signatures on the standard backing
clay (Roma Plastilina No.1- to preserves its shape after unloading) which is placed at
the back of the target to support the packages.[25] Apart from back face signatures,
the target perforation resistance [26] and surface damages [27] are also another
variable which will be considered after the test to determine the ballistic impact
performances of the final target. Some researchers are also tried to find out
experimentally the damage modes, ballistic limit velocities, absorbed energies due to
penetration, specific perforation energy capacity and some structural responses of the

different target after impact test.
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Different researchers also tried to analyze such failure mechanisms at the micro, meso
and macro level by the help of optical microscope, digital camera, SEM etc. for
investigation and interpretation. For example, an experimental investigation on
multi-functional panels, which consist of two layers, one made of fiber-reinforced
plastics (FRP), and the other of a self-healing ionomer, assembled in four different
configurations with different surface density were carried out against under high
velocity impact conditions. With a total of 16 impact experiments, different types of
panel responses were observed. The panels with ionomer plate and carbon FRP
laminate shows hole sealing and as the ionomer panels were placed at rear side the

damages have also been reduced. [22]

Ying Wang et al. [28] presents a comprehensive experimental study of the effect of
ply orientation on the ballistic performance of the multi-ply fabric panels. The fabric
panels used in the experiments were constructed by laying plies of plain-woven
fabrics in a selection of orientations. The results showed significant improvement in
energy-absorbing capacity of the angled multi-ply panel over the conventional aligned
panel where all fabric plies are laid in the same orientation. An experimental
investigation into the responses of a woven fabric and a pliable laminate Twaron
CT716 and Spectra Shield subjected to oblique projectile impact is undertaken by
V.P.W. Shim et al. [29] With respect to energy absorption, results show that for both
Twaron and Spectra Shield, the influence of impact obliquity on energy absorbed
generally diminishes with an increase in impact velocity, and finally vanishes when

the impact velocity is sufficiently high.

10
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Even though this experimental method gives the real scenario, but due to its most
costly task, destructive and very time-consuming nature, different methods were also
available and have been used for better analysis and to minimize comprehensive

experimental impact tests.

1.3.2 Current research status with numerical method

Enormous researchers have also preferred and used a numerical modelling approach
which relies on techniques, such as finite element and finite difference methods by the
help of commercial packages, such as ABAQUS, DYNA3D, LSDYNA, ANSYS etc.
to establish projectile-fabric simulation model and conduct the ballistic impact
performances of the materials.[30-31] This method is generally an effective approach
in terms of time and cost as compared to the experimental approach due to it reduces
the work of experimental test. However, it still required high computing power and
resources for simulating the process. Generally, three main numerical methods are
commonly used, namely pin-jointed model, [32] full 3D continuum model [33] and
mesoscale unit-cell based model [34] to model the fabric structure. Regarding fabric
modelling, both 3D continuum and pin-joint model considers the woven fabrics
construction methods using warp and weft yarns, whereas unit-cell based model bases
woven fabric as an assembly of crossovers. Moreover, the unit-cell model has shown
better efficiency to predict the ballistic impact responses of multi-ply fabric panels

compared to both pin-jointed and 3D continuum model. [35]

However, even till now, simulation of the impact responses of fabrics that constructed

11
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from continuous filament yarns remains a challenging task due to their complex
multi-scale structures and the material interactions from fiber to filament, yarn and
fabric-levels. Fiber-level numerical approach [36] have been also developed and
utilized to model the ballistic resistance of Kevlar® KM2. Such model could be,
however, computationally intensive to simulate the multilayer systems. Several
analytical, numerical and hybrid approaches [37-38] have been explored to model the
ballistic impacts of woven fabrics. Numerical models at different scales were
developed, including the macro-scale that simulates fabric layer as homogenized
membranes, the mesoscale that constructs the fabrics from anisotropic continuum
yarn, and the microscale focusing on the fiber level. Ha-Minh et al. [39] have
implemented a multi-scale model, which is a combination between macroscopic and
mesoscopic finite element models to investigate the ballistic impact on 2D KM2®
plain weave fabrics. Mesoscale fabric model is based on modelling individual
continuum yarn at millimeter length-scale [40]. By this way, detailed mechanisms of
the yarn interactions, such as friction and failures, could be captured enabling the
model to provide in depth understandings of damage evolution and energy transfer
during ballistic impact [41]. The above computational studies focus mostly on the
impact of single layer plain-woven fabric systems, while similar studies on other

weaving structures and the associated multilayer systems have not been performed.

Over the past several decades there has been a lot of work carried out to understand
the ballistic impact behavior of single yarns and fabrics using numerical techniques.

[42-43] The use of finite element analysis (FEA) facilitates a description of the

12
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contact between the yarns, fabric plies, and projectile. The fabric yarns can be
modelled explicitly, which leads to the capturing of certain phenomena that are not
fully possible in other approaches, such as yarn pullout and the effect of inter-yarn
friction. [44] With this method, Zeng et al. [45], Gogineni et al. [46], Zhou et al. [47]
and Sun et al. [48] in their simulations observed that the energy absorption increases
with the coefficient of friction in certain range, whereas the energy absorption begins
to decrease at much higher frictional levels. Finite element models were built up by Yi
Zhou et al. [49] and was used to predict the response of woven fabrics with different
structural parameters, including fabric structure, thread density of the fabric and yarn
linear density. The same method was used by Xiaogang Chen et al. [50] to predict the
response of different layers of fabric in a twelve-layer fabric model upon impact. It
was found that the front layers of fabric are more likely to be broken in shear, and the

rear layers of fabric tend to fail in tension.

However, the method also has drawbacks due to its costly nature, time-consuming,
and most importantly lack of necessary data mining systems to generate and involve

sufficient data for better analysis and getting genuine results.

1.4 Purpose and significance of this research

Judging from the current research status of static mechanical behavior of woven fabric,
it is clearly that numerous papers have been published on the experimental and
numerical simulation that show physical parameters of woven fabrics will affect the

mechanical properties. Fabric’s physical parameter such as crimp rate and inter-yarn
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friction are two key issue of woven fabric which were widely studied and proved to
influence fabric’s mechanical properties to a certain degree. However, there are few
literature reports on the mechanism of the effect of crimp or inter-yarn friction on
fabric’s tensile properties. The main reason for this is, unlike physical parameters such
as linear density and thread density of yarn, crimp rate and friction coefficient of
fabrics are difficult to qualitatively compare, control and analyze from an
experimental point of view. Therefore, although numerical simulations can facilitate

qualitative comparisons, it is difficult to verify them through experiment results.

In addition, according to the current research status of dynamic behavior of woven
fabric, we noted that most existing impact research on soft body fabric armor was
focused on medium to high velocity (30 m/s—1000 m/s) low-mass projectiles.
Research on low-velocity impacts on high-performance fabrics is almost nonexistent.
From an experimental perspective, in experiments using projectiles with low mass and
low velocity (e.g., Hopkinson pressure bar or air gun tests), the impact energy is too
slight to puncture the fabric, thus the fabric’s failure point cannot be ascertained,
which greatly diminishes the value of the research. In addition, experiments using
projectiles with high mass and low velocity (e.g., drop weight impact tests), the
specimen is always difficult to fix precisely because of the fabric’s flexibility, which
results in inaccurate results. From a numerical analysis perspective, the CPU
calculation time of low-velocity impacts may be as much as a dozen times longer than
that for high-velocity impacts because the low-velocity impactor takes much longer to

penetrate the fabric (which happens only if the impact energy is high enough) and the
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time step in the explicit schema is always much lower to ensure the calculation
precision. Thus, compared with studying high-velocity impacts, studying low-velocity

impacts on soft body armor is more challenging.

In summary, this research aims to combine experiment method and numerical
simulation to study the influence mechanism of physical parameters crimp rate and
inter-yarn friction on Twaron® fabric’s tensile performance, as well as the reflection
mechanism and behavior of Twaron® fabric under low-velocity impact and the effect

®

of hole defects on the low-velocity impact resistance of Twaron™ woven fabric, those

problems have still never solved by existed literatures.

1.5 Outline of the dissertation

This dissertation is structured to provide a summary of “study on static and dynamic

mechanical behavior of woven fabric”.

In Chapter 1, an overview of characteristic of woven fabric and high-performance
Twaron® fiber, current research status of static as well as dynamic mechanical

behavior in terms of experiment and numerical methods have been presented.

In Chapter 2, existed modelling techniques are compared and discussed, 3D solid
element yarn-level method is implemented and geometric fabric model which is
physically based on Twaron® fabric is introduced and the woven fabric model is

created.

In Chapter 3, tensile and pull-out tests are carried out or practical fabrics and basic

parameters of Young’s modulus of single yarn and the inter-yarn friction coefficient
15



Chapter 1

are investigated. In addition, The commercial code ANSYS® is employed, and a
simplified three-dimensional model of the unit cell of plain woven fabric (UCPW) is
employed to quantitively investigate the influence on the mechanical properties of the

fabrics by crimp rate and inter-yarn friction of the yarn.

In Chapter 4, Low-velocity drop weight impact experiments of plain-woven Twaron®

is carried out on a 9250HV drop weight impact tester. The commercial code
ANSYS®-AUTODYN is employed for impact FE analysis, and the dynamic

mechanical property of Twaron®

is analyzed with a semi-empirical approach of a
three-element spring-dashpot model. The results indicate that a remarkably close
agreement is obtained between the simulation and experimental results in various
impact scenarios. Thus, the energy absorption mechanisms and stress distributions

during the impact process are clarified. The influence of specimen shape and size are

also analyzed systemically.

In Chapter 5, Based on FE impact model which was validated by experiment, the
influence of the size and location of hole defect on the impact behavior of single-layer
Twaron® woven fabric are investigated, the degree of influence of hole defects with
different sizes on the impact behavior and the influence level by different location of
the hole defects are well understood. In addition, the effect of hole defects on the
impact behavior of multi-layer armor panel are studied. Furthermore, the effect of
hole defects on the impact behavior of different weaving architectures (i.e., plain,

twill, basket, and satin weave) are also analyzed.
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In Chapter 6, summary and conclusions of this dissertation are presented.
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Chapter 2: Preparation of FE geometric model of Twaron® woven

fabric
2.1 Introduction

In recent years, numerical methods, such as finite element analysis, have been
identified as effective techniques for mechanical behavior investigation of woven
fabric [1,2]. Commercial packages, such as ANSYS®, ABAQUS®, and LS-DYNA®,
have frequently been used to develop simulation models and analyze the mechanical
performance of fabric materials. Although numerical methods have high requirements
in terms of computing power and resources for simulating the process, there are clear
advantages to these methods: they are fairly accurate, inexpensive, easy, and consume
no materials [3]. Thus, these methods have become widely used tools for quickly and
efficiently exploring new materials, weaves, and architectures through parametric
studies and for identifying and understanding various mechanisms of deformation,
failure, and energy dissipation that cannot be easily elucidated through experimental

means [4].

In the process of numerical analysis, geometric model modeling is an essential
foundation for numerical analysis. The accuracy of the model will determine the
validity of the analysis results greatly. Looking at the current research, different
modeling techniques are implemented in finite element method to study the fabric
mechanical behavior. Fig.2-1 shows the existed modelling techniques. Single-scale

macro-level modeling techniques include representing the entire fabric as
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homogenized membranes [5,6,7], shell elements method[8,9], meso-level explicitly
capturing yarn level architecture [10,11,12] and micro-level capturing filament level
architecture [13,14]. Modeling the mechanical response of fabrics woven from
continuous filament yarns is very challenging because of their intricate
multi-hierarchical fabric-yarn-filament type architectures and complex material
behavior, furthermore, the filament-level model will bring extremely computation cost

and as a result this model technique is not an efficient and favorable method.

Micro-level Meso-level Macro-level

Micro to meso Meso to macro
homogenization homogenization

Shell/membrane I
| — o

Fig.2-1 Modeling techniques of woven fabric

Among the model techniques, the homogenized membranes modeling is relatively
simple, requires low computing hardware conditions, and is faster. Due to the
computational efficiency, the use of homogenized membranes allows one to model
multi-layer fabrics of realistic in-plane dimensions. However, many important and
complex interactions that govern the impact and penetration of a fabric cannot be

studied with this approach since the entire fabric architecture has been homogenized
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without explicitly accounting for the yarn-level architecture. As a consequence, many
of the important interaction like yarn—yarn interactions, yarn transverse compression
and shearing, yarn frictional sliding, yarn decrimping, and yarn reorientation cannot

be modeled accurately with homogenized membranes [15].

Another popular approach is to use woven shell elements of constant element
thicknesses to model the woven yarns. This approach is effective in regions that are
tension dominated. But is not accurate for regions where transverse compression,
shear, and friction between tows are important and need to be considered. This is
because shell elements cannot handle thickness changes or yarn cross-sectional shape
changes. This in turn affects the estimation of normal contact forces between two
yarns which in turn affects the mechanisms of frictional sliding interactions. Frictional
sliding interactions have been shown to have an important effect on the fabric energy

dissipating capabilities.

These limitations of using homogenized membranes and shell elements to model a
fabric can be overcome by using 3D solid elements to accurately model the yarns
throughout each layer of woven fabric. Although such an approach is associated with
large computational requirements in terms of both processing power and memory
requirements because of the large number of degrees of freedom of the model and
number of computations to process each element. While these analyses have proved
to be powerful technique for capturing and elucidating the detailed static and dynamic
response of single-layer fabrics as well as multilayer fabrics. In present study, due to

the advantage of the yarn-level model, the 3D solid element technique is applied for
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the fabric model creation.
2.2 FE geometric model of Twaron® woven fabric

The plain-woven Twaron CT®, a high-performance fabric with light weight and high
protection application, made by TEIJIN was employed in this study. This fabric is
manufactured using a plain weave of 11X 11 yarns (per cm?), each yarns consisting of
500 filaments. The bulk density and linear density are 1.44 g/cm’® and 550dtex,
respectively. The cross-sectional area of each yarn was calculated as 3.82x10*cm? by
dividing the linear density of the material by its bulk density. We created the fabric
model in SolidWorks®. The fabric model was created at the yarn level. We
implemented the plain weave fabric model in the present study—which considers two
geometrical aspects, i.e., the cross-sectional shape and the path of the yarn—to
describe the yarn geometry. Based on the photo of micro-structural cross-section of
Twaron CT® taken by Yashima® digital microscope YDU-3S shown in the upper part
of Fig.2-2(b), we assumed that the cross-section the warp and weft yarns of the fabric
was lenticular in shape and consisted of two identical arcs facing each other. In the
geometrical model, the cross-section of the yarn remains constant along its length, and
the path of the yarn is the curve that represents the yarn waviness through the yarns in
the other direction. Cross-sectional views of the yarn and fabric model are provided in
Fig. 2-2(a) and(b). All geometrical parameters can be calculated using the following

expressions [16]:
L = 2/thread density, (1)
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(e)

Fig. 2-2 (a) Cross-sectional view of the yarn; (b) Comparison of cross-sectional view of the
Twaron CT® fabric and geometry model (c) Microscopic appearance of Twaron® fabric; (d)

Dimensions of the yarn model (¢) model of Twaron CT® woven fabric

Table 2-1. Physical parameters of Twaron CT®

Fabric type Thread density Areal Cross-sectional area ~ Thickness(mm)
(per cm) density(g/m?) of yarn(cm?)
Twaron CT 11 120 3.82x10 0.2

where L is the wavelength of the yarn path, R is the radius of the arc for the yarn

cross-section, Ry is the radius of the arc for the yarn path, and a and b are half of the

width and half of the height of the yarn cross-section, respectively.

Photo of the fabric geometry is taken, and geometrical parameters are also measured

from the digital microscope, as shown in Fig. 2-2(c) and (d). The average width of the

yarn cross-section and wavelength of the yarn are 0.902 mm and 1.818 mm,

respectively. The average thickness of the fabric is 0.2 mm, based on measurements

using a digital Vernier caliper. Fig. 2-2(c) shows the final geometry model of Twaron

CT® woven fabric, Table 2-1 shows the physical parameters.
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2.3 Conclusions

In present study, due to the advantage of the yarn-level model, the 3D solid element
technique is applied for the fabric model creation. Based on real physical parameters
of Twaron® fabric, the geometry model was constructed in Solid works and the model

will be used for further analysis of fabric’s mechanical properties.
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Chapter 3: Yarn crimp and inter-yarn friction effect on the tensile performance

of woven fabric

3.1 Introduction

Woven fabrics are currently most often used in clothing, industrial textiles, and even
composite manufacture. Therefore, there is a great deal of interest in prediction of
their behavior [1]. The elastic modulus is one of the most important mechanical
properties and is a measure of a material’s resistance to elastic deformation. Besides,
the finite element analysis (FEA) has frequently been used to simulate and simplify
engineering problems. As a result, several researchers have used this technique to
study woven fabric’s static tensile properties. Tehrami et al. [2] investigated the
tensile behavior of woven fabrics with various weave patterns using the FEA. Lin [3]
attempted to predict elastic properties to determine the tensile damage behavior of a
woven fabric. Chen et al. [4] investigated the static tensile behavior of PVC-coated
woven membrane materials under uniaxial and biaxial loads. Lin et al. [5] used a
modeling approach to study the mechanical behavior of textile reinforcements; the
model simulated combinations of compaction and in-plane shear loading to represent
important interactions. Kollegal and Sridharan [6] investigated the mechanical
behavior of plain weave fabric composites under in-plane loading using 3-D finite
element analysis in conjunction with a micro-mechanical model. Other related
published works [7-12] are also concerned with the various static tensile behaviors of

woven fabric under different kinds of loading.
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Furthermore, the physical properties of woven fabrics—including crimp rate and
inter-yarn or even inter-fiber friction—have a significant influence on their
mechanical performance. Tan et al. [13] and Wang et al. [14] have demonstrated the
influence of crimp rate on the ballistic properties of woven fabrics. Broughton et al.
[15] investigated the effect of inter-fiber friction on the tensile properties of yarns and
demonstrated that inter-fiber friction can be the dominant factor in determining the
tensile properties of a ring-spun staple yarn. Wang et al. [16] studied the effect of
inter-fiber friction on fiber damage propagation and the ballistic limit of 2-D woven
fabrics. Chu et al. [17] showed that greater inter-yarn friction leads to less slippage of

the primary yarns at the center of impact and prolongs the failure of primary yarns.

Numerous papers have been published on the experimental and numerical simulation
of the tensile or other mechanical properties of fabrics, as well as on the influence of
the physical properties of woven fabrics such as crimp rate and inter-yarn friction.
However, there are few reports on the determination of the equivalent modulus (note:
equivalent modulus in present study refers to the real performed tensile modulus of
fabric differentiated from material’s original modulus) of woven fabric during tensile
loading to investigate how the crimp or inter-yarn friction affects their mechanical
properties. Therefore, in this chapter, a physical-geometric-feature-based continuous
yarn in a plain-woven fabric is implemented, and its FE model is analyzed by
considering the two key issues of a woven fabric, the crimp and inter-yarn friction.
The basic parameters of Young’s modulus of single yarn and the inter-yarn friction

coefficient are investigated by the experimental of the practical fabrics in tensile and
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pull-out tests. The FE analysis indicates that the stress-strain curves of FE model are
effective in evaluating the equivalent modulus of a woven fabric by compared with
the tensile experiment of Twaron CT® Plain Woven Fabric. Furthermore, we use the
FE analysis to evaluate how the crimp rate and inter-yarn friction affected the
mechanical properties by determining the equivalent modulus of single yarn and the

unit cell of plain-woven fabric (UCPW) in both uniaxial and biaxial tensile loading.

3.2 FE model and experimental verification

3.2.1 Basic mechanical parameters of woven fabric model

In this research, an orthotropic linear-elastic material model is employed, and the
mechanical properties of Twaron CT® are shown in Table 3-1. The material constants
are dominated by the longitudinal tensile modulus Ei;, according to existing studies
[18,19]. Ei1was obtained by tensile test of single yarn of Twaron CT®, tensile result
can be seen in Fig .3-1. The tensile strength (TS) is also calculated as 2.764Gpa. Es,
Es3, G2, Gi3 and Ga3 were calibrated by taking suggestions from the model by S.
Gogineni et al. [20] and C.T. Lim et al. [21]. Many study have been proved that
Poisson’s ratios (Vi2, V23, Vi3) should be zero and the transverse Young’s modulus
(E22, E33) and shear modulus (G12, Gi3, G23) should be very small with respect to the

longitudinal Young’s modulus E1; to reproduce a thread behavior for the yarn [22].
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Fig. 3-1. Tensile experiment results of single yarn of Twaron CT®

Table 3-1. Orthotropic linear-elastic material parameters of single yarn of Twaron CT® (GPa)

En E2 Es3 G2 Gz G2 Vi V2 V3 TS

72.63 1.13 1.13 1.04 1.04 1.04 0 0 0 2.764

3.2.2 Inter-yarn friction coefficient of Twaron CT® woven fabric

Inter-yarn friction has shown to have a significant effect in determining fabric’s
mechanical properties; it is also an indispensable parameter in mechanical behavior
simulation. An inter-yarn friction coefficient obtaining method of comparing

experiment and simulation result was used in this research [23].

Firstly, yarn pull-out test is carried out using a uniaxial tensile test machine
(TENSILON®RTF-2350), an individual yarn from the Twaron CT® is pulled out with
velocity of 0.1mm/min and repeated eight times. The effective dimension of the fabric
is 70 mm length and 50 mm width. The shear deformation and transverse tension are
minimized using a special grip consisted of two U-shaped metallic plates, shown in

Fig.3-2(a).
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In addition, simulation is also carried out. Considering the computing cost, a smaller
fabric model of Twaron CT® woven fabric with 3yarns*11lyarns, is created and used
to simulate pull-out process. The displacement of the two short-yarn side is
constrained in all the edges but allowing the spin. The contact between the warp and
weft yarns is defined as frictional. Fig.3-2(b) shows the simulation process. In order to
examine the effects of the friction, 4 different frictional coefficient (FC) cases are
modeled respectively in the test (FC = 0.1; 0.2; 0.3; 0.4). Numerical simulation results
are compared to experimental yarn pull-out curves. Linear regression relation
equations for 15-4" peak force (totally five peaks, more detail in Fig.3-3) and FC is
concluded (the 5™ peak was neglected because the error is positive when the
experiment test reach fabric’s edge), the inter-yarn friction coefficient p is concluded
to be 0.3 by averaging the results of in each peak. Table.3-2 shows linear regression

relation equations of peak force and frictional coefficient.

@ (b)

Fig.3-2. Pull-out of Twaron CT® woven fabric (a) Experiment process (b) Simulation process
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Table 3-2. Linear regression relation equations of peak force and frictional coefficient for 15 -4t

peak
Linear regression
R? Peak Force(N) L
relation equation
1% peak F=0.542 u + 0.0705 0.9955 0.291 0.275
2" peak F=0.432pu+0.05 0.9918 0.226 0.289
3" peak F=0.32p+0.0355 0.9905 0.177 0.318
4t peak F=0.256pu+0.012 0.9893 0.123 0.334
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Fig.3-3. Comparison of simulation results and experimental result of single yarn

pull-out from Twaron CT®

3.2.3 Tensile simulation and experimental verification

Tensile simulation of Twaron CT® is carried out accordingly. Mechanical parameters
and inter-yarn frictional coefficient obtained above are applied to the model. The
Stress-strain curve during tensile process is depicted as red dash line in Fig.3-4, and
the Young’s modulus of the fabric Es is calculated to be 71.35GPa when the frictional
coefficient is designated to be 0.3. Moreover, a friction coefficient of 0 is also taken

into consideration, stress-strain curve is depicted as grey dash line in Fig.3-4. It can be
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obviously found out that the frictional coefficients have influence on the tensile result.

We will discuss it deeply in the following content.

In order to validating the effectiveness of the model and simulation process,
experiment of tensile test of practical Twaron CT® is carried out. A quasi-static tensile
test is done in a 20KN INSTRON machine with a cross-head speed of 1 mm/min. The
effective zone of the samples are designated to 2cmx10cm (22yarnsx110yarns, the
samples are firstly cut into oversized ones using a special aramid-use scissor, 8
replicates are cut with the length along the warp direction, then extra yarns along the
samples length were removed from both sides in order to ensure that the edge defects
are minimized and no slip of loaded yarns during the test. Besides, High-strength
epoxy is glued to the ends of the test specimen in order to prevent slippage. Thin
aluminum clamp is used for the fixture of the test samples. High resolution photos
taken from camera shows negligible slip between the samples and grips, and no

pullout of yarns.

The typical stress-strain curve under uniaxial tension is also depicted. As what we
concerned is the tensile property before fabric’s failure, so we stop the tensile
experiment before fabric’s complete failure. The curve can be divided into 3 regions,
crimp region, linear pre-peak region and post-peak region. In the crimp region, the
stress increases lowly due to the straightening of the undulated yarns in loading
direction with limited yarn stretching. The maximum strain in crimp region is only
0.0078. This is negligible when compared with the strain at failure. As the strain

increases, the fabric exhibits a linear response before failure. The Young’s modulus of
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the fabric is defined by the slope of the stress—strain curve in this region. And the

average Young’s modulus of the Twaron CT® is calculated to be Ee=73.18GPa.

The comparison of tensile stress-strain curve between experiment and simulation can
been seen at Fig.3-4, the estimated results with a frictional coefficient of 0.3 show
great similarity with the experiment result, the Young’s modulus estimated by
simulation shows approximately 2.5% smaller than the experiment result. As a result,
we can conclude that the model used in the simulation can generally reflect the tensile
property of real fabric; the model and simulation can be proved to be effective.

3000
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Fig.3-4. Comparison of tensile stress-strain curve between experiment and simulation of Twaron

CT® fabric

3.3 Yarn crimp effect on the tensile performance of woven fabric

As we know, different types of fabrics have different crimp and inter-yarn friction
coefficients even the fabrics are made of the same material. It is difficult to
qualitatively judge their influence effect respectively on mechanical properties
through real material experiments, whereas FEA can help dealing these problems due

to its powerful parameterization solution ability. Firstly, five fabric models with the
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same thickness (0.2mm) and different crimp rates were created for FEM analysis. The

crimp rate of a woven fabric can be calculated using Eq. (1):
. 0
Cmnp:(fst2 - L) /L X 100%, (1)

where 0 is half of the central angle (in degrees) of the arc forming the shape of the yarn
cross-section. R,and L can be seen Fig.2-2 in chapter 2. The structural details of these models

are listed in Table 3-3.

Table 3-3. Structural details of fabrics used in finite element (FE) analysis

Model Thread density (1/cm) crimp (%)
1 8.6 1.167
2 10.2 1.986
3 11 2.329
4 11.7 3.341
5 12.5 4.658

In addition, the present model employed in test still cost a lot of calculation time. As a
result, a unit cell of plain woven (UCPW) was proposed (see Fig.3-5) for improve the
calculation effectiveness. Tensile simulation results showed there was no different in
results of fabric’s Young’s modulus between the model employed above and the unit
cell model which was applied an extra circulated boundary condition in simulation

process [24]. This kind of UCPW model was employed in all following cases of tests.
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Fig.3-5. Schematics of the unit cell of plain woven (UCPW)

3.3.1 Yarn crimp effect on tensile performance of a single yarn

Firstly, before tensile test on fabric, we try to investigate how the crimp impacts the
mechanical behavior of single yarn. Five types of yarns with different crimps rate are
employed in the tensile simulation. An elongation rate of 1% is set in the tensile
direction in all the tensile tests as during linear elastic processes the level of

elongation rate does not affect the results.

Equivalent tensile modulus, as one of important indexes of material’s mechanical
property, is calculated from simulation results by obtaining normal stresses and strains
in the tensile direction (the z direction in Ansys) during the tensile load is applied. The
stresses and strains of all nodal points when tensile load is applied to the cross-section
of the tensile end—denoted by 04,0, -0, ,€, & - €g—are excluded from the
analysis results. Therefore, the equivalent tensile modulus (Ee) of the yarns during

tensile loading can be calculated using the following equation:

Ee=)10o/XTe. (2)
The tensile deformation of a single yarn with a crimp of 3.341% is represented in Fig.

3-6(a). The crimped yarn straightened during the tensile process, and the movement of
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the yarn reveals that both tensile and bending phenomena occurred during the tensile
process. The normal stress distribution in the tensile direction is represented in Fig.
3-6(b). The results of the analysis are acceptable because there was no stress
concentration. Conspicuously, the maximum normal stress was located at both sides

of the areas of greatest curvature, as represented by the red and blue areas.

The equivalent modulus for each degree of crimp was calculated, and the reducing
trend in the equivalent modulus was also obtained, as shown in Fig. 3-7. The
equivalent tensile moduli of the single yarns were obviously smaller than those of the
original material (72.63 GPa) over all crimp rates, and they were inversely
proportional to the crimp rate. The equivalent moduli of the yarns dropped from 98.35%
to 94.78% of the original modulus when the crimp increased from 1.167 % to 4.658%.
This means that for the same material with the same original tensile modulus, the
degree of crimp resulting from the production process affects the equivalent modulus
of the yarn during mechanical loading; the more curved the yarn, the smaller its

tensile modulus.

We then carried out a microscopic examination of the stress at the FE nodal points.
Fig. 3-8 shows the normal stress distribution in the tensile direction (z) of nodal points
through the upper surface of a yarn with a crimp of 3.341%. The selected nodal points
are highlighted in violet in the side view of the single yarn model. The schematic of
the results represents an approximate trigonometric function curve. The normal
stresses at representative nodal points (C1-C5) in three yarns with different crimp

rates are listed in Table 3-4. The results illustrate that each nodal stress in the tensile
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direction (in absolute terms) was greater when the degree of crimp was smaller. This
result also means that under the same tensile elongation, the yarn with the greatest
crimp rate experienced less stress in the tensile direction. We also investigated the
deformations of the same nodal points in the perpendicular Y direction (see Table 3-5).
The results illustrate that the deformation of each nodal point in the Y direction is
greater when the degree of crimp is larger. Because displacement reduces stress to
some extent, during tension, the greater the degree of deformation perpendicular to
the direction of tension, the smaller the stress in the direction of tension inside the
material. This means that, under the same elongation rate, yarns with a greater crimp
rate experience greater bending deformation, and unstable dynamic action reduces the
tensile stress and strain in the tensile direction, making the yarn easier to stretch than a

yarn with a lower crimp rate. Such yarns also have a lower equivalent modulus.

(@) (b)

Fig. 3-6. Schematics of FE tensile characteristics of a single yarn with a crimp of 3.341%. (a)

Tensile deformation process; and (b) normal stress distribution in the tensile direction
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Fig. 3-8. Normal stress distribution of nodal points in the tensile direction through the upper
surface of a yarn with a crimp of 3.341%
Table 3-4. Comparison of normal stresses (MPa) in the tensile direction at representative nodal

points C1-CS5 for yarns with various crimp rates

Normal stress (MPa)
Nodal point
Crimp1.167% Crimp2.329% Crimp4.658%
Cl 592.3 589.1 585.4
C2 790.2 783.9 771.2
C3 288.9 258.3 211.6
C4 1488.9 1477.5 1465.8
Cs 1195.3 1178.6 1156.7
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Table 3-5. Comparison of deformation (mm) of nodal points C1-CS in the perpendicular Y

direction for yarns with various crimp rates

Nodal point Crimp1.167% Crimp2.329% Crimp4.658%
C1 0.137 0.158 0.169
C2 0.118 0.134 0.143
C3 0.064 0.078 0.086
C4 0.019 0.026 0.032
C5 0.006 0.009 0.0011

3.3.2 Yarn crimp effect on the tensile performance of woven fabric

3.3.2.1 Uniaxial tensile

A unit cell of plain woven (UCPW) comprises four contact regions because it is
composed of two warp yarns and two weft yarns. These contact regions are
responsible for inter-yarn friction, which cannot be negligible in the tensile simulation
process. Therefore, a constant frictional coefficient between the contact regions of 0.3
is applied in tests at all crimp levels. A model UCPW comprising yarns with a crimp
of 3.341% and applied boundary conditions are represented in Fig.3-9. Cross-sections
A and B represent fixed ends, whereas cross-sections C and D are tensile ends. The
cyclic symmetry of the normal stress distribution in the tensile direction owing to the
symmetry of the UCPW can also be seen in the lower right schematic surrounded by
the red border in Fig.3-9. The maximum normal stress area is located around the
outside rim of the cross-section in the load-bearing yarn. The stress distribution of the
cross-section of the UCPW can be seen in the upper right schematic surrounded by

the red border. The stress in the load-bearing yarns is greater than in the non-loaded
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Fig. 3-9. Schematics of boundary conditions and normal stress distribution in the tensile direction

in a uniaxial tensile test on a unit cell of plain woven (UCPW)
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Fig. 3-10. Comparison of equivalent modulus as a percentage of the original modulus of a single

yarn and a UCPW versus the crimp rate in a uniaxial tensile test

The equivalent tensile modulus of the UCPW under uniaxial tensile loading

demonstrated the same trend as the single yarn test: a greater crimp resulted in a lower

equivalent modulus (Fig. 3-10). The equivalent modulus of the UCPW dropped from

98.64% to 95.83% of the original modulus when the crimp increased from 1.167% to

4.658%. It is also clear that the moduli at all levels of crimp are smaller than the

modulus of the original material. A comparison of the uniaxial tensile tests on the
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single yarn and on the UCPW reveals that the equivalent modulus is greater in the
UCPW at all levels of crimp than in the single yarn, this result is accordance with
above tensile experiments. In addition, the linearly fitted results from the uniaxial
tensile tests reveal that crimp has a slightly greater influence on the single yarn than
on the UCPW. Furthermore, the difference in the equivalent modulus between the
single yarn and the uniaxial tensile case increased from 0.2% to 1.1% as the crimp

increased.

We also investigate the stress between the yarns in the cross-section of the UCPW
under uniaxial tensile loading. When tensile loading was applied, tensile elongation in
yarn A resulted in friction stress on the contact surface (indicated by the red line in the
side view in Fig. 3-11) caused by the hindrance of yarns B and C; simultaneously,
bending in yarn A resulted in extrusion stress normal to the fabric plane on the contact
surface, also due to the hindrance of yarns B and C. Fig. 12 shows the stress condition
at the central contact nodal point of yarn A. In contrast, in the single yarn test there is
no hindering yarn to prevent the elongation and bending of the tensile yarn, so
compared with the UCPW, the single yarn is easier to stretch. This explains the

difference in the equivalent moduli between the UCPW and the single yarn.

extrusion stress

fix end tensile end

—_—

extrusion stress

Fig. 3-11. Stress between yarns in cross-section of UCPW at the central contact nodal point

during uniaxial tensile loading
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3.3.2.2 Biaxial tensile test

We also take biaxial tensile tests into consideration. Compared with the uniaxial
tensile tests, in the biaxial test we applied tensile loading to yarns in both the warp
and weft directions while maintaining an inter-yarn frictional coefficient of 0.3.
Cross-sections A, B, C, and D are the fixed ends, and cross-sections E, F, G, and H are
the tensile ends (Fig. 3-12). In the biaxial test we apply tensile loads to the warp and
weft yarns simultaneously at a rate of 1% elongation in both directions. Considering
the symmetry of the UCPW, the results for the two directions should be the same.
Therefore, the results for either direction are acceptable. The schematic surrounded by
the red border in the lower right of Fig.3-12 also shows the normal stress distribution
in a single tensile direction (the schematic represents a view magnified by five times).
The cyclic symmetry results also reveal that the maximum stress occurred both
around the rim of the cross-section and around the cross-contact area between the two
groups of yarns. Furthermore, the stress is quite evenly distributed between the weft
and warp yarns, as shown in the schematic surrounded by the red border in the upper

right of Fig.3-12.

Fig. 3-13 reveals that the equivalent tensile moduli in UCPWs with different crimps
are closer to the modulus of the original material in the biaxial tensile test than in the
uniaxial test. As in the uniaxial case, the distribution of the moduli has the same
downward trend. The equivalent modulus of the UCPW dropped from 99.79% to
97.08% of the original modulus when the crimp increased from 1.167% to 4.658%.

Therefore, at the same crimp and inter-yarn friction coefficient, the equivalent
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modulus is greater in the biaxial tensile test than in the uniaxial test. The linear fitting
results also reveal that the crimp has slightly less influence in the case of the biaxial

tensile test than in the uniaxial test.

Fig. 3-12. Schematic of boundary condition and normal stress distribution in the single tensile

direction in UCPW during the biaxial tensile test
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Fig. 3-13. Comparison of equivalent modulus as a percentage of the original modulus versus

crimp in UCPW in the uniaxial and biaxial tensile tests
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fix end

Fig. 3-14. Stress between yarns in the cross-section of UCPW at the central contact nodal

point of yarn A under biaxial tensile loading

From a microscopic perspective, as tensile loading is applied to the yarns in the warp
and weft directions, the stress situation is much more complicated in the biaxial test
than in the uniaxial case, as shown in Fig. 3-14. For example, in the central contact
nodal point of yarn A, the tensile load in the x direction (tensile x in the schematic) is
applied directly to yarn A. As in the uniaxial case, tensile elongation resulted in
friction stress at the contact surface caused by the hindrance of yarns B and C;
simultaneously, the bending of yarn A also resulted in extrusion stress normal to the
fabric plane on the contact surface due to the hindrance of yarns B and C. In addition,
another tensile load is applied to yarns B and C in the z direction. Owing to symmetry,
only yarn B was taken into consideration. The tensile elongation of yarn B resulted in
friction stress on the contact surface of A, and the bending of yarn B also resulted in
extrusion stress on yarn A. Therefore, it is obvious that both friction stress and
extrusion stress in the nodal points of the contact area are greater compared with the
uniaxial case. In the following analysis, we will discuss the quantification of

inter—yarn friction.

Generally, regardless of the type of tensile test (single yarn, uniaxial, or biaxial), the
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equivalent modulus gradually decreases as the crimp of the yarn increases.
Furthermore, at the same level of crimp, the equivalent modulus of the UCPW

decreases in the order: biaxial test; uniaxial test; single yarn test.

3.4 Inter-yarn friction effect on the tensile performance of woven fabric

Typically, the compressive stress generated on the contact surface and the contact
friction coefficient are the two main factors affecting friction force, and under the
same objective condition, the friction force between yarns in the fabric is supposed to
have an influence on the fabric’s tensile properties. Therefore, in the present study we
attempted to determine the effect of inter-yarn friction on a fabric’s tensile properties
from the perspective of both contact stress and friction coefficient, and to elucidate

the underlying mechanism.

3.4.1 Investigation of contact stress

The inter-yarn friction force is very difficult to calculate in fabrics [25]. However, the
greater the pressure between the contact surfaces, the greater the friction force
generated. Therefore, the variation in the friction force can be determined by
measuring the change in the contact pressure. From a microscopic perspective, the
frictional force of each affected FE nodal point is determined by the normal contact
stress. In the present study, we chose the cyclic contact area highlighted by the
surrounding red line in the UCPW shown in Fig.3-15. We select seven representative
nodal points on the surface of a certain yarn and designated them N; to N7, then

examined and compared the stresses at these seven nodal points. Because the model is
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symmetrical, the stresses at these representative nodal points basically represent those
of the whole yarn or UCPW. We examine perpendicular stresses (in the y direction,
perpendicular to the fabric plane) to determine the extrusion pressure between the
contact area of the yarn. At the same crimp of 3.341%, and an inter-yarn frictional
coefficient of 0.3, we investigate the three tests (single yarn, uniaxial, and biaxial
tensile) at the same representative nodal points. The perpendicular stresses at Ni to Ny

in the different tests are given in Fig.3-16.

Fig. 3-15. The positions of N1 to N7 in the UCPW and the single yarn at a crimp rate of

3.341%
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Fig. 3-16. Perpendicular stresses (MPa) at representative nodal points in the various tests at the

same crimp 3.341%and inter-yarn frictional coefficient 0.3
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In a tensile process involving a single yarn, the perpendicular stress is caused by the
bending of the yarn, as mentioned above, whereas in uniaxial or biaxial tensile
processes, in addition to bending, the mutual extrusion interaction at the contact area
of the yarn caused by tensile loading also contributes to perpendicular stress. Fig.3-16
demonstrates that during tensile processes, the perpendicular stresses at the
representative points in a single yarn, which are mostly caused by bending, are quite
small compared with those in the UCPW (approximately 12.5% of the perpendicular
stress in the biaxial case and 36.8% in the uniaxial case). In other words, bending only
accounts for a small part of the stress compared with mutual extrusion between yarns.
In the UCPW tensile test, the mutual extrusion between contact yarns is responsible
for most of the perpendicular stress. In the single yarn tensile case, the perpendicular
stress is quite small because there is no inter-yarn contact; whereas in the UCPW case,
the yarn protrudes from the deformation as a result of tensile loading and the
deformation in the biaxial case is greater than in the uniaxial case because multiple
loading is applied. This led to greater mutual extrusion stress in the biaxial test than in
the uniaxial test. Under the same friction coefficient, the greater the interaction
pressure between yarns, the greater the friction produced during a tensile process.
Therefore, under biaxial tension, more protruding deformation causes more contact
stress resulting in greater friction. According to the statistical analysis of the
representative nodal points, the perpendicular stress in the biaxial case is on average
2.86 times greater than in the uniaxial case, and 7.93 times greater than in the single

yarn. At the same crimp, a larger friction force leads to larger internal stress in the
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yarns, which makes them more difficult to stretch, resulting in a larger equivalent
modulus than during uniaxial tension. This provides a good explanation for why the
equivalent modulus of the UCPW differed between the single yarn, uniaxial, and

biaxial tensile processes.

3.4.2 Inter-yarn friction effect on the tensile performance of woven fabric

Inter-yarn friction is another important factor that influences the mechanical
properties of a fabric. At the same crimp rate and the same tensile elongation, a larger
friction coefficient results in a greater friction force between two contact yarns during
tensile loading. A greater friction force contributes to greater internal stress in the yarn
during loading, as mentioned above, which further influences the tensile properties.
We are most concerned with how, and to what extent, the inter-yarn friction
coefficient affects the equivalent modulus during tensile processes. Therefore, we use
the same UCPW at the same crimp rate of 3.341% in both the uniaxial and biaxial
tensile tests. We apply five friction coefficients (0.1, 0.2, 0.3, 0.4, and 0.5) to the

contact boundary condition. The results are shown below.
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coefficient in UCPW under tensile loading
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various tests

Fig. 3-17 shows that the equivalent modulus increased as the frictional coefficient
increased. Increasing the inter-yarn friction raises the friction force during the tensile
process, and this leads to stronger resistance, resulting in an increase in the equivalent
modulus. Furthermore, the results show that the equivalent modulus was greater than
the original modulus when the friction coefficient reached 0.5 both tensile cases.
Therefore, the equivalent modulus may be larger than the original modulus when the
inter-yarn friction is large enough. Moreover, under certain mechanical conditions,
and at a certain inter-yarn friction, it is possible for the equivalent modulus of a fabric

to be the same as the original modulus.

Fig.3-18 shows the stresses in the tensile direction (z) at the representative nodal
points at a crimp of 3.341% in the single yarn, biaxial, and uniaxial tensile cases at
friction coefficients of 0.1, 0.3, and 0.5. The results reveal the following. First, the

stress in the single yarn case is lowest at all points because there is no inter-yarn
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friction. Second, in both the biaxial and uniaxial tests, the stress in the tensile
direction became noticeably higher when the friction coefficient increased, owing to
the higher friction force between the yarns. According to the statistical analysis of the
representative nodal points, the stress in the tensile direction in the biaxial and
uniaxial tests increased by 19.3% and 8.8% on average, respectively, when the
frictional coefficient varied from 0.1 to 0.5. Third, at the same friction coefficient, the
stress is higher in the biaxial case than in the uniaxial case. According to the statistical
analysis of the representative nodal points, the stress in the tensile direction is 24.2%
larger on average in the biaxial test than in the uniaxial test; this also explains why the
equivalent modulus in the biaxial case is higher than in the uniaxial case at the same

crimp and friction coefficient.

3.5 Conclusions

In this chapter, we investigated how, and to what extent, the physical characteristics of
a fabric influence its mechanical properties during tensile processes. Firstly, FE model
of Plain Weave was created and proved to be effective by compared with the tensile
experiment with Twaron CT® Plain Weave Fabric. Secondly, tensile simulations
representing a single yarn, and uniaxial and biaxial UCPWs were carried out by
considering different yarn crimp rates. Regardless of the tensile test (single yarn,
uniaxial, or biaxial), the equivalent modulus gradually decreases as the crimp of the
yarn increases. Furthermore, at the same level of crimp, the equivalent modulus
decreases in the following order: biaxial test; uniaxial test; single yarn test. We chose

representative nodal points and investigated and analyzed the deformation and normal
57



Chapter 3

stress. The results revealed that, in the case of a single yarn, a yarn with a greater
crimp will have greater displacement caused by bending during the tensile process,
and unstable dynamic action reduces the tensile stress in the tensile direction. In other
words, the bigger the crimp, the easier it is to stretch the yarn, which has a smaller
equivalent modulus. Moreover, we determined why there was a difference in the
equivalent modulus between the single yarn, uniaxial, and biaxial tensile tests by
investigating the stress at the representative inner nodal points. Thirdly, we considered
the influence of inter-yarn friction. We analyzed the contact stresses in a group of
nodal points chosen in the model, and the results showed that under biaxial tension,
more protruding deformation causes more contact pressure, producing a larger friction
force. At the same crimp, a larger friction force leads to larger internal stress in the
yarns, which makes them more difficult to stretch, resulting in a larger equivalent
modulus than during uniaxial tension. We then carried out tensile tests on UCPWs
with different inter-yarn frictional coefficients at the same crimp rate. The stresses in
the tensile direction at the representative nodal points were also investigated. There
was an obvious tendency for the equivalent moduli of the UCPWs to increase as the

frictional coefficient increased in both the uniaxial and biaxial tensile tests.
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Chapter 4: Low-velocity impact behavior of Twaron® woven fabric

4.1 Introduction

Woven fabrics comprising high-strength continuous filament yarns such as Twaron®

are frequently used in protective items such as protective clothing for special
industries, turbine engines for aircraft and spall liners in certain vehicles. For such
applications, these textile structures are required to provide penetration resistance
against incident high kinetic energy projectiles [1]. The penetration and perforation of
targets by projectiles involve highly complex processes, which have been investigated
experimentally for more than two centuries, and analytically largely during the last

few decades [2-8].

By overviewing these related areas of research, different research approaches were
used to investigate, analyze, and understand the ballistic impact behaviors and
mechanisms of the different materials. Experimental approaches are a commonly used
method to investigate the ballistic impact performance of different materials, and to
characterize and obtain relevant data to optimize applications of the ballistic material
[9-10]. Several researchers [11-14] have conducted studies to determine the damage
modes, ballistic limit velocities, absorbed energies experimentally for penetration,
specific perforation energy capacity and some structural responses of different targets
after impact tests. In addition, analytical methods are one approach used to investigate
and understand the ballistic impact mechanisms of different materials. Parga-Landa et

al. [15] considered the fiber as a linear elastic fracture and the projectile as rigid. In
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addition, the impact behavior of soft body amours, including the ballistic curve,
impact force, tension of each target layer, and stress and strains of yarn and surface
damage, could also be understood using analytical models. Recently, the ballistic
impact behavior of two-dimensional woven fabric composites was investigated
through an analytical formulation [16]. The empirical approach is another method,
which mainly focuses on data from experimental work to investigate ballistic material
impact responses and different failure mechanisms [17]. Empirical studies may be the
most straightforward method but are often not sufficient in obtaining data due to a
lack of necessary experimental means. Moreover, numerical modeling approaches,
such as finite element analysis, are preferred and have been frequently implemented
by researchers. Commercial packages, such as ABAQUS®, LSDYNA® and ANSYS®
are effective at establishing projectile fabric simulation models and conduct the
ballistic impact performance tests of the materials. Several researchers [18-23]
determined such properties as energy absorption; failure modes; the influence of ply
orientation, weave type, yarn mechanical and physical properties and boundary
conditions on the penetration mechanism using numerical modeling methods.
However, it must be noted that most existing impact research on soft body armor was
focused on medium to high velocity (30 m/s—1000 m/s) low-mass projectiles.

Research on low-velocity impacts on high-performance fabrics is almost nonexistent.

From an experimental perspective, in experiments using projectiles with low mass and
low velocity (e.g., Hopkinson pressure bar or air gun tests), the impact energy is too

slight to puncture the fabric, thus the fabric’s failure point cannot be ascertained,
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which greatly diminishes the value of the research. In addition, experiments using
projectiles with high mass and low velocity (e.g., drop weight impact tests), the
specimen is always difficult to fix precisely because of the fabric’s flexibility, which
results in inaccurate results. From a numerical analysis perspective, the CPU
calculation time of low-velocity impacts may be as much as a dozen times longer than
that for high-velocity impacts because the low-velocity impactor takes much longer to
penetrate the fabric (which happens only if the impact energy is high enough) and the
time step in the explicit schema is always much lower to ensure the calculation
precision. Thus compared with studying high-velocity impacts, studying low-velocity
impacts on soft body armor is more challenging. Nevertheless, the impact failure
mechanism of ballistic fabrics under low-velocity impacts still requires study; it is
crucial for engineering and developing ballistic fabrics with improved all-round

impact resistance performance.

Therefore, the study of low-velocity drop weight impacts on high-performance fabric
is carried out in this chapter. Of note, because it is very difficult to fully understand
and describe the impact phenomenon in low-velocity impact situations, experimental
and numerical approaches are simultaneously implemented. Specially treated
specimens are designed to solve the boundary fixing problem in the experiments.
Furthermore, in the numerical simulation, a physically based fabric model is designed
according to fabric’s geometry parameters, and the experimental set-up and dynamic
mechanical properties are taken into consideration to clarify the rate-sensitive

character of Twaron®. A huge calculation time is the cost of attempting to make a
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breakthrough in the study of low-velocity impacts on soft body armor.

4.2 Low-velocity drop weight impact test

4.2.1 Experiment equipment

A 9250HV drop weight impact tester provided by INSTRON® is used in this research.
It is a free-fall drop dart machine with changeable load cells allowing for a large
measurement capacity. The impactor’s height and weight are adjustable to facilitate
obtaining different initial impact energies. The impactor head is hemispherical with a
diameter of 12.7 mm. The impactor is made from 4340 steel for high rigidity.
Fig.4-1(a) shows a general schematic of the drop weight machine. A data acquisition
system, acceleration transducer and load cell connected to the impactor are applied to
simultaneously record the force and deflection as they form the force—deflection (F—d)
curve during the impact process. Velocity curves versus deflection are also obtained
from the force—acceleration diagram. The minimum impactor height is 100 mm and
minimum weight is 7.07 kg, including the tup and screw mass. The pneumatic brake
system is monitored by a position sensor to prevent the impactor from making
multiple impacts following the first impact with the test specimen. When impact
experiment starts, the specimen is fixed by two metallic plates with a circular hole
(70-mm diameter) in the center of each, and the device is driven by pneumatic system.

Fig.4-1(b) shows the overhead view of the impactor and pneumatic clamp.
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Fig. 4-1. Schematic of the 9250HV drop weight impact tester. (a) General view of the equipment

(b) Overhead view of the impactor and pneumatic clamp

4.2.2 Experiment specimen preparation

The plain-woven fabric Twaron CT® made by TENJIN® is employed in this study.
This fabric is manufactured using a plain weave of 110x110 yarns (per mm?), with
each yarn consisting of 500 filaments. The bulk density and linear density are

1.44 g/cm?® and 550 dtex, respectively.

As mentioned in the Introduction, fabrics, unlike hard materials such as steel and
composites, are too flexible and cannot be fixed precisely by pneumatic clamp during
drop weight impact events. Hence, the specimens have to be specially treated before
an impact experiment. In this work, the fabric was first cut to a small size with 100
mm x 100 mm, then sandwiched between two treated acrylic plates and bonded by
super glue. The acrylic plate structure was cut by laser cutting machine to a size of
100 mm % 100 mm X 5 mm with a 70-mm diameter hole cut into the middle. The

70-mm diameter was selected because that is the same size as the circular hole of
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pneumatic clamp. The surface of each acrylic plate was sanded to increasing adhesion
before being bonded with the selected fabric. Specimens were rested for 24 h at room
temperature before the experiments to ensure complete bonding. Fig.4- 2 shows a

schematic of a specimen.

Top view

Fabri
side view \

Bonded by super glue

Fig. 4-2. Top and side view of a specially treated specimen

4.2.3 Low-velocity impact testing

First, the specimen is fixed to the tester by aligning the circular holes between
specimen and the pneumatic clamp. The impactor weight is kept constant at the
minimum value of 7.07 kg for all tests. Impact energies of 15, 20 and 30J is applied
sequentially by adjusting the drop height. To avoid random errors and ensure
repeatability, at least five specimens were tested repeatedly for each impact energy.
Typical impact process proceeds as follows. The impactor drops freely from a certain
height and its velocity increases to the intended impact velocity as it reaches the fabric.
At that point, the fabric begins to deform, and it exerts an impact resistance force to

the impactor. The impact resistance force increases before eventually reaching its
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peak when the yarns in the fabric begin to break. Then, the fabric rapidly reaches
complete failure, and at the moment of failure, the resistance force drops dramatically.
Afterwards, only a small amount of friction force remains to prevent the impactor

from reaching its residual velocity, then impact process ends.

4.3 Experiment results and discussion

4.3.1 Fabric failure mode

All three impact energies resulted in perforation of the respective specimens. Fig.4-3
shows photographs (front and back) of the sample at the 30-J impact energy. No
pull-out phenomenon appeared in the fixed boundary area, which proved the
successful design of the specimen. A roughly square impact hole is seen from front of
the specimen, and the fractured yarn within the square area is at the back. Severe
perforation failure is also obvious in the primary yarns (yarns in direct contact with
the impactor during the impact process), although the secondary yarn (yarns not
directly in contact with the impactor) hardly changes. Different impact energies result
from different impact speeds and cause different degrees of strain rate impact tension.
After impact, the ends of the fibers are fractured and are pulled apart. To further
investigate the mechanical properties of the yarn, the fracture morphology of the
fibers is observed under a digital microscope. Fig.4-4 shows the damage of the fiber
tows under different impact energies. It is clear from the images that the fiber tows
fibrillate around the region of failure, fibrils separate from one another before they

break, and the fibers are no longer single strands. Fig.4-4 also shows the fiber
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becoming thinner toward the tip, where it breaks. The fibers under lower impact
energy (low strain-rate) result in more lengthy fibrils splitting axially, and fibers under
higher impact energy (high strain-rate) exhibit fewer and shorter fibrils. In other
words, the stain-rate has an obvious influence in fabric’s failure mode. Thus, Twaron
CT® yarns under high strain-rate impact show a more fragile character and yarns

under lower stain-rate show a more viscous character.

Fig.4-3. Photographs of impacted specimens (front and back)

Fig. 4-4. Fractographs of Twaron fiber tow under different impact energies

4.3.2 Force-deflection and Force-time diagrams

Contact force is an important parameter in impact problems and is generally defined

as the reaction force applied by specimen to the impactor. Commonly, contact force is
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one index that reflects the material’s ability to resist impact. Contact force is never
measurable in high-velocity impact experiments because the sensor is difficult to
attach to the impactor; however, it is able to be recorded in drop weight experiments
because the sensor can be attached to the load cell. In addition, deflection is obtained
from recording the vertical displacement of the impactor nose. Fig.4-5(a) shows a
contact force—deflection (F—d) diagram under various impact energies. Similar curves
are found as contact force increases until a certain deflection, at which time, a drastic
fall in contact force is observed. The maximum force value increases with greater
initial impact energy. Thus, the mean maximum contact force of the impactor during
the 30-J impact event was as much as 1020 N, which is 9.4% and 25.1% greater than
what is achieved during the 20-J and 15-J impact events, respectively. In addition,
larger deflection at failure is discovered in greater initial impact energy scenarios. The
mean deflection during the 30-J impact event is as much as 4.88 mm, which is 3.0%
and 6.6% greater than what is achieved during the 20-J and 15-J impact events,
respectively. This means that a greater initial impact energy results in a larger failure
strain of the fabric. Furthermore, slightly greater stiffness is also found during a
greater initial impact energy scenario, although the difference is not extreme.
Fig.4-5(b) shows that the contact force exhibits the same trend as for the F—d plots,
while a longer contact duration of fabric is found in lower energy impact scenarios.
The mean contact duration is 1.67 ms, 1.99 ms and 2.21 ms in the 30-J, 20-J and 15-J
impact events, respectively. The experimental results proved that strain rate obviously

influences the mechanical properties of Twaron® fabric.
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Fig. 4-5. Variation in contact force during impact processes under different impact energies (a)
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4.3.3 Velocity-time and Deflection-time diagrams

Fig.4-6(a) shows velocity versus time at the 30-J impact energy level. Different from
a typical high-speed impact, the maximum velocity during the impact process is not at
the beginning of the impact event. When the impact event begins, the impactor still
accelerates until the specimen’s resistance force reaches the same level of the gravity
as that of the impactor. The mean time consumed reaching maximum velocity for the
30-J, 20-J and 15-J impact events is 0.41 ms, 0.52 ms, and 0.63 ms, and results in
deflections of 1.19 mm, 1.24 mm and 1.31 mm, respectively. After reaching the
maximum velocity, owing to the extreme increase in the contact force, the velocity of
the impactor drops obviously before the failure of the specimen. Afterwards, the
velocity of impactor gradually increases again under the effect of gravity. Fig.4-6(b)
shows the deflection with respect to time at various impact energies; the greater
impact energy always results in a larger deflection at every second of the impact event;

the curve of the lower impact energy event shows a greater degree of bending.
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Fig. 4-6 (a) V-t at a 30-J impact; (b) D-t at various impact energies

4.3.4 Energy absorption diagram

Fig.4-7 shows the energy absorption diagram for the E—d curve. The energy
absorption curve is very similar to the contact force curve, showing a parabolic
upward trend. At the fabric’s moment of failure, the energy absorption value reaches
the inflection point. The capacity remains almost stable except for a slight increase
due to the effect of friction. Greater impact energy results in increased energy
absorption with longer deflection of the projector within a shorter contact endurance
time. The mean energy absorption in the 30-J impact event is 1.71 J, 18.8% and 39.0%

greater than that achieved in the 20-J and 15-J impact events, respectively.
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Fig. 4-7. Energy absorption diagram at various impact energies

As a reference, Table 4-1 presents the statistics results from 5 repeated impact

experiments of mean values and standard deviations of maximum contact force(Fm),
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contact duration time(T)and deflection(D)when the impactor reaches maximum
contact force, as well as energy absorption(E) at different impact energy events,
standard deviations are shown in brackets.

Table 4-1. Mean values and standard deviations of impact results at different impact energy

events
Fum (N) T (ms) D (mm) E(QJ)
30J 1020(24.2) 1.67(0.02) 4.88(0.05) 1.71(0.5)
20J 932.4(18.9) 1.99(0.02) 4.74(0.04) 1.44(0.4)
15J 815.3(19.7) 2.21(0.03) 4.58(0.05) 1.23(0.4)

4.4 Simulating a low-velocity drop weight impact on a Twaron® fabric

4.4.1Modeling and boundary condition

A commercial explicit nonlinear FEA code, ANSYS®-AUTODYN, is employed for
FE modeling of low-velocity drop weight impacts on a Twaron® fabric. In the present
investigation, based on the fabric model created in chapter 2 and according to the
nature of clamping employed in the experimental tests, the fabric target is clamped
with a circular test field at the center, as shown in Fig.4-2. Therefore, the
circumference of the fabric has to be fixed so the fabric model is designed and created

to be circular with a diameter of 70 mm. Fig.4-8 shows the impact assembly model.

Fig. 4-8 Impact assembly model
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To validate the model, in addition to geometrical parameters, the configuration of the
material parameters for the simulation should also be consistent with the actual yarn
properties. During the impact process, the impactor is regarded as a rigid body and
impacts from the Y direction to the fabric, which is placed in the X—Z plane. All
degrees of freedom of the impactor are restricted but it is allowed to move in the
direction normal to the X—Z plane. The impact weight is 7.07 kg. The standard earth
gravity is applied to the model, which is unlike a ballistic impact where the impactor’s
gravity can be neglected. A fixed boundary condition around the fabric circumference
is employed to reflect the specimen clamping. A surface to surface contact algorithm
is applied on the impactor/yarn and yarn/yarn contact in the FE model. Simple
Coulomb friction is introduced between yarns and between the impactor and the
fabric. A friction coefficient of 0.3, which is obtained from experiments on Twaron®
fabrics in our former study [24], is used for yarn/yarn contact. The friction coefficient

of impactor/yarn is set at 0.2 by following the model of Yanfei Yang et al. [25]. The

density of the Twaron® yarn is set as 1440 kg/m °.

Mesh density has a significant effect on the impact results obtained in present study.
Mesh sensitivity studies for various element sizes have suggested that it is appropriate
that the cross-section of a primary yarn is meshed using 10 elements and 20 elements
through the yarn wavelength as shown in Fig. 2-2(d) in chapter 2. Simulation result of
impact on a straight single yarn indicated that the chosen mesh density was able to
capture transverse wave responses of the impact event. To maintain calculation

accuracy to the greatest extent possible and reduce the time consumption as much as
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possible, a hybrid mesh technology is used in the model by applying refined mesh to
the primary yarns and coarse mesh to the secondary yarns. Typically, the FE fabric
model involves 154,620 eight-node solid brick elements. The typical calculation time

in current research is 96h on average using an Inter xeon® 12 core CPU.

The damage progression is modeled using the general erosion criteria for solid
elements. when the Lagrange processor is used within ANSYS®-Autodyn, an erosion
material model can be used which enables the removal of highly distorted material
elements from the computational domain to prevent excessive numerical
complications. In this study, a maximum principal strain failure criterion is used for
element erosion: that is, when € > g, the clement is failure and removed from the
calculation, where & demonstrate the strain at yarn’s failure. The determination of

the value of & will be discussed in subsequent text.

4.4.2 Dynamic mechanical properties of Twaron® fiber

4.4.2.1 Constitutive model

Twaron® fiber has a proven sensitivity to strain rate based on many experiments
[26-28]. As with most polymers, Twaron® is viscoelastic, a significant property during
impact problems. The present tests reaffirmed this characteristic because the results
showed that the breaking load and fiber modulus as well as breaking elongation

increased with strain rate even when the variation in the strain rate is not extreme.

A semi-empirical approach of a three-element system of two Hookean springs and a

Newtonian dashpot, which represent elastic, solid and fluid-like behaviors, was
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adopted to model the viscoelastic behavior of Twaron® by C.T. Lim et al. [29]. They
reported that the model provided a reasonable representation of the deformation
micro-mechanisms in Twaron fibers. The model can be seen in Fig.4-9. The
stress—stain response of a three-element viscoelastic model can be described by:
(1+§—i)o+(K—“2)6=Kzs+ps (1)
where o, € and ¢ are the stress, strain and strain rate, respectively. For initial
conditions of 0=0, e=0and &=0, the explicit expressions of stress as a function of

strain and strain rate are obtained as:

_ kike 3 k1211 . —[(K1+K2)/p_]€/'€ _

Tt t Gatk?t (e 1 @)
and
do _ Kqk, k2 —[(K1+K2)/u]s/'s
de = kq+ky + K1 +ks <e )

It is apparent from Eq. (3) that stiffness of Twaron® is a function of strain rate with
parameters K 1, K 2 andn. V.B.C. Tan et al. [30] obtained the dynamic mechanical
parameters of Twaron® CT716 by conducing dynamic tests in a split Hopkinson
pressure bar setup. When the aforementioned three-element model was also
implemented, by taking values of Ki=116.67 GPa, K»=203.3 GPa, w=4.35Mpa.s, it
was found that the results obtained correlate reasonably well with the dynamic
properties of Twaron® obtained experimentally. These mechanical parameters of
Twaron® CT716 are considered to be the same as CT612 because they are

manufactured with the same fiber type of Twaron 2040.
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Fig. 4-9. Three-element spring-dashpot model

To represent strain rate dependent elastic behavior, the constitutive model is
incorporated in the current FE yarns model and the material model is implemented in

terms of a history dependent stiffness given by
k =Ko + (Ko — koo)e ™%t @)

where k., , kg and a is the long-term stiffness, instantaneous stiffness and the decay
constant respectively. The parameters in above equations can be related by

=i kg=k , a=" 5)

© 7 kytky u

In FE analysis, stiffness K of an element can be represented by Young's modulus E,
then we have

E,+E;

E.E:
E, = 1E2

= Eco=E, a=
E;+E, 0 1

(6)

In ANSYS®-AUTODYN, viscoelastic behavior is introduced via an instantaneous
shear modulus Gyand a viscoelastic decay constant f3, according to the well-known
relationships between shear modulus G and Young's modulus E shown in Eq. (7), we
can obtain the model parameters though the Eq. (8) shown below.

E

G= (7

T 2(14v)
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_ G1Gy G1+Gy

Goo_G1+G2 Go=G; B = i

(®)

4.4.2.2 Failure strain

As observed in the impact experiments that there is an increase in the failure strain of
Twaron® as the strain rate increases, therefore, dynamic parameters must be assigned
to the model when simulating different impact energies applied. According to
experiment results, V.B.C. Tan et al. [30] also put forward linear prediction equation
between failure stain and stain rate for Twaron®, Therefore, as long as the strain rate
of drop weight impact is known, the value of failure strain can be obtained by
referring to the equation. Thus, the question arises of how to measure the strain rates

during drop weight impact events at different impact velocities.

During the impact scenario in present study, a method of approximately calculating
the stain rate is proposed. To simplify the impact problem, the fabric is depicted as a
single yarn. A hemisphere-head impactor impacts a single yarn of 2Lo in length,
which has its two ends fixed with an impact velocity of Voat T=0. Suppose a very
small amount of time At passes. (The time is long enough for the yarn to decrimp and
become completely stretched but not long enough for the impactor to penetrate the
yarn.) The impactor travels distance D and its velocity is reduced to Vi while the yarn
is stretched and deformed. The velocity of the impactor is assumed to decreases
linearly with time. Details are depicted in Fig.4-10. R, C and ¢ denote the radius of
the impactor’s hemisphere-head, the fabric’s decrimp rate and the stain rate,

respectively. We then have following equations.
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L=Ly,(14+C) =L, +L,, )]
L, = 6mR/180, (10)
8 =tan"1D/L,, (11)
e=(c=—L)/L, (12)
At =2D/(Vy +V,), (13)
g=¢/At. (14)

To be able to compare this with the experiment, the aforementioned parameters are
drawn based on three experimental impact energy scenarios. The Twaron® CT612
fabric’s decrimp rate is calculated to be 0.78% based on our previous tensile test, Vi is
considered to be the impactor’s velocity at the fabric’s moment of failure, and the
strain rate is calculated to be 22.8 s, 18.2 s and 15.4 s! for the impact energies of
30 J, 20 J and 15 J, respectively. Furthermore, the linear fitting equation (R* = 0.997)
of strain rate ¢ and initial impact velocity Vo during a low-speed drop weight impact

can be described by

£ =1.725V,% + 8214 (15)

Therefore, by following V.B.C. Tan’s prediction data, the values of & are calculated
to be 0.0325, 0.0314 and 0.0308 for the impact energies of 30 J, 20 J and 15 J,

respectively.
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Fig. 4-10. Schematic of a single yarn during a drop weight impact event

4.5 Numerical simulation results and discussion

4.5.1 Validation of the numerical results

In Figs. 4-11, 4-12 and 4-13, the F—d curve, V'~ curve and energy absorption obtained
in the experiment and numerical simulation at three impact energies are compared. It
can be concluded from the figures that remarkably close agreement is obtained
between the simulations and experiments at various impact scenarios. The obvious
discrepancies are as follow. In the F*—d curves, the contact forces increase smoothly in
the experimental results while there are slight fluctuations continuously in the
simulation results; in the J—¢ curves, the maximum velocities and residual velocities
of the impactor in the experiments are slightly smaller than what is demonstrated in
the simulations; and the energy absorption in the experiments is slightly higher than

that in the simulations of the energy absorption comparison figures.

The discrepancies between the numerical simulation and experimental results can be

interpreted as follows: the fabric circumference is perfectly fixed in the simulation

81



Chapter 4

process, but a perfect fit cannot be attained in the actual experiment. In addition, yarns
outside the circular target area are also more or less involved in the impact process in
the experimental conditions. Therefore, first, owing to the perfectly fixed boundary
and small specimen radius in the simulation, the transverse wave produced by the
impact continuously bounces back from the fixed boundary to the center of the impact,
resulting in slight fluctuation in the contact force. In the experiment, however, the
transverse wave is partly absorbed by the clamp setup. Second, because some yarns
outside the circular target area are involved in the impact process during the
experiment, the energy absorption capacity of the fabric is improved to some extent,
thus reducing the residual velocity accordingly. As a result, the impactor’s maximum
velocity in the simulation is slightly higher during front section of impact event than
that in the experiment. However, from an overall point of view, the numerical results

show negligible discrepancies with experiment results.
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4.5.2 Further numerical investigation
4.5.2.1 Stress distribution

The impact response of the fabric is dominated by the propagation of two types of
waves. The transverse wave causes the fabric’s deflection in the primary yarns and the
longitudinal wave generates stress waves in the material that propagate at the sound
speed of the material down the axis of the yarns. As reported by many researchers like
McCrackin FL et al. [31], the longitudinal stress wave speed on a free yarn ¢ depends
on both the yarn's tensile elastic modulus E and the volumetric density p, according

to the following expression:
c=(E/p) /2. (16)

Roylance et al. [32] determined the yarn strain at the impact point in the case of a transverse
impact on a very long straight yarn, €, as a function of the yarn's tensile elastic modulus E,

volumetric density p, and the impact velocity V based on:

/ 2 _ V2
2g\/e(e +1)-¢e* = — 17)

The transverse wave which propagates away from the impact point at a relatively

lower speed and the speed u is given by:

u=c’8/1+8. (18)

Ahead of the transverse wave front but behind the longitudinal wave front, yarn
material moves longitudinally toward the impact point while behind the transverse

wave front, yarn material moves transversely in the impact direction. And the
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transverse deflection proceeds until the stress at the impact point reaches a breaking

stress.

Theoretically, the longitudinal stress wave speed of a Twaron® straight yarn (when
assumed to be linearly elastic material with Yang’s modulus 75Gpa) c is calculated to
be 7216.9m/s approximately. On the other hand, according to Egs (17) and (18),
transverse wave speed u is directly affected by impact velocity, and it is calculated to
be 36.6m/s approximately in 30-J impact scenario in theory. Due to the fact that the
time for the longitudinal wave to propagate from the center of the specimen to the
boundary is very short (about a few microseconds) in comparison to the response of
milliseconds, for a low-velocity impact event, variation in stress distribution is mainly

affected by transverse wave.

Fig.4-14 shows the variation in the Von-Mises stress distribution contours of fabrics
undergoing different impact energies at 0.5 ms, 0.8 ms, 1.2 ms and 1.5 ms. The
primary yarns appear darker because of the application of finer mesh. The figures
clearly demonstrate the variation process of stress distribution. In the initial stage of
impact, the overall stress is at a low level due to yarns’ decrimp effect. When the
longitudinal wave reaches the clamped boundary, it is reflected back and the strain
magnitude will be doubled, and the stress first begins to propagate in the two central
primary yarns which are perpendicular to each other, then gradually spreads to all
primary yarns as the contact area of fabric-impactor increases. As the impact
continued, interaction between yarns at crossovers causes secondary yarns to involve

moving transversely, during this stage the stress propagates to all the secondary yarns.
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The magnitude gradient of stress also simultaneously appears according to the
propagation sequence. In the meantime, during the impact process, owing to the
influence of the transverse wave, transverse deflection with a square base occurs.
Accordingly, a square stressed area, with its two diagonals coinciding with the warp
and weft directions, also propagates to become larger and larger until it overlaps with
the aforementioned stressed area. Because of the relatively lower speed of the
transverse wave, the propagation speed of the square stressed area is also lower.
Fig.4-14 also shows that under the same impact moment before fabric’s failure, a
wider stressed area and a greater maximum stress can be found in the higher impact
energy event. This coincides with the results of the F-¢ and E-¢ diagrams. In addition,
Fig.4-15 reveals variation in the Von-Mises stress distribution contours of the fabric at
different impact energies during impactor deflections of 2 mm, 3 mm and 4 mm.
Local parts are magnified for a clearer view because the differences are not obvious.
Similarly, it shows that under the same deflection before fabric failure, a wider
stressed area and larger maximum stress can be found in the higher impact energy

event. This also coincides with the results of the F-d and E-d diagrams.
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Fig. 4-15. Variation in the Von-Mises stress distribution contours at different deflections

4.5.2.2 Further investigation of energy absorption mechanism

Different for ballistic impacts, the total energy of the drop weight impact system

continues to increase due to the effect of gravity, which cannot be neglected and is

thus taken into consideration in the current research. Because the velocity of the

88



Chapter 4

impactor first increases then decreases during the impact event, before reaching
maximum velocity, the impactor’s kinetic energy loss ( A Ep) is negative. At this stage,
gravitational potential energy (Eg) plays a major role in the energy absorption. When
the velocity of the impactor begins to decline, kinetic energy loss become the main

source of the fabric’s energy absorption gradually.

As in the numerical simulation process, the elements erode and are removed from the
calculation while reaching their failure criteria, and this causes the energy loss of the
impact system after the fabric’s failure. The energy absorption is only investigated
from the beginning of the impact to the moment of fabric’s failure. Until the fabric’s
failure, the total energy absorption, which comprises lost projectile kinetic energy and
the impactor’s gravitational potential energy, is absorbed by the fabric through the
mechanisms of yarn strain energy (Es), yarn kinetic energy (Ex) and frictional sliding
dissipated energy (Er). If the impactor’s mass, standard earth gravity, impactor’s
deflection, initial velocity, and residual velocity are denoted by m, g, d, vi and v,

respectively, then we have following equations:

E¢ = mgd (20)
AEp = tmvi? — Zmv,2 2D
P_2 i 2 T

The energy transfer as a function of time during the 30-J impact just before the
fabric’s moment of failure is depicted in Fig.4-16. It is obvious that when the fabric

experiences a drop weight impact, the yarn strain energy demonstrates an absolutely
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dominant energy absorption mechanism. The strain energy accounts for 96.1% of the
total absorbed energy on average. The frictional sliding dissipated energy accounts for
3.7% and the yarn kinetic energy only accounts for 0.2% of the total absorbed energy
on average. Fig.4-17 shows a schematic of the fabric’s kinetic energy variation history
at various impact energy scenarios. Owing to the influence of the transverse wave
bouncing back from the clamped boundary, the kinetic energy of yarn fluctuates at
very low levels until the moment of failure. It then rises dramatically as a result of the
sharp fall of the yarn strain energy. Greater impact energy results in more significant
kinetic energy fluctuation. The energy absorption of primary yarns is also investigated
in current research. Fig.4-18 shows the average energy absorption ratios of primary
yarns in kinetic energy, strain energy and frictional sliding dissipated energy under
various impact energy events. The primary yarns play an important role in energy
absorption during the impact process because all energy absorption ratios are higher
than 75% under various impact energies. There is no obvious effect of impact energy

on the energy absorption ratios of the primary yarns.
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Fig. 4-16. Energy transfer as a function of time in the 30-J impact
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4.5.2.3 Influence of specimen shape and size

To determine whether there is an influence of specimen shape and size, two groups of
specimens are compared in the present research. Four models of Twaron® woven
fabric are prepared, a square model of 70 mm x 70 mm and three circular models with
diameters of 54.5 mm (small), 70 mm (medium) and 84.5 mm (large). An impact

energy of 30-J was implemented while all boundary conditions and parameters are
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maintained at the aforementioned. The impact results are shown in Tables4-2 and 4-3,
where Vr is the residual velocity; Fum is the maximum contact force; E is the energy
absorbed by yarn, and T and D are the contact duration and deflection when the

impactor reaches maximum contact force.

From Table 4-2 we can see that the impact results show hardly any difference in
residual velocity and energy absorption between the two specimen shapes while an
obvious difference in impactor’s deflection occurs. Although the two specimens have
primary yarns of the same size, the square specimen has a larger area than the circular
specimen. In other words, the square specimen has a longer average distance from
impact center to the fixed end. For this reason, the square specimen has a longer
contact duration than the circular specimen, which results in a longer contact time and
greater deflection. A longer contact duration contributes to improving the energy
absorption ability, however smaller contact force will in turn reduces the energy
absorption ability for square specimen, and finally the impact of two specimen shapes

results in almost the same level of energy absorption and residual velocity.

As shown in Table4-3, because larger specimens have longer primary yarns, the
tendency for larger specimens to have stronger impact resistance is clearly
demonstrated. Larger specimens show not only better contact duration but also greater
contact force; both of which contribute to improving the energy absorption ability and
leading to lowering the impactor’s residual velocity. However, results from specimens
larger or smaller than what were tested in the present study still need further

investigation.
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Table 4-2. Results comparison of two shapes of specimens at a 30-J impact

VRr(m/s) FMm(N) EQJ) T(ms) D(mm)
circular  square circular  square circular  square circular  square circular  square
2.858  2.858 1018.5  1024.7 1.641 1.646 1.68 1.73 4.87 4.98

Table 4-3. Results comparison of three diameters of circular specimens at a 30-J impact

VRr(m/s) FMm(N) EQJ) T(ms) D(mm)

S M L S M L S M L S M L S M L

2.873 2.858 2.847 940.2 10185 10514 1.181 1.641 1.930 122 1.68 2.07 353 487 6.02

4.6 Conclusions

In this chapter, a low-velocity drop weight impact experiment on a single layer
plain-woven Twaron® CT612 at impact energies of 15, 20 and 30 J was carried out
using a 9250HV drop weight impact tester. In addition, the commercial code
ANSYS®-AUTODYN was employed for impact simulation on a physically based
impact model which was designed and created according to the fabric’s geometry

parameters and experimental set-up. This paper suggests the following findings:

® The Specially treated specimens were proved successfully designed by
experiment results to deal with the inability of boundaries to be perfectly fixed in

the equipment because of the flexibility of fabric.

® F-t, F-d, V-t, D-t, E-d curves of low-velocity impact on Twaron® fabric at impact
energies of 15, 20 and 30 J were depicted firstly in this paper. Experimental

®

results confirmed that the mechanical properties of Twaron® fabric were

obviously influenced by strain rate.

® A method of approximately calculating the stain rate for Low-velocity drop

weight impact were proposed, based on the method, the values of failure strain &
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are obtained.

® Dynamic mechanical parameters of Twaron® yarn was analyzed with

three-element spring-dashpot model to describe the rate-sensitive Twaron®
material. Furthermore, standard earth gravity is applied to the impact model to
reflect the impact process realistically. Remarkably agreement was found

between FE simulation results with experiments at various impact scenarios.

® Von-Mises stress distribution contours of the fabric experiencing different impact
energies during the dynamic impact process are depicted and clarified. Results
showed no matter under the same impact moment or under the same deflection
before fabric failure, a wider stressed area and a greater maximum stress can be

found in the higher impact energy event.

® The energy absorption mechanisms analysis indicated that yarn strain energy
demonstrated an absolute dominant energy absorption mechanism when the
fabric experiences a drop weight impact, and the analysis results show there was
no obvious effect of impact energy on the energy absorption ratios in various

impact energy scenarios.

® The influence of specimen shape and size were also numerically investigated
systemically with a reasonable result. The size of primary yarns evidently
affected the energy absorption ability of the fabric during impact event. These
results indicated that the present experimental set-up and the developed fabric

geometry model were effective for investigating many more mechanical problems
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in textile fabrics and/or flexible material structures.
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Chapter 5: Hole defect effect on the low-velocity impact behavior of Twaron®

woven fabric

5.1 Introduction

Over the past several decades, numerous experiments and theoretical studies have
been conducted to understand the impact behavior of these high-performance fabrics
[1-5]. Existed studies have been reported that various physical and mechanical
properties affect the ballistic impact performance of fabrics, including the woven
architecture [6, 7] and physical properties, such as crimp [8, 9], thread and yarn linear
density [10], inter- and projectile-yarn friction coefficient [11,12], fabric boundary
conditions [13-15], and projectile shape [16, 17]. However, little research exists on
low-velocity impact of high-performance fabrics and on the influence of fabric
defects on the mechanical properties of high-performance fabrics. Defects such as
holes often appear in fabrics, which are the main components of soft body armor, after
long-term use or damage. Furthermore, fabric reinforced composites containing holes
or cut-outs are often used in structural applications. Hole defects create stress or strain
concentrations, which weaken the mechanical properties of fabric-based soft body
armor or fabric-reinforced composites to a certain degree [18]. Overall, prediction of
effect on the mechanical properties of fabrics caused by hole defects is important for

material designers.

As mentioned in previous chapters, numerical methods have become widely used

tools for quickly and efficiently exploring new materials, weaves, and architectures
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through parametric studies and for identifying and understanding various mechanisms
of deformation, failure, and energy dissipation that cannot be easily elucidated
through experimental means [19], and while numerical methods are able to provide

insight into the nature of impact events.

Hence, in this chapter, we seek to better understand the influence of fabric hole
defects on the impact behavior of high-performance Twaron® fabric from three
different perspective. First, the influence of the size and location of hole defect on the
impact behavior of single-layer Twaron® fabric, the influence of hole defects of
different sizes on the impact behavior, and the effects of different locations of hole
defects are investigated. In addition, the effects of hole defects on the impact behavior
of multilayer armor panels are studied by considering the F—¢ curve, transverse
deflection, and energy absorption. Furthermore, the effects of hole defects on the
impact behavior of different weaving architectures (i.e., plain, twill, basket, and satin
weave) are analyzed considering the F—d curve, transverse wave velocity, and energy

absorption.

5.2 FE model validation

The impact model of Twaron® woven fabric had been verified in chapter 4 for 15-30J]
impact scenarios, but we have to point out the impact velocity are quite low(2-3m/s).
In order to judging whether it is effective of the model for a wider range of impact
velocity, the 9250HV drop weight impact tester is used for further validating. The

free-fall drop-dart machine with changeable load cells that have a large measurement
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capacity. The impactor’s height and weight are adjustable to facilitate the different
initial impact velocities. Two sensors for impact loading and acceleration are installed
on the impactor with a diameter of 12.7 mm and are used to measure the contact force
between the impactor and specimen as well as the acceleration during the low velocity
impact. Based on the impact loading F(?), acceleration o(?), and initial velocity v;,
calculating the velocity v(z) and deflection D(?) of the impactor and the absorbed

energy E(t) of specimen were possible [20].

v(t) = vi + [ a(t) dt (1)
D(®) = [, v(t)dt 2
E(t) = [, F()v(t)dt 3)

The fabric specimens are fabricated using the same method in chapter 4. Impacts of a
single layer of Twaron CT® fabric are performed ten times at velocities in the 1-12
m/s range in both experiments and simulations. The results of the fabric’s energy
absorption and residual velocities of the projectile from the experimental tests and FE
simulations are compared. Fig. 5-1(a) and (b) show the correlation between the FE
predictions and experimental results, where the gradients of the regression line are

0.9542 and 1.0015, respectively, which indicates good validity of the model.
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Fig.5-1. Comparison of FE and experiment results: (a) Energy absorption and (b) Residual

velocities.

5.3 Hole defect effect on single layer fabric

The process for the drop weight impact experiments in this study is as follows. The
impactor is freely dropped from a designated height and its velocity increased to the
intended impact velocity as it reached the fabric. At that moment, the fabric deforms
and exerts an impact resistance force on the impactor. The impact resistance force
increases before eventually reaching a peak when the yarns in the fabric reached their
failure stress and starts to break. Then, the fabric rapidly reaches complete failure. At
the moment of failure, the resistance force sharply decreases. Thereafter, only a small
amount of frictional force remains preventing the impactor from reaching its residual
velocity and the impact event ends. Hole defects clearly lower the fabric’s impact
resistance ability. To find out how and to what extent hole defects affect the impact
resistance, impact tests of the drop weight impactor at the specimen’s center with an
impact velocity of 8 m/s are implemented for all FE impact scenarios. Important
indices reflecting the impact resistance ability, such as the maximum contact force

during the entire impact event, the impactor’s deflection at the fabric’s time of failure,
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fabric’s impact duration time before failure, and total energy absorption are
determined from FE simulation results. Among these, the total energy absorption
includes the loss of projectile kinetic energy and the impactor’s gravitational potential
energy. These factors can be calculated from the measured strike and exit velocity of

the impactor and the deflection of the impactor at the point of exit using Equation (4).
Er = MGD + 1/, M(v;2 — v,2) 4

where ET is the energy absorption by the panel; G is standard earth gravity. M is the
mass of the impactor; v; and v, are the strike and exit velocity, respectively; and D is

the deflection of the impactor at the time at which the exit velocity is achieved.
5.3.1 Influence of hole defect size

To study the influence of hole defects on the impact behavior of single layer fabric,
four different models of Twaron® fabric are created for comparison. The model
denoted as PO has no hole, and models denoted as P1, P3, and P5 are fabrics with hole
defects at the sample center with sizes of 1 X 1,3 x 3, and 5 x 5 yarn interweaving
points, respectively; the side length of the holes were, respectively, 7.8%, 23.6%, and
39.4% that of the impactor’s diameter. Fig. 5-2 shows a schematic fabric model of P3.
Fig. 5-3 compares the impact results of the different fabric models. Hole defects of
greater size had a significantly greater effect on the impact resistance ability of the
fabric. The maximum contact force of the fabric PO without holes is as high as 1635.3
N, but this parameter is reduced to 75.9%, 49.3%, and 19.9% for the impact of fabrics

P1, P3, and PS5, respectively. Simultaneously, between fabrics PO and PS5, the
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deflection of the impactor at failure decreases from 6.98 to 6.39 mm and the fabric
impact duration time decreases from 0.876 to 0.800 ms. In addition, the energy
absorption for PO was 2.06 J, which decreases to 76.2%, 35.9%, and 11.9% for fabrics
P1, P3, and PS5, respectively. Larger hole defects involve more primary yarns, which
play a major role in the impact resistance breakage; hence, the large holes resulted in
a sharp decline in the impact resistance performance of the fabric. We conclude that
fabric specimens with better impact resistance performance, in other words, greater
energy absorption ability, will always have a greater maximum contact force, longer

impact duration time, and greater impactor deflection.

Fig. 5-2. Schematic of the P3 fabric model.
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Fig. 5-3. Comparison of the impact results of fabrics with different hole defect sizes: (a)
maximum contact force and impactor deflection and (b) energy absorption and impact duration

time.
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5.3.2 Influence of the hole defect location

In addition, we consider the effect of the relative position of the hole and the impact
center on the impact performance of the fabric. A unified hole size of 3 x 3 yarn
interweaving points is used in all models; each model had a single hole defect at a
different location, as shown in Fig.5-4. The model P3 has a hole at the fabric center,
and models H1, H2, and H3 have hole defects arranged in line with the central
primary yarn, whereas the models S1, S2, and S3 have the central points of their hole
defects arranged equidistantly in a line 45° to the central primary yarn. Due to the
round shape of the models, the central points of the hole defects in models H2 and S2

are located at the midpoint between the impact point and fixed boundary.

Fig.5-4. Schematic of the location of hole defects in each model.
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Fig. 5-5. Comparison of impact results of fabrics with different hole defect locations: (a) maximum contact

force and impactor deflection and (b) energy absorption and impact duration time before failure.
Fig. 5-5 compares the impact results of fabric models with different hole defect
locations. Excluding the fabric model PO without a hole, model S2 has the best impact
resistance performance among all the other models. Moreover, model P3 has the
poorest performance because the hole defect is located at the model center, which is
also the impact point. For models H1, H2, and H3, the impact scenarios resulted in
lower energy absorption compared to models S1, S2, and S3, because the hole defects
are located in these models’ primary yarns, which contributed the most to energy
absorption during impact events. To determine how impact performance changed with
distance from the impact center to the center of the hole defect, P3, H1, H2, and H3
were combined into one group and P3, S1, S2, and S3 are combined into another
group for further analysis. The energy absorption values of P3, H1, H2, and H3 are,
respectively, 35.9%, 49.2%, 73.1%, and 72.5% of the absorption energy of the model
PO without holes; the maximum contact force values are, respectively, 49.3%, 62.0%,
77.5%, and 76.9% that of model PO. The energy absorption values of P3, S1, S2, and

S3 were 35.9%, 78.2%, 95.6%, and 94.8% that of model PO, and the maximum
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contact forces are 49.3%, 79.5%, 99.2%, and 99.0%, respectively. The impact
duration time and deflection followed the same trend for both groups. A comparison
of the results of the two groups indicates that as the distance between the impact point
and the hole defect increased, the midpoint between the impact point and fixed
boundary act as a demarcation point. The energy absorption ability of the fabric first
considerably increases and then remains almost stable except for a slight drop. In
general, when a fabric with a hole defect is subjected to a drop weight impact, the
impact resistance ability is the weakest when the impact point is located at the hole
defect. The hole defect of model S2 had the least effect on the impact resistance
performance of the fabric. In fact, the influence of the hole defect at the location in

model S2 on the impact performance of the fabric was quite limited.

5.4. Hole defect effect on multi-layer fabric armor panels

High-performance fabrics are frequently assembled into multilayers to improve the
energy absorption properties of body armor or composites. In this study, we stack
models of PO and P3 into 2-, 3-, and 4-layer fabric armor panels for further
investigation. Specifications of the specimens are listed in Table5-1. The difference in
the area density of the panels with and without holes was small; hence, they are
considered to be the same.

Table 5-1. Specifications of specimens

Material The number of layers  Thickness(mm) Area Density(g/m?)
1 0.2 124.6
Twaron® plain weave 2 0.4 249.2
(with and without holes) 3 0.6 373.8
4 0.8 498.4
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5.4.1 Effect on F— curves

Fig.5-6 shows the impact comparison results of F—¢ curves of different stacking layers
of PO and P3. In the impact scenarios without holes, except for a slight fluctuation
caused by the stress wave, the contact force in each type of panel basically steadily
increases before its peak and then sharply decreases over a very short time after
reaching the peak value. The peak force appears at the moment when the specimen
began to fracture in the impact scenarios without holes, and a sharp decrease in the
contact force of the multilayer specimens suggests an almost uninterrupted perforation
between the layers. For the case of models with holes, the contact force has a more
complex tendency for the multilayer cases as irregular peak fluctuations appeared.
The labels marked A-D on the impact F—¢ curves of the 4-layered panel of the
scenario with holes in Fig. 5-6 indicate the failure times of layers from first to last.
Furthermore, a schematic diagram of the impact times A-D for each layer as the
impact progressed is shown in Fig.5-7, and the failure mode of each layer had clear

intervals between the perforation of the layers.

In addition, the peak forces reached for the 2-, 3-, and 4-layers in systems without a
hole are 1.57, 2.18, and 2.94 times that of the single layer scenario. In the models with
holes, these values are 1.79, 2.44, and 3.05 times that of the single layer scenario,
respectively. Evidently the impact resistance ability of multi-layers cannot reach the
superposition of the impact resistance ability of a single layer regardless of holeless
and with-hole case. And this phenomenon is more obvious in holeless case. In

considering the different numbers of layers in the armor panel, hole defects have less
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effect on the contact force as the number of layers increased, because the contact force
ratio of the cases with and without holes are 43.2%, 43.9%, 47.6%, and 49.3% for 1-,

2-, 3-, and 4-layer panels, respectively.

Furthermore, although the total time of the impact process (i.e., from the initial
moment to the time when the impactor reached its minimum velocity) increases as the
number of layers increased, the same trend shows that the impact time to reach the
peak contact force become slightly shorter in the multilayer scenarios with and
without holes. However, the difference of perforation mode is notable between
scenarios with and without holes. For the case of impact on specimens without a hole
when the contact force reached its peak at the moment when the first layer of the
specimen started to fracture. Conversely, for cases with a hole, the peak force is
reached at the moment after the fracture of the penultimate layer but before the
fracture of the back layer. Further supporting data is provided in Fig.5-8, which shows
the fracture time of each individual layer and the peak force time in the 4-layer panel
scenarios with and without holes. The time between the front and back layer fracture
for the case without holes is 0.007ms and 0.155 ms for the case with holes; hence, the
uninterrupted and interval perforation characteristics of the two different panels are,

respectively, confirmed.
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Fig. 5-6. Comparison of the impact F— curves of each type of panel for scenarios with and

without holes.
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Fig.5-7. Schematic of each layer in the 4-layered panel with a hole subjected to an impact at times
A-D.
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Fig. 5-8. Fracture time of each layer and peak force time for the 4-layered panel in scenarios with

and without holes.

5.4.2 Effect on transverse deflection

In the present study, we mainly consider low-velocity perforation impacts. For
high-velocity ballistic impact events, sufficient time is not present for obvious
transverse deflection propagation to take place. However, for low-velocity impact
events, sufficient time is present for transverse deflections to propagate and reach the
fabric edges, resulting in creasing and stretching over a wider region [21]. In other
words, low-velocity impacts tend to extend and break the fabric rather than shear
yarns, which are observed for high-velocity events. In a multilayer panel perforation
impact event, primary yarns of each layer are stretched to a large extent and the fabric
layer reached the maximum transverse deflection and failure. In this study, the
maximum transverse deflection of the front layer at the corresponding fracture time
for each layered panel for scenarios with and without holes are quantified by FE
simulations to better compare the two scenarios; the third primary yarn (i.e., two yarns
spacing from the center primary yarn) is chosen as an object, and the results are

shown in Fig.5-9. The maximum deflection for the scenario with holes for each type
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of panel is clearly smaller than that without holes. Since hole defects are located in the
central primary yarns, the third primary yarn plays the role of the first stressed yarn,
which leads to a greater stress concentration, resulting in earlier fracture than that for
the scenario without holes. Fig. 5-9 also indicates that for the multilayer panel
scenarios with and without holes, transverse deflection of the front layers is
constrained by the back layers, and the constraining effect became more notable as the
number of layers increases. This result is demonstrated in Fig.5-10, which shows that
the fracture time of the front layer decreases as the number of layers increases for the
multilayer panel, regardless of the presence or absence of holes. Furthermore, to
compare the constraining effect on the two scenarios, the constraining effect index y,
defined by equation (5), is established, where n is the number of layers in the
multilayer panel, d;is the maximum deflection of the ith layer in the panel, and dp is
the maximum deflection of a single layer panel. A smaller y value indicates a more

severe constraining effect for the multilayer panel:

— Zi:odi (5)

ndo
These data are compared in Fig.5-11, which shows that the constraining effect
becomes more severe for a greater number of layers for both scenarios. For the impact
scenario with holes, the constraining effect is less severe than that without holes for

all multilayer panel cases.
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5.4.3 Effect on total energy absorption

In this study, the total energy absorption E7 and the specific energy absorption (SEA)
are calculated to examine the energy absorption of the panels with different amounts
of material. SEA is normalized by dividing the total energy absorption by the
corresponding areal densities of the panel, as indicated in Equation (6):

sea ="/, 6)
where Ay is the areal density (g/cm?). These results are plotted in Fig.5-12. The results
for scenarios with and without holes both show an increase in the total energy
absorption as the number of layers increased in the armor panel, whereas SEA
decreases when more fabric layers are present in the panel. Notably, for the scenario
without holes, SEA decreases to 93.8%, 91.4%, and 90.2% the values of the single
layer case for 2-, 3-, and 4-layer panels, respectively; for the scenario with holes, the
SEA decreases to 95.5%, 93.9%, and 93.2%, respectively. This decrease is more
severe for the scenario without holes than that with holes. Furthermore, the energy
absorption ratios of the scenarios with and without holes are 54.1%, 55%, 55.6%, and
55.9% for 1-, 2-, 3-, and 4-layer panels, respectively. These data demonstrate that the

difference in the energy absorption of the two scenarios narrowed as the number of

layers in the armor panel was increased.

In addition, for the multilayer panel, because the same fabric layers contributed to
different amounts of energy absorption when placed at different positions, the energy
absorption efficiency R is used for further investigations and is defined by Equation

[22]:
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R ="Fin/p x100% (7)

where R is the energy absorption efficiency, Eis is the energy absorption of the ith

layer in a panel, and E; is the energy absorption of a single fabric layer.

Fig.5-13 shows the impact energy absorption efficiency of each layer in the multilayer
panels for scenarios with and without holes. These results indicate that regardless of
the presence of a hole, the constraining effects on the front layers by the back layers
became more notable for armor panels containing more fabric layers. Compared to the
scenario without holes, the energy absorption for the scenario with holes is more
dispersed over the layers, the front layer is more severely constrained for each type of

panel, and the back layer had a higher energy absorption rate.
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Fig. 5-12. Total energy absorption and specific energy absorption for each type of panel.
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5.5 Hole defect effect on different weaving architectures

Studies on the effects of holes on the impact behavior of fabrics with different
weaving architectures are also performed for fabrics with plain, 4-harness satin, 2/2
basket, and 2/2 twill weaves, as shown in Fig.5-14. All the specimens with holes have
the same configuration as the plain-woven model P3. The geometric parameters of
various fabrics are kept consistent as much as possible to allow a comparison of only
the effects of the architecture factor. In this study, the yarns in all architectures have
the same cross-section and yarn spacing; the fabrics are constructed with identical
thickness, length, and width, and the difference of their area density is almost
negligible. The differences in the yarn interlacing pathway cause a higher yarn crimp
rate for the plain weave than for the other three weaves. As shown in Fig.5-14, the
yarns in the satin weave have the longest continuous float length, the basket weave
and twill weave have the same length (second only to the satin weave), and the yarns

in the plain weave have the shortest continuous float length. These geometric
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properties are listed in Table 5-2.

Fig. 5-14. Schematic of different fabric models: (a) plain woven; (b) 4-harness satin; (c) 2/2
basket; and (d) 2/2 twill.

Table 5-2. Geometry properties of different fabric architecture

Fabric Size Yarn Yarn Yarn Fabric Area Crimp
(mm)  width(mm) . spacing thickness(mm) density  rate (%)
thickness(mm)
(mm) (g/m?)
Plain 60x60 0.902 0.1 0.909 0.2 124.591 0.66
4-harness  60x60 0.902 0.1 0.909 0.2 124.584 0.33
satin

2/2 basket  60x60 0.902 0.1 0.909 0.2 124.587 0.33
2/2 twill  60x60 0.902 0.1 0.909 0.2 124.581 0.33

5.5.1 Effects on F—d curve

Contact force is the most important indicator reflecting a fabric’s impact resistance
and is still one of the main factors to be studied. The F—d curve shown in Fig.5-15
suggests that for scenarios with and without holes, the plain weave fabric always have
the highest maximum contact force. The maximum contact forces reach by the basket
and twill weaves are very close; however, the basket weave is a little higher and
second only to the plain weave fabric. The satin weave has the smallest maximum

contact force. Conversely, the satin weave reacts most rapidly on impact because the
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contact force is always the greatest among all the fabrics over the same time before
failure in both scenarios, whereas the plain weave reacts the slowest on impact. In
addition, the deflection of the impactor at the time of fabric failure follows the same
trend: the plain weave fabric has the greatest deflection for both impact scenarios,
followed by the basket weave, twill weave, and satin weave. Notably, the basket and
twill weaves have very similar F—d curves for both scenarios, especially before the
fabric’s failure. Moreover, the twill weave specimen with a hole has better
after-failure duration ability than the other three fabrics, as indicated by the largest
difference between the failure time and complete failure time among all the scenarios

with holes.

In general, hole defects drastically reduce the maximum contact force and
simultaneously shorten the impact deflection at failure to a certain degree. The
maximum contact force in the plain weave fabric with a hole is 49.3% that of the
scenario without holes. The relative differences are 45.8% for the basket weave, 48.3%
for the twill weave, and 45.6% for the satin weave. The impactor deflection at the
time of failure for the scenario of the plain weave fabric with holes decreases to be
92.8% that without holes. The relative differences are 94.1% for the basket weave,
94.5% for the twill weave, and 89.7% for the satin weave. Overall, the satin weave is
most notably affected, whereas the plain weave is least affected by hole defects in the
contact force during impact event. In terms of impactor deflection at the time of
failure, the satin weave is most notably affected, and the twill weave is least affected

by hole defects.
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5.5.2 Effects on transverse wave velocity

When an impactor impacts a fabric, two stress waves, namely longitudinal and
transverse waves, are produced. The longitudinal stress wave propagates at the speed
of sound of the material along the axis of the yarns, whereas the transverse wave
propagation depends upon the impact velocity of the impactor and the material type
[23]. The longitudinal wave velocity of a straight yarn depends on the yarn’s
longitudinal Young’s modulus and volume density and is calculated to be greater than
7000 m/s for the Twaron® fabric. For a low-velocity impact event, within a very short
instant, the stress wave propagates to a considerable distance from the impact center,
while the stress applied in yarns remains quite small. Therefore, we infer that the
influence of the woven architecture and hole defects is minimal on the longitudinal
wave velocity; hence, in this study, we focus on the transverse wave velocity only

because it is significantly slower than the longitudinal wave velocity.
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When an impactor impacts a fabric, the transverse wave propagation results in
transverse deflection in the primary yarns and causes the fabric to form a deformation
zone, which becomes greater in size as the impact event progresses. Fig.5-16 shows a
cross-sectional image of the side view deformation zone for each fabric at 0.3 ms for
the scenarios with and without holes. A wider deformation zone simultaneously
appears, indicating that a faster transverse wave velocity is archived during the impact
event. Hence, the transverse wave velocity decreases in the following order: satin >
basket > twill > plain in the absence of a hole. Furthermore, the hole defect reduces
the transverse wave velocity for all fabrics because a narrower deformation zone
appeared at the same observation time. Notably, the transverse velocity of the twill
weave surpasses basket weave and results in the transverse wave velocity decreases in
the following order: satin > twill > basket > plain for the scenario without hole.
Ordinarily, the velocity of the transverse wave propagation is calculated from the
distance traveled by the stress wave from the impact point to the locations where the
magnitude of the deflection becomes zero and the associated time [24]. Similar
methods are applied in the present study by capturing the transverse displacement and
associated time from the probed node located 20 mm away from the impact center of
all fabrics for both scenarios. Fig.5-17 shows the time histories of the transverse
displacement of the probed node; arrows indicate the arrival time of transverse waves
of plain and satin weaves for the scenario without holes. In addition, the transverse
wave velocities of all fabrics for both scenarios are calculated and shown in Fig.5-18.

These results are consistent with the conclusions obtained in Fig.5-15; the satin weave
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has the fastest transverse wave velocity for both scenarios, whereas the plain weave
has the lowest. This fast wave transfer is attributed to the longest continuous float
length in yarns, in other words, the smallest number of cross-over points in satin
weave, and inversely, plain weave had the most number. Furthermore, under the
influence of hole defects, the transverse wave velocity decreases to 69.1%, 77.9%,
70.2%, and 72.6% the values of the plain, twill, basket, and satin weaves in the
scenario without holes, respectively. The plain weave fabric is most affected in terms

of transverse wave velocity, followed by the basket and satin weaves. The twill weave

-
-

Basket

is the least affected by the hole defect.

(a) (b)
Fig.5-16. Side view of impact deformation zone at 0.3 ms for different fabrics: (a) without hole; (b)
with hole.
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Fig.5-18 Transverse wave velocity of different fabrics

5.5.3 Effects on total energy absorption

Many studies have confirmed that plain weaves outperform other fabric weaves in
terms of energy absorption under high-velocity ballistic impact events [7, 25].
Because of the low-velocity nature of the impact events in this study (Fig.5-19), the
plain weave similarly has the apparent highest energy absorption capability under
both scenarios although the plain weave has a higher crimp rate than other weaves
(the higher crimp rate counteracts the energy absorption owing to the decrease of the

yarn’s tensile modulus and it was discussed in chapter 3). This result is attributable to
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the plain weave having the most firmly interlaced architecture. Furthermore, the
transverse wave velocity in the satin weave is the fastest and that of the plain weave is
slowest for both scenarios. The faster wave velocity implies that stress transferred
more rapidly through the longitudinal direction to the boundaries. This weave
architecture evidently results in the fastest reaction to impact. However, this
architecture does not result in a greater energy absorption ability, but rather it
performs poorest in terms of energy absorption in both scenarios. This is because the
satin weave is not as firmly interlaced as the twill, basket, or plain weave. Hence,
greater allowable movement is present between the yarns in the satin weave, making
it easier for the impactor to push the primary yarns away and enabling easier and
quicker penetration of the fabric. In addition, the basket and twill weaves have a
higher number of cross-over points than the satin weave but fewer than the plain
weave. These two architectures have very similar behaviors during the impact
progress and have similar F—d curves, transverse waves, and total energy absorption,
particularly for the case without a hole. Moreover, since it has the highest number of
cross-over points, the plain weave can absorb a greater amount of energy despite

having a slower reaction to the impact than the other three weaves.

As demonstrated in Fig.5-19, for the scenario without holes, the energy absorption
capacity decreased in the following order: plain > basket > twill > satin; for the
scenario with holes, the better after-failure duration ability of the twill weave afforded
it better performance than the basket weave, while the rankings of two other weaves

remained unchanged. By quantifying the effects of hole defects on each fabric, the
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total energy absorption in the plain weave in the scenario with holes decreased to 64.1%
that of the scenario without holes, and it reduces to 67.5% in the twill weave, 58.1%
in the basket weave, and 57.6% in the satin weave. The satin weave is the most
affected, followed by the basket weave and plain weave. The twill weave is least

affected by the hole defects in terms of energy absorption.

2.5

= Without holes = with holes

1.98
1.9

1.85

1.5

Total energy absorption (J)

0.5

Plain twill basket satin

Fig. 5-19. Total energy absorption of each fabric in both scenarios.
5.6. Conclusions
On the basis of a low-velocity drop weight impact model, which was validated by
experiments, models of Twaron® single layer fabric with and without holes for
multilayer fabrics (2-, 3-, and 4-layer) and different woven architectures (pain weave,
2/2 twill weave, 2/2 basket weave, and 4 harness satin weave) were created to
investigate the effects of hole defects on the impact behavior of soft body armor in

this chapter. We obtained the following findings:

® The numerical results of the low-velocity impact agreed well with the
experimental results, suggesting that it is valid to use the proposed model to

investigate the following problems.
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The size and position of the hole defects affected the impact resistance ability.
The impact resistance ability was lower for larger hole defects than for the
smaller hole defects. The fabric model P5 had only 11.9% the energy absorption
of the model PO without holes. The impact resistance ability was the weakest
when the hole defect was located at the impact center, and the hole defect of

model S2 had the least effect on the impact resistance performance of the fabric.

Uninterrupted perforation and interval perforation characteristics were found as
the impact progressed for panels without and with holes, respectively. A greater
number of layers in the multilayer armor panel negated the influence of the hole
defects in terms of the impact contact force, and less severe constraining effect
was present on the front layer of the panel. Compared to the scenario without
holes, the energy absorption for the scenario with holes was more dispersed over
the layers. The front layer was more severely constrained for each type of panel,

whereas the back layer had a higher energy absorption rate.

The plain weave fabric similarly had the apparent highest energy absorption
capability among all weave architectures in impact scenarios with and without
holes. Basket and twill weaves demonstrated very similar behavior in terms of
impact progress, especially for the scenario without holes. The satin weave was
most affected, whereas the plain weave was least affected by hole defects in terms
of contact force during impact events. Moreover, the satin weave was the most
affected and the twill weave was the least affected by hole defects in terms of

impactor deflection at the time of failure and energy absorption. In addition, plain
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weave fabric is the most affected and twill weave is the least affected by hole

defects in transverse wave velocity.
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Chapter 6: General Conclusions

This dissertation carried out study on the mechanical behavior of woven fabric
material in terms of static tensile and dynamic low-velocity impact by combining
experimental and numerical methods. The mechanism performance and behavior of
woven fabric that have not been explored before were deeply investigated and
analyzed in this dissertation, such as mechanism of the effect of crimp and inter-yarn
friction on fabric’s tensile performance, low-velocity impact behaviors of

high-performance woven fabric.

In Chapter 1, an overview of characteristic of woven fabric and high-performance
Twaron® fiber, current research status of static as well as dynamic mechanical

behavior in terms of experiment and numerical methods have been presented.

In Chapter 2, existed modelling techniques are compared and discussed, 3D solid
element yarn-level method is implemented and geometric fabric model which is
physically based on Twaron® fabric is introduced and the woven fabric model is

created.

In chapter 3, we investigated how, and to what extent, crimp and inter-yarn friction of
woven fabric influence its tensile performance during tensile processes. A finite
element woven fabric tensile model which was validated by experiment results was
applied to tensile simulation. The results revealed that, regardless of the case of a
single yarn or fabric, the greater the crimp, the easier it is to stretch the yarn or fabric,

which has a smaller equivalent modulus in both uniaxial and biaxial tensile scenarios.
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In addition, the contact stresses result in a group of nodal points chosen in the model
showed that under biaxial tension, more protruding deformation causes more contact
pressure, producing a larger friction force. At the same crimp, a larger friction force
leads to larger internal stress in the yarns, which makes them more difficult to stretch,
resulting in a larger equivalent modulus than during uniaxial tension. Finally, there
was an obvious tendency for the equivalent moduli of the UCPWs to increase as the

frictional coefficient increased in both the uniaxial and biaxial tensile tests.

In chapter 4, low-velocity drop weight impact experiment on a single layer
plain-woven Twaron® CT612 at impact energies of 15, 20 and 30 J was carried out
using a 9250HV drop weight impact tester. Commercial code ANSYS® is employed
for impact simulation on a physically based impact model. Dynamic mechanical
parameters of Twaron® yarn was analyzed with three-element spring-dashpot model to
describe the rate-sensitive Twaron® material. Remarkably agreement was found
between FE simulation results with experiments at various impact scenarios. In
addition, Von-Mises stress distribution contours of the fabric experiencing different
impact energies were depicted and the results show no matter under the same impact
moment or under the same deflection before fabric failure, a wider stressed area and a
greater maximum stress can be found in the higher impact energy event. Furthermore,
The energy absorption mechanisms analysis indicates that yarn strain energy
demonstrates an absolute dominant energy absorption mechanism when the fabric
experiences a drop weight impact, and the analysis results show there is no obvious

effect of impact energy on the energy absorption ratios in various impact energy
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scenarios. Finally, the influence of specimen shape and size were also numerically
investigated. The size of primary yarns evidently affected the energy absorption

ability of the fabric during impact event.

In chapter 5, based on the low-velocity drop weight impact model, which was
validated by experiments, models of Twaron® single layer fabric with and without
holes for multilayer fabrics (2-, 3-, and 4-layer) and different woven architectures
(pain weave, 2/2 twill weave, 2/2 basket weave, and 4 harness satin weave) were
created to investigate the effects of hole defects on the impact behavior of soft body
armor. Results showed the size and position of the hole defects affected the impact
resistance ability. The impact resistance ability was lower for larger hole defects than
for the smaller hole defects. The fabric model PS5 had only 11.9% the energy
absorption of the model PO without holes. The impact resistance ability was the
weakest when the hole defect was located at the impact center, and the hole defect of
model S2 had the least effect on the impact resistance performance of the fabric. In
addition, uninterrupted perforation and interval perforation characteristics were found
as the impact progressed for panels without and with holes, respectively. A greater
number of layers in the multilayer armor panel negated the influence of the hole
defects in terms of the impact contact force, and less severe constraining effect was
present on the front layer of the panel. Compared to the scenario without holes, the
energy absorption for the scenario with holes was more dispersed over the layers. The
front layer was more severely constrained for each type of panel, whereas the back

layer had a higher energy absorption rate. Finally, the plain weave fabric similarly had

131



Chapter 6

the apparent highest energy absorption capability among all weave architectures in
impact scenarios with and without holes. Basket and twill weaves demonstrated very
similar behavior in terms of impact progress, especially for the scenario without holes.
The satin weave was most affected, whereas the plain weave was least affected by
hole defects in terms of contact force during impact events. Moreover, the satin weave
was the most affected and the twill weave was the least affected by hole defects in
terms of impactor deflection at the time of failure and energy absorption. In addition,
plain weave fabric is the most affected and twill weave is the least affected by hole

defects in transverse wave velocity.

These results indicate that the present experimental set-up and the developed fabric
geometry model are effective for investigating many more mechanical problems in

textile fabrics and/or flexible material structures.
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