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ABSTRACT

With the progress of great development occurring in society, day by day a greater number of
threats arises against humanity. The history of the conflicts between two parties is not new. In
the present era, the form of war has been changing constantly, and it has taken various shapes
such as guerilla warfare, insurgency, and similar. With the rapid development in technology,
arms and ammunition have modernized. This increases the threat to the personnel who is
directly participating in the conflict. The main objective during combat situation is survivability
of the engaged personnel. Due to the rapid development in the lethality of bullets, there is an
immense demand for the development of enhanced protective suit which can safeguard against
these threats and are simultaneously flexible and light. This thesis presents the design and
development of liquid ballistic body armour to counter extreme threats arising from the
bullet (direct and indirect effect) from standard arms and ammunition (as per National
Institute of Justice (NI1J) specifications). The effect of inter-yarn friction on the ballistic
performance of the fabric is analyzed. The fabric consisting of varying yarn density (fabric sett)
is considered to select optimum yarn density. From the numerical modelling, the ballistic
performance of the fabric is optimized as a function of coefficient of friction and a critical
coefficient of friction is obtained. The modelling of Shear Thickening Fluid (STF) treated
Kevlar is presented and the ballistic performance of the STF treated fabric is evaluated. The
numerical model of (STF) treated fabric utilizes the friction-based models and is implemented
by adopting very high coefficients of inter-yarn friction. The present study shows that there is
enhancement of ballistic performance due to increasing coefficient of friction up to a critical
coefficient of friction for a specific fabric sett. Beyond critical level, no appreciable
improvement in the ballistic performance of the fabric is observed. There is a decrease in the
ballistic performance beyond critical friction level. After that, the Multi Material — Arbitrary
Lagrangian Eulerian (MM-ALE) approach of modelling STF treated fabric is found to be an
efficient option as compared to the friction-based model to evaluate the ballistic performance
of the STF treated fabric. The different configurations of STF treated fabric are evaluated and
optimum configuration is arrived to completely stop the projectile conforming to Ballistic
Rating (BR) I, Il A, Il and 111 A as per NIJ standards. After that, the ballistic performance of
STF encapsulated in bubble wrap configuration is analyzed and evaluated. The STF
encapsulated bubble wrap configuration consists of STF filled in bubbles and these bubbles are
either uniformly or randomly placed to prepare a layer of bubbles. The numerical strategies for

modelling of STF encapsulated bubble wrap configuration is proposed and presented in this
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thesis. In this study uniformly placed cylindrical bubbles of diameter 5 mm and height 5 mm
is investigated and presented. This new configuration is found to be more efficient as compared
to STF treated fabric in terms of ballistic performance against projectiles of different ballistic
rating. The STF encapsulated bubble wrap is investigated under the impact of projectile of BR
I, I A, 11, and I11 A as per NIJ standards. The optimum configuration is arrived to completely
stop the projectile conforming to BR I, Il A, Il and 11l A as per NIJ standards. Based on the
outcome of the investigation a design guidelines and methodology are proposed in this thesis.
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1 Introduction

1.1 General

Human civilization always lives in a great sense of threat that comprise of war and anti-
social activities, which is the outcome of conflicts between multiple entities. These activities
result in fatalities to associated military and civil personnel. Terrorist attack in India is not
unknown, and these activities are so high that India remains in the top 10 list of these activities
according to the Global Terrorism Database. Figure 1-1 shows year wise terrorist activities and

corresponding fatalities in India.

TERRORIST ATTACK IN INDIA [1990-2017]
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(1]
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EAttacks 966 1025 884 860 694 611 645 663 672 534 149 167 146 108 196 184 234 180 112 61 193 213 179 107 249 237 339 349
= Fatalities 465 467 387 490 467 264 499 812 774 824 | 626 722 466 334 472 599 660 671 469 398 853 569 361 389 1219 1152 1113 907

Years

Source: Global Terrorism Database (START)

Figure 1-1 Terrorist attack in India [1990-2017]

With the rapid development in technology of war, different tactics, military operations,
arms and ammunition are modernizing at a fast pace. This increases the threat to the personnel
who are facing the combat situation. There is a high risk to survivability of the personnel
engaged in countering these activities. The most common defense approach of survivability is
the onion approach, also known as ‘survivability onion’. The onion approach shown in Figure
1-2 emphasizes on the layered level of survivability to maximize personal protection, and each
layer is having a specific purpose (Hazell, 2016). Due to the modernization of arms and
ammunition, the threat of penetration, and the probability of hit during combat situation has

increased immensely.
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1. Don’t be seen

2. Don’t be Acquired ‘

3. Don’t be Hit

4. Don’t be Penetrated ‘

5. Don’t be Killed

Figure 1-2 Multi-layer onion survivability diagram (Hazell, 2016)

The use of body armour during combat situation is not new to humankind. The body
armour has significantly reduced the fatalities to the military personnel during combat and war
(Horsfall, 2012; Larsen et al., 2011). The primary function of body armour is to provide
protection from ballistic threat, however, modern military operations, technology-driven war
tactics, and current on-street weapons and ammunition necessitates the development of
advanced ballistic protection body armour system that is damage resistant, flexible,
lightweight, and of high energy absorbing capacity (David et al., 2009). For protection against
handgun bullets, it is common practice to use a pack of layered fabrics, loosely held or stitched
together to form a comfortable wrap around the torso. For knife and spike attack, additional,
or different packs are used which contain various “stiffer” materials like laminated fabrics, or
metallic elements. For high-velocity rifle rounds, including armour-piercing (AP) ammunition,
a Hard Armour Plate (HAP) is commonly added to the front of the system to work in
conjunction with the soft armour pack and prevent perforation and severe blunt trauma
(Crouch, 2019). The typical sub-systems and material groups used in a body armour system

are as shown in Figure 1-3.
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Polyester woven fabric, printed
with a disruptive pattern used
for camouflage uniforms

Shaped, soft vest consisting of a
pack of layered fabrics, called the
Soft Armour Insert, SAI, seated
within a nylon bag

Laminated backing material,
consisting of cross-plied
UHMWPE-based fabric [off-set]

Strike face material of HAP,
consisting of a Reaction Sintered
Silicon Carbide multi-curved tile

Figure 1-3 Material grouping in conventional body armour (Crouch, 2019)

To develop lightweight and flexible body armour with intended ballistic resistance, the
various material subgroup needs to be investigated under different test conditions as per test
standards (NIJ 0108.01, 1985; NIJ Standard-0101.06, 2008). The threat considered for the
present study is ballistic rating 111 A (Armour Piercing Rifle) according to (NIJ Standard-
0101.06, 2008).

1.2 Motivation

In nature there are outstanding examples of species which depicts great protection from
predators through various mechanisms comprising of great energy absorbing capacity as well
as maintaining high flexibility to survive in the respective surroundings (Funk et al., 2015; Liu
et al., 2016; Meng et al., 2016; Ortiz & Boyce, 2008; Wegst et al., 2015; Wu et al., 2019). The
motivation for advanced ballistic body armour system comes from biological composite fiber
structure exoskeleton of lobster (Homarus Americanus). Homarus americanus, known as
American lobster, is fully covered by its exoskeleton composed of rigid cuticles and soft
membranes. These soft membranes are mainly located at the joints and abdomen to connect
the rigid cuticles and greatly contribute to the agility of the lobster in swimming and preying
(Wu et al., 2019). The research carried by (Wu et al., 2019) shows that there is unique multi-

layered structure in this membrane, achieved through the ordered arrangement of chitin fibers,
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which plays a crucial role in dissipating energy during rupture and making this membrane

robust and damage tolerant.
1.3 Threats: Ballistic impact

In order to design and develop ballistic armour it is necessary to understand ballistic
threats and standardize it as per the requirement of different agencies. As the body is quite well
protected against blunt impacts, with the most sensitive organs lying beneath the skull or the
rib cage. (Horsfall, 2012) observed that most of the armour system has to be designed to exhibit
penetration resistance and does not have to absorb energy. For soft body armour, there is a
concern that injuries can be caused by non- penetrating projectiles, creating a Behind Armour
Blunt Trauma (BABT) (Cannon, 2001). Whilst this is a possible dangerous mechanism, the
incidence of serious BABT is very low in soft body armour. Its occurrence is confined to a
small number of unusual cases in which the armour has been stuck close to its edge, or a very
high-energy impact has been sustained. There is some concern that the pursuit of thinner and
more flexible armour may lead to a situation in which the bullet is retained by the armour, but
the armour is so flexible that it penetrates the body by a penciling injury mechanism. The
Kinetic Energy Density (KED) is one of the best single measure of penetration capability. KED
is defined as the energy at impact divided by the projected cross-sectional area of the projectile.
In addition to the KED, the velocity of the projectile is also important, as the contact load is
typically related to the square of the impact velocity. The impact energy need not be absorbed
by the armour, but it is necessary to spread the impact load so that the wearer is not injured.
Therefore, the incident kinetic energy will also be a factor in armour design. The KED,
velocity, and kinetic energy of most common bullets from small ammunitions is shown in
Figure 1-4 and given in Table 1-1 and Table 1-2.
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Figure 1-4 Kinetic Energy Density of common bullets (small arms and ammunitions)

(Crouch, 2019)
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Table 1-1 Ballistic threats from common arms and ammunitions (Horsfall, 2012)

Threats Velocity Kinetic Energy Presented area KED  Armour Material
(m/s) J) (mm?) (J/mm?)
Handgun 450 1032 65 (initial) 16 Textile
(.357” Magnum) 254 (final) 4
1.1 g (17 grain) 450 111 24 4.5 Textile
fragment
Bowie Knife 8 42 0.25 160 Special Textile
Assault rifle (AK 47) 720 2050 24 85 Composite Plate
HV rifle (SA80) 940 1805 75 24 Ceramic Plate




Table 1-2 Ballistic threats (N1J Selection and Application Guide-0101.06, 2014)

Test Variables

Performance Requirements

Armor Test Ammunition Nominal  Suggested Barrel Required Required Hits  Permitted
Type Bullet Length Bullet Velocity Per Armor  Penetrations
Mass Specimen
I 22 LRHV Lead 38 Special 2.6 gm 15t0 16.5cm 320+ 12 m/s 5 0
RN Lead 10.2 gm 15t0 16.5cm 259 + 15 m/s 5
A 357 Magnum JSP 9 mm 10.2 gm 10to 12 cm 381 £ 15 m/s 5 0
FMJ 8.0 gm 10to 12 cm 332+ 12 m/s 5
I 357 Magnum JSP 9 mm 10.2 gm 1510 16.5cm 425 £ 15 m/s 5 0
FMJ 8.0 gm 10to 12 cm 358 £ 12 m/s 5
A 44 Magnum Lead SWC 15.55gm 14 to 16 cm 426 £ 15 m/s 5 0
Gas Checked 9 MATEM T 24 t0 26 cm 426 + 15 m/s 5
i 7.62 mm 308 Winchester 9.7gm 56 cm 838 £ 15 m/s 5 0
FMJ
v 30-06 AP 10.8 gm 56 cm 868 = 15 m/s 1 0
7
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Thus, the high penetrative capability and the high kinetic energy of bullets require both
a resistant armour to achieve energy transfer from the projectile and an ability to spread the

contact loads to a much greater extent (Horsfall, 2012).

1.4 Current trends in the development of liquid body armour: Lightweight and flexible

Ballistic Armour

The work in the field of light weight bullet proof Armour started way back in in 1972,
It was reported by (Silvia et al., 1972) that two experimental Buoyant, Anti-Fragment,
Bulletproof Vests were developed, which give low-velocity protection against mortar shell
bursts and secondary pieces spall, as well as protection against 30-caliber small-arms fire and
emergency, inherent buoyancy. Each model included a carrier with front and back panels
containing a 30-caliber ball, a body-armour plate, a combination of felt and/or woven ballistic
nylon materials, and layers of buoyant, unicellular polyethylene foam. These vests were created
to replace a standard ensemble worn by Navy personnel in Southeast Asia to protect them from
shrapnel and rifle fire wounds and act as a floatation device in the event of a drowning. A 40-
pound ceramic body vest was worn over a Navy MAE WEST and under a lightweight flak vest
in the ensemble. In-house physiological stress tests on the vests revealed that there was no
significant difference in the amount of stress between the new models and the regular ensemble.
The experimental vests, on the other hand, were clearly favored by the test subjects because of
their smaller weight and reduced size, which boosted relative comfort. In 1973, this work was
put into implementation by (Montanarelli et al., 1973). The goal of this 12-month project was
to design a non-obtrusive, lightweight external garment top coat or sport coat for use by public
officials to combat the 0.38 caliber particular danger. The ballistic characteristics of a number
of prospective protective materials were tested. The PRD-49-1V material outperformed all
other materials tested, and it was used to create an acceptable exterior garment. Several types
of ballistic projectiles with threat severity equal to or less than that of the 0.38 caliber special
were fired at panels of candidate materials in the ballistic penetration tests. The test conditions
complied with the criteria of the National Bureau of Justice (N1J) Standards. In animals wearing
protective panels, blunt trauma effects were detected. The damage resistant, flexible,
lightweight, and high energy absorbing capacity features of the advanced ballistic protection
body armour systems makes it indispensable for modern military operations and actions. Many

organizations across the globe are working on the development of ballistic suit having features
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mentioned above viz. U.S. Army Research giant RDECOM, SOCOM, British defense
technology giant BAE (Gill, 2010), Polish research institute MORATEX.

The U.S. Army Research, Development and Engineering Command, known as
RDECOM, is working on the development of lightweight, flexible body armour Tactical
Assault Light Operator Suit (TALOS) (Matthew, 2016). TALOS is an advanced infantry
suit having high strength with improved ballistic protection. TALOS is currently being
developed using Shear Thickening Fluid (STF). Magnetorheological (MR) Fluids will also
be explored for development of liquid body armour. In this armour, the liquid will transform
into solid in milliseconds when acted upon by high pressure in case of STF and through a
magnetic field or electric field generated in case of MR fluids.

A similar type of ballistic armour is in developing phase by British defense company
BAE. As per BAE, latest tests on ballistic armour made of STF provide the first evidence that
liquid armour could effectively protect soldiers from bullets or shrapnel. Two tests have been
carried out, one using a large gas gun, and the other one using a ball-bearing metal bullets with
speed over 300 meters per second. In BAE study, the test material comprises of 31 layers of
untreated Kevlar and ten layers of Kevlar treated with STF (Gill, 2010).

Polish company MORATEX is also working on the liquid body armour based on STF.

In 2014, Iran put its claim of making an armour built with STF.

The U.S. Army had planned to commission similar type of ballistic shirt by 2019. The
target of this newly developed ballistic shirt is to reduce the weight of ballistic suit by 14 -26
percent with enhanced protection from the current weapons threat. The mass of the previous
armour with Insert Plate (IP) is 31 pounds. The recently developed ballistic shirt is shown in
Figure 1-5.
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Figure 1-5 Status of the Ballistic shirt developed by the U.S. Army in 2019 (Matthew, 2016)

In order to develop a lightweight and flexible ballistic body armour, there is need to
review the available potential materials for ballistic applications such as high-performance
fabric, auxetic materials (to efficiently absorb impact energy due to negative Poisson’s ratio
effect), auxetic metal composite foams, (Ibrahim, 2012; Ren et al., 2018), ceramic plates (to
defeat high kinetic energy density bullet) (Lane, 2005). This has been covered in the next
chapter (Chapter 2) of this thesis which presents the review on ballistic performance of high-
performance fabric and enhancement of fabric performance through impregnation to shear
thickening fluid. Furthermore, Chapter 2 also presents the available knowledge on the ballistic
performance of STF encapsulated configuration. The encapsulated STF could have potential
to absorb and disperse more kinetic energy due to confinement effect. Based on the above

discussion the research gaps have been identified and presented in the following section.
1.5 Research gap

The development of light-weight and flexible body armour which is damage resistant
and high energy absorbing capacity along with providing great comfort to the wearer is the
current demand posed by security agencies across the globe. In order to achieve the required
demand following research gaps have been identified in the process of developing ballistic

body armour which will be light and flexible as well:

¢ In all the researches done in this field, the Kevlar fibers and other high strength fibers are
individually used for resisting the ballistic impacts. The use of STF with Kevlar fibers is
limited to small scale impact like a knife attack or small bullet impacts. The weight of the
bullet proof jacket is not reduced significantly as compared to the existing technologies in
this field. A major thrust in development of armour can be focused in reducing the weight

10
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and improving the flexibility of the jackets as per NIJ standards (NIJ Selection and
Application Guide-0101.06, 2014).

e The full potential of STF has not been utilized as an armour material till now. STF can
alone be used to absorb energy as the energy absorbing capacity is the most important
function of this family of materials. STF can be utilized as an effective energy absorbing
material in order to protect from ballistic impacts. Impetus will be placed on development
of armour using STF with varied compositions to improve the efficiency of the armour in
resting ballistic impacts.

e The basic constituent of STF and its and its configurations needs to be analyzed and
investigated under realistic threat scenarios as per NIJ standards (NIJ Selection and
Application Guide-0101.06, 2014) in such a way that it will leads us to design and develop

liquid ballistic armour meeting the criteria of lightweight and flexible ballistic body armour.

Based on these research gaps, the objective has been framed. This will extend the
current state of the art in exploring the full potential of STF and designing a lightweight and
flexible ballistic body armour. The basic constituent material for the proposed study is as shown

in Figure 1-6.

— ;
G Smart Thickening Fluid e Ballistic Fabric e STF filled Bubble

Figure 1-6 Basic constituent of liquid ballistic armour (1) Shear Thickening Fluid, (2)
Ballistic Fabric, and (3) Schematic of STF filled Bubbles (Challenge, 2020).

1.6 Objective

The objective of this thesis is to develop the methodology for the design and
development of light-weight and flexible Smart thickening fluid based Ultra Resistant
Adaptive Kinematic Soft Human Armour (SURAKSHA) to sustain ballistic threats. The

design and development methodology of two types of liquid human armour having

11
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specification as per NIJ standards and performance criteria given in Table 1-2 is presented in

this thesis as follows:

» SURAKSHA A: STF impregnated multi-layer high performance fabric liquid armour

system conforming to BR I, lIA, 11, 1l1A.

» SURAKSHA B: STF encapsulated bubble wrap configuration based high performance

liquid armour conforming to BR I, 1A, 11, l11A.

1.7 Work plan and Methodology

In order to achieve the proposed objective, the following tasks and methodologies have

been performed and presented in this thesis:

1.

The ballistic performance evaluation of body armour based on STF impregnated high
performance fabric through friction based numerical models.

The impact characterization of STF using Multi-Material ALE based on user defined
varying viscosity modelling.

The performance evaluation of ballistic armour based on STF impregnated high
performance fabric through Multi-material Arbitrary-Lagrange-Eulerian (MM-ALE)
based user defined numerical viscosity numerical models.

The ballistic performance characterization of confined STF encapsulated in uniformly
and randomly distributed high-performance fiber bubble wrap using MM-ALE based
user defined viscosity models.

The design and development methodologies for the development of the said Smart
thickening fluid based Ultra Resistant Adaptive Kinematic Soft Human Armour
(SURAKSHA) is formulated on the basis of results from computational models of STF

treated fabric system and STF encapsulated bubble wrap configuration.

The tasks discussed above is achieved through work plan shown in Figure 1-7. The work

plan shows the methodology adopted to obtain the design configuration of liquid ballistic

armour. The experimental data are obtained from literature and only simulation is accrued out

in this study.

12
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Threats Identified

Initial
Configuration

From Open
Literature

STF treated Fabric STF Encapsulated

Bubbles

Material Input Data

Sub Material
FE Simulation
Model Validation
STF treated Fabric STF Encapsulated Bubbles

Understanding of
Penetration Mechanism

Design Guidelines and Methodology

Figure 1-7 Workplan to achieve proposed objective of this study

1.8 Organization of this thesis

The thesis presents the outcome of the research carried out for the attainment of the
proposed objective of design and development of light-weight and flexible Smart thickening
fluid based Ultra Resistant Adaptive Kinematic Soft Human Armour (SURAKSHA) to
sustain ballistic threats. The current chapter describes about the challenges faced in the field of
ballistic armour development and presents the outline for obtaining a light-weight and flexible
armour. Chapter 2 presents a comprehensive literature review in the field of ballistic armour
development. Further, it highlights the key findings and limitations of the study reported in
open literature. Based on the limitations of widely used numerical models of STF treated fabric
in the earlier studies, this thesis presents the investigation on the effect of inter-yarn friction on
ballistic penetration and performance of the fabric in subsequent chapters. After that, Chapter
3 presents the modelling of fabric using commercially available package LS-DYNA. The
model described in Chapter 3 is based on friction-based models and it covers modelling of neat
fabric. This chapter shows that behavior of neat fabric is captured well within agreement to the
experimental results and provides comprehensive insight about ballistic impact behavior upon
varying inter-yarn co-efficient of friction. Chapter 4 presents the modelling of STF treated
fabric based on multi-scale friction-based models. This chapter highlights the behavior of STF

13
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treated multi ply fabric system and on later stage presents the limitations of the friction-based
models. Chapter 5 gives details about the modelling of STF using user defined MM-ALE
approach. Further, this chapter also presents the impact characterization of a rigid spherical
ball impacting on different STF samples. The impact characterization will provide an insight
in understanding the resisting mechanism of the STF during impact. Based on the model of
fabric and STF presents in Chapter 3, 4 and 5, Chapter 6 presents the fluid structure interaction
between STF and fabric. This chapter also presents the application of ALE model for the
ballistic impact characterization of STF treated fabric. Further, the findings of the STF treated
fabric, highlights the need of different configuration to harness the smart behavior of STF fluid.
After that, Chapter 7 presents a new configuration to harness the smart behavior of STF by
encapsulating STF in bubble wrap configurations. The findings present in this chapter shows
the potential of STF encapsulated configuration to resist projectile efficiently. Chapter 8
presents the design guidelines and methodologies for the development of liquid based ballistic
body armour. This chapter contains the design formulation for both configuration of
SURAKSHA. Chapter 9 presents the conclusion, and future work; and research outcome from

the present thesis.

14
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2 Literature Review

2.1 Introduction

The success of military tactics and strategies largely depends upon the deployed technologies
and personnel on the ground. The body armour during combat and military action proves to be
an efficient device to safeguard the deployed personnel on the ground from the penetrations,
reduces wounds and fatalities, and hence strengthens the success of military tactics and
strategies. The design and development of body armour evolves through the contemporary
warfare tactics and strategies. Further, the selection of the constituent material is one of the
critical steps and depends on the modern military operations and threats from the current arms
and ammunitions. The armour may be classified depending on the energy dissipation
mechanism and the constituent materials, such as hard (application of metals and ceramics)
and soft amour (application of fabrics and composites). There is advantages and disadvantages
of both type of body armour. For instance, the employment of immense number of high-
explosive artillery shells during the First World War resulted in a high rate of wounds from
flying shell fragments. Some special-purpose troops were given experimental torso armour
comprised of steel and fiber layers that were bulletproof, but the armour was too heavy for
general usage. Hence, there is need of the development of damage resistant lightweight and

flexible body armour which will be providing more mobility and comfort to the wearer.

In order to design and develop the lightweight and flexible ballistic body armour the current
practices, corresponding theory and mechanism should be known. This chapter briefly
describes the theory and practices in the field of lightweight and flexible ballistic body armour.
Finally, this chapter will provide the detailed modelling approach of the ballistic events in LS-
DYNA®.

2.2 Earlier Development of Bullet proof armor using Ceramic and metals

During world war 11, the shell fragments were responsible for 80% of all casualties, and
70% of all wounds were to the torso. Further, both the military and business conglomerates
have realized the need of lightweight, flexible, and effective body armour which should
effectively protect the torso of the wearer. They proposed the design and development of a
novel lightweight body armour where the vests composed of resin-bonded fiberglass, steel,
aluminum, and heavy nylon doth were worn by ground soldiers and bomber crews. Further,

the army and navy of the United States developed semi-flexible vests composed of plates and
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basket-weave nylon. These jackets were effective against mortar and artillery shrapnel, but not
against armour-piercing projectiles. After 1967, titanium plates in body armour provided
further protection. During the Vietnam War, hovering helicopter pilots and crews needed
stronger protection from heavy ground fire. As a result, in 1960s, steel with dual hardness and
ceramic plastic composites were invented. Dual-hardness Steel armour provided 50 percent
better ballistic protection than aluminum armour of comparable weight, as well as the ability
to absorb numerous impacts better than shatter-able ceramic armour. A very hard front face is
metallurgically connected to a robust crack-resistant rear face. The front face shatters the steel
core of an oncoming armour-piercing bullet, while the ductile rear face absorbs the kinetic
energy. The plates can be rolled to the desired thickness to defend against a given threat. Hard
ceramic plates are reinforced with woven glass roving connected with an elastic glue (or other
plastic backing) to make ceramic composite armour much lighter. The bullet is abruptly slowed
by the hardness of the ceramic, which dissipates the projectile’s kinetic energy as it shatters the
ceramic. A bulletproof vest's ceramic tiles, on the other hand, must be changed because they

shatter with every collision.

The major drawback of ceramic based armour is the shattering of ceramic plates upon
hitting of high round of the projectile. The contemporary researchers identified this limitation
and they further carried research to develop shatter-resistant composite of ceramic plates and
metals such as Cermets. Cermets are a new ceramic-metal composite material that is five times
more crack- and shatter-resistant than traditional ceramics. Cermets are made by penetrating
molten-reactive metals through chemically treated boron carbide, boron, or boron fibers or
powders. Cermet characteristics are still being investigated, and structural models of material
reactions are being developed. Researchers are continuing to enhance the cermet-formation
process in order to develop less expensive, commercially viable production methods so that
Cermets can be used more widely. (Anderson, 1992) stated that Cermet body armour may
become the most effective type of bulletproof vest on the market in the near future. Extending
the previous research in the field, (Bajaj & Sriram, 1997) presented the understanding of the
mechanism of ballistic penetration of high-performance materials. Further, this work paved the
way for the selection of newer materials for better protection and satisfying the requirements
of both the wearer and the technologist. This study brought together the findings of a flurry of
recent research in the subject of ballistic protection, from material selection to modelling, with

a focus on evaluation methods and mechanisms.
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The performance of ceramic was enhanced using various technologies and materials
along with it. One such work was done by (O’Donnell, 1992), who developed an equation that
allowed the computation of the elastic deformation energy of a Kevlar plate employed as a
backing for ceramic armour and further strengthen the understanding of the plate profile at
maximum deflection. Based on the calculations for two low weight ceramic armour, it was
reported that the energy of deformation of the composite backing accounts for 30 to 60 percent
of the projectile's initial kinetic energy. In his research, Kevlar came first into the picture that
was later extended in developing the latest bullet proof armors. Mathematically and
empirically, the influence of the adhesive layer used to connect ceramic tiles to a metallic plate
on the ballistic behavior of ceramic/metal mixed armour was investigated by (Zaera et al.,
2000). The study considered two types of adhesives, polyurethane (soft adhesive) and rubber-
modified epoxy resin (stiff adhesive), as well as varying thicknesses. Using a commercial finite
difference code, numerical simulations of low caliber projectiles impacting on alumina tiles
supported by an aluminum plate were also performed and reported. Further, the adhesive's
impact through full-scale testing was determined. An engineering model was devised to
provide a preliminary design tool that considered the adhesive's influence. The experimental

comparison of fragmentation of the adjacent tiles is shown in Figure 2-1.

Figure 2-1 Comparison of the degree of fragmentation of the adjacent tiles for a polyurethane
adhesive layer of thicknesses of 1.5 mm (left) and 0.5 mm (right) (Zaera et al., 2000)
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Ceramic armors were researched ahead with different additive features. The study by
(Nayak et al., 2013) presents the investigation on ballistic impact response of Zirconia
Toughened Alumina (ZTA) ceramic front and aramid laminated composite backing against
7.62 mm Armour Piercing (AP) rounds. The ballistic impact of steel core 7.62 mm AP bullets
with different impact velocities were targeted to evaluate the V50 Ballistic Limit (BL) of the
ceramic-faced and stand-alone composite laminates. The study found that in comparison to
stand-alone ceramic front layers, the addition of a ceramic front layer resulted in a significant
increase in BL. The study about the absorption of the energy has been presented and draws the
conclusion that during penetration, the impact energy was absorbed largely by ceramic fracture,
projectile deformation and fracture, and elastic-plastic deformation of the flexible backing
composite layer. It was observed that the ceramic tile breaking was restricted to the impact area
and did not spread to the entire surface, with projectile fracturing above BL and blunting on
impact below BL. Further, it has been reported with Twaron-PP as the backing, the ceramic-
faced composites had a higher BL than a Twaron-epoxy laminate of the same thickness. This
combination of ceramic-composite laminates demonstrated improved multi-hit resistance,

making it appropriate for light armour.

(a) (b)

Figure 2-2 Front face of post impacted ceramic faced composite laminates (a) below ballistic
limit, (b) around ballistic limit, (c) above ballistic limit, and (d) broken ceramic tile and
projectile. (Nayak et al., 2013)

2.3 Development of high-performance fabric-based armor

There was always a demand to replace cermet formed armors with much lighter and
flexible armour. On the other side, it was also observed that there is extensive application of
high-performance fiber-based fabric to mitigate ballistic impact of lower ballistic rating
according to NIJ standard of BR I and Il such as (Bazhenov, 1997; Cunniff & Auerbach, 2002).
With the vision of this, (Wang & Chou, 1997) investigated the penetrating resistance of
fiberglass reinforced plastic plates under ballistic impact using a combination of experimental
and semi-empirical methods, with ballistic tests utilizing 7.62 mm armour-piercing bullets. The
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methodology included a slow penetration test by utilizing a produced bullet profile to compare
the damage process and energy absorbing properties of the composites under the two different
loading situations. It was reported that the quantity of energy absorbed by the materials for the
two different loading circumstances was found to be very similar even after changes in failure
processes. It was suggested that the slow penetration test can be used to determine the target's
ballistic limit from the standpoint of energy absorption. Also, a semi-empirical model to
characterize the resistive force at each penetration stage was created, from which the energy
absorption could be computed and the projectile's remaining velocity could be approximated.

The impact process in effect requires two things from the fabric or yarns in order to
impart resistance: firstly, they should not break, so they should be strong (or tough); and,
secondly, the imposed load and the resulting stress waves need to move quickly from the
impact point. This has led to the combined performance factor U* (Cunniff, 1999), which states
that the performance of the fabric is the product of the specific yarn toughness and the
longitudinal wave speed of the yarn. Ballistic helmets, vests, blankets, and add-on automobile
armour are among the principal fiber reinforced ballistic items. High strength and high modulus
fibers have revolutionized the design of lightweight armour. Modelling of the ballistic
properties of multi-layer fiber reinforced armour is in the development stage, and structural
models that can be used to describe the penetration of such armour by deformable projectiles,
as well as to design new armour, are not yet available in plenty. (Jacobs & Dingenen, 2001)
devised a simplified model for calculating the performance of Dyneema® armour against
deformable bullets and FSPs. The fact that the number of input values in this model is so less
is crucial. In this simplified model only two materials-related criteria are necessary to calculate
the performance of Dyneema® unidirectional-based armour. The experimental results and
penetration of soft ballistic package consisting Dyneema® against 9 mm Parabellum bullet is

shown in Figure 2-3.
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Figure 2-3 Penetration due to 9 mm Parabellum bullet in a soft ballistic package (Jacobs &
Dingenen, 2001)

Furthermore, many different materials are utilized in the field of protective gear to
provide cut, tear, and puncture resistance where high degrees of stiffness and shear resistance
are needed. (Messiry, 2014) investigated the cutting phenomena in protective materials using
typical cut test procedures in his work. The Multi-layer pads, highly preformed woven nets,
and tri-axial fabrics were utilized by (Messiry, 2014) as supporting layers to improve the
puncher resistance of protective fabric. The results show that when a silk stuffed cushion is
supported on a high tenacity polyester net, the specific puncture load is the highest. Further,
the study reported that the Para-aramid tri-axial weave fabric (TWF) with multi-layer silk fabric
is superior to para-aramid plain weave fabric. The test results showing cut behavior of different
padded samples are depicted in Figure 2-4.
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Figure 2-4 Cut behaviour of padded samples (a) multi-layer 100% silk pad (b) multi-layer
100% silk pad (c) multi-layer 100% silk pad (d) multi-layer 100% wool pad (e) multi-layer
100% silk pad (f) multi-layer 100% silk fabric. (Messiry, 2014)

But there are some limitations in using neat fabric to design ballistic armour is the
requirement of very high number of fabric layer (even more than 31 layers) (Srivastava et al.,
2012). Due to very high number of neat fabrics layers, the developed armour becomes bulky.
There has been extensive study carried in order to enhance the ballistic performance of high-
performance fabric (from this onwards it will be termed as ballistic fabric instead of high-

performance fabric) in order to reduce the number of required neat fabric layer.

Kevlar® 49 fabrics were widely utilized in ballistic systems, aerospace, fabric
reinforced composite materials, and other sectors due to their exceptional properties such as
high elastic modulus and strong impact resistance. The multi-scale mechanical behaviors of
Kevlar® 49 in the forms of fiber, yarn, and fabric exposed to uniaxial tension was investigated
by (Zhu et al., 2016). Their study revealed that the material mechanical properties were
influenced by the structural size scale and sample gauge length. A statistical analysis was used
to quantify the degree of variability in the tensile strengths of fiber and yarn with different
gauge lengths. The tensile strengths decrease with increasing gauge length and structural size
scale from fiber to yarn, and then to fabric, and followed the Weibull distribution. Furthermore,
the constitutive models of fiber and yarn was used, respectively, which incorporated the
Weibull distribution in tensile strength. User-defined subroutines (UMAT) in ANSYS was
constructed to simulate the tensile behaviors of single yarn and fabric. It was reported that the
probabilistic method proposed is accurately simulating the multi-scale tensile behaviors of
Kevlar® 49.
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If the yarns are loosely woven, there is a greater tendency for projectiles to part the
yarns and penetrate without fully loading them: a process known as windowing. It has been
shown that thin armour are less efficient than thick armour, but they are much better at stopping
projectiles in short distances. The requirement for high cover factors (the ratio of the projected
area of the individual yarns to the area covered by the yarns when woven into fabric) is only
for the layers in contact with the projectile, so it may be beneficial to have high cover factor
fabric towards the impact face and coarser weave fabric to the rear. Ballistic performance is
usually improved by using a finer yarn with greater tightness of the weave and optimizing

weave style.

For bullets having a KED of above 30 Jmm, ballistic fabric systems become overly
bulky. The contact loads tend to be sufficient to cause the shear failure of the fibers and capture
of the projectile occurs only after numerous layers have been perforated. For a KED of 3045
Jmm2 it is possible to protected by the use of polymer matrix composites. It has been shown
that at low KED flexibility is a key factor in projectile capture, while at higher KED shear
strength within the material becomes dominant (Walker, 2001).

2.4 Numerical modelling of high-performance fabric

There are several well developed modelling approach exists in the open literature and
these approaches are documented in the literature such as review article by (Tabiei &
Nilakantan, 2008). These approaches are highlighted from the literature such as analytical
(used for simple physical problem), semiempirical and empirical (analysis of data obtained
through experimental work and useful for small number of parameters involved in the analysis
with limited accuracy), and numerical (this approach can handle any complexity involved in
the modelling of the high-performance fabric including contact definition between yarns,
filaments etc.). The strategies of modelling high performance fabric depend upon the objective
of the study and subsequently, on the scale of the fabric model. The plain weave fabric is
composed of weaved yarns. These yarns are comprised of several threads/ filament having
diameter approximately 12 um. The filaments in the yarn consists of fiber having length scale
of nanometer range. Furthermore, based on scale of the model, the model of the fabric may be
divided into four scale: (1) macroscale (2) mesoscale (3) microscale, and (4) nanoscale. The

graphical representation of the fabric model at different scale is as shown in Figure 2-2.
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Figure 2-2 Multi-scale modelling approach of the high-performance fabric (Lee & Kim,
2012)

A numerical code was designed by (Roylance et al., 1995) to understand the complex
behavior of woven fabric panels subjected to ballistic impact. The code developed by
(Roylance et al., 1995) can be used to model by considering different-layer of fabric panels,
multiple projectile geometries, and fabric flaws such as yarn slippage at crossovers and clamps.
Few years back, (Chu et al., 2016) used the explicit nonlinear FEA code to simulate a numerical
ballistic impact on a single-ply of plain-woven fabric Kevlar KM2® that was clamped at four
edges, with varied yarn material parameters such as yarn density and longitudinal young's
modulus. The parametric studies revealed that yarn density had no major impact on cloth

ballistic performance.

To understand the behavior of Kevlar fiber, models were developed by many
researchers. (Cheng et al., 2005) described the transverse mechanical behavior of Kevlar®
KM2 single fibers under compression using a phenomenological continuum model. The
developed model could be used to simulate the mechanical properties of fabrics made of
Kevlar® KM2 fibers numerically. It has been shown that the model matches experimental
results on the transverse behavior of Kevlar® KM2 single fibers in compression quite well. In
recent years, modelling of high-performance ballistic fabrics has gradually shifted from
continuum and yarn length scales to the sub-yarn length scale, allowing for the establishment
of relationships between fabric penetration resistance and various fiber-level phenomena such
as fibre-fibre friction, fiber twist, transverse fiber properties, and the stochastic nature of fibers.
Special numerical approaches such as the digital-element method and bespoke computational
codes are used in most sub-yarn modelling schemes. These methods and tools for sub-yarn
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fabric modelling are not generally available to the academic and industrial research
communities due to their current condition. (Grujicic et al., 2012) by utilizing traditional finite
element method developed a tool to do sub-yarn numerical analysis of the penetrating
resistance of Kevlar® KM2 ballistic fabric. The purpose was to show that results could be

obtained that were comparable to those obtained using the digital-element method.

Further, yarns are used to make woven fabrics, and each yarn is made up of coiled
fibers. The microstructure of the fibers and the geometrical design of the yarns have a big
impact on the mechanical response of woven fabrics. All of these factors influence the fabric's
mechanical characteristics and reactivity under various loading conditions, such as tension,
bending, and shear. Shear deformation is an important deformation mechanism in woven
fabrics, and it is significantly influenced by material qualities and geometrical patterns. The
shearing mechanism has a direct impact on the woven fabric's performance by allowing for
high flexibility under various loads. As a result, a systematic strategy to investigate the impact
of material constants and fabric architecture on fabric mechanical response, particularly during
shear deformation, is required. (Keefe & Erol, 2014) modelled the woven fabric at the yarn
level. The study target was to explore crimp interchange, yarn-yarn sliding, and locking
processes. The woven fabric is modelled at the yarn level under different loading situations

(tensile and shear).

Further, (Priyanka et al., 2019) characterized the Kevlar fibers and Kevlar fiber
reinforced polymer (KFRP) composites to define the scope of future research in terms of its
applicability with optimum design in today's high-tech environment. In diverse applications
such as defense, industrial, marine, and aerospace, appropriate characterization was critical for
improving material qualities. The focus of this review work was on the mechanical impact and
deformation behavior of Kevlar fiber and KFRP composites. Kevlar fibers were used as high-
performance reinforcement in polymer textile composites because of their high fracture
toughness and high strength to weight ratio. The effect of different parameters such as fabric
weaving pattern, matrix material, composite fabrication techniques, working and loading
conditions were discussed in detail by researchers using different modelling approaches such
as homogeneous isotropic and orthotropic material models, as well as the effect of different
parameters such as fabric weaving pattern, matrix material, and composite fabrication
techniques, working and loading conditions. KFRP composites had a high ratio of longitudinal
tensile to compression strength because to the anisotropic nature of Kevlar fibers, and the
compression strength was shown to rose significantly following fiber surface treatment.
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2.5 Shear Thickening Fluid (STF) and its development

STF is being used extensively in the field of defense due to its very suitable property
of providing flexibility along with the strength and that is a very rare combination. Along with
this, it is reversible in nature. It thickens on application of the perturbation and then back to
normal state. The reason given for this is due to the formation of ‘hydro-clusters’ formed by
the silica nanoparticles that cause a jamming condition on the application of any strain rate
(Boersma et al., 1992). It is also important to understand the procedure for synthesis of STFs.
The following methods/ techniques are commonly used:

» The most typical method is by adding the silica nanoparticles to polyethylene glycol
(PEG) with a speed of 800 rpm and stirring for around 12 hrs. Later, the suspension
solution is put in sonication for 2 hrs. to ensure uniform distribution and no particle

aggregation (Yu et al., 2012).

» Acoustic cavitation technique is one of the techniques used to disperse the nanoparticles
into the liquid polymers by applying alternate acoustic pressure and using the cavities

created in the liquid (Hassan et al., 2010).

» Sonochemical method is also used for the synthesis of STF. Ethanol is used to mix the
PEG and silica nanoparticles and irradiated with high intensity ultrasonic horn at a
particular temperature. The sonochemcial method has resulted in the production of the
improved rheological properties and it is used to develop STF/ethanol solution in a

single step (Hassan et al., 2010).

The modification of STF is also done to vary the different aspects. One way of doing
this is by using the surface modifiers. Silane coupling agent is one such surface agent that
works on by increasing the inter particle friction. (Clements & Mahfuz, 2007) reported
improved adhesion properties between fluids and fabrics, which will increase energy
dissipation capabilities. Some of the silane coupling agents used in for research are methyl
trimethoxy silane and vinyl triethoxy silane (Joselin & Wilson, 2014). The other modification
is done by the use of PMMA (PolyMethyl Metacrylate) as the nano particles. It helps in solving
the problem of abrading of the fibers when the standard STF is used with the fabrics. This is
due to the soft nature of the PMMA. But overall, based on the experiments performed, the

performance of the STF is less as compared to the standard STF (silica dispersion). Further,
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Wagner et al., 2007 clearly reported that the hardness of the particle plays an important role in
the performance of the STF. The other possible modification was done (Ge et al., 2017) by
adding silicon carbide nanowires to silica based STF, and the rheological properties showed
that the initial and maximum viscosity are significantly improved due to addition of SiC
nanowires. At the same time, the viscosity of STF is enhanced with increasing of the content

of SiC nanowires.

The effect of temperature on the performance of the STF is studied and reported in the
literature. The behavior of STF along with the temperature was also studied by (Tian et al.,
2015) In their research, they prepared STF from ethylene glycol and fumed silica, with 20
percent —26 percent weight fractions. The shear rate dependence of viscosity was investigated
by using three typical temperatures, ranging from 20°C to 60°C. It was reported that the high
temperatures increased the critical shear rate and decreased the shear thickening ratio,

according to the temperature testing.

Zhao et al., 2018 experimentally studied the dynamic performance of a self-developed
shear thickening fluid (STF) damper, and proposed a mechanical model using nonlinear fitting.
An intelligent STF damper was designed and built. (Wei et al., 2018) developed a dynamic
model of an STF-filled damper that may been used in controlled engineering applications.
Shear stressed at the phase transition of the STF material was used as an internal variable for

this purpose.
2.6 Application of STF in Ballistic Protection Armors

The application of STF along with the ballistic fabric is the most investigated method of
enhancement of ballistic performance (Fahool & Sabet, 2016; Girgen et al., 2017; Lee & Kim,
2012; Lee et al., 2003, Joselin & Wilson, 2014; Lee, Kim, & Kim, 2009; Wang et al., 2021;
Wang et al., 2020)). The shear thickening fluid is a non-Newtonian fluid with shows smart
rheometric behavior at critical shear rate. Many researchers have identified the potential
application of STF to improve the ballistic performance of fabric. In most of the experiments,
it has been tried to improve the performance of the conventional Kevlar fiber body armor. The
reason is to make the jacket much lighter, with higher strength and flexibility. The first study
on the application of STF to enhance the ballistic performance was reported by (Lee et al.,
2003). They investigated ballistic performance on a sample size of 4.76 cm x 4.76 cm and
reported that the impregnated fabric enhances more ballistic performances than the staking of

STF filled pouch in between fabric layer. They performed tests on the Kevlar fiber impregnated
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with the STF. In the experiment, helium filled gas gun was used for ballistic testing. The
penetration v/s velocity graph was also plotted to understand the behavior which appeared to
be linear. Along with this, a study on the energy dissipation after the impact was also done.
This resulted in observation that the maximum energy was absorbed by the Kevlar impregnated
with the STF. The next study performed was to understand the effect of different layer
composition using 4 layers of STF and 8 ml of STF such as STF(8ml) K K K K, KK K STF
K and similar. In such composition, the best result was displayed by the composition of 4 layers
of STF impregnated with the 8 ml STF. The outcomes from the testes performed showed that
the impregnated fabrics have less pull-out than the un-impregnated ones. The energy absorption
in the impregnated target was likely provided by the first layer of Kevlar, although the backing
layers may still have provided a critical secondary role during the impact event. The various
configuration of high-performance fabric and STF studied is shown in Figure 2-3.
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Figure 2-3 Various schematic of studied configuration of fabric treated with STF (Lee et al.,
2003)

One such work is done by (Joselin & Wilson, 2014) to study the effect of various compositions

on the Kevlar fiber. The tests performed on the Kevlar coated with the STF were divided as
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quasi-static and impact loading. This is done in order to understand the behavior of the fiber,

their interaction along with the different compositions. The cases were:

> 4 layers Kevlar fabric

> 4 layers Kevlar fabric impregnated with STF

> 4 layers Kevlar fabric impregnated with STF+VITES and
> 4. layers Kevlar fabric impregnated with STF+MTMS.

The quasi-static load test results showed that functionalized/modified were much better
than the other two with the scale of 3-4 times and STF+VITES gave the best result. Overall,
the functionalized STF based Kevlar fabrics provides more protection, yet it is much thinner
and more flexible. The performance enhancement provided by the STF may be due to an
increase in the yarn pull out force upon transition of the STF to its rigid state. (Li et al., 2013)
proposed a new armour material based on nanocomposites made of Kevlar cloth and slipped
thickener made form STF. The STF was synthesized using colloidal silica particles using the
Stover synthesis method and then used to prepare suspensions in polyethylene glycol 200
solvent. Finally, the Kevlar material was treated with a suspension and the resulting
nanocomposite was named STF-Kevlar. The results showed that the silica particles could been
determined as monodisperse spherical particles. Based on the results, on comparing the target
properties of multi-layer STF-Kevlar nanocomposites with those of pure Kevlar fabrics showed
that STF-Kevlar nanocomposites had improved barrier properties and were more flexible and
comfortable. Further, the study briefly describes the mechanisms that could improve the barrier
properties of STF-Kevlar. The STF impregnated fabric after experiments by (Li et. al., 2013)

is shown in Figure 2-4.
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Figure 2-4 Photographs of neat Kevlar and STF—Kevlar nanocomposites after first testing(Li
etal., 2013)

Further, Glrgen et al., 2017 created and investigated Multi-phase STFs by varying the
amount of silicon carbide (SIC) additives added to silica and polyethylene glycol (PEG) based
solutions. Lead core bullets were used with an impact speed of 330 m/s to made ballistic
impacts on multi-phase STF treated fabrics. According to the findings, multi-phase STFs
improved the ballistic performance of high-performance textiles when compared to single-
phase STFs, but fabric mass efficiency suffers under high-velocity impact conditions. Taking
his study forward, (Girgen, 2020) mixed the additional carbide particles into a single-phase
STF to create a multi-phase STF, and high-performance textiles were treated with this smart
fluid for even better protection. Based on the results from the experiments, the principal effect
of the STF was discovered to be an increase in fabric friction. Further in order to verify the
experimental observation they a numerical model was made by incorporating the frictional
effect of the STF treatments. In terms of target deformations and projectile residual velocities,
their numerical findings show a good fit with the experimental results, yielding a correlation
index of 0.9691.
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In order to understand the mechanical property and energy absorption of the STF
impregnated Kevlar (STF/Kevlar) fabric at high strain rate, (Cao et al., 2017) utilized a Split
Hopkinson Pressure Bar (SHPB) device to examine the anti-impact mechanism. It was reported
that the dynamic mechanical performance of the STF/Kevlar composite was heavily influenced
by the volume percentage of STF, the quantity of fabric specimens, and the impact velocity.
Further, it was highlighted that when the number of fabric specimens was increased from two
to eight layers, the energy transfer rate dropped from 0. 85to 0. 01. Overall, it was shown that
the multilayer Kevlar fabrics impregnated with a high-volume fraction of STF is the best choice
for soft body armor. Over that, mechanical property of STF for soft body armor were also
investigated by (Wang et al., 2021). In their research, the effect of the temperature on the STF
was also considered. It was kept within limits while preparation of sample as well as during
testing. By plotting the graph between force and displacement, the graph was divided in three
zones namely free diffusion phase (Zone I), viscous flow phase (Zone I1), thickening phase
(Zone 1) and the possible reasons for such behaviors were explained. Along with this,
boundary and interface tests were also performed to understand the behavior. In the pull-out,
the extent of change in force was observed in the STF from constant value of 1.5 N without
thickening to 150 N maximum after thickening. This leads to a very important conclusion that

mechanical property of STF is greatly improved due to the thickening of STF.

In the latest development in this direction, (Arora et al., 2020) created traditional soft
armour panels using multiple layers of orthotropic high-performance fabrics by stitching
symmetrically atop each other. The study investigated the idea of angular stacking of tidy and
STF-impregnated woven fabric plies so that the panel responds to an impact in a quasi-isotropic
rather than orthotropic manner. Seven sets of 3-, 4-, and 5-layered panels were created by
stacking them in varied angular orientations, stitched from plain and STF impregnated p-
aramid and ultra-high molecular weight polyethylene (UHMWPE) woven textiles. Based on
experimental findings it was observed that the more angular orientations of fabrics within a
panel, the better the energy absorbing ability was discovered. It was reported that the favorable
effect of angular stacking was more obvious in STF impregnated fabric panels (19% to 58%)
than in neat fabric panels, showing the synergistic effect of stressed wave propagation in
various directions and secondary yarn engagement through shear thickening. An optimal
angular orientation for panels with 3 and 4 layers of fabric plies was proposed which was
[0/30/60] and [0/22. 5/45/67. 5], respectively.
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2.6.1.1 Numerical Modelling of STF impregnated high-performance fabric

The behavior of STF treated fabric should be properly understood for the design and
development of the effective body armour. In order to understand the behavior of STF treated
fabric (Majumdar et al., 2013) presented the deformation and energy absorption modes of STF
treated and untreated Kevlar woven fabrics when it was hit. They found that only the primary
yarns, which were engaged by the impactor contributed in load sharing and thus energy
absorption in untreated Kevlar textiles. The yarns slipped at the griped, generating large loops,
while the rest of the fabric remains undamaged due to the high stressed per yarn. It was further
stated that the energy absorption was modest due to the participation of only a few strands.
STF treated fabrics, on the other handed, were turned into a solid-like material during impact.
The altered STF functions as a bridging matrix, transforming the fabric's network of yarns into
a single structure (Majumdar et al., 2013). Further, it was highlighted that unlike untreated
fabrics, the entire fabric contributes in load carrying and energy absorption rather than just the
core strands. The rupture of fibers and yarns, rather than their sliding, causes the STF-treated

structure to collapse.

Experimental investigation was carried out under different test conditions. The high
velocity impact response of composite laminated plates using a nitrogen gas pistol (Ramadhan
et al., 2013). A sandwich construction made of Kevlar-29 fiber/epoxy resin and tested with
varied stacking sequences of 6061-t6 Al plates was used. Further, to achieve complete
perforation of the target, the impact testing was conducted utilizing a cylindrical shape 7. 62
mm diameter steel bullet at a range of velocities (180-400 m/s). Further, a numerical
parametric study of ballistic impact caused by the same conditions in experimental work to
predict the ballistic limit velocity, energy absorbed by the target were conducted. The
comparison between simulation and experimental work using ANSYS AUTODYN 3d v. 12
software, as well as to investigate the effects of projectile shape with different (4, 8 and 12 mm)
thicknesses on ballistic limit velocity was also performed. It was reported that the Al backed
stacking sequence plate was the best structure to resisted impact loading. Similar kind of work
was done by Park et al., (2015) who numerically investigated the high velocity impact energy
absorption capabilities of neat and STF impregnated Kevlar fabric, considering the muzzle
velocity of current rifles with high performance bullets. The primary energy absorption
mechanism of STF impregnated fabric during impact was considered and a numerical
investigation of the impact energy absorption characteristics have been reported in the study

using the commercial tool LS-DYNA. The friction was assumed between the impact projectile,
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fabric, and yarns within the fabric during impact, which was considered as the major factor
behind the energy absorption mechanism, with experimentally obtained static and dynamic
friction coefficients yielding analysis results in good visual agreement with experimental
results. Furthermore, Mirrahimi et al., (2017) conducted numerical investigation on the impact
of an ogival tip projectile on a multi-layered plain-woven High Modulus Poly-Propylene
(HMPP) fabric impregnated with STFs made up of fumed silica nanoparticles suspended in
polyethylene glycol (peg) using LS-DYNA. It was similarly concluded that the friction is main
factor in the ballistic performance of the STF treated fabric. Extending the researches above in
this direction, (Khodadadi et al., 2017) evaluated the high-velocity impact performance of a
composite material made of woven Kevlar fabric impregnated with colloidal STF. It was
highlighted that the specific involvement of the STF in the high-velocity defeat process was
unknown, and assumed that the enhanced frictional interaction between yarns in impregnated
textiles have been the cause of improved performance. The fabric was modelled using LS-
DYNA to characterize the frictional behavior of the STF impregnated fabric, utilizing the
experimental data of yarn pull-out experiments. Similar conclusion like other researchers were
drawn reported that the enhanced friction was responsible for the improved performance of
STF impregnated Kevlar fabric. The predicted deformation through numerical modelling by
(Khodadadi et. al., 2017) is shown in Figure 2-5.
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Figure 2-5 Predicted deformation characteristics of STF fabric for various impacts
(Khodadadi et al., 2017)

The impact resistance capabilities of woven High Modulus PolyPropylene (HMPP)
textiles impregnated with Shear Thickening Fluid (STF) comprised of fumed silica
nanoparticles suspended in polyethylene glycol was varied out by researchers (Hasanzadeh et
al., 2017) experimentally. Numerical modelling was done using LS-DYNA to model the impact
of an ogival tip bullet on four-layered textiles. The friction between the yarns and their
crossovers, as well as the friction between the projectile and the fabric during impact was
considered while evaluating the effect of STF impregnation on fabric. The research emphasizes
that the frictional characteristics is the main contributing factor in the enhancement of the

ballistic performance of the fabric.

The challenges of replacing the rigid ballistic inserts with more flexible material
without damaging the armor’s strength was investigated (Sen et al., 2019a) and (Sen et al.,
2019Db). It was highlighted that the STF is a promising substance in this context. The research
attempted to examine the possibilities of STF in such applications statistically. Two Kevlar-
STF composite targets comprised of Kevlar-STF-Kevlar sandwich composite and STF
impregnated Kevlar were manufactured this purpose. The composite's ballistic response using

the coupled Eulerian—Lagrangian (CEL) method was investigated. In the study, the Kevlar®
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yarn was represented using a Lagrangian membrane element in the CEL method, and STF was

incorporated in a Eulerian mesh.
2.7 STF encapsulated in uniform and random bubble wrap

The search of an effective configuration which can perform efficiently under ballistic
impact is an ongoing process. The STF encapsulated bubble wrap configuration could be a
promising configuration. In this configuration, STF is encapsulated within bubbles made of
high-performance flexible material having minimal bending and torsional stiffness. This
configuration is light-weight, flexible and perform better than its counterpart. (Zhang et al.,
2017) investigated encapsulation of STF for easy handling and re-processing. The encapsulated
STF was supposed to be impact-resistant material. Double- walled macroscopic STF capsules
were synthesized using a convenient process by instilling diluted STF droplets into reaction
solution. The STF capsules show good shear thickening response to dynamic impact in
comparison to quasi-static compression (154 times higher absorbed nominal strain energy).
(Liu et al., 2019) encapsulated STF using orifice coagulation bath method, in an attempt to
improve the combination of STF and the matrix as well as strengthen the flexibility and stability
of the STF composites. (Huo et al., 2020) prepared a graded buffer composite by using STF
capsules, Poly-Urethane (PU) foam, and low-melting point PET fabric or spacer fabric with
improved energy absorption performance. These studies emphasize the STF encapsulation for
the better alternative energy absorbent composites. The encapsulation will not only provide
better ballistic impact performance but it will also provide better stability to the fluid itself.
There is need to extensively characterize STF encapsulated configuration under ballistic

impact and the same is developed in this thesis.
2.7.1 Modelling of Shear Thickening Fluid

The numerical analysis of incompressible non-Newtonian fluid flowed through a
symmetric abrupt expansion is proposed by (Ternik et al., 2006) and the same was used to
determine the critical value of the Reynolds number. To account for the shear-thickening
behaviour of the corn-starch and watered mixture, a quadratic model was used. It was validated
using the results from the Newtonian fluid flow in a range of Reynolds numbers. In addition,
it was compared to the results from Quadratic model to those produced using the Power law.
(Aradian & Cates, 2005) proposed a STF model with a tendency to combine the

inhomogeneous, shear-banded flowed and sluggish fluid microstructure relaxational dynamics.
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Periodic regimes (oscillating bands, travelling bands, and more complex oscillations) and
spatiotemporal rheochaos result from the interaction of these components were compared.
Even though the steady-state flowed curve was monotonous, these events might arise due to
constitutive nonlinearity rather than inertia. In a low-dimensional truncation, where sharply

defined shear bands could not emerge, the model also reveals rheochaos.

Johnson et al., 2017 studied to predict the shear thickening behavior in order to avoid
the wear and tear in the industries. A strategy was provided regarding how to model these
processes used a particle-scale numerical approach. A micromechanical model was created that
could simulate interparticle stresses for particles immersed in a fluid by combining the discrete
element method (DEM) with the lattice Boltzmann method (LBM). It was demonstrated the
potential of method as a researched tool by a comparison of simulation findings to experimental
results. A parametric study to explore the impacts of solid fraction, particle-particle, and
particle-wall contact stiffness was conducted. DEM-LBM model was proposed which shows
that increasing boundary stiffness directly raises the maximum shear stressed of the shear
thickening regime when the wall stiffness was varied in a systematic way. It was shown that,
according to traditional soil mechanics principles, the key mechanism causing shear thickening
was particle medium dilatation. (Arora et al., 2017) predicted the rheology of the STF over a
wide range of shear rate at different temperatures using phenomenological and artificial neural
network (ANN) models. The rheological behavior of STF was investigated with 65 percent
(w/w) silica nanoparticles with polyethylene glycol (PEG) as the dispersion medium at various
temperatures. The STF viscosity for all zones in both models was investigated, with good
match between experimental and predicted viscosity for both training and testing data sets.
(Giirgen & Sofuoglu, 2020) studied the effect of STF in machining tools and developed a mode
to predict the behavior of shear thickening fluid. The STF was integrated into standard cutting
tools for turning operations, resulting in a unique tool. The non-Newtonian rheology of STF
helps to the vibration dampening capabilities of cutting tools, minimizing chatter vibrations
during machining operations, based on the improved design. As a result, STF integrated cutting
tools improve the stability of operations, resulting in better workpiece surface quality.They
examined the rheology of multi-phase STF using an intelligent model in this studied.
Intelligent modelling was particularly efficient, according to the results, due to its parameter-

free approached and good fitting capacity.
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2.8 Modelling in LS-DYNA

There are several platforms to perform numerical modelling of ballistic events such as
LS-DYNA, ABAQUS, ANSYS AUTODY N and similar. This section will briefly review about
modelling approach using a commercially available program LS-DYNA developed by
Livermore Software Technology (LSTC). Based on official website of the developer LS-
DYNA is a general-purpose finite element program capable of simulating complex real-world
problems. It is used by the automobile, aerospace, construction, military, manufacturing, and
bioengineering industries. The code is developed mainly for highly non-linear, transient
dynamic finite element analysis using explicit time integration. There is several studies
conducted using LS-DYNA program in various field such as (Barauskas & Abraitiené, 2007;
Chatla, 2012; Kloppel et al., 2013; Souli et al., 2008; Vesenjak et al., 2008) and shows the

robustness of the program.

Different numerical studies about the protection of fiber reinforced concrete pieces
under blast loads and fragments was taken up (Agardh, 1997). An accurate FE model of the
behavior of such elements when subjected to transient dynamic loads was developed. More
and more people concerned about industrial accidents and/or terrorism are interested in
modelling structures' response to blast loads. Two most common approaches available today
are: an ALE model (*ALE) with a Lagrangian-Eulerian coupling (*constrained Lagrange in
solid) or a pure Lagrangian approached in which the propagation calculation was replaced by
an analytical loading of the structure. Because only the structure was modelled, the Lagrangian
technique allows for a significantly smaller model. This technique is now accessible in LS-
DYNA (*load_blast), and was based on the empirical model provided in the (TM 5 855, 1986)
us army manual (CONWEP). It was, however, confined to the treatment of hemispherical
charge explosions on the ground or spherical charge explosions in the air without ground
interaction. The interaction of the shockwave with the earth caused blast reinforcement in
several circumstances. CRIL technology had created a new user-loading model (evolution from
*load blast) to took into consideration new abacuses for TNT and reflecting coefficients,
ground effects, and Mach stem in ordered to produce a more exact blast load evaluation with a
pure Lagrangian approached (Blanc et al., 2005). The (TM 5 1300, 1990) us army handbook
describes empirical models for major evolutions. This method is solely based on Lagrangian
approach. As such, this novel user-loading often results in a more exact and conservative load

while maintaining a fair model size.
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The fluid-structure interaction was investigated using different techniques in LS-
DYNA (Vesenjak et al., 2008). The experimental observations of a fluid sloshing problem in a
simple container box was compared to different formulations (Lagrange, Euler, ALE, and
SPH). It was concluded that the ALE and SHP approaches in LS-DYNA could also best
represent the fluid motioned, according to computational simulations. (Arriaga et al.,
2010) studied the Perzynas model, which was sensitive to the rate of viscous-plastic
deformation. LS-DYNA MAT_24 material model was used to evaluate the dependence on
yield stress, and MAT _19 to evaluate the dependence on yield stressed and modulus of

elasticity. It was in good agreement.

The modelling of massive deformation processes and highlighted the numerical issues
caused by element distortions limit the application of a Lagrangian description of motioned
(Souli et al., 2008) studies. The multi-material Eulerian formulation was an alternate technique
in which the material flowed through a mesh that was fixed in space and each element was
allowed to include a mixture of different materials. This method totally avoids element
distortions and could been paired with a Lagrangian description of motioned for parts of the
model used a Eulerian-Lagrangian coupling algorithm. Numerical issues abound in the
Eulerian formulation. With the passage of mass between elements, there were issues of
dissipation and dispersion. Furthermore, the Eulerian mesh may require a large number of
elements to enclose the entire location where the material had been placed throughout the
simulated event. The multi-material arbitrary Lagrangian-Eulerian (ALE) formulation excels
in this situation. The mass flux between elements could been decreased and the mesh size
could be kept smaller than in a Eulerian model by translating, rotating, and deforming the multi-
material mesh in a controlled manner. The research presents a new fluid structure coupling
algorithm based on the penalty method. Further, LS-DYNA had become an effective tool for
evaluating massive deformation processes, such as bird attacked events, forging operations,
penetration problems, and airbag simulations, thanked to its coupling method and increased

multi-material ale capabilities.

The dynamic mechanical behavior of aluminum alloy such as the 7075-t6 was
investigated by researchers (Zhang et al., 2015). Various load rates through dynamic tensile
testing with a comprehensive electronic tester, high speed testing system, and Hopkinson
tensile strength (SHTB) was implemented. The results indicated that the stiffening effect of the
7075-t6 aluminum alloy was significant. By changing the cure time of the Johnson Cook base
model, the new Johnson Cook (JC) model made from a 7075-t6 aluminum alloy was obtained.
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Numerical simulations of tensile tests at various speeds using the Johnson Cook base model
for the 7075-t6 aluminum alloy was performed. (Khodadadi et al., 2017) studied and presents
the rapid impact resistance of a composite material made from a woven Kevlar fabric

impregnated with colloidal shear thickening fluids (STFs).
2.9 Discussion and Limitation of the State of Art

In this Chapter, detailed literature review related to the theory, and development of
light-weight ballistic body armour was presented. The literature begun with the general
practices in the development of the ballistic armour and presented how ceramic based armour
is developed to reduce the weight of the armour with its contemporary material steel. The
ceramic based armour show best ballistic performance and have light-weight but they are not
flexible enough to provide the comfort to the wearer. Moreover, to make ceramic based armour
wearable, traditionally high-performance based fabric is used to make torso where ceramic
based plates were inserted. With progress, it was felt that instead of using ceramic plate as an
insert there could be any potential system which could replace ceramic pates. Further, different
studies have been conducted to enhance the ballistic performance of the fabric. Meanwhile
numerous theories were proposed related to understanding the behavior of ballistic impact and
performance of the high-performance fabric. Mainly, these theories highlight about the
dissipation of Kinetic energy of the projectile. These theories emphasized that the energy
dissipation will be more if the strain wave will travel longer before failure. In view of this,
many research articles were published where researchers emphasized on enhancing the inter-
yarn friction of the fabric. There was a believe that high inter-yarn friction will stop the slippage
between yarns and more strain wave could travel longer within the armour system. In this
regard, the first proposal was to utilize some agents which can enhance the inter-yarn friction
of the fabric. Initially a dilatant powder was investigated and suggested by many researchers.
In 2003, the use of non-Newtonian dilatant fluid impregnated with high performance fabric
was proposed. Several experimental studies were carried and reported but they were not
sufficient to make a guideline in the design of the ballistic armour using STF impregnated high
performance fabric. Further, many researchers proposed to use simulation-based technique to
design STF impregnated ballistic armour. One of its kind is friction-based modelling of STF
impregnated fabric. But this technique involves complex procedure such as determination of
inter-yarn friction through utilizing semi-empirical based methods where one needs to find an

experiment results from pull-out test and then through numerical simulation inter-yarn friction
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should be determined. Further, the way of harnessing the potential of the STF is highlighted in
the literature. The manufacturing of STF based encapsulated tubes/bubbles is studied and
presented in the literature. But the application of STF encapsulated bubbles in ballistic impact
scenario is limited. Further, there were no design guidelines and methodologies are available
in the open literature related to the development of light-weight and flexible armour. In this

thesis these untouched scopes will be explored and presented.

39
TH-2901_166104039



3 Ballistic performance evaluation of the high-performance fabric due to

inter-yarn friction

3.1 Introduction

The high-performance fiber-based fabric such as S-glass® (glass), Kevlar® (aramid), Spectra® (high
molecular weight polyethylene), Zylon® (PBO), and M5® (PIPD) is the obvious choice in the development
of soft ballistic armour due to its high strength to weight ratio. An extensive study carried on the ballistic
impact characterization and understanding of penetration mechanism in the ballistic fabric is presented in
literature (Barauskas & Abraitiené, 2007; Bazhenov, 1997; Briscoe & Motamedi, 1990; Cunnif,
1992; Duan et al., 2005; Duan et al., 2006; Kirkwood et al., 2004; Kirkwood et al., 2004;
Nilakantan & Gillespie, 2012; Zeng et al., 2005; Zeng et al., 2006). The ballistic impact
performance and penetration mechanism depend upon fabric architecture, mechanical properties of the
fiber, and boundary conditions applied in the testing methods. Also, there have been experimental and
numerical studies reported in the literature where their findings suggest a significant improvement in the
ballistic performance of the fabric through impregnation in the non-Newtonian dilatant fluid. The non-
Newtonian dilatant fluid is widely known as Shear Thickening Fluid (STF). The STF shows the sudden
increase in the resistance through enhanced dynamic viscosity above a critical shear rate.

The numerical investigation of neat and STF impregnated fabric systems under impact is based
on frictional effects between inter-yarn and between projectile and fabric (Giirgen, 2020; Hasanzadeh et
al., 2017; Lee & Kim, 2012; Park et al., 2015). The effect of STF was assumed to be due to the
enhancement of the inter-yarn friction in the modelling approach by many researchers of STF
impregnated. Many researchers have modelled the effect of STF on fabric by enhancing frictional co-
efficient in the inter-yarns. In order to study the ballistic performance of the STF fabric, it is essential to
perfectly model the fabric, which should capture the effects of parameters to the ballistic impact. There
are many multi-scale methods proposed to model the fabrics. The membrane or micromechanical model
has been proposed by (Tanov & Tabiei, 2002), (Ivanov & Tabiei, 2004) and; (Ivanov & Tabiet, 2002).
There are limitations of the developed micromechanical model of the fabric based on continuum theory.
They are not able to capture the behavior due to fiber-fiber interaction, filament-filament interaction, and
yarn-yarn interaction. So, the micromechanical model cannot be used to study the effect of friction on the
ballistic performance of high-performance fabrics. In order to mitigate the limitation of micromechanical
or membrane level modelling, researchers have proposed yarn level modelling, also known as mesoscale
modelling. A 3D finite element analysis model was created by (Duan et al., 2006) using LS-DYNA to

simulate the transverse impact of a rigid right circular cylinder onto a square patch of plain-woven Kevlar
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fabric. The fabric model had a resolution at yarn level, and relative motion between yarns was allowed.
The friction between yarns was implemented through frictional contact between yarns and between the
fabric and the projectile. The effects of inter-yarn friction on the ballistic performance of woven fabric
armour were investigated by (Zeng et al., 2006). The parametric studies show that the ballistic response
of woven fabric is very sensitive to yarn friction when the friction coefficient is low but insensitive beyond
a certain level. Moreover, their study showed that very high inter-yarn friction can lead to premature yarn
rupture, thus reducing the ability of the fabric to absorb impact energy. (Rao et al., 2009) studied the
impact of a rigid sphere onto a high-strength plain-weave Kevlar KM2® fabric and carried out the
numerical analysis in LS-DYNA. The influence of friction and material properties on ballistic
performance was considered. In the study, yarns were modelled as continua with modulus and strength
dominating along the length. The study showed that the ballistic performance depends upon friction,
elastic modulus, and strength of the yarns. The friction improves the ballistic performance by maintaining
the integrity of the weave pattern; the material properties of the yarns have a significant influence on the
effect of friction. (Grujicic et al., 2010) developed and implemented a mesoscale ballistic material model
for a prototypical plain-woven single-ply flexible armour in a material user subroutine for use in
commercial explicit finite element programs. The primary intent of the model was to attain computational
efficiency when calculating the mechanical response of the multi-ply fabric-based flexible-armour
material during its impact with various projectiles without significantly sacrificing the essential physical
aspects of the fabric microstructure architecture and behavior. (Minh et al., 2012) proposed yarn level
numerical model of ballistic impact on a two-dimensional Kevlar KM2® plain-woven fabric and validated
through experiment. (Nilakantan et al., 2013) studied the effects of size and shape of the projectile on the
impact response of a single-layer fully-clamped flexible woven fabric. A numerical finite element study
on a yarn-level fabric model with a deterministic implementation of experimental mean yarn tensile
strength and inter-yarn friction was carried out. There had been studies on micro-scale modelling or fiber-
level modelling of the fabric. These require very high computation power in fiber-level modelling. In
order to investigate the ballistic performance of the STF impregnated fabric, it is suggested to utilize the
yarn level modelling of the fabric to reduce the requirement of high computational power. Furthermore,
there has been very limited understanding of behavior of fabric at very high inter-yarn coefficients though
there has been extensive numerical investigation carried and reported. In open literature, in best of authors
review, very few studies are reported for the optimum ballistic behavior of fabric at varying coefficients
of friction such as (Wang et al., 2016), (Zeng et al., 2006). (Nilakantan & Gillespie, 2012) reported that
there is a decrease in the impact performance while increasing inter-yarn friction coefficients for four-
sided clamped boundary condition while ballistic performance is increasing with increase in the inter-

yarn coefficients for the two-sided fixed boundary condition.
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The present study aims to provide insight into the understanding of ballistic performance of the
fabric due to variation in the inter-yarn friction using numerical technique. As there is change in the inter-
yarn friction due to STF treatment to the fabric, this study also tries to correlate the varying inter-yarn
friction with practical application such as STF treated fabric.

3.2  Numerical modelling and validation
3.2.1 Geometric Modelling

The yarn level resolution (mesoscale modelling of the fabric) is used to model the entire fabric
in the present investigation. The yarns are modelled as continua and can be modelled as planar 2D
surfaces. To enhance accuracy, yarns can be modelled as 3D solid elements and a combination of shell
and solid elements known as hybrid element analysis. (Nilakantan et al., 2010) has modelled yarn of the
plain weave fabric using fully shell element, fully solid element (baseline), and hybrid element (multi-
scale models consists of yarns as solid elements in region R1 near contact and premises of projectile,
yarns of shell elements in region R2 and continuous fabric of shell element in region R3. There is a
significant deviation in the numerical results of non-penetrating and penetrating projectile velocity
between yarns modelled as fully solid element (baseline study), fully shell element, and hybrid element
analysis (HEA). Also, as per the reported results, HEA overestimates the energy dissipation compared to

yarns having a shell and solid element for penetrating projectile velocity.

The yarn model having six elements across their width produces close estimates of residual
velocity to the baseline study compared to four elements across the width. The possible reason could be
effectively representing yarn cross-section using six elements as compared to four elements. However,
due to the very high computational requirement, the present study presents the modelling of yarn using
2D shell elements having four elements across the width. The four elements across the width are sufficient
to capture fabric's behavior under the ballistic impact, and for the same, a validation with experimental
results is presented. The experimental data are obtained from (Lee et al., 2009) and (Lee & Kim, 2012).
The geometry of the mid surface has been modelled using the sinusoidal function. Many researchers
reported that the equation for the mid surface of the yarn would follow sinusoidal characteristics and
sufficiently represents the crimp of the yarn. LS-PrePost® is used to model the yarn geometry and mesh
of plain weave fabric. The yarns per inch (fabric sett) and cross-over of the yarns in weft and warp
directions have been modelled and kept the same for warp and weft. The schematic of yarn cross-over,

modelling of yarn cross-section, and shell-based modelling of yarn is shown in Figure 3-1.
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Figure 3-1 Representative volume element showing yarn crimp, and cross-section modelling of the yarns.

The geometrical parameter of the mesoscale model of a plain weave fabric shown in Figure 3-1
is summarized in Table 3-1 for different fabric sett. These geometrical parameters are theoretically
designed and calculated using TexGen® (a dedicated python-based platform for fabric modelling). In the
present study, the quarter model of the fabric has been used due to symmetry and save computational
efforts. The fabric model and representative volume element designed using TexGen with different fabric

sets are shown in Figure 3-2.

Table 3-1 Geometric properties of plain weave fabric.

Fabric Yarn density A b (2n/)) a w d
sett (n/inch) (mm) (50.8/n) (mm) (mm) (mm)
25x25 25 2.03 3.09 0.11 1.0 0.02
30x30 30 1.69 371 011 08 0.02
35x35 35 1.45 4.32 0.11 0.7 0.02
40x40 40 1.27 4.95 0.11 0.6 0.02
45x45 45 1.12 5.56 0.11 0.5 0.02
31x31 31 1.64 3.83 0.11 0.8 0.02
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Figure 3-2 Representative volume element and quarter FE model of plain weave fabric of
varying yarn density.

3.2.2 Material and Contact Modelling

In order to study the ballistic performance of the fabric, it is essential to characterize the fabric
material mechanically. In this study, the mechanical properties of para-aramid-based Kevlar KM2® have
been used. (Cheng et al., 2005) studied the mechanical properties of Kevlar KM2® at a single fiber level.
The mechanical properties suggest that the Kevlar KM2® behaves as a linearly elastic and transversely
isotropic material till failure. The constitutive relation in the modelling of Kevlar fiber is strain rate
independent because the stress-strain curve is independent of the applied strain rate. The required number
of material constants for a linear elastic and transversely isotropic material to describe its stress-strain
response are five. In order to model the constitutive behavior, this study uses material model
MAT _02_ORTHOTROPIC_ELASTIC in a commercial program LS-DYNA®. This material model
represents linear elastic and transverse isotropic properties till failure criteria satisfies. The material
properties utilized in this study is obtained from (Cheng et al., 2005) and presented in Table 3-2. The
failure of the yarns is achieved using von-mises based failure criteria and implemented through defining
maximum effective stress and failure strain in the MAT_ADD_EROSION card. The von-mises stress

value is given in Table 3-2 as Tensile strength.
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Table 3-2 Mechanical Properties of Kevlar KM2® (Cheng et al., 2005)

Fabric Properties Symbol Value (Unit)
Kevlar Young's Modulus E1ll 84.62 (GPa)
KM2® E22= E33 1.34 (GPa)
Shear Modulus G12=G13=G23 1.34 (GPa)
Poisson’s Ratio v12=v13=023 0
Density P 1.44 (g/cc)
Tensile Strength Warp/weft 3.9 (GPa)
Failure Strain Warp/weft 4.5 (%)

The contact modelling between yarns crimp are implemented using contact card
CONTACT_AUTOMATIC_SURFACE_TO_SURFACE. This contact type is the most recommended
for the crashworthiness analysis. The effect of friction is implemented using coefficients of friction
between inter-yarn. The friction between inter-yarns are modelled using Coulomb’s friction model and
implemented through CONTACT_AUTOMATIC _SURFACE_TO_SURFACE. The equation of

Coulomb’s friction model is given in (3-1).

w=pg + (s — pg)eCMrel (3-1)
The magnitude of dry friction basically depends on the relative velocity of the surface in the
contact and the above equation is implemented in the contact model. Further, the effect of inter-yarn
friction on the ballistic performance of the fabric is studied through linearly varying static and dynamic

coefficients of friction between inter-yarn from (0.1-0.6).
3.3 Validation of numerical model

The fabric model used in the present study is validated through experimental data from
(Lee & Kim, 2012). The literature uses a plain weave fabric model at yarn level resolution. The
numerical model of fabric contains a yarn density of 31 and a yarn cross-section of the lenticular
shape. The geometric details about yarn crimp and other parameters are given in Table 3-1. The
central line of the yarn crimp is assumed as sinusoidal and shown in Figure 3-1 and Figure 3-2.
The modelling of fabric samples of size 101.6 x 101.6 mm? uses the benefit of symmetry, and a

quarter symmetric model of size 50.8 x 50.8 mm? is developed. A plane-symmetric boundary
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condition is applied to create a quarter model. These boundary conditions assume that there will
be no out-of-the-plane motion at the symmetric plane, and hence one translational and two
rotational degrees of freedom are restrained to the nodes in the symmetric plane. The yarn is
discretized using quad shell elements. In order to approximately represent the lenticular yarn
cross-section, a total of 4 shell elements is provided across the width of the yarn. The inter-yarn
friction is implemented and the coefficients of friction for neat as well as STF treated fabric is
provided to the contact model. The parameters of Coulomb’s friction model such as coefficients
of the friction and exponents for neat and STF treated fabric is given in Table 3-3 Parameters of
Coulomb’s friction model (Lee & Kim, 2012).

Table 3-3 Parameters of Coulomb’s friction model (Lee & Kim, 2012)

Parameter Neat Without STF
STF-Effect Effects

Us 0.15 0.33 0.79

Ug 0.12 0.41 0.87

C 1.23 0.21 0.82

A rigid spherical projectile of diameter 7.62 mm and mass 5.52 g is projected at designated
orthogonal velocity towards the target. A quarter projectile is modelled, and its motion is
restrained in all degrees of freedom except in the direction towards the target. In the experiment,
the target fabric was clamped at two edge and two edge free and for the validation similar
boundary conditions are applied at the edges. In order to validate computational model for the
wide range of velocity numerical simulation are conducted for velocities varying from 82 to 389
m/s. The numerical results obtained from computational model is shown in Figure 3-3 and Figure
3-4 and compared with the experimental data from (Lee et al., 2012); and found in good
agreement. The residual velocity and kinetic energy absorbed is deviating more for low velocity
of projectile as compared to the results at high velocity of the projectile. The residual velocity and
Kinetic energy absorbed for the neat fabric case at different initial velocity of the projectile is

shown in Figure 3-3 and Figure 3-4.
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Figure 3-3 A graphic comparison of residual velocity of a projectile for neat fabric.
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Figure 3-4 A graphic comparison of absorbed Kinetic energy of a projectile for neat fabric.

The numerical validation is carried on different inter-yarn coefficients of friction. The
inter-yarn coefficients of friction for this case is supposed to mimic the characteristics of STF
treated fabric. The residual velocity and kinetic energy absorbed for three different case neat,
without STF characteristic, and with STF characteristic is shown in Figure 3-5 and Figure 3-6
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respectively. These figures show that at higher coefficients of friction the computational model is

obtaining closer results as compared to the experimental results at projectile velocity 214 m/s.
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Figure 3-5 A graphic comparison of residual velocity of a projectile at 214 m/s for dry fabric
and STF impregnated condition.
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Figure 3-6 A graphic comparison of residual kinetic energy of a projectile at 214 m/s for dry
fabric and STF impregnated condition.
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The modelling approach discussed and validated in this section are applied on the single layer of

fabric having varying fabric sett and coefficients of friction as discussed earlier.
3.4  Effect of inter-yarn coefficient of friction on ballistic performance of fabric

This section presents the numerical results obtained from the single layer mesoscale fabric
model. The boundary conditions applied in this investigation is two sides fixed. The yarn
density of the fabric is varying and their geometric parameters are given in Table 3-1. The
validated numerical model of fabric considering effect of inter-yarn friction is further extended
to study the effect of varying inter-yarn coefficient of friction. In present study, the coefficient
of friction is in the range of (0-0.6). The aim of this study is to find out the optimum value of
friction at which the ballistic performance is either not enhancing or start degrading. In present

study the coefficient of friction varies in the range of (0-0.6).

214
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200
0 0.1 0.2 0.3 0.4 0.5 0.6

Coefficients of Friction

Residual Velocity, m/s

25 w30 w35 40 =mm45 ——Poly. (40)

Figure 3-7 Residual velocity of a projectile at 214 m/s for different fabric sett and varying
inter-yarn coefficients of friction.

The variation of residual velocity of the projectile for the different fabric sett and
coefficients of the inter-yarn friction is compared and shown in Figure 3-7. From the
comparison it is evident that the residual velocity is improving due to increase in the inter-yarn
friction. However, the improvement in the residual velocity is not significantly observed after
a critical inter-yarn friction coefficient. This observation is more or less true for all fabric sett.
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There is more improvement in the ballistic performance of the fabric at lower level of friction
coefficients as compared to the larger values of friction coefficients. The similar observation is
made in the literature (Wang et al., 2016). The study in the literature shows that the ballistic
limit is improve due to increase in the inter-yarn coefficients till a critical friction coefficient.
Moreover, the study reports the loss of ballistic performance due to increase in the friction
beyond the limiting value. A similar observation was reported by (Nilakantan & Gillespie, 2012).
(Zeng et al., 2006) reported that there is premature failure of the yarn at very high inter-yarn
friction. The premature failure of the yarns could be related to the stress wave propagation in
the ballistic fabric and developed strain in the fiber. The energy absorption mechanism of the
fabric described in (Hogg, 2006; Lane, 2005) suggest that the energy absorption will be more
if more fabric yarns have deformation. The longitudinal stress wave propagation at high friction
is restricted. The stress wave is not able to reach out to the maximum yarns before failure and
due to this the involvement of the yarns in the dissipation of the energy is very less. The pull-
out studies by (Kirkwood et al., 2004) demonstrate that for the efficient absorption of energy,
the size of cross shaped pull out zone in the deformed state of the fabric should be high. At
higher friction coefficients the size of the pull-out zone (deformation area of yarns) is more or
less not increasing. The accumulation of stress in the fabric near vicinity of the projectile and
fabric interaction is increasing at higher friction. Due to this, the ballistic performance is not
improving while increasing yarn friction beyond a critical value. The residual kinetic energy
of the projectile is also compared and similar observation is reported. The graphical
representation of residual kinetic energy of the projectile is shown in Figure 3-8. The residual
Kinetic energy is improving up to a critical value of the inter-yarn friction coefficients. The
reason can be attributed to the premature failure of the yarns due to decrease in the stress wave
propagation in the fabric at higher friction.
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Figure 3-8 Residual kinetic energy of a projectile at 214 m/s for different fabric sett and
varying inter-yarn coefficients of friction.

The contact force and frictional energy between yarns are not improving significantly
at higher level of the friction. The fabric dissipate energy through propagation of stress wave
to the network of yarns. The stress waves are not distributed uniformly to the maximum number
of yarns of the fabric at higher friction coefficients. Due to less transfer of forces between yarn
to yarn the contact force and frictional energy is not increasing further at higher friction. The
comparison of frictional energy and contact force is shown in Figure 3-9 and Figure 3-10

respectively.
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Figure 3-9 Peak frictional energy of (a) contact 1 and (b) contact 2 between warp and weft
yarns for different fabric sett and varying inter-yarn coefficients of friction.
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Figure 3-10 Peak resultant contact force of (a) contact 1 and (b) contact 2 between warp and
weft yarns for different fabric sett and varying inter-yarn coefficients of friction.

3.5 Conclusions
The ballistic performance of the fabric is critical in the design of light-weight and

flexible body armour as it is the main constituent in the armour system. There are several
parameters which are controlling the ballistic performance of the fabric and inter-yarn friction
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is one of them. Through alteration of friction by any means, the ballistic performance of the
fabric can be further improved. Due to limited studies available in open literature related to the
systematic study of the effect of inter-yarn friction on the ballistic performance of the fabric,
this chapter presented a systematic study where the effect of inter-yarn friction on the ballistic
performance of the fabric is investigated. The modelling of dry fabric which should consider
the effect of inter-yarn friction is validated and further, the effect of inter-yarn friction on the
ballistic performance of the fabric is evaluated and presented in this chapter. The computational
model presented in this study is validated though experimental data and found to be in good
agreement for further investigation. Through computational model of the fabric, it is shown
that the ballistic performance of the fabric is improving with the increase in the inter-yarn
friction. There is very limited influence of friction beyond a critical value. The ballistic
performance of the fabric is not enhancing substantially due to increase in the inter-yarn
friction. There has been premature failure of the yarns at higher friction and due to this there is
very limited scope to utilize the treated fabric optimally. This Chapter fulfils the designated
task to understand the frictional behavior of the STF along with the fibers to much more details.
This work is the basics of the work to be done ahead in achieving our objectives. With limited
understanding the effect of STF can be model using friction-based modelling of the fabric. At
least the multi-layer modelling of STF impregnated fabric will provide the understanding of
the ballistic behavior of the multi-layer fabric system impregnated with STF. Further, the yarn
level modelling of fabric is used to investigate the effect of STF on the ballistic performance

of the multi-layer of the fabric and presented next in Chapter 4.
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4 Multi-scale friction based numerical modelling of STF impregnated

ballistic fabric

4.1 Introduction

The structural parameters of woven fabrics play a crucial role in determining its impact
resistance performance. Conventionally, treatment with Shear Thickening Fluid (STF) has
been found to increase the impact energy absorption capacity of fabrics. (Lee et al., 2003)
studied the ballistic penetration performance of a composite material composed of woven
Kevlar fabric impregnated with a colloidal shear thickening fluid (silica particles of size 450
nm) dispersed in ethylene glycol. The impregnated Kevlar fabric yields a flexible, yet
penetration resistant composite material. Fragment simulation projectile (FSP) is a novel
composite material for ballistic application. They have demonstrated a significant enhancement
in penetration measurements at ~244 m/s due to the addition of shear thickening fluid to the
fabric, without any loss in material flexibility. (Tan et al., 2005) investigated the ballistic
performance of Twaron® CT615 plain-woven fabric impregnated with a silica colloidal water
suspension (SWS) of different particle concentrations in water. Ballistic limits and specific
ballistic energy of single, double, quadruple and six ply fabric systems impregnated with 0, 20,
40 and 50 wt.% SWS particle concentration were compared to that of a neat untreated system.
Results show that the systems with 40 wt.% SWS particle concentration yields the highest
ballistic limit for single, double and quadruple ply systems, with the double ply system showing
the greatest improvement. The ballistic limits of double ply systems with 40 wt.% SWS particle
concentration is 70% higher than the ballistic limit of neat double ply systems. The
improvement in ballistic resistance is attributed to the increase in projectile-fabric friction and
inter-yarn friction arising from the silica particle and silica clusters formed. The double ply
system with 40 wt.% SWS particle concentration showed the greatest improvement with a
100% increase in the specific ballistic energy over neat double ply systems. However, the
specific ballistic energy for quadruple and six ply systems with SWS is lower compared to the
neat systems. High-speed photography showed that these systems experience more localized
deformation on impact and this may limit the frictional effects. It is also shown that SWS
impregnated double ply systems can be incorporated into six ply configurations to significantly
improve over- all ballistic performance. (Yeh et al., 2019) studied the preparation methodology
and rheological properties of an STF. STF/Kevlar composites were made using ethanol as the

cosolvent. The physical properties of the composites were determined by ballistic penetration,
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drop tower, and yarn pull-out tests. The ballistic penetration was tested at a projectile velocity
of 180 m/s. The ballistic penetration tests showed that adding the STF could obviously increase
the energy dissipation. In addition, the weight of the composites may be reduced by 37% while
their ballistic resistance is maintained. The knife drop-tower tests showed that adding the STF
may improve the energy absorption by 20%. The yarn pull-out test demonstrated that the
maximum pull-out force of the STF/Kevlar composites is 3.17 times that of neat Kevlar. The
enhancements in the physical properties were apparently associated with the addition of the
STF. (Majumdar et al., 2013) presented the design methodology for the optimal design of soft
body armour materials by treating Kevlar (para-aramid) fabrics with silica nano-particle based
shear thickening fluid (STF). The effect of silica concentration, padding pressure and diluent:
STF ratio (solvent ratio) were studied on STF add-on% and impact energy absorption.
According to (Majumder et. al., 2013), higher padding pressure enhances the impact energy
absorption by the STF treated Kevlar fabrics although it does not influence the STF add-on%
significantly. It was concluded in the study that higher STF add-on% is necessary but not the
sufficient condition for improving the impact resistance performance of Kevlar fabrics. (Laha
& Majumdar, 2016) studied five different weave structures with varying thread densities of p-
aramid (Technora) yarns, followed by treatment with 60% w/w STF to develop soft armor
materials. In untreated condition, plain woven fabrics showed the highest impact resistance,
followed by 3/1 twill, 2/2 twill, 5 end satin and 2/2 matt. STF treatment improved the impact
resistance performance in all the weave structures and thread densities except for the plain
weave with the highest thread density. The ascending order of weaves in terms of enhancement
in impact energy absorption after STF treatment was exactly opposite to the ascending order
of weaves in terms of impact energy absorption before STF treatment. (Khodadadi et al., 2019)
studied the response of fiber reinforced composite material composed of woven Kevlar fabric
impregnated with a colloidal shear thickening fluid (STF) under high velocity impact loading.
In the study, experimental investigation on effects of silica nanoparticle loading on energy
absorption and ballistic limit was conducted. It was shown that by increasing Nano silica

loading, the force required to pull the yarn out from the fabric impregnated by STF increases.

There have been many attempts made to understand the effect of STF impregnation to
fabric through numerical simulation. The simulation was based on assumption that there is
enhancement of performance of fabric because of sudden increase in inter-yarn friction due to
smart rheological behavior of STF. In similar way, (Lee & Kim, 2012) explored the mechanism

of enhanced energy absorption on impregnation of STF into fabric through a computational
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analysis. A computational study was performed by considering the effect of STF impregnation
on the ballistic performance of STF impregnated fabrics. The proposed computational model
accounts for STF impregnation by employing the experimental results of yarn pull-out tests to
characterize the frictional behavior of the STF impregnated fabric using commercially
available code LS-DYNA. (Giirgen & Kushan, 2017) studied the multi-phase STFs by adding
different amount of silicon carbide (SiC) additives into silica and polyethylene glycol (PEG)
based suspensions. Ballistic impacts on multi-phase STF treated fabrics were carried out using
lead core bullets with the impact speed of ~330 m/s. Based on the results, it was concluded
that multi-phase STFs improve the ballistic performance of high-performance fabrics in
comparison to single-phase STFs. However, the mass efficiency of fabrics has a loss of
performance for high velocity impact conditions. (Hasanzadeh et al., 2017) carried the
experimental and numerical investigation of the impact resistance properties of woven High
Modulus PolyPropylene (HMPP) fabrics impregnated with Shear Thickening Fluids (STFs)
composed of fumed silica nanoparticles suspended in PolyEthylene Glycol (PEG).
Numerically the impact of ogival tip projectile on four layered fabrics using LS-DYNA was
simulated. These numerical studies are focused on correlation between residual velocity to
initial velocity and total energy absorbed. A design methodology for optimal design of ballistic

protective gear using numerical study has not been presented.

In the current research, a methodology is being presented which provides the optimized
performance of the developed ballistic system. In this research, the parameters considered are
mechanical properties of fiber, textile structures such as linear density, fabric sett, inter-yarn

friction and between fabric and projectile, multi-layer fabric system.
4.2 Numerical modelling

The numerical investigation on STF impregnated fabric system is based on frictional
effects between inter-yarn and between projectile and fabric researchers (Gurgen, 2020;
Hasanzadeh et al., 2017; Lee & Kim, 2012; Park et al., 2015). The effect of STF on fabric has
been modelled through enhancement of frictional co-efficient in the inter-yarns. In order to
study the ballistic performance of the STF fabric, it is very important to model the fabric itself.
There are many multi-scale methods proposed to model the fabrics such as the membrane or
micromechanical model (Tanov & Tabiei, 2002; Ivanov & Tabiei, 2004; lvanov & Tabiet,
2002). At present, there are limitations of developed micromechanical model of the fabric
which is based on continuum theory. Aspects such as fibre-fibre interaction, fibre-fibre friction,
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filament-filament friction and interaction, yarn-yarn friction interaction are not addressed. So,
the micromechanical model can’t be used to study the effect of friction on the ballistic
performance of high-performance fabrics. In order to mitigate the limitation of
micromechanical or membrane level modelling researchers have proposed yarn level
modelling which is also known as mesoscale modelling. A 3D finite element analysis model is
created by (Duan et al., 2006) using LS-DYNA to simulate the transverse impact of a rigid
right circular cylinder onto a square patch of plain-woven Kevlar fabric. The fabric is modelled
to yarn level resolution and relative motion between yarns is allowed. A frictional contact is
defined between yarns and between the fabric and the projectile. The effects of inter-yarn
friction on the ballistic performance of woven fabric armour are investigated by (Zeng et al.,
2006). Frictional sliding between yarns is implemented in a computational model of the fabric
that takes the form of a network. Parametric studies have been carried out and it is shown that
the ballistic response of woven fabric is very sensitive to yarn friction when the friction
coefficient is low but insensitive beyond a certain level. It is also shown that very high inter-
yarn friction can lead to premature yarn rupture, thus reducing the ability of the fabric to absorb
impact energy. (Rao et al., 2009) studied impact of a rigid sphere onto a high-strength plain-
weave Kevlar KM2® fabric and carried out the numerical analysis in LS-DYNA. The
influence of friction and material properties on ballistic performance was considered. In the
study, yarns were modelled as continua with modulus and strength dominating along the length.
It was shown that the ballistic performance depends upon friction, elastic modulus and strength
of the yarns. The friction improves the ballistic performance by maintaining the integrity of the
weave pattern, material properties of the yarns have a significant influence on the effect of
friction. (Grujicic et al., 2010) developed and implemented a mesoscale ballistic material model
for a prototypical plain-woven single-ply flexible armor in a material user subroutine for the
use in commercial explicit finite element programs. The main intent of the model was to attain
computational efficiency when calculating the mechanical response of the multi-ply fabric-
based flexible-armor material during its impact with various projectiles without significantly
sacrificing the key physical aspects of the fabric microstructure, architecture, and behavior.
(Minh et al., 2012) proposed yarn level numerical model of ballistic impact on a two-
dimensional Kevlar KM2® plain-woven fabric and validated through experiment. (Nilakantan
et al., 2013) studied the effects of projectile size and shape on the impact response of a single-
layer fully-clamped flexible woven fabric. A numerical finite element study on yarn-level
fabric model with a deterministic implementation of experimental mean yarn tensile strength

and inter-yarn friction was done. The proposed study on micro-scale modelling or fiber-level
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modelling of the fabric require very high computation power in fiber-level modelling. In order
to investigate the ballistic performance of the STF impregnated fabric, it is suggested to utilize

the yarn level modelling of the fabric to reduce the requirement of high computational power.
4.2.1 Geometric modelling

The meso-scale modelling of the fabric has been utilized in this study to optimize the
ballistic performance of the STF impregnated fabric. In meso-scale, yarns are modelled as
continua and for the same LS-PrePost (Yan & Ho, 2018) has been utilized to model the yarn
geometry of plain weave fabric. The yarns per inch (fabric sett) and cross-over of the yarns in
weft and warp direction has been modelled. The yarns can be modelled as planar surface or to
enhance accuracy can be modelled as 3D yarns. The computational requirement will be very
high when the yarns will be modelled using 3 dimensional solid elements. In present study 2D
shell elements are utilized to reduce the computational requirements. The geometry of central
surface has been modelled by using sinusoidal function. The open literatures such as (Bridgens
& Gosling, 2008; Yurgartis et al., 1993) reported that the initial yarn crimp of plain weave
fabric can be modelled using sinusoidal characteristics. The geometrical model described by
(Lee et al., 2012) has been used to create the geometry of the yarns and subsequently entire

fabric. The schematic of yarn has been shown in Figure 4-1.

| z=asin (bx)

Figure 4-1 Schematic of sinusoidal yarn model

The geometrical modelling parameter has been adopted from (Lee et al., 2012) and

shown in Table 4-1.
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Table 4-1 Geometrical modelling parameter (Lee et al., 2012)

Parameters A w d a b tl

Value (mm) 1.64 0.78 0.02 0.11 3.83 0.22

In order to develop the design methodologies for optimum performance level design of
the ballistic armour consisting of STF impregnated fabric system multi-layer fabric system has
been investigated for all possible conditions. The multi-layer fabric system has been modelled

and shown in Figure 4-2.

Single-Layer of Kevlar® KM2 Fabric Double-Layer of Kevlar® KM2 Fabric

Four-Layer of Kevlar® KM2 Fabric Eight-Layer of Kevlar® KM2 Fabric

Figure 4-2 Multi-layer model of the fabric system of fabric sett 30 x 30

4.2.2 Material modelling

In order to study the ballistic performance of the fabric it is important to mechanically
characterize the fabric. In the current study, para-aramid based Kevlar KM2® has been taken.
(Cheng et al., 2005) studied the mechanical properties of Kevlar KM2® at single fiber level.
The mechanical properties reported suggests that the Kevlar KM2® is transversely isotropic.
For a linear elastic, and transversely isotropic material, five material constants are needed to
describe its stress-strain response. In order to model the constitutive behavior in the current
study, MAT_02 ORTHOTROPIC ELASTIC has been used. This material model represents
transverse isotopic properties. For a linear, elastic, and transversely isotropic material, five
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material constants are needed to describe its stress-strain response. The material properties

utilized in this study is adopted from (Cheng et al., 2005) and shown in Table 4-2.

Table 4-2 Properties of Neat Kevlar KM2® Fabric (Cheng et al., 2005)

Fabrics Properties Symbol Values
Kevlar KM2® Young’s Modulus Ell 84.62 GPa
E22=E33 1.34 GPa
Shear Modulus G12=G13=G23 1.34 GPa
Poisson’s Ratio v12=v13=023 0
Density p 1.44 glcc
Tensile Strength Warp 3900 MPa
Tensile Strain (%) Warp 4.5

The failure criteria of the fiber is 3.9 GPa von-mises stress and strain of 4.5 % has been
assigned in MAT_ADD_EROSION.

4.3 Modelling of STF effect on multi-layer fabric system impregnated with STF

In order to develop the optimal design methodologies, numerical investigation on STF
impregnated multi-layer fabric system has been carried. Many researchers (Fahool & Sabet,
2016; Hasanzadeh et al., 2017; Khodadadi et al., 2018; Park et al., 2015) have stated the
beneficial effect of STF through friction enhancement. In the current study, it has been found
that the ballistic performance of the fabric is enhanced by incorporating friction between inter-
yarns. The enhanced performance of the fabric is shown through the residual energy of the
projectile. The projectile velocity for single layer fabric system is shown in Figure 4-3.
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Figure 4-3 Projectile velocity of single layer dry and impregnated fabric with and without
STF effects and fabric sett 30 x 30

Similar findings for the kinetic energy are observed. It is evident from the Figure 4-4
of single layer fabric system that there is enhancement in the absorption of the kinetic energy
of the projectile. The enhancement in the kinetic energy is due to the consideration of STF into
the modelling of the fabric system. The STF behavior is considered through friction between
inter-yarns and projectile  and it has been incorporated through
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE in LS-DYNA. This formulation

incorporates Coulomb’s friction model between surfaces of yarns and projectile.
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Figure 4-4 Kinetic energy of single layer dry and impregnated fabric with and without STF
effects and fabric sett 30 x 30

The various stages of failure of single layer dry fabric system is shown in Figure 4-5.
The von-mises stress in the fabric system shows the propagation of loading wave. It is evident
from the failure stages that there is significant role of boundary condition on the prediction of
the ballistic performances of the fabric system though ballistic impact phenomena is highly
local in nature. In initial stages, there is star shape of the loading wave propagation and later

on these loading waves will concentrate nearer to restrained boundary edges.
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Figure 4-5 Failure stages of single layer dry Kevlar KM2® fabric of fabric sett 30 x 30
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There is substantial improvement in the ballistic performance due to the application of
STF into fabric system. It is evident from the trend-line shown in Figure 4-6. It shows the

residual velocity of the projectile on single layer of fabric sett 30 x30.

Single Layer of 30 x 30 Fabric Sett
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Figure 4-6 Residual velocity of single layer fabric system of having 30 x 30 fabric sett

Similarly, it is evident from the trend-line shown in Figure 4-7 that there is substantial
improvement in the energy absorption of the STF treated fabric system having fabric sett 30x
30.

Single Layer of 30 x 30 Fabric Sett
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Figure 4-7 K.E. absorbed of single layer fabric system of having 30 x 30 fabric sett
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The similar kind of investigation is carried on multi-layer fabric system of having fabric sett
30 x 30. It has been found that there is no significant improvement observed in the residual
velocity of the projectile in double layer fabric system than single layer fabric system.
However, there is significant improvement in the residual velocity of the projectile in quadruple
layer fabric system than the double layer fabric system. The residual velocity of the projectile

for multi-layer fabric system is shown in Figure 4-8.

Multi-Layer of 30 x 30 Fabric Sett
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Figure 4-8 Residual velocity of Multi-layer fabric system of having 30 x 30 fabric sett and
without STF Effects

The kinetic energy absorption by the multi-layer fabric system is shown in Figure 4-9.
The similar observation can be made in case of energy absorption as the residual velocity of

the projectile.
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Figure 4-9 K.E. absorbed of Multi-layer fabric system of having 30 x 30 fabric sett and
without STF Effects

Based upon results of single layer fabric multi-layer fabric system of fabric sett 31x31
has been investigated up-to eight layers of the fabric. A graphical representation of the residual

velocity of the multi-layer STF impregnated system is shown in Figure 4-10.
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Figure 4-10 A graphical representation of residual velocity of multi-layer STF impregnated
fabric system under ballistic impact
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The kinetic energy dissipation over increase in the number of layers of multi-layer

fabric system is observed and a graphical representation is shown in Figure 4-11.
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Figure 4-11 A graphical representation of kinetic energy dissipation through multi-layer
fabric system under ballistic impact

Numerical models developed in this Chapter can be used to determine the optimum
number of fabric layers to achieve better ballistic performance at a standard rating and can be
implemented in the design of ballistic armour. Moreover, these models do not consider the STF
effect directly. Instead friction is considered as a leading parameter. Hence, these models
cannot provide any insight about STF effects on ballistic performance of STF treated fabric.
The smart properties of shear thickening fluid are neglected in these models, and hence the sole
purpose of the implementation of STF through fabric system is still not understood completely.
The smart behavior of STF shows as liquid behavior at shear rates lower than critical value and
solid behavior above critical shear rate. When STF impregnation is modelled by assuming
improvement in the inter-yarn friction than it deviates from its smart behavior. In view of these
findings, the next Chapters discusses about the development and implementation of numerical
model based on modelling of STF as fluid and multi-material ALE technique is adopted in in
LS-DYNA.
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4.4 Conclusion

This Chapter presents the effect of STF on the ballistic performance of STF treated
fabric. The current study shows the various limitation of the modelling approach which were
highlighted in the earlier research. The main disadvantage of friction-based model is that it is
using semi-empirical approach to compute inter-yarn coefficient of friction for STF treated
case. The underlying problem in the approach is that pull-out test can be carried at a particular
pull-out speed. However, the phenomena are extremely dynamic and it requires special
attention to capture the effect of STF. The behaviour of STF significantly changes when the
shear strain rate is changing and hence pull-out test limits the understanding of STF effect as it
is done at constant speed and at fixed shear strain rate will be applied to the STF treated fabric.
Furthermore, this technique is most suitable for a particular velocity range of 150-300 m/s but
beyond this the results obtained from this modelling approach are not reliable. Hence,
subsequent Chapter discusses a new approach to study the effect of STF on fabric. The
modelling approach is based on MM-ALE approach. In MM-ALE approach, STF is modelled
as fluid and fabric as solid and coupling between them is defined. The MM-ALE based STF
treated fabric model is presented in Chapter 5 and chapter 6. However, the friction-based
models can be used to study the multi-layer fabric system and the equations developed to
calculate the residual velocity and kinetic energy can be applied to extrapolate for higher

number of fabric layer in case of MM-ALE approach.
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5 Auser-defined MM-ALE based numerical modelling of shear thickening

fluid under impact

5.1 Introduction

Shear Thickening Fluid (STF) is a dilatant fluid showing smart behavior under different
applied shear strain rate. STF fluid shows sudden rise in viscosity when an external applied
shear rate exceeds from a limit which is known as critical shear rate. This smart behavior of
STF fluid is used for the development of liquid ballistic armour. The available literature
regarding application of STF for the development of STF is comprehensively discussed in
Chapter 2. STF is synthesized from dispersion of Nano-particles of silica and Newtonian fluid
such as PolyEthylene Glycol (PEG). This synthesized homogenous colloidal solution shows
non-Newtonian fluid behavior. The flow visualization of shear thickening fluid is extensively
studied and presented by (Ge et al., 2017; Hassan et al., 2010; Prabhu & Singh, 2021; Wetzel
et al., 2004). This flow visualization is attributed to two kind of possible mechanism of shear

thickening viz
1) formation of hydro-clusters of colloidal Nano-particles of silica, and

2) Increase in contact forces between particles due to instabilities arises in the vicinity of
nano-particles and shear thickening fluid after application of shear strain rate.

The realistic modelling of STF involves modelling of Nano-silica particles as rigid
particles, Newtonian fluid such as PolyEthylene Glycol (PEG) and their interaction based on
above mechanisms. This approach requires a very high computational power as it involves
Nano-scale multi-phase modelling. The modelling of STF as single phase i.e. only fluid
requires data of viscosity vs applied dynamic shear strain rate from rheometric experiments.
The rheometric data of STF is obtained from (Prabhu & Singh, 2021). The subsequent section
of this Chapter presents the modelling approach of STF using rheometric data obtained from

experiments.
5.2 Numerical Modelling

In order to develop the model for STF as a fluid, baseline model is developed and
various formulations in LS-DYNA is validated case in which a rigid ball impacts on a surface
of water using experimental data reported in (Bisagni & Pigazzini, 2018). The developed model

in which a rigid ball is impacting on water at different time is shown in the Figure 5-1. The
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models consist of multi-material fluid and ALE. It has been formulated using 1-point ALE
multi-material element. The material model for water is user-defined material card where
viscosity vs strain rate data has been provided as an input and hence this general user-defined
material card can be utilized to predict any kind of fluid including Non-Newtonian fluid. The
linear polynomial EOS is considered for variation of pressure w.r.t temperature and volume.
The surrounding domain is modelled as Vacuum and hence there will be no need of EOS. This
methodology is computationally fast and efficient. The rigid ball is modelled using default

formulation which is constant stress solid element and rigid material model.

Spherical Ball
(3.76 kq)

- LS-DYNA keyword deck by LS-PrePost

17 Assemhly 1
7] FEM Parts
= Keyword Entity
&= Boundary

= Define
7 Initial
# Set

Dummy ALE: Vacuum
Density: 1073 kg/m3

Water

Y

Figure 5-1 Multi-material ALE Quarter Model of rigid ball impacting on water

5.2.1 Constitutive modelling of fluid

LS-DYNA has robust capabilities of modelling the constitutive behaviour of fluid such
as formulations covered by the following cards: *MAT_NULL, *MAT_ALE_VISCOUS, and
*MAT_SPH_VISCOUS. The MAT_NULL card is the basic material card which can be used
for the constitutive modelling of the fluid. This card can only be applied for ALE formulation

as will not work purely for Lagrangian formulation. For implementing this card with solids or
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thick shells, material must be used with an Equation-of-State (EOS). Pressure cutoff is negative

in tension. A deviatoric viscous stress of the form is given in (5-1),

no_ln l] “« — 2”" né[n l] (5'1)

This card can be applied for any kind of fluid which is having constant dynamic
viscosity i.e. it is not varying w.r.t other parameter. Due to this limitation this card can be
applied for water or Air, which is Newtonian fluid but it cannot be used for non-Newtonian
fluid. The dynamic viscosity of non-Newtonian fluid is changing when an applied external
strain rate is changing. First, the MAT_NULL card is applied to the validation case where rigid
ball is impacting on water surface and then an improved version of material card is
implemented where the variation of dynamic viscosity effect can be introduced in the
modelling. The value of parameters for water in MAT_NULL and later card respectively is

given in Table 5-1.

Table 5-1 Implemented material card of water in LS-DYNA

MAT Density (p), kg Dynamic Viscosity, (Gpa.ms)

mm3

Water 1E-6 1E-9 (USER INPUT CURVE)

The MAT_NULL card requires an EOS to correlate the hydrodynamic state of stress
(normal compression). This EOS is generally calculating the variation of pressure when their
will be change in volume or temperature of the fluid. The EOS_LINEAR_POLYNOMIAL is
used to implement such wvariation in the modelling. The mathematical form of
EOS_LINEAR_POLYNOMIAL is givenin (5-2).

P=CoO0+C1lpu+C2ur2+Cc3u*3+ [(C) (5-2)
4+C5u+C_6u"2)E

Where, p = £ — 1

Po

The parameters of EOS_LINEAR_POLYNOMIAL for water is given in Table 5-2.
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Table 5-2 EOS for water: EOS_LINEAR_POLYNOMIAL(Bisagni & Pigazzini, 2018)

Material CO Cl CZ Cg C4_ C5 C6
(MPa) (MPa) (MPa) (MPa)

Water 0 2723 7727 14660 O 0 0

The material card MAT_ALE_VISCOUS is an improved version of the MAT_NULL
card. In this material card variation of dynamic viscosity can be implemented either using
power law of modelling variation of dynamic viscosity or viscosity can be defined using user
defined curve. The empirical variable dynamic viscosity is typically modelled as a function of

equivalent shear rate based on experimental data.

p(¥') = RK x T}’(RN_I), (Power Law model) (5-3)
For an incompressible fluid (5-3 may be written equivalently as,
u(@) = RK x ™™, (Power Law model) (5-4)

The “overbar” denotes a scalar equivalence. The “dot’’ denotes a time derivative or rate
effect. The “prime” symbol denotes deviatoric or volume preserving components. The
equivalent shear rate component may be related to the basic definition of (small-strain) strain
rate component as follows:

. 1 aui au] ., . Ei(k
=7 \am tax) = &= 80 %u(3) %)

Further the shear strain rate in terms of small strain rate is given by (5-6;
Vi = 2&; (5-6)
Typically, the 2" invariant of the deviatoric strain rate tensor is given by (5-7:

1
Ly =3 | &1 (5-7)

The equivalent (small-strain) deviatoric strain rate is defined as:
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g =2 /12? = |2 ;& 59
5-8

= \/4[8' z2 4 8'232 + églz] + 2[8’112 + 8’222 + 8’322

In non-Newtonian literatures, the equivalent shear rate is sometimes defined as

/yl, Vi _ )
(5-9)

= (4[&, + &2, + &, ] + 2[&3, + &2, + &5 ]

The power law model can be used to model the STF characteristic in LS-DYNA but it
requires acceptable estimation of power law model parameters. The acceptable estimation of
these parameters may be difficult to achieve sometimes and it increases the complicacy of the
simulation. There is another very efficient capability presents in LS-DYNA to implement STF
characteristic by providing empirical dynamic viscosity vs shear strain rate data using user
defined curve. In order to directly feed the empirical rheometric data, a user defined curve is
required as provided by DEFINE_CURVE card. The empirical rheometric data of STF sample
used in the modelling is as shown in Figure 5-3, Figure 5-4, and Figure 5-5. The values of
material card are given in Table 5-3 and density of STF is given in Table 5-4.

Table 5-3 Implemented material card of STF MAT_ALE_VISCOUS in LS-DYNA

MAT Dynamic Viscosity, (Gpa.ms)

STF Varying (Refer Table 5-4) (USER INPUT CURVE) (Refer
Figures showing dynamic viscosity vs
shear rate) Figure 5-3, Figure 5-4, and
Figure 5-5

The density and other critical properties of STF sample is given in Table 5-4. These
values are directly fed in material card to predict the STF characteristic of samples.
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Table 5-4 Properties of shear thickening fluid (STF) samples used in FE models (Prabhu &

Singh, 2021)
STF PEG Wt% Gp Gs STF Critical Critical Shear

density Viscosity Rate (1/s)
(gm/cc) (Pa.s)

1 200 15 1.124 2.3 1.217 68.5 86.7

2 200 20 1.124 2.3 1.252 99.5 71.6

3 200 25 1.124 2.3 1.289 258 61.6

4 200 30 1.124 2.3 1.328 335 56.5

5 300 15 1.125 2.3 1.218 98 76.6

6 300 20 1.125 2.3 1.253 109.8 71.6

7 300 25 1.125 2.3 1.290 268 51.4

8 300 30 1.125 2.3 1.329 355 56.5

9 400 15 1.128 2.3 1.221 88.5 46.4

10 400 20 1.128 2.3 1.256 195 41.3

11 400 25 1.128 2.3 1.293 238 41.3

12 400 30 1.128 2.3 1.331 453 36.3

The MAT_ALE_VISCOUS is an improved version of MAT_NULL and hence it
requires EOS to predict hydrostatic stress (normal compression). In order to define the
hydrostatic stress only bulk modulus is considered and values are adopted from (Rizzo et al.,
2020). The parameters of EOS_LINEAR_POLYNOMIAL for shear thickening fluid is given
in Table 5-5.
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Table 5-5 EOS for STF: EOS_LINEAR_POLYNOMIAL (Rizzo et al., 2020)

Material CO Cl CZ Cg C4_ CS C6
(MPa) (MPa) (MPa) (MPa)

Water 0 3000 0 0 0 0 0

The MAT_SPH_VISCOUS is another material card which can be used to simulate the
STF characteristic in LS-DYNA. This material card is only applied to smooth particle
hydrodynamics (SPH) nodes. This material card can also implement user defined dynamic
viscosity of fluids and hence can be used where high stability in the simulation is required.
Similar to previous material cards this material card also requires EOS to predict the hydrostatic
stress in the fluid. Furthermore, for shear thinning behavior, this model utilizes Cross viscous

model. The quarter model of STF and its domain is shown in Figure 5-2.

Spherical Ball
(3.76 kg)

- LS-DYNA keyword deck by LS-PrePost

=7 Assembly 1
77 FEM Parts
1 Keyword Entity
= Boundary
1 Define
7 Initial
& Set

Dummy ALE: Vacuum
Density: 1073 kg/m3

Smart thickening
fluid

Y

Figure 5-2 Multi-material ALE Quarter Model of rigid ball impacting on shear thickening
fluid
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Figure 5-3 A graphical representation of variation of dynamic viscosity w.r.t. shear strain rate
of STF samples having varying weight % fraction of 200 nm fumed silica and 200 molecular
weight of Polyethylene Glycol
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Figure 5-4 A graphical representation of variation of dynamic viscosity w.r.t. shear strain rate
of STF samples having varying weight % fraction of 200 nm fumed silica and 300 molecular
weight of Polyethylene Glycol
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Figure 5-5 A graphical representation of variation of dynamic viscosity w.r.t. shear strain rate
of STF samples having varying weight % fraction of 200 nm fumed silica and 400 molecular
weight of Polyethylene Glycol

5.3 Coupling between fluid and rigid sphere

Fluid Structure Interaction (FSI) is implemented using coupling type penalty-based
coupling formulation between fluid and solid in CONSTRAINED LAGRANGE_IN_SOLID
card. Since, the mesh of two domains are not uniform the number of coupling points are
distributed over each coupled Lagrangian surface, the segment is set to be 3 for optimal
performance and computation time. Higher values increase the computational time. The fluid
only resists the normal compression and shear when it interacts with rigid body. The coupling
direction is normal compression only and coefficient of friction between fluid and solid is set
as 1x10%. The infinite value of coefficient of friction is set to achieve no slip wall boundary
condition between fluid and rigid body. All other values in the coupling are set as default

values.
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5.4 Results and Discussion

Figure 5-6 A pictorial representation of a rigid ball impacting on surface of water at different
time frame.
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The residual acceleration from the numerical simulation when compared with (Bisagni
& Pigazzini, 2018) are in good agreement. The graphical representation of the residual

acceleration is shown in Figure 11.

80 T T T T \

— X— - Experimental Res. Acceln.

— =%— - Numerical Res. Acceln. (Paper)
x —©O©— Numerical Res. Acceln. (Current)

70F Q

60

Residual acceleration, [g]
S [$))
o o

w
o

20

Time in ms

Figure 5-7 A graphical representation of comparison of residual acceleration from
experiment, numerical results from the paper, and numerical simulation in this thesis from
rigid ball impacting on the water

Further, similar modelling has been carried out by replacing water to shear thickening
fluid. For simplicity only, bulk modulus of the shear thickening fluid is considered in the EOS
card. The numerical simulation has been conducted to understand the impact performance
using different developed shear thickening fluid under varying viscosity w.r.t shear strain rate,
and sphere velocity. In order to perform numerical simulation of STF under impact, the user-
defined viscous fluid material card requires viscosity data w.r.t shear strain rate. The properties
of STF greatly varies based on the type of solid nanoparticles, medium in which it is blended
like polyethylene glycol, filler materials. and the synthesising technique. The sonochemical
method is the most suitable method to achieve best rheological properties of STF (Prabhu &
Singh, 2021). The STF is further tested to get the rheological data using rheometer. The
rheological data is provided as an input in the numerical model to simulate the STF fluid. The
same modelling technique as detailed earlier is followed and STF is characterized numerically

under impact.

80
TH-2901_166104039



140 T T T T \

— X—-15 wt% 200 nm SiO2, PEG200
— =4— - 15 wt% 200 nm SiO2, PEG300
—6— 15 wt% 200 nm SiO2, PEG400

120

100

80

60

Residual acceleration, [g]

40

Time in ms

Figure 5-8 A graphical comparison of residual acceleration of STF sample having varying
molecular weight of Polyethylene Glycol and 15 weight % fraction of 200 nm fumed silica
under rigid sphere impact

The obtained residual acceleration data from numerical simulation is graphically shown
in Figure 12 for 15 wt. % of 200 nm size fumed silica blended into PEG200, PEG300, and
PEG400 (Polyethylene glycol: molecular weight 200, 300, and 400 respectively). The residual
acceleration of the rigid sphere is considered because it gives and indirect estimation of the
force experienced by sphere during impact. It can be inferred that higher the retarding
acceleration, better will be the impact performance. It is observed from the figure that the
behavior of residual acceleration of STF of 15 wt. % of 200 nm size fumed silica blended into
PEG200, PEG300, and PEG400 is similar, and it does not depend significantly upon different
types of PEG. The reason for such impact behavior is due to the similar rheological properties
of STF for different polyethylene glycol and same weight % of fumed silica. The critical
viscosity at critical strain rate obtained from the experiment for 15 wt. % of 200 nm size fumed
silica blended into PEG200, PEG300, and PEG400 is 68.5 Pa.s, 98 Pa.s, and 88.5 Pa.s
respectively. The variation in the critical viscosity of the STF from 15 wt. % of 200 nm size
fumed silica blended into PEG200, PEG300, and PEG400 is not significant and hence their

impact characteristics are similar.
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Figure 5-9 A graphical comparison of residual acceleration of STF sample having varying
molecular weight of Polyethylene Glycol and 20 weight % fraction of 200 nm fumed silica
under rigid sphere impact

The obtained residual acceleration data from numerical simulation is graphically shown
in Figure 13 for 20 wt. % of 200 nm size fumed silica blended into PEG200, PEG300, and
PEGA400 (Polyethylene glycol: molecular weight 200, 300, and 400 respectively). It is observed
from the figure that the behavior of residual acceleration of STF of 20 wt. % of 200 nm size
fumed silica blended into PEG200, PEG300, and PEG400 is similar and more or less does not
depend upon different types of PEG. The reason for such impact behavior is due to similar
rheological properties of STF for different polyethylene glycol and same weight % of fumed
silica. The critical viscosity at critical strain rate obtained from the experiment for 20 wt. % of
200 nm size fumed silica blended into PEG200, PEG300, and PEG400 is 99.5 Pa.s, 109.8 Pa.s,
and 195 Pa.s respectively. The variation in the critical viscosity of the STF from 20 wt. % of
200 nm size fumed silica blended into PEG200, PEG300, and PEG400 is not significant and

hence their impact characteristics are similar.
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Figure 5-10 A graphical comparison of residual acceleration of STF sample having varying
molecular weight of Polyethylene Glycol and 25 weight % fraction of 200 nm fumed silica
under rigid sphere impact

The obtained residual acceleration data from numerical simulation is graphically shown
in Figure 14 for 25 wt. % of 200 nm size fumed silica blended into PEG200, PEG300, and
PEG400 (Polyethylene glycol: molecular weight 200, 300, and 400 respectively). It is observed
from the figure that the behavior of residual acceleration of STF of 25 wt. % of 200 nm size
fumed silica blended into PEG200, PEG300, and PEG400 is similar and more or less does not
depend upon different types of PEG. The reason for such impact behavior is due to similar
rheological properties of STF for different polyethylene glycol and same weight % of fumed
silica. The critical viscosity at critical strain rate obtained from the experiment for 25 wt. % of
200 nm size fumed silica blended into PEG200, PEG300, and PEG400 is 258 Pa.s, 268 Pa.s,
and 238 Pa.s respectively. The variation in the critical viscosity of the STF from 25 wt. % of
200 nm size fumed silica blended into PEG200, PEG300, and PEG400 is not significant and

hence their impact characteristics are similar.
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Figure 5-11 A graphical comparison of residual acceleration of STF sample having varying
molecular weight of Polyethylene Glycol and 30 weight % fraction of 200nm fumed silica
under rigid sphere impact

The obtained residual acceleration data from numerical simulation is graphically shown
in Figure 15 for 30 wt. % of 200 nm size fumed silica blended into PEG200, PEG300, and
PEG400 (Polyethylene glycol: molecular weight 200, 300, and 400 respectively). It is observed
from the figure that the behavior of residual acceleration of STF of 30 wt. % of 200 nm size
fumed silica blended into PEG200, PEG300, and PEG400 is similar and more or less does not
depend upon different types of PEG. The reason for such impact behavior is due to similar
rheological properties of STF for different polyethylene glycol and same weight % of fumed
silica. The critical viscosity at critical strain rate obtained from the experiment for 30 wt. % of
200 nm size fumed silica blended into PEG200, PEG300, and PEG400 is 335 Pa.s, 355 Pa.s,
and 453 Pa.s respectively. The variation in the critical viscosity of the STF from 30 wt. % of
200 nm size fumed silica blended into PEG200, PEG300, and PEG400 is not significant and
hence their impact characteristics are similar.
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Figure 5-12 A graphical comparison of residual acceleration of Water and STF samples
having varying weight % fraction of 200 nm fumed silica and 200 molecular weight of

The impact characteristic of STF comprised of different weight percentage of 200 nm
size silica and PEG200 is obtained numerically and its graphical representation is shown in
Figure 16. From the figure it is observed that the residual acceleration values are approximately
twice for all STF as compared to standard validated water model. Also, impact characteristics
of STF having quantity of 200 nm fumed silica of 25% and 30 % of weight fraction is similar
and better as compared to 200 nm fumed silica of 25% and 30 % of weight fraction in the same
media. The reason is that it is at its critical viscosity. The critical viscosity for 15 wt %, 20 wt
%, 25 wt%, and 30 wt % and PEG 200 is 68.5 Pa.s, 99.5 Pa.s, 258 Pa.s, and 335 Pa.s. The
critical viscosity of 15 wt %, and 20 wt% lies in the same range while the critical viscosity of

Time in ms

Polyethylene Glycol under rigid sp

here impact

STF comprised of 25 wt%, and 30 wt% may be falling in the same category.
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Figure 5-13 A graphical comparison of residual acceleration of Water and STF samples
having varying weight % fraction of 200 nm fumed silica and 300 molecular weight of
Polyethylene Glycol under rigid sphere impact

The similar observation was found for the PEG 300. The impact characteristic of STF
comprised of different weight percentage of 300 nm size silica and PEG300 is obtained
numerically and its graphical representation is shown in Figure 17. From the figure, it is
observed that the residual acceleration values are approximately twice for all STF as compared
to standard validated water model. Also, impact characteristics of STF having quantity of 300
nm fumed silica of 25% and 30 % of weight fraction is similar and better as compared to 300
nm fumed silica of 25% and 30 % of weight fraction in the same media. The reason is the
critical viscosity of the STF. The critical viscosity for 15 wt %, 20 wt %, 25 wt%, and 30 wt %
and PEG 300 is 98 Pa.s, 109.8 Pa.s, 268 Pa.s, and 355 Pa.s. The critical viscosity of 15 wt %,
and 20 wt% lies in the same range while the critical viscosity of STF comprised of 25 wt%,

and 30 wt% may be falling in the same category.
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Figure 5-14 A graphical comparison of residual acceleration of Water and STF samples
having varying weight % fraction of 200 nm fumed silica and 400 molecular weight of
Polyethylene Glycol under rigid sphere impact

The impact characteristic of STF comprised of different weight percentage of 400 nm
size silica and PEG400 is obtained numerically and its graphical representation is shown in
Figure 18. From the figure, it is observed that the residual acceleration values are
approximately twice for all STF as compared to standard validated water model. Also, impact
characteristics of STF having quantity of 400 nm fumed silica of 25% and 30 % of weight
fraction is similar and better as compared to 400 nm fumed silica of 25% and 30 % of weight
fraction in the same media. The is its critical viscosity. The critical viscosity for 15 wt %, 20
wt %, 25 wt%, and 30 wt % and PEG 400 is 68.5 Pa.s, 99.5 Pa.s, 258 Pa.s, and 335 Pa.s. The
critical viscosity of 15 wt %, and 20 wt% lies in the same range while the critical viscosity of

STF comprised of 25 wt%, and 30 wt% may be falling in the same category.

5.5 Conclusion

In this chapter MM-ALE based modelling approach of Shear Thickening Fluid is
developed. The LS-DYNA has robust capabilities to simulate the shear thickening fluid, and
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for this various material cards in MM-ALE modelling approach are investigated. The
modelling approach adopted in this research is of macro-level modelling of STF where STF is
treated as one phase material. The rheology of STF is experimentally determined and
implemented in the model. Based on the variation of nano-silica particle and polyethylene
glycol a total of 12 different samples of STF is implemented in the modelling of STF. The de-
acceleration of sphere for STF sample having same weight percent of silica particle and
different polyethylene glycol is more or less same. Also, the residual velocity is same for all
STF samples having same weight percent of nano-silica and different polyethylene glycol.
There is decrease in the residual velocity where weight percent of the silica particle is
increasing in the STF sample. The MM-ALE based approach overcomes the limitations of
friction-based models. The model proposed in this Chapter will be used to integrate with neat
fabric. The integrated MM-ALE approach will be used to the ballistic performance of the fabric
impregnated with STF and presented in Chapter 6.
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6 Multi-scale MM-ALE based numerical modelling of STF impregnated

fabric under ballistic impact

6.1 Introduction

The light weight and flexible armour whose performance match as per NIJ standards is
presented in this Chapter. The most common method to develop flexible armour is to utilize
high performance ballistic fabric such as Kevlar® KM2. Further the performance of these neat
fabric can be enhanced after shear thickening fluid treatment. The advantages of such method
are discussed and highlighted in Section 2.3 of Chapter 2. Many researchers show the benefits
of treating fabric to STF fluid such as significant improvement in the ballistic performance
without or insignificant compromising in the flexibility (Arora et al., 2020; Laha & Majumdar,
2016; Majumdar et al., 2013; Wetzel et al., 2004). The enhancement technique is studied
extensively by researchers using experimental as well as numerical technique. The numerical
technique employed is based on modelling approach of fabric as well as STF fluid. Generally,
modelling of fabric involves multi-scale modelling approach where a fabric can be modelled
from continuous to fiber level modelling by utilizing the principle of mechanics of materials.
The scale of fabric varies depending upon accuracy and efficiency requirements from fiber
level to micro-mechanical modelling. Fiber level modelling is more accurate as compared to
filament level; filament level is more accurate as compared to yarn level; and yarn level is more
accurate as compared to micro-mechanical level but the improved accuracy comes at the cost
of high computational power which may be proven to be inefficient for higher resolution
modelling approach. Furthermore, interaction of various constituents of fabric will be
interacting with each other and the interactions such as yarn-yarn interaction, filament-filament
interaction, and fiber-fiber interaction should be considered. It is well established that the
performance of ballistic fabric depends upon these interactions (Briscoe & Motamedi, 1992;
Dong & Sun, 2009; Duan et al., 2005; Ha-Minh et al., 2012; Nilakantan et al., 2010; Wang et
al., 2016; Zeng et al., 2006). Since, micromechanical models does not account for these
interactions, and hence this approach will be not used for evaluation of ballistic performance
of the fabric. Furthermore, fiber and filament level modelling require very high computational
cost as compared to yarn-level modelling and produces slightly improved results. Based on
these facts, yarn level models (also known as meso-scale models) of fabric produce acceptable
results with economical computational cost and considering of yarn-yarn interaction effect.

The yarn level modelling provides great opportunities to model the effect of STF fluid
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interaction to the fabric. Many researchers implemented the mechanism of STF fluid
interaction in STF treated fabric through incorporating altered inter-yarns friction (Glrgen,
2020; Gurgen et al., 2017; Khodadadi et al., 2018; Lee & Kim, 2012; Mirrahimi et al., 2017).
It was proposed that STF significantly improves the inter-yarn friction and subsequently, the
ballistic performance of the fabric. The inter-yarn friction is determined for STF treated fabric
using pull out test following similar procedure for neat fabric. The results from the pull-out test
is simulated using meso-scale modelling of the fabric. The inter-yarn friction is implemented
based on coulomb’s friction model as discussed in Section 3.3 of Chapter 3. The process of
determining inter-yarn friction based on pull-out test and coulomb’s friction model is known
as semi-empirical approach. The modelling of STF treated fabric based on inter-yarn friction
is vastly applied to study the ballistic performance of the fabric but this approach has
limitations. The inter-yarn friction model requires coefficients of friction between yarns of
treated fabric and it is very difficult to achieve at various pull-out speed. There will be always
limited scope to implement friction-based model at different pull-out speed and hence there
will be always chance to ignore the effect of STF at different strain rate. The friction-based
models do not provide insight regarding STF effect on ballistic performance of the fabric. The
only advantage of friction-based models is that they are computationally very fast and efficient
too but they fail to properly simulate the ballistic impact of STF treated fabric. The proper
modelling of STF is required to account the STF effect on the fabric. There is limited literature
available which discusses this approach. (Sen et al., 2019) describes coupled Eulerian-
Lagrangian approach to model the ballistic impact behaviour of STF treated fabric. The STF is
modelled as fluid using Eulerian approach while fabric is modelled as Lagrangian approach
and the coupling between both is defined to simulate fluid structure interaction. It has been
shown that the numerical model produces results in good agreement with the experimental
results. The outcome of the developed model based on CEL approach is that it successfully

replicates impact behavior of STF treated fabric.

In the current research, Fluid Structure Interaction (FSI) approach will be used in which
the model considers the interaction of STF to the fabric through modelling STF as a Eulerian
domain and fabric as Lagrangian domain and their mutual interaction is far superior, better and
realistic modelling approach than modified friction-based models. In order to model FSI
problem a commercial package LS-DYNA is used. The arbitrary-Lagrangian-Eulerian
approach which is synonymous to the CEL approach is applied to model the fluid structure

interaction. The proposed model is applied to study the impact behavior of STF treated fabric
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as per NIJ standards. The four ballistic rating is considered for the present investigation and

reported in this Chapter.
6.2 Numerical Modelling

The numerical model of fluid structure interaction consists of modelling of fabric, shear
thickening fluid and their mutual interaction through strong coupling between them. The
modelling strategy is based on multi-material arbitrary Lagrangian Eulerian (MM-ALE). In
MM-ALE approach shear thickening fluid is formulated using Eulerian approach while high-
performance fabric is formulated using Lagrangian approach. An additional card is used to
define the coupling between Eulerian and Lagrangian domain. The additional vacuum domain
is also modelled to retain STF domain otherwise it will be deleted in the simulation when it

crosses the boundary of the domain.
6.2.1 Modelling of threat: Projectile

The projectile configuration used for the validation is adopted from (Lee & Kim, 2012).
The other projectiles for the study use different projectile which conforms to the N1J standard
and the parameters implemented in simulation is presented in Table 6-1. All the projectiles are
considered to be hemi-elliptical and the material is lead having varying mass and velocity.

Table 6-1 Bullet specification used in FE models

Rating Bullet Bullet Bullet Material Shape Bullet Characteristic

diameter Length weight Velocity Strain  rate
(mm) (mm)  (gm) (mfs) (1/s)
I 5.72 9.83 2.6 Lead Hemi- 332 58041.96
elliptical
1A 9.03 1054 8 Lead Hemi- 344 38095.24
elliptical
I 9.03 1054 8 Lead Hemi- 370 40974.53
elliptical
A 9.03 1054 8 Lead Hemi- 441 48837.21
elliptical
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6.2.2 Modelling of fabric

The modelling of the fabric adopted is meso-scale (yarn level models) based models.
The modelling strategies at yarn level has been discussed in Chapter 3. The inter-yarn friction
coefficients for neat fabric is implemented and defined in CONTACT_CARD. The co-efficient
of friction for STF treated fabric in MM_ALE approach is adopted as discussed in the previous
Chapters. The co-efficient of inter-yarn friction is same as given in Table 3-3 Parameters of
Coulomb’s friction model (Lee & Kim, 2012) For the validation of MM-ALE based model the
experimental results by (Lee & Kim, 2012) is used in this study. The boundary condition of
neat fabric is two side fixed and two side free. The size and fabric type are same as discussed
in Chapter 2. Further, the current study is extended for projectile confirming to NIJ standard.
The boundary condition of fabric for later case is circular clamped and hence all the node
beyond the circle will be constrained DOF in all direction. The STF effect is implemented using
MM-ALE approach which is discussed in Sub-section 6.2.3 and 6.2.4.

6.2.3 Modelling of STF: MM-ALE Technique

The modelling of STF behavior in LS DYNA is implemented using MM_ALE
technique and the procedure for the modelling is same as described in Chapter 5. Further, the
model is validated using rheometric data from (Lee et al., 2009). The rheometric data of STF
sample for the validation is as shown in Figure 6-1. Further, the order of characteristic strain
rate in case of ballistic impact is 10* s=* (see Table 6-1) and the STF data corresponds to
maximum strain rate of 500 s~1. Since, the STF data is limited up to 500 s~1 strain rate, it is

assumed that the dynamic viscosity will be constant beyond the maximum strain rate.
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Figure 6-1 A graphic representation of Rheological data of STF sample 500nm SCS (65 % by
weight) (Lee et al., 2009)

6.2.4 Modelling of coupling between fluid and lagrangian domain

The strong coupling between fluid and lagrangian domain is defined using
CONSTRAINED_LAGRANGE_IN_SOLID card in LS-DYNA. The method and procedure
described in Section 5.3 of Chapter 5 has been adopted. The developed model to study the
effect of STF on neat fabric is as shown in Figure 6-2 and the same model is used for validation

as shown in Figure 6-3.
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Figure 6-2 A graphical representation of MM-ALE based quarter FE model of STF
impregnated to fabric having boundary Conditions: Two edges Fixed and Two Edges Free;
Sample Size: 101.6 x 101.6 mm.
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Figure 6-3 A graphical representation of MM-ALE based FE model of STF impregnated to
fabric interacting with projectile having boundary Conditions: Two edges Fixed and Two
Edges Free; Sample Size: 101.6 x 101.6 mm.

6.3 Results and discussion

This section presents the results obtained from numerical modelling of different
configurations for instance dry fabric, STF treated fabric based on friction models of fabric and
MM-ALE based models. The computational model details of friction and MM-ALE based
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models are shown in Table 6-2. he double precision mechanical solver is used to solve the
defined computational model in an available commercial package LS-DYNA® having SMP
(Symmetric Multi-Processing) license and on a CPU consisting of single count processor of
Ryzen™ 9 3900x, 12 cores and RAM 32 GB DDR4 3200 Mhz.

Table 6-2 Comparison of model complexity between friction-based model and MM ALE
model (4 layers of fabric)

Element Type Friction-based Model MM-ALE based Model
Nodes 661010 1867710

Shells 517584 517584

Solids 378 1154080

Rigid Elements 378 378
Deformable Elements 517584 1671286

Total Elements 517962 1671664

The results obtained from friction-based model and MM-ALE based model is compared
and found that MM-ALE model is more efficient as compared to friction-based models.
Moreover, MM-ALE method only requires empirical rheometric data can be obtained from
experiment for the design of STF treated ballistic armour. The MM-ALE method is used to
predict the behavior of multi-layer fabric system under projectile impact and results for

different sample of STF is compared to characterize the STF sample.
6.3.1 Modelling of high-performance neat fabric

The finite element model of the neat fabric is shown in Figure 6-4. The model accurately
represents the ballistic behavior of the neat fabric. The accurate simulation of ballistic behavior
of neat fabric is very important as the same model will be used to integrate into STF fluid using
MM-ALE method. The numerical results of neat fabric at various projectile velocity is shown
in Figure 3-3. It is very important for a model to accurately capture the ballistic behavior of
neat fabric at different velocity and the model is accurately simulating ballistic performance of

neat fabric at different initial velocity of projectile.
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Figure 6-4 A graphic representation of model validation of neat fabric

6.3.2 Multi-Material-ALE based modelling of STF impregnated fabric

Many researchers proposed that STF behavior can be captured by altering inter-yarn
friction of the fabric (Girgen, 2020; Gurgen et al., 2017; Khodadadi et al., 2018; Lee & Kim,
2012; Mirrahimi et al., 2017). The inter-yarn friction coefficients have been calculated using
semi-empirical approach. The semi-empirical approach provides coefficients of inter-yarn

friction in two steps

1) Pull out test on STF treated fabric gives experimental relations between pull-out

force and displacement
2) The same pull-out test is validated numerically by altering inter-yarn frictions.

The validated pull-out test provides inter-yarn friction coefficients for STF treated
fabric which is used later to study the ballistic behavior of STF treated fabric. The whole
process is complex and there may be possibility of not achieving the desired outcome.
Moreover, there are limitations due to the varying speed at which pull-out test is carried. Hence,
this process not widely used for different velocities of the projectile. The STF treated fabric is
modelled using friction-based model and is presented here for comparative purpose. The finite
element model of STF treated fabric using friction-based model is shown in Figure 6-5.
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Figure 6-5 A graphic representation of model validation of STF treated fabric using friction-
based model

Table 6-3 Experimental results of four layers of STF treated fabric under spherical rigid
projectile of mass 5.52 gm and diameter 7.62 mm (Lee & Kim, 2012)

Initial Velocity (m/s) Residual Velocity (m/s) K. E. Dissipation (J)
102 47.90 20.32
151 108.54 27.92
214 179.49 34.01
242 214.06 32.31
269 243.16 33.28
280 254.68 32.37
316 300.77 24.70
385 374.75 17.04

The numerical model is validated using experimental results from (Lee & Kim, 2012).

The experimental results used to compare both models are tabulated in Table 6-3.
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Table 6-4 Results from friction-based models of STF treated fabric under spherical rigid

projectile of mass 5.52 gm and diameter 7.62 mm

Initial Residual K. E. Absolute Error Absolute Error
Velocity Velocity Dissipation  Residual velocity Dissipated energy
(m/s) (m/s) @)] (m/s) @)
102.00 -9.35 28.47 57.25 8.15
151.00 14.61 62.34 93.93 34.42
214.00 175.92 40.98 3.57 6.97
242.00 213.05 36.35 1.01 4.04
269.00 254.25 21.30 11.09 11.98
280.00 266.53 20.32 11.85 12.05
316.00 308.18 13.46 7.41 11.24
385.00 380.45 9.62 5.7 7.42
Coefficient of variance (COV) of errors 140% 79%
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Table 6-5 Results from MM-ALE based models of STF treated fabric under spherical rigid
projectile of mass 5.52 gm and diameter 7.62 mm

Initial Residual K. E. Absolute Error Absolute Error
Velocity Velocity Dissipation  Residual velocity —Dissipated energy
(m/s) (m/s) J) (m/s) J)
102.00 33.51 25.62 14.39 5.3
151.00 111.19 28.81 2.65 0.89
214.00 185.31 31.62 5.82 2.39
242.00 217.06 31.59 3 0.72
269.00 249.23 28.27 6.07 5.01
280.00 260.45 29.16 5.77 3.21
316.00 299.72 27.67 1.05 2.97
385.00 369.77 31.74 4.98 14.7
Coefficient of variance (COV) of errors 74% 102%

The error for both models is calculated and given in Table 6-4 and Table 6-5. The MM-
ALE based model is accurately capturing ballistic performance of the STF treated fabric. The
coefficient of variance (COV) is a statistical measure of the relative dispersion of data points
in a data series around the mean. Furthermore, the COV for both models is computed using the
error vales from all projectile velocities. The computed COV for friction-based model and
MM-ALE based model is given along with Table 6-4 and Table 6-5 respectively. Based on
comparison of COV, the MM-ALE based model is predicting ballistic parameter accurately as
compared to friction-based model for a very wide range of velocity. Further, a graphical
comparison of ballistic performance of STF treated fabric using both models is also shown in
Figure 6-6, Figure 6-7, Figure 6-8, and Figure 6-9. The friction-based model is fairly accurate
for mid-range of initial projectile velocities while it produces poor results at low and high
velocities. The reason for this deviation could be the use of same inter-yarn coefficients of

friction for all initial projectile velocities. Furthermore, the prediction of ballistic performance
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using friction-based model shows over rigid behavior at lower velocities and under rigid
behavior at higher velocities. The unrealistic high value of inter-yarn coefficient of friction at
low velocities restrict the movement of yarns at cross-over and hence predicts over rigid
behavior. However, at higher velocities the premature failure of yarns took place due to inter-
yarn coefficient of friction value higher than the optimum coefficient of friction. The high inter-
yarn coefficient of friction restricts the movement of yarns and hence the stresses will be
concentrated due to hinderance in the propagation of strain wave. Moreover, the viscous
damping is neglected in the friction models and hence the under rigid behavior is obtained in

these models.
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Figure 6-6 A graphic comparison of residual velocity of a projectile for STF impregnated
fabric from a model based on inter-yarn friction and experimental values.

101
TH-2901_166104039



m | ee et. al. Experimental (STF) m Present Validation (STF-MM-ALE based Model)

400

w
wl
o

300

25
i “ ||
102 151 214 242 269 280 316 385

Initial Velocity of Projectile (m/s)

= =
o Ul
o o o o

Residual Velocity of Projectile (m/s)
(9]
o

Figure 6-7 A graphic comparison of residual velocity of a projectile for STF impregnated
fabric from a model based on MM-ALE technique and experimental values.
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Figure 6-8 A graphic comparison of dissipated kinetic energy of a projectile for STF
impregnated fabric from a model based on inter-yarn friction and experimental values.
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Figure 6-9 A graphic comparison of dissipated kinetic energy of a projectile for STF
impregnated fabric from a model based on MM-ALE technique and experimental values.

6.3.3 Ballistic performance of STF impregnated multi-layer fabric system using MM-ALE

approach

In the previous section friction and MM-ALE based models are compared and shown
that the MM-ALE based model is found suitable for wide range of initial projectile velocities.
The objective of this thesis is to present the design guidelines and methodology for ballistic
threats BR I, 1IA. Il, and IlIA conforming to NIJ standards. The specification about these
threats are given in Table 6-1. The initial velocities of these projectile are very high and hence
the MM-ALE based technigue should be adopted to predict the ballistic response of STF treated
fabric system. Based on the rationale, the MM-ALE method is adopted to subsequently predict
the ballistic response of STF treated fabric under the impact of projectile given in Table 6-1.
The variation in the parameter of STF treated fabric is as such number of fabric layers, and
type of STF sample. The physical properties of STF treated fabric sample is computed and
given in Table 6-6. These properties will be used to compare the ballistic performance of STF
treated fabric sample. Particularly, areal density of each sample will be used to normalize the
kinetic energy dissipation to provide an insight of the optimum ballistic performance of the

system.
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Table 6-6 Physical specification of STF treated high performance fabric sample

Fabric STF Sample Total Area Sample Total wt. Sample Areal
Layers (mm?) (kg) density (gm/cm?)

4 1 2766.76 0.01135 0.41

4 4 2766.76 0.0116 0.42

4 8 2766.76 0.0116 0.42

4 12 2766.76 0.0116 0.42

8 1 2766.76 0.0227 0.82

8 4 2766.76 0.0232 0.84

8 8 2766.76 0.0232 0.84

8 12 2766.76 0.0232 0.84

12 1 2766.76 0.03405 1.23

12 4 2766.76 0.0348 1.26

12 8 2766.76 0.0348 1.26

12 12 2766.76 0.0348 1.26

16 1 2766.76 0.0454 1.64

16 4 2766.76 0.0464 1.68

16 8 2766.76 0.0464 1.68

16 12 2766.76 0.0464 1.68
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Table 6-7 Results from MM-ALE based models of PEG 200 and 15 wt. % of Nano-silica

STF treated fabric.

No. of Ballistic Residual K. E. Areal E_diss/Areal
Layers rating Velocity Dissipated  Density density
4 I 280.44 39.97 0.41 97.488
8 I 70.01 136.96 0.82 167.024
12 I 10.23 143.20 1.23 116.423
16 I -30.00 143.33 1.64 87.396
4 A 318.86 59.38 041 144.829
8 A 86.01 438.28 0.82 534.483
12 A 16.03 466.84 1.23 379.541
16 A -22.15 467.86 1.64 285.28
4 I 352.40 49.92 0.41 121.756
8 I 91.25 514.29 0.82 627.187
12 I 35.10 542.70 1.23 441.219
16 I 10.40 547.20 1.64 333.659
4 A 389.46 91.15 041 222.317
8 A 97.21 740.08 0.82 902.536
12 A 60.08 763.48 1.23 620.715
16 A 35.03 772.98 1.64 471.329

The predicted results obtained from MM-ALE based numerical model of PEG 200 and
15 % wt. of nano-silica STF treated sample is presented in Table 6-7. Further, the variation of
residual velocity of projectile for the PEG 200 and 15% wt. of nano-silica have been graphically

shown in Figure 6-10. Furthermore, the residual velocity of the projectile is decreasing with
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the increase in the number of fabric layers for specific rating of the projectile. However, the
magnitude of decrease in the residual velocity of the projectile is dropping significantly with
the increase in the number of fabric layers and follows asymptotic curve. This could be due to
the restricted propagation of strain waves in multi-layer system and accumulation of stresses
in the vicinity of the projectile hit area. Further, the Figure 6-10 also contains the trendline
equation for residual velocity of projectiles which is used to calculate the required number of
layers to stop the projectiles of designated ratings. Depending upon variation of residual
velocity the normalization of dissipated kinetic energy is done and the variation of the
normalized dissipated kinetic energy of the projectiles have been graphically shown in Figure
6-11.
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Figure 6-10 A graphic representation of variation of residual velocity of projectiles impacting
multi-layer STF impregnated high performance fabric with STF sample having PEG 200 and
15 weight percent of nano silica under ballistic impact of different ballistic ratings.

The normalized dissipated Kinetic energy increases with the increase in number of
layers up to a critical layer and after onwards the dip is observed in the variation. The variation
in the normalized dissipated kinetic energy will provide an insight about optimum design of

STF treated fabric system respective to weight of the armour system.
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PEG 200 and 15 Weight percent of nano silica
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Figure 6-11 A graphic representation of variation of normalized dissipated kinetic energy of
multi-layer STF impregnated high performance fabric with STF sample having PEG 200 and
15 weight percent of nano silica under ballistic impact of different ballistic ratings.

107
TH-2901_166104039



Table 6-8 Results from MM-ALE based models of PEG 200 and 30 wt. % of Nano-silica

STF treated fabric.
No. of Ballistic Residual K. E. Areal E_diss/Areal
Layers rating Velocity Dissipated  Density density
4 I 230.18 70.40 0.42 167.631
8 I 57.45 139.04 0.84 165.522
12 I 5.27 143.30 1.26 113.728
16 I -32.31 143.33 1.68 85.315
4 A 309.35 82.82 0.42 197.19
8 A 77.22 444 .01 0.84 528.584
12 A 10.26 467.46 1.26 371
16 A -15.56 466.96 1.68 277.952
4 I 340.61 81.49 0.42 194.024
8 Il 85.02 518.69 0.84 617.485
12 I 20.05 546.00 1.26 433.333
16 I 5.06 547.50 1.68 325.893
4 A 391.40 87.77 0.42 208.976
8 A 97.70 739.70 0.84 880.597
12 A 41.35 771.16 1.26 612.029
16 A 18.30 776.58 1.68 462.252

The predicted results obtained from MM-ALE based numerical model of PEG 200 and
30 % wt. of nano-silica STF treated sample is presented in Table 6-8. Further, the variation of
residual velocity of projectile for the PEG 200 and 30% wt. of nano-silica have been graphically

shown in Figure 6-12. Furthermore, the residual velocity of the projectile is decreasing with
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the increase in the number of fabric layers for specific rating of the projectile. However, the
magnitude of decrease in the residual velocity of the projectile is dropping significantly with
the increase in the number of fabric layers and follows asymptotic curve. This could be due to
the restricted propagation of strain waves in multi-layer system and accumulation of stresses
in the vicinity of the projectile hitarea. Further, the Figure 6-12 also contains the trend equation
for residual velocity of projectiles which is used to calculate the required number of layers to
stop the projectiles of designated ratings. Depending upon variation of residual velocity the
normalization of dissipated Kkinetic energy is done and the variation of the normalized

dissipated kinetic energy of the projectiles have been graphically shown in Figure 6-13.

Similar to earlier case, the normalized dissipated Kinetic energy increases with the
increase in number of layers up to a critical layer and after onwards the dip is observed in the
variation. Further, the variation in the normalized dissipated kinetic energy will provide an

insight about optimum design of STF treated fabric system respective to weight of the armour

system.
PEG 200 30 wt % Nano silica particle
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Figure 6-12 A graphic representation of variation of residual velocity of projectiles impacting
multi-layer STF impregnated high performance fabric with STF sample having PEG 200 and
30 weight percent of nano silica under ballistic impact of different ballistic ratings.

109
TH-2901_166104039



PEG 200 and 30 Weight percent of nano silica
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Figure 6-13 A graphic representation of variation of normalized dissipated kinetic energy of
multi-layer STF impregnated high performance fabric with STF sample having PEG 200 and
30 weight percent of nano silica under ballistic impact of different ballistic ratings.
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Table 6-9 Results from MM-ALE based models of PEG 300 and 30 wt. % of Nano-silica

STF treated fabric.
No. of Ballistic Residual K. E. Areal E_diss/Areal
Layers rating Velocity Dissipated  Density density
4 I 259.13 54.20 0.42 129.043
8 I 64.68 137.89 0.84 164.156
12 I 8.12 143.25 1.26 113.688
16 I -26.15 143.33 1.68 85.315
4 A -12.35 76.48 0.42 182.095
8 A -7.88 443.60 0.84 528.094
12 A -0.03 467.46 1.26 371
16 A -15.07 466.96 1.68 277.952
4 I -40.26 83.55 0.42 198.929
8 I 84.93 518.75 0.84 617.557
12 I 18.18 546.30 1.26 433.575
16 1 5.29 547.50 1.68 325.893
4 A 391.42 87.75 0.42 208.929
8 A 97.7 739.70 0.84 880.594
12 A 40.01 771.48 1.26 612.286
16 A 18.03 776.58 1.68 462.252

The predicted results obtained from MM-ALE based numerical model of PEG 300 and
30 % wt. of nano-silica STF treated sample is presented in Table 6-9. Further, the variation of
residual velocity of projectile for the PEG 300 and 30% wt. of nano-silica have been graphically

shown in in Figure 6-14. Furthermore, the residual velocity of the projectile is decreasing with
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the increase in the number of fabric layers for specific rating of the projectile. However, the
magnitude of decrease in the residual velocity of the projectile is dropping significantly with
the increase in the number of fabric layers and follows asymptotic curve. This could be due to
the restricted propagation of strain waves in multi-layer system and accumulation of stresses
in the vicinity of the projectile hitarea. Further, the Figure 6-14 also contains the trend equation
for residual velocity of projectiles which is used to calculate the required number of layers to
stop the projectiles of designated ratings. Depending upon variation of residual velocity the
normalization of dissipated kinetic energy is done and the variation of the normalized

dissipated kinetic energy of the projectiles have been graphically shown in Figure 6-15.

Similar to earlier case, the normalized dissipated kinetic energy increases with the
increase in number of layers up to a critical layer and after onwards the dip is observed in the
variation. Further, the variation in the normalized dissipated kinetic energy will provide an

insight about optimum design of STF treated fabric system respective to weight of the armour

system.
PEG 300 30 wt % Nano silica particle
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Figure 6-14 A graphic representation of variation of residual velocity of projectiles impacting
multi-layer STF impregnated high performance fabric with STF sample having PEG 300 and
30 weight percent of nano silica under ballistic impact of different ballistic ratings.
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PEG 300 and 30 Weight percent of nano silica
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Figure 6-15 A graphic representation of variation of normalized dissipated kinetic energy of
multi-layer STF impregnated high performance fabric with STF sample having PEG 300 and
30 weight percent of nano silica under ballistic impact of different ballistic ratings.
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Table 6-10 Results from MM-ALE based models of PEG 400 and 30 wt. % of Nano-silica

STF treated fabric.
No. of Ballistic Residual K. E. Areal E_diss/Areal
Layers rating Velocity Dissipated  Density density
4 I 241.65 66.30 0.42 157.857
8 I 60.32 138.60 0.84 165
12 I 6.12 143.28 1.26 113.715
16 I -28.14 143.33 1.68 85.315
4 A 310.43 81.16 0.42 193.238
8 A 77.49 443.84 0.84 528.382
12 A 10.23 467.44 1.26 370.985
16 A -15.28 466.93 1.68 277.932
4 I 336.84 92.62 0.42 220.524
8 I 84.08 519.32 0.84 618.241
12 I 18.24 546.27 1.26 433.547
16 I 5.39 547.48 1.68 325.883
4 A 391.42 87.73 0.42 208.881
8 A 97.71 739.69 0.84 880.585
12 A 40.16 771.43 1.26 612.245
16 A 18.18 776.56 1.68 462.237

The predicted results obtained from MM-ALE based numerical model of PEG 400 and
30 % wt. of nano-silica STF treated sample is presented in Table 6-10. Further, the variation
of residual velocity of projectile for the PEG 400 and 30% wt. of nano-silica have been

graphically shown in Figure 6-16. Furthermore, the residual velocity of the projectile is
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decreasing with the increase in the number of fabric layers for specific rating of the projectile.
However, the magnitude of decrease in the residual velocity of the projectile is dropping
significantly with the increase in the number of fabric layers and follows asymptotic curve.
This could be due to the restricted propagation of strain waves in multi-layer system and
accumulation of stresses in the vicinity of the projectile hit area. Further, the Figure 6-16 also
contains the trend equation for residual velocity of projectiles which is used to calculate the
required number of layers to stop the projectiles of designated ratings. Depending upon
variation of residual velocity the normalization of dissipated kinetic energy is done and the
variation of the normalized dissipated kinetic energy of the projectiles have been graphically

shown in Figure 6-17.

Similar to earlier case, the normalized dissipated Kinetic energy increases with the
increase in number of layers up to a critical layer and after onwards the dip is observed in the
variation. Further, the variation in the normalized dissipated kinetic energy will provide an
insight about optimum design of STF treated fabric system respective to weight of the armour

system.
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PEG 400 30 wt % Nano silica particle
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Figure 6-16 A graphic representation of variation of residual velocity of projectiles impacting
multi-layer STF impregnated high performance fabric with STF sample having PEG 400 and
30 weight percent of nano silica under ballistic impact of different ballistic ratings.
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Figure 6-17 A graphic representation of variation of normalized dissipated kinetic energy of
multi-layer STF impregnated high performance fabric with STF sample having PEG 200 and
30 weight percent of nano silica under ballistic impact of different ballistic ratings.
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Collectively, the number of layers required to stop bullet of Ballistic Rating (BR) I and
I1A is 16 while very high number of layers are required to stop the projectile for ballistic rating
I1'and I11A. The efficiency in terms of energy dissipation per areal density is higher for 8 layers
of fabric system as compared to others. The energy dissipation per areal density is increases
when number of fabric layer is increases and reaches to an optimum level when the number of

fabric layer is 8 in all cases.
6.4 Conclusion

In this chapter a new approach to study the ballistic behavior of STF impregnated fabric
is proposed. The MM-ALE approach is an integration of neat fabric models and STF models.
The advantage of MM-ALE based approach lies in its neat and simple procedure as compared
to its counterpart friction-based model. In this approach, only rheological data of STF sample
and inter-yarn friction of neat fabric is required whereas in friction-based models, the inter-
yarn friction for STF impregnated fabric is required. The limitation of friction based itself lies
in the determination of friction using semi-empirical approach where the inter-yarn coefficients
of friction at different pull out speed need to be incorporated which is impossible in reality.
This limitation is overcome by modelling STF and fabric both using MM-ALE based modelling
strategies. The MM-ALE approach produces better results at different velocities than friction-
based models. Basically, the MM-ALE based modelling strategy considers the modelling of
coupled STF model (ALE formulation) along with the fabric model (Lagrange formulation).
The modelling of fabric and STF is detailed discussed in Chapter 3 and Chapter 5 respectively.
The developed modelling strategy is validated using experimental data and produces very close
results. The COV of errors from validated friction and MM-ALE based model is also compared
and MM-ALE technique is found most suitable for further evaluation of ballistic performance
of the STF treated fabric. Moreover, In the direction of achieving the objective of this research,
an accurate and efficient modelling is developed which is used to obtain result for the different
variation of the configuration of STF along with the variation in the heavy ballistic loadings of
much higher class and clear up the gap by taking the soft armour to take much more heaver
impacts. The predicted results from MM-ALE models shows that there is significant increase
in the ballistic performance of the multi-layered fabric system. However, the quantum of
enhancement is dropped significantly with the increase in the number of fabric layers. Further,
the MM-ALE model is used to study the confinement effect on the ballistic performance of the

STF encapsulated bubble wrap configurations and this study is presented in Chapter 7.
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7 Numerical evaluation of ballistic performance of shear thickening fluid

encapsulated in bubble wrap configuration

7.1 Introduction

The utilization of Shear Thickening Fluid (STF) in the field of ballistics is an emerging
and effective method along with the already available materials used in this application. A lot
of research has been carried out by using the STF with the Kevlar fibers and other materials in
the field of armory, by composition variation along with its percentage variation. Both
numerical and experimental studies have been made to evaluate the performance (Hasanzadeh,
Mottaghitalab et al., 2017; Hassan et al., 2010; Park et al., 2015; Sen et al., 2019; Wetzel et al.,
2004). The different composition of STF itself along with various methodologies for improving
the performance of the STF as a shear thickener when any perturbation /dynamic force is
applied on it and its utilization as an energy absorbent material is investigated to realize its full
potential. Previous Chapter presented the detailed analysis, discussion, and limitations of the
STF treated fabric system under ballistic impact. The main drawback of the STF treated fabric
system is premature failure of fabric yarn for STF having better rheological properties. The
premature failure of yarns restricts the optimum viscous damping of STF.

As per the research carried out, STF is traditionally used along with some other
materials. Till date, most of the research focusses primarily on the development of better
quality of STF. What is still lacking is the innovative use of STF as a stand-alone or combined
mechanism for effective ballistic protection. One such potential of STF is to work as an energy
absorbing material through viscous damping. The investigation in the mechanism of STF at
varying shear strain rate is described on the basis of following theories:

» Formation of hydro-clusters of colloidal Nano-particles of silica, and
» Increase in contact forces between particles due to instabilities arising in the
vicinity of nano-particles and STF due to application of high shear strain rate.

Both theories further indicate that there is likely chance of improved performance
through optimal viscous damping in confined STF. This research targets to achieve this aim of
utilizing the full potential of STF as an energy absorbing material during the ballistic impact.
The STF will be used to arrest the effect of the impact due to a bullet by its Non-Newtonian
behavior which is engaged at a high strain rate event. The STF has capability to significantly
improve the performance of high strength fibers which are already in use in this application.
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As such a novel bubble wrap configuration encapsulating the STF is proposed which acts like
a great energy bubble. Furthermore, encapsulation preserves the rheological properties of STF
for longer period and there is significant improvement in impact resistance as reported by
(Zhang et al., 2017). The configuration of STF encapsulated in bubble wrap configuration is

shown in Figure 7-1.

Bubbles and geometry

e

o X [

/ Bubbles pattern

T Bubbles filled with STF

f', 5

High performance fibre based Bubble

Due to confinement STF will be stable and do not . .
configuration

loose any smart behaviour significantly

Figure 7-1 An overview of air bubble warp configuration used as an efficient energy
absorbent.

On the basis of this configuration of STF, the numerical simulations are conducted. The
simulations are done using the LS-DY NA software. The challenges that are encountered in the

simulation of the numerical simulation were:

» Validating the material formulation of STF in LS-DYNA
» Casing of the STF, as it is a liquid material so that its behavior is not influenced

by casing material.

The validation of the material formulation of STF with the experimental and numerical work
has been carried out. The adopted material formulation was able to exhibit the property of STF
with great accuracy. The second challenge was achieved by the use of bubble wrap made up of
Low-Density Poly-Ethylene (LDPE). The LDPE bubble wraps has a negligible effect on the
STF properties due to its inherent nature having low strength, high ductility and no energy
absorption capacity. So, the effect of bubble casing on the behavior of STF under blasts and
impacts loading has negligible effect. The absorption of energy during blast and impact events
is due to its inherent capacity only. This bubble wrap configuration to explore the effect of

confinement on STF.

119
TH-2901_166104039



The material formulation of LDPE was carried out by comparison with the established
experimental work. After that, the encapsulated STF was simulated in the LDPE bubble wrap
configuration. The contact interaction is also included in the model using the algorithm of LS-
DYNA software. This resulted in a realistic simulation of the behavior of the STF under the
dynamic loading having high shear rate due which is exhibited during a blast and impact event.
The study can be further extended to the dependency of the bubble wrap configuration to
various shaped like cuboidal, cubical etc. and the effect of this on the behavior of the total sheet
of bubble wrap with STF within it. The effectiveness of STF in energy absorption during
ballistic event is evaluated to mitigate the shock waves generated. This opens up the gateway
of implementation of STF in the field of defense and mitigate the effect of ballistic explosion

and impact.
7.2 Numerical Modelling

The numerical modelling of the STF encased in the bubble wrap configuration involves
modelling of the STF, bubble wrap, the ballistic projectile and simulate the interaction between
the STF, bubble wrap, and ballistic projectile. Adopting the similar methodology for the
modelling of Kevlar fibers and STF impregnated on it using the MM-ALE approach which is
detailed in Chapter 6, the modelling of STF is done using Eulerian approach and the bubble
wrap is modelled with the Lagrangian approach. The simulation is done using LS-DYNA
software. The numerical simulation is further extended to encompass various layers of the STF-
bubble wrap sheet to analyze the behavior and effects of various layers in energy absorption.
The ballistic projectile is simulated and its velocity is varied in different simulations as to test
the extent of the usage of the STF in bubble wrap configuration. The subsequent sub-sections
discuss the modelling techniques to simulation the behavior of STF encapsulated bubble wrap

configuration.
7.2.1 SPH formulation of shear thickening fluid

The modelling of STF using ALE approach is adopted as detailed in and presented in
Chapter 5. The developed model was implemented to study the effect of impregnation of STF
into high performance dry fabric under ballistic impact. The commercial LS-DYNA solver has
limited application in case of MM-ALE approach due to its stability issues at higher
deformation rate. The MM-ALE approach yielded unstable results during simulation of STF

encapsulated in confined structural environment under very high strain-rate. The instabilities
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were counteracted using mesh free techniques without compromising the complexity and
physics of the problem. There are several mesh free techniques available in LS-DYNA and a
Lagrangian approach based Smoothed Particle Hydrodynamics (SPH) has been selected to
model the STF. The coupled FEM-SPH method is adopted to model the confined fluid-
structural interaction. The fluid part will be modelled using Smoothed Particle Hydrodynamics
(SPH) and coupled to Lagrangian based structural (bubble wrap) part which is modelled based
on Finite Element Method (FEM). The SPH formulation of STF is performed using
SECTION_SPH card in LS-DYNA. In SPH, the field variables are represented using kernel
function which is also known as kernel approximation. The basic objective of these kernel
functions is to represent realistic field variables for contemplate particle as well as the space
between neighborhood particles. This process in SPH is known as smoothening of the field
variable. In the current numerical simulation cubic spline kernel function (smoothening

function) is used to represent the field variables.
7.2.2  Formulation of bubbles and bubble container

The bubbles are modelled in the shape of cylinders in LS-DYNA. The sheet is divided
into small cylindrical capsules that holds the STF material. As discussed above, the bubble
containers are designed based on the Lagrangian approach and the interaction of the STF and
the bubble wrap is also modelled. The containers are modelled as a shell element. The
important aspect of the modelling is to adopt a material formulation which represents the
realistic behavior of the bubble wrap. Based on the validation from the previous experiments,
the material formulation of Linear Piecewise Elastic present in MAT_24 card in LS-DYNA is

used to simulate the bubble contained made of Low-Density Poly-Ethylene (LDPE).

The modelling of the STF follows the formulation developed in Chapter 5. The STF is
filled up in the bubble container as shown in Figure 7-2. The projectile is modelled following

the formulation developed in Chapter 6.
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Figure 7-2 A graphic representation of coupled SPH-FE model of bubble wrap encapsulated
STF configuration.

7.2.3 SPH to SHELL Contact

In the classic SPH technique a laborious composition of boundary particles and ghost
points is normally adopted. In LS-DYNA, this method is circumvented and the software allows
mesh-based and mesh-free methods to co-exist and interact in one simulation. Since the SPH
particles are not interconnected, only one-way type of contact definitions is applicable in which
the SPH is always defined to be the slave and the elements are defined to be the master. The
interaction between the SPH and other elements is defined using penalty-based contact
algorithms. An appropriate contact type is the simple
*CONTACT_AUTOMATIC_NODES_TO_SURFACE card, where the slave nodes are
checked for penetration through the master surface. When a node is in contact with the surface,
a restoring force is applied to prevent further penetration. This force is proportional to the
penetration distance into the shell or solid element and acts in the direction normal to the master

surface. The restoring force is defined by:
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f=kxdxn (7-1)
In this equation, d is the penetration distance, n is the surface normal vector and k is a
penalty factor, comparable to a spring constant. The constant k should be set large to minimize
penetration. The CONTACT_AUTOMATIC_NODES_TO_SURFACE card includes SPH as

slave part and structural container (FEA) as master part.
7.3 Results and discussion

The outcome of the STF encapsulated in LDPE bubble warp is discussed in this section.
One of the main concerns which effects the result is the sloshing phenomenon where the effect
of impact on the confined fluid is main concern. The fluid undergoes very high deformation
rate due to very high characteristic strain rate under external threat. This will be exhibited by
STF encapsulated with shear thickening fluid under ballistic impact. The ballistic performance
of STF in an encapsulated configuration is numerically simulated using coupled FEM-SPH
method. Based on the methodology discussed above, the different simulations are done after
varying the velocity of the projectile, the type of the STF used and the number of bubble wraps
with STF in it. The projectile dimensions, shape and velocities are according to the ballistic
rating as per NIJ standard and briefly presented in Table 6-1. The variation in the STF is shown
Table 7-1.
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Table 7-1 Physical specification of STF encapsulated in bubble wrap configuration sample

No. of STF Sample Total Sample Total wt. Sample Areal
Layers  Sample no. Area (mm?) (kg) density (gm/cm?)

1 1 4556.25 0.0259 0.57

1 4 4556.25 0.0272 0.6

1 8 4556.25 0.0272 0.6

1 12 4556.25 0.0272 0.6

2 q 4556.25 0.0518 1.14

2 4 4556.25 0.0544 1.19

2 8 4556.25 0.0544 1.19

2 12 4556.25 0.0544 1.19

3 1 4556.25 0.0777 1.71

3 4 4556.25 0.0816 1.79

3 8 4556.25 0.0816 1.79

3 12 4556.25 0.0816 1.79

4 1 4556.25 0.1036 2.27

4 4 4556.25 0.1088 2.39

4 8 4556.25 0.1088 2.39

4 12 4556.25 0.1088 2.39

The projectile characteristics including variation in the velocity is described and presented in
the Chapter 6. The ballistic results from numerical models is normalized w.r.t. areal density of
the models. The areal density of the sample models is calculated and presented in Table 7-1.
The mass of different STF is varying as their weight percent of silica nano-particle and

molecular weight of PEG is varying. The samples of STF and their constituents are discussed
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and presented in Chapter 5. The total 4 out of 12 variants of STF is used to study the ballistic
behavior. The STF sample no. 1 consists of PEG 200 and 15 weight percent of nano silica,
further the STF sample no. 4, 8, and 12 consists of 30 weight percent each of nano silica and
PEG 200, PEG 300, and PEG 400 respectively. Based on these variations, the numerical
investigation of single and multi-layered bubble wrap filled with shear thickening fluid is

carried out and the results obtained have been presented in the Table 7-2,
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Table 7-3,
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Table 7-4, and

127

TH-2901_166104039



Table 7-5. The results reported in this study are residual velocity of the projectile, Kinetic
energy of the projectile conforming to NIJ standards. Areal density of samples has been used
to normalize the parameters which is used to characterize and standardize the proposed STF

encapsulated bubble wrap configuration.
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Table 7-2 Results from MM-ALE based models of PEG 200 and 15 wt. % of Nano-silica
STF encapsulated in cylindrical bubble.

No. of Ballistic Residual K. E. Areal E_diss/Areal
Layers rating Velocity Dissipated  Density density
1 I 326.356 4.83 0.57 8.474
2 I 268.265 49.735 1.14 43.627
3 I 220.514 80.077 1.71 46.829
4 I 181.262 100.579 2.27 44.308
1 A 338.083 16.144 0.57 28.323
2 A 280.609 158.378 1.14 138.928
3 A 232.906 256.363 1.71 149.92
4 A 193.312 323.866 2.27 142.672
1 I 363.71 18.46 0.57 32.386
2 I 301.516 183.952 1.14 161.361
3 I 249.956 297.688 1.71 174.087
4 I 207.214 375.849 2.27 165.572
1 A 433.503 26.225 0.57 46.009
2 A 359.374 261.325 1.14 229.232
3 A 297.921 422.896 1.71 247.308
4 A 246.977 533.933 2.21 241.599
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Table 7-3 Results from MM-ALE based models of PEG 200 and 30 wt. % of Nano-silica
STF encapsulated in cylindrical bubble.

No. of Ballistic Residual K. E. Areal E_diss/Areal
Layers rating Velocity Dissipated  Density density
1 I 318.72 11.234 0.6 18.723
2 I 207.168 87.497 1.19 73.527
3 I 130.516 121.146 1.79 67.679
4 I 79.615 135.051 2.39 56.507
1 A 330.24 37.11 0.6 61.85
2 A 214.656 289.035 1.19 242.887
3 A 135.233 400.192 1.79 223.571
4 A 82.492 446.124 2.39 186.663
1 I 355.2 42.932 0.6 71.553
2 I 230.88 334.378 1.19 280.99
3 I 145.454 462.973 1.79 258.644
4 I 88.727 516.11 2.39 215.946
1 A 423.36 60.989 0.6 101.648
2 A 275.184 475.019 1.19 399.176
3 A 173.366 657.701 1.79 367.431
4 A 105.753 733.189 2.39 306.774
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Table 7-4 Results from MM-ALE based models of PEG 300 and 30 % wt. STF encapsulated
in cylindrical bubble.

No. of Ballistic Residual K. E. Areal E_diss/Areal
Layers rating Velocity Dissipated  Density density
1 I 317.06 12.606 0.6 21.01
2 I 199.7478 91.422 1.19 76.825
3 I 121.846158 123.991 1.79 69.269
4 I 71.88923322 136.573 2.39 57.144
1 A 328.52 41.642 0.6 69.403
2 A 206.9676 302.002 1.19 253.783
3 A 126.250236 409.588 1.79 228.82
4 A 74.48763924 451.15 2.39 188.766
1 I 353.35 48.175 0.6 80.292
2 I 222.6105 349.378 1.19 293.595
3 I 135.792405 473.842 1.79 264.716
4 I 80.11751895 521.925 2.39 218.379
1 A 421.155 68.438 0.6 114.063
2 A 265.32765 496.329 1.19 417.083
3 A 161.8498665 673.142 1.79 376.057
4 A 05.49142124  741.45 2.39 310.23
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Table 7-5 Results from MM-ALE based models of PEG 400 and 30 wt. % of Nano-silica
STF encapsulated in cylindrical bubble.

No. of Ballistic Residual K. E. Areal E_diss/Areal
Layers rating Velocity Dissipated  Density density
1 I 315.4 13.971 0.6 23.285
2 I 195.548 93.58 1.19 78.639
3 I 117.3288 125.395 1.79 70.053
4 I 68.050704 137.271 2.39 57.436
1 A 327.832 43.449 0.6 72.415
2 A 203.25584 308.092 1.19 258.901
3 A 121.953504 413.853 1.79 231.203
4 A 70.73303232  453.331 2.39 189.678
1 [ 3515 53.391 0.6 88.985
2 I 217.93 357.626 1.19 300.526
3 I 130.758 479.209 1.79 267.715
4 I 75.83964 524.593 2.39 219.495
1 A 419.832 72.888 0.6 121.48
2 A 260.29584 506.908 1.19 425.973
3 A 156.177504 680.358 1.79 380.088
4 A 90.58295232  745.103 2.39 311.759

The ballistic performance of the different samples of bubble wrap configurations under
projectile impact of BRs I, Il A, I, and 111 A were systematically compared. From the results
presented in Table 7-2, Table 7-3, Table 7-4, and Table 7-5, it is observed that with increase in
the number of layers, the energy absorption has increased. In order to do the optimum light-
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weight design, the absorbed kinetic energy by ballistic armour should be normalized to the
areal density of the sample. The normalized dissipated kinetic energy gives the estimate of the

amount of kinetic energy absorbed per unit areal density of the sample.

As the projectile velocity increase, the absorption energy is also increasing which
clearly indicates the efficacy of STF as a potential energy absorbing material. While comparing
the results of different STF material composition, there are very slight changes observed in the
energy absorption among STF sample no 4, 8, and 12 while there are significant changes
observed from STF sample no. 1 as compared to others. The STF sample 1 consists of 15
weight percent of silica where other samples is having 30 weight percent of silica. The
significant change in the energy absorption between 1 and other is due to difference in the
fraction of silica particle in the STF. This shows that no matter what is the polyethylene glycol
(PEG) of the STF, the energy absorption very much depends on the applied shear rate on it for
the same fraction of silica particle. The areal density is directly related to the number of layers
and the volume of the STF, clearly showing that with the increase in the density, the absorbed
energy also shows an increasing trend in all the STF samples. From the individual comparisons
in the Tables, for example, all the elements of 11, it is observed that the energy absorption has

only varied to the very small extent which can be taken as negligible.
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PEG 200 15 wt % Nano silica particle
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Figure 7-3 A graphic representation of variation of residual velocity of multi-layer STF
encapsulated with STF sample no. 1 inside bubble wrap configuration under ballistic impact
of different ballistic ratings.

The residual velocity of multi-layer STF encapsulated bubble wrap configuration for
STF having PEG 200 and 15 weight percent of silica particle under different ratings of
projectile is graphically shown in Figure 7-3. It shows that for all projectiles there is decrease
in the residual velocity of the projectile while increasing number of encapsulated layers. The
similar kind of trend is found in all projectile ratings. The trend of residual velocity upon
varying number of layers is cubic polynomial and the equation for two ballistic projectile
ratings | and I11A case is shown in Figure 7-3. The estimated number of layers required to stop
from penetration is calculated using trend equation for the two cases and it was found that 11
layers of bubble wrap configuration filled with STF sample 1 and 12 layers of the same will be
required for projectile having rating | and I11A respectively.
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PEG 200 15 wt % Nano silica particle
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Figure 7-4 A graphic representation of variation of dissipated kinetic energy of multi-layer
STF encapsulated with STF sample no. 1 inside bubble wrap configuration under ballistic
impact of different ballistic ratings.

Similarly, graphic representation for dissipated kinetic energy is also shown in Figure
7-4. The dissipated kinetic energy by the STF encapsulated test sample is increasing with the
increase in number of layers. The kinetic energy absorbed by the STF encapsulated sample

follows cubic polynomial trend and the equation for BR | and I1IA is shown in Figure 7-4.

The dissipated kinetic energy is increasing but to measure the efficacy reference to the
mass of the sample, dissipated Kinetic energy is normalized to the related mass parameters by
dividing to the areal density of the sample. The performance of bubble wrap configuration is
further compared using normalized dissipated Kinetic energy. The normalized dissipated
kinetic energy for PEG 200 and 15 weight percent of nano-silica is compared by varying the
number of layers. There is increase in the normalized kinetic energy when the layers of bubble
wrap configuration are increasing and after a particular number of layers it becomes constant.
It is evident from Figure 7-5 that after second layer of bubble wrap configuration the
normalized dissipated kinetic energy is constant. Such behavior is observed for all projectile
ratings and the only difference is the number of layers required to achieve constant normalized
dissipated kinetic energy. By using Figure 7-5, we can estimate the number of layers required

for the optimum ballistic performance of the bubble wrap configurations.
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Figure 7-5 A graphic representation of variation of normalized dissipated kinetic energy of
multi-layer STF encapsulated with STF sample no. 1 inside bubble wrap configuration under
ballistic impact of different ballistic ratings.

The residual velocity of multi-layer STF encapsulated bubble wrap configuration for
STF having constituents PEG 200 and 30 weight percent of silica particle under different
ratings of projectile is graphically shown in Figure 7-6. A similar behavior is observed as
compared to STF of constituents PEG 200 and 15 weight percent of silica particle. It shows
that for all projectiles there is a decrease in the residual velocity of the projectile while
increasing number of encapsulated layers. The similar kind of trend is found in all projectile
ratings. The trend of residual velocity upon varying number of layers is cubic poly-fit and the
equation for two ballistic projectile ratings | and IlIA case is shown in Figure 7-6. The
estimated number of layers required to stop from penetration is calculated using trend equation
for the two cases and it was found that 7 layers of bubble wrap configuration filled with STF
sample 1 is required for both projectiles having rating | and II1A. It is observed that while
increasing the weight percent of nano silica particle there is enhancement in the ballistic
performance of the STF encapsulated bubble wrap configuration. The rheological properties of
STF having PEG 200 and different weight percent of the silica is shown in Figure 5-3 and from
that it is concluded that the enhancement in the ballistic performance of the STF sample 4 is

due to the enhanced rheological properties of the STF having PEG 200 and 30 weight percent
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of nano-silica. The critical shear strain rate is lower and critical dynamic viscosity is higher for
the STF sample having higher weight percent of the silica particle in the same molecular weight
of the polyethylene glycol. Similarly, graphic representation for dissipated kinetic energy is
shown in Figure 7-7. The dissipated kinetic energy by the STF encapsulated test sample is
increasing with the increase in number of layers for STF having PEG 200 and 30 weight
percent. The Kinetic energy absorbed by the STF encapsulated sample follows cubic
polynomial trend and the equation for BR | and 111 A is shown in Figure 7-7. On similar basis
the variation of projectile’s residual velocity of STF encapsulated bubble wrap configuration
consisting 30 weight percent of nano silica and PEG 300, and PEG 400 is graphically shown
in Figure 7-9 and Figure 7-12 respectively. A similar observation is noted for these STF
samples. The only difference observed is that there is no significant improvement in the
ballistic performance of the sample having same fraction of silica particles and different
molecular weight of the polyethylene glycol (PEG). The kinetic energy of STF samples having
PEG 300 and PEG 400 with same silica fraction is graphically shown in Figure 7-10, and Figure
7-13 respectively. The normalized kinetic energy of STF samples having PEG 300 and PEG
400 with same silica fraction is graphically shown in Figure 7-11, and Figure 7-14 respectively.
A similar observation is drawn for these STF samples as STF of having PEG 200 and 30 percent

weight fraction of silica particle.
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PEG 200 30 wt % Nano silica particle
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Figure 7-6 A graphic representation of variation of residual velocity of multi-layer STF
encapsulated with STF sample no. 4 inside bubble wrap configuration under ballistic impact
of different ballistic ratings.
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Figure 7-7 A graphic representation of variation of dissipated kinetic energy of multi-layer
STF encapsulated with STF sample no. 4 inside bubble wrap configuration under ballistic
impact of different ballistic ratings.
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PEG 200 30 wt % Nano silica particle
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Figure 7-8 A graphic representation of variation of normalized dissipated Kinetic energy of
multi-layer STF encapsulated with STF sample no. 4 inside bubble wrap configuration under
ballistic impact of different ballistic ratings.
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Figure 7-9 A graphic representation of variation of residual velocity of multi-layer STF
encapsulated with STF sample no. 8 inside bubble wrap configuration under ballistic impact
of different ballistic ratings.
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PEG 300 30 wt % Nano silica particle
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Figure 7-10 A graphic representation of variation of dissipated kinetic energy of multi-layer
STF encapsulated with STF sample no. 8 inside bubble wrap configuration under ballistic
impact of different ballistic ratings.
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Figure 7-11 A graphic representation of variation of normalized dissipated kinetic energy of
multi-layer STF encapsulated with STF sample no. 8 inside bubble wrap configuration under
ballistic impact of different ballistic ratings.
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PEG 400 30 wt % Nano silica particle
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Figure 7-12 A graphic representation of variation of residual velocity of multi-layer STF
encapsulated with STF sample no. 12 inside bubble wrap configuration under ballistic impact
of different ballistic ratings.
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Figure 7-13 A graphic representation of variation of dissipated kinetic energy of multi-layer
STF encapsulated with STF sample no. 12 inside bubble wrap configuration under ballistic
impact of different ballistic ratings.
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Figure 7-14 A graphic representation of variation of normalized dissipated kinetic energy of
multi-layer STF encapsulated with STF sample no. 12 inside bubble wrap configuration
under ballistic impact of different ballistic ratings.

7.4 Conclusion

This chapter presents a new configuration to harness the smart behavior of STF. The
new proposed configuration is based on confinement of shear thickening fluid within negligible
strength but highly flexible made of Low-Density Poly-Ethylene (LDPE) material. The present
investigation considers only uniform placement of cylindrical shape bubbles. The bubble wrap
configuration is filled with STF. From the above results, it is concluded that the variation in
the type of the STF and its composition hardly effects the results of the energy absorption. It
only varies with the density of the bubble wrap with the STF and the impact velocity of the
projectile. There is an increasing trend in all the cases of energy absorption with the density of
the bubble wrap capsule. With the increase in the amount of STF, the net area is less which
results in more energy absorption capacity in that particular area. The results show a promising
trend in the direction of utilizing STF as an energy absorbing material in the field of blast and
ballistics to mitigate the effect of generated shockwaves. The objective of developing a novel
configuration by using STF encapsulated in a bubble wrap configuration is established in this
Chapter. A light-weight and flexible Smart thickening fluid based Ultra Resistant Adaptive
Kinematic Soft Human Armour (SURAKSHA) is achieved as per NIJ standards.
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8 Guidelines for Design and Development of Ballistic Body Armour

The aim of this Chapter is to formulate the design guidelines for the development of
Smart thickening fluid based Ultra Resistant Adaptive Kinematic Soft Human Armour
(SURAKSHA) based on the findings of the current work. The developed design guidelines will
help in arriving the proper configuration of the ballistic body armour. It serves as a design aid
for application of the developed methodology to design and develop the bullet proof armour as
per the required demand. The developed design guidelines are formulated based on the existing
standards. This helps in achieving the objective of development of ballistic body armour as per
the requirement and standards.

8.1 Existing guidelines and test methods in design and development of body armour

The existing guidelines for the development of body armour is investigated in this
section. These existing guidelines were formulated to use the research done in the area of body
armour and make it commercially viable for filed implementation. Every country has
developed some standards on this front so that the proper safety measures are always achieved
as any negligence can cost someone’s life and it also makes the country stronger in terms of
defense capability. In order to keep the test procedure same, the methodologies of the testing
conducted is also provided so that there is a uniform testing done to check the adequacy of the
armour. Such guidelines and methodologies provide the opportunity of putting up industries in
this direction for commercialization, as already have been there in some countries. This will
enhance the productivity and fulfilment of demand with ease in application due to already
existing safety and utility guidelines. The guidelines will be discussed in the following sub-
section so that the proposed design and methodologies are safe and effective in mass
manufacturing of the proposed bullet proof armour along with the fulfilment of the desired

requirement.
8.1.1 NIJ Guidelines for bullet proof armour

NI1J has rated the bullet proof armour types into 6 categories based on the type and
number of impacts it can take without any penetration. The following table discuss about the

NIJ guidelines and the required methodology in testing in detail.
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Table 8-1 NIJ guidelines for rating bullet proof armour

Armour type Test Nominal Required Required hits  Penetration
Ammunition  bullet mass bullet per armour permitted
velocity
I 22 LHRV 2.6g 320£12m/s 5 0
Lead
38 special RN
P 1029 259+15m/s 5 0
Lead
-A 357 Magnum 10.2g 381+15m/s 5 0
JSP
9mm FMJ
8.0g 332+£12m/s 5 0
I 357 Magnum 10.2g 425+15m/s 5 0
JSP
9mm FMJ
8.0g 358+12m/s 5 0
I-A 44  Magnum 15.5¢ 426+15m/s 5 0
lead SWC
9mm FMJ
8.0g 426+15m/s 5 0
i 7.62mm 308 9.7g 838+15m/s 5 0
Winchester
FMJ
v 30-06 AP 10.8g 868+15m/s 1 0
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8.1.2 UL 752 — (Standard for Bullet-Resisting Equipment) guidelines

Some of the guidelines given by the United States for the development of any bullet

proof equipment are given in this standard. The criteria is fixed based upon the testing standard

adopted. This includes the shot space which is to be kept constant at 4.5-inch square. The range

in all the test methodologies is kept at 15 ft on a sample size of 12 x 12 inch. The witness plate

is made up of 0.125-inch-thick corrugated cardboard which is kept at a distance of 18 inches

from the target. It is used to divide a single category into its by-parts based on whether the

witness plate is required in the procedure or not as discussed in Table 8-2.

Table 8-2 UL 752 Ballistic standards

UL- Projectile  Cartridge Velocity Shot No. of Witness Penetration
Level Caliber type Range spacing shots Plate
(ft/sec) (Yes/No)
3 (Part 0.44 240 grain  1350- 4.5- 3 yes 0
1) magnum SWC 1485 inch
triangle
3 (Part 0.44 240 grain  1350- 125 - 2 no 0
2) magnum SWC 1485 1.75
inch
3 (Part 0.44 240 grain 1350- - 1 no 0
3) magnum SWC 1485
4 (Part 0.30 180 grain 2540- - 1 yes 0
1) 2790
30-06 JSP
4 (Part 0.30 180 grain  2540- - 1 no 0
2) 2790
30-06 JSP
5 (Part 0.30 150 grain 2750- - 1 yes 0
1) 3025
7.62 FMJ
NATO
5 (Part 0.30 150 grain 2750- - 1 no 0
2) 3025
FMJ
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7.62

NATO
4, 5 12gauge2 437 grain 1585- - 1 yes 0
Part sl 1743.5
( % inch 1o
1A)
4, 5 12gauge2 437 grain 1585- - 1 no 0
(Part Y inch slug 17435
1B)
4, 5 12gauge2 650 grain 1200- - 1 yes 0
Part 1320
( Ya inch  #00 Buck
2A)
Mag.
7 0.223 556 55 grain 3080- 45 in. 5 yes 0
NATO FMJ 3388 square

8.2 Proposed guidelines for SURAKSHA

The developed Smart thickening fluid based Ultra Resistant Adaptive Kinematic Soft
Human Armour (SURAKSHA) will be evaluated on the basis of the standard guidelines that
have been discussed above. It will help in arriving at the configuration required for achieving
the desired level of safety as per the stated guidelines. On the basis of this, Smart thickening
fluid based Ultra Resistant Adaptive Kinematic Soft Human Armour (SURAKSHA) can be
developed which will eventually help in the mass production at an industrial scale. The energy/
momentum of the impact is a common quantity which will be used as a basis for the comparison
of different configurations. The following tables from Table 8-3 to Table 8-11 presents results
of different configurations comprising of Kevlar (neat), Kevlar with STF and bubble wrap as

per the existing guidelines.
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Table 8-3 Ballistic rating for neat Kevlar fiber

Neat Kevlar (No. of layers) NIJ rating

30x30 fabric set

UL 752 level

4

8

12

16

Unrated Performance

Underrated Performance

Underrated Performance

Unrated Performance

Underrated Performance

Underrated Performance

Underrated Performance

TH-2901_166104039
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Figure 8-1 The penetration of neat multi-layer fabric system under ballistic impact comprised
of bullet having BR | (a) Isometric view and (b) Front View of the multi-layer fabric system

In the neat Kevlar configuration, it is observed that in order to achieve the desired level
of standards, the number of layers in the body armour needs to be increased, thus increasing
the bulkiness of the armour along with the weight. The number of layers tested indicates the
necessity of an upgrade in Kevlar to enhance its performance along with reducing the areal
density of the armour. With these many layers, the armour is restricted for encountering very
light impact blows only including the blow from knives or other very low velocity sharp
objects. It might not be that effective from the blow of blunt heavy objects. In Table 8-4, Kevlar
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with STF is discussed. The results clearly indicate the effectiveness of STF in improving the
ballistic rating of the armour. The penetration model of neat multi-layer fabric system is shown
in Figure 8-1. The projectile of rating BR 1 is fully penetrating the multi-layer fabric system.
Table 8-4 provides the ballistic performance of STF treated fabric having STF sample
comprised of PEG 200 and 15 wt. % of nano-silica. The treated multi-layer fabric system shows
the improved ballistic behavior as compared to the neat multi-layer fabric system. However,
there performance is not significantly improved to qualify for certain ratings up to 8 layers of
treated fabric system. The ballistic behavior of 12 layer of treated fabric is improved in such a

way that it qualifies for BR | rating.

Table 8-4 Ballistic rating for Kevlar with STF (PEG 200 and 15% nano silica)

Kevlar (No. of layers) NIJ rating UL 752 level

30x30 fabric set

4 Underrated Performance Underrated Performance
8 Underrated Performance Underrated Performance
12 | 3 (part 3)

16 I 3 (part 3)

The penetration of STF treated sample consisting PEG 200 and 15 wt. % treated four-layer
fabric system is shown in Figure 8-2. The full penetration of the STF treated multi-layer fabric
system is observed. There is a significant piercing of the deformable bullet. The extent of
damage has propagated to the larger area of the fabric system. This indicates that the STF
system is supporting the propagation of strain wave resulting from the ballistic impact to the

larger area.
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(b)
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Figure 8-2 The penetration of PEG 200 and 15 wt. % STF sample treated multi-layer fabric
system under ballistic impact comprised of bullet having BR 1 (a) Isometric view and (b)
Front View of the multi-layer fabric system

Table 8-5 presents the ballistic rating of STF treated multi-layer fabric system for STF sample
PEG 200 and 30 wt.% of nano-silica. The four-layer fabric system correspond to the BR | as
per NIJ rating while there is no rating due to underperformance of the armour system for UL
752 level. Further, eight layers conform to BR IlIA as per NIJ standards while the same is
conforming to unrated as per UL 752 level. The rest of the multi-layer STF treated fabric
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system conforms to BR Il according to N1J standards and as per UL 752 level the ratings are 3
(part 3), 3 (part 2), and 3 (part 2) for 8, 12 and 16 layers respectively for STF treated fabric

system.

Time=  0.0925

(b)

Figure 8-3 The penetration of PEG 200 and 30 wt. % STF sample treated multi-layer fabric
system under ballistic impact comprised of bullet having BR 1 (a) Isometric view and (b)
Front View of the multi-layer fabric system
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The penetration of STF treated sample consisting of PEG 200 and 30 wt. % treated four-layer
fabric system is shown in Figure 8-3. The extent of damage is propagating to the larger area of
the treated fabric system. This shows that the STF is providing greater resistance towards the
penetration of the overall system. The bullet is significantly piercing while interacting to the
armour system. This is due to more resistance provided due to enhanced rheometric properties
of the STF.

Table 8-5 Ballistic rating for Kevlar with STF (PEG 200 and 30% nano silica)

Kevlar (No. of layers) NIJ rating UL 752 level

30x30 fabric set

4 Underrated Performance Unrated Performance

8 Underrated Performance Underrated Performance
12 A 3 (part 2)

16 A 3 (part 2)

Table 8-6 presents the ballistic rating of STF treated multi-layer fabric system for STF sample
PEG 300 and 30 wt.% of nano-silica. The four-layer fabric system correspond to the BR I as
per NIJ rating while there is no rating due to underperformance of the armour system for UL
752 level. Eight layers conform to BR 1IA as per NIJ standards while the same is conforming
to (3 part 3) as per UL 752 level. Twelve layers conforms to 1A as per NI1J and 3 (part 3) as
per UL 752 level. The rest of the multi-layer STF treated fabric system conforms to BR 11
according to NIJ standards and as per UL 752 level the ratings are 3 (part 3). The penetration
of STF treated sample consisting of PEG 300 and 30 wt. % treated four-layer fabric system is
shown in Figure 8-4. The extent of damage is propagating to the larger area of the treated fabric
system. This shows that the STF is providing greater resistance towards the penetration of the
overall system. The bullet is significantly piercing while interacting to the armour system. This

is due to more resistance provided due to enhanced rheometric properties of the STF.
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Time = 0.069999

Figure 8-4 The penetration of PEG 300 and 30 wt. % STF sample treated multi-layer fabric
system under ballistic impact comprised of bullet having BR | (a) Isometric view and (b)
Front View of the multi-layer fabric system
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Table 8-6 Ballistic rating for Kevlar with STF (PEG 300 and 30% nano silica)

Kevlar (No. of layers) NIJ rating UL 752 level

30x30 fabric set

4 Underrated Performance Unrated Performance

8 Underrated Performance Underrated Performance
12 A 3 (part 3)

16 1A 3 (part 2)

Table 8-7 presents the ballistic rating of STF treated multi-layer fabric system for STF sample
PEG 400 and 30 wt.% of nano-silica. The four-layer fabric system correspond to the BR | as
per NIJ rating while there is no rating due to underperformance of the armour system for UL
752 level. Eight layers conform to BR 1A as per NIJ standards while the same is conforming
to (3 part 3) as per UL 752 level. Twelve layers conforms to I1A as per NI1J and 3 (part 3) as
per UL 752 level. The rest of the multi-layer STF treated fabric system conforms to BR 11
according to NIJ standards and as per UL 752 level the ratings are 3 (part 3). The penetration
of STF treated sample consisting PEG 400 and 30 wt. % treated four-layer fabric system is
shown in Figure 8-5. The extent of damage is propagating to the larger area of the treated fabric
system. This shows that the STF is providing greater resistance towards the penetration of the
overall system. The bullet is significantly piercing while interacting to the armour system. This

is due to more resistance provided due to enhanced rheometric properties of the STF.
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Time=  0.0825

Time=  0.0825

(b)

Figure 8-5 The penetration of PEG 400 and 30 wt. % STF sample treated multi-layer fabric
system under ballistic impact comprised of bullet having BR | (a) Isometric view and (b)
Front View of the multi-layer fabric system
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Table 8-7 Ballistic rating for Kevlar with STF (PEG 400 and 30% nano silica)

Kevlar (No. of layers) NIJ rating UL 752 level

30x30 fabric set

4 Underrated Performance Underrated Performance
8 Underrated Performance Underrated Performance
12 A 3 (part 3)

16 1A 3 (part 2)

The efficacy of the developed Smart thickening fluid based Ultra Resistant Adaptive
Kinematic Soft Human Armour (SURAKSHA) is discussed and highlighted in the previous
Chapters 7. In this section the development guidelines will be presented. The achieved ballistic
ratings as per the existing standards are given in the Table 8-8 to Table 8-11.

Table 8-8 Ballistic rating of bubble wrap encapsulated with STF (PEG 200 and 15% nano
silica)

No. of bubble wrap layers

NI1J rating

UL 752 level

1

2

Unrated Performance

Unrated Performance

Unrated Performance

Unrated Performance

Unrated Performance

Unrated Performance

Unrated Performance

Unrated Performance

Table 8-9 Ballistic rating of bubble wrap encapsulated with STF (PEG 200 and 30% nano

silica)

No. of bubble wrap layers

NI1J rating

UL 752 level

1

2

Unrated Performance

Unrated Performance

Unrated Performance

Unrated Performance

Unrated Performance

Unrated Performance

TH-2901_166104039

156



Table 8-10 Ballistic rating of bubble wrap encapsulated with STF (PEG 300 and 30% nano

silica)

No. of bubble wrap layers

NI1J rating

UL 752 level

1

2

Underrated Performance

Underrated Performance

Underrated Performance

Underrated Performance

Underrated Performance

Underrated Performance

Table 8-11 Ballistic rating of bubble wrap encapsulated with STF (PEG 400 and 30% nano

silica)

No. of bubble wrap layers

NIJ rating

UL 752 level

1

2

Underrated Performance

Underrated Performance

Underrated Performance

Underrated Performance

Underrated Performance

Underrated Performance

Underrated Performance

The results from the Table 8-8 to Table 8-11 are used to achieve the required level of
ballistic rating. A design methodology is proposed in Table 8-12 to arrive at the suitable
configuration of Smart thickening fluid based Ultra Resistant Adaptive Kinematic Soft Human
Armour (SURAKSHA). The different parameters for configuration such the amount of PEG,
its type, Number of Kevlar fiber layers, Number of bubble wrap layers can be evaluated by
using the results from Table 8-12 as per the desired rating. This paves the way for making the
Smart thickening fluid based Ultra Resistant Adaptive Kinematic Soft Human Armour
(SURAKSHA) a feasible product as the demand and the capacity are presented in a single
applicable Table. This will also help in achieving the economy for developing SURAKSHA.
Subsequently, the number of layers required to stop the designated projectile ratings the
developed equation for residual velocity of the projectile is used. The number of layers required
to stop the designated projectile ratings is given in Table 8-12 and Table 8-13 for STF
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impregnated multi-layer fabric system and for multi-layer STF encapsulated bubble wrap

configuration respectively.

Table 8-12 Number of layers respective to the ballistic performance of STF impregnated
fabric system (SURAKSHA A)

V(m/s) | A 11 1] AN
M (gm
332 344 370 441
I 2.6 16
A 8 16
1 8 20
1A 8 24

Table 8-13 Number of layers respective to the ballistic performance of STF encapsulated
bubble wrap configuration (SURAKSHA B)

V(m/s) I 1A 1 1A
M (gm
332 344 370 441
[ 2.6 12 (STF_01)
] AN 8 7
(STF_04,08,12)
11 8 /i
(STF_04,08,12)
1A 8 7

(STF_04,08,12)

The numerical simulation of multi-layer fabric system is conducted to evaluate the penetration
of the 18-layer fabric system. The projectile is non-penetrating the for the proposed armour

configuration. The numerical model of 18-layer projectile system is as shown in Figure 8-6.
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o

Figure 8-6 A graphic representation of numerical model of 18-layer fabric system

8.3 Methodology for designing a light weight bullet proof armour

On the basis of the requirement of the SURAKSHA i.e., the level of safety required to
be achieved based on the standards, the design guideline is proposed in the following steps as

stated below:
8.3.1 Guidelines for SURAKSHA A

1) Define the level of bullet proof armour as per user requirement and the standard
followed (NIJ/ UL 752).

2) Based on this, select the number of Kevlar layers, the type of STF and its percentage
on the basis of availability.

3) Prepare the STF as per the level of armour protection following the methodology
discussed in Chapter 5 . The rheological data (a curve of dynamic viscosity vs shear
strain rate) of the designated STF samples is selected from the database or determined

experimentally.
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4) Based on prepared STF sample/ selected from the database, ballistic performance of the
multi-layer either we can confirm/select number of layers of STF treated fabric system
from Table 8-12.

5) If the type of material of fabric, and STF sample will be different from the designated
attributes of the armour system then the design will be governed by combination of said
constituent followed by numerical analysis using methodology mentioned in Chapter 6
for STF impregnated fabric system.

6) Based on the numerical analysis the constituents of body armour such as type of fabric
layer, Type of STF sample, will be selected.

7) Further, to synthesis the STF impregnated fabric system apply the STF on the Kevlar
layers uniformly throughout. The application of STF should be such that the Kevlar
fibres are surface saturated.

8) The Kevlar layers are to be winded using the double winder as to keep the yarn fibers
intact in tension from all four sides.

9) Make sure that the edges of the fibers are secured with a help of selvage.

An extra protective layer of a water-resistant material is provided over the SURAKSHA A

configuration to protect it from extreme weather conditions and water.
8.3.2 Guidelines for SURAKSHA B

1) Define the level of bullet proof armour as per user requirement and the standard
followed (NIJ/ UL 752).

2) Based on this, select the number of bubble wrap configuration layers, the type of STF
and its percentage on the basis of availability.

3) Prepare the STF as per the level of armour protection following the methodology
discussed in Chapter 5 . The rheological data (a curve of dynamic viscosity vs shear
strain rate) of the designated STF samples is selected from the database or determined
experimentally.

4) Based on prepared STF sample/ selected from the database, the ballistic performance
of the multi-layer either we can confirm/select the number of layers of STF
encapsulated bubble wrap configuration system from Table 8-13.

5) If the type of bubble wrap configuration, material of bubble wrap, and STF sample will
be different from the designated attributes of the armour system then the design will be

governed by combination of said constituent followed by numerical analysis using
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methodology mentioned in Chapter 7 for STF encapsulated bubble wrap configuration
respectively.

6) Based on the numerical analysis the constituents of body armour such as number of
required layers, type of STF sample, and bubble wrap configuration including its
material and geometric shape will be selected.

7) An extra protective layer of a water-resistant material is provided over the bubble wrap

jacket to protect it from extreme weather conditions and water.
Additional points to be kept in mind:

e The jacket should not exceed 5kg in total as our aim to target light weight bullet proof
armour.

e A prior testing is required for the level of armour to be targeted and one level above it.
No penetration should be there in the level that is targeted and no penetration in one

shot of the higher impact level.

Testing standards should be followed as per the standards followed. The aim of development
of design guidelines for the development of Smart thickening fluid based Ultra Resistant
Adaptive Kinematic Soft Human Armour (SURAKSHA A and B) is achieved in this research.

The detailed configuration is developed as per standard ballistic scenarios.
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9 Conclusions, Limitations, and Future work

This Chapter details the salient finding of the present research and provide new ideas
for the future work. In order to develop lightweight, flexible ballistic body armour Shear
thickening based body armour has been investigated under ballistic impact from projectiles
conforming to NIJ standards. The performance of the proposed ballistic armour SURAKSHA
consists of multi-layer STF impregnated fabric and STF encapsulated in bubble wrap have been
studied. The ballistic performance of neat fabric is evaluated and validated through
experimental results. The mechanical properties of fabric fiber are taken from open literature.
The validated model considers the following parameter viz. yarn density, yarn crimp of plain
weave fabric, inter-yarn friction. These parameters are important to characterize the ballistic
performance of the fabric. The present model considers yarn as continuum body by neglecting
filament and fiber level modelling. Due to this, the accuracy of the model decreases but the
deviation in the results are within the limit of 5 %. Another important parameter is inter-yarn
friction which is incorporated through contact models. The inter-yarn friction is implemented
using Mohr-Coulomb friction model. The coefficients of inter-yarn fabric for neat fabric is
taken from the open literature. During ballistic impact, the idealization of boundary condition
is very difficult and hence for the simplicity, the two-side fixed and two opposite side free
boundary condition is adopted in the present model of neat fabric. Ballistic impact is a localized
phenomenon and hence the role of boundary condition is minimal. However, the effect of
boundary condition on the ballistic performance of the fabric is not nullified. The ballistic
performance of simulated neat fabric is in good agreement with the experimental results for
initial projectile velocity which is varying from 82 to 389 m/s. It is observed from the
simulations done that STF significantly improves the ballistic performance of the STF treated

fabric.

For evaluation of the ballistic performance of the STF treated fabric, friction-based
model is used and extended to study the efficacy of the model for STF treated fabric
configuration. The research found that there are limitations in the friction-based models. The
friction-based model predicts accurate results for mid-range of the projectile velocities. But, it
fails to produce accurate results at lower and higher projectile velocities. Such discrepancies
are due to modelling approach of STF using friction-based model. The friction-based model
enhances the inter-yarn coefficient of friction from neat state to STF treated state of the fabric.

Generally, literature reports that the coefficient of friction is predicted using semi-empirical
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approach for neat as well as STF treated fabric. The steps in semi-empirical approach are as
follows: (1) experimental establishment of force-displacement relationship using pull-out
experiments and subsequently, (2) numerical validation of pullout test by changing coefficient
of friction. The force-displacement relation is established at a specific pull-out speed and hence
the co-efficient of friction will be valid for that specific speed only. But, ballistic impact is
having varying speed of the projectile. Moreover, STF shows rheological properties depending
upon the shear strain rate and hence due to varying speed of the projectile the STF mechanism
will be also different. These limitations are well discussed in appropriate Chapters in this

research.

The current study shows that the ballistic performance of the fabric will be optimum in
terms of residual velocity and kinetic energy of the projectile at a critical coefficient. This
observation is highlighting the issue with friction-based models as they fail to capture the effect
of STF and hence they cannot be used to study the exact behavior of STF impregnated with
fabric. Moreover, many researchers have taken very high coefficients of friction which will
predict at par ballistic performance of STF treated fabric but they certainly fail to capture the
behavior and effect of STF on the fabric. In view of these limitations, a novel MM-ALE method
to simulate ballistic performance of the STF impregnated fabric has been proposed and
implemented. In MM-ALE method, STF, fabric and the interaction of STF and fabric is
modelled. The STF is modelled using ALE formulation while fabric is modelled as Lagrangian
formulation. The coupling between STF and fabric is provided using
CONSTRAINED_LAGRANGE IN _SOLID by defining coupling direction as normal
compression only. The interface between STF and fabric is modelled as no slip wall condition
and it is achieved by defining very high friction value between them. The variation of pressure
due to change in volume is modelled using EOS_LINEAR_POLYNOMIAL. The current study
only considers volumetric change in the STF upon application of normal loading and hence
only bulk modulus is defined in the EOS card. The MM-ALE based model produces results
which is well in agreement with the experimental results for wide range of projectile velocity.
The developed STF model is found promising to replicate the STF impregnation of fabric. The
developed MM-ALE based model is used to predict the ballistic response of STF treated multi-
layer fabric system. The ballistic response is evaluation for projectile conforming to NIJ
standards and having used to rate armour system as BR I, BR 1IA, BR 11, and BR I11A.

The developed STF model has been implemented to study the impact behavior of

confined STF encapsulated in bubble made of polyethylene under projectile rating of BR I, BR
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1A, BR 1, and BR I1lA. The new proposed configuration is based on confinement of shear
thickening fluid within negligible strength but highly flexible made of material Low Density
Poly-Ethylene (LDPE). The present investigation considers only uniform placement of
cylindrical shape bubbles. The bubble wrap configuration is filled with shear thickening fluid.
From the results, it is concluded that the variation in the type of the STF and its composition
hardly effects the results of the energy absorption. It only varies with the density of the bubble
wrap with the STF and the impact velocity of the projectile. There is an increasing trend in all
the cases of energy absorption with the density of the bubble wrap capsule as expected. This is
due to the fact that the more amount of STF will result in less amount of area, thereby having
more energy absorption capacity in that particular area. The results pave way for the utilization
of STF as an efficient energy absorbing material in the field of blasts and ballistic impact to
mitigate the shockwaves.

The following were achieved in this thesis:

» A novel MM-ALE method to simulate ballistic performance of the STF
impregnated fabric and such system has been developed. The MM-ALE
approach of modelling can be used to simulate the STF effect using rheological
data.

» A numerical framework based on modelling of shear thickening fluid is
developed to analyses the ballistic behavior of STF impregnated fabric under
impact having ballistic rating conforming to NIJ standards.

» A numerical framework is developed to analyses the ballistic performance of
STF encapsulated in the bubble wrap under impact having ballistic rating
conforming to NIJ standards.

» A design methodology and development guidelines are formulated to develop
lightweight and flexible armour.

» The aim of development of design guidelines for the development of Smart
thickening fluid based Ultra Resistant Adaptive Kinematic Soft Human
Armour (SURAKSHA A and B) is achieved in this research. The detailed
configuration is developed as per standard ballistic scenarios.

9.1 Limitations

The current study presents the design and development methodologies for soft armour

made of high-performance fabric and bubble wraps. The study basically presents a numerical
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framework which may be used to design and develop soft body armour. The numerical
modelling involves modelling of fabric, bubble wrap, STF, and coupled models with other
constituent material. In the entire modelling the base model of the fabric, model of yarn is
continuum based 4-noded shell elements. Further, the strain rate independent material model
is used and there is probability that the same model will be not valid for low and very high
velocity of the projectile. Further, coupled STF-fabric model is based on MM-ALE technique.
Since MM-ALE based approach uses empirical rheometric data, the model may produce
inaccurate results at very high projectile velocity. This will be due to limitations of the
rheometer which will be not able to characterize STF at very shear strain rate. Furthermore, the
accuracy of MM-ALE based STF treated fabric depend upon interaction of STF and neat fabric
as the adopted fabric model is at yarn level it is not able to capture the effect of STF on filament
of the yarn and may produce inaccurate results. The current study mainly focuses on two
boundary conditions viz. two side fixed and clamped boundary condition, there will be always
scope for the change in prediction of the ballistic behavior of the fabric depending upon
different boundary conditions and hence this study should be extended on other boundary

conditions.
9.2 Future work

Based on these findings, the following works may be carried out in the future:

e The statistical performance optimization studies can be carried using developed STF
model to determine the ballistic limit of armour.

e Study the effect of confinement on STF on numerous types of micro-configurations of
bubble on its ballistic performance.

e Study the effect of STF impregnation of different types of architecture of fabric using
MM-ALE approach.

e Study the effect of carbon Nano-tube and graphene fillers on rheological, ballistic
impact, and electrical properties of shear thickening fluid in the development of smart
ballistic human armour.

e Study the ballistic impact performance of STF impregnated into stochastic auxetic foam

structures.
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Based on above proposed futuristic work, the findings of the study could be applied to design
and development of prototype of smart and intelligent ballistic body armour system like the

shown armour system in Figure 9-1.

Ballistic Helmet installed
with Cerebral Sensors

Cerebral Sensors inside
Ballistic Helmet

elep
JO UOISSILUSURI] SS3J3IIMN

integrated with MASSIVE

Structural Damage Monitoring,
Projectile velocity measuring, sensors

Brain Waves, Heart Beat Rate, etc.
monitoring module at base station.

©1Ep JO UOISSILUSURI ] SSOJaJIM

Al
Hear Beat Rate measuring
sensors installed in the gloves  Ballistic Suit with details of i
health monitoring sensors Heart Beat rate, temperature, blood
pressure Sensor installed in ballistic suit

Wireless Transmission of

Figure 9-1 Futuristic smart and intelligent ballistic body armour
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