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INTRODUCTION

Body armors have been developed to protect wearers from various environmental threats such as
chemicals, fire, UV radiation and heat, as well as to defend against ballistic impacts, sharp fragments
and stabbing injures. Throughout mankind's evolution, a wide range of body protection solutions have
been developed for personal safety. Nowadays, there is an intense effort to develop body armor
protection technologies to enhance safety, comfort and reduce weight.

The primary function of body armor is to mitigate the kinetic energy of a projectile upon impact,
effectively reducing or preventing the penetration of the bullet into the wearer's body. The secondary
functions of protective armor systems are to protect the wearer from a variety of threats while
maintaining a high level of comfort. It is obvious that no armor system can provide protection against
all possible threats. Therefore, the performance of protective body armor is usually designed to meet
specific levels of protection customized for its intended use.

As threats have increased, armor systems have become significantly heavier to provide adequate
protection. This increase in weight places a substantial load on warfighters, affecting their mobility and
endurance. Over the years, the need for low-density, high-performance and cost-effective materials
has increased significantly. This increasing requirement has resulted in intense research over the last
decades, focused on the development of lightweight body armor systems. Many of the advances in
armor performance have resulted from the introduction of novel or improved materials, demonstrating
the essential role of material innovation in this field. Recently, researchers have faced a significant
challenge: the development of high-quality armor materials capable of withstanding the high-velocity
ballistic impact of modern weapons. This requires innovative solutions and advanced materials to
ensure that the resulting armor systems offer effective protection while maintaining the required
balance between weight, performance and cost.

To improve body armor systems, two critical challenges must be approached. Firstly, it is essential to
develop materials that outperform existing ones. Secondly, it is essential to design armor structures
that maximize the potential of both existing and improved materials. This involves designing materials
in a way that optimizes their protective properties. Advanced simulation and experimental methods are
essential to effectively approach these challenges. The selection of materials, their geometric
configuration and assembly methods are essential in armor design. Each material component performs
a specific role, not only in dissipating the kinetic energy of projectiles or mitigating blast effects, but
also in maintaining the structural integrity of the armor. It is therefore significant to note that the
general behavior of an assembled armor system facing a given threat is more complex than the simple
sum of the behaviors of its individual components. This highlights the importance of a comprehensive
approach in the design and engineering of effective armor systems.

Not long ago, composite materials were used together with various metals to achieve the required
ballistic protection. Ceramics have partially replaced heavy metals such as steel and aluminum alloys
in personal and structural protection due to superior ballistic performance, including significant
advances in specific strength and hardness. Modern armor structures usually contain a combination of
two main materials: a ceramic (most often) or metallic face layer, followed by multi-layer laminated



polymer composites, reinforced with fibers or fabrics. This combination utilizes the unique properties
of each material to improve the global effectiveness of ballistic protection.

In order to achieve cost-effective and comfortable body armor, it is essential to select the accurate
design, materials and manufacturing processes. The optimal body armor design must balance three
conflicting characteristics: effective protection, mobility and comfort. This balance ensures that the
armor provides adequate defense against threats while allowing ease of movement and comfort for
the wearer. With careful consideration of these factors, armor systems can be developed that meet the
rigorous demands of modern protection requirements.

Advanced composite armors can be designed from multiple layers, including ceramic, fabric and anti-
trauma layers, to enhance ballistic protection. The performance of each layer critically influences the
overall effectiveness of the armor system. In some designs, a rubber layer is incorporated to support
the ceramic tile layer and improve both the overall performance and comfort of the armor.

The main objective remains the design, development and optimization of novel armor structures
achieved through simple and cost-effective manufacturing technologies, while reducing overall weight
and maintaining high levels of protection. The aim is to develop armor systems that not only offer
superior protection, but also improve wearer mobility and comfort, making them more practical for use
in demanding environments.

In this regard, the research conducted within this thesis focuses on developing a novel solution for the
ballistic protection industry. This solution aims to provide a cost-efficient body armor system that
ensures a high level of protection. Additionally, the research attempts to identify major challenges
and technical gaps in developing the next generation of lightweight protection materials, including
rubber-based composites, and to propose a strategic path forward for their improvement.

Below is presented a brief overview of the research conducted through this doctoral thesis.

Chapter 1 presents a general overview of ballistic protection, highlighting the role of rubber in energy
absorption, impact mitigation, and structural reinforcement for advanced armor systems. This is
followed by a critical review of the state of the art which leads to the formulation of the research
objectives established for the present thesis.

Chapter 2 is dedicated to briefly presenting the research goals and objectives followed throughout the
research.

In Chapter 3, the design and development of both soft and rigid ballistic protection structures are
explored, highlighting the role of rubber in improving impact absorption and structural integrity. Various
configurations of UHMWPE-rubber composite panels and rubber-ceramic composite plates are
analyzed to optimize energy dissipation, flexibility, and ballistic resistance.

Chapter 4 analyses the mechanical behavior of rubber in ballistic applications, focusing on its hyper-
elastic properties, energy absorption capabilities, and impact mitigation potential. Through theoretical
modeling, numerical simulations, and experimental testing, the chapter evaluates how rubber
materials respond under extreme loading conditions, providing understandings into their role in
improving ballistic protection. The findings establish a foundation for optimizing rubber-based
composite structures for improved durability and energy dissipation.



In Chapter 5, the integration of SBR-65 rubber with UHMWPE UD fabric is explored to evaluate its
energy absorption capabilities and impact resistance in soft armor configurations. The chapter
examines the ballistic behavior of fabric structures, highlighting wave propagation mechanisms, failure
modes, and the role of rubber in improving protective efficiency. Through experimental testing and
numerical simulations, different panel configurations are analysed, showing how the placement of the
rubber layer influences projectile deceleration, back-face deformation, and overall ballistic
performance.

In Chapter 6, the integration of PUR-85 and SBR-65 rubber with ceramic and UHMWPE UD fabric is
explored, to evaluate its energy absorption capabilities and impact resistance in rigid armor
configurations. Various impact models, energy absorption mechanisms, and damage evolution
processes are considered for analysis, highlighting the role of rubber in mitigating stress waves and
enhancing overall structural integrity. Through experimental testing, the effectiveness of rubber-
ceramic hybrid configurations in improving ballistic resistance is demonstrated.

In Chapter 7 the original contributions and general conclusions of the present doctoral thesis are
formulated. In addition, suggestions for future research are introduced and discussed.



1. Critical review of the state of the art on recent advances and perspectives of
ballistic materials and equipment

1.1 General considerations

Terminal ballistics begins when a projectile impacts an armored target and ends when the projectile is
completely stopped or fully penetrates the armor. This phase involves the interaction between the
projectile and the target material, including deformation of the projectile and armor, as well as energy
transfer and dissipation mechanisms. An understanding of terminal ballistics is essential for the design
of effective armor systems and for optimizing the protective capabilities of materials.

Based on the projectile-target energy transfer phenomenon, energy dissipation and damage
mechanisms, the impact event can be classified into three categories: low-velocity impact, high-
velocity impact and hypervelocity impact. This classification is due to the significant changes in energy
transfer, energy dissipation and target damage mechanisms as the projectile velocity changes. Low-
velocity impact occurs at velocities below 500 m/s, typical of handgun threats. In this scenario, the
bullet deforms into a "mushroom" shape before being stopped. High-velocity impact occurs at
velocities between 500 and 1000 m/s, common for rifle ammunition. Here, the bullet tends to shatter
on impact. Hypervelocity impactinvolves projectiles traveling at velocities exceeding 1000 m/s, such
as those from improvised explosive devices (IEDs). At these extreme velocities, the local target
materials behave as fluids, leading to complex interaction dynamics [2, 3].

The study of ballistics and the development of advanced armor systems are primarily determined by
the need to respond to specific ballistic threats, especially projectiles, which vary widely in terms of
velocity, energy, and penetration mechanisms. Understanding the dynamics of projectile impact,
energy dissipation, and material behavior provides the basic knowledge needed to design effective
protective solutions. However, the effectiveness of any armor system ultimately depends on its ability
to address the unique characteristics of different types of ballistic threats, ranging from low-velocity
handgun bullets to high-velocity rifle ammunition and hypervelocity projectiles from improvised
explosive devices (IEDs). In the next section, the types of ballistic threats will be explored in detail,
categorizing them based on their velocity, energy, and penetration capabilities, and examining how
these factors influence the design and performance of armor systems.

1.2 Types of ballistic threats

Ballistic threats are characterized by low- and very high-velocity projectiles, including bullets, shrapnel,
fragments and similar objects, commonly associated with military operations. These threats constitute
significant challenges because of their speed and their potential to cause significant damage. Ballistic
threats can be categorized into four main classes [1, 9, 10, 11, 121:

- small arms projectiles, which can have soft cores typically made of lead or hard cores made of
steel or tungsten carbide, are shot from handguns, rifles, and machine guns;



- fragment simulating projectiles (FSP), which are made to reproduce the actions and effects of
shrapnel fragments resulting from the explosion of munitions, such as bombs, grenades, or artillery
shells;

- long rods, known for their elongated shape, which are commonly utilized in anti-armor
applications;

- shaped-charge jets and explosively formed projectiles (EFP), which are advanced threats that
concentrate explosive energy to create high-speed projectiles capable of penetrating armor. These
threats exhibit significantly greater penetration capabilities than conventional kinetic energy
projectiles.

In general warfare, bullets and fragments are the primary cause of injuries.

1.2.1 Small arms projectiles

Typical bullets are constructed with either round (hemispherical) and flat noses, which are commonly
used for handguns, or pointed noses (ogive and conical), which are typically associated with rifle
ammunition, as illustrated in Figure 1.3. These nose shapes have a significant impact on the bullet's
performance, affecting factors such as flight stability, penetration capability, and the effects on targets
upon impact.

|

hemispherical flat ogive conical

Figure 1.3 Different forms of the projectile nose [18]

In summary, the design and material composition of bullets play a significant role in determining their
performance, including flight stability, penetration capability and impact effects. The different types of
bullets mentioned above describe specific purposes in military contexts, improving effectiveness in
various operational situations. This comprehensive familiarization with the characteristics of bullets

contributes to choosing the right ammunition to achieve specific tactical requirements.

1.2.2 Fragments

Fragments can be classified into two categories: natural and preformed. A natural fragmentrefers to a
piece of material that breaks off or separates naturally from a larger object without the influence of
external shaping or fabrication processes. These fragments can result from various forces such as



impact, stress, or environmental conditions, and are often irregular in shape. Fragments from artillery
weapons are usually natural fragments resulting from the shell casing. These fragments are created
by the breakup of the casing surrounding the explosive and are dispersed and shattered by the
detonation of the explosive filler. Preformed fragments are intentionally manufactured parts packed in
or around the explosive mixture to increase its fragmentation effect upon detonation. For obtaining
statistically significant data on armor performance against fragmentation threats, a significant number
of trials are often needed. This process, which can be costly and time-consuming and result in highly
variable data, is more efficiently and cost-effectively achieved through the use of fragment simulating
projectiles (FSPs) in laboratory testing, Figure 1.5.

Figure 1.5 Fragment simulating projectile (FSP)

Asillustrated in Figure 1.5, the flat tip with sharp edges is designed to simulate cutting and penetrating
actions. This feature simulates how real fragments would interact with and penetrate various

materials.

1.2.3 Projectile deformation and damage

The deformation and damage of a projectile upon impact with the target is influenced by the
composition of the core, the rate of deceleration experienced during impact, and the angle of impact.
To analyze and understand in detail the different deformation and damage mechanisms of bullets, they
are classified into the following common types: bullet mushrooming, bullet jacket stripping, core
erosion, bullet fracture and bullet bending [17, 25, 26, 27, 28, 29].

The discussion on ballistic threats, including small arms projectiles, fragments, and their deformation
mechanisms, highlights the critical need for effective ballistic protective systems. Understanding the
behavior of projectiles upon impact, their penetration capabilities, and the factors influencing their
performance provides a basic understanding of the design of body armor and other protective
structures. The next section will explore how different armor designs and materials are adapted to
mitigate the diverse threats discussed, ensuring optimal protection while balancing factors such as

weight, flexibility, and durability.
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1.3 Design considerations for ballistic protective systems. Classification and analysis of

body armor structures

The weight of body armor is essential to the mobility of its wearer. A common material option for
protection applications are metal structures, especially steel. Though, the density of metals is quite
high and therefore not practical for the design of lightweight ballistic body armors. Laminated
composite materials, which are generally lighter than metals, but having high mechanical properties
and offering performance comparable to steel, can be used largely in the structure of ballistic protection
equipment. The multilayer hybrid armor system containing several layers of materials from different
classes (usually ceramics and high-strength and high-modulus fibers), also known as ceramic
composite armor system, offers an advantage over hard monolithic ceramic or steel plates in terms of
ballistic performance and ballistic limit per unit mass. This type of armor is an assembly of laminated
composite materials containing a hard striking face with high compressive strength and a flexible
backing plate with high tensile strength [1, 30, 31]. The basic function of this armor is to defeat an
impacting bullet. The main role of the striking plate is to reduce the speed of the bullet and to deform
and break it into small fragments. The function of flexible backing plate is to capture the broken
fragments, dissipate the remaining kinetic energy of the projectile and keep the integrity of the body
armor [32, 33]. Hard materials, such as ceramic tiles (for example: alumina, silicon carbide, boron
carbide, or titanium diboride), are used as striking faces. Ceramic is an appropriate candidate material
for the striking face due to its hardness at minimum density. Backing plate is normally made of fiber-
reinforced composites (for example: aramid, ultra-high-molecular-weight polyethylene, fiberglass and
carbon fiber), which are relatively lightweight and flexible. In certain armor designs, the incorporation
of a rubber layer allows the impact energy to be redistributed over a larger area. The striking face and
backing plate are bonded together using ballistic adhesives [34].

The design of body armor, as discussed in this section, focuses on achieving a balance of protection,
comfort, and mobility while addressing specific threats through the use of advanced materials and
layered structures. However, the effectiveness of body armor is not only determined by its material
composition or design; it also depends on the level of ballistic protection it provides against various
threats. In the following section, the standardized classification systems used to define the protective
capabilities of body armor will be discussed. These levels, which range from protection against low-
velocity handgun bullets to high-velocity rifle projectiles, play a critical role in guiding the selection and
design of armor systems to meet specific operational requirements. By understanding these protection
levels, it is possible to understand better how body armor is designed to address different threat
scenarios, ensuring optimal safety and performance for the wearer in various combat and tactical
environments.

1.4 Ballistic protection levels in body armor design

Body armors structures must be subjected to specific tests to ensure that all components meet the
minimum performance standards before they can be used. The ballistic resistance test is conducted in
accordance with body armor standards established by the United States of America and the European
Union. The most usually referenced standards are the NIJ Standard-0101.07, which outlines testing
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procedures, in conjunction with NIJ Standard-0123.00, which describes ballistic protection levels, and
the Home Office Body Armour Standard (2017) [56, 57, 58]. These standards provide comprehensive
guidelines for techniques, apparatus, physical settings, and terminology to evaluate the ballistic impact
properties of various body armors.

Having established a comprehensive understanding of the standards and testing procedures for body
armor, including the evaluation of ballistic resistance and the categorization of protection levels,
materials that play a crucial role in enhancing ballistic protection will be explored. The next section will
investigate into ceramics for ballistic protection, examining their properties, advantages, and
applications in the development of advanced body armor systems designed to provide superior defense
against high-velocity and high-mass projectiles.

1.5 Ceramics for ballistic protection

Typically, ceramic materials used in armor configurations are either monolithic tile or in hybrid
composite design (hard-faced ceramic plate placed in front of the projectile and high-performance fiber
placed towards the human body). The common ceramic materials are used in armor designs as a
monolithic plate, Figure 1.17a. Monolithic plates are generally thought of as a single, rigid, layer of
homogenous ceramic material. This kind of structure typically do not incorporate multi-hit capability
when they are impacted by projectiles. To improve ballistic protection, reducing tile size is an effective
strategy. By minimizing tile size, the area which is vulnerable to impacts is significantly reduced if a
single tile is compromised. This design approach is known as 'mosaic armor, Figure 1.11b. These
structures have been developed to supply multi-hit resistance. In mosaic armors, numerous ceramic
tiles are joined together in a patterned arrangement (hexagonal, rectangular, square, balls and
cylindrical shapes) therefore the broken of one tile would produce minimum destruction to the other
tiles through restraining the crack propagation.

Figure 1.11 The design of ceramic tiles in ballistic armors: a) monolithic; b) hexagonal tiles arranged in
a mosaic pattern

Introducing an additional rubber layer in front of the ceramic can significantly influence the ballistic
performance of brittle materials. Si et al. [86] conducted ballistic testing on a polyurea-reinforced
ceramic/ metal armor, including three types of polyurea elastomer positions (front, middle, and rear).
The study concludes that polyurea significantly enhances the ballistic performance of ceramic
composite armor, particularly when applied to the front face. Jitarasu and Lache [87] conducted
numerical simulations and ballistic testing using various types of projectiles on different configurations
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of monolithic ceramic composite armors, including those with and without a rubber layer as a striking
coating. Their studies showed that composite amour systems with rubber layers on the front side offer
superior energy absorption performance.

The combination of monolithic and mosaic structures, along with the strategic placement of rubber
layers and other materials, can optimize ballistic performance, offering high protection against a variety
of ballistic threats. The continuous development and refinement of these designs ensure that armor
systems can meet evolving protective needs.

Having explored the mechanical properties, design innovations, and fabrication techniques of ceramic
materials in ballistic armor, it is essential to consider another critical component of modern protective
systems: fibers. The next section will explore into the various types of fibers used in ballistic
applications, examining their unique properties, performance characteristics, and the role they play in
enhancing the overall effectiveness of armor systems. By understanding the interaction between
ceramic materials and high-performance fibers, a comprehensive understanding of how advanced
composite armors are designated to provide superior protection against a wide range of ballistic
threats.

1.6 Fibers used in ballistic applications

Continuous development in the bulletproof materials field, particularly in soft fabric ballistic vests are
leading to advances in this area. In the past two decades, some fibers with advanced mechanical
properties have been produced for ballistic impact usage. These fibers are generally lightweight and
have higher energy-absorbing abilities. Today, synthetic fibers are the dominant class of materials used
in bulletproof vests, especially in industries requiring superior mechanical, thermal and chemical
stability. These high-performance fibers (HPF) are technical fibers known for their superior strength
and stiffness (modulus), low density and ability to withstand high temperatures, chemicals, abrasion,
fatigue, and cuts [34, 89, S0].

Aramid and UHMWPE are the main fibers utilized in the fabrication of ballistic protective equipment.
These materials exhibit superior tensile strength and reduced weight compared to alternative
materials, making them highly effective for bulletproof applications. These superior mechanical
performances are significantly influenced by the manufacturing processes of the fibers. For example,
the dry-jet wet spinning method used in the production of aramid fibers ensures optimal molecular
alignment, resulting in high tensile strength and modulus. Similarly, the gel spinning process used for
UHMWPE fibers enhances their tensile properties by aligning the polymer chains during fiber
formation. Understanding and optimizing these manufacturing techniques are crucial for achieving the
desired mechanical performance in ballistic protective materials [92, 122, 123].

The materials discussed in this section, from high-performance synthetic fibers to natural fibers,
provide the background for technical textiles designed to meet the high requirements of ballistic
protection. The next section will look in detail at how these materials are processed into advanced
textiles, exploring the integration of their mechanical properties, energy absorption capabilities, and
structural designs to create specialized fabrics that enhance protection, flexibility, and functionality in
ballistic applications.
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1.7 Technical textiles for ballistic protection

Ballistic fabrics are critical in personal and vehicle protection systems, designed to stop the high-
velocity projectiles. The effectiveness of these fabrics depends on their ability to absorb and dissipate
energy from impacts. This involves a combination of the textile’s local energy absorption capabilities
and the efficiency with which this absorbed energy is transferred to the crossover points of the yarns,
dissipating energy through stretching and breaking. Ballistic fabrics can be categorized into three main
types based on their construction: woven, unidirectional laminated (UD), and nonwoven. Additionally,
the architecture of these fabrics can be further divided into 2D and 3D structures, with 2D fabrics being
planar and 3D fabrics having a more complex three-dimensional form, that can enhance their ability to
absorb and dissipate energy.

1.7.1 Important aspects for the performance of ballistic fabrics

The performance of ballistic fabrics is influenced by a wide range of factors, from the structural
characteristics of the fabrics to the properties of the projectiles. Some of the influencing factors include
fiber type and properties, fabric architecture and the interaction between layers on impact. Inter-yarn
friction and fabric-projectile interactions play a crucial role, influenced by factors such as geometry and
projectile velocity. In addition, environmental conditions, including temperature and humidity, can have
a significant impact on the effectiveness of these structures.

Following the basic understanding of ballistic textiles, the next section discusses high-performance
fiber-reinforced composites, which represent a significant development in ballistic protection
technologies. While fabrics provide critical energy absorption and impact resistance, composites
integrate these advanced fibers with resin matrices to form rigid, lightweight, and highly durable
structures. These composites exploit the unique properties of fibers like aramid, UHMWPE, and carbon,
combining them with adapted matrix systems to achieve superior ballistic performance. The following
section will explore the design, fabrication, and performance optimization of these fiber-reinforced
composites, highlighting their role in advanced applications, where enhanced strength, reduced weight,
and greater resistance to complex threats are critical.

1.8 High-performance fiber-reinforced composites for ballistic protection

Composites are made by mixing two or more distinct materials to create a structure with new or
improved properties. This combination often results in superior performance characteristics compared
to traditional materials. For example, fiber-based composite materials, widely used in ballistic
applications, use the strength and lightweight of fibers to provide superior impact resistance. These
composite materials not only offer improved durability but also significant weight reduction, which is
essential for applications requiring high mobility and strength. In addition, composite materials exhibit
very good chemical and weather resistance, which makes them suitable for use in various
environments. The various types of reinforcements and matrix materials allow the properties of
composites to be adaptable. By carefully selecting and aligning fiber reinforcements, composites with
directional properties can be considered to satisfy specific structural requirements. This versatility
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makes composites ideal for applications requiring distinct properties in different directions. In
composite structures, the discontinuous constituent, referred to as the reinforcement, is integrated
into the continuous constituent known as the matrix. This integration results in a synergistic material
that shows improved performance characteristics.

1.8.1 Important aspects for the performance of ballistic fiber-based composites

During ballistic impacts, various factors contribute to the failure of composite materials. Distinguished
among these are matrix cracking, delamination, fiber failure, and frictional energy losses that occur
between the composite material and the impacting projectile. The mechanisms of energy absorption
during such impacts are primarily influenced by frictional losses. This energy dissipation process
involves yarn slippage, interaction between adjacent layers, and the interactions occurring between the
projectile and the composite material itself. These frictional responses are particularly pronounced at
lower impact velocities. When a composite material is subjected to ballistic impact, its response can be
categorized into local and global reactions. At lower velocities, a global reaction, characterized by the
propagation of stress waves, is typically observed. As the impact velocity increases, this global
response transitions into a local response, showing as shear or plug failure. At lower velocities, there
is sufficient time for the transfer and dispersion of the impact energy across a wide area of the
composite material. This increased impact duration facilitates the generation and propagation of elastic
waves, including shear and flexural waves, to the boundaries of the structure. Consequently, the
material's ability to absorb and dissipate energy is improved, reducing the probability of catastrophic
failure [178].

The high performance of composite materials has been involved in advancing ballistic protection
technologies, providing their ability to combine impact resistance with lightweight properties. However,
while the fiber reinforcements and matrix structures of composites are critical for energy absorption
and damage mitigation, the adhesive and resin systems used within these structures also play an
essential role. These systems influence not only the bonding and integrity of the materials but also
their mechanical behavior under high-stress conditions. The subsequent section explores the
adhesives and resins used in ballistic protection structures, examining their contributions to energy
dissipation, structural cohesion, and the overall enhancement of composite performance in demanding
applications.

1.9 Adhesives and resins used in ballistic protection structures

Adhesive interlayers play a significant role in composite ballistic structures, strongly influencing their
impact response. Recent studies such as those by Shen et al. [210] and Baser et al. [2711] have shown
that the thickness of the adhesive layer, especially in ceramic composite armors, can influence the
ability of the armor to absorb energy, reduce ceramic spalling and manage shear stress. A thicker
adhesive layer improves energy absorption by distributing the stress from the ceramic to the composite
backing, while a thinner layer helps prevent bending and spalling of the ceramic tiles. In addition, the
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bond strength and failure displacement of the adhesive interlayer are critical to multiple impact
performance as they determine the ability to retain and confine the layers of material in the composite.

Resins also play an essential role in ballistic armor systems, acting as binders that hold ballistic fibers
in position and orientation to protect against high-velocity projectiles. These resins not only help to
distribute the load evenly between fibers after impact, but also prevent the propagation of microcracks
and increase the durability of the structure. Although the resins themselves do not have ballistic
resistance properties, they are essential for binding and securing the reinforcing fibers, contributing to
kinetic energy distribution through mechanisms such as matrix cracking, debonding, fiber shearing,
hydrostatic crushing, tensile breaking and frictional sliding. The selection of the resin system can
significantly influence the total absorbed energy and damage resulting from ballistic impact.

The next section will focus exclusively on rubber in ballistic applications, exploring its unique material
properties, innovations in its integration within armor systems, and its expanding role in meeting the
demands of modern warfare and security. As a multi-purpose and high-performing material, rubber
holds the potential to redefine the limitations of ballistic protection, offering new solutions to complex
challenges while ensuring optimal safety, flexibility, and efficiency.

1.10 Rubber materials in ballistic protection

In the field of ballistic protection, material selection is extremely important to ensure both safety and
effectiveness. Among the multitude of materials available, rubber has developed as an important
component in various ballistic applications. Its unique combination of flexibility, energy absorption and
cost-effectiveness make it an attractive choice in the design of protective solutions. The flexibility of
rubber allows it to deform under stress and return to its original shape once the stress is removed. This
characteristic is essential in ballistic applications as it allows the material to absorb and dissipate the
energy from impact, reducing the potential for penetration and back-face deformations. The
viscoelastic nature of rubber allows it to convert a significant portion of the impact energy into heat,
reducing the force transmitted through the material [227]. Another characteristic of rubber is its ability
to absorb kinetic energy. On impact, the rubber deforms, and this deformation process absorbs energy,
reducing the force transmitted through the material. The rubber's ability to deform on impact helps
absorb the kinetic energy of projectiles, increasing the effectiveness of the protective system. Rubber's
relatively low density contributes to its attraction in ballistic applications where weight is a critical
factor. The use of rubber allows lightweight protective systems to be designed without compromising
performance. This advantage is particularly important in personal protective equipment where
overweight can restrict mobility and efficiency. In addition to its mechanical properties, rubber is also a
cost-effective material. Its high availability and ease of manufacture contribute to its affordability.
Moreover, the durability of the rubber ensures a long service life, reducing the need for frequent
replacements and therefore long-term costs. Rubber has very good resistance to various
environmental factors including temperature fluctuations, humidity and UV radiation. This combination
of low initial costs and durability makes rubber an economically attractive option for ballistic
applications.
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The strategic use of rubber in military applications highlights its strength and effectiveness in
enhancing ballistic protection. Whether used in armor systems, defensive structures, firing ranges or
projectile catching systems, rubber materials contribute significantly to mitigating impact forces,
absorbing shock waves and improving safety in combat and training environments. Due to continuing
advances in elastomer engineering and composite materials technology, the role of rubber in next-
generation ballistic applications is expected to expand even further.

1.10.1 Mechanisms of ballistic energy absorption in rubber materials

Upon ballistic impact, rubber undergoes significant compression and deformation, which are primary
mechanisms for energy absorption. The viscoelastic nature of rubber allows it to deform under the high
strain rates typical of ballistic events, thus dissipating kinetic energy and reducing the force transmitted
through the material. This deformation process involves both elastic and plastic responses, making the
material to absorb energy efficiently. Rubber layers can act as shock absorbers, absorbing and
dissipating energy upon impact over a larger area, thus improving the ballistic resistance of armor
structures. During deformation, a portion of the kinetic energy from the projectile is converted into
heat within the rubber material. This heat dissipation contributes to the overall energy absorption
capacity of the rubber. Additionally, the inherent resilience of rubber leads to a rebound effect, where
the material tends to return to its original shape after deformation. This elastic recovery can further
dissipate energy and reduce the probability of material failure under repeated impacts.

Rubber layers show notable multi-hit capabilities due to their elasticity, energy absorption properties,
and self-recovering behavior after impact. When hit by high-velocity projectiles, rubber materials
experience localized deformation, absorbing kinetic energy through elastic deformations. Unlike brittle
materials, which experience permanent cracking and fragmentation upon impact, rubber layers tend to
distribute stress over a larger area and gradually recover their shape, making them effective for
repeated impacts. The material's ability to withstand multiple impacts without significant structural
damage is improved by its high tensile strength and elongation at break, which prevent catastrophic
failure even when pierced.

1.11 Conclusions

Ballistic protection systems represent the crossroad of advanced materials science, engineering
innovation and strategic design to protect personnel against complex and evolving threats. The
evolution from traditional heavy metal armor to advanced composites, ceramics and hybrid structures
highlights continuous research to improve protection, mobility and efficiency.

The advancement of modern ballistic protection systems is primarily driven by the development of
innovative materials. Composites, high-performance fibers, ceramics, adhesives and resins have been
essential in developing protective capabilities. Ceramics such as alumina (Al,O,), silicon carbide (SiC),
and boron carbide (B.C) provide very high hardness, enabling them to shatter and erode projectiles upon
impact. Their integration into hybrid designs, such as mosaic armor, enhances multi-hit performance
and damage limitation. Backing plates combined with ceramic striking faces further improve energy
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absorption by capturing debris and redistributing impact forces. Fibers, including aramid (e.g., Kevlar)
and ultra-high-molecular-weight polyethylene (UHMWPE), offer tensile strength and lightweight
properties. They are involved in reinforcing composites and enabling flexibility while maintaining high
energy absorption. Adhesives and resins play a vital role in maintaining structural integrity, distributing
interfacial stresses, and optimizing multi-layered systems for improved performance under high-
stress impacts.

Among these advancements, rubber has proven to be a revolutionary material in the design and
performance of ballistic protection systems. Its distinct properties such as elasticity, energy absorption,
and resistance to crack propagation, effectively address critical challenges in the design of modern
armor systems. Rubber’s ability to absorb and redistribute impact energy significantly improves the
performance of composite and ceramic-based systems. Rubber's critical applications in ballistic
systems include:

a) energy absorption and distribution. rubber layers, particularly in honeycomb configurations,
improve the dissipation of kinetic energy, minimizing blunt trauma and back-face deformation.
This is critical for reducing injury to personnel.

b) improving multi-hit resistance. mosaic armor designs, where rubber is used to bond ceramic
tiles, limit the spread of damage and ensure that a single impact does not compromise adjacent
tiles. This capability is vital in scenarios involving multiple projectile strikes.

¢) crack propagation prevention: the presence of rubber between ceramic tiles prevents cracks
from spreading across the entire armor surface, thereby maintaining structural integrity even
after high-energy impacts.

d) dynamic performance improvement: studies have shown that rubber coatings or interlayers
significantly improve the resistance of armor to dynamic stresses, including the shock waves
generated by high-velocity impacts.

Additionally, the flexibility of rubber contributes to the comfort and wearability of personal protective
equipment, ensuring that ballistic vests and helmets maintain operational efficiency. Its use in vehicular
armor systems also improves adaptability by providing lightweight solutions that do not compromise
structural integrity.

This comprehensive overview of ballistic protection systems sets the premise for the role that rubber
can potentially have in the advancement of this field. By addressing challenges such as energy
absorption, damage limitation, multi-hit resistance and cost-effectiveness, rubber has established
itself as a fundamental component in the design of modern armor systems. Beyond its current
applications, continuing research into advanced rubber composites, elastomeric coatings, and novel
bonding techniques promises to further improve the durability and effectiveness of protective systems.

Taking into account the critical review of the state of the art in ballistic protection systems and the
conclusions formulated on its basis, this doctoral thesis aims to develop an innovative armor solution
to improve ballistic performance of personal protective equipment using lightweight and cost-effective
materials. As presented in detail in Chapter 2, the research focuses on integrating advanced materials,
particularly rubber, to optimize impact resistance, energy absorption, and multi-hit performance
conforming to established protection standards.
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2. Research goals and objectives

The main goal of this doctoral thesis is to develop an innovative armor solution to improve the ballistic
performance of personal protective equipment using lightweight and cost-effective materials. The
conducted research in this regard aims to propose a solution that addresses current limitations in
armor manufacturing for advanced lightweight materials used in ballistic protection, specifically
focusing on reducing the weight and manufacturing costs of protective systems and components. An
essential aspect is the integration of materials with superior energy absorption properties, such as
rubber, while ensuring high-impact resistance and conforming to established ballistic protection
standards. The novel structures proposed and analyzed in this research must achieve balance between
several critical factors, including impact resistance, maintaining structural integrity after impact, multi-
hit resistance, and effective energy dissipation to minimize ballistic trauma and back-face deformation.
This approach will contribute to the advancement of next-generation body armor technologies, leading
to improved safety, better performance, and greater acceptance in both military and civilian
applications.

To achieve the main goal of the doctoral thesis, the following objectives have been set:

1. Critical review of the state-of-the-art in the field of lightweight structures for ballistic
protection;

2. Design and development of novel ballistic protection structures for soft and rigid body armors,
in accordance with body armor standards established by state agencies;

3. Theoretical and experimental analysis of hyper-elastic behavior of rubber materials used in
novel ballistic structures;

4. Theoretical and experimental analysis of the novel soft ballistic structures at low-velocity
impact;

5. Theoretical and experimental analysis of the novel rigid ballistic structures at high-velocity
impact.
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3. Design and development of novel ballistic structures for soft and rigid body
armors

The continuous advancement in ballistic protection materials has led to the exploration of innovative
composite structures that combine flexibility and strength. Traditional armor systems use rigid
materials to stop projectiles, but novel designs incorporating hyper-elastic components, such as
rubber, offer improved energy absorption and impact mitigation. This chapter presents the design and
development of both soft and rigid ballistic protection structures, focusing on material selection,

layering strategies, and structural optimization.

3.1 Design and development of soft ballistic protection structures

Soft armor ballistic structures, known as UHMWPE-rubber composite panels, consist of two different
material layers: ultra-high molecular weight polyethylene unidirectional fabric (JLHMWPE UD -
Dyneema HB26) at a density of 970 kg/m?, and styrene-butadiene rubber with a hardness of 65 Shore
and a density of 1530 kg/m? (SBR-65).

Three different configurations of UHMWPE-rubber composite panels have been used in this research,
taking into account the rubber layer's relative position. The first configuration (PE-RCP-S) consists of
an SBR-65 rubber layer which is sandwiched between two plies of UHMWPE UD sheets. The thickness
of the rubber layer is 5 mm and for the two plies of UHMWRPE UD sheets there are 9 stacked layers,
each of them of 0.2 mm thickness, for each individual ply. The following two configurations consist of
a SBR-65 rubber layer and a ply of UHMWPE UD sheets. The thickness of the rubber layer is the same
as in the first configuration and for the ply of UHMWPE UD sheets there are 18 stacked layers, each of
them of 0.2 mm thickness. The only difference between the two configurations is the placement of the
rubber layer. In the second configuration (PE-RCP-F), the rubber layer is located in the striking face,
while in the third configuration (PE-RCP-B), the rubber layer is located at the back face of the ballistic
panel.

3.2 Design and development of rigid ballistic protection structures

The methodology for preparing rigid ballistic structures for testing is illustrated in Figure 3.3 and
involves several important steps. First, the rubber honeycomb structures were manually cut to precise
dimensions Figure 3.3b, followed by the assembly of a hexagonal mosaic ceramic tile pattern, where
mosaic ceramic tiles were inserted into the honeycomb structure, Figure 3.3c. Once all components
were prepared, the stacking of material layers was performed, Figure 3.3d. To improve structural
integrity and reduce stress concentrations at material interfaces, two layers of self-reinforced
polyethylene terephthalate (SrPET) fabric were incorporated at each interface between different
materials (e.g. rubber-ceramic, ceramic-ceramic etc.), Figure 3.3e, improving tensile strength and
adhesion. The assembled structure was then secured using a stretching film, enclosed within a vacuum
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bagging film, and sealed with tacky tape at both ends, Figure 3.3f to ensure hermetic conditions for the
subsequent curing process. The specimens, Figure 3.3g, experienced vacuum-assisted curing in an
oven, where controlled heat and pressure facilitated proper material bonding and void elimination,
Figure 3.3h. At the end of the curing cycle, the hardened ballistic composite structure was removed
from the vacuum bag, resulting in a fully consolidated, impact-resistant configuration suitable for
ballistic testing, Figure 3.3i.
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Figure 3.3 Schematic diagram for preparing rigid ballistic structures for testing

In this research, seven different configurations of rubber-ceramic composite plates have been used,
considering two aspects: the arrangement of the ceramic tiles and the presence of the honeycomb
rubber layer inside the structure. The first configuration (P1) consists of a striking layer of PUR-85
rubber, followed by two layers of Al,O, hexagonal ceramic mosaic tiles arranged in a staggered pattern.
Adjacent ceramic tiles are separated by elastic webs at the interface, where a honeycomb structure of
SBR-65 rubber holds the ceramic tiles. This is followed by a ply of Dyneema HB26 sheets and a backing
layer made of SBR-65 rubber. The ceramic and rubber layers, including the honeycomb structure, have
a thickness of 5 mm. The UHMWPE UD sheet consists of 30 stacked layers, each with a thickness of
0.2 mm. The second configuration (P2) follows the same design as the first but differs in the stacking
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of the two mosaic tile layers, which are placed directly together without the attachment of rubber
honeycomb structures. The arrangement patterns remain the same as in the first configuration, along
with the layer thickness. The 3™ configuration (P3) includes a striking layer of PUR-85 rubber, followed
by an Al,O; ceramic monolithic tile, a ply of Dyneema HB26 sheets, and a backing layer of SBR-65
rubber. The layer thickness remains consistent with the first two configurations, except for the
monolithic ceramic tile, which has a thickness of 10 mm. The 4" configuration (P4) has the same design
as the first configuration, but the two layers of mosaic ceramic tiles are stacked together in an aligned
arrangement. The 5" configuration (P5) has the same design as the 2™ configuration, but the two layers
of mosaic ceramic tiles are stacked together in an aligned arrangement. The 6" configuration (P6)
includes a striking layer of PUR-85 rubber, followed by an Al,O, ceramic mosaic tiles layer, a ply of
Dyneema HB26 sheets, and a backing layer of SBR-65 rubber. Adjacent ceramic tiles are separated by
elastic webs at the interface, where a honeycomb structure of SBR-65 rubber holds the ceramic tiles.
The layer thickness remains consistent with other configurations, except for the mosaic ceramic tiles
layer and honeycomb rubber structure, which has a thickness of 10 mm. The last configuration (P7)
follows the same pattern as the 6™ but differs in that the mosaic tiles layer is stacked without including
of rubber honeycomb structures.

3.3 Weight and cost considerations of soft and rigid ballistic structures

The weight of ballistic protection systems is a crucial factor influencing mobility and operational
effectiveness. Soft armor configurations, typically composed of high-performance fiber fabrics such as
aramid or UHMWPE, offer superior flexibility and low weight, often less than 3-5 kg for a full vest
system. In contrast, rigid armor structures that incorporate ceramic strike faces and composite
backings provide higher levels of protection but can weigh between 6-12 kg, depending on the
configuration. Traditional metal armor systems, such as steel or aluminum plates, although offering
good protection, tend to significantly increase the total load, often exceeding 15-20 kg.

Table 3.1 Weight and cost estimation of soft ballistic panel structures

Approx. Estimated

Configuration Material composition .
weight (kg) cost (€)

UHMWPE UD/ SBR-65 rubber/

PE-RCP-S 0.270 25.80
UHMWPE UD

PE-RCP-F SBR-65 rubber/ UHMWPE UD 0.270 25.80
PE-RCP-B UHMWPE UD/ SBR-65 rubber 0.270 25.80
PE UHMWPE UD 0.196 52.77
PE-R UHMWPE UD/ Epoxy 0.226 53.70
K-U-R Kevlar UD/ Epoxy 0.282 71.53
K-F-R Kevlar fabric/ Epoxy 0.331 32.79

Table 3.1 and Table 3.2 present comparative overviews of the soft and rigid ballistic configurations
analyzed in this study, detailing their material composition, approximate weight, and estimated
production cost. In the case of soft armors (Table 3.1), the first three configurations (PE-RCP-S, PE-
RCP-F, and PE-RCP-B) represent the proposed designs developed in this work, which incorporate
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UHMWPE UD and SBR-65 rubber to achieve improved flexibility, energy absorption, and reduced cost.
The remaining soft armor configurations are based on commonly used solutions involving Kevlar or
UHMWPE with epoxy matrices. For rigid ballistic plates (Table 3.2), P1-P7 configurations correspond to
the proposed multilayer structures developed in this research, combining alumina ceramics (monolithic
or mosaic), rubber layers, UHMWPE UD, and SrPET. The remaining configurations (Cmoes-K, Cmos-PE,
Crmono-K, and Crono-PE) reflect existing structural solutions typically composed of ceramic composites
combined with Kevlar or UHMWPE backing layers.

The proposed configurations (PE-RCP-S, PE-RCP-F, and PE-RCP-B), which integrate UHMWPE UD
layers with SBR-65 rubber, demonstrate competitive advantages in terms of lower weight and reduced
cost compared to existing soft armor solutions at the same thickness. These designs are lighter and
more economical, offering a cost-effective alternative to conventional panels. In contrast,
configurations based only on UHMWPE UD with epoxy or Kevlar-based composites tend to be heavier
and more expensive to produce. While Kevlar-based designs may offer reliable ballistic protection, they
generally increase the overall mass of the system and require higher material investment. The use of
SBR-65 rubber in the proposed structures improves flexibility and energy absorption without
significantly adding to the weight, making them suitable candidates for applications where mobility,
comfort, and cost-effectiveness are essential.

Table 3.2 Weight and cost estimation of rigid ballistic plate structures

Approx. Estimated

Configuration Material composition .
weight (kg) cost (€)

PUR-85 rubber/ 2x Al,Os Mos. + SBR-65 rubber HC/
P1 1.867 79.16
UHMWPE UD/ SBR-65 rubber/ SrPET

PUR-85 rubber/ 2x Al,03 Mos./ UHMWPE UD/ SBR-

P2 1.845 82.53
65 rubber/ SrPET
PUR-85 rubber/ Al,0; Mono./ UHMWPE UD/ SBR-65
P3 2.131 83.75
rubber/ SrPET
PUR-85 rubber/ 2x Al,Os; Mos. + SBR-65 rubber HC/
P4 1.867 79.16

UHMWPE UD/ SBR-65 rubber/ SrPET

PUR-85 rubber/ 2x Al,05 Mos./ UHMWPE UD/ SBR-
P5 1.845 82.53
65 rubber/ SrPET

PUR-85 rubber/ Al,Os Mos. + SBR-65 rubber HC /
P6 1.867 79.16
UHMWPE UD/ SBR-65 rubber/ SrPET

PUR-85 rubber/ Al,0s Mos./ UHMWPE UD/ SBR-65

P7 1.845 82.53
rubber/ SrPET

Crmos-K Al,05 Mos./ Kevlar fabric/ Epoxy 1.828 84.33

Crmos=PE Al;05; Mos./ UHMWPE UD/ Epoxy 1.650 152.17

Crnono-K Al;,0; Mono./ Kevlar fabric/ Epoxy 2.035 87.57

Crnono-PE Al;05; Mono./ UHMWPE UD/ Epoxy 1.857 155.41

The proposed rigid plate configurations (P1-P7), integrating layered alumina ceramics with SBR-65
rubber, PUR-85 rubber, UHMWPE UD, and SrPET, achieve an optimal balance of weight, protection, and
cost. These designs show comparable or lower weights relative to existing ceramic composite plates
while maintaining a more accessible production cost. In contrast, conventional configurations that
integrate alumina ceramics with Kevlar or UHMWPE, bonded using epoxy (Cmos and Cmono cOnfigurations)
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generally show higher material costs, particularly those using UHMWPE with epoxy as a backing. While
these traditional systems provide strong ballistic resistance, the epoxy matrix increases fabrication
complexity and cost. The integration of rubber components in the proposed configurations not only
contributes to improved energy dissipation and multi-hit performance but also reduces back-face
deformation without compromising lightweight properties. This makes them suitable for modern
armor systems, providing strong protection while maintaining mobility and cost-efficiency.

3.4 Conclusions

The design and development of soft and rigid ballistic protection structures has focused on the use of
UHMWPE-rubber composite panels and rubber-ceramic composite plates. The investigation involved
the evaluation of multiple material configurations, stacking arrangements, and preparation techniques
to improve the mechanical performance and ballistic resistance of the final structures.

The soft armor ballistic structures were based on UHMWPE UD fabric and SBR-65 rubber, with three
different configurations, to evaluate the impact of rubber placement on energy dissipation and
flexibility. The rigid ballistic structures, on the other hand, incorporated additional ceramic layers, PUR-
85 rubber, and a honeycomb rubber structure, significantly improving the ballistic impact resistance.
The use of staggered and aligned ceramic tile arrangements was applied to influence impact dispersion
and energy absorption efficiency. The SrPET reinforcement was used to optimize structural integrity,
reducing delamination risks. The final rigid structures showed a slight curvature, which improves
mobility, ergonomic fit, and impact distribution. The vacuum-assisted curing process ensured material
consolidation, improving flexibility and durability for the rigid armor ballistic structures.

The soft and rigid ballistic structures developed provide a solid basis for further research and
optimization, particularly concerning the placement of rubber layer configurations, the optimization of
ceramic plate arrangements and the advancement of hybrid reinforcement strategies. These
improvements are essential for the development of the next generation of protective materials, to
improve ballistic performance, energy dissipation and structural strength under high impact conditions.

In addition to mechanical performance, a comparative analysis of weight and cost was conducted for
both soft and rigid ballistic configurations. The proposed soft armor designs, which incorporate
UHMWPE UD and SBR-65 rubber in various stacking sequences, proved to be more cost-effective and
lighter than conventional soft armors based on Kevlar or UHMWPE bonded using epoxy. Similarly, the
proposed rigid plate configurations (P1-P7) demonstrated a well-balanced combination of reduced
weight and lower production cost compared to traditional ceramic composite structures. These results
show that the configurations developed within this thesis are practical and effective, making them
suitable for conditions where mobility, low cost, and high ballistic protection are all important.

Rubber, as a critical component in energy absorption and impact mitigation, plays an essential role in
improving the performance and effectiveness of these ballistic structures. In the following chapter,
both theoretical and experimental analyses are conducted to investigate the hyper-elastic behavior of
rubber materials used in soft and rigid ballistic structures, since this is essential for understanding their
mechanical response under dynamic and ballistic loading conditions.

24



4. Theoretical and experimental analysis of hyper-elastic behavior of rubber
materials used in novel ballistic structures

The increasing requirement for lightweight and flexible ballistic protection materials has led to
extensive research into rubber-based composites and structures. Due to their hyper-elastic behavior,
rubber materials show significant strain energy absorption, making them ideal candidates for impact
mitigation applications. Unlike traditional rigid armor materials, rubber can undergo large deformations
while maintaining structural integrity, which enhances its ability to disperse and absorb impact forces.
This chapter explores both theoretical and experimental approaches to understanding the mechanical
behavior of rubber under extreme loading conditions. By analyzing the strain energy potential, wave
propagation mechanisms, and failure modes, a comprehensive assessment of rubber’s performance in
novel ballistic structures is provided. The following section focuses on the analytical modeling of
ballistic impacts, numerical simulations, and experimental investigations to evaluate and improve the
protective efficiency of hyper-elastic rubber materials.

4.1. Analytical approach of ballistic impacts on rubber materials

Hyper-elastic models describe materials in terms of strain energy potential, which depends on strain
invariants. At high strain rates, as in the case of ballistic impact, the rubber behaves as an
incompressible hyper-elastic material.

Rubber is known for being highly rate-dependent, meaning its mechanical properties change when
subjected to extremely fast deformations. At high strain rates, rubber behaves in a stiffer manner,
reducing its ability to stretch and recover, as shown by Khodadadi et al. [235] and Jitarasu and Lache
[87]. This makes it susceptible to brittle failure in the event of a rapid ballistic impact. In slower
deformations, rubber can dissipate energy through viscoelastic behavior, absorbing tensile stresses
effectively. However, under high-speed impacts, the material does not have enough time to deform
elastically, and instead, localized failure occurs at the rear face due to insufficient stress relaxation.

4.2, Experimental approach

The flow-chart depicting the research methodology applied to this chapter is presented in Figure 4.
Two rubber materials, SBR-65 rubber, and PUR-85 rubber, have been considered, Figure 4.7a. The
hardness of the rubber materials has been determined through testing with a Shore Durometer, Figure
4.1b. Several specimens have then been prepared, Figure 4.1¢, and subjected to a series of quasi-static
compression and tensile tests, Figure 4.7d, to establish the stress-strain curves for the two materials,
Figure 4.1d1. Consequently, a series of dynamic compression tests have been performed using a
single-stage gas gun, Figure 4.7e, resulting in the acquisition of force-acceleration vs time signals,
Figure 4.7e1. Furthermore, ballistic tests have been conducted, Figure 4.1f to evaluate the impact
resistance of the rubber materials under projectile impact, providing critical insights into their
protective performance. Additionally, the muzzle velocity of the projectile has been measured using a
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chronograph, Figure 4.1f1, ensuring accurate calculation of impact conditions and kinetic energy
transfer. Subsequently, using the recorded Photron images and Tracker software, Figure 4.1g, the
specimen’s displacement under dynamic loading conditions has been obtained, Figure 4.1h, to
establish the force-displacement curves for the two materials, Figure 4.1i. By connecting the specimen
displacement data and the force time history, the stress-strain curve has been determined, Figure 4.1].
At the same time, a numerical model has been developed to predict the behavior of the two rubber
materials. Data from both uniaxial quasi-static tensile tests and dynamic compression testing have
been combined to generate a comprehensive curve, Figure 4.1k, which has been then integrated into
the numerical software Abaqus/ CAE to calibrate the coefficients for the hyper-elastic constitutive
model, Figure 4.11. The calibrated coefficients were incorporated into the LS-DYNA software to
simulate and analyze the response of the two rubber materials under dynamic and ballistic loading
conditions, Figure 4.1m.
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4.2.1. Quasi-static compression testing

In the first step, a series of quasi-static compression tests have been conducted to determine the
mechanical behavior of the two rubber materials under static loading conditions. The size of quasi-
static compression specimens has been determined according to I1SO 815-1:2019(E) standards [266].
The SBR-65 specimens have been cut from a 10 mm thick plate, in cylinders, with a diameter of 30
mm, The PUR-85 specimens have been cut from a 5 mm thin plate - cylinders of 30 mm diameter.

4.2.2. Quasi-static tensile testing

In a further step, tensile tests have been performed according to the ASTM D 412 and I1SO 37:2017(E)
standards [267, 268]. The specimens consist of SBR-65 and PUR-85 rubber, with 5 mm thickness.

4.2.3. Dynamic compression testing

A single-stage gas gun has been used for the dynamic testing of hyper-elastic rubber materials at
various impact velocities. In this experiment specimens of SBR-65 and PUR-85 have been used, with
cylindrical shape and diameters of 30 mm and 20 mm respectively. The specimen thickness has been
kept the same as in the previous tests: 10 mm for SBR-65 and 5 mm for PUR-85, The different heights
of the specimens (10 mm for SBR-65 rubber and 5 mm for PUR-85 rubber) have been selected based
on the specific material properties and testing requirements. SBR-65 rubber, being less stiff and softer,
required a thicker specimen to ensure accurate measurement of its compression behavior under quasi-
static and dynamic conditions. In contrast, PUR-85 rubber, which is stiffer and harder, allowed
consistent testing with thinner specimens while ensuring accurate results.

By using a 0.655 kg aluminum flat-end projectile, an even loading of the specimens has been assured.
Dynamic tests have been recorded using a high-speed Photron camera set to 60,000 frames per
second. Two sets of dynamic tests have been performed for each specimen diameter of hyper-elastic
materials. All quasi-static tests and dynamic tests have been conducted under constant room
temperature (25° C).

4.2.4, Ballistic testing

The ballistic tests have been performed on the two rubber materials in a shooting range in Mangalia,
Romania, belonging to the Ministry of National Defense. The rubber samples tested had a thickness of
10 mm, allowing the evaluation of ballistic resistance and energy absorption capabilities under impact
conditions.

A 9 mm pistol (GLOCK 17) with a full metal jacket round nose (FMJ RN) bullet with a mass of 8 g and a
diameter of 9 mm has been used. The 9 mm bullet consists of a lead core and a brass jacket.

The rubber samples have been positioned 5 meters away from the test barrel's muzzle. An AC6000 BT
chronograph has been used to measure the muzzle velocity of the projectile and has been determined
to be 361 m/s. A ballistic calculator has been utilized to determine the projectile’s impact velocity,
considering shooting factors like ballistic coefficient of the bullet, muzzle velocity of the bullet, bullet
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weight and atmospheric conditions such as altitude, temperature, and wind speed. The projectile's
impact velocity has been found to be 356 m/s.

4.3. Experimental results and discussion

4.3.1. Quasi-static compression stress-strain curve of hyper-elastic materials

The stress-strain diagrams obtained as a result of the quasi-static compression testing of the two
hyper-elastic materials are presented in Figure 4.12. Figure 4.12a and Figure 4.12b show the stress-
strain curves for the three specimens of SBR-65 rubber and PUR-85 rubber tested, respectively, each
plotted with their average curves, showing the mechanical response of each material to the applied
stress.

Engineering Strain [-]

Figure 4.12 Strain-stress curves based on quasi-static compression tests: a) the average curve fo
r the three SBR-65 mechanical testing curves; b) the average curve for the three PUR-85 mechan

ical testing curves; ) average stress-strain curves for the two rubber materials

Figure 4.12c plots the average stress-strain curves for SBR-65 and PUR-85 rubbers. This highlights
the differences in mechanical properties between the two rubber materials, providing a clear visual
representation of their respective behaviors under identical testing conditions.

4.3.2. Quasi-static tensile stress-strain curve analysis of hyper-elastic materials

The stress-strain curves of the two hyper-elastic materials are shown in Figure 4.13. Like in the section
above, the stress-strain curves for the three specimens of SBR-65 rubber and PUR-85 rubber tested
have been plotted, respectively, each with their average curves, Figure 4.13a and Figure 4.13b.

Figure 4.12c and Figure 4.13c clearly show that an increase in the Shore hardness of the rubber
corresponds to an increase in the stress of the material. It can be noticed that changes in Shore
hardness directly affect the mechanical performance of rubber materials at the same strain values in

quasi-static tests.
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Figure 4.13 Strain-stress curves based on quasi-static tensile tests: a) the average curve for the t

hree SBR-65 mechanical testing curves; b) the average curve for the three PUR-85 mechanical te

sting curves; c) average stress-strain curves for the two rubber materials

4.3.3. Dynamic compression stress-strain curve of hyper-elastic materials

Experimental data on the dynamic compression of hyper-elastic materials with different Shore
hardness have been processed to obtain stress-strain curves at high strain rates. The images recorded
during the tests, along with the data acquisition time histories of the force, acceleration, and post-test
specimen measurements, have been used to analyze the stress-strain curve.

t= 0 ms, displ= 0 mm t= 0.07 ms, displ= 1.9 mm t=0.15 ms, displ= 3.1 mm

t=0.28 ms, displ= 7.0 mm
t= 0.05 ms, displ= 1.6 mm

t= 0 ms, displ=0 mm

t=0.15 ms, displ= 3.2 mm

t= 0.20 ms, displ= 3.3 mm

Figure 4.15 Dynamic compression of hyper-elastic specimens:
a) SBR-65 rubber; b) PUR-85 rubber
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Using the recorded Photron images and Tracker software, the projectile impact velocity and specimen
displacement have been investigated. The impact velocity of the projectile ranges between 12 to 16
m/s. The dynamic compression events recorded with the high-speed camera are shown in Figure 4.15.

By connecting the specimen displacement data and the force time history, the stress-strain curve has
been determined, as shown in Figure 4.16.
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Figure 4.16 Stress-strain curves based on dynamic compression tests

It can be concluded that the dynamic behavior of the two tested rubber materials is different at high
strain rates, and their mechanical properties are clearly time dependent. Also, similar to the quasi-
static tests, an increase in the Shore hardness of the rubber corresponds to an increase in the material
stress.

4.3.4, Ballistic test results and observations

The Figure 4.17 illustrates the bullet penetration and damage characteristics on the SBR-65 rubber
sample subjected to ballistic impact. The figure provides a detailed view of both the striking face (entry
hole), Figure 4.17a, and the backing face (exit hole) of the rubber specimen, Figure 4.17b, supported by
macroscopic and microscopic (60X magnification) analyses.

Figure 4.17a displays the entry hole created by the projectile upon initial contact with the rubber
surface. The macroscopic image shows a clean, circular perforation with a diameter much smaller than
the diameter of the projectile (ds_ssr = 1.5 mm), indicating localized material compression and shear
failure at the point of impact.

Figure 4.17b shows the exit hole formed by the projectile upon impact with the SBR-65 rubber. The
macroscopic image shows a slightly irregular and partially closed perforation, suggesting that the
rubber attempted elastic recovery post-impact. However, the microscopic image shows more
extensive material damage (d:_ssr = 2.5 mm), with visible tearing and radial fracture pattern, indicating
localized tensile failure due to extreme stress concentration at the rear surface. The outward expansion
of fractured edges suggests that the projectile fully perforated the rubber layer, but with significant
energy dissipation.
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Figure 4.17 Bullet penetration hole in SBR-65 rubber:

a) striking face; b) backing face

Figure 4.18 illustrate the bullet penetration behavior in PUR-85 rubber under ballistic impact.
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Figure 4.18 Bullet penetration hole in PUR-85 rubber:

a) striking face; b) backing face
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The macroscopic image of the striking face, Figure 4.183, displays a small, well-defined entry hole
(ds_pur =1 mm) with minimal surface damage, suggesting that the bullet perforated the material with
minimal lateral deformation. Compared to SBR-65 rubber, PUR-85 displays a cleaner penetration
profile, indicating a more localized response to impact due to its higher stiffness. The microscopicimage
of the backing face, Figure 4.18b, highlights clear radial fracture pattern around the exit hole. The

fracture lines extending radially outward suggest tensile rupture due to stress propagation.

4.4. Numerical modelling

4.4.1. Dynamic constitutive model for the investigated rubber materials

To describe the behavior of the two rubber materials and their hyper-elastic characteristics, a numerical
analysis has been performed, by using the Mooney-Rivlin constitutive model.

The stress-strain curve has been derived from uniaxial quasi-static compression and tensile tests,
along with dynamic compression testing, which provided the input data for the
*MAT_MOONEY _RIVLIN_RUBBER model. To create an accurate numerical model of the hyper-elastic
materials under dynamic loading conditions, the stress-strain curves used should include both the
compression (negative values) and tensile (positive values) domains. By combining data from both
uniaxial quasi-static tensile tests and dynamic compression testing, a comprehensive curve was
generated, as presented in Figure 4.20.
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Figure 4.20 The engineering stress-strain curve used for the Mooney-Rivlin model:
a) SBR-65 rubber; b) PUR-85 rubber

The Cio and Cor coefficients for the Mooney-Rivlin constitutive model have been calibrated using
Abaqus/ CAE.

The criterion used for rubber failure is the maximum principal strain. While quasi-static tensile tests
suggest that the elongation at break of SBR-65 rubber is approximately 160% and of PUR-85 rubber
exceeds 750%, findings from a comprehensive set of simulations indicate that the elongation at break
for hyper-elastic materials is estimated to be 140% for SBR-65 rubber and 760% for PUR-85 rubber
under dynamic loading conditions.

32



4.4.2. Constitutive modelling for ballistic impact on rubber materials

To model and analyze the ballistic impact between the 9 mm bullet and the two different rubber
materials, a numerical model has been developed using LS-DYNA software. The impact has been
assumed to be perfectly normal, and double symmetry has been taken into account, meaning only a
quarter of the parts has been modeled, as shown in Figure 4.21. This approach is often used in ballistic
impact simulations to reduce computational costs. Solid elements have been used for analysis.

fixed
Ux=Uy=Uz=O

symmetry boundary
condition
Uy=0

Ux=Uy=Uz=O

symmetry boundary condition
Uz=0

Figure 4.21 Finite element model and boundary conditions for ballistic impact on rubber materials
Since the deformation of the projectile is neglectable and not relevant for the numerical analysis, for

computational time reasons, the *MAT_RIGID model has been assigned to both parts (lead core and
brass jacket).

The interaction between the bullet and rubber layer has been modeled with
CONTACT_ERODING _SURFACE _TO_SURFACE and the contact between parts of the same body has
been realized using the CONTACT _ERODING_SINGLE _SURFACE algorithm.

The mesh sensitivity has been analyzed by considering an element size of 0.5 mm for the rubber layer
and of 0.2 mm for the projectile, Figure 4.21.

4.5. Validation of the numerical models. Comparison of numerical and experimental results

4.5.1. Validation of dynamic behavior

The force-acceleration versus time curves derived from the dynamic compression simulations have
been compared with the corresponding data from tests, for SBR-65 and PUR-85 rubber materials,
Figure 4.22.
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Figure 4.22 Experimental and numerical force-acceleration versus time curves obtained d

uring the dynamic compression of specimens: a) SBR-65 rubber; b) PUR-85 rubber

Both graphs depict a close correlation between numerical and experimental results. There is an obvious
agreement between the force-acceleration versus time curves obtained experimentally and
numerically. prediction of rubber materials behavior by the constitutive model agrees very well with
the experimental results investigated in the present work.

Last but not least, the results of dynamic compression simulation conducted on the two hyper-elastic

materials are presented in Figure 4.23, by specimen displacement at various stages of the compression
process.

t=0 ms, displ= 0 mm t=0.07 ms, displ= 1.9 mm t=0.15 ms, displ= 3.1 mm t= 0 ms, displ- 0 mm t=0.05 ms, displ- 1.6 mm £ 0.10 ms, displ= 2.8 mm

t= 0.21 ms, displ= 5.7 mm t= 0.28 ms, displ= 7.0 mm t=0.35ms, displ= 7.6 mm

t= 0.15 ms, displ= 3.2 mm t=0.20 ms, displ= 3.3 mm t=0.24 ms, displ= 3.4 mm
' a) - - ' b) ' '

Figure 4.23 Numerical simulation on dynamic compression of hyper-elastic specimens:
a) SBR-65 rubber; b) PUR-85 rubber

Figure 4.15 and Figure 4.23 show a close agreement between numerical and experimental results in
terms of specimen deformation for the two hyper-elastic materials subjected to dynamic compression.
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4.5.2, Ballistic impact validation

To simulate the impact behavior between the 9 mm FM] bullet and the two rubber materials, the
ballistic event has been assumed to be perfectly normal, the penetration process being simulated at
356 m/s striking velocity.

The comparison between numerical simulations and experimental results for SBR-65 and PUR-85
rubbers under ballistic impact conditions demonstrates a strong correlation, confirming the
computational models' accuracy in predicting material behavior. Despite some variations in exit hole
expansion and material recovery, the fundamental impact response observed experimentally was well-
represented numerically, confirming the usefulness of these models for predicting rubber behavior
under high-velocity impacts and optimizing ballistic protection designs.

4.6. Conclusions

The study of SBR-65 and PUR-85 rubber materials under both numerical and experimental conditions
has provided valuable insights into their mechanical behavior and ballistic performance. The
combination of quasi-static, dynamic, and ballistic tests has allowed for a comprehensive
understanding of how these materials respond under different strain rates and impact conditions. The
numerical models developed using LS-DYNA finite element simulations demonstrated a high degree of
agreement with experimental findings, accurately capturing shockwave propagation, penetration
mechanics, and material failure patterns.

Both SBR-65 and PUR-85 rubbers show distinct advantages when used as protective materials, with
their performance varying significantly under different loading conditions. SBR-65 rubber, with its high
elasticity, superior energy absorption, and deformation capacity, has proven to be highly effective at
distributing impact forces and reducing kinetic energy transmission. Its adiabatic softening effect
allows for improved impact mitigation, making it an ideal backing layer in ballistic plates, where it can
absorb and dissipate energy efficiently, thereby reducing blunt force trauma and stress concentration.
In contrast, PUR-85 rubber, with its higher toughness and greater resistance to impact, demonstrated
a stiffer response with localized deformation and brittle-like failure under high-strain-rate conditions.
Its ability to withstand multiple impacts without significant damage makes it a suitable material for the
striking layer in a ballistic plate system, particularly when used in combination with ceramic tiles.
Positioned on top of the ceramic layer, PUR-85 can contribute to projectile fragmentation and capture,
preventing ricochet and secondary damage while maintaining the integrity of the protective structure.
This dual-layer approach influences the strengths of each material to create a more efficient ballistic
structure capable of withstanding high-velocity impacts while minimizing structural failure and energy
transmission.

Starting from these findings, the next chapter explores the theoretical and experimental analysis of
novel soft ballistic structures under low-velocity impact, where SBR-65 rubber will be integrated with
UHMWRPE UD fabric to further evaluate its energy absorption capabilities and effectiveness in
improving the protective performance of soft armor configurations.
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5. Theoretical and experimental analysis of the novel soft ballistic structures
at low-velocity impact

In the previous chapter, the analytical approach to ballistic impacts on rubber materials was discussed,
along with an in-depth analysis of the mechanical behavior of SBR-65 and PUR-85 rubbers under
quasi-static, dynamic, and ballistic conditions. Based on these findings, the current chapter focuses on
the integration of SBR-65 rubber with UHMWPE UD fabric to further evaluate its energy absorption
capabilities and effectiveness in enhancing the protective performance of soft armor configurations. To
achieve a comprehensive understanding of the protective potential of these hybrid structures, it is
essential to first examine the behavior of fabrics under ballistic impact. This chapter begins with an
analytical approach, highlighting the fundamental principles of single yarn impact theory and extending
to an analytical model for ballistic impact on fabric structures. Following this, the failure mechanisms
and damage evolution of woven fabrics under high-velocity impact are analyzed, providing critical
insights into their structural response, energy dissipation mechanisms, and interaction with rubber-
based layers in ballistic protection applications.

5.1. Analytical approach

5.1.1. Single yarn impact theory

The ballistic response of multi-layer fabric panels is first studied by observing the reaction of a single
yarn to ballistic impact. An analytical model of a single yarn helps in understanding the ballistic impact
mechanisms for these multi-layered fabrics, incorporating various internal and external factors. When
a single varn is subjected to a ballistic impact, it undergoes both longitudinal and transverse
deformations. Upon impact, longitudinal and transverse strain waves propagate outward from the
impact point at different velocities. The experimental observations indicate a triangular-shaped
transverse deflection that increases with time until the yarn failure. The longitudinal wave, moving at
the speed of sound in the material (co), induces tensile stress (o) and strain (o). The transverse wave,
traveling with a velocity of ¢, behind the longitudinal wave, changes the motion of the material to align
with that of the projectile. Behind the transverse wave front, all particle velocities correspond to the
projectile velocity (V). As the impact continues, the yarn's strain reaches its breaking point, leading to
failure. The behavior and propagation velocities of these waves are influenced by the yarn's tensile
modulus, density, and pre-tension [1, 128].

5.1.2. Analytical model for ballistic impact on fabric structures

When the bullet nose strikes the yarns in the warp and weft directions, the fibers are subjected to
intense stress. This induces a longitudinal strain wave that propagates away from the contact zone,
coupled with a transverse strain wave. The propagation of longitudinal strain waves moves through
the yarns at the speed of sound within the material. Higher transverse wave velocity is essential for
rapid dissipation of impact energy. In high-velocity impacts, not all yarns are impacted simultaneously,
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leading to early breakage of some yarns. This phenomenon suggests that the initial energy absorbed
by the fabric may be relatively low, highlighting the importance of obtaining a higher transverse wave
velocity to improve the overall impact resistance. Both longitudinal and transverse waves propagate
through the yarns continuously until the strain reaches the breaking point.

Following the basic understanding of ballistic textiles, the next section discusses high-performance
fiber-reinforced composites, which represent a significant development in ballistic protection
technologies. While fabrics provide critical energy absorption and impact resistance, composites
integrate these advanced fibers with resin matrices to form rigid, lightweight, and highly durable
structures. These composites exploit the unique properties of fibers like aramid, UHMWZPE, and carbon,
combining them with adapted matrix systems to achieve superior ballistic performance. The following
section will explore the design, fabrication, and performance optimization of these fiber-reinforced
composites, highlighting their role in advanced applications, where enhanced strength, reduced weight,
and greater resistance to complex threats are critical.

5.2. Failure mechanism and damage evolution of woven fabrics under ballistic impact

The behavior of a fabric under ballistic impact exhibits similarities to that of a single yarn. When a
projectile impacts a fabric, both transverse and longitudinal waves are generated, like to the responses
observed in single yarn impacts. Stress waves form at the point of impact, traveling along the yarns to
the fabric's edges and reflecting back. These waves are partially transmitted and further reflected at
the warp-weft crossover points. The speed of stress wave propagation along the yarns is influenced
by their density and stiffness, impacting the energy dissipation of the fabric. The kinetic energy of the
projectile is dissipated through fiber deformation and inter-fiber friction caused by slipping or sliding.
The microstructure and frictional properties of the fibers significantly influence the fabric's energy
absorption capacity. In multilayer fabrics, the energy is absorbed by successive layers until the projectile
is arrested. The physical contact (bonding) between the layers facilitates both planar and perpendicular
energy transfer, resulting in higher energy absorption in multilayer textile structures [31].

5.3. Experimental approach

5.3.1.Ballistic testing

Protective armor structures must be produced under international standards established by the United
States of America and the European Union, as discussed in first chapter. The main objective of ballistic
armor is to stop bullets from penetrating. The Home Office Body Armour Standard (HO1 protection
level) has been used to test the UHMWPE-rubber composite panels, which means that the ballistic
panels can provide resistance against a 9 mm full metal jacket round nose (FMJ RN) bullet, with a
specified mass of 8 g and a velocity of 365 m/s = 10 m/s [35]. In order to protect the internal organs
against non-penetrating wounds, the back face deformation (BFD) indentation must measure less than
44 mm, in accordance with this standard.
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The ballistic tests have been performed on the three configurations previously presented in a shooting
range in Mangalia, Romania, belonging to the Ministry of National Defense. The same ballistic testing
methodology was applied as for the two types of rubber materials, utilizing a GLOCK 17 pistol witha 9
mm FMJ RN bullet, where the muzzle velocity (361 m/s) was measured using an AC6000 BT
chronograph, and the impact velocity (356 m/s) was determined using a ballistic calculator. A caliper
has been used to determine the depth of penetration of the armor panels. After the ballistic
examination, UHMWPE-rubber composite panels have been cut and a cross-section has been taken to
identify the types of damage and determine the damage mechanisms.

5.3.2. Experimental results and discussion

Figure 5.9 illustrates the projectile impact damage and failure mechanisms in the PE-RCP-B
configuration.

...j interfacial delamination

Figure 5.9 Projectile impact damage in the PE-RCP-B configuration: a) bullet penetration hole; b) back face
deformation of the armor panel; c) cross-section of the armor panel; d) cracks in the rubber layer — striking

face; e) cracks in the rubber layer — back face

The PE-RCP-B configuration highlights the effectiveness of using UHMWPE UD with a rubber backing
layer in ballistic protection, as the panel successfully stopped the projectile while minimizing
deformation and secondary damage.

Figure 5.10 illustrates the deformation of the 9 mm full metal jacket (FMJ) bullet after impacting the
three configurations mentioned above. In Figure 5.10c (PE-RCP-B configuration), the projectile has
experienced extreme plastic deformation, forming a bowl-shaped or petal-like structure with complete
jacket rupture. The extensive radial splitting suggests that the projectile experienced significantly high
resistance upon impact. The rubber backing layer in this configuration contributed to additional stress
on the projectile upon deceleration, leading to fragmentation and severe jacket separation. This
extreme deformation indicates that the projectile lost its structural integrity before perforation could
occur.
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Figure 5.10 Projectile deformation after impact: a) PE-RCP-S configuration;
b) PE-RCP-F configuration; ¢) PE-RCP-B configuration

These findings confirm that the rubber-UHMWPE UD hybrid armor configurations significantly affect
projectile behavior, with different energy absorption and failure mechanisms influencing projectile
deformation and integrity.

5.4. Numerical modelling

5.4.1. Finite element modeling

To model and analyze the ballistic impact between the 9 mm bullet and the three configurations of
UHMWPE-rubber composite panels investigated, a numerical model has been developed using LS-
DYNA software. The impact has been assumed to be perfectly normal and double symmetry has been
taken into account, meaning only a quarter of the armor panel has been modeled. Solid elements have
been used for analysis.

The interaction between the bullet and different armor panel layers (ULHMWPE and rubber) has been
modeled with CONTACT _ERODING _SURFACE _TO_SURFACE. The contact between parts of the same
body has been realized using the CONTACT _ERODING_SINGLE _SURFACE algorithm. To simulate the
separation effect between each UHMWPE sheet and the debonding of the rubber layer from the
UHMWPE plies, TIEBREAK_SURFACE _TO _SURFACE contact algorithm has been applied.
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5.4.2. Constitutive modelling

The MAT_JOHNSON_COOK model has been used for the metallic parts of the 9 mm bullet. The
EOS_GRUNEISEN equation has been utilized to establish a strain rate threshold during projectile
compression.

The material model for UHMWPE layers has been defined as
MAT _COMPOSITE _FAILURE _SOLID _MODEL, which is based on the Chang-Chang failure criterion.

In order to maintain the numerical stability and ensure accurate time steps, additional failure control
measures have been integrated into the simulations. The tensile fracture strength has been set to 0.4
and has been introduced through the MAT_ADD_EROSION keyword to identify and eliminate highly
distorted elements [277].

5.4.3. Simulation of penetration

To simulate the impact behavior between the 9 mm FM] bullet and the three configurations of soft
UHMWPE-rubber panels, the ballistic event has been assumed to be perfectly normal, the penetration
process being simulated at 356 m/s striking velocity.
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Figure 5.16 Damage status of PE-RCP-B configuration

Figure 5.16 presents a numerical simulation of the impact response of the PE-RCP-B configuration.
The graph at the bottom of Figure 5.16 illustrates the decrease in projectile velocity over time, showing
the progressive dissipation of energy during penetration. The projectile velocity continuously
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decreases, with a significant deceleration occurring between 60 and 100 ps, corresponding to the
moment when the stress waves meet the rubber backing layer. Overall, Figure 5.16 captures the
dynamic response of the PE-RCP-B configuration, demonstrating how the UHMWPE UD layers absorb
the initial impact energy, while the rubber backing layer helps dissipate residual stresses and prevent
perforation. The observed failure mechanisms, including fiber fracture, interfacial delamination, back
face bulging, and rubber cracking, validate the composite armor’s effectiveness in stopping high-
velocity projectiles through progressive energy absorption and material interaction.

Figure 5.18 illustrates the plastic deformation of the 9 mm FM)] projectile after impact in the three

different composite panel configurations.
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Figure 5.18 Projectile deformation after impact: a) PE-RCP-S configuration;
b) PE-RCP-F configuration; ¢) PE-RCP-B configuration

Overall, Figure 5.18 provides insight into the projectile’s response to impact in different configurations,
confirming that the rubber and UHMWPE UD layers play a crucial role in energy dissipation and
deformation control. The mushrooming effect observed in PE-RCP-S and PE-RCP-F highlights
progressive plastic deformation, whereas the extensive fragmentation in PE-RCP-B suggests a more
abrupt and forceful stopping mechanism. This numerical simulation confirms that the impact
performance of these armor configurations varies significantly depending on the position of the rubber
layer within the composite structure.

5.5. Validation of the numerical models. Comparison of numerical and experimental results

The ballistic testing experiments and fracture appearance of the ballistic panels suggest that the
damage to soft armors occurs in two distinct failure modes. The first mode is shear plugging, which
occurs when penetration takes place if the induced shear stress exceeds the critical shear strength of
the material. On the striking face of the PE-RCP-S and PE-RCP-B configurations, a well-defined
perforated hole is present with the same diameter as the projectile. For the striking ply of UHMWPE
UD, shear plugging is the dominant failure mechanism. Several layers of UHMWPE UD fail through
shear plugging, but the projectile possess significant residual energy. The remaining intact UHMWPE
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layers absorb the residual kinetic energy of the projectile through tensile deformation mechanisms. At
this stage, the projectile moves forward, along with the moving layers of UHMWPE UD and stretching
the rubber layer in the PE-RCP-B configuration, while piercing through it in the PE-RCP-S configuration.
The rubber layer ultimately fails when tensile fracture occurs. In the PE-RCP-B configuration, despite
not being perforated, the rubber layer exhibits considerable damage on its back face. Longitudinal
cracks are visible in the rubber layer within the impact zone. Figure 5.9e shows the development of
secondary cracks branching from the main longitudinal crack, indicating progressive damage
accumulation in the impacted area. These longitudinal cracks in the rubber layer at the impact point
contribute to the material's ultimate tensile failure. When a high-velocity projectile strikes the surface
of the ballistic panels, it exerts a substantial force in an extremely short period. This sudden and intense
loading induces rapid deformation and stress within the rubber and UHMWPE UD layers. As the
projectile penetrates the first UHMWPE UD layers and is halted by the composite panel, a rapid energy
transfer occurs, generating high-stress levels in the materials, particularly within the rubber layer. If
the rubber does not have adequate time to stretch or deform progressively, localized stress
concentrations can exceed its tensile strength, leading to crack formation as a way of dissipating
accumulated energy.

The second failure mode is bulging, which is associated with delamination. In the PE-RCP-S
configuration, where the rubber layer is sandwiched between two UHMWPE UD plies, three layers of
UHMWPE UD are penetrated, and the back-face deformation measures approximately 10.5 mm. In the
PE-RCP-F configuration, where the rubber layer is positioned as the striking face, only two UHMWPE
UD layers are penetrated, but the back-face deformation increases to approximately 11 mm. On the
other hand, in the PE-RCP-B configuration, where the rubber layer is positioned as the backing face,
three UHMWPE UD layers are penetrated, but the back-face deformation is slightly lower at
approximately 8.5 mm. These results indicate that the placement of the rubber layer significantly
influences the back-face deformation of the armor panels.

Following ballistic testing, the captured projectiles were examined, as showed in Figure 5.10 and Figure
5.18. The projectiles retained their original weight after impact, indicating that plastic deformation was
the dominant effect and erosion was negligible. The bullets experienced significant circumferential
expansion and reduction in length, as detailed in Table 5.4.

Table 5.4 Diameter and length deformation of the bullets before and after impact

Before deformation After deformation (mm)
Configuration (mm) Numerical Experimental

Diameter Lenght Diameter  Lenght  Diameter Lenght

PE-RCP-S 14.31 9.08 14.1 9.2
PE-RCP-F 9 15 17.08 8.58 16.4 8.9
PE-RCP-B 24.10 9.06 233 9.6

5.6. Conclusions

This chapter investigated the ballistic performance of a novel soft protective armor structure composed
of ultra-high molecular weight polyethylene unidirectional (ULHMWPE UD - Dyneema HB26) and
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styrene-butadiene rubber (SBR-65). Three different configurations of armor panels were developed,
differing in the placement of the rubber layer as a striking face, an intermediate layer, or a backing layer.
Experimental tests have been conducted to evaluate the ballistic performance of the three different
armor panel configurations. The experimental tests were conducted according to the Home Office Body
Armour Standard against HO1-level threats. At the same time, a numerical model of the same three
configurations has been developed and validated by experimental results. Both simulations and
experimental results confirmed that all three configurations successfully prevented projectile
perforation. The numerical simulations further demonstrated that the placement of the rubber layer
significantly influences the deceleration of the projectile, with the backing face configuration achieving
the most rapid deceleration. Additionally, back face deformation measurements indicated that the PE-
RCP-B configuration resulted in the lowest deformation, suggesting improved ballistic efficiency when
the rubber layer is positioned as a backing layer.

The analysis of the damaged projectiles post-impact revealed that the bullets experienced significant
plastic deformation but maintained their original weight, indicating that erosion did not play a role in
their deformation process. The deformation of the projectiles varied depending on the placement of
the rubber layer. In the PE-RCP-S and PE-RCP-F configurations, the projectiles exhibited a distinct
mushroom shape, while in the PE-RCP-B configuration, the bullets displayed severe deformation,
forming a bowl-like shape with complete separation of the copper jacket from the lead core. This
suggests that the PE-RCP-B configuration induced the highest stress concentration on the projectile,
resulting in extreme plastic deformation and structural failure.

Two primary failure mechanisms have been identified in the soft armor panels: shear plugging and
bulging. Shear plugging was dominant in the UHMWPE UD layers, where the projectile penetrated
multiple layers before being arrested. In the PE-RCP-S and PE-RCP-B configurations, the rubber layer
exhibited longitudinal cracks along the impact zone, indicating tensile failure due to stress wave
propagation. The hyper-elastic behavior of the rubber layer was shown in the PE-RCP-F configuration,
where the perforation hole was significantly smaller than the projectile caliber, demonstrating the
material's capacity for elastic recovery. Bulging failure occurred due to delamination and back face
deformation. The PE-RCP-B configuration had the lowest back face deformation (approximately 8.5
mm), highlighting its superior impact resistance. This suggests that the placement of the rubber layer
plays a crucial role in controlling stress wave dispersion and energy dissipation.

Overall, this research contributes to the development of lightweight, cost-effective soft protective
armor solutions. The combination of UHMWPE UD and rubber layers improves ballistic performance by
providing energy absorption, stress redistribution, and hyper-elastic deformation. The findings suggest
that positioning the rubber layer as a backing face optimizes the protective performance by minimizing
back face deformation and maximizing projectile energy dissipation. These insights can be applied to
the design of advanced soft armor solutions, offering improved protective capabilities without
increasing material thickness or weight.

Based on these findings, the next chapter explores the theoretical and experimental analysis of novel
rigid ballistic structures under high-velocity impact. This investigation focuses on configurations where
the SBR-65 rubber layer is positioned as a backing layer and integrated as a honeycomb structure with
incorporated ceramic tiles, while a PUR-85 rubber layer is used as the striking face placed on the
ceramic tiles.
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6. Theoretical and experimental analysis of the novel rigid ballistic
structures at high-velocity impact

In the previous chapter, the theoretical and experimental analysis focused on novel soft ballistic
structures subjected to low-velocity impact, highlighting the role of UHMWPE UD and SBR-65 rubber
in improving energy absorption and ballistic resistance. Based on these insights, this chapter changes
the focus to high-velocity ballistic impacts on rigid armor configurations, where ceramic plates, SBR-
65 rubber, and PUR-85 rubber are integrated into composite structures. The objective is to evaluate
the energy absorption capabilities and protective effectiveness of these materials in improving the
ballistic performance of rigid armors. To achieve this, it is crucial to understand the behavior of ceramic
and fiber-based composites under ballistic impact, including their failure mechanisms and damage
evolution. Through a combination of analytical modeling, experimental testing, and numerical
simulations, this chapter provides a comprehensive evaluation of how these materials interact under
extreme impact conditions, offering valuable insights for optimizing the design of next-generation
ballistic protection systems.

6.1. Analytical approach

6.1.1.Analytical model for ballistic impacts on ceramic plates

Modeling these ballistic impact events of ceramic tiles is a complex challenge that requires both
numerical and analytical approaches to address aspects such as fracture and crack propagation.
Various models, such as simplified ones like Florence's [278] and more detailed ones like those by
Walker and Anderson [275S], as well as Zaera and Sanchez-Galvez [280], are available, each offering
different levels of complexity and suitability for specific applications.

Having explored the analytical modeling of ballistic impacts on ceramic armor, it is equally important to
consider the role of fiber-based composites in modern protective structures. The next section explores
into the analytical models for ballistic impacts on fiber-based composites, examining their unique
energy absorption mechanisms, failure modes, and structural responses under high-velocity impact
conditions. Understanding these models is essential for optimizing hybrid armor designs that combine
ceramics with fiber-reinforced composites to achieve enhanced ballistic resistance.

6.1.2.Analytical model for ballistic impacts on fiber-based composite

When a projectile impacts a composite material, it generates instantaneous stresses that propagate
through the material in the form of waves at velocities dependent on the material properties. These
stress waves travel in all directions, causing deformations that are analyzed using 1D, 2D or 3D
approaches. Simplified 1D and 2D analysis for thin plates assumes uniform deformation throughout
the thickness. However, thicker plates show varying strain and stress distribution through the
thickness, requiring a more complex 3D analysis to account for wave propagation. The main purpose of
the analytical formulation is to estimate the energy absorbed by different mechanisms, the contact
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force, as well as the projectile velocity and displacement over time. In addition, it attempts to determine
the ballistic limit velocity and contact duration for different laminate thicknesses. This comprehensive
analysis helps to understand impact dynamics and to optimize the design of laminate structures for
improved ballistic performance. Many researchers such as Daniel and Liber [283], Sierakowski and
Chaturvedi [284], Xue et al. [285], Naik et al. [286, 287], Paradela, Sanchez-Galvez et al. [288, 289],
Bresciani et al. [290], Langston [291], and Jintao and Moubin [277] have typically used two strategies
to study high-speed projectile penetration of composite targets: stress wave propagation and energy
balance. Developing an analytical model that accurately simulates penetration dynamics is a significant
challenge because of the complexity involved.

After establishing the analytical models for ballistic impacts on ceramics and fiber-based composites
and understanding their role in energy absorption and structural response, it is crucial to examine the
failure mechanisms and damage evolution in ceramic tiles under ballistic impact. The following section
focuses on the mechanical response of ceramic plates when subjected to high-velocity projectiles,
analyzing the impact-induced fracture processes, stress wave propagation, and penetration mechanics
that govern their ballistic performance.

6.2. Failure mechanism and damage evolution of ceramic tiles under ballistic impact

6.2.1.Analysis of mechanical impact on ceramic tiles
When a projectile impacts a ceramic plate, energy transfer occurs in three distinct modes [69, 871

a) the projectile penetrates the striking face of the ceramic plate, piercing it and exiting through the rear
face with residual energy, indicating that the projectile's impact energy exceeds the dissipation capacity
of the ceramic plate.

b) the projectile partially penetrates the ceramic plate, with the ceramic material fully absorbing the
impact energy of the projectile.

c) the projectile fully penetrates the ceramic plate, reaching the rear face with zero residual energy. The
speed at which this complete penetration occurs is defined as the ballistic limit.

6.2.2.Penetration mechanics of ceramic plates

Under ballistic impact, ceramic tiles exhibit behavior distinct from other materials, influenced by radial
confinement and the presence of a backing plate. When a backing plate is attached, the ceramic tile
shows high penetration resistance due to its high compressive strength, causing significant
deformation at the projectile's nose. If the projectile's impact velocity is insufficient, it will either shatter
or ricochet, a phenomenon known as interface defeat or infinite dwell. If the projectile withstands the
initial impact, the ceramic begins to crack, initiating tensile fractures that form circular rings around the
impact area. These cracks propagate through the ceramic to the backing face, uniting into a conical
fracture. Without a backing plate, a plug would be ejected, piercing the ceramic. When a backing plate
is present, the stress is redistributed circumferentially, generating radial cracks alongside the conical
fracture. Lateral cracks in the plane of the striking surface are subsequently initiated. The backing plate

45



captures residual projectile fragments and comminuted ceramic particles, leading to the formation of
micro-cracks and micro-voids, which pulverize the ceramic tile and erode the projectile. In the case of
multiple impacts on a single ceramic tile, the first impact will perform as previously described, but
subsequent impacts will penetrate through, without significant resistance, reducing the ceramic's
effectiveness. To mitigate this, armors are designed with multiple ceramic tiles (ceramic mosaic armors)
to limit the propagation of fractures and maintain protective integrity [2, 55, 871.

Having analyzed the failure mechanisms and damage evolution in ceramic tiles under ballistic impact,
it is equally important to investigate the response of fiber-based composites under similar conditions.
The next section explores the failure mechanisms, energy dissipation processes, and structural
degradation in fiber-based composites, highlighting their role in enhancing ballistic protection through
mechanisms such as delamination, fiber rupture, and shear failure. Understanding these behaviors is
essential for optimizing hybrid armor designs that integrate both ceramic and composite materials for
superior impact resistance.

6.3. Failure mechanism and damage evolution of fiber-based composites under ballistic

impact

When a composite structure is subjected to projectile impact, it undergoes various forms of
deformation and damage. The initiation and extent of this deformation are influenced by factors such
as projectile velocity and geometry, fiber properties, matrix characteristics, and interfacial adhesion.
Upon ballistic impact, a compression wave is generated at the impact zone. This wave travels through
the material's thickness and, upon reaching the rear surface, is reflected back as a tensile wave, which
can cause delamination. Weak fiber-to-matrix adhesion in the composite is particularly significant
during projectile impacts, as it contributes to delamination of the composite. This delamination process
allows the fibers to elongate until they break. Despite this, a certain degree of structural stiffness is
still necessary. Higher fiber-to-matrix adhesion can be used depending on the threat level to improve
overall material performance. Composite structures typically exhibit high resistance to ballistic impacts
by effectively dissipating the energy involved. This dissipation occurs through various damage modes,
including matrix cracking, fiber failure, and delamination. However, the initial delamination
substantially reduces the load-bearing capacity of fiber-based composites. This delamination aids in
energy dissipation by forcing fibers to elongate and absorb energy, although it also contributes to the
overall degradation of the material's mechanical properties. The fracture behavior of composites often
involves a combination of fiber shear and tensile failure. One of the weaknesses in fiber-based
composites is the actual failure of the fibers due to delamination within the matrix. The pointed
projectiles can induce shear stress, leading to fiber shear breakage, while the flexural strength causes
fiber failure due to stretching.
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6.4. Experimental approach

6.4.1.Ballistic testing

The Home Office Body Armour Standard (Special protection level - L17A1 bullet) has been used to test
the rubber-ceramic composite plates, which means that the ballistic panels can provide resistance
against a 5.56 mm M855 bullet, with a specified mass of 4.01 g and a velocity of 920 m/s = 15 m/s
[35]. In order to protect the internal organs against non-penetrating wounds, the back face
deformation (BFD) indentation must measure less than 30 mm, in accordance with this standard.

The ballistic tests have been performed on the rigid ballistic plate configurations previously presented
in a shooting range in Mangalia, Romania, belonging to the Ministry of National Defense. A 5.56 assault
rifle (M4 carabine) with a 5.56x45 mm NATO bullet (M855) has been used. The M855 bullet consists of
a front steel penetrator, a lead core and a copper jacket.

Therigid samples have been positioned 15 meters away from the test barrel's muzzle. According to the
tactical and technical characteristics of both the assault weapon and the bullet, the initial velocity of
the projectile has been determined to be 922 m/s. A ballistic calculator has been utilized to determine
the projectile's impact velocity, considering shooting factors like ballistic coefficient of the bullet,
muzzle velocity of the bullet, bullet weight and atmospheric conditions such as altitude, temperature,
and wind speed. The projectile's impact velocity has been found to be 902 m/s. In order to evaluate the
penetration depth of the projectile in ballistic tests, Koh-I-Noor Plastilina (clay whiteness) has been
used. A caliper has been used to determine the depth of penetration of the armor panels.

6.4.2.Experimental results and discussion

Figure 6.14 illustrates the bullet penetration hole in the PUR-85 rubber layer (P1 configuration) after
being impacted by an M855 projectile at 902 m/s. Figure 6.14a represents the striking face of the PUR-
85 rubber layer, which acts as the first energy-absorbing component in the P1 configuration. The entry
hole (ds_p1 =1 mm) in the PUR-85 rubber layer presents a localized rupture zone, where the projectile's
impact caused material displacement and radial crack propagation. High resolution image on the right
highlights a rough and irregular perforation profile, indicating high strain rates and stress concentration
at the moment of impact. The darkened edges around the perforation suggest localized heating and
friction-induced degradation of the rubber material, which occurs due to the high-velocity impact of
the projectile. The radial damage pattern surrounding the penetration site indicates shock wave
propagation through the rubber material, leading to localized tearing and crack formation. The nature
of this perforation suggests a combined failure mechanism of localized shearing, tensile fracture, and
compression failure. Figure 6.14b provides a view of the backing face of the PUR-85 rubber layer,
capturing the bullet exit hole (d:_p1= 1.5 mm). High resolution image on the right side provides a detailed
view of the penetration hole in the rubber layer, where tensile failure and tearing mechanisms are
evident. The irregular edges and sharp contours of the hole suggest a combination of ductile and brittle
failure modes, influenced by the stress wave interactions between the ceramic and rubber interfaces.
The pulverized ceramic suggests that localized stress concentration and shock wave propagation
caused micro-tearing and interfacial delamination at the point of impact. The external dispersed
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damage area indicates the presence of high strain rates and the reflection of stress waves at the

rubber-ceramic interface, which contributes to energy dissipation and increases the ballistic resistance
of the ballistic panel.

tearing

Figure 6.14 Bullet penetration hole in the PUR-85 rubber layer (P1 configuration):
a) striking face; b) backing face

The UHMWRPE UD layers play a crucial role in energy dissipation and projectile arrest in the P1
composite armor structure. Figure 6.16a provide detailed insights into the penetration effects, failure
mechanisms, and structural response of the UHMWPE layers after the ballistic impact. In Figure 6.16a,
the location of the impact is evident, indicating localized material damage in the UHMWPE layers as a
result of the projectile penetrating through the previous ceramic layers. The damage model suggests

that the projectile carried significant residual kinetic energy after perforating the ceramic layers,
resulting in fiber shearing.

Figure 6.16 Bullet penetration hole in the UHMWPE layers (P1 configuration):
a) striking face; b) backing face
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The rear surface of the UHMWPE layers, shown in Figure 6.16b, shows a well-defined bulge, indicating
a high-energy absorption and progressive failure mechanisms in the structure. This bulging effect
results from the localized out-of-plane deformation of the composite layers, a common characteristic
in fiber-based ballistic materials where tensile failure dominates rather than immediate perforation.

Figure 6.29 presents the observed damage in the SBR-65 rubber backing layer from the P4
configuration. Figure 6.293, the striking face of the SBR-65 rubber layer, presents a localized stress
concentration area, highlighted by a white deformation pattern at the SrPET fabric interface. This stress
concentration zone is surrounded by fine concentric cracks, indicating the way the impact-generated
stress waves propagated through the armor structure. The presence of these concentric cracks
suggests a significant energy transfer from the projectile through the upper armor layers. Figure 6.29b,
the backing face of the SBR-65 rubber layer, shows a visible longitudinal crack, extending along the
impact direction. The longitudinal crack developed as a result of the extreme stretching of the rubber
layer under high-velocity impact conditions. As the projectile was progressively decelerated within the
UHMWPE layers, the force transmission to the SBR-65 backing layer induced a tensile response.
However, due to the localized stress concentration and asymmetric load distribution (caused by edge
impact effects in the ceramic tiles), the rubber material could not fully recover from the deformation,
leading to failure in the form of a longitudinal split.

longitudinal

Figure 6.29 Back face damage (P4 configuration): a) striking face of the SBR-65 rubber;

b) cracks in the rubber layer — backing face

Figure 6.35 illustrates the bullet penetration hole in the ceramic layer from the P6 configuration after
ballistic impact. In Figure 6.35a, the striking face of the ceramic layer shows a localized impact at the
center of a hexagonal tile, leading to extensive fragmentation. The surrounding ceramic remains intact,
indicating that the honeycomb rubber structure successfully restricted crack propagation to adjacent
tiles. Figure 6.35a1, captured after removal of part of the ceramic fragments, shows the center of the
impact zone, displaying radial cracks propagating outward from the penetration site, consistent with
brittle fracture mechanics under high velocity impact conditions. In Figure 6.35b, the backing face of
the ceramic layer is displayed, showing a distinct perforation in the corresponding hexagonal tile.
Notably, the elastic web around the tile edges remains intact, suggesting that the honeycomb rubber
structure effectively limited the fracture in the impacted tile. The P6 configuration demonstrates

49



improved damage localization due to the elastic honeycomb web, which reduces crack propagation
beyond the impacted tile.

Figure 6.35 Bullet penetration hole in the ceramic layer (P6 configuration):

a) striking face; b) backing face

6.5. Numerical modelling

6.5.1.Finite element modeling

To model and analyze the ballistic impact between the M855 bullet and the rigid ballistic plate
configurations investigated, a numerical model has been developed using LS-DYNA software. The
impact has been assumed to be perfectly normal, and double symmetry has been taken into account,
meaning only a quarter of the armor panel has been modeled, as shown in Figure 6.43. Solid elements
have been used for ceramic tiles, rubber layers and projectile, and she//elements for the UHMWPE UD
layers. For the UHMWPE UD fibers, shell elements were selected for the numerical model primarily due
to their computational efficiency and suitability for simulating thin-layered materials. In most
configurations, except for P1 and P4 configuration, the Dyneema HB26 layers were not penetrated,
indicating that the fibers primarily acted as energy-absorbing layers rather than experiencing complete
perforation. Considering this behavior, the use of shell elements was found to be optimal choice for
several reasons. First, shell elements significantly reduce the computational cost and simulation time
while still capturing the essential mechanical response of the UHMWPE layers. This reduction in
modeling effort is particularly beneficial in multi-layered armor systems, where complex interactions
occur between different parts. Second, consistency across configurations was a key consideration.
Maintaining a uniform element type across all simulations ensures comparability of results, preventing
inconsistencies that could arise from using different element formulations in different configurations.
Finally, while the primary focus of the study was on the role of rubber layers in restricting crack
propagation, the UHMWPE layers' deformation and failure mechanisms were still critical for
understanding energy dissipation.
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The present study adopts a simplified numerical modeling approach, where the projectile is simulated
without the copper jacket, as shown in Figure 6.43, ensuring computational efficiency while
maintaining accuracy in penetration predictions.

The interaction between the bullet and different armor panel layers (UHMWPE, rubber and ceramic)
has been modeled with CONTACT_ERODING_SURFACE _TO _SURFACE. Contact between parts of the
same body has been realized using the CONTACT _ERODING _SINGLE _SURFACE algorithm. To simulate
the debonding behavior of the SrPET fabric layers, which serve as the interfacial bonding material
between different layers, the TIEBREAK_SURFACE _TO _SURFACE contact algorithm was applied. In
this case, the values of the NFLS and SFLS coefficients have been set to 85 MPa and 25 MPa,
respectively [301, 302].

fixed
fixed Ux= Uy= Uz=0
Ux=Uy=Uz=O / il

\

/

symmetry boundary symmetry boundary
condition condition
UV=O U=0

Figure 6.43 Finite element model and boundary conditions

6.5.2.Constitutive modelling

The MAT_JOHNSON_COOK model has been wused for the steel penetrator. The
EOS_LINEAR_POLYNOMIAL equation of state was implemented to accurately model the relationship
between pressure, density, and internal energy in the steel penetrator under high strain-rate and high-
pressure conditions. For this formulation, the bulk modulus was set to 164 GPa, ensuring a realistic
representation of the material's compressibility and resistance to volumetric deformation during
ballistic impact [305].

The MAT _PLASTIC_KINEMATIC material model has been used for the lead slug. This material model is
used for isotropic and kinematic hardening plasticity with the option of including rate effect in
accordance with Cowper-Symonds strain rate model.

In the case of ceramics, the MAT_JOHNSON _HOLMQUIST_CERAMICS model has been used to predict
the behavior of brittle material under large strain. In this model it is supposed that the tensile strength
of the ceramic is much lower than its compressive strength and that, when the ceramic is fractured,
the material completely loses its tensile strength.

51



6.5.3. Simulation of penetration

To simulate the impact behavior between the M855 bullet and the rubber-ceramic compaosite plates,
the ballistic event has been assumed to be perfectly normal, the penetration process being simulated
at 902 m/s striking velocity.

Simulation results highlight how material interfaces, honeycomb structures and ceramic stacking
influence stress distribution and energy absorption in ballistic armor. The main findings reveal
compromises between localized stress concentration for impact resistance and wider stress dispersion
to reduce damage. The following remarks summarize these main findings, highlighting the
fundamental mechanical behaviors observed in different armor configurations.

When a rubber honeycomb structure is integrated behind the ceramic tiles, the PUR-85 rubber front
layer experiences very high local stress during impact. In fact, the simulation indicates peak stress
values in the PUR-85 rubber on the order of 70-80 MPa in configurations where a honeycomb
structure supports the ceramics. For example, in one configuration with direct vertical stacking of two
ceramic layers and a honeycomb interface (P4 configuration), the PUR-85 rubber layer reached a peak
of 79.8 MPa during the projectile’s impact. These are significantly higher stresses than seen in
configurations without the honeycomb. The reason is that the honeycomb and segmented ceramic tiles
localize the impact force into a smaller area; the elastic honeycomb constrains lateral motion and
reflects stress waves back into the rubber and ceramic along the impact axis. In effect, the presence of
the honeycomb prevents the impact energy from dispersing quickly to adjacent areas, making the PUR-
85 rubber withstand a very intense load, concentrated directly above the projectile. The stress waves
in the rubber are highly concentrated, and symmetrical wave patterns have been observed propagating
from the impact point, indicating that the energy is being captured and absorbed in a localized region.
In summary, when a honeycomb rubber structure is attached, the rubber in front is subjected to
extremely high stresses (exceeding 70 MPa) because the structure directs the shock straight back
(especially if the ceramic layers are perfectly aligned). This has implications for the ceramics behind —
the intense stress wave can promote severe cracking in the ceramic directly under the impact, while
adjacent ceramic tiles experience less stress (due to the honeycomb structure). Thus, the honeycomb
design produces a compromise: it achieves very high local stress (and energy absorption) in the rubber
and ceramics but isolates the impact on a very small surface.

The simulations also examined cases where the projectile strikes at the intersection of adjacent
ceramic tiles. This scenario produces a different stress profile in the PUR-85 rubber and the support
structure. When the impact is centered on a tile, a single ceramic piece carries the entire load; but at a
tile intersection, two or more tiles distribute the impact and initially the structure shows a slightly
higher elasticity. As a result, the PUR-85 rubber layer is subjected to a slightly lower peak stress in the
case of an intersection impact compared to a direct center impact. For instance, in the case of P5_INT
configuration, the maximum stress in PUR-85 rubber was about 52 MPa, lower than the 65-80 MPa
seen for centered strikes. This reduction occurs because the impact force is distributed into multiple
ceramic tiles and into the gap.

The propagation of stress waves through the armor structure is evidently influenced when the
honeycomb layer is removed. In configurations like P2 (no rubber spacer between ceramic tiles), the
stress wave travels through a more continuous, homogeneous medium (ceramic-to-ceramic contact),
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which means less damping at interfaces. The simulation results indicate that without the honeycomb
rubber structure, more of the impact energy is transmitted further but also more uniformly. This had
two notable effects: First, the PUR-85 front layer absorbs a fast, direct stress wave (as discussed
above) because nothing slows down the stress wave between the two ceramic layers, and second,
beyond the first ceramic layer, the stress is less localized - the second ceramic layer and the backing
absorb the stress wave over a wider area. In fact, the SBR-65 rubber backing in P2 displayed less bulge
compared to P1, implying that the stress was not concentrated in a narrow column by a honeycomb,
but rather dispersed.

The ceramic tiles in the armor experience widely varying stress levels depending on the configuration
(mosaic vs. monolithic, presence of rubber layer, tile alignment, etc.). In general, the highest stress in
ceramic was recorded in the monolithic ceramic scenario, whereas mosaic ceramic tiles had lower peak
stresses per tile but more controlled damage. Specifically, in the monolithic single tile case (P3
configuration), the simulation noted an initial impact stress of about 5.5 GPa at the point of projectile
contact. This very high stress is because the entire thickness of a single large tile resists the projectile
at once, and there are no free edges or segment boundaries to reduce the stress — the ceramic must
absorb the full shock until it fails. By contrast, in configurations with mosaic hexagonal tiles (P1, P2,
etc.), the initial impact stress in the struck tile was on the order of 3—4 GPa. The smaller tile can fracture
atalower force threshold, and cracks form that effectively evacuate some of the stress (the tile breaks,
thus limiting the amount of stress that can be accumulated). Moreover, the presence of the rubber
honeycomb structure around the mosaic tiles further limits stress growth in the individual tiles by
quickly absorbing some load or deflecting it to adjacent materials. Another factor is the stacking
alignment of two ceramic layers: when the second layer tile lies directly behind the first (aligned
stacking), the stress wave from the first tile's impact is distributed straight into the second tile, creating
a high concentrated stress in that second layer. For example, the P4 configuration showed very strong
direct propagation of stress waves. In contrast, if the ceramic tiles are staggered (as in P1
configuration), the projectile impact on a first-layer tile does not immediately strike a plate in the
second layer directly, so the stress that reaches the second layer is somewhat distributed (it has to
travel through the rubber and into multiple second-layer tiles or across tile interfaces). This staggered
arrangement led to a more dispersed fracture pattern in the second layer and generally lower peak
stress in any single second-layer tile, though the first-layer tile still withstands a hard strike.
Additionally, with a honeycomb interlayer, the stress into the ceramic is partially absorbed. The
simulations showed that with an elastic layer attached, the second ceramic layer experiences a more
distributed, lower-magnitude stress wave compared to the case without honeycomb structure.

The simulation’s findings allow a comparison between using a single thick ceramic tile versus two
thinner ceramic tiles (stacked one on top of the other) of equivalent total thickness. The simulation
suggests that the single monolithic ceramic tile (of thickness equal to two layered tiles) is more efficient
at handling the impact stress in many aspects. First, the monolithic tile provides better load distribution
across its area. Because it is one continuous plate, when the projectile hits, the stress can spread out
within the tile in a continuous radial pattern. The stress wave isn'timmediately stopped by an interface
at half-thickness, so it disperses outward, not just backward. This resulted in the monolithic tile
absorbing a lot of the energy internally — evidenced by the fact that the back-face deformation of the
armor was smaller in the P3 configuration. The backing SBR-65 rubber in P3 showed only a small bulge
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with no ruptures or severe stretching, indicating that much of the projectile’s energy was expended in
shattering the ceramic and did not transmit as suddenly to the back. In other words, the single thick
tile retained the stress localized within itself, protecting the later layers. By contrast, in a two-layer
ceramic design, the projectile penetrates the first layer and then still has energy to strikes the second
— this sequential failure can sometimes concentrate stress into the second layer and into the back.
Another aspect is stress concentration at interfaces: a pair of stacked tiles has an interface where
stress waves reflect. That reflection can amplify stresses in the front layer or send secondary stresses
into the second layer, whereas a single tile has no internal interface to cause secondary shock
reflections. The monolithic tile, therefore, reduces the number of shock interfaces in the target, which
is beneficial for preventing stress concentrations. Furthermore, similar to P6 and P7 configurations, the
continuous tile effectively incorporates a greater volume of material to halt the projectile. On the other
hand, the two-layer system concentrates damage at the interfacial region between the layers,
potentially allowing the projectile to achieve deeper penetration before dissipating its energy. This is
supported by the observation that the single-layer ceramic configurations (such as P3, P6, and P7
configurations) exhibited reduced bulge in the SBR-65 backing layer.

From a mechanical perspective, the simulated penetration of the rubber-ceramic composite armor
reveals how the design and material choices control the propagation of stress and energy during a
high-velocity impact. The PUR-85 rubber front layer demonstrates a high capacity to absorb energy
through large deformations, forming bulges and indentations that indicate effective stress-wave
attenuation at the cost of local material damage. The inclusion of a honeycomb rubber interlayer
between ceramic tiles significantly alters the stress distribution: it tends to localize and intensify
stresses along the projectile’s path, while protecting adjacent regions and limiting crack spread.
Removing that interlayer has the opposite effect — spreading the stress more uniformly through the
target, which reduces extreme deformations in any single spot but can increase the overall damage to
the front rubber and ceramics due to more direct transmission of shock. Across the different
configurations, a clear pattern emerges: interfaces and boundaries (between materials or between
tiles) present both advantages and disadvantages — they can dissipate and redirect stress, thus
protecting some areas, but they also can become points of stress concentration or reflection that
amplify damage in other ways. The ceramic layer's configuration (mosaic vs. monolithic, one thick tile
vs. two thinner) is shown to critically influence how the projectile is stopped. A monolithic ceramic plate
spreads out the impact load and can absorb a great deal of energy (often outperforming a multi-layer
stack in preventing back-layer stress), but it fails in an extensive manner. Mosaic ceramic tiles,
especially with elastic separation, limit failure to the impact zone and prevent total breakage of the
ceramic layer but transfer more stress into backing layers.

The simulation’s findings highlight that by adjusting the interfaces between the layers and the
arrangement of the materials, a required stress distribution can be achieved — avoiding stress
concentrations (which cause perforation or excessive back-face deformation) and maximizing the
armor’s ability to absorb and disperse the projectile’s kinetic energy within its layers.
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6.6. Validation of the numerical models. Comparison of numerical and experimental

results

The depth of back-face deformation and the diameter of the crater on the clay backing material,
observed during the experimental tests are detailed in Table 6.4.

Table 6.4 The back face deformation after the ballistic impact

Depth of penetration (mm)  Diameter of the crater

Configuration . . Obs.
Numerical Experimental (mm)

P1 12,67 8,9 62

P1_INT 12,04
P2 8.8 7 58
P3 4,05 4,5 45
P4 7,81

P4 _INT 15,6 10,5 65 longitudinal cracks
P5 6,95

P5_INT 7,94 7.9 56
P6 571 4,7 59

P6 _INT 22,6
pP7 55 5,6 60

P7 _INT 6,84

When experimental and numerical results are compared, it can be observed that the depth of
penetration values in the numerical simulations are higher than in the experimental tests, except for
the P3 and P7 configurations where they are slightly lower. This is indicated by the fact that in the
numerical analysis the projectile was constrained to a frontal impact, while in reality it is very difficult
to achieve a frontal contact and also part of the kinetic energy of the projectile was consumed by its
deflection at the interface of the material layers, while in the numerical analysis it penetrated straight
and its kinetic energy was absorbed by its erosion.

The experimental results demonstrate a consistent correlation between crater diameter, impact
intensity, and the observed deformation of the back face. The diameter of the crater reflects not only
the energy transfer at the point of impact but also the material response of the clay backing and the
damage mode of the front layers. Notably, configurations such as P1 and P4 _INT display larger crater
diameters, which correspond with higher depth of penetration values, indicating more extensive energy
transmission and localized failure.

The comparative analysis between experimental and numerical results for the rigid armor
configurations demonstrates a strong correlation in terms of penetration behavior, stress distribution,
projectile erosion, and back-face deformation (BFD). The numerical model successfully reproduces the
primary damage mechanisms, including ceramic fracture, stress wave propagation, and energy
dissipation through the PUR-85 and SBR-65 rubbers. The formation of circumferential and radial
cracks, conoidal failure in the ceramic, and projectile erosion patterns closely align with experimental
observations, supporting the consistency of the simulation approach. However, slight discrepancies
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exist due to the idealized assumption of a perfect frontal impact, and the absence of slight projectile
yaw or ricochet effects. Despite these minor deviations, the overall agreement between experiments
and simulations confirms the validity of the numerical approach for analyzing impact resistance and
energy dissipation in rigid ballistic plate configurations.

6.7. Conclusions

This chapter has provided an in-depth theoretical and experimental analysis of novel rigid ballistic
structures subjected to high-velocity impact, focusing on the effectiveness of composite armor
configurations. The study demonstrated that integrating ceramic plates with fiber-reinforced
composites and rubber layers improves energy absorption, mitigating the effects of projectile
penetration. Through analytical modeling, experimental testing, and numerical simulations, essential
information on the damage mechanisms and structural responses of these materials under ballistic
impact were obtained.

The presence of rubber materials such as SBR-65 and PUR-85 rubber further improves impact
resistance. These materials function as energy-absorbing layers by attenuating stress waves and
reducing back-face deformation (BFD), which is crucial for minimizing injuries to personnel wearing the
armor. The findings indicate that different configurations of rubber layers influence the overall ballistic
performance by altering stress wave transmission and crack propagation behavior. For example, rubber
honeycomb structures help limit crack propagation in ceramic layers, preserving the integrity of the
armor against multiple impacts. Animportant aspect is the effectiveness of PUR-85 rubber as a critical
energy-absorbing layer in ballistic protection systems. Experimental results show that PUR-85 rubber
plays a significant role not only in mitigating the impact force but also in capturing ceramic debris and
projectile fragments, reducing the risk of secondary injuries.

Comparative analysis of different armor configurations revealed variations in failure mechanisms and
structural integrity. The presence or absence of intermediate rubber layers between stacked ceramic
tiles significantly influenced crack propagation and energy dissipation. Configurations with directly
stacked ceramic layers displayed more extensive brittle failure, whereas those incorporating rubber
interfaces demonstrated improved stress redistribution and improved multi-hit resistance.

The experimental results from ballistic testing using a 5.56 mm M855 projectile confirm the theoretical
predictions regarding penetration depth, material deformation, and failure modes. The back-face
deformation measurements indicate that the hybrid composite configurations successfully meet
ballistic resistance standards, with deformation levels within acceptable limits for personnel
protection. The integration of UHMWPE UD and SBR-65 rubber backing layers proved effective in
reducing ballistic trauma and improving durability.
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7. Final conclusions, original contributions and future research directions

This doctoral thesis consists of comprehensive research on advanced ballistic protection materials and
structures. Starting from a comprehensive overview of the literature, the research problem was
identified and formulated: to develop an innovative armor solution to improve the ballistic performance
of personal protective equipment using lightweight and cost-effective materials. As a first phase, novel
multi-layer armor configurations (both flexible “soft” armor and hard “rigid” armor plates) that
integrated rubber materials, high-performance fiber composites, and ceramics were developed.
Subsequently, theoretical modeling, numerical simulation, and experimental testing of these
configurations under ballistic impact were conducted. The findings demonstrate that combining
rubber-based composites, fiber-reinforced layers, and ceramic materials can significantly improve
energy absorption and ballistic resistance compared to conventional armor designs. There have been
obtained essential insights into the deformation and failure mechanisms of each material within these
hybrid systems, forming a basis for optimized next-generation armor solutions.

7.1 Final conclusions

The following main conclusions can be drawn from the research conducted within this thesis:

1. Rubber layers demonstrate critical impact energy absorption capabilities. The research
confirmed that rubber layers (specifically SBR-65 and PUR-85 rubber) play a crucial role in mitigating
impact forces. Rubber’'s hyper-elastic behavior allows it to undergo large deformations and absorb
substantial strain energy during impact. Quasi-static, dynamic and ballistic tests showed that SBR-65
and PUR-85 display distinct mechanical responses. Notably, at high strain rates (simulating ballistic
impact), the harder PUR-85 rubber experienced a noticeable reduction in ductility — its elongation at
break dropped from ~760% under slow loading to roughly 240% under ballistic conditions. PUR-85
showed brittle failure tendencies under extreme loading, with localized cracking instead of uniform
stretching. In contrast, the slightly softer SBR-65 rubber maintained greater elasticity and did not
exhibit such premature fracture, even though its effective elongation also decreased (from ~140% to
~110% in ballistic loading). These experiments and corresponding Mooney-Rivlin simulations validated
the rubber material models, showing close correlation between predicted and observed stress—strain
responses. Overall, the rubber layers proved to be effective energy absorbers, attenuating stress waves
and reducing the intensity of force transmitted to subsequent layers. This behavior supports their value
in ballistic package designs.

2. PUR-85 rubber effectively reduces secondary injury risk by containing ceramic debris and
projectile fragments. Experimental results show that PUR-85 rubber plays a significant role not only
in mitigating the impact force but also in capturing ceramic debris and projectile fragments, reducing
the risk of secondary injuries. When a high-velocity projectile penetrates the ceramic layers, the
ceramic fractures into small, high-speed fragments, which can represent a serious threat to the wearer.
However, the PUR-85 rubber absorbs and retains these fragments, preventing their dispersion and
reducing potential injuries caused by secondary projectiles. This behavior significantly improves the
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overall safety of the armor, making it particularly suitable for personal protective equipment in military
and law enforcement applications.

3. Composite laminates-rubber interaction significantly improves shock absorption and ballistic
performance. Fiber-based composite laminates — specifically panels of unidirectional UHMWPE
(Dyneema® HB26) — served as the flexible backing in soft armor and as intermediate energy-
dissipating layers in rigid armor. Ballistic impact tests on the UHMWPE fabrics exposed multiple energy
absorption and failure mechanisms: fiber stretched and ruptured, layers delaminated or shear-plugged,
and the back face bulged. The ability of UHMWPE to deform out-of-plane (forming a bulge) while
retaining structural integrity is particularly beneficial for absorbing residual kinetic energy and
minimizing trauma. The research documented that these fiber layers captured projectile fragments and
dissipated energy through tensile fiber failure and friction, preventing complete perforationin all tested
configurations. When integrated with rubber (Chapter 5), the fiber and rubber layers spread and absorb
the shock, leading to improved back-face signature results. This highlights that the fiber-rubber
interaction improves ballistic performance: the fibers withstand most of the penetration resistance
(tensile strength), while the rubber retards the projectile and absorbs the shock, resulting in a more
efficient overall system.

4, Mosaic ceramic architecture improves crack containment and multi-hit capability. For high-
velocity rifle threats, the presence of ceramic tiles as the secondary strike face was shown to be
essential. Ceramic materials blunt and erode projectiles, shattering themselves in the process and thus
absorbing a large portion of the impact energy. In Chapter 6's tests with 5.56x45 mm NATO rounds
(~902 m/s impact), the ceramic front layer effectively fractured into a conoid and pulverized,
consuming energy through crack propagation and projectile erosion. A major finding was that ceramics,
while very effective at initial energy dissipation, depend on the striking and backing layers to contain
fragments and absorb residual forces — by themselves they are too brittle to stop a bullet without
shattering. Damage patterns in ceramics varied depending on the tile configuration: a single large
monolithic tile exhibited a tendency to produce extensive radial and circumferential cracks on its
surface upon impact, while mosaic segmented ceramic tiles localized damage more restricted to the
impacted tile and its immediate neighbors. This difference confirmed that breaking the ceramic into
smaller pieces (mosaic pattern) can prevent catastrophic spreading of cracks, preserving adjacent areas
for potential multi-hit protection — a required characteristic for armor in realistic combat scenarios.

5. Optimal rubber placement in soft armor panels minimizes back-face deformation and ballistic
trauma. The true value of the studied materials develops when they are combined into layered hybrid
armor systems, and the research delivered several key findings on the performance of different
configurations. In the soft armor prototypes (UHMWPE and SBR-65 rubber), three configurations were
compared: rubber as the striking face, rubber as an intermediate interlayer, and rubber as a backing
layer. Ballistic testing against 9 mm FM] rounds showed that all three hybrid panels prevented
penetration of the projectile. However, the placement of the rubber had a pronounced effect on
projectile deceleration and back-face deformation (BFD). Specifically, the configuration with rubber at
the back (PE-RCP-B) caused the most rapid projectile deceleration and produced the smallest BFD.
Post-impact analysis of the bullets indicated that when the rubber backing was last in the panel, the
bullet was captured after perforating the UHMWPE face layers, experiencing catastrophic deformation
(mushrooming and flattening into a bowl shape), even separating the copper jacket from the lead core
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due to sudden deceleration in the rubber layer. This backing rubber layer absorbed the remaining
energy and bulged outward, thus minimizing trauma to a wearer. By contrast, placing the rubber in
front or middle still stopped the bullet, but allowed a bit more trauma and left the bullet more intact (a
classic mushroom shape). These results highlight that the sequence of layers actually counts: a rubber
backing layer is highly effective for blunt trauma reduction, whereas a rubber front layer can dissipate
some energy early but may not reduce back-face signature as much. Notably, the hybrid soft armor
outperformed a stand-alone fabric, demonstrating how even a thin rubber insertion significantly
improves energy absorption.

6. Rubber honeycomb interlayers improve structural integrity and multi-hit resistance in rigid
plates. For the rigid armor configurations designed for rifle threats, the thesis examined several multi-
layer arrangements combining ceramic tiles, rubber layers (both SBR-65 and PUR-85), and UHMWPE
UD plies. A total of seven configurations (P1-P7) were developed to explore variables such as: mosaic
vs. monolithic ceramic architecture, and the use of a rubber honeycomb interface or direct stacking.
Ballistic tests with 5.56 mm M855 rounds demonstrated that integrating these different materials can
successfully stop high-velocity projectiles with no through-penetration and acceptable back-face
deformation. One notable result was observed in configurations that used two layers of ceramic tiles:
when two mosaic ceramic layers were directly stacked without any intermediate cushioning, the
damage was more severe. On the other hand, in configurations where a rubber honeycomb interlayer
was integrated, the rubber effectively separated the layers and prevented cracks from propagating
from one ceramic layer to the next. The presence of this flexible rubber interlayer improves resistance
to multiple impacts, as an impact to one tile does not compromise adjacent tiles. Additionally, the
rubber interlayer captured many ceramic fragments, preventing them from spreading into the backing,
this helping the fiber composite layer behind to remain intact and absorb the residual projectile energy
and fragments. In all rigid panel tests, the combination PUR-85 striking layer combined with a hard
ceramic layer and energy-absorbing backing layers (UHMWPE and SBR-65 rubber) proved effective:
the projectiles were either heavily eroded or fragmented upon hitting the ceramic, and the remaining
mass was stopped by the composite backing and rubber, producing back face deformations within safe
limits. In addition, the PUR-85 rubber layer helps to capture ceramic debris and projectile fragments,
thus reducing the risk of secondary injuries.

7. Novel ballistic configurations demonstrate superior weight and cost efficiency. The proposed
soft and rigid ballistic structures developed in this research achieved a well-balanced combination of
reduced weight, improved ballistic performance, and lower production cost. Soft armor designs
incorporating UHMWPE UD and SBR-65 rubber are lighter and more economical than conventional soft
armors utilizing Kevlar or UHMWPE bonded with epoxy, without sacrificing protective capabilities. Also,
rigid plate configurations, combining mosaic ceramic tiles with rubber layers, UHMWPE UD, and SrPET,
demonstrated comparable or superior protection levels at lower weights and costs than traditional
ceramic composite plates. These findings confirm the practical applicability of the proposed systems in
contexts requiring improved mobility, protection, and cost efficiency, particularly for military and law
enforcement use.

8. Resin-free bonding using SrPET fabric improves structural integrity, reduces interface stress,
and contributes to weight reduction in rigid plates. In contrast to conventional rigid armor systems
that depend on epoxy resins for layer adhesion, the configurations developed in this thesis incorporated
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SrPET fabric as the bonding agent. This resin-free approach eliminates the added weight and
manufacturing complexity associated with epoxy matrices while maintaining effective mechanical
connection between layers. Additionally, the use of SrPET contributes to a reduction in stress
concentrations at material interfaces, which helps preserve the structural integrity of the armor during
high-velocity impacts. The effective integration of SrPET in rigid configurations highlights its potential
as a lightweight, high-performance bonding solution for next-generation ballistic protection systems.

Overall, the findings of this research contribute valuable knowledge for optimizing next-generation
ballistic protection systems. The study confirms that hybrid armor designs, which combine the
properties of ceramics, fiber reinforced-composites and rubber, offer superior protection against high-
velocity threats. Future work could explore additional material combinations, alternative geometric
configurations, and advanced manufacturing techniques to further refine ballistic performance.
Additionally, further computational modeling and experimental testing under varying impact scenarios
would improve the predictive accuracy of impact response and armor effectiveness.

By advancing the understanding of energy absorption mechanisms and failure dynamics in ballistic-
resistant materials, this research lays the foundation for developing more effective, lightweight, and
adaptable armor systems for military and law enforcement applications.

7.2 Original contributions

This doctoral research provides novel insights in the field of ballistic protection materials and armor
design, the original contributions of the author being summarized below:

1. Comprehensive review of the state-of-the-art of body armor systems, focusing on materials
selection, structural configurations, and performance evaluation methodologies. This review provides
a valuable reference for researchers in the field, offering a clear understanding of current challenges
and guiding future developments in advanced armor design. Special attention is given to the emerging
role of rubber-based materials as a significant component in enhancing energy absorption and
improving overall ballistic performance.

2. Development of an innovative armor solution using lightweight and cost-effective materials
with enhanced energy absorption capabilities. The study introduces and validates novel flexible and
rigid armor configurations that integrate rubber materials, such as UHMWPE-rubber panel and
ceramic-rubber composite plate with a honeycomb structure, demonstrating, for the first time, their
effectiveness in reducing back-face deformation, enhancing multi-hit resistance, and improving
overall ballistic performance compared to traditional composite armors.

3. Experimental characterization of hyper-elastic rubber materials and determination of
material constants for numerical modeling. This research presents original experimental data and
analysis of the response of hyper-elastic materials, specifically rubber with varying hardness levels
(SBR-65 and PUR-85 rubber) under quasi-static, high strain-rate and ballistic loading conditions. The
primary goal has been to determine the mechanical response and energy absorption characteristics of
rubber materials. Test results were used to extract material constants required for constitutive
modeling, particularly for the Mooney-Rivlin hyper-elastic model. These constants, calibrated through
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high-strain-rate compression tests, enabled accurate simulation of rubber behavior in ballistic
applications. The generated data serves as a fundamental reference point for modeling rubber
components in armor systems.

4. Development of experimental methodologies for testing rubber materials and ballistic armor
structures. A significant contribution is the formulation of comprehensive experimental methodologies
designed for both material-level and system-level ballistic evaluation. Custom test protocols were
established for characterizing the response of rubber samples under multiple loading conditions, as
well as for evaluating the ballistic performance of soft and rigid armor structures. These methodologies
contribute to standardized testing practices for novel protective materials and configurations.

5. Developing and validation of the numerical model. This research integrates finite element
simulations and experimental data to evaluate the performance of novel soft and rigid armor
configurations. A custom numerical model has been developed using LS-DYNA, incorporating a
Mooney-Rivlin constitutive model calibrated for SBR-65 and PUR-85 rubbers, using the experimental
data obtained. For UHMWPE and ceramic materials, the constitutive parameters were selected from
relevant literature sources, ensuring realistic representation of their mechanical behavior under
ballistic impact. Simulations of ballistic impacts closely matched experimental results in terms of
perforation, failure mechanisms, and back-face deformation.

6. Contribution to the field of ballistic protection through new insights into energy absorption
and damage control mechanisms in body armor and personal protective equipment. This research
provides original insights into how ballistic performance can be enhanced through material interaction
and structural design. A significant finding is the role of rubber interfaces in attenuating and dispersing
stress waves; placing a rubber layer between a ceramic strike face and a fiber-based backing reduces
stress wave reflection and promotes energy dispersion, thereby improving multi-hit resistance.
Additionally, the study demonstrates that segmenting ceramic layers into a mosaic pattern, confined
by rubber, enables controlled tile fracture and prevents crack propagation beyond the impact zone,
effectively localizing damage. Another significant contribution is the understanding of material
interaction: improved performance results not only from the individual properties of rubber, ceramics,
and fibers, but from how they interact. For example, rubber layers have been shown to capture ceramic
debris and projectile fragments, acting as an internal buffer that mitigates the risk of secondary injuries.
These findings offer valuable guidance for the design of next-generation armor systems, particularly in
addressing the real-world challenge of protecting against both primary impacts and secondary
fragmentation.

7. Integration of weight and cost efficiency into ballistic armor design. The proposed
configurations, both soft and rigid, achieve a superior balance between protection level, mass, and
production cost. Soft armor designs demonstrated significant weight reduction and lower fabrication
costs compared to conventional epoxy-based solutions. Also, the rigid ballistic plates achieved
competitive ballistic resistance while remaining lighter and more economical than standard ceramic
composite plates.

8. Integration of resin-free bonding using SrPET fabric as a novel approach to improve
mechanical cohesion and reduce system weight. Unlike conventional composite armor systems that
use epoxy resin matrices, this research proposes the use of SrPET fabric as a bonding agent, eliminating
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the need for heavy adhesives. The use of SrPET allows resin-free integration of layers, leading to
reduced stress concentrations at interfaces, improved mechanical cohesion, and a noticeable decrease
in overall plate weight. This approach simplifies manufacturing and contributes to the development of
lightweight, durable, and structurally efficient ballistic systems, particularly in rigid plate applications.

7.3 Future research directions

Based on the findings and addressing the limitations identified, several directions for future research
can be formulated to further improve ballistic protection technology:

1. Expanded material exploration. Future studies could explore a wider spectrum of rubber
materials and composites. For example, alternative rubber research may identify materials with even
better energy absorption or environmental durability. Varying the hardness and thickness of rubber
layers systematically would help determine the optimal range for different threat levels, considering
the findings in the present research that rubber materials can become brittle under impact. Also, the
use of different fiber reinforcements (aramid fibers like Kevlar®, high-strength glass fibers, or
developing nano-fiber fabrics) and hybrid weaves in place of or in addition to UHMWPE could be
examined. These materials might offer improved performance against specific threats (for instance,
Aramid is more heat-resistant, which could matter for incendiary or tracer rounds). Exploring advanced
ceramic materials (e.g. silicon carbide or boron carbide) for the strike face is another logical step — these
could reduce weight or improve multi-hit capability but need to be tested with rubber interfaces, since
their higher brittleness might interact differently with coatings layers.

2. Multi-hit and durability testing. While the current research qualitatively discussed multi-hit
resistance (especially with mosaic designs), dedicated multi-hit ballistic tests are needed to quantify
how many impacts the new armor configurations can sustain before failure. Future experiments should
fire multiple rounds at the same target (at different points and possibly at the same point) to evaluate
how rubber-ceramic interfaces hold up to successive strikes. Such testing would validate the assumed
improvements in multi-hit resistance due to rubber honeycombs. In addition, long-term durability
studies should be conducted. Rubber materials can degrade due to UV exposure, extreme
temperatures, or repeated loading. Examining how ballistic performance changes after aging the
panels (thermal cycling, humidity exposure, etc.) or after non-ballistic mechanical wear will be
important for real-world applications. Ensuring that the bonding between layers (rubber-ceramic,
rubber-fabric) remains secure over time is crucial, future work might explore improved adhesives or
even vulcanization techniques to bond rubber to ceramics, thus preventing delamination under impact.
Monitoring the effects of environmental conditions on the Shore hardness and elasticity of the rubber
layers will also guide the design of armor for various climates and scenarios.

3. Advanced numerical modeling for predictive simulations. The numerical models developed in
this thesis can be expanded and refined. One direction is incorporating even more advanced material
modeling for the rubber materials, such as rate-dependent viscoelastic or visco-plastic models that
can capture the transition to brittle behavior in rubber materials more accurately. Similarly, improving
the fracture modeling for ceramics would allow the simulation of multi-hit scenarios and complex
fragment interactions. Furthermore, for UHMWPE, which was simulated using shell elements in this
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thesis, future work could benefit from using solid elements to achieve more accurate and detailed
representations of its behavior under various loading conditions, especially in relation to the number of
damaged layers.

4, Structural optimization and design of novel armor architectures. With the resulting insights, it
is possible to develop completely new structural concepts for armors. One potential direction is
exploring 3D textile architectures and auxetic structures for the fiber component — e.g. three-
dimensional woven fabrics or auxetic mesh inserts that could work combined with rubber layers to
disperse impact energy even more effectively. Topology optimization tools could be applied to the
design of mosaic tiles or the geometry of rubber honeycombs to maximize energy absorption for
minimal weight.

5. Expansion into new application domains. The innovations from this research have implications
beyond personal body armor. Military vehicles and aircraft armor could benefit from the lightweight
layered approach. Future work could test rubber-ceramic-fiber armors against higher caliber threats
(e.g. 7.62 mm AP or 12.7 mm rounds) to evaluate capability for vehicle shielding. The concept of using
arubber layer to catch spall and fragments can be directly applied to spall liners inside armored vehicles
— for instance, bonding a rubber/ fiber composite liner to the inner surface of metallic armor could
greatly reduce crew injuries caused by detachment, a hypothesis that deserves investigation. Helmet
design is another area: advanced combat helmets could incorporate a thin ceramic application for rifle
protection, backed by aramid and a foam or rubber layer to reduce blunt trauma behind the helmet; the
results of this thesis provide a basis for selecting the right rubber material for this purpose. In law
enforcement, improvements demonstrated against 9 mm bullet and similar bullets suggest that adding
rubber layers to bulletproof vests could allow them to meet standards with less material (and therefore
less weight), improving comfort and wearability. Future tests could explore rubber-integrated anti-stab
armor, since rubber might also help in dissipating energy from stab weapons.

6. Smart and adaptive armor systems. Looking further, combining the physical insights from this
research with developing technology brings exciting possibilities. One direction is the integration of
sensors and health monitoring in the armor, for example, inserting piezoelectric sensors or flexible
electronics in the rubber layers to detect impacts or measure the extent of deformation. Given rubber’s
ability to deform, it could accommodate such inserts. A damaged armor plate could signal to the wearer
or maintenance crew that it needs replacement (important for multi-hit situations).

7. Investigation of the influence of rubber honeycomb interlayers on ballistic limit velocity (Vu).
Building upon the findings of this thesis, future research should examine how rubber honeycomb
interlayers affect the VVy of rigid armor configurations. The integration of rubber honeycomb structures
between adjacent mosaic ceramic tiles increases the spacing between impact zones and introduces
localized flexibility that may influence the onset of tile fracture, crack propagation, and energy transfer
dynamics. This structural decoupling could potentially raise or lower the Vy, depending on how the
energy is distributed and dissipated across the interface and within the ceramic segments. Detailed
experimental and numerical studies should be conducted to quantify the effect of tile separation and
honeycomb geometry on Vy, providing deeper insights into damage localization, tile integrity, and
multi-hit performance. These findings could inform optimal spacing and interface design strategies to
maximize protection while maintaining weight and cost efficiency.
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8. Investigation of honeycomb cell size and wall thickness on impact response and energy
absorption. Future work should focus on how the cell size and wall thickness of rubber honeycomb
structures influence the ballistic performance of rigid armor configurations. These geometric
parameters govern the local flexibility, energy dissipation behavior, and stress distribution during
impact. Smaller cell sizes may promote greater energy dispersion across the ceramic interface, while
thicker walls could offer improved stiffness and resistance to deformation. Systematic experimental
and numerical studies are needed to determine the optimal honeycomb design that balances energy
absorption, weight efficiency, and fragment confinement, especially under high-velocity multi-hit
conditions.

In conclusion, this doctoral thesis has not only answered the initial research questions regarding the
roles of rubber, fibers, and ceramics in ballistic armor, but also opened new directions of research and
potential improvements in the design, performance, and cost-effectiveness of ballistic protection
systems. By achieving a balance of impact resistance, energy absorption, weight and cost efficiency,
the study contributes to the advancement of next-generation armor designs. The findings serve as a
starting point for researchers directing to develop armors that offer superior protection while
remaining lightweight and practical for use in military and civilian applications. The future directions
recommended above will contribute to this progress by ensuring that the information on impact
mitigation and material interaction obtained here will continue to provide better and more effective

protective equipment.
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