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ABSTRACT 

The most well-known aramid fiber is Kevlar, the lightest of any fiber reinforcement has 

high tensile strength for its weight, and is very tough. It is slightly less expensive than 

carbon fiber. And Kevlar/epoxy composite is a promising material for impact resistance. 

The numerical investigation has been carried out to study the behavior of Kevlar/epoxy 

composite plate subjected to ballistic impact using Ansys/Explicit.  

Numerical parametric studies of the ballistic impact were undertaken for obtaining the 

optimal number of plies or the thickness of the plate specimen. The total deformations of 

the 36 impacted samples are presented in results and discussions part, some of them are 

penetrated and others are not penetrated but only having deformations that were acceptable 

by the national institute of justice (NIJ) standard.  

The best volume fraction to get optimum impact strength of the laminate is 65% to 35% in 

volume for fiber and matrix respectively at 0/90-degree yarn arrangements. Modeling and 

Simulations were done using ANSYS 2019 R-3 finite element analysis software and 

impacted at a maximum velocity of 720 m/s. The deformation results were penetrations, 

deformations above the accepted standard, and acceptable deformations by the standard. 

The minimum number of plies to stop an Ak-47 bullet with accepted deformation range 

were 22 plies which were found on the analytical calculation and 26 plies on finite element 

simulation experiments. The detailed results for each sample and projectile are presented 

in the document. For the second part of the work which is a stab resistance composite plate, 

the tightness of the woven fabric in the composite ballistic fabrics also significantly reduces 

the back-face deformations caused by the spike or knife impact. These findings designate 

the viability of achieving better protective panels with lower weights and less bulkiness 

when Kevlar fiber plates are used against the stabbing impact. 

As it was seen on the results a tightly woven fabric can be used for armor plates to withstand 

both ballistic and stabbing assaults. 

 

 

Keywords: Ballistic Impact, Higher concentration, and orientation, Kevlar/epoxy 

composite 
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CHAPTER 1 

INTRODUCTION 

  Background 

As civilization is marching through progress, there has been an evolution in all walks of 

human life and safety protection from attacks by enemies is not an exclusion in context.   

Different protective gear had been adopted to suit the contemporary modes of attack, 

starting from strong animal skin wear to wooden and metal shielding, stone and brick 

masonry walls, etc.  With the revolution in the technology of materials made of lightweight, 

flexible, high strength and high tenacity, high modulus and high-performance fibers such 

as Aramid (Kevlar®/Twaron®), and glass molded in polymer matrices have come into 

existence with their superior performance as protective body armor to cope with the current 

day ballistic and projectile attacks [1-3]. Apart from the binders, various additives like 

shear thickening fluid (STF) are added to improve the toughness and impassability of the 

sharp objects and enhancing the performance of the body armors with increased safety to 

the personnel [4,5].  

Body armor designed with anti-ballistic function is not necessarily resistant to penetration 

of blades and armor specifically designed to withstand blade penetration is prohibitively 

bulky and heavy [6]. Hence, the fabrication of body armor that protects against ballistic 

and stabbing impacts represents a meaningful effort. The major difficulty in improving the 

stabbing resistance of ballistic body armor is because the stabbing resistance mechanisms 

differ that for ballistic protection, because of the different impact velocity and different 

sharpness of the impactors [7]. To improve the stab resistance of ballistic fabrics, thermal-

sprayed hard ceramic coatings were applied to aramid fabrics [8].  

Body armor is among the most important pieces of human safety devices used by officers, 

militaries, bodyguards, etc. There is significant interest within the engineering peoples to 

better understand and predict the damage sustained by different composite materials under 

high energy ballistic impact. Ballistic impact survivability requirements are common in 

many applications were impact threat is critical to maintaining mission capability. Kevlar 

is the most popular aramid fiber having a long chain of strong, ring-like aromatic 
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molecules. Superior heat and shock-resistant properties make Kevlar the most promising 

antiballistic material with stability at higher temperatures. It is widely used for body armor 

panels for lightweight military vehicles, bulletproof jackets, and fireproof bodysuits and in 

aerospace industries, etc. Fiber-reinforced composite materials have become important 

engineering materials used in different applications such as marine bodies, aircraft 

structures, and light-weight armor for ballistic protection in military applications. This is 

due to their outstanding mechanical properties, flexibility in design capabilities, ease of 

fabrication and good corrosion, wear and impact resistant. Composite Body armor is an 

item or piece of clothing that is designed to protect the wearer against a variety of attacks. 

They can be made to stop different types of threats, such as bullets, knives, and needles, or 

a combination of different attacks. 

Usually, there are two kinds of body armors, hard and soft type.  Hardbody armors employ 

metal and ceramic composite plates for high levels of impact whereas the soft types are 

generally made of 20-50 layers of fibers and they become inflexible and heavy [9-12].   

Bulletproof armors are made depending on different levels of assured protection. Factors 

that could be considered are the weight of armor and projectile, bullet type, bullet velocity, 

and armor comfort. When a projectile hits the defensive armor, the kinetic energy of the 

projectile is dispersed into the armor by deforming the bullet [13,14]. 

In recent years, the application of shear thickening fluids could provide a potential solution 

to reduce the weight of these soft type armors together with the use of high-performance 

aramid fabrics [15,16].  

Shear thickening behavior is a non-Newtonian fluid flow categorized by a sudden rise in 

the viscosity when the shear rate crosses the threshold value. During the ballistic impact, 

the relative motion of the yarns causes a very high level of shear that increases the viscosity 

of shear thickening fluid drastically. Therefore, the energy absorption capacity of soft 

composite plates can improve significantly. 
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  Statement of the problem 

To meet the safety and protection requirements of the military, police, and security 

personnel from possible attack by bullets or stab assaults, it is essential to provide the body 

armor to safeguard their life. The armor shall be made of lightweight, high energy 

absorbing material which will be impenetrable to sharp projectiles and knives at a moderate 

cost. The existing armors are heavy and not comfortable for stab and ballistic impacts. 

Ethiopian Aviation Industry is in the process of developing suitable materials and the 

present research is an independent study on the impact performance of such body armor 

materials to withstand different attack conditions. Time to time conflicts are raising in the 

world including Ethiopia and even the militaries are dead by shotgun or sharp device 

attacks, so working on protective equipment plies a vital role to reduce such fatal injuries. 
 

  The objective of the study  

General Objective: 

The main objective is to study the impact resistance of Kevlar/epoxy composite plate for 

different simulated impact conditions for application as a suitable body armor material.  

 Specific Objectives:  

• To study the impact behavior of cross-ply laminates with different thicknesses 

(variable number of layers) subjected to an AK-47 bullet, different revolvers, 

and knife impacts.  

• To conduct simulation experiments as per NIJ standard for specific levels of 

impact energy due to different types of attack. 

• Comparing the theoretical results with previous experimental results in the 

literature. 
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  Scope 

• 3D geometrical CAD modeling of composites of Kevlar/epoxy armor plates 

with 14, 18, 22, 26 layers of 0/90 fabric with 65% fiber and 35% matrix of and 

conduct simulation studies on ballistic and stab impacts on the modeled plate 

using Ansys/Explicit dynamics software.  

• Determining the minimum number of layers of the fabric that can withstand 

each type of impact with permissible levels of backface signature.  

•  Comparison of the results with those in the literature for comparable situations.  

  Significance of the Study 

The studies conducted will be helpful to implement for fabricating the body armor plates 

that can withstand different levels of impacts by gun, revolver and knife stab, etc. This will 

provide a lightweight and safe armor plate for people in the military, security forces, police 

force, and bodyguards.  

  Limitation of the Study 

The experimental studies using different layers of Kevlar/epoxy composite plates could not 

be conducted due to the non-availability of the materials in the Degen aviation industry. 

The material property data for shear thickening fluid is also not available and the simulation 

studies also were limited to the laminates of Kevlar-epoxy with the different number of 

layers and the importance is summarized in literature only. 
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  Organization of the Thesis   

The first chapter briefly describes the importance of the topic, problem statement, specific 

objective, scope, and significance of work.   The review of the literature covering the types 

of studies conducted on different types of body armor materials, analysis, modeling, and 

simulations and experiment results are discussed in the second chapter.  The third chapter 

describes the materials, methods, and calculations of different material values using 

micromechanics and prediction by different failure theories.  The results of the simulation 

studies by ANSYS for different impact conditions on the plates are presented with the 

result and discussion part in Chapter four.  In the last chapter, chapter five includes the 

conclusions and recommendations based on the results obtained and future work 

recommendations are also included in this chapter.  
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CHAPTER 2 

LITERATURE REVIEW 

Many studies on the ballistic resistance performance of materials are reviewed and 

summarized in the literature. Revising of related studies will be also described. This chapter 

comprises of some questions: what studies are saying about composite bulletproof, stab 

resistance of materials, and shear-thickening fluid treatment of fibers, how the impact 

analysis of armor conducted by others numerically as well as experimentally, to know what 

are the parameters significantly involved while designing soft body armor. These will be 

used as the entrance to the study of soft body armor. 

2.1 The Necessity for Ballistic and Stab Resistance 

2.1.1 The Necessity for Ballistic Resistance 

The basic concept in body armor is so simple; first, it should stop weapons or projectiles 

before they completely penetrate the armor and reach a wearer’s body. Second, it would 

spread the energy of weapons’ over a large portion of the body protective armor with the 

goal that the impact causes very little harm to the wearer. In this manner, throughout the 

years' numerous items have been invented and attempted to improve body protective 

equipment. However, regardless of the upgrades, the advanced body armors despite 

everything have a portion of indistinguishable disadvantages from the old ones. Whether 

or not the body protective layers are made of metal plates or fabric layers, they are mostly 

heavy, bulky, and rigid. Thus, they may limit the wearer’s freedom of movement and so be 

impractical to use on the wearer’s arms, legs, and neck [17]. 

The present body protection vests are frequently built with lightweight, breathable nylon 

or cotton outer shells that incorporate ballistic packs or panels contained inside the carriers 

(pockets). The ballistic protective layers were collectively assembled from aramid woven, 

nonwoven, or both woven/nonwoven aramid fabrics and that can prevent the penetration 

by the NIJ treat categories IIA, II, and IIIA with an adequate number of layers. For instance, 

around 20 to 50 fabric layers may be needed to arrest deformable projectiles that are fired 

from handguns [18]. 
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Figure 2.1: Formation of bullet blunting deformations with petal fractures [36] 

    

Figure 2.2: The mechanism of ballistic protection [19] 

Composite bodysuits are an item or a piece of body clothing that are designed to safeguard 

or protect the wearers against different attacks. It can be designed to protect from different 

types of threats, like bullets, needles, and knives, or a combination of them. 

2.1.2 The necessity for Stab resistance 

Body armors are designed to protect the threats against different injuries and even death; 

the current body armor offers the ability to protect human bodies from ballistic threats. 

However, the application environments of the body armors are extremely complicated. For 

instance, in the combat zone, officers and soldiers may experience a variety of stab treats. 

for example, direct assaults from blades and other honed instruments, or physical contact 

with razor wire and broken glasses [20]. In the civilian citizen sector, especially in some 
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nations which apply strong weapon ownership restrictions, the non-military personnel 

police forces in these nations have to face the rising dangers with blades or other 

extemporized sharp objects [21]. 

The studies presented by Taylor & College, [22]  have indicated that there was a rising 

trend of stabbing injury and the correlating death. And they showed their strong concern 

over such an increase. In any case, later examinations show that the yearly aggregate of a 

big range of assaults on police personnel was relatively similar during some specific period 

[23], which kept more than 18,000 every year, there was even a slight decrease since 1991. 

Among these yearly 18,000 attacks per year, more than 1,000 were classed as serious 

attacks, regularly bringing by serious cuts, resulting in fractures, and bruising [24]. By 

referring such type of actual investigations in different countries stabbing assaults need to 

be treated as being similar in importance as ballistic threats. 

The chief factor that directs the design of protective body armors is the types of threats for 

which a protection assurance is required (i.e., ballistic, blast, fragment, slash, fire, 

chemical, and so forth). Armor panels which are optimized for the protection against a 

single threat may not be suitable for many other threat types. For example, some textiles 

designed for best ballistic protections require adequate yarn mobility within the weave to 

avoid premature failures and will not perform well for stab protection. Thick dense weaves 

that prevent punctures can lead to punch-through failure in ballistic effects.  

Design constraints for the optimizing of both ballistic and stab defense often work against 

each other, as shown in the figure below. According to Y. Xu [1], multi-threat ballistic 

armors are commonly designed by integrating separate armoring solutions a process, that 

achieves only minimal synergistic efficiencies at best. Body armors that combine various 

defeat elements are regularly arranged as "related" armors in which every component gives 

an improved level of protection for a single threat or multiple threat types. On the side of 

officers, they express their powerful desire for improving the protection levels of defensive 

equipment. In 1995, an examination of the necessities for national police officers' outfits 

carried out by the United Kingdom Association of Chief Police Officers (ACPO), and these 

associations have a branch in Egypt.  
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The results for the investigation were informed in October 1996 after a very wide range of 

studies to all types of police outfits and a series of surveys on 10% of officers in Wales and 

England. The surveys showed that almost 82% of officers expressed a desire for the 

personal protective performance of the police uniforms to be highly improved [25]. These 

investigations have illustrated the fact that even at this time performance of today’s armor 

protection equipment cannot fully satisfy the high demands in the actual use. And these 

lead to continuous improvements of stab and ballistic protections to guarantee the wearers. 

                       

Figure 2.3: Different mechanisms make different fabric areal density between ballistic body armor 

and stabbing resistant body armor[1] 

  

Figure 2.4: The mechanism of stabbing protection [19] 

Since present-day weapons are becoming more efficient, body armor needs to be improved 

accordingly. If we want to protect against increasingly dangerous threats, we have to take 

into consideration that high flexibility and low weight are particularly important, and 
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consequently modern armor cannot be simply scaled by adding more layers of the same 

material or more tightening it.  

The aim of this paper M. Hasanzadeh et al. [26] is to investigate the impact protection 

properties of the woven HMPP fabrics both experimentally and numerically under some 

Input Parameters: STF fumed silica with polyethylene glycol (PEG). They are using HMPP 

material by Adopting both experimental and numerical methods to characterize the 

mechanical property of the sample and validate the two results. For simulation, they are 

using LS-DYNA to study the behavior of the four-layer treated HMPP fibers under bullet 

impact. In this research, the researchers found that the increase in inter-yarn frictions 

restricting the movement of yarns and stabilizing the arrangement of yarns within the fibers 

during the impact process. From this paper of experimental and numerical results, it infers 

that impact resistance increases due to STF impregnation by improving ballistic properties 

of woven structures. 

X. Tag et al. [27], the target of their work was to investigate the effects of shear thickening 

treatment on high strain rate property of UHMWPE under some input parameters (like, 

spherical Nano-particles of size 100nm, polypropylene glycol, Ethyl alcohol). Here in this 

research, they are using UHMWPE as the base material and PPG as a matrix under 

experimental and Fractography study methods. And as the previous literature here also it 

is found similar inference to this work that by using STF it could able to prepare best 

bulletproof panels from uncertified Kevlar. The finding of the authors is that Soft 

composite materials were developed using STF in different concentrations (50%, 60%, and 

70% of silica nanoparticles in PEG) and infiltrated into Kevlar fabrics. The inference I get 

from this paper is that by increasing the padding pressure uniform distributions of STF 

obtained which results in better catching of shear thickening behavior. Therefore, it is 

possible to attain a superior impact protective performance of Kevlar–STF soft composite 

at a lower weight (add-on %) by optimizing the process parameters. 

E. Haro Albuja et al. [28], the Purpose of their work was to know the effect of hybrid 

materials configuration on the energy dissipations during ballistic impact to decide 

configurations having a high performance to the application as protective armor. This 

research is fully experimental to determine the responses of STF on Kevlar fiber. Based on 



11 

the NIJ 0108.01 standard they are comparing properties of net kevlar with that of 

impregnated one and it was found that the STF treated Kevlar impact property is much 

more effective. The reason for this finding is the presence of the colloidal silica particles 

between the fiber bundles. Here also in this paper, it is inferred that the tendency of Kevlar 

fibers to rupture during projectile penetration decreased when impregnated with STF. 

S. Alikarami et al. [29], the aim of this research study was, by comparing yarns pull-out 

forces it is found that STF-treated armor samples have the highest values, which is nearly 

three times much higher than the neat samples. Here also it is inferred that by threatening 

the fabric it can increase the friction between yarns. 

Y. Pekbey et al. [30] were analyzed that Kevlar fibers have been used widely as the impact-

resistant reinforcements in the composite materials. Their paper studies impact behavior as 

well as the damage tolerance for Kevlar-filled epoxy matrixes. They have studied the low-

velocity impact responses of the Kevlar/epoxy composite having the filled matrix. Cork 

powder and nano-clays Cloisite 30B, specially modified and were used to improve the 

impact resistance of the laminates. For 21 J the maximum load increase of 4.5% for 

laminates filled by cork, 10.4% for laminates filled with cork/clays, and 16.1% for 

laminates filled by clays. The best performance in terms of elastic recuperation was 

obtained for laminates manufactured with epoxy resin filled by nano-clays. The filler 

increases residual strengths of the composite and better results were gained when nano-

clays were added.  

The work of Sikarwar et al.[31] investigates that, laminates in four different ply 

orientations and different thickness values with cross-ply laminates are most efficient in 

the ballistic resistance upon compared with the laminates of other orientations. From the 

finite element analysis of Kevlar-epoxy laminates, it is concluded that during, maximum 

damage was observed on the backside of laminates, that were also observed upon 

experimental studies on the Kevlar-epoxy laminates. Perforation time increased with an 

increase in the thickness of the laminates. Maximum energy absorption capacity was 

obtained for 0/900 lay-up of composite laminates and minimum for (30/-60/60/-30) lay-up 

composite laminates. It was likewise seen that with an increase in the speed of bullets, the 

time required for puncturing diminished for all lay-up and thickness composite laminates.  
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Y. Regassa et al. [32] investigated domestic knowledge, to model and simulates the 

capability of composite plates having less cost and weight, they used Solid work 2012 and 

Abaqus 6.10 software and the materials suggested for composite body armor were Kevlar 

fiber and the resin was polyester for 20 layers inserting hardened steel. The simulation 

results for 20 layers of woven Kevlar-29 fiber with polyester resin as a matrix and inserted 

steel plate shows there were no penetrations through the modeled composite panel by Ak-

47 projectiles of having 7.62x39mm bullet velocity 720m/s at 10 and 50meters. But the 

manufactured sample of Kevlar 49 of 37 layers and thin carbon steel sandwiched in 

between cannot sustain the impact of the same bullet. Here it is inferred that without 

threatening the Kevlar fabric it is heavy to design bulletproof resistance armor. And again, 

the researchers recommend future researchers to reduce weight through any available 

technique. 

E. E. Haro et al. [33] carried out a detailed computational investigation on Hybrid 

composite laminates consisting of a woven Kevlar fabric, epoxy, and AA 5086-H32 

aluminum sheets and the effects of addition of micro and Nano-fillers to the fiber on the 

ballistic response of the hybrid laminates. These findings indicate that introduction of 

micro and Nano-fillers on Kevlar fibers using PEG-400 with filler solution is a promising 

technique for strengthening the interfacial bondings between matrix and the fibers in a 

hybrid composite laminate. 

S. L. Valenc et al. [34] studies, was on the composite plates manufactured by the hand lay-

up technique with the epoxy matrix and Kevlar fabric as reinforcement. The results of the 

mechanical properties of the modeled composites were obtained by, bending, tensile, and 

also impact tests. The experiments were tested in the parallel direction or the fill directions 

of the warps and the 900 directions.  

In the study of  N. Asija et al. [35], an attempt was made to understand the efficacy of the 

STF treatment method. The low-velocity impact study was conducted by drop tower 

machines, while high-velocity impact studies of these tests were made on the in-house 

designed and fabricated SHPB experimental set-ups. It was seen that when shear thickening 

fluids were kept in the liquid form between layers of the ballistic fabrics, composite 
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exhibited reduced performance, and whereas, the STF-treated ballistic composites 

exhibited the enhanced ballistic impact toughness on high strain rates in the SHPB testing. 

A. Majumdar et al. [36] these researchers show low-velocity ballistic test results of Kevlar–

STF composites (200 g/m2 and 70% concentration) prepared at three different padding 

pressures (0.5, 1 and 2 bar). It is seen that ballistic energy absorption increases as the 

padding pressure increase. At 0.5 bar padding pressure, the increments in ballistic energy 

absorption, concerning untreated Kevlar fabric, are around 50% (from 18.07 J to 27 J) 

whereas at 2 bar pressure it is around 81% (from 18.07 J to 32.65 J). Therefore, it can be 

concluded that padding pressure, which influences the distribution of Shear thickening 

fluids within yarn and the fabric structures, are very significant process parameters for 

yielding the excellent ballistic performances of Kevlar/STF composites at a lower weight 

by optimizing the process parameters. 

2.2  Liquid (soft) Body Armor Systems 

The design of armor systems should be focused on its protective capacity, cost, areal 

density (weight/area), and the application area. The armors which are used for defensive 

walls weight isn’t a determining factor, laminated low-cost materials with larger 

thicknesses can be used to increase the ballistic resistance. Though, weight is the key factor 

for body armor. Besides the weight in everyday operational use, factors such  as comfort 

and wearability become extremely important [37,38]. Hardbody armors with rigid ceramic 

or metal plates can provide higher ballistic protection against the threats, instead, these 

plates make the armors bulky, heavy, and restrictive to movement. Besides, soft body 

armors have also many layers of fabrics that affect wearability and  comfort in a bad way 

[39,40]. These disadvantages have directed the engineering people to investigate the 

different types of armors satisfying the equivalent ballistic protection with keeping or even 

reducing its weight and rigidity [41]. To achieve these attributes, a new armor concept 

which is known as “liquid body armor” has been introduced [42,43]. 



14 

2.3  Ballistic Tests 

2.3.1 Firing Apparatus 

Bandaru and Ahmad [44] were performed ballistic tests on composite armors using a gas 

gun. The system having a tank that accumulates a gas, barrel for the acceleration of 

projectiles, and a control chamber (used for the vacuum testing), in figure 2.5a. The tank 

that was having 60cm long and an outer diameter of 15cm and could operate using air or 

with helium at maximum pressures of 200 bars. The barrel used was 350cm long, an inner 

diameter of around 9mm, and that was placed inside the drawn tube having an external 

diameter of 6cm to increase the rigidity. This is a solution for the fast substitution of the 

barrels when it is necessary to use the projectiles of a different caliber. The barrel and tank 

were connected with a flanged joint having a diaphragm of the Mylar discs interrupted 

(numbers and the thickness of Mylar discs were chosen based on operating pressure). The 

opening for the septum was obtained from collapsing the diaphragm by heating the Mylar 

by electric resistance. The projectile used in the test had a diameter of 9mm, the mass of 

8g, and lead core covered by copper. 

2.3.2 Test procedures 

The ballistic test was carried out on the metallic frame that presents within the containment 

chamber. The device capable of the clamping and of rotating plates were placed on metallic 

frames to carry out the various shots performed on each plate. The device is having fixed 

support with screw and nuts are used to connect the support with the frame and it is also 

having clamping system which allowed the device to clamp and rotate the plates on the 

support [44]. 

Once the supports were fixed on the support frame, the plate which was clamped by 

clamping mechanism and the clamping mechanism connected to the supports, then after 

making the setups ok it could be possible to shoot towards point [A] which is shown in 

figure 2.5 b. Now after the first shot is performed, the clamping system had separated from 

the supports and rotated each time to guarantee the sequence of the shots [A], [B], [C], and 

[D]. 
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Figure 2.5: (a) Firing apparatus; (b) Assembly procedure of support and frame clamping system [44] 

As seen on the firing apparatus above, a preliminary test was performed on the four armor 

plates with different thicknesses to calibrate the firing apparatus and finally they start 

testing based on the calibration made before. 

2.3.3 Ballistic test result 

In general, the ballistic tests showed good ballistic performances of the 16 plates 

manufactured using the autoclave technique, and those tests were allowed to determine the 

ballistic limit of the plates with a good approximation. In the preliminary tests, the firing 

device was calibrated and it was also possible to verify that in 2 plates there was an 

“anomaly” as delamination did not occur at all lamina interfaces these non-delaminated 

layers were more inclined to bend rather than delaminate, so there was no perforation; for 

this reason, these results were not being considered. After ballistic tests, all the plates 

presented some cone formations on the back face of the target, and some shear plug 

formations on the frontal faces, delamination, and the matrix cracking was in the laminate 

area that forms a cone shape. Figures 2.6 shows the front, rear, and perspective surface 

views for some plates [44]. 

 

Figure 2.6: Composite Plates after the ballistic tests [44] 



16 

2.3.4 Projectile diameter and mass 

The influence of mass and diameter of the projectiles on the ballistic limit is shown by the 

figure below. For the same mass of a projectile, when the diameter of the projectile 

increases, the ballistic limit increases. These results depict that the target absorbs more 

kinetic energy for the larger diameter projectile than the smaller diameter, subsequently 

gives higher ballistic limits. This behavior is consistent with the reported numerical and 

analytical results (ballistic limit increases with an increase in diameter of a projectile 

having the same mass) on the other hand the same diameters of the projectiles, the ballistic 

limit decreases with an increase in the mass of the projectile. These predictions are 

consistent with the observations reported in [45] (ballistic limit decreases with an increase 

in the mass of the projectiles with the same diameter.) 

 

Ballistic limit (m/s) 

Figure 2.7: Variations of Ballistic Limit with mass and diameters of the projectiles [45] 
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2.3.5 Ballistic testing philosophies and equipment Methods  

Researchers developed some methods to evaluate ballistic performances of armor panels 

and single or few layers of fabrics. The figure below shows the principle of the ballistic 

test. 

 

Figure 2.8: Principle of the ballistic test: (a) Energy lose test, (b) Ballistic resistance test [46] 

The ballistic energy loss test was used to describe the energy absorptions of single/few-

layer fabrics by measuring the striking velocity 
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results were presented by the energy absorptions of the impacted fabrics. The kinetic 

energy losses or the energy absorbed by the fabric E  after the projectile perforate the 

fabric panel can also be calculated. These methods are mainly used for research purposes 

to evaluate the ballistic performance of any newly developed fabric for body armor. In this 

test, the projectiles pass through the first pairs of detectors before perforating the fabric 

sample, then passes through the second pair of detectors, as shown in the above figure 2.8: 

(a) energy loss test. 

  

:  Ballistic energy lose test (a)   

       Fabric Sample   
  

Timer2   

Timer1   
Projectile   

Line of flight   

  
(b)  Ballistic resistance test:    
amour panel    

Back clay   

Detectors   

Detectors   

Fabric clamp   
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2.4  Approaches to improve stab resistance of the ballistic body armors  

Commercially, there are several non-ballistic stab-resistant materials available. Chain mails 

can provide good cut protection and have been incorporated into some stab-resistant vests, 

while these emails are incapable of resisting puncture assaults. Titanium foil that offers both 

cut and puncture resistance is used for other commercial designs. However, relatively high 

weight and little ballistic resistance do not make either mail or foil solutions possess apparent 

advantages. Other designs utilize some rigid materials. (i.e. like rigid metals, ceramics, or 

composite plates) providing excellent stab resistance [47].  

An effective containment structure needs to reach such a condition: achieve the necessary 

level of energy containment without requiring an excessive number of fabric layers. It seems 

to be a conflicting goal of improving kinetic energy dissipation and reducing material 

layers synchronously, however, in fact, it can be realized by improving the energy transfer 

between the adjacent fibers or yarns at the location of impact in the fabric network [48].  

Through numerous studies, several techniques of ballistic protection have been found and 

applied to increase the energy transfer between adjacent fibers or yarns, but each of them 

has its inherent deficiencies. One approach is roughening the yarns or the surface of the fibers 

to increase surface friction by sanding or corona treatment [48]. However, such treatment 

is believed to result in performance degradation of fibers or yarns. By comparing these 

approaches, impregnating the fabrics with a dilatant suspension, which is also called a shear 

thickening fluid, shows obvious advantages compared to other approaches for improved 

stab resistance and flexibility. 

2.5  Newtonian Fluid and non-Newtonian Fluid 

Newtonian fluids are fluids in which their shear stresses, at each point, is linearly 

proportional to the shear rates, the constant of proportionality being the coefficient of 

viscosity, (i.e. the viscosity of the Newtonian-fluid) is a constant (at a certain temperature) 

[49]. The most common Newtonian fluids include water, crude oil, gasoline, and all gases.  

Apart from these fluids whose shear stresses aren’t directly proportional to that of the 

deformation rates are also Non-Newtonian fluids, and their viscosity is no longer constant 
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and depends on shear rate. Some daily life examples are, blood, mud, paint, ink, and kinds of 

toothpaste are Non-Newtonian fluids. 

2.5.1 Classification of Non-Newtonian fluid 

Two types of deviations from Newton’s Law are observed in real systems. One is shear 

thinning behavior, which is the most common. A fluid that promotes shear thinning 

behavior is called shear-thinning fluid, which is also named as pseudoplastic fluids. The 

viscosity of a shear-thinning fluid reduces with the rise of shear rates. 

The other deviation is shear thickening behavior, which is the opposite to shear thinning 

behavior. The fluids with shear thickening behavior are named shear thickening fluids or 

dilatant fluids, in which the viscosity increases following the increase of shear rate. When 

shear thickening fluid is under stress, it behaves more similarly to a solid than a liquid [50]. 

2.5.2 Composition of the Shear thickening fluids 

Shear thickening fluid comprises two substances: dispersed particles and a dispersing 

medium. The dispersed particles are usually colloidal particles, such as SiO2, CaCO3, PE 

(polyethylene), and PMMA (polymethylmethacrylate). They can be synthetic or naturally 

occurring minerals. There is no strict limitation on the texture of particles, whereas the 

particles used in shear thickening fluid must be hard and can be stabilized in solution or 

dispersed by charge and Brownian motion. Besides, the size of particles also needs to be 

controlled, the size of any particles used in shear thickening fluid must be smaller than the 

size of yarns, in which the perfect size is smaller than the diameter of fiber so that the particles 

can be better impregnated and embedded into the structure of yarns even the structures of the 

fibers. 

As for the fluid used as a dispersing medium, which fits in the Newton’s Law, it can be a liquid 

existing in nature, or organic like ethanol, ethylene glycol, and polyethylene glycol, or 

silicone-based liquid such as silicone oils. Those carrier fluids can be used exclusively or 

mixed, even containing some other substances like free surfactants and polymers. The only 

requirement of the dissolving medium is that the solvent must be environmentally stable, 

keeping them integral to the fabrics and dispersed particles during use [51]. 
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2.5.3 Theory of the Shear Thickening Fluids 

Shear thickening fluid (STF), also named the dilatant, is a suspension of which the viscosity 

rises with the increases of shear rate. Thus, it is a typical non-Newtonian fluid. 

 

Figure 2.9: The formation of transient hydro clusters in a solution [52] 

The behavior of STF is controlled by multiple factors like particle size, shape, and 

distribution. Properties of the fluid suspensions are depending on the Van der Waals forces 

and Hamaker theory can be stabilized electrostatically. The particles in shear thickening 

fluid aggregate with the exertion of shear forces, and spread apart when shear forces are 

removed. Oppositely, in the shear-thinning effect, the thickening suspension is initially in 

the state of flocculation and becomes stable when the stresses are applied [52]. 

Shear thickening fluid behavior is a reversible behavior, when there are no shear forces 

applied to the suspension, the particles dispersed in the flowing suspension are dominated by 

Van der   Waals forces, in other words, they are stabilized in an immobile state. However, 

once the shear force dominate, particles are transited into the mobile state and aggregate 

together to form hydro clusters, which lead to the increase of viscosity, due to  

hydrodynamic lubrication forces, as is shown in Figure 2.9. In this state, the suspensions 

behave like a solid. When shear forces are removed, the hydro clusters are broken up. Then 

the suspensions change back into flowing liquid [53]. 

According to the study of Lee and Wagner [54], when the shear stress intensively rises, the 

original types of forces, like hydrogen bonding and Brownian motion, between the particles 

are broken up. Then these particles aggregate together driven by hydrodynamic lubrication 
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forces to form jamming particles clusters, which results in the fact that the particles cannot 

move freely and the flow of liquid is retarded. Thus, shear thickening fluids become denser 

with a higher viscosity and eventually are transformed into a rigid phase. As the shear rates 

become lower, the repulsive forces between particles are higher than the reduced shear force, 

particles keep a distance from each other and their movements are balanced. So, the 

particles once again move freely in the suspensions, in other words, the STF is more like a 

liquid.  

2.5.4 Factors Influencing Rheological Properties of the shear thickening fluids 

Rheology is one branch of physics that deals with deformations and flows of matters under 

stress, particularly focusing on the properties of fluid matter that determine its behavior 

when the mechanical force is exerted. Rheology has differed from the fluid dynamics 

because it is concerned with the three states (i.e. solid, liquid, and gases) of matters rather 

than liquids and gases [55]. In shear thickening fluids, hydrogen bonds are existing between 

dispersed particle and carrier fluids. These hydrogen bonds will break up and reconstruct 

with the increase and decrease of shear forces, and the suspension will also experience a 

liquid-solid-liquid transformation. 

The properties of most fluids are well known to be influenced by system temperature, the 

molecules in the fluid move at higher speed following Brownian motion when the system 

temperature is rising, and slow down with the decrease of system temperature [56]. As the 

kind of fluids, the motion of the particles in shear thickening fluid is influenced by system 

temperature. When the temperature is raised, the particles move more intensively and the 

critical shear rates get higher. 

The viscosity of the dispersing medium, like polyethylene glycol, is controlled by its 

molecular weight [57]. The higher the molecular weights of the dispersing medium are, the 

higher the viscosity that will be offered. Thus, when the molecular weights of the carrier 

medium in the shear thickening fluids get smaller, critical shear rates will be higher and more 

difficult to reach, which means the shear thickening behavior will occur later. 

The particle concentration can also influence the viscosities of the STF [58], in which the 

higher particle concentration gives rise to a higher suspension viscosity; the STF behaves 

more like a solid. 
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The influence of particle size is reflected in the formation of jamming particle clusters [59]. 

A group of small size particles offers a larger surface area than a group of large size particles 

with equivalent volume. This larger superficial area enhances the integration of particles to 

form particle clusters, thus the critical shear rate will be lower and shear thickening behavior 

will appear earlier. 

2.6 Application of STF on Body Armor 

As shear thickening fluids can keep flowable after impregnation, thus the flexibility of the 

fabrics will not be influenced, meanwhile, the friction coefficient between yarns in the 

fabrics is improved. The study carried out by Srivastava et al. has proved that the applications 

of STF do enhance the impact resistance of the Kevlar fabrics [60]. 

For investigating the stab resistance of STF-impregnated fabrics, considerable research has 

been carried out. The researchers Decker et al. [61] studies the stab resistance of STF treated 

Kevlar and Nylon fabrics with different fabrication methods, they found the stab-resistance 

of STF-fabrics was significantly improved compared with untreated fabrics. 

To investigate which substances, give rise to such significant improvement, Wagner 

compared the penetration resistance of Kevlar fabrics treated with dispersed particles alone, 

carrier fluid alone, and shear thickening fluid. They found those fabrics treated with dispersed 

particles alone or carrier fluid alone did not offer the same efficient effect as the combination 

of dispersed particles and carrier fluid, in other words, only the integrated shear thickening 

fluid can induce the desirable enhancement on stab resistance [62]. 

Gong et al. investigate the effects of the types of dispersed particles on stab resistance, as 

well as the influences of the dispersing media. Through NIJ drop tower tests, they found 

that the hardness of dispersed particles held a significant influence on the stab resistance 

performance, in which the STF using SiO2 particles exhibited the highest cut-resistance, 

while the best puncture-resistance that is more dependent on inter-yarn frictions was found 

in the STF with PSt-EA (polystyrene-ethyl acrylate) particles. As for the dispersing 

medium, this also proved to exert influence on the stab- resistance performance, and it is 

found that lower molecular weight dispersing media had better mechanical properties which 

are considered to be due to the increases of the friction between the yarns [63]. However, 

though Gong’s work has proved that the interactions between the particles dispersed and 
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the yarns did influence the stab resistance performance, the detailed mechanism was still 

not clear. 

 

Figure 2.10: Cross-section of the yarns of Kevlar/STF and the partial magnification. One yarn of the 

fabric is made up of many filaments, and the STF is distributed between the filaments [64] 

The roles of the hardness of the STF particles was also investigated by Kalman et al. 

through comparing fabric treated with STF including harder SiO2 particles, and treated with 

dry SiO2 particles alone, with fabric treated with STF including softer polymethyl 

methacrylate (PMMA) particles, and treated with PMMA particles alone [64]. The results 

showed both dry particles and STF treatments can lead to improvements in the ballistic and 

stab resistance of fabrics. Also, they found the fabrics treated with STF containing SiO2 

particles exhibited better stab resistance than those treated with STF containing PMMA 

particles, and they attributed this result to the interaction between the particles and filaments. 

In other words, harder particles in the STF contribute to better stab protection due to better 

energy transfer and higher friction between particles and filaments. 

Besides significant improvement in stab resistance, the STF-impregnated fabrics can still 

keep high flexibility. Hassan et al. [65] measured the flexibilities of STF-fabrics by 

comparing the bending angle of treated fabrics and untreated Kevlar fabrics attaching a 

constant weight. The result showed that the flexibilities of the composites were nearly the 

same as the untreated fabrics. 
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2.6.1 Armor Classifications for Ballistic Resistant Armors 

Based on protection levels of the armor national institution of justice groups into six levels. 

According to Singh et al [66], they are classified as Type I (.22 LR; .380 ACP). This armor 

material protects against 0.22 LR LRN bullets, with masses of 2.6 g, impacting at a small 

velocity of up to 320 m/s, and against 0.380 ACP FMJ RN, with masses of 6.2 g, impacting 

at the minimum velocity up to 312 m/s. This level of body armor is light and the minimum 

levels of protection all and every officer must have, and this armored clothing should be 

regularly worn at any time while on regular duty.  

Type II-A (9mm; .40 S&W). This armor prevents against 9mm FMJ RN bullets, with 

masses of 8.0 g, impacting at the minimum velocity up to 332 m/s, and with masses of 11.7 

g, impacting at the minimum velocity up to 312 m/s. It also protects against type one 

threats. Type II-A body armor vest is fine suited to full-time uses by the police departments, 

mainly those seeking the protection for the officers from smaller velocity 9mm and 40 

S&W ammunition. 

Type II (9mm; .357 Magnum)- This armor vest protects against the 9mm RN FMJ bullets, 

having the nominal mass of 8 g, impacting at the minimum velocity up to 358 m/s, and 

0.357 JSP bullets, having a nominal mass of 10.2 g, impacting at the minimum velocity up 

to 427 m/s. It also protects against Type I and Types IIA threats. Type two body armor 

panel is much heavier and bulkier than either Type I or II-A. This is worn for full time by 

the officers pursuing protection against a velocity of .357 Magnum and the 9mm 

ammunition. 

Type III-A (High-Velocity 9mm; 0.44 Magnum). This armor panel protects against the 

9mm FMJ RN bullets, with masses of 8.0 g, impacting at the minimum velocity up to 427 

m/s, and .44 JHP bullets, with masses of 15.6 g, impacting at a minimum velocity of up to 

427 m/s. It also protects against most handgun bullet threats, and Type I, II-A, and II 

threats. Type III-A body armor vest provides the highest levels of protection currently 

available on body armors and in general it is suitable for repetitive wear in many situations 

of different duties. 
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Type III (Rifles). It protects against 7.62mm FMJ bullets with bullet masses of 9.6 g, 

impacting at the minimum velocity up to 838 m/s. This armor also protects against all 

previous level threats. And it is intended only for the tactical situations in which the threat 

level warrants such protection, like, barricade confrontations that involve sporting rifles. 

Type IV (APR). It protects against 0.30 caliber (AP) bullets (U.S. military designation of 

M2 AP), bullet masses of 10.8 g, impacting at the minimum velocity up to 869 m/s. It 

provides single-hit protection against level I to level III threats. It provides the highest level 

of protection currently present. Because it is intended to resist “AP” bullets, uses mainly 

ceramic materials. And Such materials are too brittle and provide only single-shot 

protection since the ceramic is likely to breaks. Similar to type three armor, type four armor 

is also intended only for tactical situations. 

Special type. This type of armor is ordered by the purchaser for a special requirement level 

of protections other than any of the above listed standard threat levels, specify exact test 

rounds and minimum impact velocities to be used, and indicate that this standard shall 

govern in all other respects. 

2.7  Studies on Mechanics of Bullet Resistance Armor 

Several mechanisms contribute to the penetration/perforation of armor plates. When 

different types of armor plates are used together, i.e. ceramic tiles backed by composite 

plates, the mechanisms get more complex.  

The more layers within a lamina, the stronger its resistance to plugging and the larger 

the corresponding delamination area. Mechanics of perforation and penetration are 

analyzed in detail by Basaran [67]. And Wilkins also mentioned the composite armors 

which are comprised of two or more armor plates. He explained the required armor 

properties to defeat a projectile as being thick plates, high bulk and shear moduli, high 

yield stress to maintain the resistance to deformation at high-stress levels, and 

resistance to fracture when large tensile stresses (spall) occur. Nevertheless, it wasn’t 

possible to find one material that maximizes all of these properties when the total areal 

density of the target must be minimized. He suggests using ceramic plates backed by 

some other material which is resistant to tensile stresses in contrast to ceramics. In the 
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analysis, it is pointed out that the formation of fracture conoid in the ceramic material 

at the impact surface and spread from conoid to the interface between ceramic and 

backup plate. Figure 2.11 represents the formation of the fracture conoid in the ceramic 

target. 

 

Figure 2.11: Fracture conoid formations [68] 

Finally, Wilkins emphasized the conoid formation event. He explained the effects of 

conoid as being to limit the amount of the ceramic that participate in transmitting the 

loads to the back-up plate. In his analysis, he found the highest stress levels on the 

back-up plates occurred at the point of impact where the greatest compressions occur. 

Ganesh, V. and N. Naik [69] studied the localized damage of reinforced carbon/epoxy 

laminates impacted by 10g impactor launched with a velocity up to 600 m/s at an angle 

of 40o. The following failure modes on plates impacted by projectiles were observed: 

1. Destruction at an impact velocity of 280 m/s, 

2. Extensive cracking and delamination at an impact velocity of 240 m/s, 

3. Small damage at an impact velocity of 200 m/s. 

P. St, A. London, and Q. Fss [70], identified important mechanisms of fiber composite 

materials under the eft. 

Finally, fiber breakage occurs, in the case when the tensile stresses achieve extreme 

magnitudes in the fibers. In the paper by Fujii et al [71] CFRP samples with different 

fiber strengths are analyzed. The study had shown that the impact delamination’s for 

laminate with stronger fibers and larger failure strains are larger and somehow deeper. 

This study has also revealed that within the range of high velocities (from 500 up to 

1230 m/s), fracture occurs fluidly for 2 mm-samples. For 6 mm- samples, the front 

layers were damaged as the 2 mm-samples did, however, the rear layers were damaged 
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in an extrusive manner with delamination and plugging mechanism. Plugging develops 

due to a nearly cylindrical slug of approximately the same diameter as the projectile 

being set in motion by the projectile. After the target was fully exited, cracking 

occurred in the outer ply both in the fiber direction and orthogonally to the fabric fiber 

direction resulting in the ply’s delamination. 

2.8 Analytical Model Studies 

Analytical models that turn the impact problem into a mathematical model generally 

give insight about some parameters. A flexible armor system that defeats the projectiles 

by absorbing the full kinetic energy of the projectiles and spreading it to a larger area 

before projectiles had a chance to perforate. The absorbed energy by the panel goes 

into; 

i. Strain energy due to the stretching of the yarns,  

ii. The kinetic energy of the panels due to transverse deflections of the fabrics,  

iii. Movement of material towards the impact point, and  

iv. Yarn breakage. 

The damages in composites are influenced by many parameters upon ballistic impacts, 

these influencing factors can be divided mainly into the following two categories:  

a) Ballistic parameters, which include impact velocity, impact angle, the diameter 

of the impactor, the mass of the impactor, and the shape of the impactor.  

b) Material Parameters: Like fiber orientations of ply, stacking sequence of the 

laminate, the thickness of the laminate, material property of the composite. 

When a fabric sample is impacted, two wavefronts transverse and longitudinal wave 

are generated, shown in Figure 2.12. The longitudinal wave travels outward along the 

fiber axis at the sound velocity of the material from the point of impact. This wave 

also causes the yarn to be stretched and have in-plane movement. 
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              Figure 2.12: A yarn impacted by projectile [72] 

When yarn is impacted transversely by the projectile, two mechanical waves start from 

the impact point and propagates through the yarn: 

a. A longitudinal wave that starts from the impact points and propagates by the 

speed of sound. Here the wave speed of sound in the yarn is 

0 2(1 )

E
c

v
=

−
                                                          (1) 

Where, v  is the Poisson ratio. And for different materials v =0.3, so we can eliminate 

the value of 2v in comparison with (1), and the speed of longitudinal wave will be, As 

described by Lyons[73], 

            
0

E
c


=                                                                      (2) 

Where E  is young’s modulus and   is material density. 

The longitudinal wave that propagates in the yarn plane external along the filaments.  

b. The transverse wave that starts from the impact point then propagates by a 

speed nearly one order of magnitudes less than the longitudinal wave. 

The researchers Porwal and Phoenix[74] discovered the approximate cone wave 

velocities.    iC  in the thi layer can be written as: 

                   
2/3

1/3

0
2

i i

V
C const c

 
=   

 
                                                (3) 
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Where 0ic  is the for longitudinal strain wave velocities in the  thi  layer, that is constant 

to each layer, const  is constant, and V  is projectile velocity. 

The behavior of the principal yarns subjected to normal impacts is accustomed to that 

of the long yarn under the transverse impacts. The theory of a single yarn subjected to 

transverse impact load is fairly developed by researcher Smith in a series of papers 

[75]. The theory shows that the strains developed in an infinitely long yarn under 

transverse impacts depend on the yarn constitutive properties and the impact velocity. 

The magnitude of the strains in the wake of longitudinal waves in the yarns for linear-

elastic materials is constant. As seen in figure 2.13, the projectile has traveled a distance 

y after t .  

 

Figure 2.13: Single yarn impacted by a projectile. 

If the yarns are linearly elastic, and ahead of the elastic wavefront,  a strain is zero, and 

behind, the strain   (generated in the yarn at the instances when the projectile is in 

contact with the yarn) is constant and can be calculated as follows[76]; 

2

0 2 (1 )PV a    = + −                                            (4)  

Where; PV  is the impact velocity of the projectile 

The transverse wave velocity concerning the laboratory is; 

0( (1 ) )labu a   = + −                                                 (5) 

All through ballistic impact events, the formation of a cone takes place on the exit side 
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of the plate target just below the point of impact. This is attributed to the transverse 

wave propagation. The radius of the formed cone increases with the increase of 

impact time. The cone moves along with the projectile in the transverse direction, as a 

the result, the height of the cone increases with impact time. The projectile 

displacement at any instant of time and the cone height formed would be the same, 

reported by Naik [77]. 

 

Figure 2.14: Configuration of a yarn/fiber before and after transverse impact: [77] 

Initially the transverse wave velocity of the impacted objective increases significantly then 

remains nearly constant. The variation of cone height is non-linear to the impact time. And 

the rate increase in cone height or the depth of projectile penetration decreases with the 

impact time; this is due to the velocity variations of the projectiles during the ballistic 

impact event. Roylance [78] investigated the ballistic impacts of the textile structures and 

it was concluded as, the vast majority of the ballistic energies were deposited into the 

orthogonal fibers/yarns passing through impact points, and while other fibers/yarns are 

essentially ineffective. Some findings suggested possible improvements in the design of 

textile structures that are intended for any dynamic impact application. Due to their unique 

molecular structures, the above-listed fibers offer outstanding high performance over 

traditional used synthetic fibers, fulfill the design requirement of lightweight, flexible, and 

comfort body armors for the users. In addition to fiber/yarn properties, similar to traditional 
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garment fiber constructions, finishing processes, armor panel designs and constructions 

also plays an important role in the determinations of body armor performance.  

As all the high-performance fibers used currently for body armor have very high 

molecule crystallinity, their surfaces are very smooth and coefficient of frictions of 

the surface is very low. It has also been reported that, increasing inter-yarn friction 

improves the ballistic and stab resistance of woven fabrics[79]. Duan’s finite element 

model revealed that fabrics possessing high levels of friction absorb more energy 

relative to that of no friction [80]. The projectile-fabric frictions delay the yarn 

breakage by distributing maximum stresses along the peripheries of the projectile-

fabric contact zone. The delay of yarn breakages substantially increases the fabric 

energy absorptions during the later stages of the impact. The yarn-yarn friction hinders 

the relative motion between yarns and thus resists the de-crimping of fabric weave 

tightness.  

This chapter reports the ballistic performances of woven fabric based on simple 

analytical approaches, numerical approaches, and other literature experimental data for 

validation. 

The first basic form of the analytical model was proposed by Hetherington et al. [81] 

study aimed at seeking the ratios of the front fabric plate thickness ratio to backplate 

thickness that will provide a specified level of protection at the minimum weight by 

using the Florence model. As with analytical models, Florence model is the most 

famous one that deals with two-component armors, this model assumes the ceramic 

hard facing and the ductile backing plates impacted by rigid projectiles. It predicts that 

the protection 
50V  which is defined as the minimum velocity of a particular projectile 

is expected to complete, consistently penetrate the armors of given thickness at a 

specified distance. Florence model is a measurement of the resistances of the protective 

armor to projectile penetration. 
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Figure 2.15: Florence impact model [81] 
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                           (7) 

Where     12pa a h= +   

But the complexity of many impact scenarios often makes it very difficult or sometimes 

impossible to use closed-form analytical solutions. Although simulation of a ballistic 

impact event is a complicated job due to complex material parameters and the need for 

the definition of advanced strength and failure models for the interaction between the 

projectile and the armor materials, once these aspects are well defined different impact 

problems (different armor thickness, impact velocity of the projectile, etc.) can be 

solved without further effort [81]. 

From Newton's second law, the equation of motion of the projectile can be written as: 

V
F M p

t


=


                                                              (8) 

Where, M p  is the projectile mass of,  

             V it's velocity, and F the force acting by the projectile, as shown in the figure 

below. 
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Figure 2.16: Stress and transverse waves in a single fiber subject to bullet impact [82] 

 

Figure 2.17: Projectile impact onto a fabric laminate[82] 

Intending to simplify the problem, approximate hypotheses will have assumed: The 

fabric behavior is unidirectional even though the fiber is woven, its strain is identical for 

every layer of the composite under the projectile impact and only the yarns in direct 

contact with the projected projectile contributes to slowing. Hence, the force Fy  can 

explicitly be written in the following manner: 

* * * * *cos
1

F E n S ny  =                                       (9) 

Where, yF  - component of bullet force in the direction of the bullet motion,  

              E - Young modulus of the fabric yarns, 

                 - the strain of the fabric under the projectile,  

               n  - the number of yarns in direct contact with the projectile,   

               S - the yarn section and 

               1n  - number of fabric layers  

2 2 2

0

1 1
*( ) * * * * * *( )

12 2

t

p s fM V V n n S E c t t− =               (10)     
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Where, sV  = the speed of the transverse wave,  

             fV  = velocity of the projectile,  

                = yarn strain and c  the sound speed, this allows adoption of another new 

criterion of failure where the time of failure is the only unknown: 

2

50 2

0

( )
* 1* * *

f
p

tM V
t t R

n n S E c
=  =                                          (11) 

Where R  is the failure constant, it only depends on the fiber configuration, not on 

impact velocity, ft  is the time of failure, and 
50V  is the ballistic limit. The constant R  

is obtained only experimentally for a single reference configuration (i.e. R0) whilst for 

other configurations (called as configuration i ) its value could be analytically found in 

the following manner: 

2

0 0 50
0 2

0 50 0

( ) ( 1) ( )
* * *

( ) ( 1) ( )

p i i
i

p i i

M n n V
R R

M n n V
=                                     (12) 

And the ballistic limit velocity of Kevlar composite armors will be explicitly described 

(for FSP) in a very simple mathematical expression presented by Van Gorp [83]: 

1

0.5 6
50 232* *V m

−

=                                                           (13) 

Where,   are areal density (kg/m2)of the armor material and m  the mass in grams of 

the projectile. Mechanical properties of target and projectile specific parameters have 

been provided in Appendix C. The determination of failure criterion is based on 

maximum strain criterion. This equation allows calculation of failure constants all 

configurations with expression (9) and the problem of impact would be solved. 

2.9 Analysis of Energy Absorption and Ballistic Limit 

It is a fact that the absorbed energy by a specimen on an experimental ballistic test as 

a means for quantifying impact-penetration resistances. Therefore, absorbed Kinetic 

energies of the armor-projectile interactions can be expressed by equation (14) where 

absE  is called the total Kinetic energy absorbed by the specimen. From this point, the 
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equation (14) can be further derived into the equations (15) and (16), which are using 

the classical Physics relationship that describes the Kinetic energies of a moving object. 

Where, pm = mass of the projectile, initialV  and finalV  = projectile initial and final 

velocities: 

abs initial finalE = E + E                                                        (14) 

2 2

abs p initial p finalE = 0.5m *V -0.5m *V                            (15) 

2 2

abs p initial finalE =0.5m (V -V )                                          (16) 

Ballistic Limit velocity
50V  is the average of an equal number of highest partial 

penetration velocities and the lowest complete penetration velocities which occur 

within a specified velocity speed. It determines the projectile performance limit and 

the ballistic resistant materials penetration probability.MIL-STD-662F is the 

international standard to measure ballistic limit V50 [83]. Certain approaches lead to an 

approximation of 50V  is a velocity in which the complete penetration or incomplete 

penetrations were equally likely for occurring. Czarnecki studied the ballistic limit 50V  

using the semi-empirical procedures to estimate the ballistic limit [84]. The hypothesis 

was based on two energy considerations, theoretical kinetic energy relationship with 

that of the empirical energy relationships and the assumptions was made at the 

penetration velocity near 50V , spall becomes insignificant or negligible. 50E  and 50V  

can be estimated according to the following equations: 

50 i rE = E - E                                                                 (17) 

2 2 2

50 i r

1 1 1
mV = mv - mv

2 2 2
                                              (18) 

2 2

50 i rV = v -v                                                                (19) 

50E  = effectively constant nevertheless of the mass of the projectiles for a given impact 
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target, therefore V50 could be estimated using another energy equation: 

50
50

2E
V

m
=                                                               (20) 

Where, 50V  and 50E  are ballistic limit velocity and energy respectively 

             iV  and ,iE  are initial impact velocity and energy respectively 

             rE and rv are residual energy & velocity and m  mass of the projectile. 

 

Figure 2.18: Relationships between theoretical kinetic energies and empirical energies [84] 

 

Figure 2.19: Example of a Ballistic Limit Plot [36] 
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Although soft ballistic body armors are used to prevent penetration by specified small arms 

projectiles, deformations in the form of indentations can occur to the extent that further  

life-threatening injuries remain possible. Impact deformation limits are often specified to 

help minimize indentation depths, which are also known as BFSs. The NIJ standard [85] 

specifies a maximum BFS of 44.0 mm (1.73 inches). BFSs, as it is shown in figure 2.16, 

may lead to blunt trauma injury. 

Serious injury to tissues, skeletal structures, and organs will occur and it may be fatal. Blunt 

trauma may manifest itself at a later time and can be damaging to organs remote from the  

impact site depending on the propagation of stress waves into the body [86, 87]. 

 

Figure 2.20: Blunt Trauma Resulting from Excessive Impact Deformation [88] 

 

Figure 2.21: Plain and Basket Weave Architectures [88] 

Several woven arrangements are use composite soft body armors including the plain and 

basket weaves shown in figure 2.21, which differ only in the number of yarns of one family 

cross those of the other family before the next wave. 
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2.10  Impulse-Momentum and Energy Balance Equations 

The fundamental laws of motion as stated by Sir Isaac Newton relate to the masses, 

velocities, accelerations, and forces associated with interacting bodies. Also, the laws 

of conservation of energy, mass, and momentum provide the governing equations used 

to fully describe these interactions. First, consider the impulse-momentum equation 

(21), which is particularly useful for characterizing the impact force F  produced by the 

projectile on the target as a function of the linear momentum change [88]. 

f

i

i f

t
Fdt=m(V -V )

t
                                                                      (21) 

Where F is impact force, t represents time, m is the mass of the projectile, Vi  is the 

initial velocity of the projectile, V
f

 is the final velocity of projectile (V
f

 = 0 for 

non-penetrating impacts). Because energy is conserved, the energy balance expressed 

in equation (22) for a rigid (non-deforming) projectile governs the impact event if heat 

dissipation, and any rotational kinetic energies for a projectile is neglected for 

simplification [88]. 

2 2

b i f damping elastic plastic friction kinetic

1
m (V -V )=E +E +E +E +E

2
            (22) 

The left side of the above equation represents kinetic energy for the projectile and every 

term in the right side represents a specific energy absorption mechanism provided by 

the fabric target where dampingE  is the energy dissipated through viscous damping, 

elasticE is the recoverable elastic-strain energy, plasticE  is the plastic (inelastic) strain 

energy, 
friction

E  is the energy dissipated through friction produced at the yarn crossover 

regions, yarn-projectile contact interfaces, and layer to layer interactions, and finally, 

kineticE  is the kinetic energy. For the deformable projectiles, like the lead bullet handgun 

rounds, some similar energy absorption terms were added on equation (22) to include 

elastic and plastic strain energies of the projectile.
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6 

2.11  Elastic Behaviors in Composite Material 

The generalized Hooke’s law which has linear relationships with the six stresses and 

six strains can be expressed as, 

kj j

k,j=1,2.........6
σ =C ε

( )k                                                        (23) 

Where, kσ  Stress tensor, jε  Strain tensor kjC  Elastic coefficient (stiffness matrix).  

Ochoa and Reddy [89] showed that kjC = jkC and the numbers of the independent 

elastic constants reduce to 21 from 36 for anisotropic materials, in matrix form 

Equation (23) can be expressed as, 

1 11 12 13 14 15 16 1

2 22 23 24 25 26 2

3 33 34 35 36 3

4 44 45 46 4

5 55 56 5

6 66 6

C C C C C C

C C C C C

C C C C

C C C
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     
     
          

                      (24)   

In Equation (24), a single subscript notation for stress and strain components are given 

according to the following relations, the notation ( 4 = 23 , 5 = 31 , 6 = 12  and 

                     4 = 23 , 5 = 31 , 6 = 12  ) 

6

1

, 1.....6i ij j
j

C i
=

==                                              (25) 

The strain energy in the body per unit volume is taken as [122] 

6

1

1
*

2
ij j

i

w  
=

=                                                              (26) 

Then by substituting equation (25) in equation (27), it yields 

6 6

1 1

1
* * *

2
i j i j

i j

w C  
= =

=                                                 (27) 

By partial differentiation of equation (27), it gives: 
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2 2

,
* *

i j ji

i j j i

W W
C C

   

 
= =

   
                                   (28)  

Therefore, the stiffness matrix [C] is only left 21 elastic constants instead of 36. Again, for 

some special cases like for anisotropic materials that may have material symmetry and their 

behavior can be explained with less independent elastic constants. This situation is 

described by Ochoa and Reddy [89] “When the elastic coefficients at a point have the same 

values for every pair of coordinate system which are mirror images of each other in a certain 

plane, that plane is called a plane of elastic symmetry for the material at that point.”  

If the material has elastic symmetry of three orthogonal planes, which reduces the number 

of elastic constants to 9, then that material is said to be orthotropic. The stress-strain 

relation for the orthotropic materials in matrix form is given by Ochoa and Reddy as, 

11 12 131 1

21 22 232 2

13 23 333 3

4423 23

5531 31

6612 12
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                   (29)    

Elastic constants for an orthotropic material are expressed in terms of engineering constants by 

Reddy [90] 

    
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The inverse of the [C] matrix is called the compliance matrix [S]. For ease of resolving the 

elastic material behavior, it is better to define the inverse of the previous stress-strain 

relation such that, 

            ijS .i j =                                                                                 (31) 

Here, ijS  is the compliant matrix which contains more reduced expressions of the elastic 

constants.  

The complete 6 6  compliance matrix is given as: 
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                       (32) 

For the anisotropic materials, significant coupling effects will be applied between applied 

stress and resulting deformation. Here the types of strain for the above strain stress 

expressions are shown in the figure below. 11S , 12S  and 13S  represents the couplings due to 

individual applied stresses 1 , 2  and 3  respectively, in a similar direction. 44S , 55S  and 

66S  represents the shear-strain responses due to applied shear stress on the same planes. 12S

, 13S  and 23S  represent the coupling or extension-extension couplings between the distinct 

normal strains, also known as the Poisson effect. 15S  , 16S  , 24S  , 25S  , 26S  , 34S  , 35S  and 36S  

represent the shear-extension couplings or the more complex couplings of normal strain 

responses to the applied shear stresses than for preceding compliances. 45S  , 46S  and 56S  

represents shear-shear couplings or the shear-strain responses to the shear stress applied on 

another plane. And the remaining terms of the compliance matrix were a result of 

symmetry. 
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Figure 2.22: Physical significance of anisotropic Stress-Strain relations 

After some rearrangement from equation 23 compliance matrix can be written as: 
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The stress-strain relations represent a mathematical formulation that describes the 

behavior of a mathematical model of a physical problem. Hence, the elastic 

constants should have values that will not violate certain basic physical principles. 

For example, a tensile force is bound to produce an extension in the directions of 

the applied force, or a hydrostatic pressure cannot cause an expansion in the 

material. As a result, some constraints should be imposed on the elastic constant of 

orthotropic materials, and these constraints are obtained by Aydınel [91]. 
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2.12 ABD Matrices Analysis 

ABD matrix is a 6x6 matrix that characterizes the material mechanical behaviors of 

the laminates, as it relates the cross-sectional load to strain and curvature of the 

mid-planes. The cross-sectional force and moment could be determined via the 

summation of integrated stress components over each individual ply [91]. 
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  Where this is transformed reduced stiffness 

 The Equations (36) and (37) can be rewritten as [38] 
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Where, 

1

1

2 2

1

1

3 3

1

1

( ) ( )

( ) ( )
2

( ) ( )
3

N

ij ij k k k

k

N
k k

ij ij k

k

N
k k

ij k

k

A Q h h

h h
B Q

h h
Dij Q

−

=

−

=

−

=

= −

−
=

−
=







 

ijA = extensional stiffness 

ijB = coupling stiffness 

Dij = bending stiffness 
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The B matrix vanishes for symmetric laminates (Because B = 0, there is no coupling 

between forces and curvatures and between strains and moments) [91]. 
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2.13   Composite impact failure analysis using Tsai-Wu’s failure criteria 

Tsai-Wu applied failure theory that he proposes for the metal in 1976 to a composite lamina 

to find plane stress and strain to analyze laminate failure. A lamina will be failed if; 

   
2 2 2

1 1 2 2 6 12 11 1 22 2 66 12 12 1 2( 2 ) 1H H H H H H H       + + + + + +       (43) 

   Tsai - Wu coefficients, H11, H22, H66, H1, H2, H12 are given by: 
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12H is a coefficient determined experimentally 

2.14 Mechanisms and analysis of underarm stabs treats 

The many discussion shows the load that transfers into the armor panel was relatively too 

complex. It is assumed that this is the result of different parts of the moving mass (knife, 

hand, and arm) being brought to rest sequentially during the impact event. 

Using the data from the hand stab tests it was possible to estimate the total mass involved 

during stabbing [5]. If it assumed that the impact energy is purely a result of the kinetic 

energy of the moving masses then the effective mass of the knife-hand- arm system mE
 

can be estimated from knowledge of the impact velocity V  and the total energy EKE
. 

21
E m

2
KE EV=                                                                   (44) 
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It is possible to make an estimate of the muscular effort 
mE  and to make an assessment of 

its effect on the stabbing event. An estimate of the maximum muscular contribution was 

made by assuming that a constant muscular force is exerted during the entire event. The 

measured force at the end of the test represents the magnitude of this force 
RF  after the 

knife had been halted. This muscular force was then multiplied by the penetration x  

expected for the impact of energy. 

.m RE F x=                                                                           (45) 

The energy provided by the muscular effort is between 3.5-10.5J from experimental test 

results [5]. For the instrumented knife weighs 600g and an average human body the hand 

is 0.6% of the body mass. For the forearm and hand, the mass is averagely 1.8kg. 

Consequently, it is likely that the actual hand masses would be higher than 1.8kg and would 

be within the range of values derived from the test data. It is, therefore, possible that the 

kinetic energy dissipated on impact with the target comes primarily from the arrest of the 

mass of the knife together with that of the hand. 

 

Figure 2.23: Instrumented knife and an underarm action stab [5] 
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2.15   Energy Absorbing Mechanism of Composite Materials 

When the impact on composite experience, composite strengths, and stiffnesses are 

reduced meanwhile the internal damages are made and it may expand around the impacted 

area. Hence, projectile kinetic-energy was changed to plastic deformations before 

composite perforation occurred. This happened because of the better material bending 

stiffness of the impacted plate. As it is saying many times in this work probable damage 

modes of composites that have been subjected to impact loading, are lamina splitting, 

interfacial deboning, matrix cracking, delamination, fiber pullout, and fiber breakage. 

2.15.1  Matrix cracking 

The largely occurred type of failures was matrix cracking. It regularly happens due to a 

low-velocity impact event, that is followed via matrix tension, shearing, and compression. 

Examples for matrix cracking are shear-cracking (at 450 inclination) and bending-cracking 

(via vertical inclination). After the impact event, matrix cracking will be the first damage 

to the impacted composite that can’t be seen with the naked eye. Matrix cracking highly 

reduces the compression strengths and inter-laminar shear of the composite interface. 

2.15.2 Delamination 

Delamination is also the greatest crucial damage to the impacted composites. Delamination 

occurs on the layers of composite laminates. Delamination may begin with matrix cracking, 

shear cracking, and bending cracking. Stress experienced on composite initiates crack and 

causes delamination between laminates and it leads to severe damage. All of these damage 

modes are dependent on the impact parameters like impact energies and the impactor mass 

or impactor shape[92]. Bigger impactor mass will result in greater delamination if there is 

no penetration to occur. If it may any penetrations experienced on the composites, the 

delamination will less because the impact experienced material didn’t deflect much as it 

may. Blunt impactors may also result in 43 inches more delamination compared to other 

shapes of impactor[93]. 

2.15.3 Fiber Failure 

Fiber pullout and fiber breakage are the most common failures under low-velocity impact 

testing. Fiber failure occurs due to the high-stress fields and indentation effects. And the 
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projectiles induce shear forces and the high bending stresses on the non-impacted side of 

tested specimens. Fiber breakage most likely is one of its steps towards the final failures 

of composites. Fiber breakages could occur due to high stresses or sudden rises in 

temperature upon the experimental works or it may due to indentation effects. Fiber 

breakage could damage the mechanical performances of the composite materials[94]. 

During impact tests, impactor shapes affect the fiber breakages; for example, when the 

tested specimens are impacted by hemispherical impactors, there will be more 

delamination on the specimen, whereas the specimens impacted with ogival impactors have 

extra fiber breakage[93]. The impacted specimen experienced extremely localized fiber 

breakages because of the formation of plugs below the impactor. The type fiber also affects 

the severity of fiber breakages; for example, the fiber stress and strain magnitude during 

the fiber processing as well as the fibers' initial aspect ratio. 

2.16 Performance Analysis of Enhanced Fabric 

As it was studied by [95] to evaluate the impact performance a given fabric multiple 

parallel tests are conducted. For example, to check the inter yarn friction after and before 

impregnation, the yarn pull-out test is an important test method and it tells how much the 

fabric yarn to yarn friction is enhanced. 

2.16.1 Yarn pull-out 

Under the assumption that the yarn is pulled-out and fluid shear stress between the yarn 

and cross-yarns dominates over shear between adjacent yarns, we can calculate the shear  

stress as the pull-out force normalized by the yarn-yarn sliding contact area. We will use 

the value of the peak force given by Kalman et al. from the pull-out experiment, 4.67 N 

[96], as a representative input load. The normalization area for the shear stress is equal to 

the width of a yarn (determined from the 34 yarns per inch specification) multiplied by the 

intact woven length of the fabric, 5.08 cm: 

Now to find a single yarn area: width of yarn can be determined from 34 yarns per inch. 

1in
w = 0.0294in = 7.471e - 4m

34yarns
=  
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2

Area = w ×l = 7.471e - 4m×0.0508m

=3.8e -5m
 

Since the stress is created throughout the yarn area and the stress is the peak force 

normalized by the area: The stress developed in the yarn area is calculated as: 

2

2

4.67N
Stress = = 1.2e6 N / m

3.8e -5m

F

A
=  

This stress of 1.2 x 106
 Pa is significantly greater than the critical stress for shear thickening. 

As it is experimentally deduced [96] the higher maximum stresses, up to 1500 Pa, were 

investigated in the higher concentration samples. If the yarn faces more than this stress the 

yarn will slip and the pulling force required for STF treated fabric was much greater than 

with that of neat fabric. 

Figure 2.24 provides the comparison of load extension curves used for pulling yarns-out 

from the untreated fabrics and treated with the silica-based non-Newtonian polymers. And 

it could be observed that the yarn pulling-out force used for the treated fabrics is much bigger 

than that within the untreated fabrics. as shown on the figure peak load in the treated fabrics 

was around 4 times higher than on the untreated fabric. This is believed to be due to the 

addition of non-Newtonian fluids on treated fabric surfaces, which restricts the movements 

of the yarns in the fibers. Moreover, the increased value of friction among the fibers and in 

yarns produce greater cohesive force between the fibers and yarns; a large amount of energy 

would be required upon fabric tensile stressing, as a result, the tensile strength of the treated 

yarns and fabrics may be increased [97]. 
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Figure 2.24: Displacement-load curves of untreated fabric and fabric treated with silica-based non-

Newtonian polymer [97] 

The force required to pull a single yarn on a treated fabric is similar in both cases is around 

4.7 N which is much more than the force required in neat fabric. 

2.16.2 Spike Puncture  

From the spike puncture experiment [96], we will estimate compressive stress as the 

puncture force normalized on by the spike tip cross-sectional area. And from the NIJ stab 

testing standard [86], the spike tip is 0.175 in long and 0.075 in wide at the base, giving a 

cone surface area of:  

( ) 2 2Area = Πr h + rA  

            A  2 20.075in 0.075in= 3.14×( )× (0.175in) + ( )
22
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Which would be the largest relevant area to normalize the force over, giving the most 

conservative estimation for stress. Using the peak force from the STF spike  puncture 

experiment, 58.1 N, as a representative value, we can estimate the local stress as: 

2

2

F 58.1N
Stress= = =4.27e6N/m

A 1.36e-5m
 

This stress of 4.3 ×  106 Pa produced by the spike on the target is significantly greater than 

the critical stress for neat Kevlar target but it can be carried out by the enhanced fabric due 

to shear thickening effect. 

                                    

Figure 2.25 Average energy absorbed by plates of different thicknesses and lay-ups [98]. 

                                     

Figure 2.26 Stress-strain diagram of Kevlar/epoxy composite plate [98]. 
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The deformed armor plate with a trapped bullet and a knife stab is shown in figure 2.27.   

                          

Figure 2.27 Bullet resistant textile panel showing captured projectile and penetrating knife cut [99]. 

The front and back views of the deformed Ak-47 copper-lead bullet on the following 

Kevlar/epoxy composite plate test sample are shown in Figure 2.28. 

 

Figure 2.28 Deformed front and back portion of AK-47 bullet[99] 

Figure 2.28 shows the depth of deformation by experiment for bullet penetration into the 

neat and enhanced Kevlar fabric.  
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Introduction  

The 3D-CAD models for the composite plate and the bullet are developed by taking the 

mechanical properties for Kevlar/epoxy materials.  Simulation studies are done by using 

ANSYS 2019 R3-Explicit dynamics analysis package. Analytical calculations for impact 

energy based on the mass of the bullet and its velocity are calculated.  The ANSYS software 

has the provision to calculate the energy by specifying the diameter of the bullet and its 

velocity.  The simulation studies are conducted to identify the influence of the impact of 

the projectiles on Kevlar-epoxy plated of different thickness and the optimum number of 

layers for best performance. The methodology of the present research is illustrated in figure 

3.1 

3.2  Fibers for Body Armor 

Kevlar: Kevlar fiber is widely used for many applications including in fireproof bodysuits, 

light-weight armor for ballistic protection in military applications, aerospace industries, 

etc. Kevlar is a para-aramid synthetic fiber with good tensile modulus, high energy 

absorption capacity, and high strengths to weight ratio. It also has very good ballistic and 

stabs impact resistances specially designed for defense applications. These fibers can 

withstand temperatures up to 500°C and as low temperatures as -196°C. These advantages 

make aramid fibers extraordinarily suitable for producing ballistic body armor [100]. 

Kevlar® fibers have strengths 5 times more than that of steels and having higher elasticity 

and tensile strength than similar spun synthetics [101]. These advantages make aramids 

extraordinarily suitable for producing ballistic body armor.  

Dyneema ®: The product is named as Dyneema ® and it has been adapted for different 

uses in a wide range of products, from fishing lines and nets to medical implants. The fiber 

is laid in sheets of parallel strands, with the sheets being laid on top of each other at 90-
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degree angles. The soft body armors made from Dyneema® is resistant to moisture and 

temperature extremes. Again, it is also buoyant, making it ideal for maritime uses [102]. 

 

 

 

 

 

 

 

 

 

 

 

                                                  

Figure 3.1: Methodology framework 
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3.3  Bullet Materials 

Bullets are made of a variety of materials. It may be lead or lead alloy that typically 

containing antimony is the traditional bullet core material. Many other materials are 

used now in today’s bullets, including copper, aluminum, bronze, bismuth, steel, 

rubber, plastics, tin, and tungsten. J. hub along with his team members presented a 

numerical model for the expansion pistols hollow point bullet penetrating that of the 

block of simulators to the organic material (tissue). Hollowpoint bullets have an 

expansion ability to increase its wound potential, but only in case of exceeding 

specified limit impact velocity [103]. Bullets are generally blunt projectiles and are 

often deformed considerably upon impact. 

3.4  Modeling and Simulation of Composite Armor using ANSYS 19.3 

The three stages of FE Analysis are pre-processing, solution, and post-processing. The 

simulation is done by considering the maximum velocity range. The initial velocity is taken 

as 720 m/s for AK-47 Kalashnikov copper-led bullet projectile. The modeling and meshing 

of the armor plate and the bullet are shown in Figure 3.2. Similarly, the knives and armor 

plates are shown in figure 3.3.  

                  

  Figure 3.2: Modeling and meshing of Kevlar/epoxy plate and AK-47 copper-lead bullet 

. 
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Figure 3.3: Modeling and meshing of stainless-steel knife and Kevlar/epoxy composite plate. 

3.5 Theoretical Analysis of Composite Body Armor Panels 

According to Salam et.al [104], optimum ballistic performance is obtained with 0/90 yarn 

weft and warp orientation for the Kevlar fabric and fiber to epoxy ratio of 65:35 by volume 

percentage. The values of different moduli of the Kevlar /epoxy composite and Poisson’s 

ratios are taken from table 3.1 as input data for the analysis.  

Table 3.1: Young’s modulus, Poisson’s ratio and shear modulus of Kevlar-epoxy composites[105,106] 

Composite 

material 

Volume % 

 of fiber 

E1 

GPa 

E2 

GPa 

E3 

GPa 

12  

 

13  

 

23  G12 

GPa 

G13 

GPa 

G23 

GPa 

 50 % 67.81 14.54 14.54 0.34 0.34 0.33 4.61 4.61 21.80 

Kevlar + 55 % 74.13 16.24 16.24 0.34 0.34 0.33 5.08 5.08 24.36 

Epoxy 60 % 80.45 18.28 18.28 0.34 0.34 0.33 5.63 5.63 27.42 

 65 % 91.38 20.79 20.79 0.35 0.35 0.33 6.27 6.27 31.19 
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3.5.1 Tsai-Wu’s failure criteria 

The dynamic simulation of the armor was done using ANSYS 2019 R3. Know the step is 

to calculate the stiffness and compliance matrix by using [A][B][C] matrix with the help 

of MATLAB-2010. From MATLAB lamina ABD matrix analysis, the stresses developed 

over each lamina can be found and replace on the equation of Tsai–Wu’s failure criteria 

and the result showed that last ply will not fail [65]. As it is stated in chapter 2 equation 35 

by Tsai-Wu failure-criteria and its coefficients are given by: 

2 2

1 1 2 2 6 12 11 1 22 66 12 12 1 2( ( ( ) 2 ) 1H H H H H H H      + + + + + +                  (3.1) 

and the coefficients are: 
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The strength parameters of the composite are given in the table given below. 

Table 3.2: Composite Strength Parameters (MPa) [65] 

S1T S1C S2T S2C S3T S3C S1FS S2FS S12 S23 S31 

420 160 340  10 140 200 480 240 206 170 170 170 

  

Now, based on the above data:  
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H H H= − + =0.0065042 

 

From reference [65] the MATLAB result gives the stresses as:  
 

                                       
1 2 3184.3 , 6.7 0MPa MPa and  = = =  
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The condition of failure is evaluated by substituting the data into Eqn. (3.1). As it is stated 

earlier the lamina failure will occur if the left-hand side of the equation is equal to or greater 

than one. But the result is found to be -15.511, which shows the lamina will not fail. 

To determine the modeled composite thickness can stop the AK-47 bullet with a velocity 

of. 720 m/s. The data for the hit probability for the bullet from an AK-47 rifle is given in 

table 3.3.  The velocity and test range are presented in table 3.3.  The velocity of the bullet 

with respect to distance is given in figure 3.4, which is considered in the present analysis.  

 

Table 3.3: Velocity variation to distance (m) [107] 

Rifle Caliber Hit-probability (With no range estimation or aiming errors) 

  50 m 100 200 300 400 500 600 700 800 

AK-47 7.62X39mm 100% 100 99 94 82 67 54 42 31 

 
 

 
                       

                     Figure 3.4: Velocity decrement to distance for 720 m/s bullet 

For a single Kevlar ply with a thickness of about 0.18 mm and the total required ply 

number to model the body armor in ANSYS is calculated as per the following relation.  
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Class Weapon Caliber Bullet Test Condition 

Type Mass (g) Test range Velocity 

AK-47 Ball Rifle 7.62X39 FMJ/PB/FeC 7.9±0.1 10 m 720 m/s 

From the impulse-momentum equation (2.21),  

f
f

i
i

impact

tt
F t= m m V -m V )

t t

  F*t = m ( )

b b f b i

b

I v

V

=   =




 

Impact time ( impactt ) is the time required to hit the target (i.e. from the above table we can 

calculate impactt = 0.0139 seconds) and for non-penetrating target final velocity ( Vf = 0). 

The impact force developed by the bullet on the surface of the armor panel is calculated 

from the relation of linear momentum. From the above equation the change in velocity at 

which no penetration on the target i.e., Vf = 0. 

impact F *t = m ( )N b V  ( mb
= 8 g, V =730 m/s) 

 FN
 = 920.15 N 

Now to determine the number of plies in the laminate and its thickness is determined by 

assuming that the composite experiences impact shear by the tip of the projectile. Since the 

projectile tip diameter is assumed as 3 mm and the laminate fails due to shear force 

produced by the impact, exceeds the shear strength of the laminate. According to the 

ballistic data, the maximum shear force produced by a 7.62x39mm bullet that fired from 

AK-47 is about 150Mpa [65]. To ensure more safety, a factor safety of 5 is considered for 

the choice of the laminate.  Therefore, the permissible shear stress is 

max 150
30

. 5
per

Mpa
Mpa

f s


 = = =  

920.15
, 30 , 0.00326 , 3.26

3.14*0.003 *

N
per

F N
t m t mm

A m t
      
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Therefore, the minimum thickness to prevent the bullet from penetration is 3.26mm which 

is greater than 19 plies. Now by using the composite material calculator “COMPOSYST” 

weight of composite and its thickness is obtained as follows. 

Based on the online COMPOSYST calculator figure 3.5, the weight of each constituent for 

22 plies 30x30cm composites is estimated as the weight of the fabric is o.337 Kg. and for 

resin quantity is 0.156 in kilograms. 

we can also determine the total weight of the composite armor. For medium size bullet-

resistant vest, the standard weight is normally depending on the level of protection. For 

back and front plates including small side plates around 100X100 square centimeters 

composite model is required. To manufacture this model as it is suggested by the calculator, 

around 22 square meters are needed. And the weight for this armor clothing is 5.476 kg. 

without the weight of helmet, carrier, and ballistic panel cover. 

 

     Figure 3.5: COMPOSYST Calculator showing the total weight of the composite plate. 

Now in this work simulation tests are performed on the model Kevlar/epoxy composite 

plate by the help of Ansys composite package, the objective of the simulation is to predict 

how much plies of Kevlar layer can withstand the specified bullet velocity in the closet 

range as listed by the national justice standard (NIJ) and for the stab test police scientific 

development branch (PSDB) standard is used.  
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Table 3.5: Input parameters for the analytical model and FEA Explicit Dynamics [81] 

Target specification  

Material and weave Plain weave Kevlar 29 

Yarn dynamic young’s modulus 74 Gpa  

Yarn volumetric density 1440 kg/m3  

Yarn diameter 0.25e-3 m 

Distance between yarns 5e-4 m 

Yarn fracture strain 3% 

Target dimension 0.25 0.25 m2 

Layer spacing Compacted by epoxy 

Stress transmission factor 0.95 

Basis weight (areal weight) 170 g/m2 

Boundary condition Clamp  

Model  0.380 ACP FMJ RN 

Projectile mass 6.29 g 

Projectile velocity 312 m/s 

Model  0.22 LR LRN bullets 

Projectile mass 2.6 g 

Projectile Velocity 320 m/s 

Model  9mm FMJ RN bullets 

Projectile mass 11.7 g 

Projectile Velocity 312 mm 

Model  9mm FMJ RN bullets 

Projectile mass 8g 

Projectile Velocity 332 m/s 

Model  0.357 JSP bullets 

Projectile mass 10.2g 

Projectile Velocity 427m/s 

Model  9mm RN FMJ bullets 

Projectile mass 8g 

Projectile Velocity 358g 

Model .44-JHP bullets 

Projectile mass 15.6g 

Projectile Velocity 427m/s 

Model  9mm FMJ RN bullets 

Projectile mass 8g 

Projectile Velocity 427 m/s 

Model  Ak-47 copper-led bullet 

Projectile mass, velocity 8g, 720m/s 
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                                                  Figure 3.6: Composite calculator showing weight and thickness of the composite 
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CHAPTER 4 
 

 

RESULTS AND DISCUSSION 
 

4.1 Introduction 

The Kevlar/epoxy composites plates with 0/90 weaving pattern with 14, 18, 22 and 26 

layers, as well as the bullets and knife, are also and meshed for the Finite Element Analysis 

using ANSYS 2019 R3-Explicit Dynamics and simulation studies are conducted for 

different categories of studies as specified by NIJ standard. They are Type I, Type II, Type 

IIA, and Type IIIA.  Each type pertains to differs in the mass of the projectile, its velocity, 

and the impact energy, the configuration of the nose of the bullet, internal construction of 

the bullet, the type of gun from which it is fired, etc.  The NIJ standard prescribes the 

permissible depth of deformation at the back face of the armor plate for each type of attack.  

The simulation studies are conducted for the bullets fired from different Long-Range riffles 

and AK-47 gun and knife stabbing on different composite plates and the front and back 

signature of each plate is studied. The results of the studies for different are presented and 

discussed in this chapter.   

4.2 Ballistic Resistance Finite Element Model configuration 

It is believed that this study has attempted different areas to cover the basic science and 

existing technology of relevance to ballistic protection through a variety of literature 

studies. Care has to be exercised to prevent a concentration on aspects of the subject which 

are not generally applicable, in an attempt to limit the field of study some areas have not 

been fully investigated. The FE simulation experiment and analytical studies have 

concentrated on the interactions between bullets and modeled composite plates. This has 

been pursued in the full knowledge that flexible systems and relatively complex 

constructions are used in many commercial and historical systems. However, the relatively 

simple systems which have been studied have produced useful pointers to the direction of 

the development of all armor systems. 

Now from the previous chapter thickness determining analysis the minimum thickness to 

stop the specified deformable Ak-47 bullet was 22 plies. Here to analyze the result using 
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ANSYS 2019 R3 four different ply numbers with a similar angle of orientations were used 

(i.e. 14, 18, 22, 24) plies and they are stacked in 0/90-degree layup. Because these ply 

layups 0/90 is the best layup for impact resistance. To a large part, the work described in 

this thesis has been performed in support of the development of the National Institute of 

Justice (NIJ) standard and PSDB 1999 stab-resistant armor standard [5]. This standard 

aimed to provide a scientifically based test procedure with the best possible repeatability. 

Therefore, one aspect of the work was to determine the threat in terms of both the weapon 

and its delivery. The second aspect was to gain an understanding of the impact and 

penetration process. In the following simulation experiment, it is assumed that all the 

bullets were fired at a close distance to get its full energy. 

The kinetic energy graph of the bullet on each simulation test shows the energy difference 

of the projectiles before and after hitting the target. For the non-penetrating sample, the 

final energy of the bullet is almost zero, but for penetrating, samples, since the velocity 

final are present the final energy, will not be zero and it is called failed sample. 

As was seen in the literature section Kevlar fiber has the best property to arrest the moving 

velocity than other similar fibers. The Kevlar composites have higher modulus and ultimate 

stresses due to these it absorbs the higher amount of kinetic energy. The carbon fiber 

composite has been the second in the absorbing kinetic energy. Again, the Kevlar fabric 

weave has a better receptivity to impact and absorbing energy than the plain weave carbon 

fiber. Besides, since flexibility is a big concern for the armor design Kevlar fiber is the best 

promising fabric to satisfy these requirements than carbon fiber, glass fibers, and other 

fabrics related to these issues.  

The projectile and the target were analyzed using FE Explicit Dynamics Lagrange 

processor on intel(R) Core i7-8700cpu@ 3.20GHZ and 8 GB ram installed computer with 

a mesh of hexahedral elements. A mesh sensitivity analysis was carried to ensure that the 

results obtained are not sensitive to the size of the elements used. For this purpose, an FE 

model was modeled to predict the ballistic limit of Kevlar® laminate. The mesh sizes 

considered were 0.2, 0.4, 0.6, 0.8, and 1 millimeter. The ballistic limit was estimated for 

all the mesh sizes of the laminate and compared. The difference of the ballistic energy 
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absorption for the penetrating samples is more at the mesh size is greater than 0.8mm. 

Therefore, all the simulations were carried out using mesh size equal to or less than 0.8 

mm. The bullet was discretized into 5293 elements as seen in appendix-A for one sample.   

On the four different layers of Kevlar/epoxy, composite plate 36 simulation experiments 

are done using Ansys composite package (ACP) on Ansys explicit dynamics. 

Table 4.1:  FE Result of the four protection standards on four different thickness values 

Level of protection 14 Layers 18 Layers 22 Layers 26 Layers 

Type I Impact 

description 

Impact 

description 

Impact 

description 

Impact 

description 

0
.3

8
0

 A
C

P
 

F
M

J 
R

N
 m=6.29g no penetration 

deformation is 

35.725mm 

no penetration 

deformation is 

26.58mm 

no penetration 

deformation is 

18.37mm 

no penetration 

deformation is 

10.279mm 

V=312m/s 

E=301.77J 

0
.2

2
 L

R
 

L
R

N
 b

u
ll

et
s m=2.6g no penetration 

deformation is 

18.697mm 

no penetration 

deformation is 

15.3mm 

no penetration 

deformation is 

10.272mm 

no penetration 

deformation is 

5.7558mm 

V=320m/s 

E=133.12J 

Type IIA     

9
m

m
 

F
M

J 

R
N

 b
u

ll
et

s 

m=11.7g 

penetration  

no penetration 

deformation is 

36.01mm 

no penetration 

deformation is 

28.854mm 

no penetration 

deformation is 

20.805mm 

V=312m/s 

E=569.46J 

9
m

m
 

F
M

J 

R
N

 b
u

ll
et

s 

m=8g 
Partial 

penetration 

no penetration 

deformation is 

31.38mm 

no penetration 

deformation is 

26.58mm 

no penetration 

deformation is 

18.37mm 

V=332m/s 

E=440.89J 

Type II     

0
.3

5
7

 J
S

P
 

b
u
ll

et
s 

m=10.2g 
Complete 

penetration 

no penetration 

deformation is 

40.922mm 

no penetration 

deformation is 

31.804mm 

no penetration 

deformation is 

26.302mm 

V=427m/s 

E=929.9J 

9
m

m
 R

N
 

F
M

J 
b

u
ll

et
s m=8g 

penetration 

no penetration 

deformation is 

35.726mm 

no penetration 

deformation is 

23.452mm 

no penetration 

deformation is 

18.697mm 

V=358m/s 

E=512.66J 
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Type IIIA     

.4
4

-J
H

P
 

b
u

ll
et

s 

m=15.6g 

penetration 
Little 

penetration 

no penetration 

deformation is 

35.726mm 

no penetration 

deformation is 

33.094mm 

V=427m/s 

E=1422.2J 

9
m

m
 

F
M

J 

R
N

 b
u

ll
et

s m=8g 

penetration 

no penetration 

deformation is 

39.376mm 

no penetration 

deformation is 

29.357mm 

no penetration 

deformation is 

23.259mm 

V=427m/s 

E=729.32J 

A
k

-4
7
 

co
p

p
er

-l
ed

 b
u

ll
et

 m=8g 

penetration 
Partial 

penetration 

no penetration 

deformation is 

46.152mm 

no penetration 

deformation is 

41.766mm 

V=720m/s 

E=2073.6J 

The above tabular data individually discuss in the following manner. For the 36 impact 

simulations only either penetration or not penetration and deformation value is described 

here. Other parameters such as impact stress and directional deformation simulation results 

are attached in Appendix B1- Appendix B6.   

  

Figure 4.1: Impact deformation of 14 and 18 layers by 0.380 ACP FMJ RN bullet respectively 

The impact experienced on 14 layers of Kevlar/epoxy composite model by 0.380ACP FMJ 

RN projectile which is having an energy of 301.77J is not showing penetration rather it has 

35.726mm deformation. The deformation result shows for a low-velocity projectile of mass 

6.29g and 312 m/s velocity, 14 layers of Kevlar/epoxy composite plate is sufficient to arrest 

the bullet with the acceptable deformation value of NIJ standard. This bullet with similar 

specifications was also impacted on 18,22, and 26 layers of the composite model, and it is 

found that the more the ply number the better protection levels achieved. Because the 
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kinetic energy is dissipated on the front some plies and the remaining plies stay safe and 

the deformation decreases that give better protection to the wearer by considering the 

optimum weight. 

Since weight and flexibility are the main factors for body armor users it is better to find the 

safe values of the thickness for the modeled soft body armor based on the level of 

protection. Now as it is predicted by the FE model simulation result 14 layers of 

Kevlar/epoxy composite can stop the fired projectile.  

  

Figure 4.2: Impact deformation of 22 and 26 layers by 0.380 ACP FMJ RN bullet respectively 

The following four models are also impacted by similar bullet specifications of 2.6 g mass, 

320 m/s velocity, and very low energy of 133.12J. since the impact energy is very small 

the deformation is also small ranging from 5.7558 mm to a maximum of 18.697mm. Here 

in this simulation, we can also conclude this projectile energy is as low to penetrate the 

four modeled samples.  

 

 Figure 4.3: Impact deformation of 14 and 18 layers by 0.22 LR LRN bullet respectively 
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Figure 4.4: Impact deformation of 22 and 26 layers by 0.22 LR LRN bullet respectively 

Here in the Type IIA protection level, the following four different thickness models are 

impacted by a similar projectile and it is coming up with penetration. The bullet 

specifications used in this simulation are projectile mass 11.7g, velocity 312m/s, and 

moving projectile energy about 569.46J. In this simulation experiment, the 14 layer 

Kevlar/epoxy composite plate couldn’t sustain the impacted energy of a 9mm FMJ RN 

bullet. But the remaining layer numbers 18, 22 and 26 layers could stop the projectile 

having 569.46 Jules energy. These three layers are having the acceptable deformation range 

and the bullet is fully arrested before it perforates the three samples. 

   

 Figure 4.5: Impact deformation of 14 and 18 layers by 9mm FMJ RN bullet respectively 
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 Figure 4.6: Impact deformation of 22 and 26 layers by 9mm FMJ RN bullet respectively 

These the fourth simulations are also under Type IIA protection level with different impact 

energy and the bullet is having the following specifications: bullet mass 8g, velocity 

332m/s and the impact energy of the moving projectile are 440.89J. In the first simulation 

performed on 14 layers, the bullet is equally likely to penetrate or not penetrate the modeled 

specimen.  But the remaining three samples easily protect the impact excreted by the 

moving projectile. The deformation results also show the stacked Kevlar/epoxy composites 

can stop the moving projectile with minimum deformation value. 

  

 Figure 4.7: Impact deformation of 14 and 18 layers by 9mm FMJ RN bullet respectively 



70 

  

 Figure 4.8: Impact deformation of 22 and 26 layers by 9mm FMJ RN bullet respectively 

The following eight samples are tested under the Type II ballistic protection level stated by 

NIJ. The first four samples are impacted by 0.357 JSP bullet with the following 

specifications; the mass of projectile is about 10.2 grams; the velocity of this moving mass 

is 427 m/s and these collectively produce bullet energy of 929.9J. Since the bullet energy 

is a somehow higher composite specimen with having 14 layers is completely fail and the 

18 layers composite specimen is also having deformations approaching the upper limit by 

the standard. The remaining two samples completely arrest the moving bullet with better 

deformation value. 

This shows the 18 layers of the composite specimen can stop 929.9J bullet energy but due 

to the deformation value is 40.922mm which is much little less than the risk standard 44mm 

and little blunt trauma will happen on the armor user.  

  

 Figure 4.9: Impact deformation of 14 and 18 layers by 0.357 JSP bullet respectively 
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 Figure 4.10: Impact deformation of 22 and 26 layers by 0.357 JSP bullet respectively 

As it is discussed earlier the following four samples are tested under Type II ballistic 

protection level of NIJ standard and the bullet used here for simulation is 9mm full metal 

jacket round nose (FMJ RN) bullet with the specifications of bullet mass is 8 g, bullet 

velocity 358 m/s and the impact energy is 512.66J. In these four samples, the first specimen 

is penetrated and the other three samples protect the bullet from penetration, and gradually 

decreasing deformation is recorded in relation with increase the layer numbers. 

Finally, as it is seen on each plate specimen the 14 layers Kevlar/epoxy composite couldn’t 

protect any of the fired projectiles. 

  

 Figure 4.11: Impact deformation of 14 and 18 layers by 9mm FMJ RN bullet respectively 
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 Figure 4.12: Impact deformation of 22 and 26 layers by 9mm FMJ RN bullet respectively 

 These eight simulation experiments are done under Type IIIA protection standard and two 

projectile types are used with different specifications. For the first four sample plate 

specimens, the bullet specifications used in the simulation are .44-JHP bullet; the bullet 

mass is 15.6g, bullet velocity 427 m/s and the resulting energy is 1422.2J. As it is observed 

on the simulation plate specimen first specimen with 14 layers of the composite is 

completely damaged rather than penetration only and the second plate specimen is partially 

penetrated and it is likely to fail. The remaining third and fourth plate specimens are the 

only samples that can stop penetration by the bullet energy which is 1422.2 Jules. 

Now it is better to say, for getting guaranteed protection for this type of refiles the soft 

body protection vests had to be modeled from Kevlar/epoxy composite which is having 

more than 18 layers.  

 

 Figure 4.13: Impact deformation of 14 and 18 layers by .44-JHP bullet respectively 
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 Figure 4.14: Impact deformation of 22 and 26 layers by .44-JHP bullets respectively 

 The second bullet used in Type IIIA protection level also has the following specifications: 

the bullet mass is 8 g; the moving velocity is also 427 m/s and the maximum energy of the 

bullet is also 729.32 J. As it is seen on figure 4.15 below the first plate specimen couldn’t 

carry the impact energy produced by the moving projectile. Whereas the rest three samples 

can dissipate the energy before penetration occurs. 

For this bullet with the given velocity, the minimum number of plies or layers required to 

stop or prevent penetration of 9mm FMJ RN bullet is 18 layers. 

  

 Figure 4.15: Impact deformation of 14 and 18 layers by 9mm FMJ RN bullet respectively 
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 Figure 4.16: Impact deformation of 22 and 26 layers by 9mm FMJ RN bullet respectively 

And finally, the last simulation result is for the widely used pistol around the world either 

by the government soldiers or terrorists in deferent circumstances. So special attention is 

given for this simulation and analytical protection predictions because this is the main 

portion of the study. 

In the analytical section, the thickness prediction calculation shows for an Ak-47 bullet 

with a mass of 8 grams and a velocity of 710 m/s is 22 layers of kevlar/epoxy armor plate 

is minimally sufficient to stop the bullet impact energy. But here in the simulation 

experiment, the minimum number of kevlar/epoxy composite layers are 24 layers with little 

trauma and 26 layers with a safe zone which is without severe trauma. 

 For the deformable Ak-47 bullet minimum of 26 layers of kevlar/epoxy composite plate 

is required to protect the user from severe trauma and related fatal injuries. 

   

 Figure 4.17: Impact deformation of 14 and 18 layers by Ak-47 deformable copper-led bullet 

respectively 
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 Figure 4.18: Impact deformation of 22 and 26 layers by Ak-47 deformable copper-led bullet 

respectively 

Experiments done by Horsfall [5] shows the deformation mechanism of three handgun 

bullets on a manufactured composite armor plate. 

 

Figure 4.19: Three handgun projectiles used in the PSDB ballistic body armor tests, from left to right 

9mm, .357” magnum and .44” magnum [5] 

Table 4.2 compares the threat levels from the .357” magnum projectiles of the PSDB 

ballistic body armor standard [5], with the KR2 knife blade of the stab-resistant armor 

standard. The energy intensity was calculated for the specified ballistic threat by 

considering the contact area over the original projectile calibers (i.e. lower bound) or the 

area of the deformed projectile, typically twice the original caliber (upper bound). The 

effective contact area for the knife blade is difficult to estimate and it needs special 

attention to predict. 
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4.3  STAB Resistance Finite Element Model configuration 

The penetrations of knives or other edged weapons through an armor system is a 

complex and inherently variable event. A wide range of solutions have been proposed  and 

marketed as knife resistant systems ranging from cumbersome solid plate designs to highly 

flexible fabric and mail systems. The mechanisms that control and affect the performance 

of a particular system is, to some extent, unique to the particular knife-armor combination. 

Consequently, the study of armor systems and penetration mechanics is a broad one and 

must take note of the wide range of possible interactions. 

The use of various scale armor systems in ancient times has been copied in numerous 

modern designs. Armor composed of small plates loosely tethered together or in 

combination with a textile carrier provides a good compromise of protection and flexibility. 

However, to produce a design with good protection it is necessary to resort to quite complex 

structures. The plate edges always remain vulnerable and it is difficult to protect them 

without a significant weight or flexibility penalty. A major part of the ancient armorer’s 

craft was in the minimization of the proverbial chinks in the armor without compromising 

flexibility. 

Woven textiles do not perform well against pointed weapons as the weave is easily parted. 

Animal skins have often been used for armor as the individual fibers are entangled and 

partially bonded together. The effect of this is to require a penetrator to cut the fibers. The 

use of coated textiles goes some way to matching the fiber constraint achieved in leather 

without compromising the other useful properties of the textile such as ballistic resistance. 

Now in this work, the modeled armor can stop the force induced by any sharp objects due 

to the enhanced Kevlar fibers samples. Because as the fabric is socked in a solution having 

colloidal silica nanoparticles, the friction between yarn to yarn increases dramatically. 

As it is seen on the simulation results enhanced Kevlar fabric panels can withstand stab 

impact having 43J energy and 10m/s velocity starting from 14 layers. 
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Table 4.2: Comparisons of the ballistic and knife threat on body armor [5] 

Treat  Bullet 

0.357” magnum  

(PSDB high handgun) 

Knife 

PSDB No 1 blade 

(PSDB KR2) 

Velocity (m/s) 450 10 

Energy (J) 1032 43 

Shape Blunt and deformable Sharp-deformable 

Contact area (mm2) 65-254 2.5-0.2 

Energy intensity (J/mm2) 4-16 17-210 

As it is seen on the above table the upper bound of the energy intensity of the ballistic 

threat can be seen to be approximately equal to the lower bound of the stab threat. So, the 

energy intensity of the knife threat is generally greater than that of the ballistic threat and 

this explains why a textile ballistic armor does not protect against knives and edged 

weapons. 

On the simulation experiment for the ten layers of Kevlar fabric panel, the total deformation 

observed on the sample is around 24.593mm. This is even within the range to minimize 

blunt trauma damage on the intended wearer. But since it is modeled in the combination 

with the ballistic protection the platelayers are much more than this. So, this will assure 

that the stab impact will not have any damage on the armor which is designed to sustain 

the ballistic impacts. 

  

 Figure 4.20: Simulation results showing total deformations for 10 and 14 layers respectively 



78 

  

 Figure 4.21: Simulation results showing the directional deformation and equivalent stress for 14 ply 

Kevlar/epoxy composite plate respectively 

As it is seen in the simulation the deformation value is too low for blunt trauma damage. 

So, it is a fact that the enhanced Kevlar fiber epoxy composites which are having 

bulletproof certificates can stop or protect from stab treats. 

The graph presented in figure 4.22 shows the energy absorption of 14 plies of Kevlar 

stacked in 0/90 degrees’ orientation. The composite plate was stabbed by around 43J 

energy and it is found that the deformation of the plate is going to be 17mm. As such this 

value is within the range suggested by PSDB 1999 standard and the molded plate could 

sustain the energy excreted by the opponent through knife or other edged devices. The 

simulation test was done by using the mean energy level given by the PSDB 1999 stab test 

standard listed in table 4.2. 

 

 

 Figure 4.22: Energy-absorbing mechanism of the Kevlar plate at 43J energy 
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 Figure 4.23: The internal and kinetic energies of composite and the moving knife 

 

 Figure 4.24: The total energy of the stab impact on a composite plate 

As it is suggested by the simulation experiment on the above figure the energy of the knife 

or other sharp edge materials will not be zero after contact with the armor. Because since 

it is driven by humans the energy of the armor to withstand this continuous energy will 

need more emphasis and the minimum number of plies to stop the stab with the average 

energy will be more than predicted by the simulation. 

In practical cause, the number of layers required to stop stab injuries is a bit much greater 

than the numerically estimated layer. Whatever it is since this proposed armor is designed 

for high energy projectiles and any type of stab treats would completely arrest. 
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4.3.1 Human performance 

The energies and velocities that could be achieved in the stabbing actions have been 

determined for different sample populations. In the stab experiment presented by Horsfall 

[5], volunteers were asked to stab an instrumented knife to the target as shown in chapter 

two figure 2.19, which measures axial force and acceleration during the stabbing. The 

maximum energy that obtained from stabbing actions was 83.5J. 
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 Figure 4.25: Stab impact energies achieved in underarm stab actions, showing the frequency and 

cumulative probability plot [5] 

The PSDB (1999) test standards [5] specifies protection levels for the stab-resistant 

armors (
R1 R2 R3K ,K andK ), based on the stab impact energy levels. Since it was derived 

from different analyses on several studies, it is possible to use the data generated in this 

study to estimate the effectiveness of the armor in terms of the probability of protections (

PP ) at any given energy levels. From human performance evaluations, it was determined 

that for the underarm threat the maximum delivered energy was 83.5J, the 95-percentile 

energy was 57.5J, and the mean energy was 27.5J. For the stab threat in which armor is 
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designed to defeat, the cumulative probability ( PC
) of the energy values obtained in tests 

is plotted in figure 4.25. The cumulative probability curve is in effect the probability of an 

attack achieving a given energy level. So that for instance it can be seen from the plot that 

the probability of achieving 57.5J is approximately 95%. However, this does not mean that 

armor capable of preventing penetration at 57.5J has a probability of protection of only 

95%. 

It has been found by Fenne and Winslade [ 109], that the majority of blades confiscated 

by the police are either relatively weak kitchen knives or are blunt. The weaker knives will 

bend when struck against armor whilst the contact loads generated by blunt knives will 

either prevent penetration or cause buckling of the blade tip. Less than 1% of confiscated 

weapons were found to meet both the strength and sharpness standards required of test 

blades. 

For instance, the PSDB KR3 protection level requires an initial test at 43J. The probability 

that an armor that just meets this standard can be defeated could be calculated as the 

product of the probability of a delivered blow being above 43J and the probability of the 

attacker being equipped with a good knife (1%). From figure 4.25 the cumulative 

probability of a blow being below 43J can be seen to be 85%. 

Therefore, the probability of exceeding this level is 15%. This gives an overall probability 

of failure of the armor of 

FP =0.15×0.01=0.0015 (i.e.0.15%)  

and likewise, a probability of protection 

PP =1-0.0015=0.9985 (or99.85%)  

So, an armor which has been tested to 43J should provide a probability of protection 

of 99.85%, assuming that the data is representative of the population of likely  assailants. 

It is also necessary to take into account the definition of armor failure and its consequences. 

Each of the three protection levels of the PSDB 1999 standard (
R1 R2 R3K ,K andK ) specifies 

an initial energy level (E1) at which up to 7mm of penetration is allowed and a higher 

energy level (E2) at which 20mm of penetration is allowed. The higher energy level (E2) 

is 150% of the lower and is used to test whether the armor undergoes a catastrophic failure 

at impact energies above the lower (E1) level. 
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Most armor is worn as outer clothing so some degree of penetration might be allowed 

without resulting in a blade reaching the skin. It must be remembered that the main purpose 

of armor is to prevent serious injury and there will be significant flexibility, weight, and 

comfort.  

The PSDB test standard specifies allowable penetration at two energy levels for each 

protection level. At the E1 energy level, 7mm of penetration is allowed, and this is almost 

certain to result in either no injury or only a slight laceration of the skin. At  the E2 level, 

20mm of penetration is allowed, which might produce a slight to moderate injury, but is 

unlikely to be serious. Therefore, it is possible to calculate the probability of protection for 

the basic (E1) energy level at which injury is likely to be only slight and at the higher (E2) 

energy level at which injury is likely to be only moderate. From table 4.3 it can be seen 

that for the KR1 test standard, which is the lowest specification, the probability of the 

armor protecting against a 7mm penetration is 95.5% whilst the probability of protecting 

against a 20mm penetration is 99.75%. 

Table 4.3: Estimated probability of protection of armor at PSDB 1999 test energy levels [5] 

Test 

level 

Energy 

level, E1 

(J) 

Probability of protection Energy  

level, E2 (J) 

Probability of protection 

Pc (%) Pp (%) Pc (%) Pp (%) 

KR1 24 50 95.5 36 75 99.75 

KR2 33 65 99.65 50 90 99.9 

KR3 43 85 99.85 65 98 99.98 

It has been shown that the energy dissipated at the target is delivered primarily as 

the kinetic energy of the total moving mass of the knife, hand, and arm of the person 

delivering the blow.  

Probably one of the most important findings of the human performance assessment is  

like the energy available to do work against the armor. As the major part 

of the available energy is from the kinetic energy of the total moving mass, it is the  

the sudden arrest of this mass on contact with the armor which produces a contact stress 

sufficient to penetrate the armor. 
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The work presented below is simulated by using 83.5J energy which assures the modeled 

composite could sustain all levels of stab treats. 

 

Figure 4.26: Deformation of 18-layer Kevlar composite by 83.5J energy 

 

Figure 4.27: Graphs showing penetration energy on the maximum energy excreted by 83.5J 

As seen in the above graph the stab test is performed using a maximum energy level 

suggested by the standard and it is found that the deformation is a little bit higher than the 

standard given by PSDB1999 (i.e. 20.5mm is a little higher than the standard which is 

20mm). But since this simulation test is performed on 14 plies, this value then will not 

show the severity of the stab treat because without needing any science the deformation 

on the 26 plies would be much more below the standard which is 20mm. 

Nowadays, armor penetration systems through knives or edged weapons are becoming a 

complex naturally more variable scenario. A wide variety of solutions had been proposed 

and were marketed as stab/knife resistant armor systems starting from cumbersome-solid 

plate design to a flexible fabric composite system. The mechanisms which control and may 

affect performances of a particular system are, somewhat, unique to the particular knife-

stab armor combinations. 
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Consequently, the studies of stab armor systems and the penetration mechanics are a broad 

one and it should have to take note of the wide range of possible interactions. 

Bulletproof vests, unlike regular clothing, must undergo stringent protection testing 

as required by the National Institute of Justice (NIJ). Not all bulletproof vests are identical. 

Some protect against lead bullets at low velocity, and some protect against full  metal-

jacketed bullets at high velocity. Vests are classified numerically from lowest to highest 

protection: I, II-A, II, III-A, III, IV, and special cases (those for which the customer 

specifies the protection needed). Each classification specifies which type of bullet at what 

velocity will not penetrate the vest. While it seems logical to choose the highest-rated vests 

(such as III or IV), such vests are heavy, and the needs of a person wearing one might 

believe a lighter vest more appropriate. For police use, the general rule suggested by 

experts is to purchase a vest that protects against the type of firearm the officer normally 

carries. 
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CHAPTER 5 
 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Kevlar fabric -epoxy reinforced composites are the promising lightweight and high strength 

materials for armor applications. The best fiber angle orientation for impact is determined 

experimentally which is 0/900 [108] and matrix to fiber ratio of 35% to 65% is considered 

from the experimental finding of the literature [105]. The simulation experiments were 

performed as per NIJ standard with four different thicknesses of Kevlar/epoxy plates to 

assess their performance and suggest the number of layers for best performance to stop the  

specfied bullet.  The following conclusions are drawn from the present work.  

• Analytical results show that at least 22 Kevlar/epoxy composite layers are required 

to fully stop the AK-47, 7.62×39 mm projectile, however, simulation results by 

finite element using ANSYS predict 22 Kevlar/epoxy composite layers with a little 

trauma and 26 layers can stop the bullet penetration in acceptable deformation 

range. 

• Both analytical and simulation methods (especially analytical) slightly 

underestimate the protection level of Kevlar fabric relative to the experimental 

results in the literature, however, they are very useful in examining other conditions 

that are costly or not practical for prediction of the protection levels. 

• Trauma depth for various projectiles versus the number of Kevlar/epoxy composite 

layers is shown which helps in the selection of a more appropriate low weight, 

flexible protection shield without compromise on its performance. 
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5.2  RECOMMENDATIONS  

• The present simulation studies can be applied for plates made of Kevlar/epoxy with 

SiO2-polyethylene glycol-based shear thickening fluid. 

• With all its available infrastructure, the Degen Aviation Industry can develop 

effective body armor materials for the safety of people in services.  
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APPENDICES 

Appendix-A:  Material properties of different fibers are listed from A1- A2 

Table A-1. Data generated from Ansys to show the number of nodes and element 

numbers used in a single simulation. 

Object Name Surface Body Solid 

State Meshed 

Graphics Properties 

Visible Yes 

Transparency 1 

Definition 

Suppressed No 

Stiffness Behavior Flexible 

Coordinate System Default Coordinate System 

Reference Temperature By Environment 

Thickness 35e-003 m   

Thickness Mode Refresh on Update   

Offset Type Middle   

Reference Frame   Lagrangian 

Material 

Assignment Kevlar-Epoxy COPPER-LEAD 

Bounding Box 

Length X 22.5e-002 m 8.e-003 m 

Length Y 22.5e-002 m 8.e-003 m 

Length Z 0. m 1.8e-002 m 

Properties 

Volume 5.625e-006 m³ 6.033e-007 m³ 

Mass 8e-003 kg 5.3693e-003 kg 

Centroid X -1.2047e-018 m -2.6067e-020 m 

Centroid Y -1.2047e-018 m 4.2696e-021 m 

Centroid Z 0. m 1.8254e-002 m 

Moment of Inertia Ip1 4.3506e-006 kg·m² 1.1944e-007 kg·m² 

Moment of Inertia Ip2 4.3506e-006 kg·m² 1.1944e-007 kg·m² 

Moment of Inertia Ip3 8.7012e-006 kg·m² 3.3916e-008 kg·m² 

Surface Area(approx.) 5.625e-003 m²   
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Statistics 

Nodes 5776 1162 

Elements 5625 5293 

Mesh Metric Element Quality 

Min 0.981925058703405 0.368138392916701 

Max 0.999473684458787 0.999857476453683 

Average 0.999322821778696 0.84652082502306 

Standard Deviation 1.0238782753643E-03 8.73336760352464E-02 

CAD Attributes 

Kevlar-Epoxy plate Thickness 0.035   

Object Name Explicit Dynamics  

State Solved 

Definition 

Physics Type Structural 

Analysis Type Explicit Dynamics 

Solver Target AUTODYN 

Options 

Environment Temperature 22. °C 
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Table A-2. Properties of Several High-Performance Fibers [14] 
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Appendix-B: Simulation studies on Kevlar/epoxy plates of the different 
number of layers and input energy levels.  

The simulation studies showing the front and back face signatures of Kevlar/epoxy plates 

of 14, 18, 22, and 26 layers with different energy levels of the projectile are presented in 

figures B-1 to B-7. 

 

Figure B-1. Front deformation and blackface signature of 14-layer Kevlar for                       

Type I protection level with bullet energy of 133.12J. 

 

Figure B-2. Front deformation and blackface signature of 14-layer Kevlar for Type I 

protection level with bullet energy of 301.77J. 
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Figure B-3. Front deformation and blackface signature of 18-layer Kevlar for Type IIA 

protection level with bullet energy of 440.89J. 

 

 

Figure B-4. Front deformation and blackface signature of 18-layer Kevlar for Type IIA 

protection level with bullet energy of 569.46J. 
 

 

 

Figure B-5.  Front deformation and blackface signature of 22-layer Kevlar for Type I 

protection level with bullet energy of 929.9J. 
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Figure B-6. Front deformation of 26-layer Kevlar for Type IIIA protection level with bullet       

the energy of E=4147.2J. 

 

Figure B-7. Energy-absorbing mechanism of four layers of Kevlar by a deformable 

projectile and non-deformable projectile 
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Figure B-8. Energy-absorbing mechanism of 22 layers of Kevlar by an Ak-47 projectile 

with the energy of 2073.6 J. 

 


