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ABSTRACT 

 

In this project a numerical Finite Element Method model has been developed by means 

of the Abaqus software. The objective is to analyze the ballistic behavior of aramid 

structures in order to demonstrate a combination of ballistic efficiency and weight 

reduction against other materials used in the aerospace industry. 

 

Two different composed armors have been analyzed so as to compare them: one 

consisting of a ceramic layer and an aluminum 2024-T3 alloy plate, and the other 

combining ceramic and aramid plates. 

 

For the analysis, several impact simulations have been performed varying different 

parameters in order to study their influence on the ballistic efficiency of the model. These 

parameters are the percentage of each material in the model, the total thickness of the 

armor and the shape of the projectile used for the impact.  

 

It has been obtained a higher ballistic efficiency for an armor containing an 80% of 

ceramic, for the case of the ceramic/aluminum model, while in the aramid case the most 

efficient configuration contained a 60% of ceramic and a 40% of aramid. Moreover, the 

behavior of both configurations has been found to increase linearly with the total 

thickness of the armor. 

 

The model has been subjected to impact of three different projectiles: a spherical one, a 

cylindrical one and a conical one, being the conical projectile the most harmful for the 

model. 

 

Moreover, it has been analyzed the weight of different models developed, concluding that 

a 70% ceramic/30% aluminum configuration in the aluminum model and a 50% 

ceramic/50% aramid configuration in the aramid model are considered the best options 

taking into account ballistic behavior and lightness. 

 

As the main conclusion, it has been confirmed the higher performance of aramid over 

aluminum in aircraft ballistic protection, both in terms of protection and weight reduction.  
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1. INTRODUCTION 

 

1.1.INTRODUCTION AND MOTIVATION 

 

There will come the moment in which weapons will not exist anymore, so that no 

protection against them will be required. Until that happens, it is necessary in this society 

to be provided by the most effective protection devices known. From the beginning of 

human history, arms improvement has been constantly increasing such that primitive 

objects like maces or spears have developed to the most sophisticated and precise guns, 

missiles, etc. the world could imagine. 

This advance in weapons makes essential a simultaneous advance in protection. It results 

a real challenge for this industry to meet the requirements of the field, which has meant 

continuous improvements in designs and materials leading to the production of high-

performance armours to protect vehicles, buildings or individual persons. 

One of the main focus where the weaponry industry points is the weight reduction, that 

has supposed a key factor from old civilizations, forced to design shields and body 

armours that could be carried by soldiers, to the present, where military vehicles, 

especially aircraft, must be as light as possible. 

By the last decades of the twentieth century, composite materials started to be 

investigated. The use of Kevlar, an aramid first developed in 1965, became intensive and 

made it a key material for impact protection purposes, due to its high tensile strength and 

its low weight. In the military field, Kevlar is now widely used in vehicle armours and 

bulletproof vests, and its demand continues growing.  

 

Weight reduction is one of the most valued points where the aerospace industry focuses 

its investigations. Its importance can be associated to many aspects: take off/landing 

distance and velocity, range, maneuverability… In the case of military aircraft, the 

additional weight resulting from a metallic armor can mean an important penalization for 

its performance. For this reason, the irruption of composite materials in the aerospace 

industry, and concretely the appearance of Kevlar, supposes an enormous advance. 
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The present thesis considers Kevlar a focus to work around. The possibilities of this 

material in the aerospace field, and its capacity to meet the necessities of the industry as 

a high-performance protection device constitute the motivation of this work. 

 

1.2.OBJECTIVES 

 

The main objective of this work is to analyze the ballistic behavior of an aramid aircraft 

structure by means of a numerical Finite Element Model. To achieve this main goal, 

several secondary objectives need to be fulfilled: 

 

• Make a bibliographic study about the different types of ballistic protections that 

have been used to date, including personal protection and vehicle protection. In 

the same way, study the most used materials to provide this type of protection. 

 

• Develop a numerical model in Abaqus containing aramid in order to propose an 

armor using this material as the main one. The designing of this model should be 

useful to improve the skills on this software, since it is needed to deepen in its use 

comparing with the knowledge developed along the coursed degree. 

 

• Perform different impact simulations on two different armors containing 

ceramics, Kevlar and metal, in order to compare the results and discuss the 

effectiveness of aramid with respect to other materials. 

 

• Perform an analysis of different parameters that can influence on the behavior of 

the armor, studying and comparing their ballistic limit. These parameters are: the 

percentage of aramid/metal in the model, the total armor thickness and the shape 

of the impact projectile.  

 

• Assess the weight of the developed models to demonstrate the weight reduction 

that supposes the use of aramid instead of metal to provide ballistic protection. 
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2. STATE OF THE ART 

 

2.1. BALLISTIC PROTECTION INTRODUCTION 

 

Materials used to provide protection have experienced several changes along the history. 

In first instance, leather, linen or wood were used to manufacture shields for soldiers. 

Little by little these materials were substituted by metals such as copper or bronze, until 

the use of iron and steel was generalized [1]. Now, metals still constitute a key material 

for impact protection purposes, being steel the most used one, followed by aluminum and 

titanium, due to their lightness, when weight reduction is a must [2]. 

Firearms’ irruption supposed an inflection point in protection industry, leading to the  

appearance of the first bulletproof vests. In the sixteenth century, the first ideas about 

bulletproof vests started to arise, being the Italian royalty who developed a vest made by 

metal layers thought to divert bullets. However, it was not as effective as expected. 

In the nineteenth century, a bulletproof vest made by silk was developed in Japan. It 

resulted to be very effective against the bullets existing at that time, but the improvement 

in ammunition made them almost useless by the twentieth century. During the First World 

War many improvements were introduced, even though the armors were still too heavy 

to wear them comfortably. Moreover, their slow production made impossible to provide 

most soldiers with them.  

Over the 1920 decade, vests made by silk and cotton started to be popularized by 

American gangsters. These vests were able to provide protection against a wide variety 

of ammunition used at that time, excepting the most powerful bullets. 

 

Figure 2.1.1. Bulletproof vest test, 1923 [3] 
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Figure 2.1.1. shows a bulletproof vest testing in the 1920 decade. The players are WH 

Murphy and his assistant, members of the Protective Garment Corporation of New York 

[3]. 

The use of bulletproof vests during the Second World 

War was limited. It was after the end of the war when 

the US Army started to increase their use, 

incorporating vests made by aluminum and fiber 

reinforced plastic. An example is the M-1951 vest 

(figure 2.1.2.). By the beginning of the 1970 decade 

the appearance of Kevlar supposed a revolution in the 

materials used for ballistic protection purposes, being 

it now the widest material in this industry.   

 

Besides personal protection, the other main 

field in which ballistic protection industry works has to do with means carrying people in 

their inside. In this regard, ballistic armoured vehicles started to be developed in the 

twentieth century [5].  The First World War was witness of the first tanks, designed to 

provide protection against machine guns and small explosives. Tanks were evolving by 

introducing improvements resulted from changes in aspects such as the armour thickness 

or inclination.  

 

Figure 2.1.3. The British Mark I, one of the first tanks, developed in 1915 [6] 

Until the end of the Second World War, steel was the material used for these vehicles. 

However, the developments and improvements in weapons’ power during the decades 

following the war made a challenge for the engineers to meet the increasing protection 

Figure 2.1.2. Soldier wearing a M1951 

vest, Korean War, 1952 [4] 
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demands to counteract these advances. This way, new concepts were introduced, and the 

need to look for light and effective materials provoked that composed armours containing 

layers of ceramics and steel started to be used, being the first the Soviet T-64 (figure 

2.1.4.), that introduced a configuration steel-ceramic-steel [5]. 

 

Figure 2.1.4. T-64 tank, first example of a tank designed with a composed armor [7] 

As in the case of personal protection, the development of strong synthetic fibers like 

Kevlar or high-performance polyethylene boosted the industry. Their applications keep 

increasing today both for terrestrial and aerial vehicles. 

 

2.1.1. MATERIALS USED FOR BALLISTIC PROTECTION 

 

As it has been explained previously, materials used in the ballistic protection industry 

have suffered several changes and improvements over the years to reach the advanced 

armors and protections existing today.  

 

There are many materials that can be useful to provide this type of protection. Each of 

them has its own characteristics, advantages and disadvantages making it more or less 

suitable for the different applications in the field. This chapter is aimed to show the main 

materials that can be found in the industry and to provide detailed information about their 

properties and uses. 
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• KEVLAR 

 

By 1965, DuPont company was looking for a fiber lighter and more resistant than nylon, 

with the aim to use it in pneumatic tires. The team assigned to perform that mission was 

led by the chemist Stephanie Kwolek. Her intuition made her to perform tests with a 

polymeric solution that was to be discarded because of its opalescent aspect, not 

corresponding to the usual transparent solutions that were used until then [8]. 

 

The discovering exceeded the expectations: the resulting fiber was not only stronger than 

nylon, but it was also stronger than steel. By 1971 and after having been refined and 

increasingly tested, the new material was a para-aramid fiber that was introduced to the 

world as Kevlar [9]. 

 

 

Figure 2.1.1.1. Kevlar fiber [10] 

 

From then on, the use of Kevlar has increased such that it is the most widely used material 

in body armor and highly extended in multiple tasks requiring strength and lightness such 

as helmets, gloves or sports equipment, as well as the aerospace military industry, that 

has made this fiber an important focus of its improvements for ballistic protection. 

 

     

Figure 2.1.1.2. Examples of Kevlar applications [11][12][13] 
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At the moment, DuPont produces different types of Kevlar, being the Kevlar 29 and 

Kevlar 49 the most extended ones [10]: 

 

- Kevlar 29: It is the original fiber, used mainly for bulletproof clothing, as well as 

for cables reinforcement or resistant clothes due to its high mechanical properties. 

 

- Kevlar 49: It is employed to be impregnated with resin to form a composite 

material. This way, fibers are treated to favor the coupling with resin.  It is used 

as a reinforcement for extreme sports equipment and aerospace applications. 

 

 

The following table shows a comparison between properties of some of the Kevlar types 

that are produced by DuPont: 

 

 

Yarn Properties Kevlar 29 Kevlar 49 Kevlar 119 Kevlar 129 

Tensile strength (Mpa) 2890 2890 3030 3340 

Young’s Modulus (Gpa) 71 120 55 97 

Elongation (%) 4.4 2.9   

Density (g/cm3) 1.44 1.45 1.44 1.45 

     

Table 2.1.1.1: Properties of different examples of Kevlar [14] 

 

From the appearance of Kevlar, different aramids with similar properties and uses have 

been commercialized with other names, being Kevlar in any case the most known and 

commonly used. Examples of this are Twaron, Technora or Heracron aramid fibers. 

 

• CERAMICS 

 

Ceramic materials have special properties: high elastic modulus, compressive strength, 

low specific weight and high heat resistance. Their characteristics have made them to be 
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used in many industrial applications where it is required to work under elevated 

temperatures and a high wear resistance like engines, turbines or tooling machines. 

 

Ceramics have poor compressive strength and toughness, so on their own their 

performance as ballistic protection is low. However, its high hardness makes them useful 

against penetrating materials such as tungsten or depleted uranium [15]. This is why 

ceramics are used to provide this type of protection, together with their weight advantage. 

Nevertheless, it is required the addition of a more ductile material behind.  

 

The low toughness of ceramic materials makes them fragment immediately after the 

impact. Thus, it is needed a more ductile material behind to receive the fragments 

detached from the ceramic. Metals and composite materials are good candidates to 

perform this task. 

 

Moreover, it is especially effective when protecting against penetrating projectiles. This 

type of ammunition is designed to penetrate surfaces to reach a target that is supposed to 

be behind them. This property is provided with decreasing the cross section at the tip of 

the bullet giving it a pointed shape. Ceramics’ hardness allows it to deform the tip of the 

bullet increasing its cross section and affecting considerably its capacities to perforate the 

material immediately behind the ceramic layer [15].  

 

Several researches have demonstrated the effectiveness of ceramics against penetrating 

projectiles. As an example, B. Tepeduzu and R. Karakuzu investigated the ballistic 

performance of different composite materials (aramid, carbon and glass fibers) with a 

ceramic reinforcement, developing a numerical model [16]. They confirmed the blunting 

of the projectile, an effect called ‘mushrooming’, and stated that this is an effect that is 

not affected by the thickness of the ceramic layer, even though the residual velocity 

decreases when increasing this parameter. In the same way, M. Shokrieh and G. 

Javadpour tested the effectiveness of a ceramic plate over a Kevlar one, observing the 

same mushrooming effect when impacting the ceramic layer [17]. 

 

On the other hand, a numerical simulation performed by K. Krishnan, S. Sockalingam, S. 

Bansal and S.D. Rajan focuses on evaluating how the proportion of ceramic with respect 

to the second material affects the ballistic performance of the composed armor [18]. They 
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tested a surface composed by a ceramic material followed by high-performance 

polyethylene. Their research shows that kinetic energy is dissipated faster for 

configurations with higher ceramics proportion. 

 

The following table shows the main properties of some ceramics used for ballistic 

protection: 

 

 

Material 
Density 

(g/cm3) 

Compressive strength 

(Mpa) 

Tensile strength 

(Mpa) 

Elastic modulus 

(Gpa) 

Al2O3 3.60-3.90 1980-4100 185-500 230-410 

Al2O3+ZrO2 4.04 2700 400 335 

AlN 3.26-3.28 2100-3500 350 315 

B4C 2.5 2200 400 400 

SiC 3.18 3800 420 415 

Si3N4 3.26 3000 600 290 

TiB2 4.45 2800 850 500 

 

Table 2.1.1.2: Properties of most used ceramics for ballistic protection [15] 

 

A DOP (Depth of Penetration) method is used to measure the ballistic efficiency of 

ceramic materials. A ceramic plate placed over other material like metal is tested against 

bullet impact at different velocities. Penetration is measured, and ballistic efficiency is 

obtained when comparing the results with the penetration that would be obtained without 

the ceramic plate. 

 

By this method it is concluded that the most efficient ceramic material for ballistic 

purposes is the boron carbide, but this material is also expensive, so it is only used for 

aerial platforms because of its lightness. Another good option would be silicon carbide, 

which is slightly cheaper and weight efficient and it is used for tanks protection or 

bulletproof vests. The aluminas are much cheaper and its weight is acceptable, so they 

can be used to protect light vehicles [15]. 
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Another important aspect to consider in ceramics is the resistance to multi-impacts. Since 

these materials fracture immediately after the impact, it is important to design the 

protection as multiple plates of reduced sizes, forming a mosaic. This way, although an 

impact brakes one plate, the rest will remain unbroken.  

 

 

Figure 2.1.1.3. Configuration of a ceramic armor with hexagonal plates [19] 

 

A research by D. Hu, Y. Zhang, Z. Shen and Q. Cai focuses about this [20]. Besides 

demonstrating experimentally that mosaic configurations reduce the fracture surface of 

the ceramic reinforcement, they tested different types of geometry for the mosaic plates, 

observing that square configurations can absorb more energy than circular or hexagonal 

configurations. However, the delamination of the composite material behind the ceramic 

plate results to be higher for square configurations. On the other hand, the authors S.J. 

Bless and D.L. Jurick state that the hexagonal configuration is slightly less vulnerable 

against ballistic impacts [21]. 

 

• METALS 

 

Mechanical properties of metals have made them the main used material for protection 

purposes along the history. The main problem associated to them is their weight, so it has 

been necessary, especially during the last century, to look for other options so that metals 

have been replaced for lighter materials in many applications. 

 

However, metals are still widely used for ballistic protection. Down below a description 

of the main metallic materials used as armor is provided [2]: 
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- Steel: It is the widest used metal for the production of armours, due to its low cost, 

its malleability and its high mechanical properties. Nevertheless, its high density 

(7,85 g/cm3) constitutes its main drawback. At the moment, the most used steels 

are: 

 

• Rolled homogeneous armor (RHA): It was the main material used for tank 

protection during the Second World War. Now, most vehicles have RHA 

as structural basis, being covered by other types of materials. 

• Ultra-high hardness armor (UHH): This steel is used in the production of 

helmets for military vehicles because of its efficiency against piercing 

projectiles and its weight reduction. 

• High hardness armor (HHA): This steel alloy is suitable for any type of 

armored vehicles application, because of its lightness and strength. 

• Dual hardness alloys (DHA): It is the union between a high hardness steel 

layer and a low hardness one, obtaining a higher hardening in the frontal 

face and higher ductility in the rear face. 

 

- Aluminum: It is the second most used metal for ballistic protection. Its mechanical 

properties and ballistic efficiency are lower than steels, and its price is higher. 

However, it is used for armors that need weight reduction. Moreover, it has high 

weldability, mechanical strength and corrosion resistance. 

 

- Titanium: It is used when armors require low weight and particular covers like 

fuselages and jet engines due to its high welding capacity, stability and heat 

resistance, in spite of its high market cost. 

 

- Magnesium AZ31B alloy: Used sometimes to replace aluminum alloys in light 

armored vehicles. High weldability, corrosion resistance and low density. 

 

• HIGH PERFORMANCE POLYETHILENE 

 

Ultra-high-molecular-weight polyethylene (UHMWPE), also known as high-

performance polyethylene (HPPE), is a strong polymer whose fibers are considered the 
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strongest in the world, being up to ten times stronger than steel. It is widely used for 

ballistic personal protection in the production of helmets or bulletproof vests. 

There are two main high-performance polyethylene producers: Dyneema and Spectra. 

Their product properties are very similar: high tensile strength, damage tolerance and 

fatigue resistance. Their low density makes them float on water. However, polyethylene 

fibers present an important disadvantage, which is their inability to work under high 

temperatures, melting at 135-138ºC. This reduces its applications, even though it is still 

a fantastic option, if not the best, to be used in applications that do not need to reach such 

temperatures, since its high weight advantage makes it even more efficient than aramid. 

These fibers are usually presented impregnated with several matrix resins. 

 

T. Langston showed the ballistic capacities of UHMWPE in a research where he tested 

analytically and numerically the performance of this material against different types of 

projectiles. According to his investigation, a 2.5mm thick layer of UHMWPE could avoid 

penetration of a 5.46mm caliber bullet with a velocity of 360 m/s [22].  

 

 

2.2. BALLISTIC PROTECTION IN AEROSPACE INDUSTRY 

 

In the aerospace field, ballistic protection is highly conditioned by strict weight demands, 

leading to many limitations when designing aircraft armors. 

 

In this way, aircraft protection will depend on the main mission that the aircraft must 

perform, being positioned in specific zones to ensure the safety of crew and the most 

critical areas for aircraft airworthiness. This makes really difficult, when designing the 

ballistic protection for an aircraft, to decide where the armor needs to be located.  

 

As an example of the challenge that supposes the location of aircraft armor is what 

happened during the Second World War [23]. The allies’ aviation was being overcome 

by German planes, so the US army asked the Statistics Research Group for how best to 

position their aircraft armor. For this purpose, it was provided data regarding the bullet 

holes found on the planes that returned from war. Most of them were concentrated on the 

wings, elevators and aft fuselage. Abraham Wald, a Hungarian mathematician, gave his 
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opinion which was much different from the expected: ballistic protection should be 

located where any or less bullet holes were found. Although this seems counterintuitive, 

what Abraham Wald thought is that, if the only aircraft analyzed were those that were 

able to return, this means that their damage was not critical. On the other hand, areas with 

no found hits, like the engines or the cabin, were those that impede aircraft to come back.  

 

The Second World War was witness of the first armored planes. At those times armors 

lightness was not an improved field, so the main penalty that these types of aircraft had 

was their high weight, making them slower and less maneuverable. They were needed in 

air to ground attacks, where the risk of being hit was considerably high. Down below 

some examples of armored aircraft used during the Second World War are listed: 

 

- Henschel Hs 129 [24]: It was a German fighter designed around a steel bath on its 

nose, highly protecting the pilot. This aircraft weighted 12% more than expected 

and its engines were not powerful enough, so it was very hard to control its flight. 

 

- Ilyushin Il-2 [25]: This Soviet plane was usually named ‘The Flying Tank’ 

because of its powerful armor, that reached a weight of 950 kg, about one fifth of 

its total weight. Most of this armor was made of steel. The idea of producing this 

fighter plane arose when previous aircraft demonstrated to be too vulnerable 

because their lack of armor, such as the R-5Sh during the Spanish Civil War. 

 

 

   

Figure 2.2.1. Left: Henschel Hs 129 [24]. Right: Ilyushin Il-12 [25] 
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- Grumman F4F Wildcat [26]: It was an American fighter plane that operated from 

1940 to 1945. Its ballistic protection consisted of steel plates and armored glass in 

the cockpit. 

 

Most of today’s fighter aircraft do not have a real armor. Instead, their protection capacity 

focuses on avoiding being hit [27]. This tries to be achieved by two methods: on the one 

hand, providing the aircraft with high maneuverability so that the aircraft will not be an 

easy target; on the other hand, if the plane has been struck, compensating it with aircraft 

systems redundancy, such as control systems, electronics, etc. 

 

One of the few fighters that are partially protected against rounds impact is the Fairchild-

Republic A-10 Thunderbolt II (figure 2.2.2.), designed by the US Air Force to provide 

support to ground troops focusing on attacking armored vehicles. Its cockpit is protected 

by a titanium bathtub able to protect from projectiles up to 57 mm [27]. The rest of the 

plane does not have any armor, it trusts on its redundant systems so that in case one fails, 

there will be a second one that should be able to keep the aircraft on flight. It is also 

provided with self-sealing fuel tanks. 

 

 

Figure 2.2.2. Fairchild-Republic A-10 Thunderbolt II [28] 

 

The rest of military aircraft have some specific armored areas, never having their whole 

structure covered. Some of the typical areas that are provided with ballistic protection are 

the engines, windows, seats, cabin/cockpit floors, panels for critical areas or lateral doors, 

with light composite materials such as aramid or ultra-high polyethylene, as well as 

ceramics or titanium. Armored areas can be mainly found on helicopters, ground attack 

aircraft or reconnaissance aircraft.  
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Some examples of armored aircraft are: 

 

- Boeing AH-64 Apache [29]: Some specific fuselage areas are reinforced with 

Kevlar layers, and the cockpit is protected with bulletproof glass. 

 

- Sukhoi Su-34 [30]: It is a Russian bomber aircraft that is provided with 17mm of 

titanium protecting its cabin and critical systems. 

 

- Bell 407 [31]: It is a helicopter highly used by the Iraqi Army and other military 

operators. Its armor combines high-performance polyethylene and ballistic steel. 

 

- Sikorsky UH-60 Black Hawk [32]: American helicopter that is provided with 

polyethylene/ceramic protection on the lower surface of its cabin, and degaussed 

steel for the cockpit floor. 

 

 

  

Figure 2.2.3. Left: Boeing AH-64 Apache [33]. Right: Sikorsky UH-60 Black Hawk [32] 

 

2.2.1. VEHICLE AND AIRCRAFT ARMOR RESEARCH 

 

The armor concept can be divided, according the applications, in body armor, light armor 

and heavy armor. They are intended to perform different tasks, and therefore the 

objectives and focal points of the investigations vary when tackling one division or 

another. 

 

In this way, it is not the same to study the ballistic protection of an individual person than 

investigating the armor of a vehicle carrying people on the inside. Aircraft armor is 

understood as light armor, in the same way as other terrestrial vehicles do, but differing 
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from heavy armored vehicles (tanks). Light armor research now focuses on saving energy 

and increase mobility, looking for low weight protections allowing vehicles to be fast and 

maneuverable. This focusing makes the protection against the most sophisticated 

weapons not to be a must, requiring instead that the development of light armors should 

be able to protect against blast and medium caliber ammunition [27]. 

 

This tendency has led to the search of ways to enhance the use of composite materials 

and the development of synthetic strong and light fibers, looking for how best to take the 

maximum of these types of materials. On the other hand, even though the use of metals 

has been reduced due to the good performance of composites, ballistic protection research 

works in order to improve the characteristics of aluminum and titanium alloys, which are 

still widely used. In most cases, ceramics are a fixed element for the investigations of 

armors for vehicles, due to their lightness and high performance when combined both 

with composites or metals. 

 

Horsfall, S.J. Austin and W. Bishop studied an armor designed for the cockpit of a C-130 

Hercules aircraft consisting of aramid, ceramic and a thin aluminum layer serving as a 

tension member to support floor loads [34]. Their study proposes an alternative 

configuration substituting the aluminum by a carbon composite layer, evaluating the 

efficiency of both systems testing them against ballistic impact. Their results showed the 

good ballistic performance of the ceramic-aramid armor and its capacities even after an 

impact. Moreover, they show that the carbon composite plate highly improves the bend 

strength and the energy to break of the system. 

 

The effect of the curvature of the aircraft structure, as well as the armor thickness and 

projectile incidence angle are assessed in a research developed by the authors D. 

Ivancevic, I. Smojver and M. Leko [35]. In this work a numerical analysis developed with 

Abaqus is performed using as protective material the aluminum alloy Al2024-T3. The 

results obtained in this study are interesting since the effect of several aspects affecting 

the impact are analyzed. On the one hand, a curved plate is found to be more protective 

than a flat one for a range of radius of curvature. Moreover, the results when evaluating 

the influence of the incidence angle show that the armor is less effective when the 

projectile encounters it perpendicularly. Finally, the numerical analysis developed also 

shows how the armor alter the trajectory of the projectile, which suffers a change of its 
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incidence angle when it perforates the plate. This change is found to increase when the 

initial angle is higher, and the projectile velocity is lower. 

 

V. Sánchez Gálvez and L. Sánchez Paradela focus their interest on add-on armors [36]. 

These are structures that are not part of the structure of the aircraft. Instead, they can be 

screwed to the main structure and are easily removable by the crew, so that they can be 

removed when operating in peaceful areas saving weight. In this research two proposed 

add-on armors, alumina/aluminum and alumina/Kevlar, are analytically and numerically 

tested taking into account different combinations of thicknesses and angles of impact, in 

order to optimize the design. The research shows that it can be obtained a good 

performance from the add-on armor, especially for medium caliber projectiles. With no 

much weight it could be able to detain or at least deform the projectile and disturb its 

flight making it unable to perforate the aircraft structure. Better results are found for 

oblique impacts with a ratio between alumina and Kevlar/aluminum thickness of about 2. 

Moreover, even though aluminum could be suitable to perform the task of an add-on 

armor, Kevlar shows higher capacities to achieve the objectives.  

 

 

2.2.2. REQUIRED PROTECTION LEVEL 

 

There are different standards to classify the protection levels regarding the field where 

they perform. For example, for personal body armors, NIJ Standards are the most 

extended. It sets specific criteria to determine the degree of protection that an armor is 

able to provide, in terms of bullet geometry, mass or velocity. 

 

Regarding aircraft armors, they usually follow the Standardization Agreement 

(STANAG) 4569 [37]. It is defined by the North Atlantic Treaty Organization (NATO), 

a military alliance between 29 countries from North America and Europe. STANAG 4569 

sets six different protection levels for light armored vehicles regarding the type of 

projectile, as well as the distance from which it is shot, its velocity, angle of impact, etc. 

 

Most aircraft armors are designed to provide a 3-level protection, this is, they are able to 

protect against ammunition up to 7.62x51mm AP (armor-piercing) or 7.62x54Rmm B32 
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API with a bullet velocity of about 900 m/s [27]. These types of projectiles are designed 

to penetrate armors. 

 

- 7.62x51mm cartridge: It was adopted as NATO standard in 1957, and it is widely 

used today. It is used in some rifles and machine guns such as the M240 or the FN 

MAG. 

 

- 7.62x54mm R cartridge: Also used in rifles and light, medium and heavy machine 

guns. Examples of weapons that use this cartridge are the machine gun PKP 

Pecheneg and the PSL rifle. 

 

 

2.3. THE FINITE ELEMENT METHOD 

 

The finite element method arises from the need to look for a way to solve problems with 

a high degree of complexity, that cannot be tackled without any type of simplification.  

 

Basically, this method works with subdivisions. Since it is not possible in many cases to 

approach the entire problem, it is divided in small elements over which the calculus is 

performed. This way, when working with a solid subjected to a system of forces and 

boundary conditions, through a process called discretization the finite element method 

will divide it in small subdivisions which are connected through nodes, being the set of 

nodes called mesh, so that the displacements and tensions suffered by each element will 

be expressed as a function of the displacements experienced by the nodes. The group of 

relations between the value of any variable on the elements can be expressed through a 

system of linear equations, proportional to the number of nodes, whose matrix is called 

the stiffness matrix. 

 

The finite element method is widely used, and it is thought to be used in computers, being 

many software that use it. The one that will be used in this work is Abaqus, while other 

examples that can be mentioned are ANSYS, LS-DYNA, Nastran or OpenFEM. 
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2.3.1. ABAQUS 

 

Abaqus is a software that works with the finite element method, designed to perform 

structural calculus to solve static and dynamic problems, being able to develop impact 

simulations and other solid problems.  

 

Its operation consists of different steps: 

 

-  Definition of the problem: Through a series of operations, the user defines the 

geometry of the solid, as well as its physical characteristics regarding materials 

and properties, and the system of forces and boundary conditions affecting it.  

 

- Application of the method: When the element is defined, mesh is designed and 

discretization is performed. The finite element method is developed solving the 

problem for each of the nodes composing the whole element. 

 

 

- Visualization: Abaqus provides the user with the view of the results of the method. 

In this section the different aspects to study can be observed and analyzed. 

 

2.4. BALLISTIC IMPACT TESTS 

 

When developing a study about ballistic efficiency of a specific material or composition 

of materials, there are several aspects that can be analyzed in order to observe their 

behavior when subjected to an impact, such as stresses, strains, displacements or residual 

velocity. 

 

In this research the main aspect to be studied is the evolution of the residual velocity of 

the projectile when there is a complete perforation, as well as the calculation of the 

ballistic limit of the armor.  

 

The residual velocity is usually displayed in a curve as a function of the impact velocity. 

This curve starts at the point known as the ballistic limit of the armor. This is unique for 
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each material, configuration and conditions, and it is the maximum velocity of the 

projectile, for which there is no complete perforation on the armor. 

The experimental and numerical calculation of the residual velocity and ballistic limit is 

often supported by an analytical aid, since too many impact simulations or real impacts  

would be required to obtain a complete evolution of the ballistic behavior of the armor. 

The Lambert-Jonas and Recht-Ipson curves are the most widely used to perform this task 

[38]. These curves are adjusted to a set of analytical or experimental results in order to 

provide an approximation of the complete evolution of the residual velocity as a function 

of the impact velocity. Both curves are quite similar: 

 

- The Lambert-Jonas curve follows the below expression: 

  

                                                      𝑣𝑟𝑒𝑠 = 𝑎(𝑣𝑖𝑚𝑝
𝑝 − 𝑣𝑏𝑙

𝑝 )
1

𝑝                                                 (1)                                                   

 

Where 𝑣𝑟𝑒𝑠 is the residual velocity, 𝑣𝑖𝑚𝑝
  the impact velocity, 𝑣𝑏𝑙

  the ballistic limit, 

and 𝑎 and 𝑝 are constants that need to be adjusted so as to fit with as much as 

possible with the experimental/numerical results. 

 

- The Recht-Ipson curve is similar to the Lambert-Jonas one, except that the 

parameter 𝑎 is fixed to a value of 1. This way, the final expressions is: 

 

                                                       𝑣𝑟𝑒𝑠 = (𝑣𝑖𝑚𝑝
𝑝

− 𝑣𝑏𝑙
𝑝

)
1

𝑝                                                      (2) 
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3. DESCRIPTION OF THE PROBLEM 

 

As explained at the beginning of this work, in order to assess the ballistic behavior of 

various materials this study has developed several impact simulations varying different 

parameters as the armor thickness or the shape of the impact projectile, so as to investigate 

their influence in the ballistic efficiency of the model. 

 

Two material configurations have been studied: the first one containing ceramic and 

aluminum, and the second one containing ceramic and Kevlar. To compare the behavior 

of the different models it has been mainly studied their ballistic limit, this is, the maximum 

projectile velocity for which the armor is able to stop it without complete perforation. 

 

The different aspects studied as well as the sections of the analysis are summarized as 

follows: 

 

• First, it has been studied how the percentage of each material in the model affects 

the armor ballistic behavior. For this, impact simulations have been performed in 

models with the same total thickness, containing different percentages of ceramic 

from a 50% to an 80%. This has been done for both ceramic/aluminum and 

ceramic/Kevlar models. 

 

• Second, the evolution of the ballistic limit with respect to the total armor thickness 

has been analyzed. It has been selected the best materials proportion from the 

previous section, again for both aluminum and Kevlar cases, and several models 

have been developed varying their total thickness but keeping constant this 

proportion.  

 

• Third, the influence of the shape of the impact projectile has also been assessed. 

Three different projectiles have been modelled: spherical, cylindrical and conical. 

Again, the most ballistically efficient configuration from the previous section has 

been taken to this study, and it has been tested against impact of the different 

modelled projectiles to compare their behavior. 
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• Finally, it has been performed a weight assessment of the results obtained in 

previous sections to discuss whether it is viable or not to select the most 

ballistically efficient models obtained in previous sections if their weight is 

considered. 
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4. MODEL IMPLEMENTATION 

 

In this chapter the process of designing the model in Abaqus and performing the 

simulation will be described step by step. Firstly, it is important to mention that Abaqus 

does not work with specific units, so that the only requirement for the user is that the 

system of units used is coherent. Thus, it is important to pay attention when introducing 

properties, dimensions and other parameters in the model. 

 

In this work the International System (SI) has been used, since it was thought to be the 

better option in order to avoid confusions when making changes of units. The table below 

shows the different magnitudes used through the modelling together with their 

corresponding unities: 

 

 

Magnitude Units (SI) 

Length m 

Time s 

Velocity m/s 

Pressure Pa 

Mass kg 

Density kg/m3 

Temperature K 

 

Table 4.1. Units used for the simulation 

 

Moreover, another aspect to take into account is the effectivity of modelling only a portion 

of the whole components (projectile, plate) and applying symmetry to the model. This 

allows to reduce considerably the software calculus time without affecting the final 

results. Thus, for this work it has been represented one quarter of the total shape of the 

components. 

 

 

 



 

24 

 

4.1. GEOMETRY DEFINITION 

 

Once determined the system of units to be used, the first step of the simulation relies on 

the definition of the geometry of the different components: the projectiles and the plates. 

This process is performed with the ‘Part’ module in Abaqus.  

 

Regarding the projectiles, three types have been used. All of them have been designed 

with a caliber of 7,62mm according to the STANAG 4569 standardization agreement, 

described in previous sections, looking for a three-level protection. 

 

When testing different projectile shapes, the objective is not only to assess the structure 

protection against specific bullets, but also against other shapes that can impact the 

aircraft such as fragments or shrapnel. The different projectiles have been designed as 

follows: 

 

- First, a spherical projectile with a diameter of 7,62 mm as shown in the figure  

below. 

 

 

    

Figure 4.1.1. Spherical projectile. Left: General view. Right: Sketch section 
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- Second, a cylindrical projectile with base diameter of 7,62 mm and 20 mm long. 

 

                         

Figure 4.1.2. Cylindrical projectile. Left: General view. Right: Sketch view 

 

- Finally, a cylindrical projectile with base diameter of 7,62 mm and 20 mm long, 

with conical shape in one of its ends. 

 

                       

Figure 4.1.3. Conical projectile. Left: General view. Right: Sketch view 

 

On the other hand, the plates have also to be modelled. They will consist on square 40x40 

cm plates as shown below. Regarding their thickness, it will be a variable to study along 

this work.  



 

26 

 

Moreover, the plates have been partitioned into a smaller 12x12 cm square in the center 

of the plate and a diagonal partition from the corner of the small square to the one of the 

plate, so that it takes a shape similar to a spider web, as it can be seen in figure 4.1.4. The 

reason is that when meshing the part, mesh will be designed so that more and smaller 

elements will be found on the center of the plate since this is the area of more interest for 

the analysis and more precise results will be required in this section.  

 

                   

Figure 4.1.4. Armor plate. Left: General view. Right: Sketch view 

 

4.2.  ASIGNATION OF PROPERTIES 

 

Once the geometry of the components has been defined, it is needed to create the different 

materials to be used and then assign them to the parts. Four different materials have been 

used along this study: aramid, aluminum and ceramic for the plates; steel for the 

projectiles. 

 

The aramid studied is Kevlar 49. As explained in previous sections, Kevlar properties 

allow this material to show a high performance when working to provide ballistic 

protection. Its use and demand keep increasing and today it can be found on many 

applications. These are the reasons why it has been chosen as one of the materials to 

perform the study. Between the different types, Kevlar 49 is the most used for aerospace 

applications, combining Kevlar fibers with resin to get a composite material. 
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Properties used for the aramid, as well as its damage evolution, have been taken from a 

research developed at the University Carlos III of Madrid, by M.M. Moure, N. Feito, J. 

Aranda-Ruiz, J.A. Loya and M. Rodríguez-Millán [39]. 

 

Basic properties of the aramid used in this study are found in the table below: 

 

Density (kg/m3) Young’s Modulus (Pa) Poisson’s Ratio (-) 

1164.31 1.682×1010 1×10-10 
 

Table 4.2.1. Aramid basic properties 

 

Regarding the aluminum, it has been decided to use the 2024 aluminum alloy. The reason 

is because this is one of the most used high-hardness aluminum alloys in aerospace, due 

to its great relation strength/weight and its fatigue resistance. This alloy has been tested 

in several researches regarding ballistic protection. The following table shows its basic 

properties: 

 

Density (kg/m3) Young’s Modulus (Pa) Poisson’s Ratio (-) 

2780 7.31×1010 0.33 
 

Table 4.2.2. 2024 Aluminum basic properties 

 

To represent the fracture of aluminum, it has been used the Johnson-Cook method, which 

considers the behavior of the material as a function of the strain rate, as well as the thermal 

softening. This method is suitable for a wide range of tensions-strains of many materials.  

 

The Johnson-Cook plasticity model is defined in Abaqus. The information needed to 

define the model in the ‘Property’ module has been obtained from the research developed 

by K. Senthil, M.A. Iqbal, B. Arindam, R. Mittal and N.K. Gupta [40], where 2024 

aluminum alloy plates are tested. 

 

On the other hand, the ceramic used as face material for the armor is the silicon carbide. 

This is a great candidate to provide ballistic protection, as explained by Vicente Sánchez 

Gálvez in ‘Materiales para la  efense’ [15], due to its high performance and weight 

efficiency. Alumina are highly used in this field because of their low cost. However, their 
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weight constitutes a drawback. On the other hand, boron carbide shows higher mechanical 

properties and lower weight, but its too high cost reduces its use to specific cases where 

low material is needed, such as helicopter seats. 

 

Basic properties of silicon carbide are found in the following table: 

 

Density (kg/m3) Young’s Modulus (Pa) Poisson’s Ratio (-) 

3100 4.1×1011 0.14 
 

Figure 4.2.3. Silicon carbide basic properties 

 

Moreover, to model the damage of the silicon carbide it has been used the Johnson-

Holmquist 2 (JH-2) model, which describes the mechanical behavior of brittle materials. 

Since Abaqus does not include this model on its material properties module, it needs to 

be added to the .inp file, where all the information about the model is found. The 

parameters of silicon carbide used to define the JH-2 have been taken from the book ‘The 

Science of Armour Materials’, edited by Ian G. Crouch. [41] 

 

Finally, for the projectiles the material used has been steel, modelled as an isotropic 

material with the following properties: 

 

Density (kg/m3) Young’s Modulus (Pa) Poisson’s ratio (-) 

7850 2.1×1011 0.3 

 

Table 4.2.4. Steel properties 

 

The projectiles have been stated to have a total mass of 1,82×10-3 kg.  

 

4.3. ASSEMBLY 

 

As explained before, only a quarter of the whole model has been represented, being the 

rest assigned considered by symmetry. Thus, the projectile has been located at the bottom-

left corner, at a distance of one millimeter from the plate. 
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Figure 4.3.1. View of the model assembly 

 

4.4. INTERACTIONS 

 

In the ‘Interaction’ Abaqus module, the behavior of each part with respect to both itself 

and the other parts is modelled. 

 

In first place a ‘general contact’ interaction has been defined in order to model the 

behavior of two surfaces when they enter in contact. This has been applied for every 

surface in the model. First, when modelling the tangential contact between surfaces it has 

been assumed that friction is small enough to consider surfaces as frictionless. This is 

assumed for simplification; however, it would be of interest in future studies to observe 

how friction can influence in the results. Secondly, the normal contact between surfaces 

has been stablished as hard contact. 

 

On the other hand, two constraints have been defined. The first one considers the 

projectile as a rigid body, meaning that its motion is determined by the motion of a single 

node, called reference node. The relative position of all the elements in the rigid body 

keep constant in the simulation, so that there is no deformation of these elements. 

 

The second is a tie constraint that defines the interaction between the ceramic plate and 

the aluminum/Kevlar one. This is applied to the contact surfaces, as shown in the figure 

below. This constraint ties both surfaces together, meaning that no relative motion exists 
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between them. They keep attached to each other until failure of the elements close to the 

interface. 

 

 

Figure 4.4.1. Tie constraint between plate surfaces in contact 

 

4.5. DEFINITION OF PROBLEM CONDITIONS 

 

The problem conditions describing the model are defined in the ‘Load’ module. In first 

place the boundary conditions are stablished. The first boundary condition defined is the 

‘encastre’ applied to the external sides of the plates, as shown in figure 4.5.1., making it 

fixed such that this area is restricted from any motion. 
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Figure 4.5.1. Encastre application zone 

 

Secondly, the symmetry has been applied, meaning that every motion perpendicular to 

the symmetry plane surfaces is impeded. In the figure below, it can be seen the regions 

of application of the symmetry condition. 

 

                                  

Figure 4.5.2. Symmetry application regions 

 

Moreover, the projectile has been restricted from any rotation and any motion not 

perpendicular to the plate. This condition is applied to the reference node of the rigid 

body, as shown in figure 4.5.3. 
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Figure 4.5.3. Restriction from any motions excepting displacement in z-direction 

 

Finally, as an initial condition the velocity of the projectile is defined in this module. It is 

defined as a ‘translational only’ velocity in the z-direction. Several values for this 

parameter will be tested in order to find the ballistic limit for each projectile and armor 

configuration. 

 

4.6. MESH 

 

The last step before performing the simulation is defining the mesh of the different parts 

composing the model, this is, dividing the parts into small elements over which the results 

will be developed separately, as explained in previous sections, as a function of the 

calculus performed on the nodes connecting them.  

 

As mentioned before, meshing of the plates will follow a distribution so that there will be 

a higher number of elements in the center in order to get more precise results in the real 

interest area, which is the area where the projectile will impact. Thus, the final scheme of 

the mesh has an aspect similar to the figure below. 
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Figure 4.6.1. Mesh geometry 

 

Here it is important to perform a sensitivity analysis. This consists on running several 

simulations varying the number of elements in which the model is divided. The higher 

the number of elements, the more accurate the results will be, but the time spent on 

performing the analysis will also increase. However, for a high number of elements the 

results are expected to approach to concrete value so that the small increase in their 

accuracy is not considered to compensate the penalty of calculus time. Thus, the 

sensitivity analysis allows to optimize the time without stopping guaranteeing the 

reliability of the results. 

 

The analysis has been performed on a composed armor containing a front 3 mm thick 

silicon carbide plate and a rear 3 mm thick aluminum plate. A spherical projectile has 

been modelled to impact the ceramic plate with a velocity of 1000 m/s. The parameter 

selected to be analyzed with the number of elements is the Von Mises stresses at the first 

element that enters in contact with the projectile, this is, the lower-left corner element that 

would be the center of the plate when symmetry is accounted for, as shown in the figure 

4.6.2. 

 

Figure 4.6.2. Selected element for the sensitivity analysis 
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Regarding the distribution of elements, the focus has been put on the square partition and 

the thickness of the plates, so that when increasing the number of elements, this has been 

done mainly in these areas. The results of the sensitivity analysis are presented in the 

following graph. 

 

Figure 4.6.3. Mesh sensitivity analysis for the first contact point between projectile and plate 

 

As expected, for a low number of subdivisions the values obtained do not seem to be 

reliable. However, for a number of elements of about 7×105 the results stabilize. In order 

to confirm the analysis, a similar study of Von Mises stresses has been performed on the 

opposite element, this is, the point through which the projectile exits the armor, shown in 

figure 4.6.4. 

 

 

 

Figure 4.6.4. Selected element for the second sensitivity analysis 
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Figure 4.6.5. Mesh sensitivity analysis at the projectile exit point 

 

As it can be seen, the above graph stabilizes at about the same number of elements as the 

previous one, thus confirming the previous results. Therefore, it has been decided to set 

the number of elements in 77000, which will be increased or decreased proportionally 

when the thickness of the plates is modified. This way, the figure below shows the final 

mesh aspect.  

 

 

Figure 4.6.6. Final mesh view 
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5. RESULTS 

 

In the following sections the results of the simulations will be displayed and analyzed. 

The ballistic behavior of the model will be studied with the variation of several 

parameters. 

 

The study has been performed by measuring the ballistic limit of the model. As explained 

previously, the ballistic limit is known as the maximum impact velocity for which the 

projectile does not completely perforate the target. It has been obtained by simulating 

numerous impacts with different impact velocities, obtaining a graph displaying the 

residual velocity of the projectile when it exits the plate as a function of the impact 

velocity. 

 

In order to support the numerical results, the analytical Recht-Ipson curve, described in 

previous sections, has been obtained with the data retrieved from Abaqus to approximate 

the evolution of the residual velocity and compare it with the numerical solutions. 

 

As explained before, two configurations have been studied., both containing silicon 

carbide as face material. Behind the ceramic, aluminum and Kevlar have been separately 

studied. This way, the study of the different variables has been developed in both models 

to be finally compared in this section. 

 

 

5.1. EFFECT OF THE MATERIALS PROPORTION 

 

5.1.1. CERAMIC/ALUMINUM ARMOR 

 

In first place, the effect of altering the proportion of the two materials with respect to each 

other was studied. To do this, a total thickness of 10 mm has been set for the model, then 

only inversely modifying the thickness of each material.  
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A first configuration consisting of a 5 mm thick silicon carbide plate and together with a 

5 mm aluminum one has been put on simulation subjected to an impact of a spherical 

projectile 

 

Figure 5.1.1.1. Residual velocity for tAl = 5 mm and tSiC = 5 mm 

 

In the curve shown in figure 5.1.1.1., the values obtained for the residual velocity in this 

configuration are displayed. The ballistic limit found is 459 m/s. Moreover, the 

comparison with the analytical Recht-Ipson curve shows that, even though some 

numerical values do not coincide with the analytical calculations, they are consistent and 

close enough to the curve so that they can be considered good results. 

 

Following the research developed by V. Sánchez Gálvez and L. Sánchez Paradela, where 

they showed the effectivity of the armor for a higher thickness of ceramic, the 

modifications have focused on increasing the quantity of ceramic with respect to 

aluminum/Kevlar. Thus, the next configuration increases the thickness of silicon carbide 

to 6 mm, while reducing the aluminum thickness to 4 mm: 
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Figure 5.1.1.2. Residual velocity for tAl = 4 mm and tSiC = 6 mm 

 

As expected, the ballistic limit increases slightly when the amount of ceramic is higher 

than the aluminum, as it can be seen in figure 5.1.1.2. In this case it has been found to be 

497 m/s.  

 

In next test the percentage of the ceramic plate thickness has been increased to a 70% 

while the percentage of the aluminum thickness has been reduced to a 30%. Results are 

shown in figure below. 

 

 

Figure 5.1.1.3. Residual velocity for tAl = 3 mm and tSiC = 7 mm 
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The resultant graph shows that the ballistic limit, keeps growing when more aluminum is 

being substituted by ceramic. For this configuration it has been obtained a ballistic limit 

of 518 m/s. This tendency persists for even greater ceramic quantity, as it is shown in the 

graph of figure 5.1.1.4. for a 80% of ceramic and a 20% of aluminum. 

 

 

Figure 5.1.1.4. Residual velocity for tAl = 2 mm and tSiC = 8 mm 

  

For a 8 mm thick ceramic plate the ballistic limit obtained is 549 m/s, being the higher of 

the tested configurations. The results got for the different tests varying the proportion of 

ceramic/aluminum quantities are summarized in the table 5.1.1. 

 

 

SiC thickness (mm) 8 7 6 5 

Ballistic limit (m/s) 549 518 497 459 

 

Table 5.1.1. Ballistic limit for different SiC/Al configurations 

 

From the results it can be concluded that silicon carbide is more efficient than aluminum 

2024 alloy, since the ballistic efficiency of the composed armor increases for a higher 

quantity of ceramic. However, as explained in previous sections, the main drawback of 

ceramic materials for ballistic protection is their brittleness. It is needed a ductile material 

behind to protect from ceramic fragments when it breaks. Thus, aluminum is necessary 
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for the armor and its use cannot be avoided, but instead a different material such as Kevlar 

can be tested to perform this task. 

 

Regarding the comparison between numerical and analytical results, in all the cases the 

numerical values almost fit with the adjusted Recht-Ipson curve, so they meet the 

expectations even though there are some specific values that show some error with respect 

to the analytical calculations. 

 

Figure 5.1.1.5. shows the model view with the distribution of stresses when the sphere 

has perforated the armor, at an impact velocity of 1 m/s higher than the ballistic limit, for 

a 5 mm ceramic/5mm aluminum configuration. It can be seen that stresses are 

concentrated immediately around the area through which the projectile passes. 

 

 

Figure 5.1.1.5. View of the model and stress distribution after impact 

 

5.1.2. CERAMIC/KEVLAR ARMOR 

 

In order to analyze the differences of the behavior of the armor when using aluminum or 

Kevlar, the same test performed in the previous section has been developed using Kevlar 

as the back material. Thus, different armors with a total thickness of 10 mm have been 

tested against impact varying the percentage of each material in the model. 
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As in the aluminum test, the first model to be studied is an armor containing the same 

quantity of ceramic and Kevlar. The evolution of the residual velocity with the impact 

velocity, together with the analytical curve, is provided in figure 5.1.2.1. 

 

 

Figure 5.1.2.1. Residual velocity for tKevlar = 5 mm and tSiC = 5 mm 

 

 

The ballistic limit obtained is 697 m/s, higher than the one obtained with the same 

configuration but containing aluminum instead of Kevlar. 

 

Higher ballistic behavior is found for a 60% of ceramic, as shown in figure 5.1.2.2. The 

ballistic limit is found to be 723 m/s. As in the case of aluminum, the ballistic efficiency 

increases with respect to a configuration containing two plates of equal thickness. 
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Figure 5.1.2.2. Residual velocity for tKevlar = 4 mm and tSiC = 6 mm 

 

The increase of ceramic quantity to a 70% demonstrates, however, an opposite behavior. 

While for aluminum as back material the ballistic efficiency keeps increasing with the 

percentage of ceramic, when using Kevlar instead the ballistic limit drops significantly. 

In this test the obtained numerical value was 649 m/s. Results regarding the evolution of 

the residual velocity can be found in figure 5.1.2.3. 

 

Finally, for a 80% of ceramic the behavior of the armor keeps decreasing, in this case to 

a value of 607 m/s, thus confirming the results of the previous step, as it can be seen in 

figure 5.1.2.4.  

 

The comparison with the Recht-Ipson curve follows keeps the same line as in the 

aluminum case, since the numerical results mostly fit with the curve, although some errors 

can be found. 
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Figure 5.1.2.3. Residual velocity for tKevlar = 3 mm and tSiC = 7 mm 

 

 

Figure 5.1.2.4. Residual velocity for tKevlar = 2 mm and tSiC = 8 mm 

 

Finally, the resulting results for the ballistic limit of this section are summarized in table 

5.1.2. 

 

SiC thickness (mm) 8 7 6 5 

Ballistic limit (m/s) 607 649 723 697 

 

Table 5.1.2. Ballistic limit for different SiC/Kev configurations 
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In figure 5.1.2.5 the view of the projectile after perforating the armor is shown. Contrarily 

to the aluminum case, stresses are more distributed around the area through which the 

projectile passes. 

 

 

 
Figure 5.1.2.5. View of the model and stress distribution after impact 

 

 

 

5.1.3. COMPARISON BETWEEN CONFIGURATIONS 

 

 

To analyze and discuss the influence of the percentage of ceramic in the armor it results 

useful to group together the results obtained previously, in order to compare and discuss 

them. Thus, the graph in figure 5.1.3.1. shows the evolution of the ballistic limit as a 

function of the percentage of ceramic with respect to the total armor thickness. 

 

The differences in the evolution of the ballistic behavior between both cases can be easily 

appreciated, as explained before. The ceramic/Kevlar combination reaches its maximum 

efficiency for a 60% of ceramic, but then drops for higher percentages. On the contrary, 

the ballistic limit when using aluminum grows almost linearly with the increase of the 

quantity of SiC, being maximum for a 80%. 
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Figure 5.1.3.1. Ballistic limit as a function of SiC percentage 

 

Another important aspect to notice is that the minimum ballistic limit found in this test 

for the ceramic/Kevlar configuration is still higher than the maximum value obtained for 

the other case. This makes evident the differences between the ballistic performance of 

Kevlar and aluminum, being Kevlar much more efficient than aluminum, even being 

lighter than this metal. 

 

 

Figure 5.1.3.2. View after perforation. Left: Ceramic/Kevlar. Right: Ceramic/Aluminum 

 

In figure 5.1.3.2. it can be appreciated the different behavior of Kevlar and aluminum, 

where aramid is shown to experiment larger deformations before failing. 
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5.2. INFLUENCE OF ARMOR TOTAL THICKNESS 

 

Once the proportion of materials has been optimized, the next variable to be studied is the 

total thickness of the armor. In order to assess its influence, it has been selected the most 

ballistically efficient configuration obtained from the previous section for both 

ceramic/aluminum and ceramic/aramid armors and different models have been tested 

varying their total thickness but keeping constant the relation between the amount of each 

material.  

 

Even though it seems logic that the ballistic efficiency of the armor will increase with 

thickness, it results of interest to observe with more detail the evolution of this efficiency 

to see how it behaves with the variation of this parameter, not only if it increases, but also 

how. 

 

 

5.2.1. CERAMIC/ALUMINUM ARMOR 

 

 

In the case of the configuration containing aluminum as the material behind the ceramic, 

the best results were found for an 80% of ceramic and a 20% of aluminum. Thus, this 

relation has been fixed. 

 

A total of four different models with different thicknesses have been tested against impact 

to get again their ballistic limit. The first one has been set to be 7,5 mm thick, thus 

containing 6 mm of ceramic and 1,5 mm of aluminum. With this armor it has been 

obtained a ballistic limit of 468 m/s. The evolution of the residual velocity with the impact 

velocity is shown in figure 5.2.1.1. 
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Figure 5.2.1.1. Residual velocity for a total thickness of 7,5 mm 

 

The second model contains 8 mm of ceramic and 2 mm of aluminum to get a total 

thickness of 10 mm. This model is the one studied in previous section, so the results 

obtained have been taken again in this step. Remembering, it was obtained a ballistic limit 

of 549 m/s which is, as expected, higher than the obtained for a lower thickness. 

 

In the third case it has been set a thickness of 12,5 mm for the model, composed by 10 

mm of ceramic plus 2,5 mm of aluminum. Results regarding the residual velocity are 

plotted in figure 5.2.1.2. 

 

 

Figure 5.2.1.2. Residual velocity for a total thickness of 12,5 mm 
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As it can be seen in the graph, the ballistic limit keeps increasing with thickness. In this 

case it has been obtained a result of 608 m/s for this parameter. 

 

The last case studied has a thickness of 15 mm, containing 12 mm of ceramic and 3 mm 

of aluminum. For this model the ballistic limit obtained is 658 m/s. The evolution of the 

residual velocity can be found on figure 5.2.1.3. 

 

 

Figure 5.2.1.3. Residual velocity for a total thickness of 15 mm 

 

Finally, once the results have been obtained, they can be compared. In order to provide a 

better view of how the ballistic efficiency evolves with the armor thickness, the graph 

shown in figure 5.2.1.4. is provided. In this graph the previous results have been plotted 

together displaying the ballistic limit as a function of the total thickness. From the figure 

it can be seen an almost linear behavior of this evolution. 
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Figure 5.2.1.4. Evolution of the ballistic limit with total armor thickness for ceramic/aluminum 

configuration. 

 

5.2.2. CERAMIC/KEVLAR ARMOR 

 

Contrarily to the aluminum, the most effective proportion of materials for the 

ceramic/Kevlar combination has been found on a 60% of ceramic and a 40% of Kevlar. 

Thus, these percentages have been fixed, while the total thickness has been varied in the 

same way as in the previous case. The first model to be studied has a total thickness of 

7,5 mm, consisting of 4,5 mm of ceramic and 3 mm of Kevlar. 

 

 

Figure 5.2.2.1. Residual velocity for a total thickness of 7,5 mm 
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The results of the first model are found on figure 5.2.2.1. The ballistic limit obtained for 

this configuration is 619 m/s. 

 

The second model is 10 mm thick and corresponds to the previously studied case 

consisting of 6 mm of ceramic plus 4 mm of Kevlar. The results are then found in 5.1.2. 

in which the obtained ballistic limit was 723 m/s. 

 

The results for the third model can be seen in figure 5.2.2.2. In this case the armor is 12,5 

mm thick, with ceramic and Kevlar plates having a thickness of 10 mm and 2,5 mm 

respectively. The calculated ballistic limit is 779 m/s, following an increasing tendency 

for higher thickness. 

 

 

Figure 5.2.2.2. Residual velocity for a total thickness of 12,5 mm 

 

The last case is a 15 mm thick armor, composed by 9 mm of SiC and 6 mm of Kevlar. 

This is the most efficient model with a ballistic limit of 868 m/s. The evolution of the 

residual velocity is plotted on figure 5.2.2.3. Thus, as expected, the ballistic efficiency of 

the armor does not stop increasing with thickness, in the same way as in the aluminum 

model. 
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Figure 5.2.2.3. Residual velocity for a total thickness of 15 mm 

 

The results of this section are finally summarized in the following graph. As in the case 

of aluminum, it can be observed a linear behavior of the evolution of the ballistic 

efficiency of the armor with respect to the total thickness. 

 

 

Figure 5.2.2.4. Evolution of the ballistic limit with total armor thickness for ceramic/Kevlar 

configuration 
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5.2.3. COMPARISON BETWEEN CONFIGURATIONS 

 

In this section the results obtained regarding the evolution of the ballistic efficiency with 

the increase of the total thickness are put together for both configurations in order to have 

a better view of this study. This way, the following graph shows the numerical values 

obtained in the previous sections: 

 

 

Figure 5.2.3.1. Evolution of the ballistic limit with the total armor thickness 

 

As it can be seen in the figure, contrarily to the study of the influence of the percentage 

of each material in the armor, in this case both combinations of materials behave in the 

same way, this is, their ballistic limit evolves almost linearly with the total thickness of 

the armor. The slope of both curves is quite similar, keeping the difference of their values 

in 150-200 m/s, showing the ceramic/Kevlar combination a clearly higher performance. 
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5.3. INFLUENCE OF THE SHAPE OF THE PROJECTILE 

 

The last aspect of influence on the ballistic efficiency to be studied is the effect of the 

shape of the projectile. Up to this moment, tests have been performed using a spherical 

projectile. In this section two more shapes will be studied, consisting of cylindrical 

projectiles: one with planar ends, and the other with a conical shape on one of its ends.  

Results will be discussed at the end of the section. 

 

In first place the cylindrical projectile with planar ends is studied. The armor selected for 

the study is the most effective one resulting from the previous sections for both 

ceramic/aluminum and ceramic/Kevlar configurations. In the case of the aluminum, it is 

the one containing 12 mm of ceramic plus 3 mm of metal; in the case of Kevlar, 6 mm of 

aramid behind 9 mm of ceramic have been tested. 

 

In first place, the evolution of the residual velocity for the aluminum model are found in 

figure 5.3.1. Looking at the results, it is clear the reduction of ballistic efficiency related 

to the case of a spherical projectile. Now the ballistic limit has been reduced to 577 m/s. 

 

 

Figure  5.3.1. Residual velocity for a ceramic/aluminum armor and cylindrical projectile 

 



 

54 

 

In the same way, after simulating an impact with the same projectile against the 

ceramic/Kevlar armor, it has also been observed a reduction in its behavior. Results for 

this case can be seen in figure 5.3.2. The obtained ballistic limit was 646 m/s. 

 

 

Figure 5.3.2. Residual velocity for a ceramic/Kevlar armor and cylindrical projectile 

 

Finally, the results obtained from the simulations using the projectile with conical shape 

are displayed hereunder. The conical shape at one of the projectile ends is the typically 

used for penetrating projectiles, designed to perforate armors behind which the target is 

supposed to be. Thus, this is the type of bullet is expected to be the most harmful one in 

the simulations. 

 

The ceramic/aluminum armor results for a conical projectile are displayed in figure 5.3.3. 

As expected, the ballistic limit is found to be much lower than in the previous cases, with 

a value of 399 m/s.  

 

On the other hand, a same behavior is obtained for a ceramic/aramid armor. The ballistic 

limit drops until a value of 416 m/s for this configuration. The results can be checked in 

figure 5.3.4. 



 

55 

 

 

Figure 5.3.3. Residual velocity for a ceramic/aluminum armor and conical projectile 

 

 

Figure 5.3.4. Residual velocity for a ceramic/aramid armor and conical projectile 

 

To finish, the results obtained from the simulations developed with the three different projectiles 

are summarized in table 5.3.1. In this table it is possible to clearly observe the variations of the 

ballistic limit of a 15 mm thick armor when subjected to impact of different shapes, both for 

ceramic/aluminum and ceramic/aramid configurations. Moreover, figure 5.3.5. includes a bar 

graph of these results to get a better visualization. 
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 Spherical Projectile Cylindrical Projectile Conical Projectile 

Ceramic/Aluminum 678 577 399 

Ceramic/Aramid 868 646 416 

 

Table 5.3.1. Ballistic limit (m/s) for a 15 mm armor with different configurations and projectiles 

 

 

 

Figure 5.3.5. Ballistic limit for a 15 mm armor with different configurations and projectiles 

 

 

From the table and the graph it can be seen the drop in ballistic efficiency for both 

configurations, first when changing to a cylindrical projectile and especially when using 

a conical projectile, due to a higher stress concentration. This decrease in the ballistic 

limit is even higher for the case of aramid as back material, since for a spherical projectile 

this configuration obtained a value almost 200 m/s higher than the ceramic/aluminum 

armor, while for a conical projectile this difference is reduced to less than 20 m/s. 

 

It is important to mention that the assumption of rigid body affects especially the behavior 

of the armor against the conical projectile. As explained in section 2.1.1., one of the 

advantages of ceramics in the ballistic protection field is that they are highly effective 

against AP (armour-piercing) projectiles, due to their ability to deform the tip of the 
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projectile and increase its cross-section in a ‘mushrooming’ effect. Thus, in future studies 

it would be of interest to investigate how the assumption of rigid body affects the 

perforation abilities of the projectile. 

 

In figure 5.3.6. it is possible to observe how the distribution of stresses splits over a larger 

area for an impact of a spherical projectile, while in the other cases it can be see a higher 

stress concentration, especially in the case of a conical projectile. It corresponds to the 

ceramic/aluminum configuration at the ballistic limit velocity. 

 

        

 

Figure 5.3.6. Impact view at the ballistic limit velocity for the three different projectiles 
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5.4. WEIGHT ANALYSIS 

 

As it has been already explained previously, weight is a key factor to take into account 

when working with aeronautics. Along this project it has been always selected the 

configurations that provided the best ballistic behavior, but it is very important to take 

into account the weight that these options suppose. This section is focused to assess the 

weight of different models tested, in order to discuss their viability when compared. 

 

Remembering, the first aspect to be studied was the influence of the percentage of each 

material in the armor. It results of interest to study how the selection of this percentage 

affects the weight of the model, especially for the ceramic/aluminum case in which the 

most efficient configuration sacrificed most part of the lighter material, having a 80% of 

ceramic, heavier than aluminum. Thus, table 5.4.1. summarizes the masses of the 

ceramic/aluminum configuration for varying percentage of materials, same models of 

section 4.1.1. 

 

 80% SiC 70% SiC 60% SiC 50% SiC 

Mass (kg) 4,96 4,806 4,755 4,704 

 

Table 5.4.1. Armor mass for ceramic/aluminum configuration varying percentage of SiC 

 

The model containing a 80% of silicon carbide is found to be a 5% heavier than having 

equal quantities of ceramic and aluminum but, on the other hand, its ballistic limit was 

found to be much higher. Thus, it can be considered that its ballistic efficiency overcomes 

the penalty of a 5% more weight. However, an alternative option could be found in using 

an armor with a 70% of SiC instead, reducing weight to only a 2% heavier than for 50% 

of SiC, and being its ballistic limit not so affected. 

 

In the same way, regarding the case of ceramic/Kevlar armor, the configuration selected 

was a 60% of ceramic plus a 40% of Kevlar. In table 5.4.2. the masses of models tested 

in section 4.1.2. are displayed. 
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 80% SiC 70% SiC 60% SiC 50% SiC 

Mass (kg) 4,341 4,031 3,721 3,411 

 

Table 5.4.2. Armor mass for ceramic/Kevlar configuration varying percentage of SiC 

 

The selected model is 300 g heavier than for equal quantities of materials. This represents 

a 9% more weight, too much compared with the differences in their ballistic efficiency 

(section 4.1.2.). Thus, the best option for a real case would be to select a configuration 

containing same percentage of SiC and Kevlar. 

 

Finally, a mass comparison between the final models selected for both ceramic/aluminum 

and ceramic/Kevlar armors after assessing the different parameters studied has been 

performed. Remembering, the final selected configuration for the aluminum case was an 

armor containing 12 mm of SiC and 3 mm of aluminum. On the other hand, the option 

that uses Kevlar was composed by 9 mm of SiC and 6 mm of aramid. Table 5.4.3. shows 

the mass results for these configurations. 

 

 12 mm SiC / 3 mm Al 9 mm SiC / 6 mm Kevlar 

Mass (kg) 7,286 5,582 

 

Table 5.4.3. Armor mass for the final selected configurations 

 

The aluminum model has been found to be a 30% heavier than the Kevlar model. This 

makes clear the higher performance of Kevlar than other metals used in the industry, 

because of its higher ballistic behavior and its essential decrease of weight. 
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6. REGULATORY FRAMEWORK AND SOCIOECONOMIC 

CONTEXT 

 

• Regulatory framework 

 

As it has been explained previously in this document, ballistic protection follows specific 

standards, being the most common the NIJ Standards and NATO Standards. They 

establish armor protection levels in terms of a set of criteria, such as the projectile caliber, 

velocity or mass. 

 

NIJ Standards are American normative, being the most extended in the world when 

working with body armors. However, for light vehicles the STANAG 4569 Standard 

defined by the North Atlantic Treaty Organization (NATO) is the most extended, and the 

most common for aerospace applications. 

 

Therefore, the normative to be applied in this project is the STANAG 4569 NATO 

Standard. 

 

 

• Socioeconomic impact 

 

Protection field is one of the oldest worrying of human being. Its relevance in the industry 

is extremely high since it is one of the areas critical for saving human life.  

 

As it has been said in the very beginning of this work, there will come the moment in 

which weapons will not exist anymore, but at the moment it is needed to be provided with 

the most effective vehicle armors since weapons’ industry capacities keep growing and it 

is a must to reach the level imposed. It is necessary, not only because of the threat of wars, 

but also because of all the operations taking place in dangerous places. 

 

The development of these types of project is necessary because it is an efficient way to 

test lots of different armors and conditions, saving much money and time that would mean 

to perform all these tests experimentally. 
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• Project budget 

 

Costs associated to this project are divided into labour costs, equipment and software. For 

the estimation of labour costs, they are estimated as the salary of specialized personal, 

which in this case has been assumed 15€/hour for an aerospace technical engineer, while 

the estimation of the time spent to the development of this project is about 450 hours. 

 

Moreover, for the equipment, it has been included the cost of a laptop powerful enough 

to work fluently with the required software. 

 

Finally, software costs include the license cost of Abaqus [42] used to design de model 

and perform the simulations, and Matlab [43] used to represent graphically the results 

obtained. 

 

Thus, table 6.1. summarizes these costs: 

 

 Cost Total [€] 

Labour costs 15 [€/h] × 450 [h] 6750 

Abaqus license 33650 [€] 33650 

Matlab license 26314 [€] 26314 

Equipment 1000 [€] 1000 

  67714 

Table 6.1. Project costs 

 

Note that these costs do not include light and electricity costs. 
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7. CONCLUSIONS AND FUTURE STUDIES 

 

7.1. CONCLUSIONS 

 

In this project a study of the ballistic behavior of aramid and aluminum structures has 

been performed by means of a numerical Finite Element Model developed in Abaqus. 

Several conclusions can be taken both from the development of this work and the results 

obtained. 

 

The main conclusion is that it has been confirmed the effectiveness of aramid with respect 

to aluminum. Not only in terms of ballistic behavior, but also in terms of weight reduction. 

Aramid has demonstrated a much higher performance than aluminum with less than half 

of the weight of this metal. Thus, the main objective of this study is considered to be 

fulfilled. However, it is important to clarify that the economic increase that would suppose 

the use of aramid in a real aircraft instead of aluminum is something to take into account 

and that should be studied in future works. 

 

Moreover, this study has allowed an increase in Abaqus software skills and 

understanding, since it has been possible to learn about its possibilities in the engineering 

field and improve its use at higher levels than those developed along the studieduniversity 

degree. 

 

Finally, regarding the study of the influence of different parameters on the ballistic 

behavior, the following conclusions have been extracted: 

 

• First, from the study of the proportion of the materials in the model, it has been 

found that for a ceramic/aluminum armor the ballistic efficiency increases with 

the percentage of ceramic, so that the highest value of the ballistic limit has been 

found in the 80/20 configuration. On the other hand, the ceramic/Kevlar model 

had its maximum efficiency at the 60/40 configuration. 
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• The study of the influence of the total thickness of the armor showed similar 

behaviors in both models, in which a linearly increase of the ballistic limit with 

thickness was found. 

 

• Results found on the analysis of influence of the projectile shape confirmed the 

decrease in ballistic efficiency for a conical projectile, for which the ballistic limit 

was the lowest. The spherical projectile has been found to be the less harmful for 

the armor. This is due to the stresses distribution, which are more localized in the 

case of a conical projectile, producing more damage. 

 

• From the weight analysis it has been concluded that the most ballistically 

protective models may not be the best option when thinking about the problem of 

weight. This way, it can be considered that it is possible to reduce the ballistic 

efficiency in some configurations due to the weight advantage that it would 

suppose. The 80/20 ceramic/aluminum configuration may be substituted by a 

70/30 one without losing too much ballistic behavior. In the case of Kevlar, a 

50/50 combination would probably be a better option than a 60/40 configuration. 

Moreover, it has been confirmed the weight penalty that would be the use of 

aluminum instead of Kevlar. 

 

7.2. FUTURE STUDIES 

 

In this section some studies that could be developed in the future in order to improve this 

investigation will be described. Various simplifications have been assumed for the 

development of this project. Future works could be oriented to reduce them in order to 

improve the precision of the results. 

 

• Firstly, it would be of high interest to observe how the assumption of rigid body 

for the projectiles have influenced the results, especially for the case of a conical 

one. As it has been explained, one of the advantages of ceramics against this type 

of bullets is that they can deform the projectile tip, thus reducing their damage. 

Therefore, a future study should model the projectile as a real deformable one. 
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• Moreover, it would also be interesting to assess the assumption of no friction 

between surfaces in contact, studying how it behaves when friction is considered. 

 

• Although the influence of various parameters has been studied along this project, 

there are more aspects whose effect on the ballistic behavior would be interesting 

to evaluate, such as the effect of curvature in the armor or the influence of the 

angle of attack of the projectile. 

 

• As explained in the descriptions of the materials used to provide ballistic 

protection, ceramics are usually disposed in a mosaic configuration so that the 

impact of a projectile does not brake the whole armor but only the single ceramic 

plate where it impacts. For future studies it would be recommendable to model 

the ceramic layer as a mosaic to have a more precise view of how it behaves. 

 

• Finally, it is important to clarify that this model has not been validated. It 

corresponds to an approximation of how the armors studied would behave but, for 

investigating if this model would be valid for the industry, future works should 

search and analyze experimental results to compare with those obtained in this 

project. 
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