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Abstract 

Extreme events, whether natural occurring or manmade can have catastrophic consequences, 

endangering people. Given the current geopolitical situation, there is a need to better protect structures 

against these threats, minimizing damage to critical infrastructure and safeguarding human lives. Due 

to this necessity, the Research, Development, and Innovation Centre of the Military Academy 

(CINAMIL) funded the “Protection of Infrastructures Subjected to Extreme Actions“ (PrISAEx) project, 

from the Centre of Competence for Infrastructure Protection (CCPI), to better understand this 

phenomena typology and to study ways to mitigate its effects.  Within extreme events, hypervelocity 

impacts (speeds greater than 2000 m/s or 3000 m/s) must be considered.  

Therefore, this dissertation will study the behaviour of concrete when faced with hypervelocity 

impacts, with the goals of evaluating the protective capabilities of concrete structures with the addition 

of 3 layers of ceramic spheres. The hypervelocity will be achieved using a shaped charge inspired by 

the PG-7VM warhead, launched by the RPG-7. 

For this purpose, LS-DYNA was used to create axisymmetric numerical models of the shaped 

charge impacting plain concrete targets, as well as concrete targets with the added ceramic spheres. 

These models were validated with an experimental campaign where the achieved penetration, affected 

diameter, entry diameter and loss of volume of the different targets were analysed. Furthermore, it was 

possible to retrieve liners after opening the targets, which provided additional data regarding the loss 

of their mass.  

For the experimental campaign, 3 types of targets were used: S type targets, filled with plain 

concrete; E type targets were filled with concrete with 3 layers of ceramic spheres and NN targets have 

the same composition as E targets with the addition of a non-Newtonian fluid, filling the gaps between 

the spheres. 

With the experimental campaign, it was found that the addition of the spheres resulted in 

decreasing penetration on target by 0,38% and that combining spheres and non-Newtonian fluid caused 

a 20% reduction in penetration. Furthermore, it was possible to verify that the available analytical 

penetration models significantly overestimate penetrations, which makes sense considering the 

difficulties in translating the behaviour of a brittle and non-homogeneous material. 
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Resumo 

Eventos extremos, sejam de origem natural ou humana, podem ter consequências catastróficas, 

colocando em risco vidas humanas. Dada a atual situação geopolítica, é necessário proteger melhor 

as estruturas contra estas ameaças, minimizando os danos em infraestruturas críticas e 

salvaguardando vidas humanas. Devido a esta necessidade, o Centro de Investigação, 

Desenvolvimento e Inovação da Academia Militar (CINAMIL) financiou o projeto "Proteção de 

Infraestruturas Sujeitas a Ações Extremas" (PrISAEx), do Centro de Competências para a Proteção de 

Infraestruturas (CCPI), com o objetivo de compreender melhor esta tipologia de fenómenos e estudar 

formas de mitigar os seus efeitos. Entre os eventos extremos, devem ser considerados os impactos de 

hipervelocidade (velocidades superiores a 2000 m/s ou 3000 m/s). 

Assim, esta dissertação estudará o comportamento do betão face a impactos de 

hipervelocidade, com o objetivo de avaliar as capacidades de proteção de estruturas de betão com a 

adição de 3 camadas de esferas de cerâmica. A hipervelocidade será conseguida utilizando uma carga 

de efeito dirigido inspirada na ogiva PG-7VM, lançada pelo RPG-7. 

Para este fim, o software LS-DYNA foi utilizado para criar modelos numéricos axissimétricos da 

carga de efeito dirigido a impactar alvos de betão simples, bem como alvos de betão com 3 camadas 

de esferas de cerâmica. Estes modelos foram validados através de uma campanha experimental onde 

foram analisados a penetração, o diâmetro afetado, o diâmetro de entrada e a perda de volume dos 

diferentes alvos. Além disso, foi possível recuperar partes do liner após a abertura dos alvos, o que 

forneceu dados adicionais sobre a sua perda de massa. 

Para a campanha experimental foram utilizados 3 tipos de alvos. Os alvos do tipo S foram 

preenchidos com betão simples; os alvos do tipo E foram preenchidos com betão com 3 camadas de 

esferas de cerâmica e os alvos do tipo NN têm a mesma composição dos alvos do tipo E, com a adição 

de um fluido não-newtoniano que preenche os espaços entre as esferas.  

Com a campanha experimental, verificou-se que a adição das esferas resultou numa diminuição 

da penetração no alvo em 0,38% e que a combinação de esferas e fluido não-newtoniano causou uma 

redução de 20% na penetração. Além disso, foi possível confirmar que os modelos analíticos de 

penetração disponíveis sobrestimam significativamente as penetrações, o que faz sentido, tendo em 

conta as dificuldades em traduzir o comportamento de um material frágil e não-homogéneo. 
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1. Introduction 

1.1  Context and problem definition 

It is known that humans have a set of basic needs. The National Aeronautics and Space 

Administration (NASA) states that we must have food, water, air, and shelter to survive. If any one of 

these basic needs is not met, then humans cannot survive (Human Needs Exploration: Then and Now 

Background Information, n.d.). Throughout history, humans have constantly improved their living 

spaces, seeking better protection from the elements and better ways to ensure their safety from 

predators or humans. Therefore, construction has always been vital to people, as it is a key part in their 

defence. That being said, in order to protect people, we must understand what threatens structures and 

how to protect them. 

Extreme events, both natural and manmade, can have catastrophic consequences. For this 

reason, in 2022, the Research, Development, and Innovation Centre of the Military Academy (CINAMIL) 

funded the “Protection of Infrastructures Subjected to Extreme Actions“ (PrISAEx) project, from the 

Centre of Competence for Infrastructure Protection (CCPI), to better understand this phenomena 

typology and to study ways to mitigate its effects. Within extreme events, explosions and hypervelocity 

impacts must be considered due to the current geopolitical context, with terrorism, wars and increased 

tensions threatening societies. The Geneva Academy declares that, at the time of writing, there are 

more than 110 armed conflicts.  In some of this conflicts, high-explosive anti-tank (HEAT) warheads are 

being used not only against armour targets but buildings as well. The high effectiveness of HEAT 

warheads results from the presence of shaped charges in their design (Żochowski et al., 2021). 

Technology accessibility, high production cost and training requirements results in having less 

modern and advanced HEAT warheads commonly available, which means they present a lower risk 

when comparing to older and simpler models. Hence, this makes the rocket propelled grenade (RPG) 

series of antitank projectors, the most widely used shoulder-fired antitank weapons in the world, being 

used by armies, militias, insurgents and terrorists (Rottman, 2011). Żochowski et al. (2021) mentions 

that the RPG-7, seen in Figure 1.1,  is still being produced by countries like Russia, China, Egypt and 

Pakistan and being actively used by 90 national armed forces as well as other organizations. For this 

reason, the PG-7VM warhead, launched by the RPG-7, was the inspiration when designing the shaped 

charge for this study. 

Figure 1.1: RPG being used (Candlin, 2024). 
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Historically, shaped charges have been used in non-military industries for drilling and destroying 

obstacles as fast as possible. They are also used with military applications, against safe structures, 

military vehicles, and different armours (Mehmannavaz et al., 2021). Shaped charges development can 

be traced back to 1792 when Franz von Baader, mining engineer, remarked that by forming a hollow in 

a charge, the energy of an explosive blast can be directed to a small area. Then in 1799, von Baader 

observed that if depressions or shapes were cut in an explosive and placed face down on a steel plate, 

these shapes would appear on the plate after the detonation took place. This is known as explosive 

engraving. The influence of the hollow cavity was further studied on the XIX century, first in 1883 by 

von Foerster and then by Charles E. Munroe in 1888. 

Currently, the development and study of shaped charges is still ongoing since there is a constant 

need to refine them with the introduction of new materials and geometries such as the work of Xu et al. 

(2019) regarding hypervelocity shaped charges. Hypervelocity impacts refer to a collision that occurs 

at a speed greater than 2 km/s or 3 km/s, depending on the different metal materials being impacted 

(Signetti et al., 2022). One way to achieve such velocity is by using shaped charges. 

Due to its structural capacity and cost effectiveness, concrete is the most commonly used 

construction material, including in protective structural components and critical infrastructure (Esteban 

et al., 2015), as a result, there is a need to obtain knowledge that leads to the implementation of 

protective measures in concrete structures from the dangers presented by shaped charges. Concrete 

and the beginning of its use can be traced back to the Romans but gained bigger expression in 

construction during the XIX century (Calder, 2013). Through the years, research with this material led 

to development of different types of concrete. A categorization to be made concerns to its compressive 

strength, in which concrete can be divided into normal strength (𝑓𝐶
′ ≤ 50 𝑀𝑃𝑎), high strength (𝑓𝐶

′ ≤

120 𝑀𝑃𝑎) and ultra-hight strength (𝑓𝐶
′ > 120 𝑀𝑃𝑎).  

Current studies evaluating shaped charges interaction with concrete targets can be seen gauging 

their effects on concrete piles (Xue et al., 2022) and testing the influence of different configurations of 

the shaped charge in penetration (Zhang et al., 2022). Further studies assess the response of ultra-

high performance concrete (UHPC) to the charges jet (Resnyansky & Weckert, 2009) or penetration 

into layered and spaced targets such as the work of Wang et al. (2018). Other studies focus on the 

addition of different materials to enhance concretes behaviour when faced with impacts, such as steel-

fibre concrete in Xiao et al. (2020) and ceramics that will be addressed in Chapter 2.3. 

1.2  Motivation and objectives 

The previous problem description also gives some insights into the motivation for this 

dissertation, namely the current geopolitical events that cannot be ignored. 

The understanding of explosives and how to optimize them was an early interest of the author 

since joining the Academy. Shaped charges, due to the complexity of the topic, presented itself as a 

personal challenge and the feeling of being able to obtain knowledge about such intricate phenomena 

was a major driving force. It was also valuable to be inserted in a research and development project. 

To understand some of its development, the continuity within different works and the feeling that this 
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dissertation would hopefully result in adding useful expertise for the Portuguese Army was a major 

motivation source. 

Therefore, this work will focus on evaluating the protective capabilities of concrete structures with 

the addition of 3 layers of ceramic spheres against hypervelocity impacts. Additionally, nonlinear 

numerical models will be developed in the present work, which will be validated through an experimental 

campaign. For the present study, the hypervelocity will be achieved by means of a specially designed 

shaped charge, inspired by the PG-7VM. 

1.3  Dissertation outline 

The present subsection describes the organization of the dissertation: 

• Chapter 1, Introduction: this chapter covers the motivation and objectives of the work 

to be carried out; 

• Chapter 2, Literature review: This chapter aims to cover all the relevant state-of-the-

art on shaped charges, the behaviour of concrete against impacts, ceramics’ uses, as 

well as a brief overview regarding non-Newtonian fluids. Additionally different analytical, 

numerical and experimental models will be covered; 

• Chapter 3, Numerical model: This chapter aims to expose the development of the 

numerical model and the first decisions made based on it. It will also provide the first 

results from said models; 

• Chapter 4, Experimental campaign: This chapter discusses the entire experimental 

campaign, as well as illustrating its results; 

• Chapter 5, Numerical model improvements: This chapter introduces the numerical 

model’s improvements implemented based on the experimental campaign’s findings; 

• Chapter 6, Conclusions: The aim of this chapter is to draw conclusions from the work 

carried out, as well as providing proposals for future work. 

 



 

  



5 
 

2. Literature review 

The present chapter aims at providing insights on shaped charges’ state-of-the-art, the behaviour 

of concrete against impacts, ceramic applications, a brief overview regarding non-Newtonian fluids, and 

the different analytical, numerical and experimental models found to be used regarding hypervelocity 

impacts. 

2.1  Shaped charges 

A shaped charge consists of a cylinder of explosive with a conical cavity lined with a thin layer of 

metal at one end and a detonator at the opposite end (Wang et al., 2008). The charge works by 

explosively collapsing the liner, which forms a high-velocity jet that will impact the target, see            

Figure 2.1. As illustrated in Figure 2.2, this jet can reach velocities up to 6-10 km/s at the tip and 1-3 

km/s at the tail (Cooper, 1996). 

 

The hollow cavity, placed at the opposite end of the detonator, causes the gaseous products, 

formed from the initiation of the explosive, to focus the energy of the detonation products. The focusing 

of the detonation products creates an intense localized force that, when directed against a metal plate, 

is capable of creating a deeper cavity than a cylinder of explosive without a hollow cavity, even though 

more explosive is available in the latter case. This phenomenon is known in the U. S. and Britain as the 

Munroe effect and in Europe as the von Foerster or Neumann effect (Walters & Zukas, 1989). 

Because of the extreme directionality of the energy residing in the jet, it is possible to deliver it to 

a specific location on a target. The pressure generated in the region of impact has been shown to be 

so great that the strength of the jet and target materials could be ignored and, therefore, these materials 

could be treated as perfect fluids (Murphy, 1983). The pressures involved while the collision of the jet 

with the target were detailed in 1948 by Birkoff, MacDougall, Pugh, and Taylor to be close to a million 

atmospheres which forced the target material to flow plastically out of the path of the jet. 

Figure 2.1: Shaped charge composition (Naeem et al., 2019). 

Figure 2.2: Jet velocity gradient (Cooper, 1996). 
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The key factors to better understand the behaviour of shaped charges are the use of a hollow 

cavity, the addition of the liner and the subsequent introduction of the standoff. A representation of the 

above-mentioned key factors and its effects on target can be seen in Figure 2.3. 

2.1.1  Standoff 

The original von Baader (1792) paper also reports earlier standoff effects when discussing 

confinement effects on propellants and the positioning of a small air cavity between the explosive 

powder and the tamping (Walters & Zukas, 1989). It was noted that by having distance between the 

shaped charge and the target, there was an increase of the effects seen on target (Schardin, 1954).  

Cooper (1996) states that at very short standoffs, the jet is still very short and does not have time 

to form or “stretch”. Therefore, the penetration into the target is less than optimal. At very long standoffs, 

the jet breaks up, and each particle hits further and further off centre and is not contributing to the 

penetration at the centre of the target. In addition, the jet is rapidly slowed by air resistance in the case 

of very long standoffs (Austin, 1959). 

As a result, it is possible to correlate standoff and achieved penetration, creating a curve in which 

the highest penetration would be achieved at the optimum standoff. A representation of a general curve 

for a conical shaped charge was given by Walters & Zukas (1989) and is shown in Figure 2.4. Here it 

can be seen that the penetration, scaled by the charge’s diameter (CD) begins to increase as the scaled 

standoff (S.O.) becomes larger. However, as previously referred, there’s a maximum penetration value 

that corresponds to a given standoff. 

Figure 2.3: Effects on target (Walters & Zukas, 1989). 

Figure 2.4: Penetration in relation to standoff curve (Walters & Zukas, 1989). 
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As a general observation, Cooper (1996) also refers that the optimal standoff is between 2 and 

6 charge diameters. This general rule can be refined by accessing more recent literature regarding this 

topic. Kulsirikasem et al. (2011) evaluated the effects of conical shaped charges with different liner 

materials in steel armour. Resorting to the Finite Element Method (FEM), the authors determined that 

the optimum standoff distances for copper, tungsten and tantalum are 3.63CD, 3.89CD and 4.46CD, 

respectively. For concrete targets impacted by an aluminium liner, we can refer to experimental results 

of penetration versus standoff into high strength heavily reinforced concrete by Murphy et al. (1999). 

From his results we can see the biggest penetration occurring when the standoff is equal to 4CD. 

2.1.2  Parameters that influence shape charges’ behaviour 

It should be noted that there are multiple parameters that are able to influence the effects of 

shaped charges. Apart from the influence of the standoff, covered previously, both geometrical and 

material aspects play a crucial role in the performance of shaped charges. Kulsirikasem et al (2011) 

summarizes some of the parameters such as liner material, explosive type, as well as the reliability of 

manufacturing processes. Other factors, namely liner angle and thickness, were also studied by Murphy 

et al. (2000). For the liner angle, it was observed that, an increase in the liner angle correlated with a 

reduction in penetration and the growth of the hole diameter. As for liner thickness, the opposite was 

reported. 

However, the most influential factor concerning shaped charges effectiveness was the material 

used for the liner. Earlier studies conducted with various materials are found in (Kline, 1945), (Schardin, 

1954) and (Beeman, 1978), indicating the liner/jet density as the primary factor affecting overall target 

damage. The fundamental theories of jet penetration show that a higher density jet will penetrate deeper 

in the target with a smaller borehole diameter, while a lower density jet will penetrate less into the target 

with a larger borehole diameter (Murphy et al., 1999). 

Given its density and price, copper was generally viewed as the material of choice for liners, 

although others can be used, such has molybdenum, tantalum or tungsten. 

2.2  Concrete 

To address the mechanical problems of this material, and improve its performance concerning 

this type of threat, one must first understand its failure mechanisms against impacts. Concrete targets 

are very vulnerable to shaped charge attacks due to their brittle behaviour and relatively low strength, 

particularly under tensile loading. The shaped charge jet’s impact produces a stress wave in the 

concrete that reflects at the back surface of the target, generating a tensile wave. Due to the concrete’s 

low tensile strength, failure can easily occur at this location (Resnyansky et al., 2014).  

2.2.1  Impacts and failure mechanisms 

Kennedy (1976) categorized impacts into two main different types, hard or soft impacts, 

depending on the projectile deformation. If the impact results in deformation of the target but the 

deformation of the projectile is insignificant, then this may be considered as a hard impact. However, if 

there is visible deformation in both projectile and target, then this behaviour must be considered as soft 

impact (Daudeville & Malécot, 2011). 
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This terminology was later clarified and summarized into seven phenomena, which were defined 

in (Li et al., 2005) 

● Penetration - combined depth of the spall crater plus the tunnelling depth. Tunnelling 

depth is the length of the tunnel caused by the projectile into the target; 

● Spalling - ejection of target material from the proximal face of the target, represented in 

Figure 2.5; 

● Cone cracking - formation of a cone-like crack under the projectile. This phenomenon 

occurs during the transition phase between penetration and scabbing and is illustrated 

in Figure 2.6; 

● Radial cracking - global cracks radiating from the impact point and appearing on either 

the proximal face, see Figure 2.7(i), the distal face, depicted in Figure 2.7(ii) of the 

concrete slab or even both faces; 

Figure 2.5: Penetration and spalling (Kennedy, 1976). 

Figure 2.6: Cone cracking (Li et al., 2005). 

Figure 2.7: Radial cracking (Li et al., 2005). 
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● Scabbing - ejection of fragments from the distal face of the target. When comparing 

scabbing and spalling, the zone of scabbing is usually wider than the zone of spalling, 

but the zone of spalling has greater depth than the scabbing (Latif et al., 2012). 

Scabbing may be visualized in Figure 2.8; 

 

● Perforation - complete passage of the projectile through the target with or without a 

residual velocity. The representation of this is provided in Figure 2.9; 

 

● Overall structural responses and failures – are characterized by global bending, shear 

and membrane responses as well as their induced failures throughout the target, as 

illustrated in Figure 2.10; 

Figure 2.8: Scabbing (Kennedy, 1976). 

Figure 2.9: Perforation (Kennedy, 1976). 

Figure 2.10: Overall structural response (Kennedy, 1976). 
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Penetration regimes for projectile impacts can also be defined according to the initial velocity of 

said projectile (𝑣0). This division can be made into three main groups, from subsonic to hypervelocity: 

• Non-deformable regime (𝑣0 < 103 m/s) – the projectile has negligible deformation and 

conventional mechanical parameters of target, such as strength, stiffness, hardness, and 

toughness, govern the extent of the penetration (Chen & Li, 2004); 

• Semi-hydrodynamic regime (103 m/s < 𝑣0 < 3x103 m/s) – Alekseevskii in 1966 and Tate 

in 1967 propose a model for long-rod penetration into a thick target with erosion of the 

projectile as it penetrates the target. The impact velocity for the validity of the 

Alekseevskii – Tate model depend on the target and projectile material properties (Chen 

& Li, 2004); 

• Hydrodynamic regime (𝑣0 > 3x103 m/s) – first contemplated for the study of Monroe jets 

by Birkoff in 1948 and Pack and Evans in 1950 considers that the strengths of projectile 

and target materials are negligible (Tate, 1967). Therefore, material can be considered 

as fluids. 

2.3  Ceramic 

Ceramic materials have been applied as a protective measure against high-velocity impacts for 

the past years (Asenov et al., 2013). Their use as armour dates to 1970 and is due to their physical and 

mechanical properties, such as high compressive strength, high hardness, allied to their inexpensive 

cost (Reddy et al., 2019). The use of advanced ceramics for armour systems allows the defeating of 

the projectile and ballistic impact energy dissipation providing adequate ballistic protection 

(Medvedovski, 2010).  

The most commonly used ballistic ceramics are alumina (Al2O3), silicon carbide (SiC), and boron 

carbide (B4C). Among advanced ceramics, alumina has the best cost-benefit ratio. Silicon carbide has 

a higher cost than alumina, but it is more attractive when considering its lower density and improved 

mechanical properties. Boron carbide has the highest cost among the three materials; however, it 

presents the lowest density and the best mechanical properties (Dresch et al., 2021). 

Advanced ceramics can also be referred to as the high-performance ceramics, high-tech 

ceramics, engineering ceramics, fine ceramics, and technical ceramics. They are composed of 

crystalline material and their specific attributes arise from their controlled composition and 

manufacturing with detailed regulation (Ayode Otitoju et al., 2020) 

Alumina is perhaps the first advanced ceramics. Zhang et al (2008) consider it one of the most 

important structural ceramics due to its remarkable hardness, strong oxidation resistance, high melting 

temperature, and high compressive strength. These characteristics, allied with its availability and low 

cost, result in several studies performed, as stated by Andraskar et al. (2022). Examples of penetration 

resistance of this material or its use in composite armour, when coupled with metal, can be seen in   

Lee & Yoo (2001), Gonçalves et al (2004) or Madhu et al (2005), while new composites for enhanced 

ceramic armour can be found in Shevchenko et al (2024). The application of this material was also 

studied for concrete protection applications, notably in Tawadrous et al. (2016), and Shao et al. (2019). 
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Tawadrous et al. (2016) performed numerical simulations for concrete targets being impacted 

with a steel projectile traveling at 960 m/s, where targets were composed of plain concrete and plain 

concrete with the addition of a ceramic plate, as demonstrated in Figure 2.11 (i) and (ii), respectively. 

 

The main findings made by Tawadrous et al. (2016) show that an existing concrete structure may 

be strengthened by adding ceramic plates on the concrete face, with an improvement in the penetration 

resistance of about 66%, as seen in Figure 2.12. 

High-speed steel projectile impact tests were conducted by Shao et al. (2019), at striking 

velocities of 545 m/s, 679 m/s, and 809 m/s to investigate the penetration resistance capability of 

ceramic balls protecting ultra-high strength concrete (UHSC). Additionally, numerical studies were 

carried out to replicate the projectile penetration, using LS-DYNA. The target dimensions for this 

experiment are shown in Figure 2.13. 

  

Figure 2.11: Targets composition (Tawadrous et al., 2016). 

  

 

Figure 2.12: Targets penetration (Tawadrous et al., 2016). 

Figure 2.13:Ceramic spheres and target section (Shao et al., 2019). 

(i) (ii) 

(i) (ii) 
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The results showed that the hex-pack arranged ceramic balls with smaller diameter had better 

effect in resisting the projectile impact and the employment of ceramic balls in the protective structures 

is both economical and effective, since the undamaged ceramic balls could be reused and only a small 

portion of ceramic balls were destroyed (Shao et al., 2019).  

After being hit, the rearranged intact ceramic balls, combined with accumulated ceramic 

fragments, were able to resist the penetration and destruction from multiple batches of impact loads, 

without the need to replace the protective structure.  

2.4  Non-Newtonian fluid 

Newtonian fluids demonstrate that, at constant temperature and pressure, for simple shear, the 

shear stress is proportional to the rate of shear, with the constant of proportionality being the dynamic 

viscosity. Fluids that don’t conform to this behaviour are known as non-Newtonian, non-linear, complex 

or rheologically complex fluids (Deshpande et al., 2010). 

Non-Newtonian fluids can be categorized according to their behaviour into time-independent and 

time dependent behaviour. Time-independent behaviour is characterized by the fact that the current 

value of the rate of shear at a point in the fluid is determined only by the corresponding current value of 

the shear stress and vice versa (Deshpande et al., 2010). This behaviour can be subdivided into: 

• Shear-thinning or pseudoplastic behaviour; 

• Visco-plastic behaviour with or without shear-thinning behaviour; 

• Shear-thickening or dilatant behaviour. 

 Time-dependent behaviour means viscosities are not only functions of the applied shear stress 

or the shear rate but also of the duration for which the fluid has been subjected to shearing as well as 

their previous kinematic histories. A subsequent subdivision of this can be made into two types of 

behaviour, thixotropy and rheopexy (or negative thixotropy). 

The study of impacts on fluids should be divided taking into consideration the amount of existing 

fluid. That being said, this topic is separated into impacts facing a large body of fluid, covered by Moghisi 

et al. (1981), Akers et al. (2006) and de Goede et al. (2019); whereas impacts on a thin layer of fluid 

can be seen in (Ardekani et al., 2009), (Moss et al., 2011), (Uddin et al., 2012) and (Veltkamp et al., 

2022). 

2.5  Model typologies 

The effects caused by shaped charges may be studied with the use of models either full models 

or scaled, analytical, or numerical. The overall process, from explosive detonation to total target 

penetration, occurs in under one-half of a millisecond (for short standoffs). Due to the extremely high 

pressures, short time durations, and generally harsh environment that exists in the jet/target interaction 

region, this is an exceedingly complex phenomena to describe analytically and diagnose experimentally 

(Murphy, 1983). The construction of physical models poses the opportunity to conduct experiments, 

visualize and compare different effects but it can be challenging. Regarding full scaled models, 

Dhanasekaran et al. (2017) refer that its testing is difficult and costly for these types of high strain loads. 
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Therefore, the authors suggest that structural designers should rely on the responses predicted by 

numerical analysis to design structures against shaped charges. 

With the advancement of the computational capabilities, it is now possible to carry out high fidelity 

simulations of the complex responses of concrete structures subjected to severe shock and impact 

loads, such as those generated by an explosion and resulting from the impact of a shaped charge’s jet. 

A reliable simulation of the detailed response can play a significant role in the understanding of the 

physical mechanisms and the development of practical design guidelines based on parametric 

investigations using validated computational models (Tu & Lu, 2009). 

2.5.1  Analytical models 

Regarding shaped charges, the development of analytical models revolves around liner collapse 

and jet formation or the target penetration estimation. 

2.5.1.1  Liner collapse 

The collapse of the liner and the jets velocity gradient was first detailed in 1952 by Pugh, 

Eichelburger and Rostoker with the PER theory. According to the authors, the original position of the 

liner elements affects its collapse velocities, decreasing them continuously from apex (which is the liner 

portion closest to the detonator), to the base (the furthers portion of the liner in relation to the detonator). 

The rate of decrease is very gradual near the apex but becomes much more rapid near the base. 

This is just what one should expect, since near the base the belt of explosive surrounding the liner is 

much thinner and the masses of the liner elements are much greater than near the apex. The velocity 

of the jet and the proportion of the liner that goes into the jet are significantly influenced by the angle 

that the collapsing liner makes with the shaped charge’s axis. As the angle increases the velocity of the 

jet decreases, but the proportion of the liner going into the jet increases (Pugh et al., 1952). A 

representation of the liner collapse is provided by Figure 2.14. 

The jets’ velocity may be described analytically by the following equation: 

 𝑉𝐷 = 2𝐷 𝑠𝑖𝑛 
𝜑

2
  (2.1) 

● 𝑉𝐷 – velocity of a segment projected at the axis 

● 𝐷 – explosive detonation velocity 

● 𝜑 - bending angle 

Figure 2.14: Liner collapse representation (Murphy, 1983). 
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The projected segments of liner will be divided into jet and slug elements, represented by the 

respective equations: 

 
𝑉𝑗 = 𝑉0(csc

𝛽

2
) cos(Θ + φ −

𝛽

2
) (2.2) 

 
𝑉𝑠 = 𝑉0(sec

𝛽

2
) sin(Θ + φ −

𝛽

2
) (2.3) 

To estimate 𝑉0, one can also apply other analytical approaches such as the Gurney velocity 

approximation and extensions to this method. This approximation is frequently used to estimate the 

velocity attained by a metal in contact with a detonating explosive, with different equations available for 

symmetric and asymmetric configurations. 

The usefulness of the Gurney formulas, in application to one-dimensional computer codes for 

shaped charge design, has called for their extension to predict the velocities of imploding cylinders. 

Two different approaches by Chou, Carleone, and Flis in 1981 and by Chanteret in 1983 have led to 

improvements which were shown to predict correctly two-dimensional code simulations for unconfined 

charges (Hirsch, 1986). 

Chou, Carleone, and Flis (1981) provide a popular expression for a single flat plate backed by a 

slab of explosive, used for shaped charge studies, that can be simplified by:  

 

𝑉0 = √2𝐸 [
3

(4 ∙
𝑀
𝐶

)
2

+ 5 ∙
𝑀
𝐶

+ 1

]

1
2

  (2.4) 

● 𝑀: initial mass of the liner 

● 𝐶: charge weight 

● 𝐸: specific explosive kinetic energy  

It should be pointed that the parameter √2𝐸 is also known as Gurney constant or Gurney 

characteristic velocity. Alternatively, Chanteret developed an analytical model for symmetrical 

geometries. This velocity equation is available in (Kennedy, 1998) and is expressed as follows: 

 

 𝑉0  =  √2𝐸𝐺 [
𝑀

𝐶
+

𝑛

𝑛 + 2
]

−1
2

 (2.5) 

The use of 𝐸𝐺   rather than 𝐸 is because it is a function of gas expansion. The constant 𝑛 depends 

on the geometric configuration (𝑛 =  1 for symmetrical plane sandwiches, and 𝑛 =  2 for cylinders with 

a constant wall thickness). 

2.5.1.2  Penetration 

To estimate penetration depths, there was a need to develop models influenced by both 

theoretical studies and experimental research. Existing theories for penetration of shaped charge jets 

into homogeneous targets are extensive and well substantiated. For concrete targets, however, their 

application has not been shown. The basic hydrodynamic theory has not been experimentally verified 

for inhomogeneous, compressible, brittle materials with low strength (Murphy, 1983).  
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Birkhoff et al. (1948) developed a simple model to determine the penetration depth resulting from 

a hypervelocity jet impact, defined in equation 2.6, 

 

𝑃 = 𝑙 ∙ √
𝜌𝑗

𝜌𝑡

 (2.6) 

where 𝑃 is the penetration depth, 𝑙 is the jet length, 𝜌𝑗 is the jet density and 𝜌𝑡 is the target density. 

This simplified model utilizes 3 main assumptions. 

• Both jet and target behave like ideal liquids; 

• The jet has a constant and uniform speed; 

• The jet has the shape of a rod.  

This model was refined by the introduction of an extra coefficient 𝜆, where 1 < 𝜆 < 2: 

 

𝑃 = 𝑙 ∙ √
 λ ∙ 𝜌𝑗

𝜌𝑡

 (2.7) 

𝜆 is a constant that equals one for a continuous jet and two for a particulated jet and 𝜌𝑗 is now 

the average jet density, taking into consideration the gaps between particles (Walters et al., 1988). 

A more thorough model was proposed by Pack and Evans (1950) that acknowledges a reduction 

in penetration due to the strength of the target material. This reduction factor is a function of the 

empirical constant 𝛼, the material strength 𝑌 and the jet velocity 𝑣. Equation 2.8 reproduces the 

proposed model. 

 

𝑃 = 𝑙 ∙ √
 𝜌𝑗

𝜌𝑡

∙ (1 −
𝛼𝑌

𝜌𝑗  ∙  𝑣2
) (2.8) 

The Swedish Design Manual for Protective Construction, FKR2011, provides a formula regarding 

shaped charge calculation models for explosive ordnance disposal (EOD) operations. This formula 

developed by the Swedish Defence Research Agency (FOI) is intended for practical applications  

(Elfving et al., 2005). The following expression may be used to attain an estimation on the penetration 

into fortifications: 

 

𝑃 = Ф ∙ 𝑘1 ∙ 𝑘2 ∙ √
 𝜌𝑗

𝜌𝑡

 (2.9) 

● 𝑃 – depth of penetration in mm; 

● Ф – warhead calibre in mm; 

● 𝑘1 – coefficient for jet length taken from Table 2.1; 
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Table 2.1: k1 values for length coefficient. 

Warhead Calibre (mm) k1 

Sub-munition < 70 8 

Hand-held anti-tank weapon < 110 8/12/16* 

Light anti-tank missiles < 130 12/16** 

Heavy anti-tank missiles < 180 12/16** 

Ballistic missiles < 350 12/16** 

*k1 = 8 is used only for older ammunition with a depth of penetration into steel up to 4 

diameters, else k1 = 12. 

** k1 = 12 is used for all munitions, except late versions, with a depth of penetration 

into steel corresponding to 8 calibres. 

 

• 𝑘2 – coefficient for target material taken from Table 2.2; 

Table 2.2: k2 values for target coefficient. 

Target material Density (kg/m3) k2 

Sand, gravel 1600 1,0 

Ordinary concrete (C40) 2400 0,8 

High-strength concrete (C140) 2500 0,5 

 

The information needed to use equation 2.9 is in most cases available through ammunition 

databases. However, it does not account for standoff influence which should be considered in order to 

avoid overly conservative values for penetration (Johnsson et al., 2012). This leads to the introduction 

of the reduction factor shown by the following expression: 

 
𝑘distance =  

1

1 + (
S. O. −7Ф

14S. O.
)
 

 

(2.10) 

The final expression, taking this reduction factor into account follows: 

 

𝑃 = Ф ∙ 𝑘1 ∙ 𝑘2 ∙  𝑘distance  ∙ √
 𝜌𝑗

𝜌𝑡

 (2.11) 

2.5.2  Numerical analysis 

 Finite element analysis provides the most detailed information for impact events caused by 

shaped charges. This is frequently made by using different software, nonetheless, a literature review 

reveals that the most commonly used commercial software are LS-DYNA, AUTODYN and ABAQUS.  

Due to the availability of the commercial software, the focus of this subsection will be models built 

using LS-DYNA. This software was developed by Livermore Software Technology Corporation (LSTC). 

Downes et al. (2016) refer that LS-DYNA is an explicit, nonlinear finite element code widely used by the 

defence and aerospace industry to simulate dynamic impacts, such as blast and bird strike events. 

Features of this code include large material and element libraries, various contact algorithms and a high 

level of accuracy.  
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There are two main topics that should be considered when discussing finite element models. The 

number of dimensions and the formulation used to build the model. The two-dimensional (2D) approach 

was deemed the most recurrent, although it is possible to conduct three-dimensional (3D) shaped 

charge modelling and analysis. The use of 2D can be justified, since this simplification is able to capture 

the essential behaviour of the charge, giving accurate results, and it has less computational cost when 

compared with the 3D approach. 

 When it comes to the formulation used regarding shaped charges modelling, a common 

methodology found is the Arbitrary Lagrangian Eulerian Method (ALE). With ALE, in its Eulerian 

formulation, the different materials flow through a mesh that is fixed in space and allows each element 

to contain a mixture of different materials (Olovsson,2000.). This method may be used to simulate 

moving fluids interacting with structures and their dynamic response and avoids element distortion. 

Malesa et al. (2021) made a 2D ALE shaped charge model with LS-DYNA to study the interaction 

between the shaped charge and a steel target with different standoffs. Figure 2.15 depicts a scheme of 

the numerical model. 

From their results, the influence of the standoff regarding penetration, as well as the different 

velocity gradients achieved at the different standoffs can be seen. This model was validated with an 

experimental campaign and the penetration depth obtained by means of numerical analyses and 

experimental tests were characterized by a difference at the level of 4–8%, which made it possible to 

consider the used method as effective for modelling the charge. 

 Figure 2.16 offers a comparison between the penetration process for two different standoff 

distances while Figure 2.17 illustrates the link between standoff distance and penetration. 

 

 

 

 

 

 

 

Figure 2.15: 2D ALE model representation (Malesa et al., 2021). 
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Figure 2.16: Penetration at different standoffs (Malesa et al., 2021). 

Figure 2.17: Penetration and standoff curve (Malesa et al., 2021). 
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Resnyansky et al. (2004) provides an early ALE model for interaction between concrete and 

shaped charge jets. The simulations were done to evaluate the differences on target effect caused by 

variations in liner angle (𝜃), charge height (ℎ), liner thickness (𝜏) and standoff. A comparison of the 

results achieved with different configurations can be seen in Figure 2.18 to Figure 2.20. 

 

 

 

From these simulations, it was possible to determine that a 90֯ liner angle is nearly ideal and that 

the optimal standoff should be between 70 mm and 100 mm. 

Figure 2.18: Simulation for h=36mm, θ =110˚, τ =5mm, and S.O.=127mm (Resnyansky et al., 2004). 

Figure 2.19: Simulation for h=36mm, θ =90˚, τ =5mm, and S.O.=127mm (Resnyansky et al., 2004). 

Figure 2.20: Simulation for h=36mm, θ =110˚, τ =3mm, and S.O.=93mm (Resnyansky et al., 2004). 
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2.5.3  Experimental models  

Like preciously mentioned, experimental campaigns are costly, therefore, they are mainly used 

to validate numerical models, which are then used to extract more information or design structures 

against this threat. Common setups used for shaped charge experiments consist of putting the 

assembled charge on top of the determined target at a given standoff distance. Such setup can be seen 

in Resnyansky et al. (2014) and is illustrated in Figure 2.21. 

 With this setup it was possible to compare UHPC targets and plain concrete targets, measuring 

penetration, borehole diameter and damage to the front and rear of the target. The damage suffered by 

the target is depicted in Figure 2.22 and Figure 2.23. 

Figure 2.22: UHPC damage to front and rear face (Resnyansky et al., 2014). 

Figure 2.21: Common experimental setup (Resnyansky et al., 2014). 
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When comparing both materials, it was observed that the plain concrete targets had a bigger 

depth of penetration as well as a larger borehole diameter, as showed in Figure 2.24. 

Other recent example comes from Xu et al. (2020), which compares the behaviour of layered and 

spaced concrete targets against hypervelocity shaped charges. This study also evaluated the effects 

of different geometries and compositions for the liner, comparing a conventional conical shaped charge 

(CSC) with a hypervelocity shaped charge (HSC), as illustrated in Figure 2.25 (a) and (b), respectively. 

Figure 2.23: Plain concrete damage to front and rear face (Resnyansky et al., 2014). 

Figure 2.25: Conical and hypervelocity shaped charge (Xu et al., 2020). 

Figure 2.24: Comparing plain and UHPC target damage (Resnyansky et al., 2014). 
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In this case, the geometry of the HSC included a tungsten slab, with 2,5 mm; 7,5mm and 10 mm 

thickness (𝐾), seen in Figure 2.26. 

The setup used for their experimental campaign is seen in Figure 2.27. 

Figure 2.28 provides an illustration of the collected data regarding the HSC with 5 mm tungsten 

slab thickness and the CSC. 

Figure 2.26: HSC tungsten slab thickness (Xu et al., 2020). 

Figure 2.28: Comparison between HSC with K = 5 mm and CSC (Adapted from (Xu et al., 2020)). 

• Standoff = 2,5 CD 

• Standoff = 1,5 CD 

Figure 2.27: Layered and spaced concrete targets (Xu et al., 2020). 
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It was concluded that, for HSC, higher penetrations in layered targets were achieved at 1,5CD 

standoff when comparing to 2,5CD standoff. However, the opposite was reported for the CSC, with the 

2,5CD standoff achieving higher penetrations than 1,5CD standoff. For spaced targets, HSC performed 

similar penetrations at both 1,5CD and 2,5CD standoff. This behaviour was not observed for the CSC 

with the 1,5CD standoff penetrating more than 2,5CD standoff. It was also observed that the achieved 

penetrations caused by HSC in layered targets was similar to the one performed by CSC on spaced 

targets. Furthermore, the jet velocity of HSC with 𝐾 = 7.5 mm was 55.3% faster than that of CSC. The 

penetration depth of layered targets caused by HSC with 𝐾 = 7.5 mm increased by 31.3% than that 

formed by CSC. 
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3. Numerical model  

This chapter presents the development of the numerical models used to determine the interaction 

between jet and target. The validation of the created numerical models will be done through the analysis 

of the data collected in the experimental campaign and comparing it against the numerical models’ 

results. This validation will also allow access to data that was not possible to collect during the 

experimental campaign. 

As previously mentioned in subsection 2.5.2, LS-DYNA was used to elaborate the finite element 

analysis models. The construction of the model itself is done with LS-Prepost, subsequently, the          

LS-DYNA solver performs the necessary iterations to analyse the numerical model. To visualise the 

results, LS-Prepost is once again used. 

3.1  Consistency units 

To operate this software and attain accurate results, a consistent set of units is required.              

LS-DYNA support provides examples of unit consistency tables, as well as three equations to further 

understand this topic. These equations are as follows:  

The numerical models for this dissertation were created with the unit system shown in Table 3.1. 

Table 3.1: Unit consistency. 

Length Time Mass Force Pressure Energy Speed Density 

mm ms kg kN GPa kN-mm mm/ms kg/mm3 
 

3.2  Construction of the numerical model 

3.2.1  Shaped charge geometry 

As previously stated, the design of the utilized shaped charges took inspiration on a commonly 

used RPG warhead, the PG-7VM (see Figure 3.1). 

 

1 force unit = 1 mass unit x 1 acceleration unit (3.1) 

1 acceleration unit = 1 length unit / (1 time unit)2 (3.2) 

1 density unit = 1 mass unit / (1 length unit)3 (3.3) 

Figure 3.1: PG-7VM warhead (Żochowski et al., 2021). 
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 The final geometry used for both the numerical models and the experimental campaign is 

depicted in Figure 3.2 and was achieved by taking these measurements into consideration, adapting 

them.  

Based on the envisioned geometry and the project goals, a decision was made to create a 2D 

ALE axisymmetric model. This choice significantly reduces computational costs, ensuring that a greater 

number of preliminary models could be run and, with that, enabling better decisions regarding the 

charge’s construction.  

Despite providing more accurate results, a finer mesh also requires more computational cost.  

Therefore, a mesh sensitivity study was conducted, on which preliminary models were constructed 

using a square mesh size of 0,5 mm and 1 mm. Analysing the attained results, it was possible to 

conclude that a 1 mm mesh was appropriate for the continuation of this project, since it requires less 

computational resources and yields similar results when compared with the 0,5 mm mesh. 

3.2.2  Material modelling 

Since LS-DYNA has different material models available to accurately simulate the behaviour of 

the shaped charge, there was a need to determine which ones to use for each of the shaped charge’s 

components. The liner is faced with severe conditions involving pressure and materials deformation 

during detonation and subsequent liner collapse. For that reason, the Johnson-Cook material model 

was chosen since it is used when the material is subjected to high strain rates and temperatures 

(Johnson & Cook, 1983). Due to the lack of material parameters available in the literate and in order to 

reduce computational costs, the simplified version of this material model was used 

(MAT_SIMPLIFIED_JOHNSON_COOK).  

An iterative plane stress update is used for the shell elements, but due to the simplifications 

related to thermal softening and damage, this model is 50% faster than the full Johnson-Cook 

Figure 3.2: Shaped charge geometry in mm. 
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implementation. To compensate for the lack of thermal softening, limiting stress values are introduced 

to keep the stresses within reasonable limits (LSTC, 1992). 

The simplified Johnson-Cook yield stress can be expressed as follows: 

 𝜎𝑦 = (𝐴 + 𝐵𝜀𝑝𝑛
)(1 + 𝐶 ln(𝜀∗)) (3.4) 

The variables 𝐴, 𝐵, 𝐶 and 𝑛 represent the yield stress, the hardening coefficient, the strain-rate 

coefficient and the hardening exponent, respectively. The effective plastic strain corresponds to 𝜀𝑝 and 

𝜀∗ depicts the normalized effective strain rate. The material parameter values used in the present work 

to simulate the nonlinear behaviour of copper are shown in Table 3.2 and were taken from Johnson & 

Cook (1983). 

Table 3.2: Copper material parameters. 

MAT_SIMPLIFIED_JOHNSON_COOK 

Parameter Unit Value 

RO – Mass density kg/mm3 8,96 ∙ 10-6 

E – Young’s modulus GPa 117,2 

A – Yield stress GPa 0,090 

B – Hardening coefficient GPa 0,292 

n – Hardening exponent - 0,310 

C – Strain-rate coefficient - 0,025 

 

The steel casings’ nonlinear behaviour could also be simulated utilizing the Johnson-Cook model. 

However, to decrease computational costs and given the less harsh conditions this material is 

subjected, it was decided to use a different material model. The plastic kinematic material model is a 

very cost-effective model, formulated by Krieg and Key, that is able to simulate the isotropic and 

kinematic hardening plasticity with the option of including rate effects (Abedini & Zhang, 2021). It is 

typically used for modelling steel and other metals (Ranade, 2014). The input parameters used for this 

material model are exposed in Table 3.3. 

Table 3.3: Steel material parameters. 

MAT_PLASTIC_KINEMATIC 

Parameter Unit Value 

RO – Mass density kg/mm3 7,8 ∙ 10-6 

E – Young’s modulus GPa 210 

SIGY – Yield stress GPa 0,275 

ETAN – Tangent modulus - 0 

BETA – Hardening parameter - 0 

 

To address the simulation of high explosives, MAT_HIGH_EXPLOSIVE_BURN material model 

was used. Nonetheless, this material model requires the use of an equation of state (EOS), therefore, 

the Jones-Wilkins-Lee (JWL) equation of state was used in combination with the referred material 

model. The JWL EOS is an empirical mathematical expression based on the Gruneisen equation of 

state. Its practical nature and the large data base of experimental and popular explosives is an 

advantage when compared with other equations of state. Despite neglecting factors such as viscosity, 
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conductivity, friction, and gravity (Urtiew & Hayes, 1991), the JWL EOS is commonly used to simulate 

the detonation of high explosives. The JWL defines the pressure as a function of the relative volume, 

𝑉, and detonation energy per unit volume, 𝐸, (Tabatabaei & Volz, 2012): 

 
𝑝 = 𝐴′ (1 −

𝑤

𝑅1𝑉∗
) e−𝑅1𝑉∗

+ 𝐵′ (1 −
𝑤

𝑅2𝑉∗
) e−𝑅2𝑉∗

+
𝑤𝐸

𝑉∗
 

(3.5) 

Where 𝐴, 𝐵, 𝑅1, 𝑅2 and 𝜔 are the materials constants. The corresponding material and EOS 

parameters of the explosive used are listed in (McIntosh, 2014). Table 3.4 and 3.5 respectively provide 

the input values for the material model and EOS parameters. 

Table 3.4: Explosive material parameters. 

MAT_HIGH_EXPLOSIVE_BURN 

Parameter Unit Value 

RO – Mass density kg/mm3 1,4 ∙ 10-6 

D – Detonation velocity mm/ms 7000 

PCJ – Chapman-Jouget pressure GPa 25 

 

Table 3.5: Explosive EOS parameters. 

EOS_JWL 

Parameter Unit Value 

A GPa 373,8 

B GPa 3,747 

R1 - 4,15 

R2 - 0,9 

OMEG - 0,35 

E0 - Initial internal energy GPa 0,85 

 

The air was simulated using the NULL material model in combination with the linear polynomial 

EOS, which is used to consider the air as an ideal gas. The input parameters for the material model 

and EOS can be seen in (Wu et al., 2007). The material parameters used are given in Table 3.6. 

Table 3.6: Air material parameters. 

MAT_NULL 

Parameter Unit Value 

RO – Mass density kg/mm3 1,275 ∙ 10-9 

PC - Pressure cutoff - 0 

MU - Dynamic viscosity - 0 

 

The linear polynomial equation of state relates pressure 𝑃 to the energy per unit volume 𝐸0 and 

is expressed by: 

 𝑃 = 𝑐0 + 𝑐1𝑢 + 𝑐2𝜇2 + 𝑐3𝜇3 + (𝑐4 + 𝑐5𝜇 + 𝑐6𝜇2)𝐸0 (3.6) 
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This EOS may be used to model gas with the gamma law equation of state, defining all the 

polynomial equation coefficients to the value zero, apart from C4 and C5 (LSTC, 1992), which are a 

function of the heat capacity ratio. Table 3.7 offers the EOS parameters used for the air modelling. 

Table 3.7: Air EOS parameters. 

EOS_LINEAR_POLYNOMIAL 

Parameter Unit Value 

C4 kg/mm3 0,4 

C5 - 0,4 

E0 - Initial internal energy - 2,533 ∙ 10-4 

V0 - Initial relative volume - 1 

 

LS-DYNA has different concrete constitutive models available to simulate its nonlinear behaviour, 

such as the continuous surface cap model (CSCM), the Riedel-Hiermaier Thomas model (RHT), the 

Winfrith model, and the Karagozian & Case concrete model (KCC). The performance of the above 

constitutive models was evaluated by Dhanasekaran et al. (2017) and  Abedini & Zhang (2021). Their 

work indicates that MAT_072R3, the KCC Model - Release III, was suitable to be used with blast 

loadings and that this material supports ALE formulations. To use this material model, the user only 

needs to specify the concrete’s unconfined compression strength. This poses a noteworthy advantage 

in comparison to other models that require more inputs. However, if a dynamic analysis is required, the 

concrete density must also be provided. Both these variables are illustrated in Table 3.8. The remaining 

parameters to completely define the material model and EOS are automatically generated (Schwer & 

Malvar, 2005). 

Table 3.8: Concrete material parameters. 

MAT_CONCRETE_DAMAGE_REL3 

Parameter Unit Value 

RO – Mass density kg/mm3 2,4 ∙ 10-6 

A0 – Maximum shear failure surface parameter GPa -0,042 

 

To simulate the ceramic spheres’ behaviour, the Johnson-Holmquist ceramics model, also 

referred as JH2 material model, was used. This model is employed when modelling ceramics, glass 

and other brittle materials and was developed to address concerns with the first Johnson-Holmquist, 

JH1, since it did not allow gradual softening and there was self-healing of some fractured materials 

when using Eulerian codes. JH2 is applicable for brittle materials subjected to high strain rates and high 

pressures and is well-suited for computations in both Lagrangian and Eulerian codes. The equivalent 

strength of the material is a function of the intact strength, fractured strength, strain, strain rate, pressure 

and damage (Johnson & Holmquist, 1994). Further understanding of this constitutive model is provided 

by Cronin et al. (2003), focusing on its implementation and validation. According to the JH2 material 

model, the equivalent stress for a ceramic-type material is given by:  

 𝜎∗ = 𝜎𝑖
∗ − 𝐷(𝜎𝑖

∗ − 𝜎𝑓
∗) (3.7) 
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where the damage 𝐷 is (0 ≤ 𝐷 ≤ 1), 𝜎𝑖
∗ is the normalized intact equivalent stress and 𝜎𝑓

∗ is the 

normalized fracture stress. The normalized stresses can be respectively defined by: 

 𝜎𝑖
∗ = 𝐴(𝑃∗ + 𝑇∗)𝑁(1 + 𝐶 ln(𝜀∗)) (3.8) 

 𝜎𝑓
∗ = 𝐵(𝑃∗)𝑀(1 + 𝐶 ln(𝜀∗)) (3.9) 

The used input parameters can be seen on Table 3.9 and were taken from Shao et al. (2019). 

Table 3.9: Alumina material parameters. 

MAT_JOHNSON_HOLMQUIST_CERAMICS 

Parameter Unit Value 

RO – Mass density kg/mm3 3,65 ∙ 10-6 

G – Shear modulus GPa 156 

A – Intact normalized strength parameter - 0,88 

B – Fractured normalized strength parameter - 0,28 

C – Strength parameter - 0,007 

M – Fractured strength parameter - 0,6 

N – Intact strength parameter - 0,64 

 

3.3  Preliminary models 

As stated before, the elaboration of the first models was performed to aid in the decision-making 

process regarding the design of the shaped charge. The two main goals for these models were to 

determine the necessity of a backplate for the casing and the optimal standoff distance. To achieve said 

goals, firstly, a numerical model of the shaped charge was developed, see Figure 3.3. Secondly, in 

order to determine the ideal standoff distance, the numerical model of both the shaped charge and 

concrete target illustrated in Figure 3.4 was created. 

 

 - Air  - Explosive  - Casing  - Liner 

 

Figure 3.3: Shaped charge FEM. 



31 
 

 

 - Air  - Explosive  - Casing  - Liner  - Concrete 

 

3.3.1  Casing geometry  

The influence of the backplate was studied using the two geometries depicted in Figure 3.5, with 

(i) being closed back and (ii) being an open back casing. To perform this study, a constant standoff of 

240 mm was used, the reason for this distance will be provided in subsection 3.3.2.  

  

Figure 3.5: Casing geometries. 

Figures 3.6 and 3.7 illustrate the achieved penetrations for the above-mentioned geometries. The 

closed casing geometry achieves a 430 mm penetration, while the open casing attains a 419 mm 

penetration, representing a 2,56% reduction. 

 

 

Figure 3.4: Concrete FEM. 

(i) (ii) 

Figure 3.6: Closed back casing, 430 mm penetration. 

Figure 3.7: Opened back casing, 419 mm penetration. 
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A comparison between the velocity gradient of both liner jets, at the point of impact with the target, 

is given by Figures 3.8 and 3.9. It is worth noting that the velocity gradient shown is in m/s. Considering 

the velocities at the tip of the jet, a 1,19% increase is seen when comparing the closed and opened 

back geometries. With the difference in both penetrations and velocities not being significant enough 

and the cost of the closed casing being higher, it was decided to use the open back casing geometry. 

 

 

 

 

3.3.2  Optimum standoff determination 

From the theory already discussed in subsection 2.2.1, there was a need to search for the optimal 

standoff distance for our geometry. This was achieved by, first, taking in consideration the work of 

Kulsirikasem et al (2011). As stated previously, for conical charges with copper liner, the optimal 

standoff was deemed to be 3.63CD. Therefore, taking into account the geometry of the developed 

shaped charge, an initial standoff distance of 240 mm was considered. 

From that initial standoff, the first numerical model was built and then there were iterations varying 

the standoff distance. A representation of those models and the achieved penetrations on the concrete 

target can be seen in Figure 3.10, in which the standoff distances are 215 mm, 230 mm and 250 mm 

respectively. 

Figure 3.8: Closed back casing jet velocities. 

Figure 3.9: Opened back casing jet velocities. 
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Figure 3.10: Penetration at 215 mm, 230 mm and 250 mm standoff. 

 

Based on the achieved results, 230 mm standoff corresponds to the highest penetration, for that 

reason it was the design value to be used as the standoff distance for the envisioned shaped charge. 

3.4  Numerical model results 

As previously referred, numerical models make it possible to obtain information about numerous 

factors, however, the validation of those results through experimental comparison is challenging. The 

results taken from the numerical models were mainly focused on determining the expected penetrations 

for the plain concrete model and the concrete with ceramic spheres. Additionally, jet velocities will also 

be analysed to better understand the behaviour of the shaped charge and the spheres influence. 

3.4.1  Plain concrete 

The set of images illustrated in Figure 3.11 characterizes a timeline of the liner collapse for the 

plain concrete model. The tip of the liner formed due to its collapse can be seen forming at t=0,014 ms, 

impacting the target at t=0,074 ms. The jet travels cohesively until t=0,15 ms, when it starts to break. 

Even though it is possible to register further development of the jet, one may observe that there is no 

significant change in penetration above t=0,7 ms, with the maximum observed penetration of 530 mm. 

 

 

 

0 ms 



34 

 

 

 

0,074 ms 

 

 

 

0,1 ms 

 

 

 

0,3 ms 

 

 

 

0,5 ms 

 

Figure 3.11: Jet development on the plain concrete model. 

 

 

0,7 ms 

3.4.2  Concrete with ceramic spheres  

The addition of the ceramic spheres poses a challenge for this type of model. The specimens 

developed for the experimental campaign, reported in Chapter 4, possessed 3 layers of ceramic 

spheres covering the entire surface close to the top of the target. However, with the elaboration of a 2D 
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ALE axisymmetric model, this could not be exactly replicated, due to the lack of axisymmetry of the 

experimental specimen.  

To create a sphere in the numerical model, the user must define a semicircle which will then be 

revolved around the centre axis. Without this element being centred, the revolution of an uncentred 

circle would result in a torus. Therefore, the following model displays only the centred ceramic spheres, 

as created and presented in Figure 3.12. This obviously constitutes an approximation; however, the 

development of a full 3D model was deemed unacceptable due to the prohibitive computational cost 

when compared with the available resources. 

 

 - Air   - Explosive  - Casing  - Liner  - Concrete  - Ceramic 

 

Figure 3.13 describes the liner collapse for the concrete with ceramic spheres model. It is worth 

mentioning that the behaviour of the jet is the same as the one visualized with the plain concrete model 

until the impact with the first ceramic sphere, at t=0,084 ms. The measured penetration at the final stage 

was 460 mm, reflecting a 13,21% reduction when comparing to the penetration achieved with the plain 

concrete model. 

 

 

 

0 ms 

 

 

 

0,074 ms 

Figure 3.12: Concrete with 2 ceramic spheres FEM. 
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0,1 ms 

 

 

 

0,3 ms 

 

 

 

0,5 ms 

 

Figure 3.13: Jet development of the concrete with ceramic spheres model. 

 

 

0,7 ms 

 

The influence of the ceramic spheres can also be seen when comparing the jet velocities from 

the current model with the plain concrete model at the moment it passes through the first and second 

spheres, t=0,101 ms and t=0,124 ms, as shown in Figures 3.14 and 3.15. Taking the maximum 

velocities into consideration, a 2,75% decrease can be observed when comparing the velocities of both 

jets at t=0,101 ms. In addition, a 6,22% reduction is also registered at t=0,124 ms. These slight 

reductions were to be expected due to the small dimensions of the spheres and their higher density 

when compared to concrete. 
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0,101 ms 

 

 

Figure 3.14: Comparing jet velocities at t=0,101 ms. 

 

  

 

 

 

 

0,124 ms 

 

Figure 3.15: Comparing jet velocities at t=0,124 ms. 
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4. Experimental campaign 

For this dissertation, an experimental campaign was carried out at the Santa Margarida military 

camp with qualified military personnel responsible for the safe handling, transport, and storage of the 

explosive materials, ensuring full compliance with the safety regulations of the Portuguese Army. 

This chapter delineates the construction of the shaped charges and targets, the various 

experimental tests that were conducted, providing insights into their methodologies and procedures. 

Subsequently, it delivers the obtained results and offers a thorough analysis and interpretation of these 

findings. 

4.1  Experimental procedures 

4.1.1  Shaped charge construction 

The copper cone for the liner was created from a solid block of copper being cut according to the 

specifications from the computer aided design (CAD) model using computer numerical control (CNC) 

machining techniques. The steel casing was created using sections of a steel tube with 2 mm thickness 

and an external diameter of 66,8 mm. The copper liners and steel casing may be seen in Figure 4.1. 

 

Figure 4.1: Copper liner and steel casing. 

 The explosive used to fill the casing was PE4A, a hexogen based plastic explosive. In this 

process, 350 grams of explosive was used per charge, on average, with it being carefully compacted 

to prevent voids. Figure 4.2 shows one of the PE4A candles used. 

 

 

 To have the desired standoff distance, sections with 230 mm of polyvinyl chloride (PVC) tubes 

with 75 mm in diameter were used. In an attempt to record the jet with high-speed cameras, 2 cuts were 

made longitudinally in the PVC sections, however, this proved to be an inadequate solution since the 

Figure 4.2: PE4A candle. 
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velocities of the jet and the debris from the explosion were such that it was not possible to collect useful 

data. A representation of the used PVC tubes is seen with Figure 4.3.  

 

Figure 4.3: PVC standoff section. 

While assembling the different parts and positioning the charge on the centre of the target, an 

alignment and levelling tool was used to ensure the experimental results would be the closest to the 

numerical model, as demonstrated by Figure 4.4. 

 

 

Table 4.1 displays the mass of each shaped charge component as well as the average, 

maximum, minimum and standard deviation (SD) mass for each group. It can be observed that the 

mass of each casing and explosive were consistent withing their respective group, having low 

deviations. The deviations in total mass are due to the liner components, with this group having 

considerably higher deviations when comparing to the casing and explosive groups. 

 

 

 

Figure 4.4: Shaped charge alignment. 
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Table 4.1: Shaped charge composition masses. 

Charge 

Number 
Total Mass [g] Liner Mass [g] Casing Mass [g] Explosive Mass [g] 

1 780,20 128,00 302,40 349,80 

2 779,80 126,90 302,70 350,20 

3 783,90 131,00 302,90 350,00 

4 779,50 126,10 303,00 350,40 

5 778,70 125,80 302,90 350,00 

6 779,50 126,40 303,10 350,00 

7 779,40 127,10 302,10 350,20 

8 776,30 124,10 302,40 349,80 

9 779,60 127,40 302,20 350,00 

10 783,80 131,40 302,40 350,00 

11 777,50 125,10 302,50 349,90 

12 779,70 126,70 303,40 349,60 

Average 779,83 127,17 302,67 349,99 

Max 783,90 131,40 303,40 350,40 

Min 776,30 124,10 302,10 349,60 

SD 2,08 2,06 0,38 0,20 

 

4.1.2  Concrete and explosive validation 

To make sure the values taken from literature and used for the numerical model were accurately 

describing the behaviour of the materials available for the experimental campaign, experimental tests 

were also made. Betão Liz, the company that supplied the targets, performed compression tests on the 

concrete, from which a compressive strength of 42,1 MPa was attained. The full experimental reports 

may be seen in annex A. 

The detonation velocity of the explosive was verified performing an in-situ experiment. A stretch 

of explosive was placed on a surface and 3 electric wires were placed 10 cm apart from each other. 

This process is depicted in Figure 4.5 and 4.6. The wires were then connected to a commercially 

available velocity measuring system. 

 

Figure 4.5: Explosive dimensions. 
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The achieved velocity was determined to be 6385,70 m/s, which is roughly an 8,8% reduction 

when comparing to the 7000 m/s given by literature. This reduction was taken into consideration during 

the improvements made in Chapter 5.  

4.1.3  Targets 

The envisioned experimental campaign was performed using in total 12 barrels, 4 of each type. 

Type S barrels are filled with plain concrete and type E barrels are filled with concrete with 3 layers of 

ceramic spheres that are 30 mm from the top. The ceramic spheres are displayed in Figure 4.7, their 

properties and dimensions are given Table 4.2. 

 

Table 4.2: Ceramic spheres properties. 

Ceramic spheres  

Density 3,65 g/cm3 

Chemical composition 92% Al2O3 

Diameter 30 mm 

 

Figure 4.6: Wires connected to explosive. 

Figure 4.7: Ceramic sphere. 
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Lastly, Type NN barrels have the same composition as type E with the addition of a non-

Newtonian fluid to fill the open spaces between spheres. It is important to notice that the addition of the 

non-Newtonian fluid came as an idea due to the materials availability, offered by Polyanswer, and it 

does not constitute the main focus of this work. This fluid was not taken into consideration during the 

creation of the numerical models, therefore, its effect on the interaction between liner and target will 

only be evaluated through the collected experimental data. A full description of the used fluid can be 

found in annex B. 

The fabrication of the different targets is illustrated in Figure 4.8. 

  

  

Figure 4.8: Targets fabrication process. 

   

A representation of the different targets, with dimensions in mm, is provided. Type S, E and NN 

are depicted in Figure 4.9 (i), (ii) and (iii), respectively. 
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Figure 4.9: Target types. 

4.1.4  Experimental setup 

The representation of the setup and the actual testing setup can be seen in Figure 4.10 (i) and 

(ii), respectively. 

 

 

 

 

Figure 4.10: Experimental setup. 

4.1.5  Measurements procedures 

To validate the numerical model, the penetration, affected diameter, entry diameter and volume 

of the borehole were analysed after the liner’s impact. Surface cracking on the target and comparison 

of the bigger fragments were also examined as a mean to detect different behaviours on the specimens. 

(i) (ii) (iii) 

(i) (ii) 
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The data collection process was as follows: 

• Total penetration - measured using a metal rod with a 2 mm diameter. The small diameter 

permitted the rod to go through the debris caused by the shaped charge until solid and cohesive 

concrete was reached, as illustrated in Figure 4.11. This was the first measurement taken after 

the blast to ensure the different fragments were the least disturbed; 

 

Figure 4.11: Penetration measurement. 

 

 

● Affected diameter – distance with loose debris, established with measuring tape, seen in 

Figure 4.12; 

 

Figure 4.12: Affected diameter. 

● Entry diameter – determined with a measuring tape on the top surface of the undisturbed 

borehole, after taking out the loose debris by hand, see Figure 4.13; 
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● Volume – to obtain the void space volume, small grain sand was poured to fill this volume, as 

seen in Figure 4.14. Nonetheless, the results from this procedure should be taken with caution, 

since taking out the debris may result in a change of the boreholes’ dimensions and, therefore, 

yield an incorrect volume. It should also be considered that the gaps between ceramic spheres 

will also be filled with sand and that will lead to incorrect measurements for targets E. For NN 

targets, the fluid fills the hole caused by the shaped charge, so this parameter was not 

evaluated. 

 

Figure 4.14: Volume measurement. 

It should be noted that efforts were made to create a 3D scan of the borehole as well as making 

a mould of it. This was not successfully achieved.  

Figure 4.13: Entry diameter. 
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To support the previous measured perforation and to collect additional information, the decision 

to cut the targets was made. Firstly, the metal barrel was cut and then the lateral cracked concrete was 

taken out using a hammer. The above-mentioned process is depicted in Figures 4.15 to 4.17. 

  

Figure 4.15: Barrels being cut. 

 

  

Figure 4.16: Opened barrel. Figure 4.17: Penetration measurement on open target. 

 

After opening the concrete, it was also possible to retrieve the liner’s remains from inside the 

target and make a posterior 3D scan of it. From the retrieved liners, data was collected regarding their 

dimensions, mass and volume. An example of the retrieved liners is provided in Figure 4.18. 
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Figure 4.18: Recovered liners. 

4.2  Experimental Results 

4.2.1  S1 

Target S1 was impacted by charge nº1. The total penetration recorded after the test was 31 cm, 

the diameter of the affected area had 15 cm and the entry hole had 4 cm in diameter. The lost volume 

was 842 ml and the recovered liner weighted 77 g, which represents a 39,8% reduction. See Figure 

4.19 and 4.20. 

 

Figure 4.19: S1 impact effects. 

 

Figure 4.20: S1 recovered liner. 

4.2.2  S2 

Target S2 was impacted by charge nº3. Total penetration recorded with the rod was 34 cm but 

opening the target proved the liner only penetrated 30 cm. The affected diameter, seen in Figure 4.21, 

and entry hole were measured at 14 cm and 3 cm, respectively. The lost volume was 853 ml and the 

recovered liner, Figure 4.22, weighted 78 g representing a 40,5% decrease. 
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Figure 4.21: S2 impact effects. 

 

Figure 4.22: S2 recovered liner. 

4.2.3  S3 

Charge nº10 was used on target S3 and its effects are seen in Figure 4.23. Both penetration and 

affected diameter were recorded at 25 cm while the entry hole was 3,5 cm in diameter. The recovered 

liner, illustrated in Figure 4.24, weighted 77g which represents a 41,4% reduction. Despite having the 

lowest overall penetration, target S3 achieved the highest loss in target volume, 1302 ml. 

 

Figure 4.23: S3 impact effects. 

 

Figure 4.24: S3 recovered liner. 

4.2.4  S4 

Target S4 was impacted by charge nº11, see Figures 4.25 and 4.26. Penetration was first 

recorded to be 33 cm, but after opening the target, it was discovered to be 46cm. This represented a 

39% increase for the total penetration. The affected diameter was registered at 20 cm and the entry 

hole was 3 cm in diameter. The lost volume was 1072 ml and the recovered liner decreased its mass 

38,4%, weighing 77 g. 
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Figure 4.25: S4 impact effects. 

 

Figure 4.26: S4 recovered liner. 

4.2.5  E1 

Effects caused on target E1, Figure 4.27, are due to charge nº5. Documented penetration was 

32 cm prior opening the target and 29 cm after that. The affected diameter was 12 cm, the entry hole 

had 3,5 cm in diameter and the lost volume was 727 ml. E1 performed the highest percentual drop in 

recovered liner mass, 56,3%, with the recovered liner also being the lightest, weighing 55 g and seen 

in Figure 4.28.  

 

Figure 4.27: E1 impact effects. 

 

Figure 4.28: E1 recovered liner. 

4.2.6  E2 

Target E2 was impacted by charge nº9, see Figures 4.29. Achieved penetration was 31 cm, with 

an affected diameter of 13 cm, a 2 cm in diameter entry hole and 612 ml of lost volume. In this case, 

the liner was not found. Figure 4.30 provides an example of retrieved fragmented spheres.  
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Figure 4.29: E2 impact effects. 

 

Figure 4.30: Fragmented spheres. 

4.2.7  E3 

Charge nº4 caused the effects seen on target E3, demonstrated in Figure 4.31.  

This target had the highest penetration, noted at 52 cm. However, after opening it, penetration 

was registered at only 49 cm as shown in Figure 4.32. The registered affected diameter and entry hole 

were 15 cm and 2,5 cm, respectively, while the lost volume was 842 ml. The recovered liner, illustrated 

in Figure 4.33, is the heaviest, 84 g, and was registered having the lowest mass reduction, 33,4%. 

 

Figure 4.31: E3 impact effects. 

 

Figure 4.32: Penetration after opening target. 

 

Figure 4.33: E3 recovered liner. 
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4.2.8  E4 

Target E4 was impacted by charge nº7. Total penetration was 39 cm, with a 14 cm affected 

diameter, see Figure 4.34, and a 2,3 cm entry hole. The lost in volume was the lowest registered value, 

410 ml and the recovered liner had a mass of 75,4 g which represents a 40,7% decrease and is seen 

in Figure 4.35. 

 

Figure 4.34: E4 impact effects. 

 

Figure 4.35: E4 recovered liner. 

4.2.9  NN1 

Charge nº12 was used with target NN1, see Figure 4.36. Total penetration was 21 cm prior 

opening and 18 cm afterwards. The diameter of the affected area and entry hole are 12 cm and 2 cm, 

respectively. The recovered liner, Figure 4.37, had a mass of 71 g, hence a 44% loss. 

 

Figure 4.36: NN1 impact effects. 

 

Figure 4.37: NN1 recovered liner. 

4.2.10  NN2 

Target NN2 was impacted by charge nº8. Its effects are observed on Figure 4.38. Penetration 

was first registered at 30 cm before opening, having a slight decrease to 29 cm after. Affected diameter 

was 18 cm and the entry hole had 2,5 cm in diameter. Like the previous liner, it also had a mass of 71 

grams, meaning a 42,8% reduction, and is given in Figure 4.39. 
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Figure 4.38: NN2 impact effects. 

 

Figure 4.39: NN2 recovered liner. 

4.2.11  NN3 

Charge nº2 was utilized on target NN3. Figures 4.40 and 4.41 represent its effects and recovered 

liner. Recorded penetration was 30,5 cm, again with a slight decreased to 29 cm after opening, while 

the diameter of the affected area and entry hole are 20 cm and 2 cm, respectively. The recovered liner 

had a 50,4% reduction in its mass, weighing 63 g. 

 

Figure 4.40: NN3 impact effects. 
 

Figure 4.41: NN3 recovered liner. 

4.2.12  NN4 

Target NN4 was impacted by charge nº6, with its liner not being found, see Figure 4.42. It 

achieved 30 cm in penetration, with an affected diameter of 13 cm and the entry hole was 4 cm in 

diameter. Figure 4.44 demonstrates the fluid effects, holding the spheres against gravity.  

  

 

Figure 4.42: NN4 impact effects. 

 

Figure 4.43: Spheres being held by the fluid. 
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4.3  Experimental Conclusions 

A summary of the experimental data will be shown on the Table 4.3. 

Table 4.3: Experimental data. 

Barrel Charge 
Penetration 

[cm] 
Entry 

diameter [cm] 

Affected 
diameter 

[cm] 

Lost 
volume 

[ml] 

Recovered 
liner [g] 

Liner 
reduction 

[%] 

S1 1 31,5 4 15 842 77 40 

S2 3 30 3 14 853 78 40 

S3 10 25 3,5 25 1302 77 41 

S4 11 46 3 20 1072 77 38 

E1 5 29 3,5 12 727 55 56 

E2 9 31 2 13 612 not found not found 

E3 4 49 2,5 15 842 84 33 

E4 7 39 2,3 14 410 75,4 41 

NN1 12 18 2 12 - 71 44 

NN2 8 29 2,5 18 - 71 43 

NN3 2 29 2 20 - 63 50 

NN4 6 30 4 13 - not found not found 

 

It can be observed that the entry diameter is somewhat affected by the different type of targets 

configuration, with an overall average value of 2,86 cm. Considering the division by types, the S type 

averages an entry value of 3,38 cm, while E type and NN type both achieved an average entry diameter 

of 2,6 cm.  

For the affected diameter, S type targets averaged 18,5 cm; E type targets had the lowest 

affected diameters, averaging 13,5 cm, NN type targets had some variations on this parameter, 

registering an average of 15,75 cm. The overall average value for the affected diameter is 15,92 cm. 

The overall recovered liners mass was registered at 72,84 g, with S, E and NN types averaging 

77,25; 71,47 and 68,33 grams respectively. There appears to be some consistency when comparing 

the values from the different test apart from E1 and E3 that have the lowest and highest recorded mass, 

respectively. 

Alternatively, a better perception of the effects caused by the different target types should be 

achieved when analysing the percentage of the lost liner mass because it takes into consideration the 

different initial masses of the liners. Once again, some consistency is achieved with the overall losses 

on liner masses being 43%. S type liners lost on average 40% of their mass, E type lost 43% and NN 

type lost 46%.  

When it comes to penetration, there appears to be some variation in the attained values. This 

was to be expected because the targets are not homogeneous: 
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● For S type targets, there is an average of 33,13 cm in penetration. However, S4 

introduces a significant variation when comparing to the rest of the tests with a 46 cm 

penetration; 

●  E type targets had a 37 cm average penetration, but variations are also observed 

specially with E3 achieving the highest penetration off all targets, 49 cm, which was not 

to be expected. By considering E3 as an outlier, the new E type average is 33 cm, similar 

to the S type; 

● NN type targets have the lowest recorded penetration and the lowest average 

penetration by type with 26,5 cm. The addition of the fluid appears to have a significant 

impact, reducing the penetration capabilities of the shaped charges. 

Considering the overall recorded penetration for each target type and discarding E3, the addition 

of the spheres decreases penetration by 0,38%, whereas the addition of the non-Newtonian fluid 

increases penetration resistance by 20%, when comparing to the S type targets. 

Experimental penetration will now be compared with both the analytical and numerical models’ 

data. The analytical models that will be used in this comparison will be the Birkhoff 1948 model and the 

FOI model considering the reduction factor, due to their simplicity. These models were also just 

compared with the experimental results attained through the use of type S barrel targets. For this 

comparison, it was assumed that the error would be calculated with equation 4.1: 

 
𝐸𝑟𝑟𝑜𝑟 =  

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝐴𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
 

(4.1) 

Table 4.4 provides the values for the above-mentioned comparison. 

Table 4.4: Experimental and analytical values comparison. 

Barrel 
Experimental 

[cm] 
Birkhoff [cm]  Error [%] FOI [cm] Error [%] 

S1 31,5 

53 

- 68,25 

123,9 

-270 

S2 30 -76,67 -288 

S3 25 -112 -366 

S4 46 -15,22 -153 

 

As expected, these models have significant differences when comparing to the experimental data 

due to the complexity in translating this phenomenon into mathematical equations and the difficulties 

imposed by the target material. The Birkhoff model yielded an overall 68,03% error and the FOI had a 

269% error, which is considered as acceptable, since this model is used for practical applications and 

has protective intentions. 

A similar comparison will now be made between the experimental and FEM values, with results 

visible in Table 4.5. 
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Table 4.5: Experimental and FEM values comparison. 

Barrel 
Experimental 

[cm] 
FEM [cm]  Error [%] 

Average 
Error [%] 

S1 31,5 

53 

- 68,25 

-68,03 
S2 30 -76,67 

S3 25 -112 

S4 46 -15,22 

E1 29 

46 

-58,62 

-29,71 
E2 31 -48,39 

E3 49 6,12 

E4 39 -17,95 

 

It can be seen that the numerical models are overestimating the penetration values when 

compared with the experimental data. This conservative behaviour makes sense, since FEM are 

reproducing an optimal and theoretical state. Once again, E3 can be treated as an outlier. If we discard 

that value, the average error for the E type targets becomes -41,65%. The magnitude of these errors 

indicates that there is room for improvement of the numerical models, which is demonstrated on the 

next chapter. 
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5. Numerical model improvements 

The first modifications performed to improve the model behaviour were on the concrete material 

parameters. As an alternative to keeping all the automatically generated concrete parameters 

addressed in subsection 3.2.2, a subsequent improvement was made to the material parameter 𝑏1, that 

controls compressive damage evolution. Wu & Crawford (2015) provides insight into how to estimate 

this parameter resorting to the expression defined in equation 5.1, where ℎ represents the characteristic 

length of the element in millimetres. Given our 1 mm square mesh, 𝑏1 was then changed to 0,8035. 

 𝑏1 =  0,0135ℎ + 0.79 (5.1) 

The second modification to the initial model, and the one with the biggest influence, was the 

position of the detonator. The preliminary numerical models assumed that the detonator was at the 

surface of the explosive, at the rear of the shaped charge. However, due to the lack of support during 

the experimental tests, the detonator had to be placed 3 cm inside of the explosive. Consequently, the 

location of explosive’s initiation in the numerical model was changed accordingly. A comparison 

between the pressure wave, when it reaches the liner, for the explosive with the detonator at the rear 

and inside is illustrated in Figure 5.1 (i) and (ii), respectively. 

 

(i) 

 

(ii) 

Figure 5.1: Pressure waves reaching the liner. 

 

Table 5.1 reports both the experimental results and the numerical results obtained resorting to 

the modified numerical model.  

Table 5.1: Experimental and improved FEM values comparison. 

Barrel 
Experimental 

[cm] 
FEM [cm] Error [%] 

Average 
Error [%] 

S1 31,5 

39,62 

-25,78 

-25,61 
S2 30 -32,07 

S3 25 -58,48 

S4 46 13,87 

E1 29 

36,23 

-24,93 

-2,16 
E2 31 -16,87 

E3 49 26,06 

E4 39 7,1 
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With the improvements made, it seems that the experimental results for S4 also achieved a 14% 

higher penetration than what should be attainable, according to the numerical model. If we consider the 

FEM as a representation of the best possible scenario and this value is discarded, the error for the S 

type targets turns into -38,77% 

Similarly, the data collected during the experimental campaign shows E4 penetrating 7,1% more 

than what was expected, according to the new FEM. However, the difference in values from the 

experimental and numerical analysis was not believed to be significant. By considering E3 an outlier, 

as stated in the earlier subsection, the averaged error form the ceramic FEM turns into -12%. Taking 

the new numerical models into consideration, the ceramic spheres introduce an 8,56% reduction in 

target penetration, which is a significant difference from the 0,38% reported in subsection 4.3.  

The reduction in the detonation velocity reported in subsection 4.1.2 was the last improvement 

made due to only a small portion of the explosive being tested, therefore it is not possible to attest if the 

behaviour reported is in accordance with the remaining explosive candles used. Therefore, the 

modifications imposed by this change are shown separately in Table 5.2. 

Table 5.2: Detonation velocity reduction influence. 

Barrel 
Experimental 

[cm] 
FEM [cm] Error [%] 

Average 
Error [%] 

S1 31,5 

36,23 

-15,02 

-14,87 
S2 30 -20,77 

S3 25 -44,92 

S4 46 21,24 

E1 29 

35,10 

-21,03 

1,03 
E2 31 -13,23 

E3 49 28,37 

E4 39 10,00 

 

In accordance with the earlier results interpretation, if S4 is discarded, the S model error 

increases to -26,9% and by deeming E3 an outlier, the ceramic spheres models achieved a -8,09% 

error. The behaviour of the numerical models with the detonation velocity reduction closer translates 

the behaviour of the experimental data collected, with the spheres originating a 3,12% reduction in 

penetration.  
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6. Conclusions 

6.1  Synthesis and main conclusions 

This dissertation addressed the concrete behaviour when faced with hypervelocity impacts, an 

area of study of increased interest, with the objectives of evaluating the protective capabilities of 

concrete structures with the addition of 3 layers of ceramic spheres. In order to do it, nonlinear numerical 

models were developed and validated through an experimental campaign. The hypervelocity was 

achieved by means of a specially designed shaped charge, inspired by the RPG warhead, PG-7VM. 

Numerical models are a crucial part of this field of work, enabling multiple iterations and the 

collection of useful data, once they are validated. For this dissertation, the numerical models were 

created using a 2D ALE axisymmetric approach, commonly found in literature regarding this field of 

work mainly due to its reduced computational cost. However, this decision poses a limitation when 

creating the ceramic spheres. 

Preliminary numerical models were used do make a decision regarding the shaped charge 

geometry, specifically the influence in having an opened or closed back casing, as well as determining 

the optimal standoff distance. Based on those models, an opened back casing was used due to its 

lower cost and the difference in both penetrations and velocities not being significant enough, when 

comparing to the closed casing. The optimal standoff was also determined to be 230 mm. 

During the experimental campaign, 3 types of targets were used: S type targets were filled with 

plain concrete, E targets were filled with concrete with 3 layers of ceramic spheres added and NN 

targets have the same composition as E targets with the addition of a non-Newtonian fluid, filling the 

gaps between the spheres.  

It was found that the addition of the spheres resulted in decreasing penetration on target by 

0,38% and that combining spheres and non-Newtonian fluid caused a 20% reduction in penetration. 

Furthermore, it was possible to attest the available analytical penetration models significantly 

overestimate penetrations, which makes sense considering the difficulties in translating the behaviour 

of a brittle and non-homogeneous material. 

These difficulties are also part of the reason the numerical models are incapable of perfectly 

describing the experimental results, with the plain concrete model overestimating by 14,87% the 

experimental penetrations and the concrete with ceramic spheres model overestimating penetration by 

8,09%, on average. 

This research far outweighs personal goals, it helps to mitigate knowledge gaps within this field 

of study, hopefully providing useful insights that will make concrete structures more robust when facing 

hypervelocity threats, making them better suited to deal with extreme events.  

6.2  Recommendations for the future  

The main goals for this dissertation were achieved, however, there are areas which have room 

for further development that will be suggested for future works: 
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• Replicating this study using 3D models to better simulate the real target conditions and 

behaviour. This would tackle the axisymmetric issue as well as verifying whether the additional 

computational cost is justifiable or the 2D ALE models are a close and efficient solution; 

• Further development of the non-Newtonian fluid applications regarding hypervelocity impacts. 

This topic was briefly discussed and was not the main subject of the dissertation, however, the 

experimental results looked promising. The development of numerical models and additional 

experimental campaigns should be considered. 
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A. Concrete compression test  
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B. Non-Newtonian fluid 
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