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ABSTRACT 
The research covered in this article is related to numerical modeling of 

Explosively Formed Projectiles (EFP). In-depth literature reviews on both the 

physical characteristics and numerical modeling of this weapon are given. It also 

includes discussions on Multiple Explosively Formed Projectiles (MEFP). Results 

from a numerical model of an EFP are compared with experimental data showing 

good correlation. Finally, a numerical model of a MEFP set-up is developed and 

investigated. All models ran successfully to normal termination and they showed 

how numerical tools could be used to describe and investigate these very 

complicated events. 
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1. INTRODUCTION 
Explosively Formed Projectiles (EFPs) are a 

relatively simple weapon where an explosive in a 

container detonates to deform a concave disk into a 

high-speed projectile. Due to their simplicity and 

low cost they have been used extensively by 

insurgents in modern-day warfare. They have been 

used by insurgents both in Iraq and Afghanistan as 

lethal roadside bombs [1]. In Morrison [2] it is 

mentioned that EFPs have been seen used in the 

Iraq conflict and that the major wounding 

mechanism is from fragmentation and burns. Past 

experience has shown that Ballistic injury accounts 

for around 75% of all injuries. 

The EFP is designed to penetrate armor at high 

velocity and at long distances. A container, 

typically cylindrical in design, is filled with High 

Explosive (HE) and a disk closes the geometry. 

This disk called the Liner is slightly concave and in 

direct contact with the HE. When detonated the HE 

collapses the Liner and forms a projectile with a 

very high velocity which can exceed 1000 m/s. The 

process is illustrated in Figure 1 and an initial Liner 

together with the resulting heavily deformed EFP is 

illustrated in Figure 2. 
 

 
Figure 1: Development of an EFP starting with initial 

configuration from left and the resulting impact to the right [3]. 
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Figure 2: An example of an initial Liner and the resulting 

EFP. Items are from Rock Mechanics and Explosives 

Research Center, Missouri S&T [4]. 

 

 

These circumstances have led to a need for 

research into the effect of impact of EFPs on 

military vehicles in order to improve their design 

for survivability. If the forming and behavior of the 

projectile can be captured with numerical 

simulations as well as the impact with various 

target materials, a safer environment for our 

warfighters can be obtained. However, to do that 

one must first develop the knowledge base for EFPs 

which includes understanding the Process and 

Design Parameters as well as performance of this 

type of weapon. The presented work focuses on 

research done with simulation in this area using the 

open literature, acknowledging that a much larger 

amount and better research is not publicly 

accessible. It highlights the methods and problems 

as well as showcases results from many resources 

related to the EFPs. A numerical model is 

developed and compared with experimental data 

obtained from literature. The topic of Multiple 

Explosive Formed Projectile (MEFP) is discussed 

and results from numerical simulations are shown. 

 

 

2. CHARATERISTICS OF EXPLOSIVELY 
FORMED PROJECTILES 

 

   The first publication on this weapon, identified 

for this effort was published in 1935 [5] 

highlighting EFPs are not a new threat. While the 

first identified publication was in 1935, the 

published research is sparse until the 1970s. 

Carleone [6] gives a list of the historical 

developments on this topic, starting in 1936.   

Through time different designs and types of EFPs 

have been developed, but first consider the 

traditional single Liner cylindrical EFP as shown in 

Figure 2. There are several design and process 

parameters to consider. In [7] it is mentioned that 

the explosive impulse should form a slug that has a 

very low velocity gradient else it will be pulled 

apart. EFPs can be used for very long stand-off 

distances since air drag only causes a slight lost in 

velocity. It can have a trajectory of over 100 meters 

and even reach velocities of 3000 m/s. 

Alternatively, a Shaped Charge is designed for 

smaller stand-off distances but reaches a much 

higher velocity , forms a Jet rather than a projectile, 

and penetrates much deeper than an EFP.   

Parameters influencing the performance of an 

EFP are well described in the 1993 paper by 

Weimann [8]. Many parameters that affect the 

projectile shape and velocity are described, among 

them the explosive, casing material, Liner material 

and dimensions. As an example, the charge length 

is found to be a very important design parameter, 

where increased charge length gives additional 

stretching of the EFP, higher velocity and kinetic 

energy. When the casing thickness was increased, 

an increased velocity was found, even when the 

outer diameter was kept constant and hence a 

smaller explosive charge was applied. Another 

important parameter that influences the 

performance, as has been observed for Shaped 

Charges, is the initial position of the detonation 

point. The closer to the backend of the casing, 

further away from the Liner, the higher is the 

velocity of the projectile. 
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One aspect of EFP research is the forming, shape 

and velocity of the projectile, another is the 

penetration performance for impacting the target. 

In [3] it is mentioned that the penetration depth is 

typically 0.8-1 times the charge diameter which is 

much less than for a Shaped Charge. In [9] a large 

experimental study was carried out on performance 

where the EFP’s performance is defined as 

penetration of the target. Five physical parameters 

are tested leading to a total of eighteen different 

designs. The parameters investigated are Charge 

Weight, Container Geometry, Liner Thickness 

(called Flyer in the report), Liner radius of 

curvature and finally the type of HE used. Results 

indicated that there is an optimal charge weight for 

the penetration since for the larger charges the 

projectiles broke apart and the penetration got 

smaller, though the measured velocity increased 

with the heavier weight. One design had a nearly 

flat Liner that gave similar velocity as one with a 

typical curvature, however the flat design had half 

the penetration depth. Furthermore, it was 

concluded that the Liner can also be too thick, 

relative to the charge diameter, to give good 

performance when compared to thinner Liners. In 

[6] the important L/D ratio is mentioned, where L 

is the length of the charge and D is the charge 

diameter. Often this ratio is limited due to the 

overall constraint of the system, but it is mentioned 

that for increased ratio the kinetic energy is 

increased until it flattens, indicating an optimal 

design for the EFP. Research on the effect of the 

type of HE used is shown in [10] where five 

different types of explosives were investigated, two 

of them being TNT and PETN. They found that 

increase of explosive density, detonation velocity 

and detonation pressure in general increased the 

velocity and L/D ratio. An X-ray image from one 

of the experiments showed the velocity difference 

between the tip and back of the EFP, having the 

highest velocity at the tip as expected.  

The flight characteristic of an EFP has been found 

to influence the impact performance. A stable 

aerodynamically EFP [11] means a more accurate 

impact which is measured by distance from the 

target point and angle of impact. A way to secure a 

stable flight is to have the EFP develop fins on the 

projectile. In [11] this is obtained by using an initial 

shape of the Liner similar to a pin-wheel at the outer 

rim, whereas in [12] this is done by the use of 

multiple detonation points. A total of three 

detonation points is used, leading to improved 

aerodynamic stability of the projectile.  

 Different designs have been developed over time. 

These designs include several variations of the 

single Liner EFP, underwater dual Liner EFPs, 

EFPs that produce multiple fragments that fly in 

controlled clusters, and the Multiple Explosive 

Formed Projectile (MEFP) which is seen as a 

collection of EFPs. There are different types of 

MEFPs, e.g., Liners with individual charges as in 

an array, integral type with one charge and multiple 

Liners or one charge with one formed Liner. Figure 

3 shows a formed Liner with multiple imprints (top) 

and an example of an integral MEFP (bottom). 

 

 
Figure 3: Different types of MEFPs. Top: Multiple imprints 

in one Liner plate [13]. Bottom: Integral MEFP [14]. 

 

The MEFP will generate a spray of multiple 

fragments to impact the target. Of special interest 
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for research is the spatial dispersion patterns and 

penetration properties [14]. In their set-up there is a 

center Liner and six radial placed surrounding 

Liners. It is mentioned that the radial Liners travel 

with the same velocity and are distorted due to 

unsymmetrical detonation pressure. However, the 

velocity of these and the center EFP are on the same 

level, around 2500 m/s. It is also seen that the 

damage area increases with larger stand-off 

distance.  

Different numbers of Liners can be applied as 

shown in Figure 3 where [14] used seven individual 

Liners. The same number of Liners was used in [15] 

but formed into one single piece Liner. They used 

different geometries, some with deeper imprints 

and other configurations with more distance 

between each EFP, etc. Three different materials 

were also tested and very different projectile 

formations were observed. For a Liner made of a 

two-phase tungsten-nickel-iron alloy each 

penetrator fractured down their center into two 

pieces. Resulting shapes for the three materials are 

shown in Figure 4. 

 

 
Figure 4: Soft Recovered penetrators for three different 

materials tested in [15]. 

 

Other variations have been developed over time 

in order to improve the efficiency of this type of 

weapon. One is a Non-Axisymmetric Explosively 

Formed Penetrator which is called NAS EFP. The 

concept is to create more volume, increasing the 

mass of the High Explosive and then generate a 

more lethal design as described in [16]. It is 

mentioned that the first testing of NAS EFP 

warheads started in 1979. Another concept is to use 

two Liners, an inner and outer one [17, 18] where 

the latter also describes the concept of an Axially 

Switchable Modes Warhead.  

One of the challenges in experimental 

investigation of EFPs is the recovery of the 

projectile. If studies of the final formed projectile 

are of interest, how can this be done without 

damaging the shape when stopping it? This topic 

has been researched at the Air Force Research 

Laboratory where water and sand has been applied 

to make a Soft-Recovery as shown in [19]. Soft-

Recovery studies have also been done at Missouri 

S&T where a series of impact materials have an 

increasing density gradient as one method and other 

tests were done with water barrels [20]. There are 

differences between the two methods, the pros and 

cons are described but if an accurate projectile 

geometry is the highest priority then the first 

method should be used.   

 

3. NUMERICAL MODELING OF 
EXPLOSIVELY FORMED PROJECTILES – A 
REVIEW 

Some of the potential problems in modeling EFPs 

are related to the extreme pressure generated by the 

detonation of the HE which drives the process. The 

HE is laid against the casing and the Liner which 

creates very large deformation. If Lagrangian 

elements are used then problems with hourglassing 

occur if hexahedral constant stress elements are 

chosen as the element type. Deformation and high 

pressure will also create large problems with the 

Lagrangian contact, a penalty contact would 

typically experience large penetration with the need 

to use a high penalty factor to avoid the numerical 

instability. If simulating the flight trajectory is of 

interest this can involve a long-distance and hence 

be computationally expensive, especially if 

aerodynamics were to be considered.   

Trying to apply numerical tools for this 

application is not a new approach, it was 

investigated in the past by Randers-Pehrson in 1978 

[7] using a 2D model in the HEMP code from 

Lawrence Livermore National Laboratory (LLNL). 

The model illustrates some of the problems with 

very distorted elements in a Lagrangian code, 

leading to a need for eroding elements and thus loss 
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of mass. The thinning was especially a problem at 

the outer edge of the Liner. [21] uses the ZeuS code, 

a two-dimensional Finite Element Code. They 

looked at how the projectile’s material parameters 

and mesh density influence the penetration of a 

multi-layered steel target. The initial configuration 

is shown in Figure 5. 

 

 
  
Figure 5: Finite Element model of EFP penetration using 

the ZeuS code [21]. 

 

They used an already formed EFP for the impact 

with a simple Elastic-Perfectly Plastic Model. 

Applying different strength values for the projectile 

had very little effect on the hole profile. For a 

coarser mesh they obtained a v-shaped hole profile 

that didn’t match experimental results, finer meshes 

were found to give better agreement. It is believed 

that the coarse mesh could not capture the pressure 

gradient and had a tendency to pressure lock since 

triangular elements were used. Mesh generation 

and element types for simulations of EFPs is also 

discussed in [22] where three topics are mentioned 

as challenges for this type of simulation: contact 

interfaces, type and arrangement of elements and 

generation of the mesh. Discussion about contact 

leads to adding thickness for the slave nodes and 

for the applied constant stress element they discuss 

the use of tetrahedron versus hexahedron elements.  

Different types of meshes gave very different 

results, even some with very strange deformation 

patterns. It was concluded that a symmetric mesh 

gave the best results. An example is shown where 

tetrahedron elements that get highly distorted are 

automatically converted to particles. It is not 

explicitly mentioned but the authors of this article 

believes that the EPIC Code was applied in this 

research which is a Finite Element Code developed 

back in the mid 1970’s at Honeywell.  

Many different software packages have been 

applied to model EFPs and in the earlier research 

two-dimensional models were used. In [16] both 

DYNA2D and DYNA3D were applied and it was 

noted that “3D hydrocode tools are needed for the 

design process”. DYNA2D and DYNA3D were 

developed at Lawrence Livermore National 

Laboratory starting in 1976.  

Yet another Code that has been used to model 

EFPs is the Eulerian Code CTH developed at 

Sandia National Laboratory. In 1992, Hertel [23] 

published a Sandia report with four experiments to 

be compared with CTH, one of them was an EFP 

experiment, in fact one of the few somewhat 

detailed experiments available in the open literature 

and it will be modeled later in this article. A 2D 

Axis-symmetric model was used and it was stated 

that CTH captures the “gross features” of the 

experiment. It was also mentioned that the 

simulation is sensitive to small changes in 

numerical treatment and models. Two other papers 

have tried to reproduce these results using LS-

DYNA® [24, 25] by developing an Axisymmetric 

ALE model. ALE is Arbitrary Lagrangian Eulerian, 

see [26]. In [24] the values for velocity, length and 

diameter of the EFP was close to the experiment. 

The geometry obtained with CTH at 200 µsec is 

shown Figure 6, which is a typical shape for this 

type of EFP.  
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Figure 6: EFP Terminal Shape obtained with CTH [23]. 

 

Eight years later, Puryear and colleagues repeated 

the study and they found good agreement between 

numerical and experimental data for the peak 

velocity. However, they couldn’t reproduce the 

agreement for the shape of the EFP and noticed that 

the longer the model continued running, the longer 

the projectile became indicating that it never 

stabilized. They listed possible causes for the 

inconsistency, e.g., Element Size, Geometry, EOS, 

etc.   

Aero-ballistic studies are important when 

developing EFPs and in [11] it was shown how LS-

DYNA® was used to simulate the formation of the 

EFP and the TRASTA code applied for 

aerodynamic analyses. This research used 

numerical models to design canted finned EFPs 

leading to stable flight conditions, which is 

beneficial for impact performance with the target. 

EFPs can fly a long distance before hitting the 

target which means that it first forms and then flies 

in air at stabilization. Distance to target in [27] is 

48 meters which is a very long travel to simulate. 

Thus, they scaled it to a flight distance of 0.5 m 

using empirical velocity equations and numerically 

modelling the 0.5 m flight and impact with LS-

DYNA®, applying ALE in 3D. Results of the 

experiment in [27] is used by Cardoso et al. in 2016 

as a reference verification example for a numerical 

Base Model that is then used for numerical 

sensitivity studies [5]. They verify the velocity 

profile from their Base Model with the 

experimental band and study afterwards, element 

formulation, discretization, Liner material, high 

explosive, etc. It is never mentioned what software 

tool is used, only that it is a Finite Element based 

numerical model but it seems to be Lagrangian. 

Some of the findings are that thickness of the Liner 

is one of the most important parameters together 

with the off-center distance of the detonator. It is 

stated that it is beneficial to have a smaller 

thickness closer to the center of the Liner since this 

gives a higher velocity. Interesting and very 

different shapes are obtained with different 

numbers and placement of the detonation points, up 

to five are used.   

Number of detonation points was also studied in 

[28] where LS-DYNA® was applied with the ALE 

approach. Seven different configurations were 

tested with a minimum of three detonation points 

up to a maximum of 36. Three dimensional models 

were used with either half or quarter symmetry. 

Observations are that the number of detonation 

points influences velocity and length-diameter ratio 

and that a velocity gradient across the Liner is the 

main reason for bending of the penetrator. Similar 

work related to number of detonation points and use 

of LS-DYNA® ALE was done in [29] where two 

different configurations were modeled, one with 36 

and one with 72 points.   

Similar to [5] the Lagrangian approach was used 

in [14] to simulate Multiple Explosively Formed 

Penetrators and compared with experimental work. 

Due to symmetry, half a model was used and it 

should be noted that the HE was deleted after 30 

µsec. The MEFP consisted of 7 penetrators and 

impact pattern for FE and experiments were 

compared visually. Also considered was the 

Damage Area which shows the area that is covered 

by the penetrators. It was found that numerical 

results showed larger areas than the experiments 

and it is speculated that the lack of considering air 

resistance and other external factors in the 
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numerical models are reasons for the differences 

[14]. Also [30] applied the Lagrangian approach in 

LS-DYNA® for MEFP modeling using half 

symmetry. 

The work covers numerical modeling, 

investigating what influence Liner material will 

have on shape and velocity of MEFPs, in this case 

a 7 Liner configuration. Five different Liner 

materials were tested and it was found that iron and 

copper were the best material. Furthermore, the 

simulations show that the density seriously affects 

the projectile formation. Increasing density leads to 

a decrease in velocity for all Liners. As in the major 

parts of all the research mentioned, Zhao et al. [30] 

used the JWL EOS for the HE and Johnson-Cook 

constitutive model for the Liner. The latter is often 

applied when the material experiences high strain 

rate and thermal effects. Influence of Liner material 

is studied in [31] as well where Autodyn 2D is used 

as the numerical tool to model a single EFP. 

Different response parameters are shown for the 

three materials that were investigated but no 

deformed configurations were illustrated nor were 

any details given about the formulation applied, 

e.g., ALE, SPH etc. SPH is Smoothed Particle 

Hydrodynamics, see e.g. [32]. Results showed that 

the internal energy of the EFPs was inversely 

proportional to the density of the material. Worth 

mentioning is that the Length over Diameter Ratio 

could not be reproduced. However, in another 

paper on the same topic of material for the Liner, 

Hussain and coworkers mention the use of an 

Autodyn 2D axisymmetric model using an Eulerian 

description of the HE and structural parts [33]. It 

was shown how the Johnson-Cook constitutive 

model underestimated the projectile diameter and 

gave an unrealistic elongated projectile when 

compared with experiments. However, increasing 

the hardening constant by 10% gave better results 

though both material models did not match the 

experimental velocity. This illustrates the 

sensitivity of material parameters in numerical 

modelling of EFPs. 

So far, several approaches and software codes 

have been presented and the majority chose the 

ALE approach. However, it is the authors 

experience that in modeling events with very high 

velocity as in hypervelocity impact, accurate results 

can be obtained using the γSPH Solver which is 

part of the IMPETUS Afea Solver Suite, in 

particular the IMPETUS ADVANCED package. 

The results shown in the following sections are a 

result of analysis performed with this software. 

Information about the solver can be found in [34]. 

 

4. NUMERICAL RESULTS COMPARED 
WITH EXPERIMENTAL DATA 

There are not much publicly available 

experimental data for EFPs due to the nature of the 

application and use thereof. One reference is [23] 

which describes an experiment performed at Sandia 

National Laboratories. The experiment is an AISI 

4340 steel case with an OFHC copper Liner and 1 

kg LX-14 High Explosive. The set-up for the EFP 

is shown in Figure 7. 

 
Figure 7: Set-up for EFP experiment [23]. 

 
The experimental test set-up from [23] were 

replicated numerically for this paper. Response 

Parameters are Terminal Velocity, Length and 

Diameter of the EFP. The parts were created in 

CAD/Meshing software Trelis with shell elements 

and at RUNTIME the volumes were filled with 
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particles. A total of 1 million particles were used 

which were distributed between the HE, the Casing 

and the Liner. The initial model is shown in Figure 

8. 

 
 

Figure 8: The initial set-up using γSPH particles for all 

components of the EFP. Only half model is shown. 

 
The model ran successfully to normal termination 

using a NVIDIA RTX 8000 GPU with a 

computational time of 16 minutes. In [23] 200 µsec 

was used as the simulation time, which is also 

applied here, though it is believed that it could have 

been shorter, especially when looking at the 

velocity curve and observing the stabilization zone. 

Simulation results of the EFP forming phase is seen 

in Figure 9. 

 
Figure 9: Numerical Results: Development of the EFP’s 

forming phase. Half model shown to increase visibility. 

 
As mentioned earlier Hertel lists the EFP length of 

5.46 cm as one of the experimental findings. In the 

numerical model a length of 5.49 cm was found 

which is a good match. [23] also lists the diameter 

of the EFP to be 4.95 cm but never mentions where 

that is measured. As Figure 10 reveals the EFP is 

not uniformly cylindrical but if one studies the 

results in Hertel it seems as though the diameter 

value is taken at the bottom of the EFP, the flattened 

end. Even when looking at this, one may wonder 

where to measure the diameter, in fact it is a range. 

The approximate numerical value has an average 

around 5 cm, so the shape is matched.  

 
Figure 10: The simulated EFP is not homogenous, the 

shape is so unique that the diameter is difficult to measure. 

Matching the shape is also verified by comparing 

the projectile with X-rays from experiments. This 

is shown in Figure 11. 

 

 
Figure 11: The simulated EFP (left) matches the shape seen 

in experiments (right) [23]. 

 

As a last response parameter consider the Terminal 

Velocity which was found to be 2280 m/s [23]. In 

the numerical model it was found to be 

approximately 2147 m/s which is a 6% difference 

and thus in good agreement. The development of 

the rigid body velocity of the EFP is plotted in 

Figure 12 together with the experimental results. 



Proceedings of the 2020 Ground Vehicle Systems Engineering and Technology Symposium (GVSETS) 

Numerical Investigation of Explosively Formed Projectiles and Comparison with Experimental Data, Jensen, et al. 

 

Page 9 of 12 

 
Figure 12: Rigid body velocity of the simulated EFP 

compared with the experimentally obtained velocity, 

showing good correlation. 

5. NUMERICAL MODELING OF MEFP 
Matching the experimental data from [23] gives 

confidence in modeling of EFPs using numerical 

tools and thus numerical test cases can be 

developed to study the behavior of different 

scenarios involving this type of weapon. Multiple 

Explosively Formed Penetrations can be seen as a 

collection of EFPs which gives a large Damage 

Impact Area. A numerical model was developed in 

IMPETUS ADVANCED to see how this can be 

modeled. Geometry and measurements are taken 

from [13]. Figure 13 shows the experimental set-up 

and the numerical model.  

 
Figure 13: Experimental [13] and Numerical set-up of the 

MEFP. This is a 7 Liner weapon based on a simple design. 

It is seen that the MEFP consists of seven Liners 

that are integrated into a cylindrical charge. The 

detonation point is located on the backside. 

Termination time is set to 20 msec which was 

enough time for forming of the projectiles. The 

shapes of the EFPs at termination time are 

illustrated in Figure 14. An NVIDIA RTX 8000 

GPU was also used for this simulation resulting in 

approximately a 25 minutes runtime using a total of 

2.5 million γSPH particles. 

 
 

Figure 14: Deformation of the 7 Liners at termination time. 

 

Formation of the projectiles are visually very 

similar to the experimental pictures in [14] but 

details are missing in the paper to directly compare 

the results. [14] also shows that the center Liner has 

a slightly higher velocity than the surrounding 

projectiles which have very similar velocities. The 

numerical model reflects that as well when the rigid 

body velocity profiles are plotted. It is the hope of 

the authors that in the near future it will be possible 

to obtain reliable experimental data to be used as an 

additional public verification example. 

6. CONCLUSION  
Two comprehensive literature reviews were done. 

One covers the characteristics and performance of 

Explosively Formed Projectiles. The discussion 

outlined the many different process parameters and 

their influence on Terminal Velocity, penetration, 

etc. The second review focused on previous work 

in numerical modelling of the forming process and 

impact on a structure with the resulting projectile. 

The IMPETUS Afea γSPH Solver was used to build 

a numerical model of an EFP based upon publicly 

accessible experimental data. It was shown that the 
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final shape of the projectile developed from the 

simulation matches the X-Ray from the 

experiment. The computed length was 5.46 cm 

compared to the experimental results of 5.49 cm. 

Furthermore, the Terminal Velocity differed by 

only 6%. A discussion about determining an 

accurate measurement for the projectile diameter 

was presented as the documentation of the 

experiment did not indicate exactly where to make 

the measurement, so an average value was used.  It 

is important to note that no numerical tuning of the 

model was done to obtain the presented simulation 

results. With confidence in the numerical approach 

a model of a Multiple Explosively Formed 

Projectile was developed that consisted of 7 

individual liners as described in [14].  Deformation 

and damaged areas were judged to be similar to the 

images in the experiment. With a predictive model, 

as presented here, these difficult events can be 

simulated accurately and provide for the 

development of better protection equipment for our 

warfighters.  

Future work could involve a numerical sensitivity 

study of the EFP characteristics covering different 

types of High Explosives, location of detonation 

points both in-plane and along the cylindrical axis. 

Liner material and thickness could also be of 

interest. A more extensive study of the projectile’s 

yaw, length and diameter are some of the Response 

Parameters to consider. It is the hope that funding 

will be available to experimentally study EFPs and 

MEFPs to make sure that all aspects of the 

processes are covered and thus can be modelled in 

the greatest of detail. 
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