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A NUMERICAL STUDY ON EXPLOSIVELY FORMED
PROJECTILES IN LOW DENSITY ENVIRONMENTS FOR
TYPICAL METALLIC LINERS MATERIALS

Florina BUCUR?, Liviu-Cristian MATACHE?*, Marin LUPOAE?

Nowadays, was highlighted an increased need to use special devices for
ordnance disposal of various types of unexploded ammunition or improvised explosive
device (IED) discovered both in the aquatic and terrestrial environments (on the
surface of the soil or buried).

The interventions on these types of ammunition are complicated and complex,
any uncontrolled interaction can lead to accidental detonation and disastrous effects
on personnel and the surrounding environment. At the world level, various
constructive solutions are used to neutralize these threats, in the form of explosive
devices generating projectiles, namely explosively formed projectiles (EFPS).

The paper aims to analyze the behavior and influence of liners made of
different metallic materials such as copper, aluminum and magnesium in the
formation of EFP, highlighting the evolution of the following parameters: shape,
formation velocity and kinetic energy in low density environments such as air and water.
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1. Introduction

In the context of international armed conflicts, the unexploded ordnance
(UXO) or IED that remains in water, soil or underground become deadly threats,
conducting to victims among civilians and infrastructure destruction.

The unexploded ammunitions discovered on soil or underwater are
generally naval mines, torpedoes, bombs, projectiles, grenades, etc. which did not
work according to their intended purpose and which present a high risk of
accidental explosion. Also, the improvised explosive devices represent a threat
that must be countered [1]. Abandoned ammunitions (AXO) after World War |
and World War Il and recent international conflicts or ongoing (Afghanistan,
Israel, Ukraine), together with unexploded ordnance (UXO) scattered on various
environments represent millions of tons of ammunitions (Fig.1). Unexploded
ordnance represents a direct threat to communities, infrastructure development,
industry, tourism and others.
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Fig.1. Land mine contaminations map (January 2024) [2]

The neutralization of unexploded ordnance can be accomplished in two
ways, by bringing it to the surface and transporting it to a safe area or by applying
an explosive ordnance disposal (EOD) procedure at the place where it was
discovered, depending on the type of ammunition, the fuse arming, the placement
in water or soil etc. [3]. The first way generally applies to ammunition of all types,
unarmed, which not present a risk associated with handling and transportation.
However, many of the unexploded ordnance are armed and with a high risk of
explosion when handled. It is enough to mention the sea mines which, when
released into the water, are automatically armed. In addition, some of these have
ignition devices that initiate the ammunition when they are in the proximity of
some metallic materials. In other words, for these types of ammunition, handling
them is out of the question, except for special conditions [4, 5]. These
considerations make the second method a safer and more widely used approach.

One of the most used intervention procedures upon an unexploded
ammunition involves the penetration of its metal envelope by an explosively formed
projectile (EFP), the interruption of the explosive chain and/or the initiation of the
ammunition charge deflagration, until it is consumed, or combustion to deflagration
of energetic materials occurs. Ammunition that suffers an incomplete detonation,
when is subjected to the action of the EFP or when the transition from deflagration
to detonation occurs during the initiation of the explosive charge of the non-
functioning ammunition, is also considered neutralized [3].

Globally there are a few explosive neutralization devices that must be
mentioned: Vulcan Counter-Limpet [6], Pluton [7] and Overload [8].

The neutralization of UXO and IED in specific areas, if transportable, or in
the places where they were discovered, is a dangerous operation because of the
possible shock waves and fragment propulsion. For this reason, strict rules with a
minimum number of operations without moving it from the site where were
found, are imposed. The experts have established a clear algorithm for this process
that is efficient and safe both for the humans, infrastructures and environment [9].

Because of the sensitive implications of the experimental tests (the risk of
projectile initiation during the perforation), to achieve better knowledge regarding
the efficiency and the advantages of using EFP, the theoretical approaches are the
most appropriate.
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If for the case of UXO discovered on soil, there are a series of neutralizing
devices, for underwater UXO, environment imposes difficulties, the usual procedures
becoming ineffective. For this reason, new methods and devices must be developed.

In the study of phenomena of this type, detonation and blast, a tool often
and successfully used is represented by numerical simulations with commercial
software available on the market, like Ls-DYNA or Autodyn [10-14].

The design, properties and efficiency of explosively formed penetrators
have been subject for different papers [15-19].

The influence of the liner material and explosive type on penetration
effectiveness of shaped charge and EFP has been analyzed through numerical and
experimental studies [20, 21]. Moreover, several studies are referring to the shape
charge section (sub-hemisphere, square, trapezoid etc.) and its influence [22-26].

Also, the behavior of EFP in a denser environment than air, like water, has
been studied [27, 28].

Considering a series of experiments, made by the authors, this paper
presents a numerical approach regarding the functioning of an EFP neutralizing
device type, in low-density environments such as air and water.

To assess the characteristics of the EFP generation and interaction with a
projectile shell, a 10 mm thick steel plate representing the body of the non-
functional ammunition is used. The impact of projectile configuration with the
steel plate and the EFP generation profile were performed through LS-DYNA
software. One configuration and three different metallic materials were chosen for
the liner: copper, aluminum and magnesium.Based on the data from scientific
literature and experimental tests, it has been highlighted that EFPs work best with
ductile dense material liners.Copper is chosen because of its wide use, and
aluminum and magnesium are two materials with lower shock characteristics.

Also, the potential of metallic materials, like magnesium, to be used in
special application due to its properties has been addressed [29-30]. The
mechanical properties of chosen metallic liners, allow them to determine specific
parameters of EFPs.The numerical study evaluates qualitatively and quantitatively
the EFP characteristics by changing the liner materials.

The results from the numerical analysis provide valuable data for the
design and development of EFP devices used for UXO neutralization.

2. Problem formulation

2.1 Physical model

Unexploded ordnance or IED neutralization by EFP-generating devices can
be applied both for transportable and non-transportable ammunitions.

The main activities are: ammunition identification and risk level evaluation
for establishing a safety area, set-up the neutralization device by perforating the
metallic body without explosive ignition and burning the explosive with its
complete combustion.
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When a projectile is located in an unpopulated area, it can also be
performed an incomplete detonation, followed by a weak shock wave and
propagation of big metallic fragments no more than 5 - 10 m.

The first step of UXO neutralization by EFP implies the generation of a
high-velocity projectile that can be accelerated with a velocity up to 4 km/s
toward the target, by an explosive detonation.

The general configuration of an EFP device is presented in Fig. 2, where
are illustrated steps from projectile generation.

Case Head Rearward-fold liner formation

7¥—Q»> B e e

Detonator  Explosive Liner

Fig. 2. Configuration and generation of an EFP [9]

The EFP was initially discovered by the oil companies, but in the World
War Il was used for the perforation of armored vehicles.

Although compared to the cumulative loads it has a smaller perforation
distance, the EFP has the advantage of not being dependent of a certain stand-off
distance, being able to be used over long distances.

Due to the low velocities and the possibility of using several types of
materials as liners, EFPs are successfully used in EOD applications.

In Fig. 3, are presented the main steps for a projectile neutralization using
an EFP device.

Fig. 3. Stages of UXO neutralization

Based on authors prior experience, a general physical model of
neutralization component is presented in Fig. 4.

The devices analyzed in this paper have cylindrical shape with general
dimensions as illustrated bellow. The liner thickness considered is 2 mm.
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Fig. 4. General neutralization device configuration with dimensions and components

2.2 Virtual model

The numerical simulation of explosively formed projectiles generation was

performed through the specialized LS-DYNA software [31].
The geometry of the analyzed model and the testing conditions allow the
use of a 2D axis-symmetric simplified model. The virtual model configurations

are presented in Fig. 5.
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Fig. 5. The virtual model configurations used for neutralization:
1- environment: a — air, b — water, 2 — C4 explosive, 3 — metallic liner, 4 — metallic plate

Explosive used for neutralizing devices is a plastic explosive of C4 type.
For the metallic liner (3), material types are used depending on the
ammunition types that need to be neutralized: copper, aluminum and magnesium.
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The steel plate has a thickness of 10 mm and is placed at a distance of 75 mm
from the base of the explosive charge. The plate thickness was chosen considering
an average thickness of the projectile body, and the distance was imposed for
reasons of EFP complete generation.

The analysis was performed for devices that were disposed in two
different environment, air and water.

The virtual models were created using axial symmetric plane quadrilateral
elements of SHELL 15 type with weighting of the functions by volume. A number
of 46480 elements and 47111 nodes were obtained.

The liner (3) and the metallic plate (4) were modeled using Lagrange
elements, and for the explosive and low-density environments through which the
EFP propagates, Euler elements were used.

The interaction between the components was
*CONSTRAINT_LAGRANGE_IN_SOLID command.

The metallic plate was constrained on the exterior contours.

The material models introduced in the program for Lagrange simulated
structures are: for copper, aluminum, magnesium liners and steel plate a material
model of type *MAT_PLASTIC_KINEMATIC, and for Euler simulated
environment (air and water) a *MAT_NULL type material model was used.

Erosion failure criteria used for steel plate was effective plastic strain.

The material models used along with the specific parameters for each
material are detailed in the Table 1.

realized with the

Table 1
Material parameters [29]

Material Density Young Pois§on Yield strength Tangent Effective_plastic
[g/cm®] |Modulus MPa]| ratio [MPa] modulus [MPa] strain
Copper 8.96 1.2e+5 0.33 100 100 -
Aluminum 2.7 6.8e+4 0.32 95 90 -
Magnesium| 1.81 4.52e+4 0.35 20 70 -
Steel 7.75 2.1e+5 0.27 1850 3626 1.1
Material Density Pressure
[9/cm®] | cutoff [MPa]
Air 1.23e-3 le-6
Water 0.998

For the explosive material and studied environments, equations of state
like Jones-Wilkins-Lee, Mie—Gruneisen and polynomial type, were also used.
For high explosives detonation products, the JWL equation of state used is [32]:

)

poA1-— e g1 2 |orv  ©E
RV R,V Y

where A, B, C, Ri, Rz, and ® are material constants, V =Y s the product
Vo

volume relative to the initial explosive volume, E is the energy per unit volume,

and p is the pressure.
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For water, the behavior is described by Mie—Grineisen equation of state
[32]. The pressure is defined for compressed materials by a cubic shock-velocity

as a function of particle velocity v (Vp ):

C2ul14|1-70 |, -2 2
o /{ ( 2]# 5 M
" u u
1- Sl—l /u_SZ —S3
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and for expanded materials as:
p=poC?u+(yo+au) E €)
where C is the intercept of the vg (vp) curve, S;, S,, and Sz are the unitless

coefficients of the slope of the v (vp)curve, Yo 1S the unitless Gruneisen gamma,

a is the unitless, first order volume correction to yq, and = LAy

Po
The air behavior is defined by the linear polynomial equation of state,
linear in internal energy, pressure being [25]:

p = Co+Cyut Cop® +Capi® + (C4 + C5ﬂ+C6ﬂ2) (4)
2 2 ; _p p .
The terms Cou® and Cgu“ are 0 if u<0, u=-—=1, where ——is the
Po Po

ratio of current density to reference density. The reference (nominal) density is
introduced in the *MAT_NULL card.
Equation (4) may be used with the gamma law equation of state to model
the gas, by imposing C; =C; =C, =C3 =Cz=0 and C4 =Cg =y—1. The ratio
Gy
specific heat is y =—.
CV

Pressure for a perfect gas is defined by p=(y —1)ﬁ E (E has unit of pressure).
Po
The constants involved in the equations of state above are those specific of
the C4 explosive, air and water as presented in the specialty literature (Table 2).

Table2
Material constants [32]

Material A B R1 R2 OMEGA EO VO
C4 7.783e+5 | 7071 4.2 1 0,3 1.05e+4 |1
Material | CO Cl c2 C3 C4 C5 C6 EO VO
Air 0.4 0.4 0 0.2895 | 1
Material C Sl S2 S3 Gama0 | A EO VO
Water 1.647e+4 1921 |-0.09% |0 0.4 0.4 02895 |1
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The detonation of the explosive was carried out similarly like a blasting
cap functioning, which was centrally inserted into the explosive.

Contact option, *CONTACT_2D_AUTOMATIC_SURFACE_TO SURFACE,
was imposed between the Lagrange modeled materials (EPF and steel plate).

3. Results and discussions
The numerical study was able to predict for the explosively formed
projectile, the shape, the velocity and the kinetic energy.

An important parameter that influences the process is the explosive pressure
after the detonation. The iso-values for pressure field are presented in Fig. 6.
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Fig. 6. Pressure evolution [MPa] after C4 explosive initiation (a, b — detonation wave in explosive,
¢ —shock wave in air, d — shock wave in water)

First parameter observed for the neutralization device proposed is the EFP
generation evolution, respectively the projectile shape for each studied liner and
environment: copper liner in air and water (Fig. 7, Fig. 8), aluminum liner in air
and water (Fig. 9, Fig.10) and magnesium liner in air and water (Fig. 11, Fig.12).

Fig. 7. EFP generation in air for copper liner at successive time moments (s):
1.4e-05, 1.95e-05, 2.6e-05, 3.15e-05, 3.6e-05, 3.9e-05, 4.5e-05, 5.35e-05

44

Fig. 8. EFP generation in water for copper liner at successive time moments (5):
8e-06, 1.85e-05, 3.5e-05, 4.85e-05, 6.95e-05, 9e-05, 0.00012, 0.00022
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Fig. 9. EFP generation in air for aluminum liner at successive time moments (s):
7e-06, 1.05e-05, 1.45e-05, 2.05e-05, 2.65e-05, 2.95e-05, 3.65e-05, 4.3e-05

A \ )
I / / »

Fig. 10. EFP generation in water for aluminum liner at successive time moments (s):
8e-06, 1.5e-05, 2.55e-05, 4.35e-05, 0.00012, 0.00019, 0.0003
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/

Fig. 11. EFP generation in air for magnesium liner at successive time moments (5):
7e-06, 1.05e-05, 1.4e-05, 1.85e-05, 2.15e-05, 2.5e-5, 3.05e-05, 4.05e-05

l// | | \ ) \ ) |
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Fig. 12. EFP generation in water for magnesium liner at successive time moments (s):
9.5e-06, 2.15e-05, 3.05e-05, 3.95e-05, 6.1e-05, 9.1e-05, 0.00015, 0.00026
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For air studied cases, the formation of EFP and the perforation of the steel
plate can be observed for all types of liners (Fig. 7, Fig. 9, Fig. 11).
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In the water studied cases, the EFP is formed only for copper liner, the
other two types (aluminum and magnesium) no longer lead to the formation of
EFP (Fig. 8, Fig. 10, Fig. 12).

Regarding the parameters that describe the process determined by liner
type, EFP velocity (Fig. 13-15) and EFP kinetic energy evolution (Fig. 16-18)
were plotted for the two environments studied.
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Fig. 13. EFP velocity evolution for copper liner
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Fig. 14. EFP velocity evolution for aluminum liner
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Fig. 15. EFP velocity evolution for magnesium liner

It can be observed, that in air, the EFP velocities have values higher than
the ones in water, with maximum values between 2 km/s and 4 km/s (higher for
aluminum and magnesium), while for the kinetic energy the maximum values are
between 35 - 45 kJ, higher for copper and aluminum.

In water, the maximum EFP velocities have values between 1 km/s and 1.5 km/s,
and the values for EFP kinetic energy are between 5 - 14 kJ.
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Fig. 16. EFP Kinetic energy evolution for copper liner
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Fig. 17. EFP kinetic energy for aluminum liner
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Fig. 18. EFP kinetic energy evolution for magnesium liner

The steel plate behavior was analyzed in terms of kinetic energy evolution
in the two studied environments (Fig. 19-21).

It can be noticed that, in water, the plate kinetic energy for copper liner is
higher than in the air, even if the plate is not perforated. This is explained by the
fact that in water, the EFP is generated and hits the plate. For the other liners,
aluminum and magnesium, the plate kinetic energy is higher in the air, because
the EFPs are no longer formed and also do not interact with the steel plate, being
also decelerated by the water.
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Fig. 19. Metallic plate kinetic energy evolution in case of copper liner
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Fig. 20. Metallic plate kinetic energy evolution in case of aluminum liner
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Fig. 21. Metallic plate kinetic energy evolution in case of magnesium liner

4. Conclusions

Considering the international context, military applications of neutralizing
non-functioning military ammunitions that can be located (intentionally or non-
intentionally) on the soil or underwater has become a subject of intense study.

This numerical study which derived from military applications of
unexploded ordnance neutralization focuses on observing the behavior and
mechanism of EFP formation for three different metallic liner materials (copper,
aluminum and magnesium), in two different density environments (air and water).
The hemispheric liners were tested on a steel plate.

The results were obtained through Ls-DYNA software. The numerical
models used were able to predict the EFP formation and the plate perforation.
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The analyzed parameters were shape, velocity and kinetic energy for the
EFP, and also the kinetic energy for the metallic plate.

Qualitatively it can be observed that in the water, the EFP form differs
more and more as the density and mechanical properties of the liner decrease, the
copper having approximately the same shape as the one in the air, while the
aluminum and magnesium does not form, environment being much denser than air.

At the same time, it can be observed that the high propagation velocity of
the shock wave in the water causes the wave produced by the explosive
detonation to arrive before the EFP to the plate, causing its bending.

This fact leads to the difficulty of perforating the plate, the EFP hitting the
curved plate in the case of the copper liner.

For the aluminum and magnesium liner, it’s noticeable that not only is the
EFP no longer formed, but the liner also undergoes deceleration before impacting
the steel plate.

Also, the EFP velocity and kinetic energy have much lower values in
water, than in air.

In this regard, for the efficiency of the neutralization systems in the
aquatic environment, it is necessary to isolate the space between the liner and
target in order to allow the EFP to reach the optimal shape and velocity.

Furthermore, for water case, it can be mentioned that if the density of the
material used for the liner increases, the plate perforation may occur.

Also, in the context of its efficiency, the potential of using explosively
formed projectile for civilian applications must also be studied.
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