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ABSTRACT 

The current paper investigates the impact of 20 mm × 102 mm frangible armor-piercing projectiles on 

multilayer armor, specifically of land-based systems. The novelty and aim of the present research were to 

analyze, through both numerical and experimental methods, the behavior of the 20 mm × 102 mm 

frangible armor-piercing projectiles upon impact with multilayer armor, considering their unique design 

features. In addition to the experimental tests involving live firings in a dedicated testing range, numerous 

numerical simulations were conducted with various projectile models. Both 2D and 3D models considered 

an elasto-plastic model with kinematic hardening, suited of capturing the onset and progression of the 

material fracture, with a relatively small set of control parameters. The numerical results closely matched 

the experimental data, with error in the order of 1%. 
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I. INTRODUCTION  

As new types of projectiles appear along with new types of 
armor, the need for periodic validation of ammunition and new 
methods and means of experimental and numerical 
investigation emerges [1-3]. The current work investigates the 
impact of a relatively new type of projectile (frangible 
projectile) on multilayer armor plates. The behavior of the 20 
mm ×102 mm frangible armor-piercing projectile is studied 
both in the design process and operation, and especially after a 
certain period of storage. The research involves both 
experimental and numerical investigations [4]. The 
experimental research was carried out under normal 
standardized conditions, with modern equipment, which 
allowed both the recording of the impact phenomenon and the 
automatic determination for each case of the impact velocity 

and the remaining velocity. Numerical research was carried out 
using the finite element method [5, 6] in the facilities offered 
by the Ansys/Ls-Dyna program [7, 8]. Since the studied impact 
was the normal impact on flat armor plates, the problem to be 
studied was an axial-symmetrical one. Thus, axial-symmetric 
2D finite element models were mainly used (substantially 
reducing computation time), along with reduced 3D models (a 
quarter of the structure) due to the existence of two planes of 
geometric and mechanical symmetry. A very important 
decision in the study was the choice of the material model. 
Mechanical engineering in general, and especially the 
Ansys/Ls-Dyna program provides the user with many material 
models, taking into account many phenomena specific to the 
projectile-armor impact (elasto-plastic behavior, phenomenon 
of consolidation beyond the yield point, friction, hourglass 
energy, different fracture (ductile or brittle) criteria, the effect 
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of temperature, etc.) [9, 10]. From the library of material 
models of the Ansys/Ls-Dyna program, the elasto-plastic 
material model was mainly used with kinematic consolidation 
(specific in the description of the material fracture), which uses 
the Cowper-Symond coefficients to describe the material 
behavior, whereas the moment of fracture is defined by the 
value of the specific deformation at damage or fracture [11]. It 
was also possible to consider, in addition to the widely known 
types of energy, the hourglass potential energy and the 
frictional energy. The good agreement of the numerical results 
with the experimental ones validates the accuracy of the finite 
element model used, of the modeling methodology, and of the 
adopted hypotheses, such as neglecting the thermal effects 
considering the ratio between the caliber of the projectile and 
the thickness of the armor plates [12-14]. The results of the 
research are presented in comparison with the experimental 
ones. The analyzed parameters were the impact velocity and 
the residual velocity. The results of this research are useful to 
both design and operation and testing stakeholders, in terms of 
the projectile and the armor plates.  

II. MATERIALS AND METHODS 

A critical decision during this study was the selection of the 
material model. Within mechanical engineering, and 
particularly in the Ansys/Ls-Dyna program, numerous material 
models are provided, allowing accurate representation of 
various materials while accounting for phenomena specific to 
projectile–armor impacts. These include elasto-plastic 
behavior, strain hardening beyond the yield point, friction, 
hourglass energy, fracture criteria (ductile or brittle), and 
temperature effects. From the Ansys/Ls-Dyna material model 
library, the elasto-plastic model with kinematic hardening was 
primarily adopted, as it is well suited for describing material 
fracture. In this model, Cowper–Symonds coefficients are used 
to characterize material behavior, and the fracture moment is 
defined by the value of specific strain at damage or breakage. 
In addition to the commonly recognized energy types, 
hourglass potential energy and frictional energy were also 
considered. The projectile components, numbered in Figure 1, 
are: 1-frangible hard (bullet) core, 2-bullet jacket, 3-bullet 
filler, 4-bullet cover, 5-bullet body, 6-the throwing explosive 
[2]. The properties of the FAP projectile component materials 
are presented in Table I. 

 

 
Fig. 1.  The components of the FAP projectile. 

TABLE I.  PROJECTILE MATERIAL ELASTIC PROPERTIES 

Component 

materials 

Young modulus 

(E) [Pa] 

Poisson rate 

(v) [ - ] 

Density (p) 

[kg/m3] 

1 Tungsten alloy 2.05×1011 0.3 15450 
2 Brass 1.38×1011 0.33 8330 
3 Filler 2.75×109 0.43 750 
4 Steel 2.1×1011 0.3 7850 
5 Aluminum 0.70×1011 0.34 2700 

Figure 2 and Table II schematically present those three 
target variants and the respective layer size. The elastic 
characteristics of the materials of the component plates of the 
multilayer armor are presented in Table III. 

 

 
Fig. 2.  The three variants of the multilayer targets. 

TABLE II.  TARGET CONFIGURATIONS 

Target 

dimensions 

Construction variants 

v-1 v-2 v-3 

Steel and 

aluminum 

Steel, 

aluminum, 

and plastics 

Steel and 

plastics 

Height [mm] 250 250 250 
Width [mm] 250 250 250 

Thickness [mm] 14 + 9 14 + 5 + 4 14 + 9 
 

TABLE III.  TARGET MATERIAL ELASTIC PROPERTIES 

Materials 

Young 

modulus (E) 

[Pa] 

Poisson 

rate (v) 

[ - ] 

Density (p) 

[kg/m3] 

Steel 2×1011 0.27 7865 
Aluminum 0.7×1011 0.34 2730 

Plastics 3.04×109 0.42 6173 
 

In the conducted research the experimental method and the 
numerical method were used. 

III. EXPERIMENTAL METHOD 

The experimental research was conducted through live 
firings at a specialized ammunition testing range, randomly 
selecting tests from a batch. The firing was performed using the 
M461 ballistic cannon and the ammunition, which is a 20 mm 
× 102 mm FAP [2]. The armor plates (targets) were secured in 
a custom-designed device specifically made for these 
experiments. To measure and record impact parameters such as 
impact velocity, residual velocity, frame rate, and distance, 
specialized equipment was used, including a dedicated 
software program and a PHOTRON FASTCAM SA-Z ultra-
fast video camera. For each shot, the results were automatically 
displayed, along with measurements of the perforation size on 
both the front and back sides [2]. The impact velocities for the 
three target variants were 947.486 m/s, 1076.56 m/s, and 
1036.96 m/s, respectively. Impact and residual velocities were 
automatically recorded by the equipment as shown in Table IV. 
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IV. NUMERICAL METHOD 

The numerical method used was the finite element method, 
using the Ansys/Ls-Dyna program. Since the research was 
carried out only for the normal impact case [18-20], both the 
2D axially symmetric model and the simplified 3D model were 
used; the 3D models were built for a quarter of the structure, 
because it, in the case of a normal impact, has two symmetrical 
planes. The research also included a focus on sphere modeling 
[21-23]. Two models from [2] were analyzed. The first, 
referred to as the Real Model (RM), was a true geometric 
representation, which often posed geometric challenges and 
was sometimes limited by inaccessible data. The second, 
referred to as the Equivalent Model (EM), was a simplified 
geometric representation that preserved the overall shape and 
weight. In this model, only the hard core was assigned a 
fictitious density to match the actual total weight. Figure 5 
shows the 2D finite element models (Figures 5(a) and 5(b)) and 
the 3D finite element models (Figures 5(c) and 5(d)) of these 
configurations. In all cases, the projectile mass was maintained 
at 105 ± 1 g. 

 

 
Fig. 3.  2D axisymmetric model, for target v-1. 

 
Fig. 4.  Simplified 3D model for target v-1. 

For the 2D models of the projectile, axisymmetric finite 
elements with four nodes and two degrees of freedom per node 
were used, while for the 3D models, solid brick elements with 
eight nodes and degrees of freedom per node from the Ls-Dyna 
program library were employed. The finite element dimensions 
vary between 0.5 mm and 2 mm. Figure 6 and Figure 7 display 
the 2D and 3D finite element models for target v-2. The finite 

element sizes range from 0.2 mm to 2 mm. A comparative 
presentation is provided in Tables IV and V.  

 

 
     (a)                   (b)                         (c)                       (d) 

Fig. 5.  Finite element models of FAP 20 mm × 102 mm. 

 
Fig. 6.  2D finite element model of target v-2. 

 
Fig. 7.  3D finite element model of target v-2. 

Regarding the finite element modeling of the target, as seen 
in Figures 6 and 7, a non-uniform discretization was used. In 
the impact zone, the finite element size was 0.2 mm. In the 
numerical analysis performed, in both 2D and 3D models, the 
adopted material model was the plastic-kinematic one, called 
MAT_003 from the material library of software Ls-Dyna, both 
for projectile and armor plates modeling. The values of Cowper 
Symonds coefficients (C and P) were 40 and 5 for steel and 
6500 and 4 for tungsten alloy and aluminum, respectively.  

V. RESULTS 

The results of the experimental research are summarized in 
Table IV. In Table V, the results of the numerical research are 
presented in comparison with those of the experimental 
research. This comparison enhances credibility, emphasizes the 
novelty of the research, and offers valid approaches for similar 
problems. 
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TABLE IV.  EXPERIMENTAL RESULTS 

Target 

construction 

variants 

Impact 

velocity 

[m/s] 

Residual 

velocity 

[m/s] 

Maximum diameter of the 

hole [mm] 

Impact face Back face 

v-1 947.486 710.615 24 23 
v-2 1076.56 662.5 22 21 
v-3 1036.96 691.304 25 24 

TABLE V.  RESULT COMPARISON 

Projectile 

models 

Target 

variant 

Impact parameters 

Residual 

velocity 

(experiment) 

Residual velocity 

(FEM) 

Error 

percentage  

[m/s] [m/s] [%] 

1 
v-1 710.615 711 -0.05 
v-2 662.5 655 -1.13 
v-3 691.304 705 1.98 

2 
v-1 710.615 692 -2.62 
v-2 662.5 641 -3.25 
v-3 691.304 699 1.11 

 

 
Fig. 8.  Deformed state of the 2D projectile model 1- target v-2. 

 
Fig. 9.  Deformed state of the 3D projectile model 1- target v-1. 

The errors presented in Table V indicate a very close 
agreement between the numerical and the experimental results 
for both projectile models. This confirms the validity of using 
the equivalent projectile (Model 2). The use of projectile Model 
1 also made it possible to clearly observe the fragmentation of 

the hard core, as shown in Figures 8 and 9 for the 2D and 3D 
models, respectively [24]. Figures 10-15 present the curves 
showing projectile velocity variation during penetration. In all 
cases, the targets were fully perforated, and the numerically 
calculated residual velocities showed very close agreement 
with the experimentally measured values. Figure 16 shows the 
projectile velocity variation curve during penetration in the 
case of 3D modeling, with projectile model 1 and target v-1. 
The error between the numerical value and the experimental 
one is only 0.37%. 

 

 
Fig. 10.  Time evolution of projectile 1 in target v-1. 

 
Fig. 11.  Time evolution of projectile 1 in target v-2. 

 
Fig. 12.  Time evolution of projectile 1 in target v-3. 

 
Fig. 13.  Time evolution of projectile 2 in target v-1. 
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Fig. 14.  Time evolution of projectile 2 in target v-2. 

 
Fig. 15.  Time evolution of projectile 2 in target v-3. 

 
Fig. 16.  Time evolution of projectile 1 in target v-1, in 3D modeling. 

VI. CONCLUSIONS 

Both the experimental and numerical results of this study 
are in very good agreement, which validates the concepts, 
models, and methodology used. The novelty of this paper 
consists in introducing the concept of the equivalent bullet, 
eloquently represented by projectile Model 2, which can be 
used in both 2D and 3D modeling. The novelties in the paper 
are based on a comparative analysis of geometric modeling, 
finite element models, and results. This research demonstrates, 
through an effective comparative analysis, that the most 
accurate results (with errors below 1%) are achieved when the 
projectile is modeled as closely to reality as possible. The use 
of equivalent projectile models (Model 2) proves to be a valid 
approach, producing results very close to the experimental 
values (with error around 1% or less) while simplifying the 
modeling process and reducing computational time. 
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