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In the article the results of punching a composite ballistic shield with the use of a sub-machine 
gun and a 9mm Parabellumbullet were presented. On the prepared measurement position 
equipped with high-speed cameras and a laservibrometer, the process parameters of the ballis-
tic shield and bullet deformation were recorded. An analyzed ballistic shield was a layered 
composite made of plain aramid fabrics connected with one another with a neoprene matrix. 
The results obtained from experimental tests served for building numerical models with the use 
of Finite Element Methods. Based on the numerical models,a FEM analysis was conducted. The 
main goal of the simulation was FEM implementation as a validation tool for comparison with 
the experiment. 
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INTRODUCTION 

Research on the phenomenon of bullet punching in non-linear materials of ballistic 
shields is still required. Material shield development in ballistic mechanical systems de-
termines the directions of examinations. In the scientific literature there are numerous 
publications onthe analytical models of the ballistic punching process with the use of high 
modular composite shields. In the major range of publications ,the material penetration 
process of particle mass impact on composite panels is analytically described in works [1, 
2, 8, 13]. 

The Finite Element Method as an effective case of bullet punching in non-linear 
materials is briefly described in selected articles [7]. While undertaking an analysis of 
the optimization of the process of ballistic shield punching with the speeds of bullet im-
pact ranging from 100 to 1000 m/s using FEM, it is an important issue to prepare a bal-
listic experiment. Only when performing fundamental measurements and identifying all 
the all stages of shieldpunching,it is possible to numerically select appropriate parame-
ters indispensable for shield punching with Impact-type specialist software.  It is possi-
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ble to find plenty of studies in the specialist literature [3, 4, 5, 10] which discuss theseis-
sues. The fundamental element in developing numerical models which are decisive is, 
first and foremost, the geometric representation and the selection of material constants, 
which in most cases are not available. 

The simulation process requires such selection of individual rates and strength-
ening material so that the results obtained approximate to the whole process of damage 
in real conditions. This kind of analysis requires great experience from researchers in 
computer simulations. The advantages of FEM are universally known, and the results 
achieved with the use of FEM facilitate the description of physical phenomena occur-
ring on the relation bullet-shield, which in real conditions is a considerable problem 
while clarifying this issue. This paper presents the advanced FEM analysis of the 
punching process [12]. 

1. PURPOSE AND RESEARCH DESCRIPTION 

The elaboration of the optimum numerical models of punching a laminated ballistic 
shield was the aim of the conducted examinations of Lim 3 by a 9mm Parabellum bul-
let. Before building numerical models, ballistic experimental examinations were carried 
out using digital photography and a laser vibrometer. These examinations were con-
ducted on the basis of the adopted outline of the recording of the image with the use of 
high-speed cameras and the registration of other parameters with a laservibrometer. To 
this purpose a research position was set up consisting of cameras recording the image of 
the ballistic protection shot through in accordance with the outline presented in Figure 
1. 

 
Fig. 1. Diagram of punching data recording of a ballistic shield 

Source: Own elaboration 

In order to take digital photographs in the analyzed system,six cameras were 
used taking pictures separately in different timeintervals. The first camera was set to 
record the place in the synchronization and the contact of the bullet with the shield sen-
sor area. The other cameras were situated along the line of the flight of the bullet so that 
each of them could photograph the same edge of the sample of the penetrated shield (the 
identical angle of the observation of cameras lens –Fig. 1). A shooting test was carried 
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out to a steadily-fastened shield with a PM- 84 Glauberyt sub-machine gun from the 
distance of 3 meters with the 9x19 mmammunition of Parabellum of Polish production. 
In the process of every shooting testmeasurements of the CED Milleniumchronograph, 
missile velocities were recorded. The fire of the cover was registered photographing the 
bullet in flight with the cameras of resolutions 1280×1024. The shutter release system 
of the bullet took place in time intervals corresponding to the maximum speed of 1mln 
fps, but exposure time was set at 3µs. 

Synchronization (shutter release of cameras during the appearance of the bullet 
in the observed area) was provided with a digital generator-sequencer. It initiatedthe 
process of the conversion (in the timeset) after receiving an impulse from the inspected 
moving bullet by the sensor of the start of the synchronization. In the examinations the 
shutter release was synchronized with the bullet breaking the electrical guide before the 
shield impact stage. The system of quickly changing occurrences registration with the 
use of laser shadow photography was already described in [6]. Except for the cameras 
recording the shooting process in the experiment, an additional component of the test 
system was the Polytec PSV- 400 laservibrometer (Fig. 2). This system allowed the re-
searchers to register the speed and vibrations of the ballistic shield. The laservibrometer 
was used for the non-contact measurements of the speed and displacement of vibrations 
from the distance reaching up to 50 m with fluorescent tape. The system enables the 
completion of the measurement of vibrations up to 100 points in the period of 1 second. 
This system is characterized by the following parameters: 

− 4 measurement channels, 

− frequency band up to 80 kHz, 

− 2 speed decoders VD-03 and VD-082, 

− measurements of the speed of vibrations in the range of: 1, 2, 5, 10, 25, 50, 
125 and 1000 mm/s/V to the frequency 1.5 MHz, 

− measurements of vibrations displacement in the range of 0.05, 0.1, 0.2, 0.5, 1, 2, 
5, 10, 20, 50, 100, 200, 500, 1000, 2000 and 5000 µm/V to the frequency 350 
kHz. 

 
Fig. 2. Measurement system with the use of high-speed cameras and a laservibrometer 

Source: Own elaboration 
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The measurements recorded by the laser-vibrometer were collected with the use 
of an analyzer with relevant software. This equipment enabled the researchers to record 
vibrations in the selected points from the fluorescent foil area (Fig. 3). The measuring 
point was determined according to the coincidence of the vibrometer laser beam falling 
on the ballistic shield and the line of the tested shot in the selected point of the shield. 

 
Fig. 3. Lim 3 Ballistic shield and fluorescent foil on the research position 

Source: Own elaboration 

2. MODELING AND NUMERICAL ANALYSIS 

Geometric models were built following the example of the geometry of a 9mm Parabel-
lum bullet and the Lim 3laminated ballistic protection. Modeling the bullet, all the pa-
rameters reflecting material structure and data collated in Table 1 were assumed. 

Table 1. Basic geometric and material data of bullet used in the experiment 

Material properties of bullet elements 
Lp. Object 

Geometry Jacket Core 

1.  9mm Parabellum 1,0

9,05

15
,3

 

Brass M90 
PN-92/H-87025 

Lead alloy Pb1  
with antimony 

Source: Own elaboration 

While modelling material in the geometric structure, all the elements were taken 
into account in order to obtain accurately copied layers making up the pierced ballistic 
laminate. The Lim 3ballistic laminate consists of 5 layers of plain aramid fabric. The 
layers are combined into an elastomer matrix in the rolling technology, through which a 
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panel with the thickness of5mm and the density of 1440 kg/m3 was created. The basic 
strength characterization is presented in Table 2. 

Table 2. Basic strength characteristics of Lim 3 laminate 

Young’smodulus 
Tensilestrength 
Rm 

Yield point  
Re 

Extension in  the 
moment of break  Object 

GPa MPa MPa % 

LIM 3 7.5 319 319 18 

Source: Own elaboration 

Discreet models were built using the MSC/-PATRAN system. The discretization 
of the ballistic protection and the bullet was conducted with the solid finished elements 
of the Solidus and Tetra type (Fig. 4). 

 
Fig. 4. Discreet model of a 9mm Parabellum bullet 

Source: Own elaboration 

For numerical analysis the following material data were assumed: 

a) for aramidlaminate: 

− Kirchhoff'smodulus G = 2.85 GPa; 

− Helmholtz'smodulus K = 6.17 GPa; 

− Yield point Re = 319 MPa; 

− TensilestrengthRm = 319 MPa. 

b) for the bullet jacket: 

− Kirchhoff'smodulusG = 40 GPa; 

− Helmholtz'smodulusK = 141 GPa; 

− Yield point Re = 80 MPa; 

− Tensilestrength Rm = 250 MPa. 
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c) for the bullet core: 

− Kirchhoff'smodulus G = 40 GPa; 

− Helmholtz'smodulusK = 6.17 GPa; 

− Yield point Re = 80 MPa; 

− TensilestrengthRm = 250 MPa. 

The moduli were calculated on the basis of the following equations:  

− Kirchhoff'smodulus: 

 ( )ν+
=

12

E
G  (1) 

− Helmholtz'smodulus: 

 ( )ν213 −
= E

K  (2) 

where:  

E – Young’s modulus; 

ν –Poisson ratio. 

An important issue in the built model was the “self-contact” of the bullet as well 
as the ballistic shield. A boundary conditions determination and a nonlinear dynamic 
analysis were conducted with the use of the system connected to the PAM-GENERIS™ 
(preprocessor) and the PAM-Crash™ (solver), which uses an algorithm solving such 
equations of motion explicitly.The assumptions were the rigid attachment of the shield 
and the mass impact of 0.008kg at the speed of 356m/s and energy 507J. The 
assumption of Step Integration of discrete equations of motion was ∆t = 5.5E-9 s.In the 
discrete models, the bilinear model was used with a support and strain rate according to 
the Cooper-Symonds modulus with coefficients p = 5 and D = 40.0 s-1.The model of 
Cooper-Symondsis defined by the following equation: 
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where: 

 0σ  – yield stress; 

 Dp,  – material constants. 

The dynamicproperties of the materialresulting from thestrengthening with 
deformation velocity causequantitative variation.For this purpose,in the numerical 
analysis viscoplasticmaterial properties have to be assumed [9, 14]. Thestrain 
rateε& decomposes into an elasticstrain rateelε&  and a viscoplasticstrain rateplε& , where: 

 plel εεε &&& +=  (4) 

Value plε& is defined by the following equation: 
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where:  

γandN – material constants, 

f – is a function ofthe flow of Huber-Mises (characterized in paper [11]) 
dependent onyield stressσ .  

The flow stressdependenceis defined by the following equation: 

 κσσ lph+= 0  (6) 

where: 

 0σ  – staticyield stress, 

 κ – equivalent viscoplasticdeformation, 

 hlp –parameter of strengthening(hlp> 0) orweakening (hlp< 0). 

Function f takesthe following values: 
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In thegeometricnonlinearity, the criterion of material failure was taken into 
consideration. This criterion is defined by the function of destruction: 

 ( )[ ] 0pd1 σεσ −=  (8) 

where: 

 0

11
E

E
d −=  

The simulation of the punching process was carried out under ideal conditions 
without any imperfection. The influence of thickness changes on deformation was 
analyzed in the system of “shield-bullet”. 

3. RESULTS AND ANALYSIS 

The results of the tests are illustrated in the following form: 

− The image visualization of a 9 mmParabellum bullet impact into a Lim 3 
shield attached  in a ring-shaped manner from the moment of contact with the 
shield to the punching. 

− The run of phase velocity and the movement of the shield at the point of 
material penetration. 

The shutter release of the camera was set at time t1=145 µs after receiving an 
impulse from the inspected moving bullet by the sensor of the start of the 
synchronization; however, the highlighting time came at thighlig.=120 µs. This time was 
determined by the size of the specified distance timing and projectile velocity. Current 
conductor was situated at lp = 50 mm from the object, and the velocity of the bullet was 
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set at 360 m/s. Each following shutter release of the cameras was tuned with the time 
delay of t2-t1=20 µs; t3-t2=80 µs; t4-t3=100 µs; t5-t4=150 µs; t6-t5=50 µs. The registration 
process lasted until tr = 545 µs. The assumed shutter speed was tm = 3µs. The recorded 
results are shown in Figure 5. 

  

  

  

Fig. 5. Images of ballistic shield punching by a 9mm Parabellum bullet 
with the initial velocity of the bullet  v=352 m/s: 

1) t1=145µs; 2) t2=165µs; 3) t3=245µs; 4) t4=345µs; 5) t5=495µs; 6) t6=545µs    

Source: Own elaboration 

Based on the obtained images of the punched ballistic shield, the entire 
deformation with the extreme case can be defined. The software applied for recording 
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the images had limited opportunities. Nowadays the software is modified, where several 
of the images of the same view could be recorded in the singular shutter release. 

During the punching process of ballistic shield the specific parameters were 
measured with the use of a laservibrometer. As a result of the test, the displacement of 
the shield was recorded (Fig. 6).Estimating the recorded displacement at the impact 
point (Fig. 7), this value can be initially estimated at about 27 mm, which is a fairly 
reliable approximation to the registration of digital photography. 

 
Fig. 6. Displacement of the ballistic shield (sample) in the impact point  

(9mm FMJ bullet with the velocity of v = 352 m/s) 

Source: Own elaboration 
 

 
Fig. 7. Punching of the shield with the use of9mm FMJ bullet with the velocity of v = 352 m/s  

in the laser-scanning point 

Source: Own elaboration 
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The runs of bullets and shield deformation in particular time steps were 
determined as a result of the FEM numerical analysis(Fig. 8). The nature of changes in 
the value of the kinetic energy is shown in Figure 9. 
 
0 µs 

 
9 µs 19 µs 

59 µs 117 µs 

 
Fig. 8. Deformation of numerical models of Parabellum bullet after impact  

into Lim 3 laminate shield 

Source: Own elaboration 
 

 
Fig. 9. Characteristic of kinetic energy dissipation   

Source: Own elaboration 

4. COMPARISON OF THE RESULTS 

The task of the authors was validation with respect to the results of the ongoing ballistic 
experiment. This task was carried out using domestic technology, which is used in 
special purpose manufacture for military use. After analyzing the experimental results 
and the calculation possibility ofthe Impact-type software in the visualization of such 
phenomena, a substantial comparative analysiswas conducted.Based on the presented 
results, it is noted that the registration method of digital photography allows one to 
verify the results from FEM. An example may be a characteristic “mushroom 
projectile” illustrated in Figure 10. 
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b) 

 

 

c) 

 

Fig. 10. Comparison of experimental results: 

a) – image from the camera at  t=165µs from the moment of bullet and shield contact,  
b) deformation of the bullet in the numerical simulation after material shield penetration at 

t=117µs,  
c) deformation of the bullet in reality after punching the Lim 3 shield 

Source: Own elaboration 

Such a large accuracy of the results shows that the parameters in the simulation 
were chosen properly. Some differences in the geometric shape of the bullet are not 
substantial. Another important element that has been compared is the velocity  
experienced by the shield at the punching process. The graphs of velocity are presented 
in Figures 11-12. 

 
Fig. 11. Movement of the shield in the impact point (9mm FMJ bullet  

with the velocity of v = 352 m/s) 

Source: Own elaboration 
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Fig. 12. Simulated velocity of the discrete element of the bullet top in the impact phase (9mm 

FMJ bullet with the velocity of v = 356 m/s) 

Source: Own elaboration 

Also,the comparison of the deformation of shooting through ballistic 
shieldsusing three tools was conducted to describe the deformation, namelyby 
photographic recording,a laservibrometerand FEM. Comparative data are presented in 
Figure13. 

 
Fig. 13. Comparison of the deformation of the Lim 3 analyzed ballistic shield 

Source: Own elaboration 
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SUMMARY 

The results presented concern the identifications of shooting through lightballistic 
shields with gun bullets with soft cores whichdeform after passing through the barrier in 
the “mushroom shape”.This type of issues refers to the completion of projects in 
theballistic personal protection carried out through the optimization ofbulletproof vests 
or helmets, etc. As a result of the presented research, the mechanism of shooting 
through a ballistic laminatebuilt from layered aramid fabrics by bullets fired from 
pistols andmachine guns was visually illustrated. The testresults obtained in this way 
were used to develop an original method using FEM. Owing togeometric and discreet 
models precisely drawn up, it was possible toconduct numerical analyses which show 
that the results obtainedin this way do not significantly differ from the results obtained 
inreal conditions. It can be claimed that it is possible to use modernresearch tools to 
visualize virtually the entire mechanism of destroying ballistic shields with very high 
accuracy. Other benefits resulting from the use of numerical models include primarily a 
shortened way and time in the design of modern ballistic shields from which great 
effectiveness in absorbing impact energy with high efficiency of the mass to equivalent 
steel protections is required. However, it is necessary to remember that the tools of this 
type reduce the time in the design and construction process and cannotconstitute the 
only way in the evaluation and certification of theproduct, which is a modern ballistic 
shield. The task of the authorswas to show in what way it is possible to use computer 
tools in theoptimization of ballistic shields, but it is important to remember  that in these 
issues the experimental tests of punching ballistic shields will be crucial. 
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ANALIZA PROCESU UDERZENIA W PŁYT Ę BALISTYCZN Ą  

Z WYKORZYSTANIEM METODY ELEMENTÓW SKO ŃCZONYCH 

 

Streszczenie 

W artykule omówiono wyniki badań procesu przestrzelenia 9 mm pociskiem typu Para-
bellum wystrzeliwanego z pistoletu maszynowego kompozytowej osłony balistycznej. Na przygo-
towanym stanowisku badawczym rejestrowano z wykorzystaniem kamer szybkich i wibrometru 
laserowego parametry procesu deformacji pocisku i osłony. Analizowana osłona balistyczna to 
warstwowy kompozyt wykonany z tkanin aramidowych typu plain połączonych ze sobą matrycą 
neoprenową. Otrzymane wyniki z badań eksperymentalnych posłuŜyły do zbudowania modeli 
numerycznych przy wykorzystaniu Metody Elementów Skończonych (MES). Na podstawie zbu-
dowanych modeli numerycznych przeprowadzono analizę MES. Celem eksperymentu numerycz-
nego była implementacja MES jako narzędzia pomocniczego w opisie badań eksperymental-
nych. 
 
 
Słowa kluczowe:uderzenie balistyczne, kompozytowe osłony balistyczne, włókno aramidowe, 
metoda elementów skończonych 


