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Abstract: - This paper presents a new fresh theoretical study of the ballistic penetration phenomena into hard 
materials due to low-energy bodies' motion. This model based on the energy balance between the kinetic 
energy of the piercing body and the protective body thermal energy. Following this equilibrium alongside the 
equation of the projectile motion, the resulting deceleration value is analytically calculated. Substituting the 
obtained deceleration value into the kinematic equilibrium results with the penetration thickness expression as 
well as the time of penetration inside the mono and multi layers materials (like, monolithic and composite 
materials). In addition, equivalently to the Johnson-Cook model, a proposed impact stress for penetrative and 
non-penetrative cases was developed. Additionally, a residual velocity expression alongside the evaluation of 
the total energy and deceleration parameters were also determined. Key parameters are the projectile effective 
length, which defines the projectile geometry alongside the material strength parameters (heat capacity, Yield, 
compressive and tensile strengths). Finally, good numerical agreement (order of magnitude and numerical 
values) has been found between various literature experimental tests and current analytic solution for the 
kinematic parameters. 
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1 Introduction 
The ballistic mechanisms of penetrating high-

energy bodies (also known as projectile bodies) into 
another protective material body, have been studied 
widely by many researches [1-52]. Our discussion 
will be limited (experimental comparison) 
especially to hard armor materials with some touch 
to hyper elastic/soft materials while the projectile 
body is relatively small compared to the armor 
length (about at least 1/3 ratio). In addition, the 
projectile geometry shape will mainly be considered 
here as bullet conical body. Simple scheme for 
composite armor will be introduced continually, as 
well as for monolayer shield component. The 
analytic solution development based on stress-strain 
energetic terms together with kinematic relations.  

Initially, to calculate the armor thickness, Dr. 
Louis Thompson from the U.S. Naval [1-2] has 
developed a formula (named after him: "Thompson 
– F formula") based on comparison between the 
projectile (also called 'bullet' in weapon terms) 
kinetic energy and the work done by the bullet. The 
formula is simply dependent on the projectile data: 
diameter, mass, velocity and dimensionless factor. 
Later on, new modulations of this formula have 
been proposed in the recent years by by Okun [3].    

An effort to make more accurate formulations in 
order to evaluate the penetration thickness by 
making better understanding about the relation 
between the armor material science and the energy 
physics, has been performed later by Smith et al. [4, 
5]. The latter studies have been concentrated on 
understanding the projectile impact effect on the 
armor textile yarns by evaluating critical velocities 
and wave propagation due to the impact effect using 
stress-strain analytic mechanical relationships. 
About one decade later, an alternative numerical 
model containing the impact deformation and time 
of penetration suggested by Wilkins [6]. One year 
later (1979), Kar [7] has found the penetration 
thickness formulation dependent on the projectile 
diameters alongside other penetration and shape 
factors (e.g., shield material ultimate static tensile 
strength and energy term). The last factors were 
relatively new in the field while have been found 
experimentally and by using the residual velocity 
theory. During a decade later, advanced 
experimental research on materials subjected to 
large strains combined with high temperatures 
exhibiting the basics of dynamics impact theory 
have been performed by Johnson [8] and Zukas [9], 
respectively.  
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In 1994, Stone [11] has proposed a new kinetic 
approach involved with semi-empirical relations 
based on the study of Allen et al. [10]. In this 
method [11] a general equation of the ballistic 
projectile motion was developed while dependent on 
the acting forces as function of the velocity (e.g. 
fluid dynamics drag, kinetic friction on the surface, 
deceleration coefficient due to the inherent 
structural properties) representing the developed 
deceleration. Using this method he distincted 
between hard and soft materials by assuming that in 
case of hard armor materials, the coefficient of the 
fluid drag and the kinetic friction become zero (in 
our model it will be equivalent to the friction energy 
and the drag energy terms). In addition, in case of 
viscous materials (like sand, gel, etc.) only the fluid 
drag might be neglected compared to inviscid 
materials (like armor with gas hollows), where only 
the friction coefficient should be neglected.  

Another kind of materials are called soft 
materials (like liquids) in which the material friction 
is neglected (strain and stress friction effects). Yet, 
Stone [11] has also mentioned an integrated type 
model, known as controlled armor materials where 
all coefficients are participated (ballistic gelatin, 
supersaturated soils, etc.). The current essay 
presents an equivalent theoretical presentative 
model that expressed in energetic and kinetic terms 
for the process of projectile penetration into armor. 

As mentioned in the previous paragraph, the 
armor hardness (or toughness) type definition to be 
'hard' or 'soft' is determined by the stress-strain 
relations as well as other accompanied parameters 
(density, compressive strength and high elastic 
modulus, tensile strength that might be low for 
ceramics case) [10, 11]. To achieve the previous 
mentioned desired features, the armor should be 
produced from monolayers or being composed of 
several multi-layers [12 - 26]. 

Next generation of impact and penetration 
numerical modelling for all kind of materials were 
based on advanced detailed balanced scheme 
between the projectile kinetic energy, the absorbed 
work and the stress-strain energy mechanisms to 
evaluate the penetration thickness and the 
penetration time [12-26]. It is important to mention 
that the main mechanical effects that were examined 
in those studies [12-26] are as follows; the impact 
velocity and stress, while here alternative 
interpretation is modelled to asses some ballistic 
parameters, based on the extended energetic balance 
expression (e.g. thermal energy resistance) together 
with kinematic relations.  

Following Stone studies, several analytic studies 
have proposed full model for the penetration 

formula based on the projectile kinematic equation 
of motion using stress-strain relations.  The current 
brief would not be complete without mentioning the 
penetration formulas that have been developed by 
Yarin et al. [27], Ben-Dor et al. [28], Piekutowski et 
al. [29] Rosenberg & Dekel [30-32], Yossifon et al. 
[33], Børvik et al. [34-35] and Senthil et al. [36]. All 
mentioned equations are well summarized and 
compared in relative to experimental test by Stewart 
& Netherton [37]. Moreover, most formulations 
development have not considered the melting 
temperature in relative to the surrounding 
temperature, as introduced here, excluding the 
studies performed by [8, 22, 36, 38] that assuming 
the Johnson-Cook model [54-55]. In experimental 
sense, these study main results will be compared to 
some distinguished experiments (including finite 
element methods (FEM) simulations) [6, 19, 29, 33-
36, 38-39, 41-42, 63].  

The advantage of the following model is to have 
simple and completed analytic model proposes first 
ballistic approximate evaluations based on the 
traditional energetic balance involved with 
kinematic relations that easy to compare with 
experiments data by inserting several input 
parameters.  

To sum it up, we will concentrate on simple 
analytic development that considers the thermal 
energy barrier that the projectile body should 
overcome in order to penetrate the protective body 
material (plugging mode) dependent mainly on the 
heat capacity, protective material density, the 
melting temperature and the protective material 
strength. As will be exhibited, the most dominant 
and crucial factor contribution to the deceleration of 
the projectile body is derived by the material heat 
loading followed by the material strength parameter. 
The current model will be developed for monolithic 
and composite materials. The main approximate 
formulations will be developed for penetration 
thickness, projectile deceleration, time of 
penetration, impact stress and the residual velocity 
compared to recent various experimental ballistic 
tests. 
2 Problem Formulation 

We consider here a conical projectile mass-body 
(with different geometry shape options) that moves 
vertically (neglecting the rotational velocity) 
towards an armor target through number of layers 
(composite or mono layer options) with appropriate 
entrance and exit velocities in each layer, while the 
x-y Cartesian axes origin are laid on the first layer as 
appear in Fig. 1. The projectile mass is considered 
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constant and the geometry diameter of the projectile 
body to armor ratio will be limited to the minimum 
ratio 1:3. The energy balance of the armor relative 
to the bullet motion (for convenience we will use 
the word 'bullet' to illustrate any penetrative body; 
for more shapes (appear in Fig. 1) – ogive, 
hemispherical, flat and conical, see Abtew et al. 
[24]) includes the bullet kinetic energy (𝐸𝑘) as an 
input whereas the observed energy are the armor 
elastic strain energy (𝐸𝑠𝑡𝑟𝑎𝑖𝑛,𝐴), compressive energy 
(𝐸𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠,𝐴), tensile plastic energy (using ultimate 
stress) (𝐸𝑈𝑇𝑆,𝐴), heat (𝑄𝐴) and friction surface work-
energy (surface quality finish – roughness 
measurement) (𝐸𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛) and drag work-energy 
(𝐸𝐷𝑟𝑎𝑔), respectively. The energy balance, indeed, 
will model the impact, without using explicitly the 
ballistic equation of motion.   

The representative energy balance in a general 
multi-stage formula is: 

∆𝐸𝑖 = 𝐸𝑘
𝑖 −

(

 
 𝑄𝑖 + 𝐸𝑠𝑡𝑟𝑎𝑖𝑛,𝐴

𝑖 + 𝐸𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠,𝐴
𝑖 + 𝐸𝑈𝑇𝑆,𝐴

𝑖 + 𝐸𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑖

+𝐸𝐷𝑟𝑎𝑔
𝑖

⏟                              

𝐸𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦−𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙,𝐴
𝑖 )

 
 
=

𝐸𝑘,𝑝
𝑖 =

1

2
𝑚𝑏(𝑣𝑝

𝑖 )
2
, 𝑖 = 1,2, . . , 𝑁 (1) 

whereas in the case of mono-layer 𝑖 = 1. Remark 
that 𝐸𝑘,𝑝𝑖  is the penetration kinetic energy in each 
time step (∆𝑡), with the appropriate range of 
penetration velocities (𝑣𝑝) ranging from 𝑣𝑝0𝑖  
representing the initial penetration velocity when the 
projectile cap (head characteristic length) enters the 
target i-layer  until it arrives to the ending –i layer 
with the appropriate velocity 𝑣𝑝𝑓𝑖 , representing the 
emerging from the target i-layer, respectively. Here, 
for approximation purpose, we will concentrate on 
the initial penetration value (𝑣𝑝0𝑖 ) to obtain finite 
and constant acceleration value at each layer. The 
projectile impact velocity (𝑣𝑏𝑖 ) joins to the previous 
mentioned (each layer) penetration velocities 
(𝑣𝑝0𝑖 , 𝑣𝑝𝑓𝑖  ) to complete the three main velocities that 
characterized the penetration process of each layer 
whereas the penetration time step difference of each 

layer will be noted by ∆𝑡𝑖. Accordingly, if the 
projectile stops its penetration motion in the N layer, 
then 𝑣𝑝𝑓𝑖 = 0, otherwise, if perforation occurs, the 
drag force only influences the projectile 
deceleration. One should notify that there are states 
in the multilayer armor when 𝑣𝑏𝑖=𝑁 = 𝑣𝑝𝑓𝑖=𝑁−1 (it 
also might be equal to zero). Usually, in the 
monolayer case, where 𝑣𝑝0𝑖 ≠ 0 the energy balance 
will enable an initial motion of projectile 
penetration. Of course, there are cases when 𝑣𝑝0𝑖 =

𝑣𝑝𝑓
𝑖 = 0 as the projectile stops at the beginning of 

its penetration into the i- layer. 

As will be elaborated continually, in the current 
paper, we will assume that each layer has a single 
constant deceleration (𝑎𝑖) value that corresponds to 
a single constant 𝑣𝑝0

𝑖  velocity value. The 
approximation assumes that the acceleration is 
constant until the projectile stops (or released) due 
to the armor material strength resistance such as the 
obtained approximated time steps will be shorter 
than the actual ones (experiments) but still in the 
same order, as will be discussed in Sec. 3).  

Now, using Newton's second law, we know that 
the projectile work energy in each layer is equal to  
𝑊𝑖 = 𝑚𝑏𝑎

𝑖𝑃𝑑
𝑖  and therefore the total energy 

balance supplys: 

𝑊𝑖 = 𝑚𝑏𝑎
𝑖𝑃𝑑
𝑖 = ∆𝐸𝑖 = 𝐸𝑘

𝑖 − (𝑄𝑖 + 𝐸𝑠𝑡𝑟𝑎𝑖𝑛,𝐴
𝑖 +

𝐸𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠,𝐴
𝑖 + 𝐸𝑈𝑇𝑆,𝐴

𝑖 + 𝐸𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑖 + 𝐸𝐷𝑟𝑎𝑔

𝑖 )  (2) 

2.1 Monolithic Mono – layer penetration 

distance model 

The obtained generalized approximate 
expression that derived from Eq. (2) for the 
deceleration (𝑎) of the projectile in the armor mono-
layer will be: 

𝑎 =
∆𝐸𝑖=1

𝑚𝑏P𝑑
=

∆𝐸𝑖=1

𝜌𝑏V𝑏P𝑑
=

∆𝐸𝑖=1

𝜌𝑏S𝑏𝐿𝑏 Pd
=

𝑚𝑏𝑣𝑏
2

2
−
𝐸𝐴𝜀𝐴

2

2
V𝐴−𝑚𝐴𝐶𝑃𝐴∆𝑇𝐴−

1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 V𝐴−
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 V𝐴

−2𝜇𝑘𝑚𝑏𝑔P𝑑−
1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2 V𝐴−
1

2
𝜌𝑏𝐶𝐷𝑏𝑆𝑏

′𝑣𝑏
2P𝑑

𝜌𝑏S𝑏𝐿𝑏 P𝑑
=

⋯  
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=
𝑣𝑏
2

2𝑃𝑑
−

𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴+
1

2
𝐸𝐴𝜀𝐴

2+
1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 +
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 +2𝜇𝑘𝜌𝑏𝑔𝐿𝑏

+
1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2 +
1

2

𝑆𝑏
′

S𝑏
𝜌𝑏𝐶𝐷𝑏𝑣𝑏

2

𝜌𝑏𝐿𝑏
    

(3)  

Equation (3) was divided by the effective mass 
volumetric value (V𝑏) since the projectile mass 
fulfils 𝑚𝑏 = 𝜌𝑏V𝑏,V𝑏 = S𝑏𝐿𝑏,𝑚𝐴 = 𝜌𝐴V𝐴 =
𝜌𝐴S𝑏P𝑑 where 𝜌𝑏 , 𝑣𝑏 , 𝐿𝑏 , S𝑏 , 𝑆𝑏′ , 𝐶𝐷𝑏 are the density 
of the projectile head (lead cap, in case of particle – 
spherical radius), its velocity in the entrance of the 
armor, the bullet head (effective) characteristic 
length (based on the model produced by Yarin et al. 
[26] and Rosenberg & Dekel [30]), projectile base-
diameter area, surface area and drag coefficient, 
respectively. The characteristic length is dependent 
on the projectile shape head (the head geometric 
obliquity) that is defined by (See Fig. 1): 

 

 

 

0

0

2

0

2

b

0

1 ,  ;

Cylindrical flat ended cap (zero obliquity): 
1,  2[ ]

Cylindrical oblique ended cap: 

/ , 0[ ],

= 1 /

Cylindrical sharp cone:
0, 0[

front

b

rear

b

front rear

front rear

A
L L L

A

L L mm

d d L mm

L d d L

L

 







   

  

 

 
  

  b

b

], =
Spherical erosion particle: 

, = / 2

mm L L

L R L L

 

   (4) 

Note that in the case of the cylindrical flat-ended 
cap (zero obliquity), the initial value of the 
projectile effective length is about 2 [mm] due to the 
participation of the geometrical edges during the 
impact process. 

Also, V𝐴, 𝜌𝐴, 𝐶𝑃𝐴 , ∆𝑇𝐴 = |𝑇𝑠𝑢𝑟𝑟,𝑏 −
𝑇𝑚𝑒𝑙𝑡𝑖𝑛𝑔𝐴|, 𝜎𝑐𝐴 , 𝜎𝑈𝑇𝑆,𝐴, 𝜀𝐶,𝐴, 𝐺𝐴, 𝜀𝑠ℎ𝑒𝑎𝑟,𝐴, 𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴re
present the armor removal volume due to the 
projectile movement, mono layer density, heat 

capacity, the difference between the armor melting 
temperature and the surrounding temperature, armor 
compression limit stress, ultimate tensile strength, 
armor shear modulus and their appropriate 
compression including shear and plastic strains, 
respectively. The value for the surrounding 
temperature is dependent on the projectile 

temperature (𝑇𝑠𝑢𝑟𝑟,𝑏) where 𝑇𝑠𝑢𝑟𝑟,𝑏 = 𝑇0 +
1

2

𝑣𝑏
2

𝐶𝑃𝑏
 

(obtained thanks to the kinetic balance 1
2
𝑚𝑏𝑣𝑏

2), 
here 𝑇0 = 293[𝐾]. Remark that in case of small 
particles (microns and below) we can use the 
temperature Boltzmann relation ( 1

2
𝑚𝑏𝑣𝑏

2 =
3

2
𝑘𝐵𝑇) 

where the resulting temperature parameter can be 

expressed by 𝑇 = 𝑚𝑏𝑣𝑏
2

3𝑘𝐵
. Note that 𝑔 represents the 

gravity acceleration and 𝜇𝑘 is the armor surface 
finish kinetic friction coefficient (in the upper and 
lower projectile surfaces). Usually, the obtained 
values of the friction and drag work terms are 
lowerwith respect to the other energy terms values 
and therefore should be neglected. 

The rationale behind the deceleration (3) formula is 
that it expresses the energy distribution over the 
effective bullet mass (𝑚𝑏) multiplied by the 
penetration length (P𝑑) that responsible for the 
penetrative action against the armor material 
strength.  

Accordingly, neglecting friction and drag force, 
resulting with deceleration expression due to energy 
balance that is assumed acting over the bullet 
course. Moreover, in case of brittle materials with 

low strain values, Eq. (3) turns to be 𝑎 = ∆𝐸𝑖=1

𝑚𝑏P𝑑
=

𝑣𝑏
2

2P𝑑
−
𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴+

1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 +2𝜇𝑘𝜌𝑏𝑔𝐿𝑏+
1

2

𝑆𝑏
′

S𝑏
𝜌𝑏𝐶𝐷𝑏𝑣𝑏

2

𝜌𝑏𝐿𝑏
. The 

thickness penetration value (P𝑑) for the monolayer is 
assumed to vary according the simple kinematic 
relation with inverse proportion to the bullet 
deceleration: 

P𝑑 = (𝑣𝑏
2 − 𝑣𝑝𝑓

2 )/2𝑎  (5)  

Note that the 𝑣𝑝 velocity expressions that could be 
considered as the residual velocity for any given 
armor plate thickness, are also evaluated 
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analytically as shown in Refs. [14, 51-52]. In the 
case of projectile full stop inside the armor, the 
penetrated velocity becomes zero (𝑣𝑝𝑓 = 0), to 
obtain: 

P𝑑 = 𝑣𝑏
2/2𝑎   (6)  

Substituting relation (1) into Eq. (5) might lead 
the following expression representing the 
penetration distance (being dependent on the initial 
bullet initial velocity), in the form: 

 

P𝑑 =
2𝑣𝑏

2𝜌𝑏𝐿𝑏

𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴+
1

2
𝐸𝐴𝜀𝐴

2+
1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 +
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 +2𝜇𝑘𝜌𝑏𝑔𝐿𝑏

+
1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2 +
1

2

𝑆𝑏
′

S𝑏
𝜌𝑏𝐶𝐷𝑏𝑣𝑏

2

 

 (7) 

Neglecting the air drag resistance, simply yielding: 

P𝑑 =
2𝑣𝑏

2𝜌𝑏𝐿𝑏

𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴+
1

2
𝐸𝐴𝜀𝐴

2+
1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 +
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 +2𝜇𝑘𝜌𝑏𝑔𝐿𝑏+

1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2

    (8) 

Also, the time of penetration (t𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛) for 
the mono-layer will be simply defined by the linear 
kinematic relation: 

𝑡𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑣𝑏 /𝑎  (9)  

Remark that in case of projectile particles 
penetration model, the penetrative surface contact 
(average shape) area should be accounted simply 
with semi-circular geometry. 

Reordering (5), lead to the residual velocity 
(𝑣𝑝𝑓) expression in the case of perforated armor test 
as: 

𝑣𝑝𝑓
2 = 𝑣𝑏

2 − 2𝑎P𝑑 = 𝑣𝑏
2 − 2

∆𝐸𝑖=1

𝑚𝑏
=

(

  
 

𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴+
1

2
𝐸𝐴𝜀𝐴

2+
1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 +
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 +2𝜇𝑘𝜌𝑏𝑔𝐿𝑏

+
1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2 +
1

2

𝑆𝑏
′

S𝑏
𝜌𝑏𝐶𝐷𝑏𝑣𝑏

2

𝜌𝑏𝐿𝑏

)

  
 
P𝑑

  (10) 

 

whereas P𝑑 and  a  parameters represent distance 
and deceleration, respectively, at the stage when the 
projectile emerges from the target first layer [53]. 
Note that by rearranging (9), the useful kinetic 

relation ∆𝐸𝑖=1 = 𝑚𝑏 (
𝑣𝑏
2−𝑣𝑝

2

2
) is obtained. 

 Alternative time dependent residual velocity 
definition (useful for experiments [64]) might be 
calculated accordingly, 

𝑣𝑝 = 𝑣𝑏 − 𝑎𝑡 = 𝑣𝑏 −
∆𝐸𝑖=1

𝑚𝑏𝑃𝑑
𝑡 = 𝑣𝑏 −

∆𝐸𝑖=1

𝑚𝑏𝑃𝑑
𝑡 =

𝑣𝑏 −

(

  
 

𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴+
1

2
𝐸𝐴𝜀𝐴

2+
1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 +
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 +2𝜇𝑘𝜌𝑏𝑔𝐿𝑏

+
1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2 +
1

2

𝑆𝑏
′

S𝑏
𝜌𝑏𝐶𝐷𝑏𝑣𝑏

2

𝜌𝑏𝐿𝑏

)

  
 
𝑡

  (11) 

In equivalent to Johnson-Cook model ([54] and 
its extension [55]), the equivalent stress will be: 

𝜎𝐸𝑞,𝑁𝐷𝑀
𝑖=1 =

∆𝐸𝑖=1

𝑆𝑏P𝑑
   (12) 

whereas in case of cylindrical projectile, the 
projectile surface area parameter is simply 
calculated by the well-known circle area formula 

𝑆𝑏 =
𝜋𝑑𝑝𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑙𝑒

2

4
. Substituting (1) into (12) leads to 

the following penetrative equivalent impact stress: 
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𝜎𝑖𝑚𝑝𝑎𝑐𝑡,𝑁𝐷𝑀
𝑖=1

=

𝑚𝑏𝑣𝑏
2

2
−
𝐸𝐴𝜀𝐴

2

2
V𝐴 −𝑚𝐴𝐶𝑃𝐴∆𝑇𝐴 −

1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 V𝐴

−
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 V𝐴 − 2𝜇𝑘𝑚𝑏𝑔P𝑑 −
1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2 V𝐴

−
1

2
𝜌𝑏𝐶𝐷𝑏𝑆𝑏

′𝑣𝑏
2𝑃𝑑

𝑃𝑑𝑆𝑏

=
𝜌𝑏𝑣𝑏

2

2
− 𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴 −

2𝜇𝑘𝑚𝑏𝑔

𝑆𝑏
−
1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2

−
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 −
1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 −
𝐸𝐴𝜀𝐴

2

2

−
1

2
𝜌𝑏𝐶𝐷𝑏

𝑆𝑏
′

𝑆𝑏
𝑣𝑏
2 

(13) 

where V𝐴 = S𝑏P𝑑. 

In the case of non-penetrative projectile (rod, 
[55]), the heat energy, work of friction and drag 
become zero, such as the resulting non-penetrative 
equivalent impact (13) stress has the form: 

 

𝜎𝑛𝑜𝑛−𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑣𝑒 𝑖𝑚𝑝𝑎𝑐𝑡
𝑖=1 =

𝜌𝑏𝑣𝑏
2

2
−
1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2  

−
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 −
1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 −
𝐸𝐴𝜀𝐴

2

2
    (14) 

The non-penetrative impact stress might contribute 
to studies concerning soft impact [56]. 

2.2 Monolithic Multi – layer (composite 

armor) penetration distance model 

In the multi-layer case, we have certain 
deceleration value (𝑎𝑖) that appropriate to each 
armor layer (𝑖 − 𝑙𝑎𝑦𝑒𝑟 𝑖𝑛𝑑𝑒𝑥) together with 
appropriate velocities for each of the entrance and 
the outer layer section (𝑣𝑏𝑖 , 𝑣𝑝𝑖 ), respectively. 
Accordingly, the total thickness penetration distance 
is: 

 P𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑀𝑢𝑙𝑡𝑖−𝑙𝑎𝑦𝑒𝑟

= ∑ [
(𝑣𝑏
𝑖 )
2
−(𝑣𝑝

𝑖 )
2

2𝑎𝑖
]𝑁

𝑖=1  (15) 

where 𝑁 represents the layers number. Hence, by 
manipulating (11) the total time of penetration will 
be: 

t𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑀𝑢𝑙𝑡𝑖−𝑙𝑎𝑦𝑒𝑟

= ∑ [
𝑣𝑏
𝑖−𝑣𝑝

𝑖

𝑎𝑖
]𝑁

𝑖=1   (16) 

Now, the deceleration expression (3) for general 
i-layer case of the multi-layer model will be defined 
by: 

𝑎𝑖 =
∆𝐸𝑖

𝑚𝑏𝐿𝑏
=
(𝑣𝑏
𝑖 )
2
−(𝑣𝑝0

𝑖 )
2

2𝑃𝑑
𝑖 −

(𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴)𝑖
+
1

2
𝐸𝐴
𝑖 (𝜀𝐴

𝑖 )
2
+
1

2
𝜎𝑐𝐴
𝑖 (𝜀𝐶𝐴

𝑖 )
2
+
1

2
𝜎𝑈𝑇𝑆,𝐴
𝑖 (𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

𝑖 )
2

+
1

2
𝐺𝐴
𝑖 (𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

𝑖 )
2
+2𝜇𝑘

𝑖 𝜌𝑏𝑔𝐿𝑏

𝜌𝑏𝐿𝑏

  (17) 

where the velocities (entrance, exit) of each stage 
(layer) are combined from the following kinematic 
relations: 

            𝑣𝑏𝑖 = 𝑣𝑏𝑖−1 − 𝑎𝑖𝑡𝑖 (18) 

𝑣𝑝0
𝑖 = 𝑣𝑏

𝑖−𝑎𝑖𝑡𝑖  (19) 

Or alternatively, 

(𝑣𝑝0
𝑖 )

2
= (𝑣𝑏

𝑖 )
2
−2𝑎𝑖(𝑃𝑑𝑖) (20) 

where 𝑎𝑖 > 0 since we have already implemented 
the negative sign of the deceleration in the 
kinematic model. 

The equivalent impact stress will be (for 
example, could be useful for Ref. [57]): 

𝜎𝑖𝑚𝑝𝑎𝑐𝑡,𝑁𝐷𝑀
𝑖 =

∆𝐸𝑖

𝑆𝑏P𝑑
=
(𝑣𝑏
𝑖 )
2
−(𝑣𝑝0

𝑖 )
2

2
−

(𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴)𝑖
+
1

2
𝐸𝐴
𝑖 (𝜀𝐴

𝑖 )
2
+
1

2
𝜎𝑐𝐴
𝑖 (𝜀𝐶𝐴

𝑖 )
2
+

1

2
𝜎𝑈𝑇𝑆,𝐴
𝑖 (𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

𝑖 )
2
+
1

2
𝐺𝐴
𝑖 (𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

𝑖 )
2
                                      

(21) 

In the case of non-penetrative projectile the heat 
energy, work of friction and drag become zero, such 
as Eq. (13) formula becomes as the non-penetrative 
equivalent impact: 
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𝜎𝑛𝑜𝑛−𝑝𝑒𝑛𝑒𝑡𝑟𝑎𝑖𝑡𝑖𝑣𝑒 𝑖𝑚𝑝𝑎𝑐𝑡
𝑖 =

(𝑣𝑏
𝑖=1)

2

2
+
1

2
𝐸𝐴
𝑖(𝜀𝐴

𝑖 )
2
+

1

2
𝜎𝑐𝐴
𝑖 (𝜀𝐶𝐴

𝑖 )
2
+
1

2
𝜎𝑈𝑇𝑆,𝐴
𝑖 (𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

𝑖 )
2
+

1

2
𝐺𝐴
𝑖 (𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

𝑖 )
2
    (22) 

The latter equation might contribute to studies 
concerning soft impact in composite materials [24, 
58]. 

Concerning metamaterials to enhance energy 
absorption of suspension component made of soft 
polymer core involved with ceramic outer plate, e.g. 
the metamaterials are engineered properties of 
cellular repeating materials pattern [58-59]. Based 
on the study done by Varma and Sarkar [59], 
implementing the 3-modes (bending, shear, and 
stretch) metamaterial energies expressions [59] into 
(1) together with (15) and (21)-(22), yields the 
physical relations that appropriate for the case of 
metamaterials armor penetration case. 

Finally, a few words on the elastic composite 
armor penetration will be mentioned. One might 
observe that in case of armor composite elastic 
behavior [24, 43-52], there are four types of ballistic 
mechanical mechanisms: Fibres tension mechanism 
(e.g., Kevlar woven layer, see Figs. 16-6, 9-10 in 
Ref. [24]) [45-50], compression mechanism (e.g., 
Glass-Fibre/Epoxy composite [51-52], see Figs. 32-
33 in Ref. [24]), shear mechanism (see Fig.7c in 
Ref. [24]) and combined tension-compression 
mechanism (e.g., elastic woven layer composed 
with Ceramics or metals layers) ([14, 19, 24]). The 
tension mechanism is usually involved with the 
woven elastic fibres (soft material [24, 51]) and tend 
to resist the projectile motion such as each yarn [38] 
is stretched [24, 38] in contrast to the case of 
fracture deformation (characterized rigid materials 
or composite layers [14, 19, 24, 43, 51 - 52]) where 
compressibility controls the material resistance to 
the projectile motion. A mono-layer proposed model 
might be used for the woven elastic fibres, only if 
equivalent macro properties data are available for 
the specific woven layer (transforming the yarn 
from micro scale to macro scale, e.g. equivalent 
Young modulus, maximum compressive and tensile 
stresses) since we have deformation behavior 

(unlike the fracture behavior of rigid materials), 
such as the tensile strength (𝜎𝑈𝑇𝑆𝐴) of the yarn plays 
main role compared to the compressive stress (but 
yet need to be considered). In case we have multi 
woven layer, then each woven layer of every (i) 
stage has its equivalent properties, which might be 
fitted to the current multi-layer model. 

 

Figure 1 Bullet and erosion particle penetrative 

illustration in Cartesian coordinate system – 

mono/multi –layer (fracture mechanism).  

2.3 Composite weave-fabric Mono – layer 

penetration model 

In case we have laminated, composite mono-
layer armor structure made from textile composition 
[19, 24, 45, 47, 52] such as the proposed model (2) 
will be revaluated by entering the yarn fiber 
(denoted by the subscripts letters 𝑌,𝐴) energy 
properties alongside the generalized fabric layer as: 

𝑎𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑚𝑜𝑛𝑜−𝑙𝑎𝑦𝑒𝑟 =
𝑣𝑏
2

2P𝑑
−

𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴+
1

2
𝐸𝐴𝜀𝐴

2+
1

2
𝜎𝑐𝐴𝜀𝐶,𝐴

2 +
1

2
𝜎𝑈𝑇𝑆,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 +
1

2
𝐺𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2

+𝜌𝑌,𝐴𝐶𝑃𝑌,𝐴∆𝑇𝑌,𝐴+
1

2
𝐸𝑌,𝐴𝜀𝑌,𝐴

2 +
1

2
𝜎𝑐𝑌,𝐴𝜀𝐶,𝑌,𝐴

2 +
1

2
𝜎𝑈𝑇𝑆,𝑌,𝐴𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝑌,𝐴

2 +

1

2
𝐺𝑌,𝐴𝜀𝑠ℎ𝑒𝑎𝑟,𝑌,𝐴

2 +2𝜇𝑘𝜌𝑏𝑔𝐿𝑏+
1

2

𝑆𝑏
′

S𝑏
𝜌𝑏𝐶𝐷𝑏𝑣𝑏

2

𝜌𝑏𝐿𝑏

 (23) 
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Assuming that the Yarn strain properties are 
equal to the whole fabric layer properties (𝜀𝐴 =

𝜀𝑌,𝐴, 𝜀𝐶,𝐴 = 𝜀𝐶,𝑌,𝐴, 𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝑌,𝐴 =

𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴, 𝜀𝑠ℎ𝑒𝑎𝑟,𝑌,𝐴 = 𝜀𝑠ℎ𝑒𝑎𝑟,,𝐴) resulting with the 
following equation for deceleration in the form [19]: 

𝑎𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 𝑚𝑜𝑛𝑜−𝑙𝑎𝑦𝑒𝑟 =
𝑣𝑏
2

2P𝑑
−

𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴+𝜌𝑌,𝐴𝐶𝑃𝑌,𝐴∆𝑇𝑌,𝐴+
1

2
(𝐸𝐴+𝐸𝑌,𝐴)𝜀𝐴

2+
1

2
(𝜎𝑐𝐴+𝜎𝑐𝑌,𝐴)𝜀𝐶,𝐴

2

+
1

2
(𝜎𝑈𝑇𝑆,𝐴+𝜎𝑈𝑇𝑆,𝑌,𝐴)𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

2 +
1

2
(𝐺𝐴+𝐺𝑌,𝐴)𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

2 +

+2𝜇𝑘𝜌𝑏𝑔𝐿𝑏+
1

2

𝑆𝑏
′

S𝑏
𝜌𝑏𝐶𝐷𝑏𝑣𝑏

2

𝜌𝑏𝐿𝑏

 (24) 

Accordingly, the appropriate equations for the 
desirable parameters; penetration distance, time of 
penetration, residual velocity, the penetrative and 
the non-penetrative stresses of impact will require 
substituting the deceleration expression (23) into the 
monolithic form expressions (7)-(13), respectively. 

2.4 Composite weave-fabric Multi – layer 

penetration model 

In more generalized case made of brittle material 
(monolithic) layers alongside (composed) elastic 
polymeric layers and alloys [12], the deceleration 
expression (17) will be brought by the following 
form: 

𝑎𝑖𝐶𝑜𝑚𝑝𝑠𝑖𝑡𝑒 𝑚𝑢𝑙𝑡𝑖 – 𝑙𝑎𝑦𝑒𝑟 

=
(𝑣𝑏
𝑖 )
2
− (𝑣𝑝0

𝑖 )
2

2

−

(𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴)𝑖
+
1

2
𝐸𝐴
𝑖 (𝜀𝐴

𝑖 )
2
+
1

2
𝜎𝐶𝐴
𝑖 (𝜀𝐶𝐴

𝑖 )
2

+
1

2
𝜎𝑈𝑇𝑆,𝐴
𝑖 (𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴

𝑖 )
2
+
1

2
𝐺𝐴
𝑖 (𝜀𝑠ℎ𝑒𝑎𝑟,𝐴

𝑖 )
2

+(𝜌𝑌,𝐴𝐶𝑃𝑌,𝐴∆𝑇𝑌,𝐴)𝑖

+
1

2
𝐸𝑌,𝐴
𝑖 (𝜀𝑌,𝐴

𝑖 )
2
+
1

2
𝜎𝐶𝑌,𝐴
𝑖 (𝜀𝐶,𝑌,𝐴

𝑖 )
2
+

1

2
𝜎𝑈𝑇𝑆,𝑌,𝐴
𝑖 (𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝑌,𝐴

𝑖 )
2
+
1

2
𝐺𝑌,𝐴
𝑖 (𝜀𝑠ℎ𝑒𝑎𝑟,𝑌,𝐴

𝑖 )
2

+2𝜇𝑘
𝑖 𝜌𝑏𝑔𝐿𝑏
𝜌𝑏𝐿𝑏

 

(25) 

Therefore in similar way to the previous paragraph 
the appropriate expressions for the relevant 

parameters require the deceleration expression (25) 
to be inserted into the multi-layer expressions (15)-
(22). 

Until now, four kinds of armor designs (or 
alternatively, the projectile design) have been 
proposed, as follows: 

1. Sec. 2.1 concerns monolithic armor based on 
high strength and temperature - fracture deformation 
mechanism [6, 11, 26-33, 34-38, 41 - 42, 54-55, 62]. 

2. Sec. 2.2 concerns multi-layer monolithic 
armor based on high strength and temperature 
fracture - deformation mechanism [15, 17, 22-23, 
36, 39, 41, 57]. 

3. Sec. 2.3 concerns weave-fabric composite 
armor based on elastic deformation mechanism [19, 
24, 43, 45-46, 49, 56].  

4. Sec. 2.4 concerns weave-fabric armor made of 
composite layer combination with brittle layers 
based on fracture mechanism alongside elastic 
deformation mechanism [12, 18-21, 26, 47-48, 50, 
58-59]. The idea is that we have a multi-layer armor 
that initially reduces the projectile high temperature 
by absorbing the first impact stress, while the 
second layers protects against the developed impact 
wave, whereas the last layer is applied to reduce the 
ballistic residual velocity (alternatively, the residual 
mechanical stresses). 

On the one hand, the differences between Sec. 
2.1 and Sec. 2.2 as well as Sec. 2.3 and Sec. 2.4 
configurations might be insignificant. For instance, 
three or four monolithic layers could be considered 
as (one) sole monolithic layer as compatible with 
configuration 2.1 [36], however, there are cases 
where number of layers should be considered as 
multilayer model [36]. Moreover, a weave-fabric 
composite multi-layer configuration might fit to 
represent configuration 2.3 in case where each 
fabric layer has the same properties [46]; otherwise, 
it might be suitable to compatible with configuration 
2.4 [20, 47]. 

Remark that every impact process is involved 
with heating (cellular meta-materials, insulating 
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wound carbon, etc.), mechanical 
compressive/shear/tensile stresses (Alumina, 
Ceramics fibres, Graphite/Carbon fibres) and 
waving (damping cellular materials, rubber, Chiral-
wiring materials).  

Next, in the following section a comparison will 
be made between literature and proposed 
approximate analytic models. 

3 Comparison between ballistic 

experimental results & presented 

theory 

This section presents comparisons between 
literature studies and current calculations based on 
Eqs. (8) - (9) for two main ballistic parameters; 
penetration distance and time parameters that are 
determined by the projectile deceleration, 
respectively. Remark that the calculations have also 
been performed for the total energy (2) and 
penetration (5) parameters (without literature 
comparison due to lack of data). The comparison will 
concern the case of ballistic projectile of bullet and 
rod penetration experiments (input parameters and 
output data results including description of each case 
are well described in Tables 1-3) that have been 
performed on various cases of armor material vs. 
ballistic projectile [6, 19, 29, 34-36, 38-39, 41-42, 63] 
compared to the presented mono-layer scheme (Sec. 
2.1 & 2.3). The deceleration for the composite fabric 
case was calculated using Eq. (16).  
 

Observing Table 3 teaches us that the calculated 
penetration thickness results are in the same order of 
magnitude (good agreement) compared to numerous 
literature cases ([29, 36, 38, 41, 42, 73]). The 
maximum error was found to be 45% [34] while the 
minimum error was found to be 0.7% [41]. In the 
aspect of penetration time, the current model was 
found to fit qualitatively (same order of magnitude) 
but not numerically/quantitatively (except in cases [6, 
31, 41]).      
 

Observing parameters sensitivity – it was found 
that the representative armor thermal energy (heat) 

term (𝜌𝐴𝐶𝑃𝐴∆𝑇𝐴) has meaningful contribution, 
especially in the monolithic armor case, in particular, 
the temperature difference parameter (∆𝑇𝐴) which 
dependent on the armor melting temperature relative 
to the projectile surface temperature (which itself is 
dependent on the projectile specific heat, velocity and 
its surrounding temperature). Although in the case of 
composite weaving fabric armor (target), the elasto-
plastic properties (laminate layer and its fibres 
strength properties [19, 24]) have an important role 
(dominant) in determining the deceleration as well as 
other ballistic parameters due to the armor insulating 
properties and relatively small projectile velocities 
reducing ∆𝑇𝐴 parameter. Remark that Gunnar [62] has 
also mentioned the importance of using the heat 
relation compared or together with the stress-strain 
relations through his own derivations. The controlled 
mechanism is based on elastic deformation whilst in 
monolithic material is based on fracture deformation. 
Moreover, the notion 'melting point' in composite 
materials is not accurate for use. The reason is that the 
material become softer until most of molecules are 
moving freely (the molecules structure order is being 
highly deformed). The correct definition is to use the 
maximum service temperature term which allows the 
material to resist its deformation through highly 
mechanical heat stresses. Since the projectile motion 
continues even though the material limit did not reach 
its melting point, but mainly because the weakening 
of the yarn fiber strength. In the same manner, ductile 
armor plates also might use better penetration 
temperature accuracy definition (maximum service 
temperature/'softening temperature') that might be 
lower than the melting temperature [38]. The effective 
length (𝐿𝑏) is an important key parameter to define 
the projectile geometry.  
 

Experiments [42, 63] relating to the Tungsten 
alloy projectile Vs. Aluminum 6061-T6 target, and 
the Depleted Uranium caliber vs. MIL-DTL-12560B 
steel target, have shown qualitative behavior 
similarity (for more extension, see [64] about uranium 
fragmentation details and its applications [65]). 
Following the previous distinctions might explain the 
deviations (percentages error) between analytic and 
experimental results, expressed by the given data 
inaccuracies alongside the model constant parameters 
nature (for instance, the surrounding projectile 
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temperature, projectile effective length and mass are 
constants during the projectile penetration course). In 
the current study, it was assumed that the projectile 
deceleration as well as other parameters are constant 
in each layer – this assumption might influence the 
time of penetration and might be approved in further 
studies to be dependent on time and temperatures as 
well as non-linear mechanical properties (especially 
in composites and functionally graded materials). 
There is more room to sustain the rear reinforcement 
plate mechanism (regardless of penetration) that is 
significantly recorded for optimal utilization of the 
penetration plate in terms of mechanical properties 
[6]. Finally, the impact wave theory might also 
explain some of the penetration shape behavior.  

To sum it up, the prominent advantage of the 
presented model approximation based mainly on 
energetic parameters (velocity, heat) and minimum 
number of geometry parameters. 

 
Table 1. Penetration parameters values from 
literature ( 𝑛𝑜𝑡𝑒 𝑡ℎ𝑎𝑡 𝜀𝐸𝐴 = 1/3𝜀𝑝𝑙𝑎𝑠𝑡𝑖𝑐,𝐴). 

 

Table 2. Penetration parameters values from 
literature – continue from Table 1. 

 

Table 3. Calculated time and thickness penetration 
values compared to literature results. 

 
 

4 Conclusion 

In this study, we present a general framework 
for calculating the penetration time & thickness 
parameters dependent on the developed 
deceleration based on the projectile energy 
balance. A proposed model has been proposed 
for both mono and multi-layer cases for 
monolithic and composite materials, 
respectively. A comparison between literature 
experimental studies and current calculations 
was performed for mono-layer case for both 
monolithic and composite materials. Key 
parameters are the projectile effective length 
(𝐿𝑏), the thermal energy and stress-strain 
relations that appropriate for the monolithic and 
composite materials, respectively. Good 
numerical agreement (minimum error - 0.7%, 
maximum error – 45%) was found for 
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penetration distance and time of penetration 
parameters (same order of magnitude). In 
addition, total energy and deceleration were 
calculated but not compared to literature results 
due to the lack of information. The deviations 
(inaccuracies) between analytic and 
experimental results, might be explained by the 
inaccuracy of the given data parameters and by 
the model constant nature (constant parameters 
during the projectile penetration course). 
Additionally, an equivalent to the Johnson-
Cook and residual velocity semi-numerical 
models, a proposed impact stress and residual 
velocity expressions for penetrative and non-
penetrative cases are exhibited, respectively. 
Yet, these approximations could be beneficial 
to understand the ballistic energy behavior of 
both projectile and armour parameters.  

In future, the impact (energy) effect mechanism 
should be further study in the context of 
presented model in the following topics: 

1. To develop improved decelerated model by 
making it adjustable to temperature and time 
dependent material properties as well as 
combining it with impact wave theory.  

2. Building analytical and/or numerical models 
to explain the impact phenomena relating to 
high-energy projectile velocities that influence 
structures made of cellular chiral metamaterials 
(using stress-strain Gibson-Ashby relations).  

3. Finding connections between micro buckling 
in composite materials and impact behaviour. 
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