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On analytical ballistic penetration fundamental model and design
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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 An effort to make more accurate formulations in

The ballistic mechanisms of penetrating high- order to evaluate the penetration thickness by
energy bodies (also known as projectile bodies) into making better understaqdmg_ about the relation
another protective material body, have been studied between the armor material science and the energy

physics, has been performed later by Smith et al. [4,

widely by many researches [1-52]. Our discussion -
5]. The latter studies have been concentrated on

will be limited (experimental comparison)

especially to hard armor materials with some touch understanding the projectile impact effect on the
to hyper elastic/soft materials while the projectile armor textile yarns by evaluatmg critical Ve1001t.1es
body is relatively small compared to the armor and wave propagation due to the impact effc?ct using
length (about at least 1/3 ratio). In addition, the stress-strain  analytic mechanical .relatlonsh}ps.
projectile geometry shape will mainly be considered About one (.1e.cade la‘Eer, an altematlye numer.lcal
here as bullet conical body. Simple scheme for model containing the impact dgfo'rrnatlon and time
composite armor will be introduced continually, as of penetration suggested by Wilkins [6]. One year
well as for monolayer shield component. The later (1979), Kar [7] has found the penetration
analytic solution development based on stress-strain thlckness formulgtlon dependent on the projectile
energetic terms together with kinematic relations. diameters alongmde other- penetration apd shape

Initially, to calculate the armor thickness, Dr. factors (e.g., shield material ultimate static tensile
Louis Thompson from the U.S. Naval [1-2] has strength and energy term). The last factors were
developed a formula (named after him: "Thompson relatlYely new in the ﬁelq while haV? been foupd
— F formula") based on comparison between the experlmentally and by using the residual velocity
projectile (also called 'bullet' in weapon terms) theory. During a decade later, advanced

experimental research on materials subjected to

kinetic energy and the work done by the bullet. The : : ' )
large strains combined with high temperatures

formula is simply dependent on the projectile data:

diameter, mass, velocity and dimensionless factor. exhibiting the basics of dynamics impact theory
Later on, new modulations of this formula have have be.en performed by Johnson [8] and Zukas [9],
been proposed in the recent years by by Okun [3]. 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

E-ISSN: 2224-3461

178

Jacob Nagler

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], Boervik 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 (Ej) as an
input whereas the observed energy are the armor
elastic strain energy (Es¢rqin 4), COmMpressive energy

(Ecompress,a), tensile plastic energy (using ultimate
stress) (Eyrs 4), heat (Q,4) and friction surface work-
energy (surface quality finish — roughness
measurement) (Efyicrion) and drag work-energy
(Eprag), 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:

AE! = E} —

i i i i i
Q + Estrain,A + Ecompress,A + EUTS,A + Efriction
i
+EDrag

i
Ematerial energy—potential, A

Eip = %mb(v;;)z,i =12,..,N (1)

whereas in the case of mono-layer i = 1. Remark
that E,i{‘p is the penetration kinetic energy in each
time step (At), with the appropriate range of
po
representing the initial penetration velocity when the
projectile cap (head characteristic length) enters the

penetration velocities (v,) ranging from v

target i-layer until it arrives to the ending —i layer
with the appropriate velocity vzi, f» representing the
emerging from the target i-layer, respectively. Here,
for approximation purpose, we will concentrate on
the initial penetration value (vzl;o) to obtain finite
and constant acceleration value at each layer. The
projectile impact velocity (vl‘;) joins to the previous
mentioned (each layer) penetration velocities
(17{,0, vzi, 5 ) to complete the three main velocities that
characterized the penetration process of each layer
whereas the penetration time step difference of each
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layer will be noted by At‘. Accordingly, if the
projectile stops its penetration motion in the N layer,
then vligf = (, otherwise, if perforation occurs, the

drag force only the projectile

deceleration. One should notify that there are states

N = plZN=1 (it
also might be equal to zero). Usually, in the

influences
in the multilayer armor when v}~

monolayer case, where vzi,o # 0 the energy balance

will enable an initial motion of projectile

penetration. Of course, there are cases when vzi,o =
vli, 5 = 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 (a;) value that corresponds to
a single constant v{,o 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
W!=mua'P} and therefore the total energy
balance supplys:

wt= mbaiPé = AE' = Elf’, — Q'+ Esitrain,A +
Eéompress,A + Eli}TS,A + E;riction + Eérag) (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:

AES?

AE=T AE=T

mpPq  ppVbPa  ppSpLy Pq

2 2
mpvp_Eafa 1 2 1 2
2 5 Va~maCp AT p—30c €0 AVA—50UTS A€plastic,aV A

1 2 1 1.2
—2pempgPa—3GaEshear,aVa—5PpCDpSpVbPa

PbSpLp Py
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vh

2Py
1 2,1 2 1 2
PACPAATA+§EA£A+§°'cA£C,A+§°'UTS,A5plastic,A+Zﬂkpbng
!
1. 2 15p 2
+§GASshear,A+prCvab

PvLp

)

Equation (3) was divided by the effective mass
volumetric value (V,) since the projectile mass
fulfils my, = ppVp,Vy = SpLyp, my = paVy =
paSpPq where py,, vy, Ly, Sp, Sp, Cp,, 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):

front

A
L =L+L(1-¢), e=—";

Cylindrical flat ended cap (zero obliquity):
e=1 L =L, =2[mm]
Cylindrical oblique ended cap:

&= (0 yon /e ) Ly = O[mm],

Lbz[l—(dfmm /d.,.. )2} L
Cylindrical sharp cone:
e=0,L,=0[mm],L,=L
Spherical erosion particle:
L=R,L=L/2
“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, Vg, pa, Cp,» ATy = |Tsurr,b -

TmeltingA |' O-CA' JUTS,A' gc,A' GA' Sshear,A' ‘c:plastic,Are
present the armor removal volume due to the
projectile movement, mono layer density, heat
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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
1 v

temperature (Tgyyrp) Where Tgypp =Ty 3T
Pp

. o 1
(obtained thanks to the kinetic balance Embvlf),

here Ty = 293[K]. Remark that in case of small
particles (microns and below) we can use the

. 1 3
temperature Boltzmann relation ( Embvl% = EkBT)

where the resulting temperature parameter can be
2

expressed by T = % Note that g represents the
B

gravity acceleration and p; 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 (m,) multiplied by the
penetration length (P;) 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
AEi:l
mpPq -

low strain values, Eq. (3) turns to bea =

!
1 2 1S 2
2 PACPAATA+;0cA8c,A+2#kang+zs—beCDbe
b _ k The
2Pg Pylp

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

Py = (vh —vjs)/2a (5)
Note that the v, velocity expressions that could be
considered as the residual velocity for any given
armor thickness, also evaluated

plate are
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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 (v, = 0), to
obtain:

P, = v}/2a (©)

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 =
2
2vpPpLp
1 2,1 2 o1 2
PACPAATA+§EA5A"'EUCASC,A"'EUUTS,Aszastic,A+2l‘kpb«9Lb

SI
+%GAssz‘hear,A+;s_Zprval%
(7)
Neglecting the air drag resistance, simply yielding:
Pd =

2
2v,pplp
1 2,1 2 1 2
PACPAATA+§EA£A+§‘76A£C,A+§°'UTS,A£plasric,A+Zﬂkpbgl‘b+

1 2
EGAsshear,A

(8)

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

©)

tpenetration = Vb /a

Remark that in case
penetration model, the penetrative surface contact

(average shape) area should be accounted simply

of projectile particles

with semi-circular geometry.

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

as:
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v2. =v? —2aP, = v? ZAEizl—
pf = Vb d = Up —

1 2,1 2 1 2
PACPAATA+§EA5A+5‘7cA£C,A+§UUTS,A5plastic,A+2ﬂkpbng

!
1. 2 15p 2
+3GAEshear,a +35,Pb CopVh

PvLp /

(10)

whereas P; 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

= Z_yp2 . .
relation AE'=1 = m,, (vb va> is obtained.

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

i=1 ARi=1
v, =V, —at =v; — t=v, — t =
p b b mpPg b mpPg
'Ub -

1 2,1 2 1 2
/PACPAATA+§EA5A+§UCASC,A+§JUTS,A5plastic,A+2ﬂkpbng\|
!
1

1, 2 1Sp 2
+5GAEshear,a +prcvab i

PpLp

(11

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

i=1 _ AEE!
Ogq,NDM = SoPy

(12)
whereas in case of cylindrical projectile, the
projectile simply
calculated by the well-known circle area formula

surface area parameter is

dz . .
S, = M. Substituting (1) into (12) leads to

the following penetrative equivalent impact stress:
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i=1
Oimpact,NDM
2 2
mpvy,  Eg€y
——2 24y,

1 2
5 5 —myCp, AT, —EO'CAEC,AVA

1 2 1 2
- 2 Oyrs,A gplastic,AVA - Zﬂkmbgpd - 2 GA gshear,AVA

1 ’
_ —5PbCo,ShViPy
PySp
2
PbVh 2uempg 1
== — paCp ATy _T_EGAgs?hear,A
2
L e Lo, Ead
2 UTS,Aplastic,A 2 Ccp€CA 2
1S,
_prCDb gvb

(13)
where V, = S, P;.

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:

2
gi=1 _ PpYh —lG g2
non—penetrative impact — 2 2 A€shear,A

1 2 1

2
2 Eaga
~ 3 0urs,aépiastic.A T 3 9c,6ca T

(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 (a;) that appropriate to each
(i — layer index) with

appropriate velocities for each of the entrance and

armor layer together
the outer layer section (vli,, v;;), respectively.
Accordingly, the total thickness penetration distance

18:

distance 2a;

Multi-layer _ yN [(vzﬁ)z_(v{;)zl (15)
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where N represents the layers number. Hence, by
manipulating (11) the total time of penetration will
be:

Multi-layer _ <N ”ll)_”zlo
penetration — &i=1| g

(16)

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

AEL (Vf;)z—(”zi:o)z _

mpLp - ZPé

a; =
L O R U O I o i 2
(PACPAATA)i+5EA(5A) +50¢,4(2ca) +5°’UTS,A(£pzastic,A)

1 2 .
+EG;1 (E;hear,A) +244icppgLb
Pplp

(17

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

vp = vy = at (18)
Vpo = Vp—ait; (19)
Or alternatively,
i N2 [in2
(vpo)” = (v5) —2a:(Pa;) (20)

where a; > 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]):

i _ AEY (Uli;)z—(”i)o)z
Gimpact,NDM - SpP4 - 2 -
(0aCr ATy, +2EL(eh)” + 20, (eba)” +
% GLiITS,A (gziJlastic,A)Z + % G:.l (‘c:sihear,A)2

ey

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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. (vli):1)2 L s in2 (unlike the fracture behavior of rigid materials),
i — Ipi(gi .
Onon-penetraitive impact = =5 1 3 Ey (EA) + such as the tensile strength (ayrs,) of the yarn plays
%o’cl:A (gé A)Z + %g{]m A (gri) lastic, A)Z + main role compared to the compressive stress (but
Loi (g 2 yet need to be considered). In case we have multi
2 A(ESheaTrA) (22) woven layer, then each woven layer of every (i)

stage has its equivalent properties, which might be

The latter equation might contribute to studies fitted to the current multi-layer model

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 Figure 1 Bullet and erosion particle penetrative
mechanical mechanisms: Fibres tension mechanism

( Kevl : Fios. 16-6. 9-10 i illustration 1in Cartesian coordinate system —
e.g., Kevlar woven layer, see Figs. 16-6, 9-10 in

Ref. [24]) [45-50], compression mechanism (e.g., mono/multi —layer (fracture mechanism).

Glass-Fibre/Epoxy composite [51-52], see Figs. 32-

33 in Ref. [24]), shear mechanism (see Fig.7¢ in 2.3 Composite weave-fabric Mono — layer
Ref. [24]) and combined tension-compression penetration model

mechanism (e.g., elastic woven layer composed

with Ceramics or metals layers) ([14, 19, 24]). The In case we have laminated, composite mono-
tension mechanism is usually involved with the layer armor structure made from textile composition
woven elastic fibres (soft material [24, 51]) and tend [19, 24, 45, 47, 52] such as the proposed model (2)
to resist the projectile motion such as each yarn [38] will be revaluated by entering the yarn fiber
is stretched [24, 38] in contrast to the case of (denoted by the subscripts lettersy,) energy
fracture deformation (characterized rigid materials properties alongside the generalized fabric layer as:

or composite layers [14, 19, 24, 43, 51 - 52]) where

compressibility controls the material resistance to —

aComposite mono-layer — 2P4

the projectile motion. A mono-layer proposed model

1 2 .1 2 1 2 1 2
. . . PACp AT p+ZEpE3+=0¢ ,EC o150 £ icat=GaE
might be used for the woven elastic fibres, only if AT AT ATATRTCATCA TR UTS A plastic AT A shear. A

1 2 1 2 1 2
. . . +py aCp ATY,A+_EY,AS +-0 & +-0 & i +
equivalent macro properties data are available for Y.A 2 VATV ATRTCY ARCY AT TUTS Y ATplasticY A

. . 1 15}
the specific woven layer (transforming the yarn ;Gy,Asghear,y,A+2#kpbng+ﬁprDbV§
from micro scale to macro scale, e.g. equivalent pbLp
Young modulus, maximum compressive and tensile (23)

stresses) since we have deformation behavior
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Assuming that the Yarn strain properties are

equal to the whole fabric layer properties (g4, =

€y.ar €c,Aa = Ecy,A Eplasticy,A =

gplastic,A"Sshear,Y,A = Eshear,,A) reSUItmg with the

following equation for deceleration in the form [19]:

vh
2P4

1 2,1 2
PaCp 4ATA+py,aCpy 4ATy,a+5(Ea +EY,A)5A+§(UcA +UCY'A)SC,A

Acomposite mono—layer —

1 2 1 2
"'E(UUTS,A""7 UTS,Y,A)gplastic,A +5(Ga+Gy a)Ehear,at

1527 2
+2ﬂkpbng+EPbCDbe

PvLp

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:

Qi compsite multi - layer
() - (vho)’
2
(PaCo,ATs), +3EL(eD)” + 30k, (eka)”
+ % Tirs.a (Szi)lastic,A)z + % Gh (‘gsihear,A)2
+(PY,A Cpy, AATY,A)i
+ %Eli/,A (sli/,A)z + % Uci‘y,A (Sé,y,A)z +

1 i 2 10 i 2
S OUTSY,A (eptasticy.a) + 5 Gy, (&sheary.a)

_ +2upp gLy
PoLp
(25)
Therefore in similar way to the previous paragraph
the appropriate expressions for the relevant
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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
Egs. (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)
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term (psCp,AT,) has meaningful contribution,
especially in the monolithic armor case, in particular,
the temperature difference parameter (AT,) 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 AT, 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 (L) 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 behavior
similarity (for more extension, see [64] about uranium
fragmentation details and its applications [65]).
Following the previous distinctions might explain the

shown qualitative

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

Volume 16, 2021



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER
DOI: 10.37394/232012.2021.16.21

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 eg, = 1/3¢€,145tic,4)-

W Tew@ G
[mizec] DkesE]

: BB 67 OP s e Teskinea
Ref Desciption P legi?]

S AD 85 target Vs 8050 762 9241 460 21 91 005 005 2345

Steel sharp cylinder

2D plain weave E- 8050 320 308.7 460 70 19 0.06 003 630
glass fabric target
Ve Cylindrical,
flat-ended hardened
steel

¥ Qgivenose 4340 7850 821
VAR steel rod Vs,

Al 6061-T6511
target

3 Conical Ame tool 7800
steel projectile Vs.
Weldox 460 E steel
targets (Test C3)

3 Conical Ame tool 7800
steel projectile V.
AAS5083-H116
target
T6IAP Vi mild 7850 821
steel target
T62AP Vs high 7850 854
hardness steel target
(500 HB steel)

AK-47 Vs. ceramic 7850 200
target

T6IAP Vs. AL- 7850
7075 T6 target (Test
0. 5)

4 Tungsten  alloy
projectile V.
Aluminum 6061-T6
target

7 Depleted
@%

10025 473 69 26 012 012 855

206.8 3393 460 200 30 0.17 1800

302.4 3024 460 70

1025.7 460 203 80 1800

10857 460 210 30 1800

988 65 460 193 2203

616.4 706 460 71.1 27

17800 742 29573 134 70 26 025 925

Uranium
M) dat
“nosed

18610 8611 371312 117 200 75 1766
obliquity
caliber V.
MIL-DTL-L2560 (BHN
1 Steel 2" -
thicknessdependent
Test A-IX — Shot no

1) target [73]

Table 2. Penetration parameters values from
literature — continue from Table 1.
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S #a leg/r] Cp, ke K] iire [Gzal Geompressives  Splastica Ly [man] AT, K] Hi
[Gpal

s 3420 920 0.155 0.28 0.05 10 1421  0.085
" 2000 800 0.570 0.55 0.032 3 310 0.5
» 2700 897 0.31 0.24 0.12 11.8 147.52 047
s 7850 452 0.72 0.73 0.17 30 1460.5  0.42
s 2700 910 0.347 0.354 017 30 5006 047
. 7850 486 0.440 0.440 0.05 7.65 7744 0.045
= 7800 480 16 1.6 0.04 7.65 7143 0.045
» 3215 850 12 24 0.001 17 13044 047
“ 2810 714.8 0.520 0.530 0.11 15 187.01 047
4 2703 900 0.31 0.24 025 18 2096  0.47
i 7840 470 111 0.24 0.09 254 19471 0.1

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

Caleulated  Literature Thickness Calculated Literature Time Eror  Calculated Calculated

Ref  thickness  Thickness  emor time of tme of [%] Deceleration Total
[mm] [rmm)] deviation penetration penetration [10%m/sec?]
[ [1zec] [isec] difference
[10%1

6 10.2 8.636 18 26.7 351 24 285 0.093
s 39 5 22 244 2711 91 58.05 0.0168
9 103.4 102 14 2519 3.26 0.0838
34 15 273 45 145 103 86 14.27 0.05245
R 124 163 24 8L.61 237 66 3.705 0.1120
36 13.12 141 7 31.98 25.67 0.1077

3 layers

of 4.7

(thick.)

[mm]

each

8 158 152 4 3717 40 7 22.98 0.11655
39 2396 30 20 599 50 20 1335 0.10227
a1 39.72 40 07 128.88 128 0.7 478 0.06072

2 layers
B 386 3811 13 104.1 162 357 712 0.1995
7 4813 50 374 1118 180 378 77 1.175

4 Conclusion

In this study, we present a general framework
for calculating the penetration time & thickness
parameters dependent the
deceleration based on the projectile energy

on developed
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
(Lp), 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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