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This paper presents a semi-analytical approach on the performance of ceramic/metal armor under
ballistic impact. Numerical simulations for alumina/aluminum armor impacted by 20 mm APDS in
AUTODYN were carried out and verified against the experimental data. Comprehensive numerical
simulations were performed using the verified numerical model material parameters providing
corroborative data for ensuing discussions. A semi-analytical model relating projectile residual velocity,
impact velocity and armor ballistic limit velocity (BLV) is presented for impact of hard projectile against
ceramic/metal armor. It is shown that the projectile residual velocity and BLV satisfy the replica scaling
laws. Based on the replica scaling laws of projectile residual velocity and BLV, an empirical equation for
BLV is obtained and used for armor optimization applications giving reasonable results similar to
experiments available in the literature.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The use of bi-layer armor systems, comprising a hard ceramic
front face and an energy absorbing metal backing layer, results in
a lighter design compared to monolithic metallic armor providing
the same ballistic protection level, against armor-piercing (AP)
projectiles. The ceramic layer function is to blunt and decelerate the
projectile and the backing layer keeps the fractured ceramic in its
place and absorbs the remnant energy of the projectile.

Several researchers have developed analytical, empirical and
numerical models to predict the projectile residual velocity and
ballistic limit velocity (BLV) of armor systems as their measure of
performance. Analytical models simulate the penetration process
by introducing simplifying assumptions into governing equations
and reduce the problem to one- or two-dimensional simple equa-
tions. Empirical models are algebraic equations formulated based
on a number of experimental or simulation data points. Numerical
simulations can conveniently provide a large number of data to
support empirical models and minimise the number of experi-
ments that need to be conducted.

Recht and Ipson [1] proposed analytical models for normal
impact of blunt and sharp projectiles into thin metallic plates and
their expression for residual velocity is given by:
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Lambert and Jonas [2] have proposed a unified form for residual
velocity which is a representative of other proposed models [1,3,4]
as:
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where a, q and Vbl are determined from the experimental data.
Fitting experimental data to Eq. (2) is a preferable way for deter-
mining the BLV [5]. Equation (2) has been the focus of many
researches [5e8]. Ipson and Recht [9], taking into accountmass loss
of the projectile by erosion, proposed the following equation for
normal impact of metallic plates:
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Wen et al. [10] showed that impact velocity proposed by Recht
and Ipson [1] confirms impact tests of projectiles with different
nose shapes into both Kevlar fiber reinforced plastic (KFRP)
monolithic laminates and also the sandwich panels consisting of
glass fiber reinforced plastic (GRP) skins and Divinycell H130
polyvinyl chloride (PVC) foam core.
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Symbol definition
εp effective plastic strain

ε
f
p effective failure strain
_ε effective strain rate
_ε* dimensionless strain rate equal to _ε= _ε0
Dεp effective plastic strain during a cycle of integration
r current material density
rp density of projectile
r1 density of front plate
r2 density of backing plate
s equivalent stress
s*f normalized fracture equivalent stress

s*i normalized intact equivalent stress
sHEL equivalent stress at the HEL
sm mean stress
a, q constants in LamberteJonas model
AD areal density
D damage
D1 front plate diameter
D2 backing plate diameter
Dp projectile diameter
D0
p expanded projectile diameter

Ekb kinetic energy of fractured projectile after free collision
Ekf kinetic energy of projectile-plugs after free collision
Epf projectile fragmentation energy

(Epf)bl projectile fragmentation energy under BLV impact
Etr kinetic energy lost due to resistance of armor plates
(Etr)bl kinetic energy lost due to resistance of armor plates

under BLV impact
E0pf fragmentation energy for additional fractured

projectile at impact velocities higher than BLV
Epk residual kinetic energy of fractured projectile material

at the end of the impact process
Er energy for overcoming the perforation resistance

under BLV impact
HEL Hugoniot elastic limit
Lp projectile lengths
Lpr projectile residual length
Mp projectile mass
Mpr projectile residual mass
Mt total mass of plate plugs
PHEL pressure at the HEL
t temperature
T maximum tensile hydrostatic pressure
T* normalized maximum tensile hydrostatic pressure
T1 front plate thickness
T2 backing plate thickness
TT total thickness
V0 impact velocity
Vf free impact final velocity
Vr projectile residual velocity

Abbreviations
APDS armor-piercing discarding-sabot
BLV (Vbl) ballistic limit velocity
AP armor-piercing

Table 2
Material constants for alumina 99.5% in the simulations [23].

Constants Unit Values

Density, r0 kg/m3 3890
Bulk modulus, K1 GPa 231
Pressure coefficient, K2 GPa �160
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However, thesimilaranalyticalmodels forbi-layerarmor systems
comprising ceramics as front layer with metallic or composite
backing layers are scarce. Shokrieh and Javadpour [11] proposed an
analytical model for ceramic/composite armor, relating impact
velocity, residual velocity and BLV which is the same as the model
proposed by Recht and Ipson [1].

Analytical or empirical equations for BLV, inherently consid-
ering projectile and armor geometrics, are necessary to carry out
optimization of ceramic/metal add-on armor systems. Analytical
models have been proposed by researchers either providing the
details of the impact process like residual length and velocity of
the projectile by dividing the impact process to different time
stages [12e14] or giving simplified equations for the BLV [15].
The empirical modeling for BLV has not been regarded more
seriously than analytical models mentioned above. Wang et al.
[16] presented an empirical model for the minimum kinetic
energy needed to perforate a ceramic/metal armor based on
experimental data. Numerical simulation techniques
Table 1
Experimental and simulation results for 20 mm APDS impacting on bi-layer
alumina/aluminum armors [18].

Test
no.

T1
(mm)

T2
(mm)

Lpr (Exp.)
(mm)

Lpr (Sim.)
(mm)

Vr (Exp.)
(m/s)

Vr (Sim.)
(m/s)

1 20 10 22 26.8 930 1043
2 20 15 24e27 26.1 930e960 1012
3 25 10 25 24.6 960 999
4 25 15 24 23.3 939 954
alternatively can, for development of empirical equations, be
utilized for analyzing the effects of projectile and armor geom-
etries on the BLV.

In the present work, initially a numerical model for impact of
alumina/aluminum armor with tungsten alloy projectile is estab-
lished in commercial explicit non-linear transient dynamic
numerical code, AUTODYN [17]. The numerical modeling approach
is verified through comparison with available experimental data.
The verified model will be used to provide simulation data to
develop a semi-analytical model relating the impact and residual
Pressure coefficient, K3 GPa 2774
Bulking factor, b e 1.0
Shear modulus, G GPa 152
Intact strength coefficient, A e 0.88
Intact strength exponent, N e 0.64
Strain rate coefficient, C e 0.007
Fracture strength coefficient, B e 0.28
Fracture strength exponent, M e 0.6
Normalized maximum fractured

strength, sfmax

e 1.0

Reference strain rate, _ε0 s�1 1.0
Damage coefficient, d1 e 0.01
Damage exponent, d2 e 0.7



Fig. 1. A 20 mm APDS (a) complete projectile, (b) core and (c) eroded core [19].

Table 3
Material constants for tungsten alloy and aluminum 5083-H116 in the simulations
[27,36].

Constants Unit Tungsten
alloy

AL 5083-
H116

Density, r0 kg/m3 17,600 2700
Bulk modulus, K1 GPa 310 58.33
Shear modulus, G GPa 160 26.92
Static yield strength, A

0
GPa 1.506 0.167

Strain hardening coefficient, B
0

GPa 0.177 0.596
Strain hardening exponent, n e 0.12 0.551
Strain rate coefficient, C

0
e 0.016 0.001

Reference strain rate, _ε0 s�1 1.0 1.0
Thermal softening exponent, m e 1.0 0.859
Reference temperature, t0 K 300 300
Melting temperature, tm K 1723 900
Specific heat, Cr J/kg K 134 910
Damage constant, d01 e 0 0.0261
Damage constant, d02 e 0.33 0.263
Damage constant, d03 e �1.5 �0.349
Damage constant, d04 e 0 0.247
Damage constant, d05 e 0 16.8
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velocity of the projectile to the BLV of the ceramic/metal armor
system. The semi-analytical model is verified using simulation
results. Afterwards, simulation data were used to show that
projectile residual velocity and BLV satisfy replica scaling laws. An
empirical equation is then proposed for the BLV based on the
carried out numerical simulations. Finally, optimization of alumina/
aluminum armor for minimum thickness and weight is performed
based on the proposed BLV empirical equation.
Fig. 2. Two-dimensional (2D) axisymmetric numerical model.
2. Numerical modeling

Four ballistic impact tests performed by Gálvez and Paradela
[18] were firstly simulated to determine valid numerical simulation
and material parameters for further simulations in the present
study. In each test, a 20 mm armor-piercing discarding-sabot
(APDS) projectile impacted at the nominal impact velocity of
1240 m/s and perforated a bi-layer armor composed of alumina
99.5% front plate and aluminum 5083-H111 backing plate. Fig. 1
shows a 20 mm APDS which is a sub-calibrated heavy projectile
consisting of tungsten alloy core with ogive nose [19] and the
diameter, length and mass of this projectile are 12 mm, 61.5 mm
and 72 g, respectively. The geometric parameters of the two plates,
projectile residual velocity and residual length obtained from
simulations and experiment [18] are listed in Table 1.

Two-dimensional (2D) axisymmetric simulations of these four
tests were performed using AUTODYN. This code provides
a number of fully coupled numerical processors including Lagrange,
Euler, smooth particle hydrodynamics (SPH), and Arbitrary
LagrangianeEulerian (ALE), where the physical equations of mass,
momentum and energy conservation coupled with materials
descriptions are solved [20].

As shown in Fig. 2, the projectile and front plate were modeled
in SPH domain and the backing plate was discretized using four
nodes 2D axisymmetric Lagrangian elements with one integration
point. SPH method is more effective to simulate the fragmentation
behavior of tungsten projectile and alumina layer than Lagrangian
method. The tungsten alloy core accounts for more than 99% of the
mass of whole APDS projectile. Therefore, only tungsten alloy core
was modeled in the simulations. Since axisymmetric conditions are
used in the simulations, the armor plates were modeled as circular
discs with a radius of 100 mm ensuring the ratio of diameter to
thickness to be not less than 10. The armor plates were taken as
fully clamped at the periphery.
After mesh sensitivity analysis in which five different SPH
particle and Lagrangian element sizes were considered, the SPH
particle size used was 1/12th the projectile radius. The size of the
square Lagrangian element was chosen to be the same as the size of
the SPH particle in the central area (within the radius of 30 mm) of
the backing plate. The element size becomes coarse gradually in
radial direction towards the clamped edge of the plate. The
Lagrangian element nodes and edges and SPH particles at the
interface of the front plate and backing plate were joined together
using the “join module” in AUTODYN. Separation of the two plates
occurs when the SPH particles close to the interface fail based on
ceramic material damage model. Friction between the parts in
contact was neglected.
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2.1. Material models and constants

The constitutive model proposed by Johnson and Holmquist
(JH-2) for brittle ceramics is commonly used for high pressure, high
strain rate and large deformation conditions [21]. The JH-2 model
consists of three parts, a polynomial equation of state (EOS) which
evaluates the current state of pressure as a function of the volu-
metric change, a specific strength model for both intact and frac-
tured material and a damage model that transitions the material
from an intact to a fractured state [22]. Fig. 3 presents the JH-2
strength, damage and pressure models. The JH-2 model material
constants for alumina 99.5%, presented in Ref. [23], are listed in
Table 2. The Hugoniot elastic limit (HEL) used for alumina 99.5% is
8.3 GPa [24].

The JohnsoneCook (JC) constitutive model describes the
strength of engineering alloys at large strains, high strain rates and
high temperatures. The flow stress is expressed as an explicit
function of strain, strain rate and temperature as follows [25]:

s ¼ �
A0 þ B0
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Fig. 3. JohnsoneHolmquist (JH-2) material model for alumina: (a)
The JC fracture model is defined as [26]:
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The JC constitutive and fracture models were used for the
projectile (tungsten alloy) and backing plate (aluminum 5083-
H116) materials. The JC model constants are given in Table 3. The
parameter d4 in the JC fracture model of aluminum 5083-H116 was
calculated using curve fitting to the data points provided by Clau-
sen et al. [27].

In the Lagrangian domain, erosion algorithm was used to
remove the elements experiencing large distortions. In the simu-
lations it was observed that aluminum 5083-H116 elements,
though experiencing large distortions, were not yet fully failed.
Therefore, geometric erosion strain of three was chosen for
strength model, (b) damage model, (c) pressure model [22].
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aluminum 5083-H116 in order to keep the strength of the backing
plate and match with experiments.

2.2. Comparison of simulation results and experimental data

The projectile residual lengths and velocities calculated from
simulations are presented in Table 1 and compared with the
experimental measurements. It can be seen that the agreement is
good except for the test 1. Experimentally measured residual length
in the test 1may be in error as the total target plate thickness of test
1 is less than the other cases implying that the residual length
should be larger under the same impact velocity. However, the
experimental residual length measured was 22 mm which is
smaller than that in the other experimental cases.

It can be concluded based on the good correlation observed
between simulation results and experiments that the numerical
model and material parameters presented can be utilized for
simulation of the ballistic experiments in which a tungsten
projectile impacts bi-layer alumina/aluminum armor.

3. Semi-analytical model for projectile residual velocity

A number of numerical simulations were performed, using the
material parameters and SPHeLagrange domain discretization
rules mentioned in Section 2, to investigate the alumina/aluminum
armor ballistic performance. The complicated geometry of the
20 mm APDS core is simplified as a cylindrical projectile of 12 mm
diameter and 36 mm length with equivalent mass. The projectile
residual velocities for all simulations were measured for subse-
quent analyses and discussions.

The projectile residual velocities for one combination of
projectile and bi-layer ceramic/metal armor plates (each with
thickness of 15mm) at nine different impact velocities are shown in
Fig. 4. It can be seen that the metal/ceramic armor has a specific
characteristic in its energy absorption. When the impact velocity is
545 m/s the projectile residual velocity is zero. However, when the
impact velocity increases by 5 m/s to 550 m/s, the projectile
residual velocity increases significantly implying that the BLV is
between 545 m/s and 550 m/s. As shown in Fig. 4, the variation
behavior of projectile residual velocity with impact velocity in
impact of ceramic/metal armor is similar to that of single layer
monolithic metallic armor abound in literatures, for example in
[28]. Therefore, the LamberteJonas approximation [2] (Eq. (2)) for
monolithic armor was used to accurately fit a curve through the
simulation data points for this bi-layer armor case. The BLV can be
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Fig. 4. Variation of projectile residual velocity with impact velocity.
considered as a constant and predicted based on the least square
method for best fitting to the simulation results. In this way, the Vbl

was calculated to be 546.3 m/s for the above projectileearmor
combination (lying between 545 m/s and 550 m/s). This example
shows the accuracy of the LamberteJonas approximation in
determining Vbl.

For each projectileearmor combination in the present simula-
tions, the projectile residual-impact velocity relationships were all
successfully described using LamberteJonas approximation [2].
Another three sets of cases were also shown in Fig. 4 for compar-
ison and will be used in the following discussion. The constants a, q
and Vbl in Eq. (2), used for fitting in Fig. 4, are presented in Table 4.

LamberteJonas approximation [2] can only be used with a large
number of experimental or simulation data. Therefore, it is neces-
sary to create an analytical model for perforation of ceramic/metal
armor to simplify the relative calculations.
3.1. Derivation of the model

Since the impact process of ceramic/metal armor is a complex
phenomenon including different mechanisms such as wave prop-
agation and reflection, fragmentation, friction, fracture, erosion,
etc., proposing a single theoretical model taking into account all the
critical aspects of the process is complicated. However, simple
analytical models considering the seminal mechanisms in the
process can successfully predict the features of the impact
phenomenon [16]. Consider the normal impact perforation in
which a cylinder perforates a ceramic/metal armor as shown in
Fig. 5. Description of perforation process and assumptions based on
the simulation observations are as follows:

(1) The projectile core typically comprises a hard material, such as
tungsten alloy or hardened steel, presenting relatively low
plasticity. When the projectile with diameter of Dp impacts the
ceramic plate, high stress waves induced in the projectile result
in a radial expansion and fragmentation of the projectile tip as
shown in Fig. 5(a) and (b). Projectile erosion may continue to
take place, depending on the resistance of the armor experi-
enced by the projectile. The diameter of expanded portion of
the projectile keeps constant at D0

p, till the end of impact
process as shown in Figs. 1(c) and 5(c). The remaining intact
projectile with residual mass of Mpr perforates the bi-layer
armor plates. The residual projectile mass will decrease as
the impact velocity increases.

Fragmentation and plastic deformation of hard projectiles are
typical phenomena and have been seen in the experiments
[16,29e32]. Fragmentation of the projectile depends on impact
velocity, resistance of the armor, brittleness of the projectile
material, etc. As an example, for impact of hard steel projectile
into different combinations of bi-layer ceramic/aluminum armor,
projectile core is deformed and fractured due to hardness of the
ceramic [32].

(2) In the ceramic front plate, a fracture conoid can be formed in
frontof theprojectile a fewmicroseconds after impact due to the
Table 4
Constants of LamberteJonas equation (Eq. (2)) used for curve fitting in Fig. 4.

Front (T1) and backing (T2)
plate thickness (mm)

a q Vbl (m/s)

5 0.93 2.14 208
10 0.97 2.09 419
15 0.94 2.07 546
20 1.03 1.72 698



Fig. 5. Sequence of projectile impacting on ceramic/metal armor.
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stresswave propagation, reflection and interaction, as shown in
Fig. 5(a). Afterwards, the projectile pushes the ceramic conoid
and backing plate and attempts to penetrate through the
comminuted ceramic. The backing plate deflects under the
applied load, and thus creates space for the comminuted
ceramic to move as well. As the projectile continues its pene-
tration, the impact load is spread over an increasingly smaller
area of the backing plate by the deteriorating fracture conoid, as
shown in Fig. 5(b). At the end, the backingplate reaches its limits
of energy absorption and failure becomes evident. It is assumed
that there are twocylindrical plugs ejected fromthe ceramic and
backing plate by the erodedprojectilewhich passes through the
armor (see shown in Fig. 5(c). The two plugs will have a diam-
eter, D0

p, equivalent to that of the expanded portion of the
projectile and the lengthswhich are the same as the thicknesses
of the two plates, respectively. In the highly inelastic impact
process, the projectile-plugs combination is considered to have
the same residual velocity.

In the whole perforation process, only the two plate plugs are
involved in the interaction with projectile throughout. Two major
processes reduce the velocity of the projectile as it perforates the
armor. Acceleration of the plate plug masses is accomplished at the
expense of momentum transferred from the projectile. Shear at the
backing plate plug periphery, plastic deformation of the backing
plate and fragmentation of projectile and ceramic result in decel-
eration of the projectileeplugs combination. Therefore, a semi-
analytical model concerning the blunt projectile perforating
ceramic/metal armor at nominal impact velocities can be devel-
oped as follows.

(a) First consider inelastic impact of the projectile into the plate
plugs as if the plugs are entirely free from the plates, i.e.,
inelastic impact between projectile and two plugs (free colli-
sion). The final velocity of these three masses will be same
since the impact is considered to be completely inelastic. The
projectile mass is considered constant in this procedure. The
momentum transfer can be written as:

MpV0 ¼ 	
Mp þMt



Vf (7)
The free impact final velocity, Vf, can be determined by the
equation above. The kinetic energy of projectileeplugs combina-
tion after the free collision is:
Ekf ¼ 1 M2
p V2

0 (8)

2Mp þMt

The difference between initial and final kinetic energy is the
energy dissipated in the plastic deformation of projectileeplugs
combination.

(b) Now consider energy transfer during the projectileeplugs
combination’s perforation into the armor. The projectilee
plugs combination with kinetic energy of Ekf attempts to
defeat the armor plates and pass through with a residual
velocity. Another portion of energy is used for the projectile
fragmentation. The energy transfer can be written as:

Ekf ¼ 1
2
	
Mpr þMt



V2
r þ Etr þ Epf þ Epk (9)
Etr can be considered to include three parts: the ceramic mate-
rial fragmentation energy, the energy due to shear resistance at the
periphery of backing plate plug and the plastic deformation energy
for the rest of the backing plate.

Kinetic energy of fractured projectile material after free colli-
sion, Ekb, can be written as:

Ekb ¼ 1
2
	
Mp �Mpr


� Mp

Mp þMt

�2

V2
0 (10)

In the energy transfer process, it is assumed that the kinetic
energy of the fractured projectile is initially used for defeating the
armor plates resistance and breaking up itself. If Ekb is not enough
to defeat the armor, then Epk ¼ 0 and the kinetic energy in the
remaining intact projectile will be used in defeating the armor. On
the contrary, the fractured projectile material will have a residual
velocity (i.e., Epk > 0) and all the kinetic energy of the intact
projectile will be transferred to that of projectile-plugs combina-
tion. Therefore, Eq. (9) can be written as:

Ekf ¼ 1
2
	
Mpr þMt



V2
r þ Etr þ Epf ; for Ekb < Etr þ Epf (11)

Ekf � Ekb ¼ 1
2
	
Mpr þMt



V2
r ; for Ekb � Etr þ Epf (12)

At the minimum perforation velocity, i.e., Vbl, Vr is equal to 0.
Substitution Eq. (8) into Eq. (11), at V0 ¼ Vbl leads to the following
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expression for the energy required to overcome the perforation
resistance:

Er ¼ ðEtrÞbl þ
�
Epf
�
bl

¼ 1
2

M2
p

Mp þMt
V2
bl (13)

Er is assumed to be a constant value for a specific projectilee
armor combination at any impact velocity.

It must be noted that the fractured projectile mass at impact
velocities higher than BLV is larger than that at BLV. The projectile
fragmentation energy at any velocity higher than BLV can be
written as:

Epf ¼
�
Epf
�
bl
þ E0pf (14)

The accumulated projectile fragmentation energy is defined as
part of the “internal energy” in AUTODYN. It was observed that the
projectile internal energy increases with increasing impact velocity
for a given projectileearmor combination. The differences of the
projectile internal energy and initial energy for impact under BLV
and higher impact velocities were also calculated. It was observed
that the increasing internal energy is much less than increasing
initial energy for any impact velocity higher than BLV. Hence, the
fragmentation energy, E0pf , can be neglected in Eq. (14).

If Eqs. (10) and (13) are substituted into Eqs. (12) and (11),
respectively and solved for the projectileeplugs combination
residual velocity, the following expressions are obtained:

Vr ¼
"

M2
p	

MprþMt

	
MpþMt


�V2
0 �V2

bl

�#1
2

; forEkb <
1
2

M2
p

MpþMt
V2
bl

(15)

Vr ¼ Mp

Mp þMt
V0; for Ekb � 1

2
M2

p

Mp þMt
V2
bl (16)

Equation (15) has the same form as the model proposed by
Recht and Ipson [9] for monolithic metallic armor impact. Equation
(16) ensures Vr to be less than impact velocity, a condition which
may be dissatisfied if the Recht and Ipson [9] model is used for
ceramic/metal armor.

Mass of original projectile,Mp, residual projectile,Mpr and armor
plug, Mt, in Eqs. (15) and (16) can be expressed as:

Mp ¼ 1
4
rppD

2
pLp; Mpr ¼ 1

4
rppD

2
pLpr; Mt ¼ 1

4
pD02

p ðr1T1þr2T2Þ
(17)

The equation of Mt is a general expression for total plate plugs
mass and is equal to just the front plate plug mass when there is no
backing plate plug sheared from the backing plate which is mostly
under stretching.

The difficulty in using Eqs. (15) and (16) lies in the requirement of
predetermined Vbl, projectile residual length, Lpr and diameter of
expanded portion of the projectile, D0

p. In the present work, simu-
lation data of specific impact cases is used to obtain these values for
specific constitutivematerial parameters of alumina and aluminum.
For each numerical simulation in the present study, Vbl, Lpr, and D0

p
can be obtained from AUTODYN. From the simulation data, the
expanded projectile diameters, D0

p, seemed to be close to 1.1Dp.
Equations (15) and (16) were used to calculate the projectile

residual velocities at different impact velocities for four projectilee
armor combinations shown in Fig. 4. For each case, Ekb was first
calculated using Eq. (10) to be compared with Er in Eq. (13). Equa-
tions (15) and (16) were used respectively for Ekb < Er and Ekb � Er.
For the case of 15 mm thick front plate and 15 mm thick backing
plate at impact velocity of 1300 m/s, Eq. (16) was used to calculate
projectile residual velocity. In other cases, Eq. (15) was used. In
addition, formation of shear plug in backing plate was checked in
simulations for each case: when T1 ¼ T2 ¼ 10 mm, no backing plate
plugs were observed. Therefore, Mt in Eq. (17) for these cases
excluded the r2T2 term. The complete Mt equation in Eq. (17) was
used in the calculation of plug masses for all the remaining cases.
Fig. 4 shows that the residual velocities obtained from simulations
compare well with the ones obtained from semi-analytical model.

3.2. Geometrical scale influence on residual velocity

For the conditions in which the geometrical dimensions are
scaled uniformly, while the materials and impact velocity are kept
constant, it is expected that the projectile residual velocity satisfies
the scaling law. However, from the viewpoint of dimensional
consideration, dimensionless parameters containing some material
properties, such as fracture toughness and strain rate threshold, do
not keep constant under this condition [24,33]. Therefore, replica
scaling can be valid, if only thesematerial parameters are verified to
have negligible influence on the perforation process.

Two sets of simulations (S1eS6) were performed and their
details are given in Fig. 6. In each set, there were three cases with
same impact velocities and same geometrical dimension ratios for
the projectile, front plate, and backing plate. The variation of
residual velocity, Vr, with projectile diameter, Dp, for the three cases
under the same impact velocities in each set, is shown in Fig. 6. It is
apparent that the residual velocity remains constant for each set
which supports the validity of replica scaling implying that influ-
ences of material parameters on the projectile residual velocity is
negligible when impact velocity and materials are kept the same.

In the following, it is discussed that the proposed semi-
analytical model satisfies the replica scaling laws. Substituting
Eq. (17) into Eqs. (15) and (16), Vr can be written as:

Vr ¼

2
666664

V2
0 � V2

bl 
Lpr
Lp

þ D02
p ðr1T1 þ r2T2Þ

D2
prpLp

! 
1þ D02

p ðr1T1 þ r2T2Þ
D2
prpLp

!
3
777775

1
2

;

for Ekb <
1
2

M2
p

Mp þMt
V2
bl ð18Þ
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Vr ¼ 1
02 ; for Ekb � 1 M2

p V2
bl (19)
1þ Dp ðr1T1 þ r2T2Þ
D2
prpLp

2Mp þMt

Consider Eqs. (18) and (19) under conditions of constant impact
velocity,materials, andgeometrical ratios. There are stillVbl, Lpr/Lp, and
D0
p=Dp which need to be explored in Vr to satisfy replica scaling laws.
It was shown, based on simulation results, that scaling laws can

be used for the projectile residual velocity for the same materials at
same impact velocity. Therefore, BLV, which is a special case of
impact velocity with zero residual velocity, for projectileeceramic/
metal armor combinations with same materials and geometrical
dimension ratios can be extrapolated to behave the same. The ratio
of projectile residual length to original length, Lpr/Lp, were
measured for these six cases and shown in Fig. 7. A phenomenon
similar to the residual velocity was found for Lpr/Lp implying that
Lpr/Lp remains constant for three cases in the same set. The ratio of
D0
p=Dp was also seen to be the same for the three cases in the same

set. Therefore, discussions about Vbl, Lpr/Lp, and D0
p=Dp ensure that

Eqs. (15) and (16) satisfy the scaling laws. The semi-analytical
model for residual velocity expressed by Eqs. (15) and (16) is
further shown to be suitable for characterizing the perforation of
the ceramic/metal armor impacted by blunt hard projectile.

4. Empirical model for BLV and armor optimization

It is of interest to propose an equation for BLV inwhich projectile
and armor dimensions are independent variables for armor
optimization.

From an engineering viewpoint, a new formulation for the BLVs
of alumina/aluminum armors impacted by a blunt tungsten
projectile is suggested based on the simulation results in the
present study. In simulations, the BLV for each projectileearmor
combination was estimated using the least squares regression
method based on a number of projectile residual velocity at
different impact velocities and LamberteJonas equation. Also the
projectile and armor materials were kept constant and only
dimensions were varied.

Prior discussions indicated that the BLV satisfies replica scaling
laws. Therefore, BLV can be expressed as follows:

Vblffiffiffiffiffiffiffiffiffiffiffiffiffi
Yp=rp

q ¼ g
�
T1
Dp

;
T2
Dp

;
Lp
Dp

;
D1

Dp
;
D2

Dp

�
(20)
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Fig. 7. Variation of Lpr/Lp with Dp for the same geometrical ratio.
or in explicit form it can be written as:

Vblffiffiffiffiffiffiffiffiffiffiffiffiffi
Yp=rp

q ¼ g1

�
T1
Dp

;
T2
Dp

�
$g2

�
Lp
Dp

�
$g3

�
D1

Dp
;
D2

Dp

�
(21)

where g1, g2 and g3 are three sub-functions presented for T1/Dp and
T2/Dp combinations, Lp/Dp and D1/Dp and D2/Dp combinations,

respectively.
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Yp=rp

q
was introduced in Eq. (20) to give a dimen-

sionless expression of Vbl and is equal to 292.5 m/s for tungsten
projectile.

In order to find the form of the function g, numerical simulations
were carried out. The blunt projectile diameter, Dp, was kept
constant at 12mmandother geometrical variables, namely, T1, T2, Lp,
D1 and D2 were varied. The examples of BLV variation with varied
T1/Dp and T2/Dp are shown in Fig. 8. Based on this response, sub-
function g1 representing the variation of BLV with T1/Dp and T2/Dp

can be expressed as:

g1

�
T1
Dp

;
T2
Dp

�
¼ a1

�
T1
Dp

�a2
þa3

�
T1
Dp

�a4�T2
Dp

�a5
þa6

�
T2
Dp

�a7
(22)

where a1 to a7 are constants. The first and last terms in Eq. (22),
provides the BLV response when dominated by either monolithic
alumina plate or aluminum plate, respectively.

BLVs for five different Lp/Dp were determined and shown in
Fig. 9. It is obvious that BLV decreases with increasing Lp/Dp and can
be supposed to be expressed using power function as:

g2

�
Lp
Dp

�
¼ b1

�
Lp
Dp

�b2

(23)

where b1 and b2 are constants.
The D1/Dp and D2/Dp were found to affect BLV not much and

their effects vanish when they are larger than threshold values for
different T1/Dp and T2/Dp, respectively. As the planar dimensions of
armor are chosen to be large in general engineering problems, their
influences were ignored on BLV and a relative large value of 20 was
chosen for D1/Dp and D2/Dp in the present model.

The following expression is obtained relating T1/Dp, T2/Dp and Lp/
Dp to BLV of alumina/aluminum armor used in the present work:
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Vblffiffiffiffiffiffiffiffiffiffiffiffiffi
Yp=rp

q ¼
2
40:44�T1

Dp

�1:1
þ1:04

�
T1
Dp

�0:68�T2
Dp

�0:62

þ 1:38
�
T2
Dp

�0:44
3
5�Lp

Dp

��0:57
ð24Þ

The range of application for the above equation is as follows:

0 � T1
Dp

� 1:67; 0 � T2
Dp

� 1:67; 1:5 � Lp
Dp

� 4:5 (25)

In the following, armor optimization based on Eq. (24), for given
total thickness (TT ¼ T1þT2) or areal density (AD ¼ r1T1þr2T2), are
discussed assuming that Eq. (24) is valid over an extended range of
T1 and T2 that is given by Eq. (25).

The BLVs of alumina/aluminum armor under blunt tungsten
projectile impact were calculated using Eq. (24) for four different
constant TT shown in Fig.10. The ratio of T1 toTT changes from 0 to 1
and the projectile diameter and length are 12 mm and 36 mm,
respectively.

The curves shown in Fig. 10 present the typical BLV variation
with T1/TT. Maximum BLV for a given TT (the peak points for each
curve in Fig. 10) corresponding to an optimum T1/TT can be calcu-
lated. The variation of maximum BLV and optimum T1/TTwith TT in
the range of 0e50 mm, are shown in Fig. 11. The optimum values of
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Fig. 10. BLV as a function of the normalized thickness of front plate.
T1/TT increase with increase of TT and the increasing trend became
gradually insignificant. The T1/TT is a maximum fixed value
between 0.55 and 0.6 when TT is larger than a certain value. The
variation trend of the optimum T1/TT with TT is similar to that of
experiments presented in the work of Lee and You [34]. The
maximum BLV was observed to increase linearly with increasing
TT in the range considered.
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Fig. 13. Variation of optimum normalized areal density of front plate and maximum
BLV with areal density.
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For T1/TT ¼ 1 or 0 viz. the armor only consists of a single
alumina or aluminum plate, shown in Fig. 10, Eq. (24) predicts
higher BLV for single aluminum plate compared to single alumina
plate with the same thickness. In Ref. [35], the same behavior was
observed in the experiments for BLV of single aluminum and
alumina plates.

The similar phenomena for BLV are observed in Figs. 12 and 13
when AD is kept constant. AD1 ¼ r1T1, denotes the areal density
of front plate, where r1 and T1 are density and thickness of the front
plate, respectively.

Although the constants in Eq. (24) are limited to the specific
materials in the present work, the general form of the Eq. (24) and
the conclusions drawn based on that, can be supposed to be used
widely for BLV of ceramic/metal armors impacted by a hard
projectile.
5. Conclusions

A semi-analytical model relating the hard projectile residual
velocity, BLV and impact velocity for ceramic/metal armor was
presented. It was shown that the proposed model accords well to
the numerical simulations verified by experiments. Numerical
simulations show that, for a given ceramic/metal armor with the
same geometric ratios, projectile residual velocity and BLV of the
armor keep constant, viz. they satisfy replica scaling laws. Based on
the verified numerical simulations, the influences of armor and
projectile geometries on the BLV were discussed and an empirical
equation considering the effects of those variables was proposed.
The empirical BLV equation can be used in alumina/aluminum
armor optimization and its form can be supposed to be suitable for
general ceramic/metal armor impact.
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