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Abstract

Single plates of aluminium of various thicknesses were subjected to normal impact by ogive nosed
projectiles at velocities normally greater than their ballistic limit. The observed values of the residual velocity
and ballistic limit are presented and in#uence thereon of various parameters is discussed. Based on the
mechanism of deformation observed and the data of residual and incident velocities, analytical and empirical
relations have respectively been developed for the determination of both residual velocity and ballistic limit.
These relations are seen to match the experiments well. � 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The study of the impact of projectiles on thin plates has long been of interest, and several studies
on the subject are available in literature. Comprehensive surveys on the subject have been
published by Backman and Goldsmith [1]; Corbett et al. [2] and Goldsmith [3] which discuss
various features of the phenomenon involved.
Most of the experimental impact studies on thin plates in sub-ordnance velocity range were

carried out for d/h
�
ratio up to 10, in which generally plate of thicknesses (h

�
) greater than 1.25mm

and projectile of diameters (d) up to 12.5mm have been employed [4}10]. The studies of thin plates
particularly impacted by ogive nosed projectiles in the higher range of d/h

�
ratio are not many.

The 12.5mm diameter spherical or cylindro-conical projectiles were impacted by Calder
and Goldsmith [4] at a velocity range of 25 to 300m/s on 1.25mm thick plate. They proposed
a simpli"ed model for central de#ection of rigid-plastic linear work hardeningmaterial. They found
that the simpli"cations they made for modelling of perforation phenomena, introduced incorrectness
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Nomenclature

a a constant depend upon the pro"le of the perforated plate
b radius of the crater
D depth of the crater
d diameter of the projectile
E
��
energy of the projectile absorbed by the plate

E
�
perforation energy

h
�

original thickness of the plate
k, n constants depend upon the ballistic limit of the plate and impact velocity versus

residual velocity curve
l shank length of the projectile
l
�

nose length of the projectile
l
��

length of the crack
m mass of the projectile
r
�

radius of the projectile
s span of the plate in between the supports
v
�

impact velocity of the projectile
v
�

residual velocity of the projectile
v
�

velocity drop of the projectile
v
�	

ballistic limit of the plate
w de#ection of the plate
w
�
de#ection of the plate at the centre

> yield strength of the plate
�� circumferential stress
�
�

radial stress
�



ultimate tensile strength of the plate
� density of the plate
� Poisson's ratio

of results at low velocity impact, whereas, the results matched the experimental data at higher
impact velocities.
Corran et al. [5] investigated the e!ect of projectile mass, nose shape and hardness on

penetration of steel and aluminium alloy plates. Blunt and cylindro-conical projectiles of 12.5mm
diameter, were impacted on plates of 1.3 to 5.9mm thickness in the velocity range of 50 to 250m/s.
The mass of the projectile was varied from 15 to 100 g. They observed that ballistic limit of the plate
changes with change of projectile mass and nose shape.
Levy and Goldsmith [6] used instrumented projectiles having piezoelectric quartz disc inside the

projectile body. Interchangeable heads of 6.35 and 12.7mm diameters and three nose shapes viz.
blunt, spherical and conical, were "tted onto the same instrumented projectile body. A detailed
experimental study was made in the velocity range of 20 to 300m/s, and on 1.27 and 3.175mm thick
aluminium plates and 1.2mm thick mild steel plates. Impact load, permanent de#ection and strain
were measured with the help of instrumented projectile, optical pro"le projector and strain gauges,
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respectively. Most of the observations were made just below and above the ballistic limit. The
measured peak force and plate de#ection of aluminium plate below the ballistic limit shows a good
correlation with the values predicted by the model [7] but in the case of mild steel plates, the results
show discrepancy.
Petalling is the dominant phenomenon in thin aluminium plates when struck by ogive-nosed or

cylindro-conical projectiles at sub-ordnance velocities. Landkof and Goldsmith [8] carried out
a theoretical and experimental investigation of petalling of thin metallic plates impacted by
cylindro-conical projectiles. A model considering initial crack propagation, plastic hinge motion
up to the root of the crack, and petal bending due to hinge rotation is presented. An experimental
programme was carried out for veri"cation of the model wherein 12.7mm diameter cylindro-
conical projectiles were impacted on 3.175mm thick aluminium plates both with and without hole
at their centre. Good correlation was found between the experimental and theoretical residual
velocities except near ballistic limit.
Goldsmith and Finnegan [11] carried out an experimental programme of normal impact of

cylindro-conical and blunt cylindrical projectiles of 12.7mm diameter, on aluminium and steel
plates at the velocity range of 20 to 1025m/s. Projectiles of hard steel and soft aluminiumwere used
in the study. Velocity drop during perforation was measured and metallurgical examination of the
target damage was carried out on selected plates.
Virostek et al. [12] employed instrumented projectiles, similar to those used by Levy and

Goldsmith [6], for recording force histories of normal impact of conical and hemispherical nosed
projectiles on aluminium plates. The tests were carried out at impact velocities between 45 to
170m/s. The e!ects of initial velocity and nose shape on the peak force have been studied. Simple
models have also been developed to predict the peak force.
Liu and Stronge [13] presented three rigid plastic models, based on di!erent assumptions

for yield, for deformation of circular plate impacted by blunt projectiles. Bending and stretching of
the plate and shearing of a plug at the centre of the plate is taken care of in the modelling.
Computed results, based on these models, are compared with some experimental results available
in literature.
In addition to the analytical studies, empirical relations for predicting the plate response have

also been developed by researchers. Two fairly simple formulae which are being used for mild steel
were developed by Stanford Research Institute (SRI) and the Ballistic Research Laboratories
(BRL). SRI formula provides an estimate of the mean perforation energy of the plate for a particu-
lar target projectile system. Neilson [14] performed a dimensional analysis of experimental results
for long rod penetrator (l/d*13) and modi"ed the SRI formula. The modi"ed formula can
estimate the mean as well as minimum perforation energy of mild steel plates. He felt that data were
not enough for short penetrators to establish proper correlation between model and experimental
values. Experimental results were deduced from existing data base.
Wen and Jones [9] proposed a semi-empirical equation using dimensional analysis, for the

perforation energy in the case of mild steel plates struck by blunt projectiles. Energy absorbed by global
structural response, including the e!ect of bending and stretching; and energy absorbed in shearing out
a plug equal to projectile diameter were taken care of in the formulation. The results from this
equation compared well with the impact test results of mild steel plates at low impact velocity.
An experimental investigation of normal and oblique impact of a spinning armour piercing

projectile of core diameter 6.2mm, on aluminium, mild steel and RHA steel plates of 6 to 40mm
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Table 1
Dimension and mass of projectiles

Sl. no. Diameter (mm) l/d ratio Total length (mm) Mass (g)

1 10.0 1 23.24 10.35
2 10.0 2 33.30 16.7
3 10.0 3 43.32 23.0
4 10.0 4 53.24 28.8
5 15.0 2 49.6 55.0

thicknesses were carried out by Gupta and Madhu [10,15]. Residual velocity, velocity drop and
crater dimensions were measured. Simple models based on the experimental results were proposed
for residual velocity, velocity drop, ballistic limit and critical ricochet angle.
In the present study, an extensive experimental programme has been carried out for relatively

larger diameter ogive nosed projectiles and thinner aluminium plates, for which d/h
�
ratio varies

from 7.5 to 30, to study the mechanism of deformation in detail. Experiments were performed on
both single and layered plates. In the present paper, we discuss the response of single plates whereas
behaviour of layered plates is discussed in a future paper. A mathematical model considering the
mechanics of deformation observed during the experiments is presented. A simple empirical
relation based on the experimental results is also developed for quick and easy assessment of the
ballistic limit and other related parameters of the perforation process. Quasi-static test were
performed on similar aluminium plates for comparison with the impact tests.

2. Experiments

The present study is concerned with the response of thin plates to the normal impact of
a projectile. The plates employed were cut out of commercial purity aluminium (&99%) sheets of
thicknesses 0.5, 0.74, 1.0, 1.5 and 2.0mm. Circular targets of 255mm total diameter with 205mm
diameter free span were made from these plates and used in as received condition. The projectile
were essentially ogive nosed hardened steel with 2.0 caliber radius head and 10 and 15mm
diameter. Their Rockwell hardness were recorded as R

�
47}52. The length to diameter ratio (l/d) of

10mm diameter projectile was varied from 1 to 4. The d/h
�
ratio in our experiments was varied

from 7.5 to 30. Dimension of the projectile and strength of the target materials were measured and
recorded in Tables 1 and 2. A pneumatic gun, shown in Fig. 1, of "xed barrel was used for "ring the
projectiles at velocities generally higher than the ballistic limit of the target.
Projectile carriers of te#on were used for accommodating projectiles of di!erent sizes in the same

barrel. The barrel had a stopper at its exit end for holding the carrier just before projectile leaves
the barrel. Three infrared emitters and same number of photo diodes were "xed at known distances
at the exit of the barrel to measure the impact velocity of the projectile. Residual velocities were
measured with the help of two sets of aluminium foil screens of thickness 8 �m, placed behind
the target plate. Data were recorded by electronic counter timer and digital storage oscilloscope
(Gould 1604). The pro"les of the deformed specimens were measured from the distal sides of the
plates with the help of a dial gauge set-up.
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Table 2
Tensile strength of the aluminium plates of di!erent thicknesses

Sl. no. Plate thickness (mm) 0.2% o!set yield
strength (MPa)

Ultimate tensile
strength (MPa)

1 0.5 120 125
2 0.74 130 134
3 1.0 124 130
4 1.5 115 120
5 2.0 120 126

Fig. 1. Schematic diagram of the experimental set-up.

Quasi-static tests at a cross-head speed of 1mm/min were performed on aluminium plates under
the condition similar to that of impact tests on MTS 810 machine. Details of the test procedure are
described in Ref. [16]. The energy absorbed by the plates were calculated from the load deforma-
tion curve.

3. Experimental results

3.1. Ewect of plate thickness

Typical measured values of the residual velocity of 15mm diameter projectile are plotted against
impact velocity in Fig. 2 for aluminium plates of all thicknesses employed. The residual velocity
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Fig. 2. Experimental results of residual velocities versus impact velocities for aluminium plates of di!erent thicknesses
along with curves obtained from Eqs. (9) and (21).

Fig. 3. Comparison of experimental velocity drop for aluminium plates of di!erent thicknesses with results obtained
from Eqs. (10) and (23).

increases with increase of impact velocity for each plate. This increase is rapid near the ballistic limit
and later the curve tends to become parallel to the asymptote of unit slope. The variation of velocity
drop with the impact velocity is shown in Fig. 3. The velocity drop decreases steeply near the ballistic
limit and afterward it tends to be constant. The e!ect of impact energy on the energy of the projectile
absorbed by the plate during perforation are shown in Fig. 4. The absorbed energy is almost constant
at di!erent impact energy/velocities of the projectile for a particular plate thickness, in the velocity
range employed. The absorbed energy increases with increase of plate thickness.
The ballistic limit and critical perforation energy of single aluminium plates are plotted against

plate thickness in Fig. 5(a) and against mass of projectile in Fig. 5(b). The ballistic limit increases
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Fig. 4. Comparison of experimental absorbed energy for aluminium plates of di!erent thicknesses with results obtained
from Eqs. (11) and (25).

with increase of plate thickness and for a constant plate thickness it decreases with increase of
projectile mass. The perforation energy increases with increase of plate thickness and it shows no
change with increase in mass of the projectile for the same plate thickness.
The "nal shapes of the deformed plates were measured with the help of a dial gauge set-up. It is

seen that overall bending of the plate (dishing) and localised deformation near the point of impact,
increases with increase of plate thickness for all thicknesses and all velocities above the ballistic
limit. The dishing and bulging are also sensitive to the velocity of impact. It is seen from Fig. 6, that
for same plate thickness the dishing varies with impact velocity and it reduces with increase in
velocity of impact above ballistic limit. Typical pro"les of the plates deformed in quasi-static tests
and their comparison with the plates subjected to dynamic tests are shown in Fig. 6. This show that
dishing increases with increase of plate thickness in quasi-static tests but it is less in comparison to
their values in dynamic tests. It is known [4] that for impact velocities lower than ballistic limits,
the de#ection increases with increase in velocity of impact.
The energy absorbed by aluminium plates of di!erent thicknesses in quasi-static and dynamic

perforation are given in Table 3. It shows that the absorbed energy increases with increase of plate
thickness but the energy absorbed by the plate in a quasi-static test is less than the energy absorbed
in a dynamic test. The absorbed energy in a quasi-static test is about 60 to 70% of the energy
absorbed in a dynamic test.

3.2. Ewect of l/d ratio or mass of the projectile

Figs. 7 and 5(b) show that the e!ect of projectile aspect ratio (l/d) and its mass, respectively, on
critical perforation energy and ballistic limit of the plate is not signi"cant. But the ballistic limit
decreases sharply in the beginning and then slowly afterwards, with increasing l/d ratio or mass of
the projectile. It is seen that the e!ect of l/d ratio on the pro"le of the deformed plate is insigni"cant.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Fig. 5. (a) Comparison of experimental ballistic limit and critical perforation energy for aluminium plates of di!erent
thicknesses with results obtained from Eqs. (12) and (19). (b) Comparison of experimental ballistic limit and critical
perforation energy for aluminium plates impacted with projectiles of di!erent mass with results obtained from Eqs. (12)
and (19).

3.3. Ewect of projectile diameter

Fig. 8 shows the responses of aluminium plates of two di!erent thicknesses when impacted by
projectiles of 10 and 15mm diameters and of l/d ratio equal to 2. It is found that, for a particular
plate thickness, there is a change in residual velocity, velocity drop and energy absorbed by the
plate when impacted by projectiles of di!erent diameters. The trends of the plots of these
parameters are similar for both projectiles of same l/d ratio. Fig. 8 shows that residual velocity
increases with increase of impact velocity and it also increases with increase of projectile diameter
for a particular plate thickness at a given impact velocity. The velocity drop is seen to decrease with
increase of projectile diameter for a particular plate thickness at a given impact velocity and nature
of this decrease is similar to that shown in Fig. 3. The absorbed energy is almost constant with

648 N.K. Gupta et al. / International Journal of Impact Engineering 25 (2001) 641}660



1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Fig. 6. Comparison of plate pro"les of single aluminium plates, perforated in quasi-static and dynamic tests, of 1.5 and
2.0mm thicknesses.

Table 3
Response of single aluminium plates in quasi-static test

Sl. no. Quasi-static test (Strain rate-1mm/min) Dynamic

Specimen no. Plate thickness
(mm)

Peak load (N) Total energy (J) Total energy %
of &E

�
'

energy &E
�
' (J)

1 St A11 2.0 2550 75.6 67.3 112.3
2 St M12 1.5 1650 39.2 78.6 55.7
3 St D12 1.0 856 19.7 69.9 28.2
4 St G12 0.74 550 11.0 62.9 17.5
5 St J13 0.5 280 4.9 55.1 8.9

increase of impact velocities however, it increases with increase of projectile diameter for a particu-
lar plate thickness.

4. Mechanism of deformation of thin aluminium plates

It is observed during experiment that in perforation of thin aluminium plates by ogive nosed
projectile, its tip "rst makes an indent in the plate followed by the yielding of the plate around the
tip of the projectile and dishing in rest of the plate, as shown in Figs. 9(a) and (b). The plate deforms
in the shape of projectile nose at its centre and with further deformation, the tip of the projectile
comes out and cracks initiate at the tip of the crater which propagate and form petals with
movement of the projectile. The yielding of the plate in the contact region is veri"ed by measuring
the thicknesses of the petals at di!erent points from the tip of the petal with the help of a pointed tip
screw gauge and are given in Table 4.

N.K. Gupta et al. / International Journal of Impact Engineering 25 (2001) 641}660 649
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Fig. 7. Variation of critical perforation energy of single aluminium plates, impacted by 10mm diameter projectiles, with
l/d ratio of the projectile.

Fig. 8. Comparison of experimental residual velocities for aluminium plates impacted with projectiles of 10 and 15mm
diameters with results obtained from Eqs. (9) and (21).

The measured values show the variation of the thickness from tip to the root of the petal in plates
of all thicknesses. With further movement of the projectile the petals start rotating outward by the
action of rolling hinges in plates of 0.5 and 0.74mm thicknesses (for which d/h

�
is 30 and 20,

respectively) and to some extent in 1.0mm thick plate (d/h
�
is 15). The hinges seems to be rolling

due to the frictional force present between the surface of plate and projectile. This small frictional
force seems to be enough for the rolling of the hinges in plates where d/h

�
is more than 15. This

process continues until the shank reaches at the root of the petals; the petal tip rotates beyond 903
(see Fig. 10). In plates of 1.5 and 2.0mm thickness, the cracks initiated at the tip of the crater
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Fig. 9. (a) Aluminium plate showing indent at the centre of the plate. (b) Aluminium plate showing yielding around the
centre and dishing in rest of the plate.

Table 4
Thickness of the petal at di!erent points and average crack length

Sl. no. Distance from tip of the petal (mm) Thickness of the petal (mm) of plates of di!erent thicknesses

2.0mm 1.5mm 1.0mm 0.74mm

1 0 0.46 0.45 0.48 0.47
2 2 1.18 1.04 0.86 0.65
3 4 1.46 1.24 0.95 0.69
4 6 1.80 1.31 0.95 *

Average crack length (mm) 7.5 8 9 9.5
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Fig. 10. Aluminium plates of 0.5 and 0.74mm thicknesses showing rotation of petals above 903.

Fig. 11. Aluminium plates of 1.5 and 2.0mm thicknesses showing rotation of petals about 903.

propagates with the movement of the projectile and petals are formed. These petals bend along
with the movement of projectile up to 903 from the surface of the plate. The cracks are arrested at
this juncture and it is observed that the full circumference around the projectile nose start rolling
till the shank reaches at the root of the crater. So there is no sign of rotation of the petal beyond 903
(see Fig. 11). The petal rotation up to 903 seems to be due to the action of bending of the petal by
projectile nose in thicker plates. The petal rotation of a 1.0mm thick plate lies in between the two
described above, and the rotation of it is a little above 903. The crack length or the edge length of
the petals were also varied in plates of di!erent thicknesses. It was maximum in plate of 0.5mm
thickness and minimum in 2.0mm thick plate.
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5. Analysis

The experimental observation shows that the primary mode of failures in a aluminium plate are
yielding and petalling in the contact region along with dishing in rest part of the plate, when
impacted by ogive nosed projectile. Thus, the total deformation of the plate may be divided into
two types of deformation.

1. Deformation of the plate in the contact region of the plate and projectile.
2. Deformation of the plate in remaining part of the plate.

The "rst kind of deformation is the yielding and formation of petals in the distal side of the thin
plates. Yielding seems to be a dominant phenomenon in this region because the energy absorbed in
crack propagation and friction, which is responsible for the formation of petal, is small [8] and may
be neglected. So, it is reasonable to assume this type of deformation as formation of a crater of
diameter equal to the diameter of projectile at the centre of the plate (see Fig. 12) and the energy
absorbed in it may be calculated from Thomson's model [17] with following assumptions:

1. Circumferential stress �� is the only signi"cant stress in the crater so that ���
�
�
may be assumed

to be zero.
2. Plastic deformation takes place under stress ��">,> is the yield stress.
3. Plastic deformation takes place without a change of volume.

Thus the work required in the formation of crater by ogive nosed projectile [2] is,

=
�
"�r�

�
h
��
1
2
>#0.62��

v
�
r
�

l
�
�

�

�. (1)

The second part of deformation of the plate when impacted by a projectile at low or medium
velocity is the deformation of the plate in the region other than contact region. This is basically
radial stretching (dishing) of the plate which absorbs major portion of the projectile energy in this
velocity range.
The energy of the radial stretching due to the radial stress �

�
and radial strain �

�
(neglecting the

circumferential stress) are evaluated as [4],

=
�
"�

�
�� �

�
d�

��d<, (2)

where

�
�
"�
Rw
Rr �

�
. (3)

The lower limit of the Eq. (2) is taken as the length of the crack, l
��
, and the upper limit is taken as

in"nity, since the contribution from the outer plate radius is small.
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Fig. 12. (a) Crater of diameter equal to the diameter of the projectile [17]. (b) Geometry of the projectile [17].

The radial plate de#ection w in the low or medium velocity range can be expressed
(see [4]) as,

w"w
�
e���, (4)

where w
�
is the central de#ection of the plate, a is a constant, which can be evaluated from the

pro"le of the plate and r is the arbitrary radius of the plate.
Neglecting the work hardening and putting

�
�
"> (5)
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the Eq. (2), after substituting Eqs. (3)}(5) into it, may be written as

=
�
"

2�h
�
w�

�
(1!�#��)����

e������

8
(1#2al

��
)>�

"

�h
�
w�

�
>e������ (1#2al

��
)

4(1!�#��)���
, (6)

where � is the Poisson's ratio.
Now the total work done in deformation of the plate, is

="=
�
#=

�

="�r�
�
h
��
1
2
>#0.62��

v
�
r
�

l
�
�

�

�#
�h

�
w�
�
>e������(1#2al

��
)

4(1!�#��)���
. (7)

The equation of the energy balance, then may be written as

1
2
mv�

�
"

1
2
mv�

�
#=. (8)

So, the residual velocity of the projectile is

v
�
"�v�

�
!

2=
m
. (9)

Using the Eq. (9), residual velocities of the projectiles for di!erent combinations of plates and
projectiles employed, were computed. These are shown as the dash lines in Figs. 2 and 8. These
show good agreement with the experimental results.
The velocity drop of the projectile may be written as

v
�
"v

�
!v

�

"v
�
!�v�

�
!

2=
m
. (10)

The dash lines in Fig. 3 show the computed values of the velocity drop of the projectiles for
di!erent combinations of plates and projectiles employed, using Eq. (10). These match well with
experimental values.
The energy absorbed by a plate, E

��
may be written as

E
��

"=. (11)

The dash lines in Fig. 4 show the computed values of the absorbed energy for di!erent
combinations of plates and projectiles employed, using Eq. (11) and they match well with
experimental values.
The two components of energy viz. the energy required for the formation of crater in the contact

region (=
�
) and the energy of radial stretching in rest of the plate (=

�
) are separately plotted

against plate thickness in Fig. 13. It shows that =
�
decreases with increase of plate thickness
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Fig. 13. Variation of components of total energy absorbed with plates of di!erent thickness.

whereas =
�
increases with increase of plate thickness. In other words, major portion of the

projectile energy goes in radial stretching of plates of thicknesses greater than 0.74mm.
The ballistic limit of the plate can be written as

v
�	

"�
2=
m
. (12)

The computed values of the ballistic limit for di!erent combination of plate and projectile are
shown by dash lines in Fig. 5(a) and (b), and they match well with experimental values.

6. Empirical relation

The plots of residual velocity and impact velocity for aluminium plates of di!erent thicknesses are
shown in Fig. 2. The curves show a de"nite pattern of the data for all "ve thicknesses of the plates.
Initially, there is a steep rise in residual velocity with increase in impact velocity near the ballistic
limit. With further increase in impact velocity the curve between residual velocity and impact velocity
tends to be almost parallel to the asymptote of unit slope passing through the origin.
This data can be "tted in the form of an equation of a hyperbola, whose major axis is parallel to

x-axis as shown in Fig. 14, and whose equation is

(x!x
�
)�

a�
�

!

(y!y
�
)�

b�
�

"1, (13)

where a
�
and b

�
are half the lengths of the major and minor axes, respectively.

The slope of the asymptotes G�H and GH� is $b
�
/a

�
. The slope of the asymptote is equal to

unity which implies that

b
�

a
�

"1 or b
�
"a

�
. (14)
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Fig. 14. A hyperbola with its major axis parallel to x-axis.

Eq. (13) becomes

x�!y�"a�
�
. (15)

a
�
is found to be equal to the ballistic limit of the plate, v

�	
(see Fig. 2).

Putting the parameters of x and y axes in Eq. (15), we get

v�
�
!v�

�
"a�

�
or v�

�
!v�

�
"v�

�	
. (16)

It is also seen from the experiment that the ballistic limit of the plate is related to the thickness of
the plate (h

�
), diameter (d) and mass (m) of the projectile, and the material properties of the plate.

Fig. 5(a) shows that the ballistic limit of the plate has a power relationship with its thickness. So,
v
�	
may be written as

v
�	

Jh�
�
. (17)

Fig. 5(b) shows that the critical perforation energy of the plate i.e. the perforation energy of the
plate at ballistic limit is constant with varying mass of the projectile for a given plate thickness.

E
��

"

1
2
mv�

�	
"constant.

So, v
�	
may be written as

v
�	

J�
1
m
. (18)

Fig. 8 shows that the ballistic limit of the plate increases with increase of the diameter of the
projectile for same plate thickness. Considering these, along with the strength of the material of the
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plate, the ballistic limit may be presented as

v
�	

"�
kd>
m

h�
�
, (19)

where, k and n are constants and > is the yield strength of the material of the plate.
The values of k and n found from the experiments, for di!erent combinations of projectiles and

aluminium plates employed, are k"7 and n"0.89, when all the parameters of Eq. (19) are in SI
units. The solid lines in Fig. 5a and b are the plots obtained from this equation and these match the
experimental results well.
Now the Eq. (16) can be written as

v�
�
!v�

�
"

kd>
m

h��
�
, (20)

v
�
"�v�

�
!

kd>
m

h��
�
. (21)

The solid lines in Figs. 2 and 8 are the plots obtained from Eq. (21) and these match the
experimental results well.
The velocity drop, v

�
may be written as

v
�
"v

�
!v

�
. (22)

From Eqs. (21) and (22), we get

v
�
"v

�
!�v�

�
!

kd>
m

h��
�
. (23)

The solid lines in Fig. 3 show the results obtained from Eq. (23) and these match the experimental
results well.
The variation of absorbed energy by the plate is plotted against the impact energy in Fig. 4. The

energy absorbed by the plate, during perforation, may be evaluated by the di!erence of the kinetic
energy of the projectile before and after impact. This may be written as

E
��

"

1
2
mv�

�
!

1
2
mv�

�

"

1
2
m(v�

�
!v�

�
). (24)

From Eqs. (21) and (24) we get,

E
��

"

1
2
kd>h��

�
. (25)

The curves computed fromEq. (25) are shown as solid lines in Fig. 4 and they match well with the
experimental values.
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Fig. 15. Comparison of experimental results for plates impacted with projectiles of 10 and 15mm diameter with existing
empirical relations.

6.1. Comparison of experimental data with some empirical relations

There are some empirical relations being fairly used for the prediction of the perforation energy
of plates impacted by projectiles. Some of these equations are [14].
(a) SRI equation:

E
�

�


d�

"

42.7
10.3�

h
�
d �

�
#

1
10.3�

s
d��

h
�
d �, (26)

(b) BRL equation:

E
�

�


d�

"

1.4�10�
�



�
h
�
d �

�	

, (27)

(c) Equation proposed by Wen and Jones [9]:

E
�

�


d�

"�
2�

�
�


��

�
4�

h
�
d �

�
#�

s
d�

�	��

�
h
�
d �

�	��

�, (28)

(d) Equation proposed by Neilson [14]:

E
�

�


d�

"1.4�
s
d�

�	


�
h
�
d �

�	�
, (29)

where E
�
is the perforation energy, �



is the tensile strength and &s' is the unsupported span of the

plate.
Experimental data of the present study of "ve di!erent thicknesses of aluminium plates and two

diameters of ogive nosed projectiles are compared with these empirical equations and are shown in
Fig. 15. It is interesting to note that good correlation exists between the experimental data and the
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values predicted by Wen and Jones equation, except for 2.0mm thick plate, even though these
equations were developed for prediction of perforation energy of mild steel plates impacted by
blunt projectiles.

7. Conclusions

The present study is carried out to generate experimental data of perforation of thin plates when
impacted by ogive nosed projectiles. Based on the mechanism of deformation observed, analytical
expression applicable to these mechanism are presented. Simple empirical relations are developed
to determine the residual velocity and the ballistic limit. Results from both analytical and empirical
expression are seen to match the experimental results very well.
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