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'ABSTRACT  To explain the mechanics of perforation of thick metailic target plates a modified version of the
analysis suggested by Awerbuch and Bodner [2] is given by a cylindrical projectile. Although the analysis retains
the basic concept of the perforation process to occur in three stages as was assumed by Awerbuch and Bodner [2],
a new explanation, as to the cause and effect of the compressive force is suggested. Attention is also drawn to the
force required to cause internal plastic deformation of the target material, during the passage of the projectile. In
addition, the mass of the target material ahead of the projectile is modified in the manner of Tate [17]. The analysis
retains the initial entrance diameter to be the same as that of the projectile, at the instant the projectile hits the target
and assumes that the final length of the plug is attained at the end of the process instead of at the beginning of the
second stage. The computed results using the modified analysis yield better agreement with the experiments for the
perforation process especially for plates whose thicknesses are between 1 and 2.5 times the projectile diameter.
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'INTRODUCTION

‘The theoretical modeling of high speed
perforation of a target plate by a cylindrical
projectile is a complex problem. Various theories
have, however, been proposed to explain the
salient features of the process. Perforation may
occur with different modes of deformations
d?pgnding on the relative size, geometry and
thickness of the plate vis-a-vis that of the
projectile. Among these deformation modes are:
shearing of a plug, ductile hole enlargement and
the dishing of the target material(l]. Previous
theoretical approaches to the problem have been
concerned with using either the energy balance
method or the momentum balance method as can
be found for example, in the works of Taylor [4]
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"and Thomson [5] and that of Zaid and Paul

[6,7,8). Besides these many other investigations
such as those given in references [10~17], have
advanced solutions of the problem employing
one or other of these methods.

Ravid and Bodner [18] have recently attacked

‘the problem using the modified upper bound

theorem of plasticity. Liss, et al. [19] and Yuan
Wenxue et al. [20] have also recently given
a somewhat novel perforation analysis employing
plastic wave theory.

Of the various analyses mentioned above the
one suggested by Awerbuch and Bodner [2] is
very instructive. It provides an approach based
on a simple mathematical model which yields
reasonably good results for the perforation
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~ process. The analyses given in reference [2] are a

development of the preliminary work performed
by Awerbuch [14] and expanded by Goldsmith
and Finnigan [15], The more recent work by
Ravid and Bodner [18] uses an upper bound
approach to the flow model, modified to include
dynamic effects. The model has the capability to
predict the residual velocity of the projectile, the
size of the plug and of the bulge shape.

The present investigation provides a
modification of the analysis given in reference [2].
Here, besides putting forward a new explanation
for the cause and effect of the compressive force
Fc exerted on the penetrator which is assumed to
act in the first and second stages of the
penectration process, an additional force Fppy is
introduced. This is the component of the force
exerted by the projeciile as it does plastic work
required to cause plastic deformation within the
target material.

Since the shearing force is also included
in the concept of Fp;, the shearing force F
appearing in [2], at the stage appropriate to
this force is neglected. The calculations give
results which are not only more accurate for the
residual velocity but also, in some cases, estimate
the total duration of the perforation process
more accurately.

'MECHANICS OF PROJECTILE
PENETRATION

To establish the present modified analysis, a
brief summary of the salient points of the
analysis given in [2] is presented here.
1. Existing Model and Formulation

The basic model for the perforation process
proposed by Awerbuch and Bodner consists of
three distinct stages. With reference to Figure 1
these stages are as follows:
Stage I Initial compression of plate material in
front of the projectile with no shearing at the
periphery.
Stage II: Penetration of the plug through the
remaining plate material.
Stage III: Shearing of the full plug from the
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plate afier the final growth of the plug.
2. Present Analysis
The following assumptions are made in the

present analysis:
i) There is no bending of the target plate.

Although in practice it is observed that some
bending may happen near the ballistic limit
velocity.
ii) The target material is incompressible and
flows irrotationally,
iii) Although the penetration is fast, the
projectile has time to slow down due to the
resistance offered by the target material. On the
contrary, that part of the target material which
forms the plug has enough time to accelerate in
such a way that its velocity increases to the final
velocity of the plug,
iv) There is only a small radial expansion of the
target around the projectile path and this
corresponds to the expansion of the plug in front
of the projectile.
v) The effect of stress wave is neglected.

The modifications and additions of the
present analysis are as follows:
1) The basic geometry of the penetration model
is changed to that shown schematically in
Figures 2(a) - 2(d). This is done to include the
effect of progressive changes in the geometry of
the plug on the existing force.
2) At the beginning of Stage I, the projectile
retains its original diameter. During the process,
the projectile diameter increases because of its
deformation.
3} The added mass appearing in the momentum
equation in the analysis given in reference [2] is
changed to the mass of the target material
displaced by the projectile nose in contact with
the target in a manner similar to that suggested
by Tate [17]. Although Tate considers the added
mass for Stage I, in the present analysis, it is
extended to both Stages I and II.
4) The compressive force Fc developed in the
target plate during Stages I and II, has a value
of 20yA used instead of ocA, as used in [2] The
basic explanation for this alteration is given in
the text.
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'5) An additional force denoted by Fpp, required
for internal plastic deformation and shearing, is
added to the other forces acting on the projectile
in both Stages I and II. The other forces acting
are F; and Fc, the inertial and compresive
forces, respectively. To evaluate force Fpp, il is
assumed that the target material deforms as a
rigid-perfectly plastic material.

(6) With the addition of the force Fpp, since it
contains the shear force, the shearing force Fg,
occuring separately is excluded in Stage L

(7) The length of the plug C, at the end of the
process is taken to be less than its length at the
begining of second stage C,.

Estimation of Internal Plastic Deformation

Force ‘Fpp’
At the beginning of the perforation process only
a small amount of the target material is pushed
forward. This will not show up at the bottom of
the plate, but will probably cause the diameter
of the projectile to increase in expense of
decreasing its length, As the projectile advances,
the tangent material in front of it {(plug) deforms
plastically and shifts forward. Some of this
deformation ends up on the other side of target
plate, while the diamter of the hole made in the
target plate increases due to the deformation of
plug. To calculate the force required for plastic
deformation of the target material, Fpp,
tangential velocity discontinuity patierns, Figures
3(a) and 4(a) are assumed which are consistent
with the axial deformation of the target
material, due to the movement of the projectile.
The hodographs for these two kinematically
admissible, tangential velocity discontinuity
patterns are shown in Figures 3(b) and 4(b),
respectively.

An estimation of the rate of plastic work
done by the yield shear stress k, on the material
as it crosses each of the velocity discontinuity
surfaces is produced following the procedure
given by Adie and Alexander [21]. Summing up
the rates of plastic work expended across these
velocity discontinuity surfaces and equating the
result to rate of work done by the force Fpp,
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- , -
Wjc =N Kcajc Wic(x) {

‘the plastic force may be estimated. With

reference to Figures 3(a), 3(b), and 4(a}, 4(b) the
rate of energy dissipation in crossing the
tangential velocity discontinuities for the
axi-symmetric flow may be written as.

o= [xW,as, )

Where Wg is tangential shear velocity and S
is the surface area. For each stage of the
perforation process the rate of plastic work done
by the projectile in pushing the target material
over each of the discontinuity surfaces may thus
be obtained and summed up.

For the kinetically admissible velocity field
shown in Figure 3(a) and the corresponding
hodograph Figure 3(b} for Stage I and for
Figures 4(a) and 4(b), for Stage II, the total rate
of energy dissipation is,

SinBic
Sin Ot Sin(M--tje—PBic)

SinBic
sinoc sin{otc—Bic)
.[bizc—a;,-"d sin(n—0otic) ] “(2)

b2 sinpjc sin(otic—Bic)

+

where i = 1, 2 for Stages I and II and the
subscript ¢ refers to current, updated values of
the parameters corresponding to each small
advancement of the projectile. The current value
of the force Fpp at each small increment of the
pentetrant is given as,

i 2 sinf;
Fppic =Nkcaie | — - Bic
sino;e Sin[m—ot;.~Picl

SinBic
sinde sinfog—ficl
[bizc—aizc] sin[n—ot; ] ] 3
bZ, sinB;c sinfotic—Picl

+

Where, a, b, o, B, etc., are as shown in
Figures 3 and 4, h, is the target thickness and x -
the instantancous depth of the projectile and
kc is the current dynanic shear stress.
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Considering the strain rate effects, the shear

stress k in the above equation is taken in the

Bingham form as k = kg + pY where, p is the
cocfficient of viscosity and Y is the shear strain
rate (= Wye). Here e is the radial width of the
shear zone of the target material and is
estimated experimentally, (see ref [2]).

- Estimation of the Compressive Force, F¢

The compressive force FC, is assumed to be
uniformly distributed over the projectile nose
and is taken to be

F.=0,A ey
Where g, is the axial stress and A the projected
area of the projectile nose.

To determine o, and therefore, the
‘compressive force, we may proceed in either one
of the two following ways:

(a) That the compressive force acting on the
target material immediately underneath ie. plug,
causes the target surface surrounding the plug to
become fully plastic and this plastic zone spreads
to some distance away from the axis of the plug.

(b) That there is assumed a sufficient layer at
the bottom of the target plate (reasonable
because of the high speed of the process) and
the compressive force is resisted by the
surrounding plate material in such a way that
any radial expansion caused to the material
beneath i.e., plug, is brought back by the
surrounding elastic material which’does not
allow the plug to be pushed sideways.

For target plates of thicknesses lying between
two entrances 1mm and 19mm used during the
course of experiinental investigation, the results
given by each of the two modes will vary. The
one which yields the least value of the
compressive force is probably the most likely
mode of deformation. In the method of
interpretation used for the penetration problem a
detailed analysis has been made.

The resulis for the compressive stress g, were
observed to vary between 1.84 Oy=-21a0y,
where g, is the yield stress of the material. It
will therefore be quite reasonable to assume
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702 =20 Oy and the resultant compressive force
to be expressed approximatley as,

FC =2 O_‘{ A (43)

~ Modification to the Added Mass Ahead of
the Projectile

The equation of motion for the penetration

process may be written

4 ]
a(MW) =—F ()

where, M is the mass, W the current velocity
and F the total force acting on the projeciile.

According to Tate [17] the lefthand side of
equation (5) can be written as,

AW -

M?— F 6)
Where

‘M=M,+pAC N

n is the density of the target, ¢ is a constant
on the projectile surface and can be determined
from the potential flow ahead of the projectile.
Mo is the initial mass of the projectile.
According to Tate, C” = r/4, and the general
equation of motion will be of the form,

(M0+pAl‘/4)%:/‘=_F=‘”[FPD+FI+Fd @

(r is taken as the maximum radius of the
crater at each stage and Fp is the inertial force
acting on the projectile.

3. Mechanics of Projectile Penetration with the
New Formulation

Stage: The equation of motion for the first

stage of the process is written as,

PA by | dW,(X '
L 1] 1(X) =—[Fpp1+Fn+Fcil

[M°+ 4 det

=—F; ()]

Considering the new geometry Figures 2(a)
-2(d), for the first stage of the perforation
process, the forces Fy, Fe and Fpp act on the
projectile and can be written as,
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a) Inertial Force Fy,,
Using the same analysis as [2] we can obtain
the inertial force as,

Fre=1KpAi Wi (10)

“where K is the projectile nose shape factor.
b) Compressive Force Fc,,

‘Fee=20yA1c (1)

¢} Force required for internal plastic
deformation Fpp 1e
Referring to Figures 3(a) and 3(b), this force
is expressed as,
Wic

2
Fppi.=naje [ko+u-—c—]

sinfy¢
sinqc sin[M—ot1 Pl

sinBlc
sinot) ¢ sinfotyc—B

[b%c—a%c] sinm—ct] ] a2
b%; sinp sinfot—Bycl

+

Substituting equations (15), (16) and (17) into
(14) and performing the necessary mathematical
operation, lead to

i [ 1,10

dx

c

sinB¢
sinO¢y e SIN[M—0L 1 c—B1cl

sinfyc
sinoty ¢ sin[o¢ o —Picl

2 2,
[bic—ayl sinfn—at; ]

2 . .
bic sinPy¢ sinfot;c—PByl

2
+2KpAWic+20yA ]/
Agcb
/ [Mo+—p te “]wlc a3)

‘Where W, (x), is the current velocity of the

+
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“projectile during the first stage and is calculated

numerically using a computer subroutine based
on equation (19). From this, an instantancous
force acting on the projectile is also obtained by
summing the current values of the three forces
F]c, Fcc, and FPD,_.‘

The time required for the projectile to
penetrate a distance x, (see Figure 2) was
calculated by integrating the expression

x dx -
= fs Wi (14)
Stage II: This stage of the perforation
process begins when the compressive force Fe,
starts decreasing. The length of the plug at the
beginning of this stage is obtained by
considering the assumed geometry and the
assuption of volume constency of the material. If
rg I, I'p, and rg refer to the radii of the plug
at the points shown in Figure 1 and equating the
volume of the plug at the beginning of second
stage to the volume of it at the end of process,
(see Figure 1), we have

_ _2
LnCleg+rpre+réd= 4 nClrb +1prp+1E]

or Cz[r% +rmp rE-l-r%}[r]% +rp rc+r%]

Here C, and C are the lengths of the plug at
the beginning of the second stage and at the end
of the process, respectively.

The equation of the motion for the second
stage of the perforation process is written as,

7 7PA b dW(X)-
[Mo+ 2 2] A )=—[FPD2+F12+FC?J

(15)

The force component Fpp,, Fi, and F¢, can
be obtained in the same way as in Stage one.

These are written as,

a) Inertial force

Fie =4 KpAg Wi 16)

b) Compressive force Fc, . This force is
equal to zero at the end of this stage, where x =
h. Therefore, the equation for F which meets the
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limiting condition, is expressed as,

’Fczc=2°YA3°, [#]z J “an

¢} Force required for internal plastic
detormation Fpp,,-

Referring to the earlier discussion, the
Fpp acting on the projectile at each instant in
the second stage is expressed as,

_ w.
FPDk=na%c[ko+ﬂ“e£:|

7 Sl.nBzc
sinota sin(n—oy.—Pocl

Sinﬁzc
sinody. sin[oto.~Piy ]

2 2. i
+ [‘t)_?,c a3z sm[n—ocnc]] (18)

b%c sinBy, sin[0a.—PBocl

The equation of motion for the second stage
therefore is,

L7 S R
dx [ % k°+uT

Sinﬁzc
sinotye sin[M—02,—B2.]

Sinﬁzc
sinoty sin{oty.—Pc]

7 " [b%c—a%d sinf—otp.) )
b3 sinBy sinfotp—Bo]

+LRpAR WS +20yAg
I rx—@-cyy2]
[ =27 )

-/
Mo+ Ascby/41W,,  (19)
/
where a and b are the current top and
bottom radii of the plug,
W,(x), the current velocity of the projectile
in the second stage, was computed numerically
from equation (19) and the total instantaneous
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force F, was obtained by simply adding together

the above mentioned forces acting on the
projectile at each instant during this stage.

The time required for the projectile to reach
the rear surface of the target plate, (x=h) from
the end of the first stage, (x = h - c,) was
calculated from

) x=h dx
e=f . Wx)

Stage III: The third stage starts when the
whole plug moves together with the projectile at
the same velocity, (see Figure 2(d)). This stage is
similar to that described in reference [2] with the
only difference in calculating Ap, the
circumferential area of the plug used, which is
different because of the difference in the
assumed geometry. During this stage, only the
shear force Fg = F, acts over the surface of the
plug. The equation of motion for the third stage
is therefore

Cd2z

’m3—dt2 =F3=—1Ap (21)

where m, is the mass of the projectile and of the

plug, t is equal to (15 + p %f ), F, is the shear

force acting on the projectile, Z is the additional
distance moved by the plug, as shown in Figure
2(d). Considering the new geometry assumed in
this investigation, Ap, the curved surface area of
the plug is given by,

- - 2 ‘
Ap=n [ DE+DD] { [ DE;—DD]+CZJ

[

2

‘where D, and Dy are the top and bottom
diameters of the plug at the end of the second
stage.

Equation (21) is written as,

Z+ Apu 2=I0Ae

mae m; e’

Equation (23) can be solved for Z and Z to
give,

Z= [Wz'i‘to_ue] [exp[ éLu t3]] 71—‘0*9 (24)

mse
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and

Lo (25)
where, W, is the velocity at the end of the
sceond stage when t, = O. The time duration t,,
of the third stage is the time required for the
material failure to occur. This occurs at a
displacement Z = Zf = Tf e [2], where Yf is the
dynamic ultimate shear strain. The total duration
time for the perforation process therefore is

7tf=t1+t2+t3+tp 7(26)

where, tp is the time required for the plug to
leave the target plate and is equal to [2],

_C-Z

lp= W, @n

where, Wy is the final (exit) velocity of the
projectile.

'RESULTS AND DISCUSSION

As mentioned before Awerbuch and Bodner (3]
gave results of an extensive series of plate
perforation experiments using lead and armour
piercing bullets perforating different thicknesses
of steel and aluminium plates. Projectile
diameters of 5.6, 7.62 and 9 mm with projectiles
identified by symbols T.T.R. - S.A.R- S.A -
A.R. with initial velocities in the range of 385 to
855 ms-! were used. Plates of two different
types of aluminium 1100- H14, and 6061- T6
with thickness between 1 and 19 mm and four
different steel plates with thicknesses 6 to 12
mm were used in their penectration tests. The
type and geometrical data of the projectiles and
also the mechanical properties of the target
plates are tabulated in Tables 1 and 2 of their
paper. )

The perforation mechanisms proposed by
Awerbuch and Bodner [2] showed satisfactory
agreement especially in case of thinner plates
when compared with the experimental work
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‘reported in reference [3]. However, for thicker

plates, the predicted results for the final
velocities of the projectiles were much lower
(257 - 447) than those measured experimentally
(e.g. Table 3 Tests n 1, 2, 3, 4, 6, 9, 10 of
reference [13]). It was also stated in reference [3]
that "The argeement is not so good for the other
projeciles (S.A.P - S.R.) and for the steel alloy
target plates where the calculated final velocities
are about 15-25% lower than the experimental
measurements”,

In this paper details of the compuied results
for the residual final velocity and of the
duration time, using the analysis above, are
given in Table 1. All of the computed results are
compared with the experimental values of the
residual velocities and duration time as given by
Awerbuch and Bodner [13], Wenxue et al. [20]
and with three of the typical results (test no 11,
12, 13) given by Ravid and Bodner [18]. From
Table 1, it may be seen that a much better
agreement exists between the experimental
values for the residual velocity and those
calculated here.

One of the main difference between the
analysis given in reference [2] and in this paper
is in the geometrical consideration of the model.
Considering Figures 2(a)-(d), although the basic
concept of the perforation process as explained

“in [2] was retained, the geometry of the model

has been changed. From the very beginning of

‘the process, at the time of the first contact

between the projectile and the target, the initial
projected area of the projectile is taken as the
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and exit diamters are D, and D,, respectively.
This is easily accommodated as may be seen in
Figures 2(a)-(d). For the first stage, the entrance
diamter of the cavity is taken to be equal to the
initial diamter of the projectile D=2R. The exit
diamater D, in the first stage is assumed to be
the average of 2R and the final entrace diameter
of the hole in the target D =2a. The diameter D,
is determined experimentally. For the second
stage, the entrance diameter Dg is taken to be
the average of the entrance and the exit
diameters in the first stage and the exit diameter
Dg is assumed as the average of the final exit
diameter D,=2b and Dp. the diameter Dp is
taken to be (Dg + D¢) /2 where, D¢ is equal to
(Dg + D,)/2 and D, is the average of D, and D,.
As explained earlier, the length of the plug is
considered to decrease until the end of the
second stage where its final length is C. The
length of plug at the end of first stage
(beginning of second stage) C, is calculated from
the geometry and from the volume constantancy.
Where, in the case of Awerbuch and Bodner [2]
C,=C. D,, D,, C the length of the plug and ¢ the
width of the shear zone are however, determined
experimentally and the viscosity of the rarget at
high strain rate and, m is also considered an
experimentally determined property.

In the case of thick targets, a discrepancy
exists between the computed and experimental
results using the analysis given in [2]. A major
reason for this is due to the assumption of a
large quantity of piled-up mass ahead of the
projectile when it penetrates to a depth of more
than one fourth the current cavity radius. This
assumption does not have much effect on the
computed residual velocity in the case of thin
plates, because of the small amount of the target
mass in front of the projectile, but it has a very
substantial effect on the perforation of thick
plates. In the present analysis the above anomaly
has been corrected to a large extent, as
explained earlier in the analysis for the added
mass ahead of the projectile. Using this, it is no
longer necessary to assume a piled-up mass
ahead of the projectile as was done in reference
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1

The force "Fpp" in the first and second
stages takes into account the work done against
the internal shearing of the material. With
reference to Figures 3(a) and 4(a), considering
the discontinuous velocity pattern shown, the
velocity discontinuties are along AP, PB, PC and
PD. As the material above APB moves
downwards and the particles cross PB, their
directions of motion are instantancously altered
and these proceed parallel to BC; at PC, the
velocity of each of the particles is
instantaneously altered again and it proceeds
along the same direction as the projectile
movement. These criss-cross movements of the
material necessitates some absorption of energy
from the original velocity of the projectile and
thus decreases its velocity. F, which is the
shearing force assumed in the analysis of [2]
does not appear here, because by considering the
work done against shear on the surface BC and
including it in ‘Fpp’ takes account of the
shearing force Fg as well.

The resisting compressive force in this
analysis is taken as 2oy‘ A, instead of o A. In
the past, it is found that Oy approaches o, the
ultimate stress at high strain rates and the
reported results by many investigators show that
the dynamic yield stress reaches a value 2-3
times its value in the stalic conditions. The
magnitude of this fact appears to be material
dependent. For perforation studies Fc may be
based on a maximum value of 2.7 gy. [16]. It is
therefore, justifiable to assume Fc as 20y A,
since for most of the metallic materials o.<
20y4< 2.1 oy.

Typical sets of the computer results for test
numbers 1, 12 and 30 listed in Table 1 are
shown in the graphical form in Figures 5, 6 and
7, respectively. The figures show the variations
in the depth of penetration of the projctile, in
velocity and the total force with respect to time
for all the three stages in each case. These
graphs were plotied for the case of a standard
regular lead bullet (S.R.) impacting a 6 mm steel
target, a standard armour-piercing (S.A.P.)
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“projectile penetrating a 6.35 mm steel target and

a 9 mm caliber lead bullet (A.R.) perforating a
6735 mm thick aluminium alloy target,
respectively. Figures 5(b) and 6(b) and 7(b)
show the force-time relations for each of the
force components Fpp, F|, Fc for the three
perforation stages: 1, II and III. It may be seen
from these figures, that the compressive force is
increasing in Stage I duc to the increase in area
of cross-section of the projectile. The force for
internal plastic deformation Fpp and inertial
force Fj in Stage I are also increasing. The
inertial force Fy and the compressive force
Fc both decrease in the second stage. The
compression force Fc becomes zero at the end
of the second stage to satisfy the earlier
assumption of having no F¢ in the third stage.
The only active force at the last stage is the
shearing force Fg,

"CONCLUSIONS

‘By retaining the basic concept in analyzing the
mechanics of the perforation process in ballistic
impact to occur in three stages as in reference

[2], but some modifications to
a) the change in geometry

b) the change in formulation of the compressive
force

¢) the introduction of a new force ‘Fpp’ and

d) the introduction of a new length of the plug
at the beginning of second stage and

e) incorporating the suggestion of Tate [17]
regarding the amount of the added mass in front
of the projectile lead to the present analysis.._
This yields a much better agreement with the
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‘experimental results for the final velocity and in

most cases for the duration time especially for
thick plates whose thicknesses are between 1 and
2,5 times the projectile diameter. The need for
the same empirical parameters however, (as in
reference [2]) still exits.
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Table 1.
w o HOLE m ~ VELOCLTY (m/sec) CONTAT-KURATION (|4 sec)
g m = - 2 Ww&m. 22| 5 ,m MEASURED COMPUTED(FINAL)__| 8 COMPUTED (| sec)
HIERE RAENEIEHE =lz|s] 2(5%(= 5| ¢
83| g | 3% | Doy 3 | SEE|EF|™ev| 5|5 | B |g5|32| 8 |5 |es
Be<R| = 2 (mm) > BN & o - & mu ! e k- mR
1. |sR | saa6 | 105 so | - 850 | songoo | 453 478 | 589 | 269 | 206 | 204| 18
122 |sR | saa8 | 106 69 | 45 | 85 | 460 318 asa | a1a | 362 [ 355 | 306| 216
13. [SR. | saB63s| 104 53 | 30 | 8sa [ 350550 | 400 463 | 486 236 | 29| 197
14 |sR [sacs | 100 [0 | 30 [ 85 | asoar0 [ 3s: ass | 466 | 278 | 342 | 304] 213
[ 18 [sr | ALeos | s2m6 | 25 | - 845 | 748 702 742 16 15.5
19. |SR | ALs130| 81121 | 75 | 30 | 845 | 72 602 690 30.2 276
0. |sR | ALe190] simas | 12 4.1 836 | s68.585 | 406 516 57.2 51
1. |sar. [ saas | 105 |50 | - 835 | ssogso | 499 | 660 | 467 | 599 195 | 208 167
12. | SAP. | sAB63s| 98 | 50 | - 848 | snngoo | 492 [ sso | 476 | 578 199 | 219 176
13. | SAP. | SAD12 | 959 | 55* | ss 855 | w0390 | 418 | 364 379 2.1 M4
14 [TIR | AL11 | 59 07 | - 387 | 369 367 329 | 373 a6 | 40| 46 |
15. |TTR | aL12 | 60 4 | - 385 | 346 342 360 96 87 |
20. |TTR | AL61 | 58 065 | - 379 | 357 355 310 | 359 a2 | 42| ass
1. |TTR | AL62 | 61 15 - 399 | 341 342 348 9.8
22. |TTR [ AL63 | 66 20 | 14 | 397 | 309 299 324 153
23, |TTR | AL64 [ 71 25 15 | 389 | 268 255 276 206
24 |TTR | ALes | 78 G5 | 15 | 401 | am4 160 243 | 225 81 | 333] 318
5. |AR | AL14 | 905 28 | 175 | 416 | 355 345 369 186
6. |aR | ALts | 93 35 | 21 422 | 339 331 343 | 354 | 320 | 238 | 190] 23
277 [AR | aL16 | 945 42 | 28 |4 |33 317 341 | 355 | 190 | 294 | 229| 262
8. |ar [ A3 | 96 16 | 175 | 42 | 349 354 330 | 360 122 | 12 | 117
29. |arR | aLes | 103 36 | 109 | a6 |29 276 29 | 298 | 240 | 273 | 232] 256
30 |AR | AL6635 | 109 |50 | 20 | a1z | 234 208 276 | 239 | 350 |47 | 332] 388

* See ref.[18]
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_Figure 1. Three stages of the perforation process Awerbuch and Bodner Ref{2] Model.
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Figure 2. Three stages of the perforation process.
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Figure 3. Stoge one of the perforation process and its velocity diogram.
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Figure 4. Stage two of the perforation process and its velocity diagram.
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