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Abstract : Simple analytical equations are given to predict the perforation of fully-clamped thick metallic
plates struck normally by rigid conical-nosed projectiles over a wide range of velocities based on the assumption
that the deformation is localized and that the impact energy is dissipated only by penetration. It is further
assumed that the mean pressure offered by the target materials to resist the projectiles consists of two parts:a
quasi-static part due to the elastic-plastic deformation of the laminate materials and a dynamic part due to pene-
tration velocity. Equations are obtained for the residual velocity and ballistic limit. It transpires that the present
model predictions are in good agreement with available experimental data for thick metallic plates struck nor-

mally by conical-nosed projectiles.
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1 Introduction

Ballistic perforation is an exceedingly complex mechanical process that has been examined experi-
mentally for the past two centuries and analytically during the last few decades. In particular, the
impact behavior of plates is important for the design of engineering and martial structures. The ballis-
tic limit is commonly used to evaluate the performance of plates against projectiles, which is related
with the failure modes depending on geometric characteristics, material properties,and impact veloci-
ty. Comprehensive reviews on the research can be found in the reviews by Backman ez al. ™ ,Corbett ez
al. ™ ,and Goldsmith™ .

The perforation of a thick plate is controlled by both the penetration process when the processing
zone in front of the projectile nose has not reached the rear free surface and the final perforation
process when a failure mechanism is initiated in the target in front of the projectile nose. A final failure
mechanism, which could be ductile hole enlargement for sharp nose'’, plugging for blunt projectiles™™
or fragment for high impact velocity and brittle target, will be responsible for the final perforation of a
target plate. Woodward"®"™ examined the effect of plate thickness and projectile nose geometry on the
failure of targets,and discussed the interrelation of different failure modes. Dikshit ez al. ! studied the
effects of plate thickness and hardness on ballistic performance,and concluded that for thin plates the

plastic flow is unconstrained under plane stress conditions, while for thick plates the plastic flow is

l [9-10] [11]

constrained under plane strain conditions. Bervik et a and Dey"'" carried out a series of experi-

ments and numerical simulations on the perforation of steel plates using different projectile nose
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shapes. Hill"'* studied the quasi-static cavity expansion of infinite targets and derived the formula of
pressure on the surface of cavity. Forrestal"*'**!, Warren"'*! , Zhou and Wen""" presented cylindrical cav-
ity expansion models for the penetration and perforation of ductile metal targets with different materi-

6]

al constitutive relationships impacted by rigid conical-nosed projectiles. Warren et al.™™ performed

experiments and simulations of oblique penetration of aluminum targets by ogive-nosed steel projec-

[17-18]

tiles,and constructed a decay function to account for the effect of a finite boundary. Wen proposed
a target resistance formula with the incident speed and investigated the perforation and penetration of
the target under impact by projectiles with different noses. Chen et al. ™ studied the perforation of a

2021) 5htained

thick plate by rigid projectiles based on the dynamic cavity expansion model. He et al.
the equations for the depth of penetration and ballistic limit of fibre-reinforced plastic (FRP) lami-
nates by using a resistance pressure formula related with the instantaneous velocity of projectile. Ben-
Dor'®! gave a comprehensive review on the recent analytical models of plate penetration dynamics.

In this paper,a theoretical study is presented on the perforation of thick metallic plates struck
normally by conical-nosed projectiles. The formulations are based on the assumption that the deforma-
tion is localized and that the pressure offered by the target materials to resist the projectiles is no
longer a constant as proposed in Ref. [17] and Ref. [ 18], rather a function of penetration velocity.

Equations are obtained for residual velocity and ballistic limit. The theoretical predictions are com-

pared with available experimental data and discussed.

2 Analytical Model

2.1 Assumption about the Resistive Pressure

For thick plates,only local deformation needs to be considered and the global response can be neg-
lected. Along with the increasing plate thickness,the influence of plate material inertia will increase. A
dynamic pressure term related with the projectile velocity is introduced into the mean resistive pres-
sure here to take into account for the inertia effect. Based on the study of He et al. ", it is assumed
that the mean pressure applied normally to the surface of a projectile by a metallic plate to resist the
projectile motion can be decomposed into two parts: one part is the quasi-static resistive pressure
(fo,) and the other is the dynamic resistive pressure (o) arising from velocity effects,namely ¢, =

{. 9 namely oy =pB(p.s,)"*V, ,the

fo,+o4. Employing the dynamic pressure term proposed by He et a
mean resistive pressure for a thick plate perforated by a rigid projectile is
oo = fo.+ BV, @b
where 8 is a constant which is determined empirically,p, is the density of the metallic plates,V, is the
velocity normal to the surface of the projectile. There is a difference that the quasi-static resistive pres-
sure is no longer the linear elastic limit in through-thickness compression as proposed in Ref. [21],but
the quasi-static resistive pressure (s,) of cylindrical cavity expansion with a modification function (f).
Here the quasi-static resistive pressure is discussed firstly. When a conical-nosed rigid projectile
penetrates an infinite target of an elastic linear-hardening material at normal incidence, the quasi-static
cylindrical cavity expansion analysis yields a general relationship between the normal resistive pressure

o, on the projectile nose and the yielding stress o, following Tresca criterion and incompressibility"'*

oy 2FE o’ E,
0 =" (Hm—%y%—lg 2

where E and E, are elastic and linear-hardening modulus respectively.
For the perforation of finite thickness plates, because the thickness of materials is limited in the

direction of cavity expansion and the plastic flow is not fully constrained™ , the modifications to
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account for free surface effects need to be considered in the expression of resistive pressure. Warren
et al. ™ constructed a modification function to account for free surface effect in the dynamic spherical
cavity expansion model, which depended on a distance to the free surface. Based on the methods of
Warren et al. ™ ,He™ obtained a modification function of free surface effect in the dynamic cylindri-
cal cavity expansion model. Here a modification function is constructed to account for the effects of a
finite boundary in the quasi-static cylindrical cavity expansion, and modify the resistive pressure of

materials. The function expression is

1n[1+L} % ~ K,

H
dsin(0/2) | o, d
H

1 = K,

d
where H is the target thickness.,d and # are shank diameter and cone angle of the conical-nosed projec-
tile,and N is a constant which is determined empirically. K, is a critical H /d ratio,above which free
surface effects can be neglected,i. e. f=1. K, is derived by setting f=1 in Eq. (3), which can be

expressed as

1 ag 1 2 7E, ]
Ky =sin g {exp[Z [1+1n 3ayj+ o } 1} 1)

Combining Eq. (2) and Eq. (3) gives the resistive pressure applied normally to the surface of a

conical-nosed projectile in the process of plate perforation,namely

o, = fo,=ao, (5
The coefficient « is defined as

NH H

14" .
it | T a =K .

oy 1 2FE °E H

J L el 7}) AL >
2 [1““ 35, }+ 185, 4 =K
Substituting Eq. (2) and Eq. (5) into Eq. (1) and rearranging yields

oo =fo. +BV.(po)"* =w+EV, P

where w=as,,6=8(p.0,)"*sin(0/2),V. is the projectile velocity in axial direction.

It has to be mentioned here that the present model assumes hole enlargement dominates in the
whole perforation process,and does not address all the actual physical behaviors-bulge, necking, plate
cracking, friction,etc. ,rather,all these effects have been lumped into the resistive pressure.

2.2 Perforation Equations for a Conical-Nosed Projectile

Fig. 1 and Fig. 2 show a conical-nosed projectile perforating metallic targets which can be divided
into two cases depending on the ratio of the target thickness (H).to the nose length (L,),then each
case contains three stages. 2 is instant perforation displacement of the projectile in axial direction,s, is
the normal pressure on the projectile nose,so the axial resistive forces can be integrated.

2.2.1 Case | :H<L,
Fig. 1 shows that the perforation process can be divided into three stages:z<CH, H <<z <L, and

z>>L,. The axial resistive forces in these stages can be written as

nz’tan’(0/2)0, +<H
F.=<n(2z— H)Htan*(4/2)0, H<=z<1L, (8
w[L:— (z— H)* Jtan®*(0/2)0, 2> 1L,
And the equation of motion of the projectile is
G%:GV: v, =—F. 9

dt dz :
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Substituting Eq. (7) and Eq. (8) into Eq. (9) ,we obtained the following expressions

LHB :G{(stvl)*wfflln[(l +E0 ' VO /A +E0 ' V) ]} 10
3 n€tan®(0/2)
~ o o —1 —1 -1
wétan®(0/2)
) 1 GV, —=V) —wt ' In[(0+ €0 ' V) /(1 + € 'V ])
H (L, 3H)_ n&tan®(0/2) a1

where V,,V, and V, are the projectile velocities at the end of the first,second and third stages,respec-
tively;V is the incident velocity of the projectile. Combining Eq. (10) ~Eq. (12) and eliminating V, ,

V, yields an equation for the residual velocity,namely

V.=V, —wé&'In[(1+ €0 'V) /(14 €' V)] —nEHd*/AG (13)
Then set V,=0 in the above equation,one obtains an expression for the ballistic limit velocity
V.=wf'In(1+ €0 'V,) +n6Hd* /4G 149
d=2a d=2a d=2a d=2a d=2a d=2a
s i = = | i
| | i | i i
| | ! | ! !
| | L | ! -
| o T | = |
SAY) | 1\23 o q&%/m |/~ ! ©
S AV % .
(a) 2<H (b) H<z<L, (¢) 2>Ly (a) 2<Lp (b) Lni<z<H (¢c) H<z<L,tH
Fig. 1 Schematic diagram of a conical-nosed projectile Fig. 2 Schematic diagram of a conical-nosed projectile
perforating a metallic plate with H <L, perforating a metallic plate with H >L,

2.2.2 Case I :H>L,
Fig. 2 shows that the perforation process can also be divided into three stages:s<<L,,L,<lz<<H
and H <z < L,+ H. The axial resistive forces in these stages can be expressed as
nz’tan’ (0 /2)0, T<< L,
F.={=lL%tan*(0/2)0, L. <z:<H (15)
n[L?— (z— H)*Jtan’(0/2)0, H<:<L,+H
Substituting Eq. (7) and Eq. (15) into Eq. (9),thus we have
1., GV, —V) —wé'n[0+Ew 'V)/A+Ew 'V}

T3 —
311" n&tan®(0/2) (16)
— _ —1 —1 —1
Lf‘(H—L“)ZG{(VI V,) —wé ln[(17+8w V)/A+Ew 'V, ]} an
nétan®(0/2)
113:G{(V2—Vr)—w5 "In[(1+ €0 'V /(14w V) ]} 1)
3" n&tan®(0/2)

where V|,V and V., are also the projectile velocities at the end of the first,second and third stages in
this case,respectively. Combining Eq. (16) ~Eq. (18) and eliminating V, ,V, yields an equation for the

residual velocity,namely

V.=V,—wéf ' In[(0+E0'V) /(A4 Ew ' V)] —nEHd* /4G (19
Then set V,=0 in the equation,the ballistic limit velocity can be formulated as
Vi=wé'In(1+ € 'V) +n€Hd* /4G (20)

By comparing Eq. (20) with Eq. (14),it is interesting to note that the equations for residual velocity

and ballistic limit velocity are same for above two cases although the perforation processed are different.
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3 Results and Discussion

In this section,analytical equations derived in Section 2 are compared with available experimental
data and discussed. In the calculation,it is assumed that the projectile remains undeformed;s, and E,
are yielding stress and linear-hardening modulus of the plate material respectively. However in some
literatures there are yielding stress (6,) and ultimate stress (s,) of the target material, but no harden-
ing modulus (E,). In such situation the average yielding stress which is used to solve the above
expressions is calculated from (¢,4+05,)/2,and the hardening modulus is set to zero.

It should be mentioned that the model proposed in Section 2 is applicable for thick plates. For the
perforation of thick plates,generally the global response is neglected and only local deformation is con-
sidered. Here a criterion for differentiating a thin plate from a thick target is proposed by comparing
the collapse load with the maximum local piercing load. Based on the quasi-static deformation theory

24 the maximum transverse displacement W, at the

of ductile materials proposed by Wen and Jones
periphery of the projectile-plate interface is determined by the maximum resistive force F,,, in the
perforation process,namely

Won = (Frww — FO /K. @D
where K,,=2n0,H /In(R /a) is the plate membrance stiffness; F. = (1/+/3)no, H*[1+ (1++/3/2)/
In(R /a )] is the static collapse load of the plate for infinitesimal displacements, when resistive force is
larger than this load, the global deflection begins to occur;R and a are outer radius of the clamped me-
tallic plate and shank radius of the projectile respectively.

From Eq. (21),it is known that when F, .. >F.,there is W,_,>0, the plate is classified to a thin
plate.and both its local and global deformations should be taken into account in the perforation by a
conical-nosed projectile; when F..<<F.,there is W,, =0, the plate can be regarded as a thick plate,
only its local deformation needs to be considered. In this paper,the perforation of thick plates is dis-
cussed. Here K, is introduced to satisfy H/d =K, when F,..=F.. Then the criterion can be restated
as that when H /d <K, ,the plate is a thin plate;when H /d =K, ,there is W, = 0 and the plate can
be regarded as a thick plate. Combining Eq. (6) and the expression L,=(d /2)/tan(0/2) to solve the
equation W, =0, K, can be calculated. The perforation of fully-clamped thick metallic plates struck by
rigid conical-nosed projectiles at ballistic limit, according to the values of K, and K,,can be divided
into following situations:( [ ) when K, >K,,there are two situations,namely, (1) K,<<H /d<<K,,
0<<f<1.(2)H/d>K,, f=1;(ll ) when K, <K, .there is H/d>K,, f=1.

In the following,a collection of experimental data for thick plates is compared with the present
analytical prediction. These experimental results fall in the category of impacting by non-deformable
projectiles. In Eq. (7)), is an empirical constant which needs to be determined. Based on the work in
He et al. " ,it is assumed that for conical-nosed projectiles 8in Eq. (7) is dependent on cone angle and
can be written as 3=c, +c,sin (§/2) where ¢, ,c, are evaluated to be 1 and 4 by calibrating against the
experimental results for 5083 aluminum plates perforated by a 8. 31 mm diameter conical-nosed projec-
tile with G=25.8 g,0=31.3°"* and a 4. 76 mm diameter conical-nosed projectile with G =2. 83 g,0 =
45°%  respectively. The parameters of the 5083 aluminum plates are E =70 GPa,p, =2 700 kg/m’,and
the mechanical properties are 6, =380 MPa,E, =60 MPa and o, =380 MPa,E, =60 MPa,respectively.
Then the values of K, and K, are calculated to be K, =0. 70, K, =0.75 and K, =1.0,K,=0. 76
respectively,so two groups of experimental data all satisfy f =1 and conditions of the thick plate
theory. Thus

B=1+4sin(0/2) (22)
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It can be seen from Fig. 3 and Fig. 4 that the model predictions with § =14 sin (0 /2) are in good

agreement with the test data for the perforation of 5083 aluminum plates impacted by conical-nosed

projectiles.
800
600
600
2 < 400t
g
< 400 E’
N N
—— Model prediction 200F — Model prediction
200¢ * 5083 Al . 5083 Al
0 . . L L 0 . A
20 40 60 80 100 10 15 20
H/(mm) H/(mm)
Fig.3 Comparison of the theoretical predictions with Fig. 4 Comparison of the theoretical prediction with
the experimental data''* for the ballistic limit of 5083 Al the experimental data'™ for the ballistic limit of
plates with three thicknesses struck transversely by 12.7 mm 5083 Al plate struck transversely by a
8. 31 mm diameter,25. 8 g conical-nosed projectiles 12. 7 mm diameter, 2. 83 g conical-nosed projectile

The validity of the thick plate model is verified against more experimental data in the following.
Fig. 5 shows comparison between the theoretically predicted ballistic limits and the experimental
results for 5083 aluminum plates struck transversely by a 197 g,33. 4° cone angle and 20 mm diameter
conical-nosed projectile”'”. The parameters of target are p, =2 700 kg/m*,E=70. 3 GPa,s,= 240 MPa,
E,=310 MPa. Here §=1+4sin(8/2)=2. 15. Then it is obtained that K, =0. 90,K,=0. 72. Therefore
the perforation of 15 mm plate meets K,<CH /d<<K, ,0<_f<C1 and the perforation of plates with other
three thicknesses meets H /d>>K,, f=1,both can be solved by the thick plate theory. It can be seen
that the theoretical predictions of Eq. (14) or Eq. (20) agree well with the experimental data reported
by Borvik et al.™ except for the 25 mm plates. A small “kink” in the ballistic limit versus target
thickness curve seems to appear at a thickness of about 25 mm. However, this kink seems not to be
related to a change in deformation mode with target thickness,but is more likely due to experimental
or material variations as reported in Ref. [10]. Here the constant N in Eq. (3) and Eq. (6) is calibrated
to 6 according to the experimental data in Ref. [26].

Table 1 shows both the predictions and test data of perforation of thick plates by conical-nosed
projectiles. As shown in the table,theoretical analyses show good agreement with the individual pub-

lished test data of projectiles with different cone angles and thick plates with different thicknesses. The

Table 1 Comparison of ballistic test data and model predictions of thick metallic plates

Projectiles Plates
No. d 0 G 0 H E o, o, E, Veew - Ve
Materials ’ /(m/s) /(m/s)
/(mm) /() /(@) /(kg/m®) /(mm) /(GPa) /(MPa) /(MPa) /(MPa)
100 4,76 45 2.83 Mild steel 7800 4.78 200 450 526 375 363
2t#1 - 6.35 45 3.03 Mn steel 7800 6.35 200 455 1240 603 613
3 4,76 45 2.83 Al 2700 6.35 70 150 79 225 223
416,35 45 3.03 Al 2700 6.35 70 150 79 293 294
5040 10.2 39 78 6061 Al 2660 25.4 70.3 288 313 235 229
6 7.1 39 25 6061 Al 2660  25.4 70.3 288 313 315 306
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formula for the ballistic limit of thick plates leads to an excellent prediction.

Comparisons are made in Fig. 6 ~Fig. 8 between the theoretical and measured residual velocities
for the perforation of the fully-clamped thick metallic plates struck by conical-nosed projectiles. Fig. 6
shows the results that 5083 aluminum plates with three different thicknesses of 12.7, 50.8 and
76.2 mm is perforated by a 8. 31 mm diameter conical-nosed projectile with G=25.8 g,0=231. 3" in
Ref. [13],the parameters of target are p,=2700 kg/m’,E =70 GPa,s,=380 MPa,E,=60 MPa.

400
1200k — 12.7 mm prediction
3501 & 12.7 mm data"? g
1 000} --- 50.8 mm prediction
300k & 50.8 mm data"? ; o
= o 800f ---e- 76.2 mm prediction e
= L . k= ¢ 76.2 mm datal"? e
< 250 < 600f R
= . = , 7
20007 Model prediction (K,< Hld<K)) 4001 i
=nl —— Model prediction (H/d>K)) rs
150 +  Experimental data!'"” 2001 $
;
100 L . . . . N L et . . .
15 20 25 30 35 40 200 400 600 800 1000 1200
H/(mm) V/(m/s)
Fig.5 Comparison of the theoretical predictions with Fig. 6 Comparison of the theoretical predictions with

the experimental data from Ref. [10] for the ballistic the experimental data from Ref. [13] for the residual

limits of 5083 Al plates with four thicknesses struck velocity of three thickness 5083 Al plates struck

transversely by 20 mm diameter,197 g transversely by 8. 31 mm diameter,25.8 g

conical-nosed projectiles conical-nosed projectiles

Fig. 7 shows the results that 5083-H116 aluminum plates with four different thicknesses of 15,
20,25,and 30 mm is perforated by a 20 mm diameter conical-nosed projectile with G =197 g,0 =33. 4°
in Ref. [10],the parameters of target are p,=2700 kg/m’,E =70. 3 GPa,o,=240 MPa, E,=310 MPa.

Fig. 8 shows the results that 6061-T6 aluminum plates with thickness of 25. 4 mm is perforated
by a 7. 1 mm diameter conical-nosed projectile with G =25 g,0 =39° in Ref. [27], the parameters of
target are p,=2660 kg/m’,E =70. 3 GPa,0,=300. 5 MPa,E,=0. As shown in Fig. 6~Fig. 8, the pres-
ent predicted residual velocities agree well with the experimental data, whereas the predictions of
25 mm plates in Fig. 7 shows some discrepancy from the experimental results. This discrepancy may

come from experimental and materials variations in Ref. [10].

— 15 mm prediction 700
400+ ¢ 15 mm data"” 600k
- - - 20 mm prediction
o 20 mm data!'”) 500
300f----- 25 mm prediction e :
2 4 25 mm data"” e 2 400+
£ === 30 mm predictio g E
= 200r v 30 mm data!"” y/g ;: 3001
v, 200k —— Model prediction
100} i 4 Experimental data®®”
L7 100}
LT
(1] P A AP R S . . . 0l \ , . . .
160 200 240 280 320 360 400 440 200 300 400 500 600 700
V./(m/s) Vi/(m/s)
Fig. 7 Comparison of the theoretical predictions with Fig. 8 Comparison of the theoretical predictions with

the experimental data from Ref. [10] for the the experimental data from Ref. [10] for the

residual velocity of four thickness 5083 Al plates residual velocity of 25.4 mm 6061 Al plate
struck transversely by 20 mm diameter, struck transversely by 7.1 mm diameter,

197 g conical-nosed projectiles 25 g conical-nosed projectiles
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4 Conclusions

A theoretical study has been carried out on the perforation of fully-clamped thick metallic plates
struck normally by conical-nosed projectiles with different cone angles over a wide range of velocities.
The formulations are based on the assumption that the deformation is localized and that the pressure
offered by the metallic targets to resist the projectile is velocity dependent which can be divided into
two parts:a quasi-static part due to the elastic-plastic deformation of the target materials,and a dy-
namic part due to penetration velocity. Simple analytical equations have been obtained for the ballistic
limit and residual velocity. It transpires that the present theoretical predictions of perforation agree
well with available experimental data of different plates struck by conical-nosed projectiles with differ-

ent cone angles in terms of ballistic limit and residual velocity.
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