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Abstract: A theoretical analysis on the perforation of Weldox 460E steel plates struck by flat-nosed
projectiles is presented using a previously developed model within a unified framework. This model contains
a dimensionless empirical equation to describe the variation of energy absorbed through global deformation
as a function of impact velocity. The study further investigates the energy absorption mechanisms of Weldox
460E steel plates, with particular focus on the “plateau” phenomenon, i. e., limited increase in ballistic limit
with increasing plate thickness. This phenomenon is explained and compared with results from previously
studied 2024-T351 aluminium plates. The model predictions agree well with experimental data for Weldox
460E steel plates impacted by flat-nosed projectiles, including: relationship between global deformation and
impact velocity, ballistic limit, residual velocity, and critical conditions for the transition of failure modes.
Moreover, the model effectively predicts the “plateau” phenomenon observed in intermediate plate thickness
range. It is also found that the indentation absorption energy contributes a significantly larger fraction of the
total absorption energy in Weldox 460E steel plates perforated by flat-nosed projectiles than in 2024-T351
aluminium plates, due to the differences in material properties.

Keywords: theoretical model; flat-nosed projectile; steel plate; perforation; ballistic limit; residual
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Steel is widely used in protective structures, and perforation of steel plates by flat-nosed projectiles remains a
key topic in penetration mechanics. Extensive research has been conducted through experimental, numerical and
theoretical approaches on the perforation behavior of metal plates impacted by blunt projectiles!' ™, with particular
focus on steel plates. Over the past few decades, various theoretical models have been developed to describe the
perforation process of metal plates by flat-nosed projectiles. These models differ primarily in their assumptions
with respect to dominant failure mechanisms, which depend on impact conditions, such as impact velocity,
geometries and mechanical properties of both projectile and target plate.

For thin plates impacted by flat-nosed projectiles at low velocities, the plate response is dominated by global
deformations, including bending and membrane stretching, accompanied by localized shear plugging or rupture. In
such cases, rigid-plastic methods are commonly used to analyze the behavior of both projectiles and targets'**. As
plate thickness or impact velocity increases, global deformations diminish and are typically neglected in

theoretical analyses, with localized shear plugging becoming the predominant deformation mode. The theoretical
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919 multi-stage analyses!® ', and plastic

models addressing this regime generally employ energy balance method"
wave theory!” " At high impact velocities and great plate thicknesses, adiabatic shear instability arises during the
plugging process of blunt projectiles perforating metal plates, and is the primary focus of theoretical models'* """,

Borvik et al.'"®?'1 systematically studied the perforation of Weldox 460E steel plates with different
thicknesses by flat-nosed projectiles. Their work revealed a distinct “kink” in the ballistic limit-thickness curve, in
which the ballistic limit exhibited a slightly increase within intermediate plate thickness range, a characteristic
referred to as the “plateau” phenomenon. This behavior was qualitatively attributed to changes in failure mechanism®',
Recently, Yang et al.””! proposed a theoretical model within a unified framework for metal plate perforation by
flat-nosed projectiles. Based on energy absorption analysis, the model accounted for four principal mechanisms:
initial inelastic impact, projectile indentation, shear localization, and global deformation. The model introduced a
dimensionless empirical equation to describe the relationship between global deformations and impact velocity.
The model predictions agreed well with experimental data, including ballistic limit, residual velocity, and critical
conditions for the transition of failure modes. Notably, it successfully predicted and explained the “plateau”
phenomenon via energy absorption analysis. Further theoretical analysis elucidated how energy absorption
components varied with impact velocity and plate thickness. Given its robust predictive capability, this theoretical
model is adopted here to analyze the perforation of Weldox 460E steel plates by flat-nosed projectiles.

The objective of this study is to investigate the perforation of Weldox 460E steel plates impacted by rigid

(18211 ysing the recently developed theoretical model™. Firstly, the dimensionless relationship

flat-nosed projectiles
between global deformation and impact velocity in the model is validated against experimental data. Subsequently,
application to Weldox 460E steel plates demonstrates excellent agreements in predicting critical thickness for
transition of failure modes, ballistic limit, residual velocity, and the “plateau” phenomenon. Furthermore, the
energy absorption mechanisms are discussed, and comparative analysis reveals distinct energy absorption

mechanisms between Weldox 460E steel and 2024-T351 aluminium alloy plates.

1 Theoretical Model

For completeness, the theoretical model proposed by Yang et al.*?! is provided below. The perforation

energy can be written as
Ep:Eim+Eid+Esf+Egd (1)
in which £ is the perforation energy, comprising the energies absorbed by the initial inelastic impact (£},), the
local indentation (£;y), the local shear failure (£), and the global deformations (£,).
E,. is determined by

1 m N
== v
2M+m °

2

im

in which v, is the impact velocity; M is the projectile mass; m is the plug mass, which can be written
approximately as m = na>Hp, , with p, being the plate density, @ the radius of projectile, and H the plate thickness.
E, is determined by

_ 2 _ Sm
Ey = nd(1 zp)HfO

Key + %O’(Sx)] dey (3)

in which X is the bulk modulus of plate material;  is the ratio of the ultimate local indentation to the plate
thickness; &, is the final compressive strain when the local indentation ends, &, = In[1/(1 —¢)]; o (ex) denotes

the yield stress when strain in the compression direction is £x. &y can be estimated by the following formula!'”’
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in which 7, n and @ are material constants; y is the Taylor-Quinney coefficient, which is taken to be 0.9; c, is the
specific heat capacity of plate at constant pressure; D,, is the dynamic increase factor during perforation.
Eis determined by

WAy T

Ve
Esf:267td(l—¢)HL Toy”DmeXp(—pC e
tCp

7"“)(17 (5)

in which v is the shear strain; y; is the failure shear strain when shear plugging failure occurs; 7 is the shear stress;
¢ is the half-width of shear band; d is the diameter of projectile.

E,q is determined by
Ky
Ey= 7W02+FCW0 (6)

in which W_ is the transverse displacement at the periphery of impact area; K, and F, are the membrane stiffness
and the static collapse load of plate, respectively, whose expressions can be found in Refs. [7, 22].
The dimensionless empirical equation describing the relationship between the global deformations and the

[22]

impact velocity for the localized shear plugging with global deformations (Mode 1II) is proposed by Yang et al.

W,
WOS

2
=D3 {1 - n—arctan [p1 (P~ (pc)]} +(1=ps)exp[-p, (D - D,)] (7N

in which p,, p,, and p; are empirical constants determined by curve fitting; W is the critical transverse

displacement of plate when shear failure occurs in Wen-Jones model"”!

W, = /—ld(0.411;1 +0.42)1n13 (R B,
d NG 2

2 a 2 a ®)

in which A =0, /oy, with o, and o, being the ultimate tensile strength and the yield strength of plate material,

respectively; R is the radius of target plate. The dimensionless parameter @ is expressed as

2
Ty

in which v, is the common velocity of projectile and the impact area, determined by
Mvy=(M+m)v, (10)
@, is the critical value of @ at which the transition of failure modes occurs. For plates perforated in Mode 1 (i. e.,
simple shear failure with global deformation), W /W = 1.
Thus, the residual velocity can be obtained according to energy conservation
_[Mv;-2E,
M+m

(11)

Vr

By letting v, = 0 in Eq. (11), one obtains the equation of ballistic limit

[2E
vy = ﬁ" (12)

And according to Eq. (9), a critical impact velocity v, can be derived

o, D,
Vime = (13)
Pr

Voc = Vme = (1 + %)vmc (14)
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where v, is the critical velocity independent of plate geometry, and v, is the corresponding critical impact
velocity when v,, equals to v, .. Thus, the critical thickness H, at which the transition of failure modes takes place

can be determined as the thickness corresponding to the ballistic limit equals to v,,.

2 Comparisons and Discussion

In this section, the model predictions are compared with available experimental data for the perforation of
Weldox 460E steel plates by a flat-nosed projectile!'®*'!. To further understand the perforation mechanisms,
discussions on energy absorption are made, with a particular focus on the experimentally observed “plateau”
phenomenon.

2.1 Comparisons with Experimental Data

13211 are listed in

Various parameters in the present model for Weldox 460E plates as studied by Bervik et al.!
Table 1. It should be noted that the local indentation right after the initial inelastic impact is admittedly difficult to
determine from experiments, but can be determined through numerical simulations®?. Based on previous studies'** ',

the local indentation ¢ can be approximated in the following formula as a first-order approximation

. 0.065 H/d<0.5 (15)
T 10.07(H/d-0.5)+0.065 H/d>0.
Table 1 Parameters of the present model for Weldox 460E plates'”*"!

Mg d/mm R/mm p(kgm™) K/GPa ¢/(Ikg K™ 7/MPa
197 20 250 7850 196 452 540

n D, /K X Ye &/um o,/MPa
0.25 2.1% 6.8x10™ 0.9 3.12 100 490

o /MPa P P Ps D,

580 1.83 35.73 0.2206 0.3080

2.1.1 Relationship between Global Deformations and Impact Velocity
Fig.1 compares Eq. (7) with the experimental

1.2
data of W /W, versus @—®_*'! for Weldox 460E steel Experimental data of Weldox 460E""
, L = H=6 A H=12
plates perforated by a 20 mm diameter flat-nosed 10 ® -8 $$ < H=16 2&1
projectile. Fig.1 includes as well W /W  versus ®—®, 0.8 mlm v H710 mm
- ) . & 2024-T351 Al
for 2024-T351 aluminium plates from Ref. [22]. It is S 06k |*  —Eq()
clear that good agreement is achieved between Eq. (7) = - WIWe=1
04+
and the experimental data. It should be noted here that
the values of parameters p,, p, and p, are maintained 02r
the same as in Ref. [22], which demonstrates the o — . . . . .
o 0 02 04 06 08 10 12
general applicability of Eq. (7). Db
2.1.2  Ballistic Limit and Residual Velocity Fig. 1 Comparison of Eq. (7) with the experimental data of
Fig.2 compares the theoretically predicted W /W, versus @@ ' for the Weldox 460E steel plates

ballistic limits with the experimental data for Weldox perforated by a flat-nosed projectile

460E steel plates impacted by a 20 mm diameter flat-
nosed projectile. It presents as well the numerically predicted ballistic limit for the 4 mm thick plate as reported by
Beorvik et al.*" and the theoretically predicted ballistic limits given by Wen-Jones model”'! and Wen and Sun

model"”). By comparing the experimental data with the numerical result in Fig.2, it is evident that the present

064202-4
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model gives more consistent results than Wen-Jones
model and Wen and Sun model. It is as well evident
that the present model can predict the “plateau”
phenomenon observed experimentally for plate
thicknesses between 6 mm and 10 mm. It should be
noted here that, for the 20 mm flat-ended projectile
impacting Weldox 460E steel plates, the critical
thickness H, for the transition of failure modes is
5.54 mm, which agrees well with the experimental
observation.

Fig.3 compares theoretically predicted residual
velocities with experimental data for Weldox 460E

plates with different thicknesses impacted by a 20 mm

[aRox e e B il e v % 6 H
350
O Experimental data®"!
300 O Numerical result?!!
= —— Present theoretical model A
é‘ 250 — - Wen-Jones model®! adl
= - L~
< 200t Wen and Sun model L
E o5
o 150+ e
= 100}
m
50
ol N

2 4 6 8 10 12 14 16
Plate thickness/mm

18 20 22

Fig. 2 Comparison between the theoretically predicted ballistic
limits"'”, the experimental data®! and the numerical results*!!
for the Weldox 460E plates impacted by a flat-nosed projectile

diameter flat-ended projectile””. It can be seen from Fig.3 that the predictions given by the present model are in

good agreement with the experimental data for the plates with thicknesses less than 12 mm. For plate thicknesses

of 16 mm and 20 mm, the difference between the theoretically predicted residual velocities and the test data

increases as the impact velocity rises. It is reasonable to assume that plastic deformations of the projectiles become

more severe at higher impact velocities and more energies are absorbed during this process!*™'¥; however, this

effect is not considered in the present model. This implies that the present model can give satisfactory predictions

only when the projectile plastic deformation is negligible. Notably, the sharp increases in residual velocities close
to the ballistic limits (termed “jump” by Bervik et al.'>*'") observed in the experiments are also well predicted by
the present model. This is partly due to the fact that the global deformation drops suddenly (as shown in Fig.1),

which leads to a considerable decline in energy absorption and a jump in residual velocity.

300 - 300 - 300 -
= o Experimental data?!) = o Experimental datal®!) = o Experimental datal!)
; 250 — Present theoretical model ; 250 +— Present theoretical model ; 250 — Present theoretical model
3 200¢ 3 200¢ 3 200¢
< 1501 < 1501 < 1501
> > >
= 100} = 100} = 100}
5 5 5
g S0r z 50¢ Z 50t
2 0 2 0 2 0
100 150 200 250 300 100 150 200 250 300 150 200 250 300 350
Impact velocity/(m-s™) Impact velocity/(m-s™) Impact velocity/(m-s™)
(a) H=6 mm (b) /=8 mm (c) H=10 mm
300 - 300 - 300 -
= o Experimental datal®!! = o Experimental datal®!! = o Experimental datal®"!
é’ 250 — Present theoretical model ; 250 |— Present theoretical model ; 250 | — Present theoretical model
3 200f S 200¢ S 200¢
5 5 ‘S
S 150 S 150 S 150
o o o
> > >
= 100} = 100} = 100}
2 2 2
z2 50r z2 50r 2z 50t
= 0 2 0 2 0 .
150 200 250 300 350 200 250 300 350 400 250 300 350 400 450
Impact velocity/(m's™) Impact velocity/(m's™) Impact velocity/(m's™)
(d) H=12 mm (e) H=16 mm (f) H=20 mm

Fig. 3 Comparisons between the theoretically predicted residual velocities and the experimental datal'!
for the Weldox 460E plates impacted by a 20 mm diameter flat-nosed projectile

064202-5



5539 %

MRRAE: AR RISk il e T 125 8

2.2 Discussions on Energy Absorption

Fig.4 shows the relationships between the four parts of energy absorption of Weldox 460E steel plates and
impact velocity of the 20 mm diameter flat-ended projectile. It is clear that the perforation energy first decreases
and then increases with impact velocity, which is similar to the behavior of 2024-T351 plates**!. Meanwhile,
similar to the 2024-T351 plates, the impact energy of Weldox 460E steel plates increases with impact velocity,

while the indentation and the shear failure energies remain unchanged within the impact velocity range examined.

2.5

2.0

1.5

Energy/kJ

1.0

0.5

—— Total perforation energy

— - Impact energy

— - - Indentation energy

— - - Shear energy

—-— Global deformation energy

R P =
- \\ _ - — - -
:\,L{_,:_ ..
150 200 250 300 350 400
Impact velocity/(m's™)
(a) H=6 mm

Energy/k]J

— Total perforation energy
— — Impact energy

— - - Indentation energy

— - - Shear energy

—-— Global deformation energy

300

Impact velocity/(m-s™)

(b) H=12 mm

Fig. 4 Relationships between the energy absorption of the Weldox 460E steel plates
and the impact velocity of the 20 mm diameter flat-nosed projectile

Fig.5 shows the relationship between the ratios of these four parts (i. e., impact energy, indentation energy,

shear energy and global deformation energy) to the total perforation energy with the impatct velocity. For the
6 mm thick Weldox 460E plate (Fig.5(a)), it is evident that the global deformation energy at the ballistic limit
accounts for a large proportion (approximately 49%) of the total perforation energy. As the impact velocity

increases, the ratio of global deformation energy decreases rapidly, leading to the “jump” phenomenon in residual

velocity as the 2024-T351 plates™™. The indentation energy accounts for a large proportion of the total perforation

energy when the impact velocity is less than 350 m/s. For impact velocity greater than 350 m/s, the impact energy
accounts for the largest proportion of total perforation energy. For the 12 mm thick Weldox 460E plate (Fig.5(b)),
the proportion of the global deformation energy remains small even at ballistic limit, and it decreases further as the
impact velocity increases. It should be mentioned here that the proportions of shear deformation energy in both
plates are relatively small, which is about 10% for the impact velocity range examined. The proportion of
indentation energy of Weldox 460E plates is much greater than that of 2024-T351 plates'*”, which may be due to
the high yield strength and the large local indentation of Weldox 460E steel.

Ratio/%

100

80 -

60 -

40t

20

- — - Impact energy

—-—- Indentation energy

----- Shear energy

--==-Global deformation energy

4' \__\‘_-_‘7 - —_———
150 200 250 300 350 400
Impact velocity/(m-s™)
(a) H=6 mm

Ratio/%
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Fig. 5 Relationship between the ratios of the four parts for the perforated Weldox 460E plates and the impact velocity



539 %5 MR RAE: RISkt T %S %5 6 0]

Fig.6 shows the variations of total perforation energy and its four parts at the ballistic limit with respect to
thickness for the Weldox 460E plates impacted by the 20 mm diameter flat-nosed projectile. It can be seen from
Fig.6 that the impact energy, indentation energy and shear energy at the ballistic limit increase with plate
thickness. However, the global deformation energy first increases with plate thickness when H<H,, and then
decreases with thickness when H>H,_, which is significantly different from that of the 2024-T351 plates (for which
the global deformation energy increases with thickness when H>H **!). This is because the ballistic limit of
Weldox 460E steel plates increases faster than that of 2024-T351 plates when H>H_, resulting a faster decrease of
the global deformation of Weldox 460E steel plates. Moreover, it can be seen from Fig.6 that the slope of
indentation energy gets larger when H>10 mm, which corresponds to the change of the -H relationship as
described by Eq. (15).

Fig.7 shows the ratio variation of the four parts to the total perforation energy at the ballistic limit with plate
thickness for Weldox 460E steel plates impacted by the 20 mm diameter flat-nosed projectile. It can be clearly
seen from Fig.7 that the indentation energy at the ballistic limit accounts for a large proportion of the total
perforation energy for Weldox 460E steel plates, particularly when H>H_, which can be attributed to the high yield
strength and the large local indentation of the Weldox 460E steel. Correspondingly, the global deformation energy
accounts for only a small proportion of the total perforation energy at the ballistic limit for plates thicker than
12 mm. Therefore, it is reasonable to assume that global deformations for thick steel plates can be neglected as

done in some existing theoretical models.

10 100 == -Impact energy
—— Total perforation energy —-— Indentation energy
gl ~ - Impact energy g0 Shear energy
—-— Indentation energy / --—- Global deformation energy
~--— Shear energy 2N N RS Present model H=5.54 mm__.—-—-— ~"7"7"]
g 6 | -——- Global deformation energy ‘// e 60F /./'/
I Present model H,=5.54 mm 4 S P
- ./ = -
g K4 = Do~ ”’;\/./'
m 4r i & 40F DA
e \\\
2t e P 20 I
0 e e il ittt et S Ql=o—"0 0 T
10 12 14 16 18 20 22 2 4 6 8 10 12 14 16 18 20 22
Plate thickness/mm Plate thickness/mm
Fig. 6 Variations of the total perforation energy and its four Fig. 7 Ratio variations of the four parts at the ballistic limit
parts at the ballistic limit with the thickness of the Weldox 460E with the thickness of the Weldox 460E steel plates

plates impacted by the 20 mm diameter projectile

3 Conclusions

In this study, the perforation of Weldox 460E steel plates impacted by a flat-nosed projectile has been
investigated through a previously proposed theoretical model. The main conclusions are drawn as follows:

(1) The previously proposed empirical equation on the relationship between global deformation and impact
velocity can effectively describe the experimental data of Weldox 460E steel plates, which lends further support to
the accuracy and generality of the model.

(2) The predictions given by the model are in good agreement with the experimental and numerical results of
Weldox 460E steel plates, including ballistic limit, residual velocity, the critical conditions for transition of failure
modes, and the “plateau” phenomenon in the intermediate plate thickness range examined.

(3) The energy absorption mechanisms of Weldox 460E steel plates are analyzed and discussed using the

theoretical model. Compared with 2024-T351 aluminium plates, the indentation energy of Weldox 460E plates

064202-7
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takes more significant proportion of the total perforation energy, which can be attributed to the high yield strength

and large local indentation of Weldox 460E steel.

(4) For Weldox 460E steel plates, the energies absorbed by indentation and global deformations at ballistic

limit are nearly equal for thin plates which are failed by Mode 1 (simple shear failure with global deformations).

For thick plates failed by Mode II (localized shear plugging), the indentation energy increases significantly with

plate thickness, whereas the global deformation energy decreases sharply.
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