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Abstract. The penetration process of rod projectile into concrete target is very complex, and the theoretical
analysis is very difficult. In this paper, by using the engineering approximation method, through some

reasonable simplification of the rod projectile penetration model, the analytical formulas of the penetration
resistance, penetration depth and other important physical quantities are established. Through the
calculation of penetration depth, when the sliding friction coefficient is 0.1, the results are in good

agreement with the experimental results. The results show that the higher the projectile density and the
sharper the shape of the warhead, the stronger the penetration ability.

1 Introduction

Penetration is widely used in both military and civil
fields. It is always the desire of weapon developers to
analyze the penetration mechanism and effect of project-
tile on concrete in theory. However, concrete is a kind of
heterogeneous and anisotropic porous brittle material, its
structure is more complex, and it shows the characteris-
tics related to the strain rate under dynamic loading. The
penetration of projectile into concrete target plate
includes the dynamic process of large deformation,
damage and failure. The damage and failure of material
is very complex, which makes the theoretical analysis
very difficult. In the current research methods, field
experimental research is essential, but it costs a lot of
money and time. Numerical simulation method has the
advantages of high accuracy, and can use some complex
constitutive models, but the method requires high prog-
ramming or operation skills for users, so it is difficult for
beginners to master. However, some common empirical
formulas are difficult to be widely used in engineering
practice due to their limited application scope. Relatively
speaking, the engineering approximate analysis method
has clear physical meaning, simple formula, clear results
and certain accuracy, which is very suitable for the
actual site use in engineering.

Jiao W.J studied the high-speed penetration of long
rod, including the material properties of projectile target,
the shape of long rod warhead, the effect of length
diameter ratio and the design of segmented rod [1]. Yin
Z.Y analyzes the approximate solution of Alekseevskii-
Tate model for ideal long rod penetration [2]. Deng J.J
takes the penetration process of burst type tandem war-
head's rear stage follow-up projectile into the pre
perforated target as the research object. Based on the
conical pre perforated and Coulomb friction model, the
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theoretical model of oval shaped projectile penetrating
into the pre perforated target is developed and improved,
including hole expanding or cratering and stable penetra-
tion [3]. Fan Z.J used shock wave theory to analyze the
mechanism of transverse effect enhanced projectile
penetrating metal target, and gave the approximate
calculation formula of residual velocity after Pele collid-
ing metal thin target [4]. Based on the force analysis of
vertical penetration process and Newton's second law,
Cheng X.L established the rigid body motion model of
warhead, and obtained the variation law of various phy-
sical quantities in the process of vertical penetration by
using numerical integration method [5].

In this paper, the engineering approximation method
is used to simplify the model of the penetration problem
of rod projectile, and the analytical formula of important
physical quantities such as penetration resistance and
penetration depth is established, and the analysis and
verification is carried out by an example.

2 Normal penetration resistance analy-
sis of rod projectile

When the rod projectile penetrates into the concrete
target or hard soil target at medium velocity, the material
of the projectile is much larger than that of the target,
and the deformation of projectile is very small and can
be ignored. For the convenience of studying the problem,
the projectile target coordinate system XOZ is estab-
lished with the initial impact point of the projectile on
the target as the origin O, the vertical downward
direction as the Z axis and the horizontal direction as the
X axis, as shown in Fig. 1. Let the initial impact velocity
of the projectile be Vy, the penetration velocity at any
time be V7 and the projectile vertically invades the
target. The resistance of rod projectile in the process of
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penetration can be divided into two parts: the resistance
of warhead and the resistance of rod sidewall. In order to
simplify the calculation, we make the following assump-
tions.

(1) The projectile is a rigid body and does not deform
during penetration.

(2) When the penetration velocity is low, the
influence of side wall resistance on penetration depth can
be ignored.

(3) The projectile is symmetrical about the XOZ
plane during penetration.
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Fig. 1. Resistance of projectile.

Based on the cavity expansion theory, the resistance
of rod projectile in the process of penetration can be
obtained,

_ 2
F =a,+pV; (1)

Where o; and f; (i=1, 2, 3) are coefficients of
different warhead shapes.

The shape coefficients are analyzed for the spherical
warhead, the oval warhead and the cone warhead, as
shown in Fig. 2.
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Fig. 2. Straight rod projectiles with three different shape
warheads.

(1) Spherical warhead (i=1)
a, :ﬂazKA(1+£,um) B = ﬁazBp(l+z,um)
2 , 2 8 )
Where p is the density of the target medium, K is

the bulk modulus of the target material, A and B are the
target material constant, 4, is the coefficient of sliding
friction, and a is the radius of elastic rod.

(2) Oval warhead (i=2)
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Where s is the radius of the arc of the oval warhead,
6y is the central angle.
(3) Conical warhead (i=3)
{0@ = 7ta’ KA(1 + u,, tan §)

B, = ma’Bpsin® ¢(1+ u, tan §) @)

where / is the length of the warhead and 2¢ is the cone
apex angle of the warhead, tang =a/I .

3 Analysis of penetration depth of rod
projectile

According to Newton's second law, it can be known that
the differential equation of motion when the rod
projectile is penetrating forward is,

M v e Mg F = Mg (e, + BV)
dt dz (5)

where M is the mass of the projectile and Mg is the
weight of the projectile.

The size of s, in the actual penetration process
should be related to the penetration velocity V7 and the
performance of projectile target material. £, is usually a
piecewise function related to the penetration velocity V7,
which makes it difficult to calculate the penetration
depth. In order to simplify the calculation process, we
assume that z4, is a constant in the penetration process.
The initial condition and termination condition are,

{tzO, z=0, V.=V,
t=t ., 2=z, V.=0 6)

By integrating equation (6), the final penetration

depth of rod projectile is obtained,

2
maxzﬂln 1+ﬁ’i
25 a, — Mg

i

H=z
(7
Now let's determine the material parameters in the

formula. The target material constants 4 and B in
formula (2)-(4) are given in reference [6],
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where, 77 is the lock strain volume strain, E is the elastic
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modulus of the target material, and “0is the confined
shear strength of the target material.

The above formula is substituted into the coefficient
formula of warhead shape, and the coefficients a; and f;
(=1, 2, 3) can be determined. Therefore, the penetration
depth of rod projectile with different shape in the target
body can be determined by formula (7).

4 Example analysis

The experimental data of penetration depth of oval rod
projectile into concrete are given in reference [7], as
shown in Table 1. In the table, d is the diameter of rod,
M is the mass of rod, v is the impact velocity of
projectile, and H is the penetration depth.

Table 1. Experimental data of penetration depth.

d/mm | Length diameter ratio| M/g |v/(m/s)| H/mm

58 330 145
56.5 372 123
58 382 175
10 10 58 420 205
58 450 205
58 494 277
58 560 335
6180 | 253 620
6210 | 305 870
40 15 6200 | 355 1120
6200 | 403 1400
6190 | 448 1690
460 206 145
461 252 210
460 312 248
20 10 462 367 327
459 408 357
460 434 437
460 475 475
459 500 536
461 545 628
460 602 730
458 657 863

20 10

By using equation (7), the final penetration depth of
an oval rod projectile impacting a concrete target at an
initial velocity of 0-800m/s is obtained. The comparison
with the experimental data provided in reference [7]
verifies the correctness of the theoretical formula pro-
posed in this paper. The rod radius, warhead radius and

projectile mass are all taken as test data (CRH=3.0). In
this case, the projectile mass in formula (7) should be the
sum of rod mass in Table 1 and calculated warhead mass.
The concrete material parameters are as follows: bulk
modulus K=6.7GPa, density p=2240kg/m3, elastic
modulus E=11.3GPa, shear strength of 4 months
7, =95MPa, lock strain compression volume strain

T =0.04.

Fig. 3 shows the relationship between the penetration
depth H and the initial velocity Vy when the projectile
diameter d and the sliding friction coefficient g, are
different. The discrete data points in the figure corres-
pond to the experimental results shown in Table 1, and
the curve is the corresponding calculation results. It can
be seen from the figure that the sliding friction
coefficient 44, has a great influence on the penetration
depth. The increase of u, will lead to the increase of the
tangential friction on the warhead surface and the
increase of the axial resistance on the warhead, so the
penetration depth decreases accordingly, which is
consistent with the actual penetration process. When
1n=0.1, the penetration depth calculated in this paper is
in good agreement with the experimental results, which
is close to the sliding friction coefficient recommended
in reference [6].
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Fig. 3. Relationship between penetration depth and penetration
velocity of projectile with different values of zsn.

Fig. 4 shows the influence of different projectile
mass M on penetration depth H. The shape of the
projectile is still oval warhead with a=10mm (CRH=3.0).
It can be seen from the figure that the projectile mass has
a great influence on the penetration depth, so the
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warhead with higher density has stronger penetration
ability.
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Fig. 4. Relationship between projectile mass M and penetration
depth H

Fig. 5 shows the relationship between the penetration
depth H and the initial velocity V) when the warhead
shape is conical, oval and spherical respectively. The
diameter of the warhead is a=10mm, the CRH of the
oval warhead is 3.0, and the height of the conical
warhead is the same as that of the oval warhead. It can
be seen from the figure that under the same conditions,
the penetration ability of conical rod projectile is the
strongest, while that of spherical rod projectile is the
weakest. This is because at the same penetration velocity,
the sharper the shape of the warhead, the smaller the
penetration resistance and the greater the penetration
depth. The smoother the shape of the warhead is, the
greater the penetration resistance is and the smaller the
penetration depth is.
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Fig. 5. Relationship between warhead shape and penetration
depth H

In addition, the penetration depth of oval rod
projectile penetrating concrete target is calculated by
using the projectile model and material parameters
described in reference [8], and the results are compared
with those of numerical simulation, as shown in Fig. 6.
In contrast, when z,=0.1, the penetration depth calcu-
lated by approximate analysis is in good agreement with
the numerical simulation results. There is a certain
deviation between the approximate calculation and the
simulation results in the low velocity and high velocity
sections, which indicates that the simplified model used
in the approximate analysis needs to be further improved.
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Fig. 6. Comparison between approximate analysis and
numerical simulation of projectile penetration depth

5 Conclusions

In this paper, based on the cavity expansion theory, the
analytical expressions of the axial resistance of three
kinds of rod projectiles with different shapes are given
by simplifying the model, and the analytical expressions
of the penetration depth are obtained by Newton's second
law. Through the calculation of penetration depth, when
the sliding friction coefficient is 0.1, the results are in
good agreement with the experimental results. The
results show that the higher the projectile density and the
sharper the shape of the warhead, the stronger the
penetration ability. The engineering approximate analy-
sis method is simple in calculation, and it is an important
method to study the penetration problem. However, there
is still a certain gap between the engineering approxi-
mate analysis method and the actual penetration process.
The following aspects need to be further studied.

(1) The engineering approximate analysis method is
mainly used to calculate the penetration depth of long
rod high-speed penetration, and the hole diameter,
residual projectile length and mass need to be further
studied

(2) The influence of material properties of projectile
and target on high-speed penetration of long rod is
deeply analyzed, and the relationship between target
resistance and impact velocity is further studied.

(3) Continue to study the aspect ratio effect and its
mechanism, and establish the theoretical analysis model
which can reflect the aspect ratio effect.

In a word, the in-depth study of engineering approxi-
mate analysis method requires the development of
experimental technology, the use of more advanced
equipment and technology to verify the experiments of
traditional projectile target combination, and the
development of large velocity range experiments for new
projectile target materials, different warhead shapes,
impact attitude and target structure to verify the
experimental phenomena and discover new penetration
phenomena and deformation failure mechanisms. There
is still a long way to go for the development of
engineering approximate analysis method.
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