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ABSTRACT

The inertial force that occurs when a projectile impacts or penetrates depends on various
factors, such as the diversity and heterogeneity of the physical and mechanical characteristics of
the obstacle, as well as the structural features of the projectile. These factors are not calculated
accurately but need to be combined with actual testing to determine. Many studies have been
conducted on the process of projectiles penetrating into soil, rock, concrete, as well as research
on projectiles penetrating steel plates. However, up to now, studies on bullets penetrating wooden
targets are still limited. This is because, in reality, wooden targets are not common battlefield
targets. In fuze tests, wooden targets are widely used to ensure safety and standardisation during
testing, but the acceleration values obtained to activate the fuze have not been quantified. Based
on this reality, this article investigates the applicability of formulas for the process of projectiles
penetrating steel targets in order to apply them when calculating the penetration of projectiles
into wooden targets. The simulation results identified the critical coefficient when projectiles
penetrate into oak wood targets, with projectile sizes ranging from 57 to 100 mm, velocities
ranging from 500 + 1000 m/s, and wood thicknesses ranging from 10 to 50 mm, with values
ranging around 1320+1825. The test firing results for a specific case (76mm projectile, 30mm
thick target) do not deviate much from the simulation.
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1. INTRODUCTION

When a projectile collides with an obstacle, the fuze components may experience a reaction
force, inertia, or stress wave, which serves as a signal to activate the fuze. Among these signals,
the inertial force is commonly used in fuzes for shells or missiles [1, 2]. The inertial force arises
when the projectile slows down during the penetration process into the obstacle. The resistance
of the obstacle depends on many factors, and these factors cannot be calculated precisely but must
be combined with actual experiments to determine. Obstacles, when the projectile penetrates,
include soil, rock, concrete (such as bunkers, trenches, or pillboxes), or steel plates (for armoured
targets). Many studies have been conducted on the process of projectiles penetrating into soil,
rock, and concrete [3-5], as well as studies on projectiles penetrating steel plates [6]. However,
up to now, studies on bullets penetrating wooden targets are still limited. L. Koene and F.R.
Brockhuis used theoretical and experimental models to study 9mm bullets penetrating wooden
targets [7]. Elina Barone, Baiba Gaujena and Janis Videmanis studied the process of 9mm bullets
penetrating wooden layers [8], etc. In general, studies mainly focus on the penetration depth of
small bullets penetrating wooden targets, with little mention of dynamic parameters when
penetrating targets, especially for large bullets used for fuse testing. In fuze testing, wooden
targets are widely used to ensure safety and standardisation during the process, but the
acceleration values obtained to activate the fuze have not been quantified. Based on this fact, this
article investigates the applicability of formulas for projectile penetration through steel plates to
be applied when calculating projectiles penetrating wooden targets.
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2. COMPUTATIONAL MODELS

2.1. The projectile penetration model through steel targets by Zakodoma

When studying projectiles penetrating steel plates, Zakopdoma [6] proposed a model and
method for calculating the resistance when a projectile penetrates a steel plate as follows (figure 1):
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Figure 1. The model for determining the inertial force acting on the fuze components
when a projectile penetrates a steel plate.

Where:
- b is thickness of steel plate;

- H is the length of the conical section of the projectile, assuming that the projectile does not
deform when penetrating the steel target (the length of the conical section remains unchanged).

The kinetic energy of the projectile when it impacts the steel plate:

E - va
2
The kinetic energy of the projectile and the target portion that is destroyed when the

projectile penetrates:

_ (M+M, )V’
2

M is the mass of the projectile, Mgy, is the mass of the broken steel moving with the projectile,
v is the velocity when the projectile hits the target, v is the velocity after the projectile penetrates
the target.

E

The kinetic energy lost to penetrate the target Ey, is calculated according to the formula:
My, Mv: (M+M,)V
T2 2 2
where vy is called the limited velocity (required) for the projectile to penetrate the target.

The distance travelled by the projectile through the steel plate is (b + H), so the time taken to
penetrate the steel plate is:
_b+H 2(b+H)

th
Vy v, +v

From there, we can calculate the average acceleration of the projectile:

(d_V) v, -V vf—v2
dat’” 1,  2(b+H)

To determine the average acceleration and velocity as the projectile penetrates the target, the
author tested to determine the limit velocity value ve:
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Where: d - Size of the projectile, in dm;
b - Thickness of steel plate, in dm,;
M - Mass of projectile, in kg;
o - Angle between the normal and projectile axis;
ka - Coefficient, equal to 1800 with homogeneous steel; equal to 2000 + 2200 with
heterogeneous steel, equal to 2400 when shooting at an angle with heterogeneous steel.

For each type of material, the limiting velocity is different. Based on the model and formula for
calculating the penetration through the steel plate, the article uses the finite element method to
simulate the wood material to determine the coefficient ks, to calculate the kinematic parameters
in the process of the projectile penetrating the wooden target.

2.2. Finite element model of a projectile penetrating a wooden target

To simulate the determination of the critical coefficient ku, use the explicit Ansys dynamics
module to simulate. Below are some assumptions and limitations:

- Impact velocity of projectiles is between 500 — 1000 m/s;

- The direction of the projectile velocity vector coincides with the projectile axis, the projectile
axis is perpendicular to the target plane;

- Projectile size: using 03 types of 57 mm, 76 mm, 100 mm projectiles, the projectile tip is in
the oval shape;

- Wooden target: 10 — 50 mm thick;
- Neglecting the rotational movement, processive tonic movement of projectiles;
The sequence of simulated problem development (figure 2):

Material Building .| Meshing (dividing into
declaration geometric models - standard elements)
handle with solving Set the conditions of

results [ problems < the problem

Figure 2. Sequence of building simulation problems.
- Material declaration:

+ Projectile: select common steel material (Structural Steel) available in the material library of
Ansys software, with the following parameters [9]:

Table 1. Projectile material parameters.

TT | Property Value Unit
1 | Density 7,896 Kg/m?
2 | Specific 452 Kgn-1CH-1
3 | Initial yield stress 3,5¢+8 Pa
4 | Hardening constant 3,5¢+8 Pa
5 | Shear Modulus 8,18e+10 Pa
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+ Wooden target: Choose oak wood in the material library of Ansys, with the following
parameters [10]:

Table 2. Parameters of Oak material.

TT | Property Value Unit
1 | Density 935,7 Kg/m?
2 | Poisson's Ratio 0,3742
3 | Young's Modulus | 2,278e+10 | Pa
4 | Bulk Modulus 3,018e+10 | Pa
5 | Shear Modulus 8,2885e+9 | Pa
6 | Specific Heat 1685 Kg"-1CH-1

- Building geometric models:

The penetration model is built as follows (figure 3):

+ The projectile is a cylindrical part with an oval tip;

+ Square wooden target with size: 0.5mx0.5m, thickness varies.
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Figure 3. Geometric model of projectile impact on wooden target.

- Meshing: The model uses a Lagrange grid, the target and the projectile are meshed with
gradually finer sizes from 8§ mm, 6 mm, 4 mm, 2 mm until the simulation results reach
convergence. Table 3 shows the simulation results corresponding to the fineness of the mesh
divided for a 76 mm projectile, a 30 mm thick target.

Table 3. Simulation results corresponding to the fineness of the meshing.

Projectile 76 mm, b = 30 mm, v.= 600 m/s
Mesh size (mm) 8 6 4 2
Velocity after target v (m/s) 501 | 549 | 569 | 572
Deviation from the previous mesh size 9.6% | 3.6% | 0.5%

When the size was reduced from 4 mm to 2 mm, the simulation results were almost constant
(0.5% change). Therefore, in order to balance the machine running time and the required accuracy,
the projectile and wooden target are meshed to a size of 4 mm.

- Problem-solving: Proceed to solve the problem to determine the velocity after the projectile
penetrates the target to determine the critical coefficient k.

3. SIMULATION CALCULATION RESULTS

Figure 4 is a sequence of images as projectiles penetrate the wooden target. The image of

Journal of Military Science and Technology, 104 (2025), 164-172 167



Mechanics & Mechanical engineering

projectiles penetrating through a wooden target resembles the model of projectiles penetrating
through a steel target that the authors have shown in figure 1.
Figure 4. Image sequence when the projectile penetrates the wooden target.
When the projectile hits the target, the portion of the target that was in contact with the projectile

is smashed. The simulation results show that when the taper of the projectile penetrates the target,
the projectile moves at a constant velocity (figure 5).
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Figure 5. Image of the surface of the target that was shattered by the projectile.

The simulated image shows that the dynamic nature of the process of the projectile hitting the
steel target and the wood target is the same. Therefore, if the simulation results are combined with
the experimental formula (1), the critical coefficient ky, will be determined.

- Simulation results to determine the coefficient ky, for 100 mm projectiles:

Mass M = 10.9 kg, diameter d = 100 mm, impact velocity v.= 500 + 900 m/s, target thickness
b = 10 + 50 mm. The simulation results for the projectile velocity value after hitting the target.
From these parameters, the critical coefficient ki, can be determined. The calculated results are
shown in the figure below (figure 6).

The simulation results for the 100 mm projectile show that the critical coefficient ki ranges
from 1434 to 1825.

+ With the same impact velocity, the kq value decreases as the target thickness increases;
+ With the same target thickness, the ks value decreases as the impact velocity decreases;
+ The thickness of the target increases, and the kq, coefficient tends to converge.

- Simulation results to determine the coefficient kq, for 76 mm projectiles:

Mass M = 9.52 kg, diameter d = 76 mm, impact velocity vc.= 500 + 800 m/s, target thickness
b = 10 + 50 mm. The simulation results for the projectile velocity value after hitting the target.
From these parameters, the critical coefficient ki can be determined. The calculated results are
shown in the figure below (figure 7).
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Figure 6. Coefficient ky for 100 mm projectiles.
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Figure 7. Coefficient ku for 76mm projectiles.

76 mm projectile simulation results for the critical coefficient k=1494 + 1745. The ks value

varies with the thickness of the target, and the impact velocity is similar to the simulation results

for 100 mm projectiles.

- Simulation results to determine the coefficient ky for 57 mm projectiles:
Mass M =4.016 kg, diameter d = 57 mm, impact velocity v.= 500 + 1000 m/s, target thickness
b = 10 + 50 mm. The simulation results for the projectile velocity value after hitting the target.

From these parameters, the critical coefficient ki can be determined. The calculated results are

shown in the figure below (figure 8).
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Figure 8. Coefficient ki for 57mm projectiles.

Results of 57 mm projectile simulation for the critical coefficient ks = 1320 + 1742. The kan
value varies with the thickness of the target and the impact velocity is similar to the simulation
results for 100 & 76 mm projectiles.
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Figure 9. Coefficient ky, with a thickness of 30mm of a wooden target.

When comparing the coefficient ks by projectile size, the simulation results show that the
coefficient ky, increases as the projectile size increases (figure 9). This conclusion is also true for
various thicknesses of the wooden target.

4. EXPERIMENT

The experiment was conducted with 76 mm projectile fired on 76-42 cannon, a wooden target
(plywood) thickness 30 mm. The target was placed 100m from the canon muzzle. A high-speed
camera was used to measure the velocity before the projectile hit the target and after the projectile
penetrated the target (The camera was placed horizontally at the wooden target position) (figure 10).
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Figure 10. Experiment images.

The test was conducted with 10 test shots, the measured results are shown in the following table
(table 4).

Table 4. Results of projectile velocity measurements after the target and corresponding kq, values.

TT Ve (m/s) v (m/s) K TT v. (m/s) v (m/s) K
1 662 635 1519 6 662 635 1519
2 660 634 1484 7 665 638 1522
3 661 634 1518 8 663 635 1553
4 668 640 1557 9 670 644 1493
5 667 640 1524 10 669 644 1458
Average Vetb= 664.7 m/s; vi,= 637.9 m/s; k= 1514.7
Simulation Results |v.= 665 m/s; v =635 m/s; ks,= 1602
Deviation Av =-0.5%; Aku=5.8%

The experimental results show that the velocity deviation between simulation and actual
shooting (0.5%) and the critical coefficient deviation (5.8%) are small. This proves that the
simulation method and the use of an empirical formula to calculate the case of a projectile hitting
a wooden target are reliable enough to use.

5. CONCLUSIONS

From the simulation image, the formula used to calculate the case of projectiles penetrating the
steel target by Zakopdoma [6] can be used to calculate the case of projectiles hitting the wooden
target due to similar dynamic model characteristics.

The simulation results show that the coefficient ki, for the projectile sizes 57, 76, 100 mm, with
the velocity range from 500 + 1000 m/s is in the range of 1320 + 1825. Compared to shooting at a
steel target, when shooting at a wooden target, the coefficient kg has a large dispersion value.
Nevertheless, when calculating the reliability of opening insurance for the inertial block used in
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the experiment, a coefficient with a threshold value can be used to ensure the reliability of the

fuze's operation.
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TOM TAT

Xac dinh thong 56 dong hoc ciia dan khi xuyén qua bia g
bang phwong phap phan tir hitu han

Lue quan tinh xudt hién khi dau dan va xuyén vao muc tiéu phu thudc vao nhiéu yéu té
do tinh da dang va khong dong nhat cdc dac trung co Iy cua chudng ngai ciing nhu cdc ddc
trung cdu tao ciia dan. Cac yeéu 16 nay khong tinh toan chinh xac dwoc ma can két hop voi
thir nghiém thuc té dé xdc dinh. Pd cé nhiéu cong trinh nghién ciru vé qud trinh dan va
xuyén vao nén ddt, da, bé tong ciing nhw cdc nghién ciru vé dan va xuyén vao ban thép. Tuy
nhién dén nay cdc nghién civu vé dan va xuyén vao bia 20 vcfn con han ché chira cé cac cong
trinh nghién ciru dan va xuyén vao bia go Bai vi trén thuc té bia go khong phai la muc tiéu
trén chién truong. T) rong thir nghi¢m ngoi né, dé dam bao an todn va chudn hoa trong qud
trinh thur nghiém, bia go la muc tiéu dwoc su dung rong rdi, nhung gia tri gia toc nhin dge
dung dé kich hoat ngoi né chwa dinh lu"ong dwoe. Tir thuc té d, bai bdo da nghlen cueu kha
nang ung dung cong thirc tinh cho qua trinh dan va xuyén vao bia thép dé dap dung khi tinh
todn cho dan va xuyén vao bia go Két qua mé phong khi dan va xuyén vao bia go S0 voi
co'dan tir 57 + 100 mm, dai van toc 500 + 1000 m/s, chiéu day bia go 10 = 50 mm, c6 hé s0
t6i han nam trong khodng 1320 = 1825. Két qua thir nghiém bén cho mét trweong hop cu thé
(dan 76 mm, bia day 30 mm) cho sai léch khéng nhiéu so véi mé phong.

Tir khos: Pan xuyén bia gb; Pan xuyén bia thép; Thir nghiém ngoi; Chiéu sau xuyén.
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