
Research Article
Dynamic Response of the Steel Plate Under the Impact of
High-Speed Coal Projectile

Chuanjie Zhu , Qi Yu, Ximiao Lu, Baiquan Lin , and Cong Ma

Faculty of Safety Engineering, China University of Mining and Technology, Xuzhou 221116, China

Correspondence should be addressed to Chuanjie Zhu; anq021@126.com

Received 31 December 2021; Revised 16 April 2022; Accepted 31 May 2022; Published 14 July 2022

Academic Editor: Manoj Khandelwal

Copyright © 2022 Chuanjie Zhu et al.�is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

�e coal-rock projectiles induced by gas explosions in coal mines have a strong destructive e�ect onmine facilities and equipment,
which are mostly made of steel. �e LS-DYNA is used to simulate the process of coal projectile striking the steel plate. �e results
show that during the failure process, the morphological change of the projectile consists of three stages including plastic de-
formation, partial crushing, and complete crushing, and the steel plate pits at the impact point. �e duration of the stress peak
value of the steel plate increases as the impact velocity increases.�e farther away from the center point, the smaller the stress peak
value is, and the shorter the duration is. When the impact velocity is 100m/s and 300m/s, the axial velocity curve at the impact
point of the projectile is pulsating. When the impact velocity reaches 500m/s, the axial velocity of the projectile rapidly increases
and then tends to be stable. As the impact velocity increases, the energy absorbed by the steel plate increases, and the rate of
increase also increases. However, the proportion between the absorbed energy of the steel plate and the initial kinetic energy of the
projectile decreases. �e projectile conversion energy of the 1mm steel plate is slightly larger than that of 1.5mm and 2mm steel
plates, and the energy absorbed by the steel plate decreases with the increase in thickness of the steel plate. When the thickness of
the steel plate is more than 2mm, the thickness of the steel plate has little e�ect. �e results of the study have a direct sense for the
antiknock design of coal mine facilities and equipment.

1. Introduction

Gas explosion is the most serious disaster in the process of
coal mine production caused by mass casualties; gas ex-
plosion has become a bottleneck to restrict the safety
production of coal. Once the gas explosion occurs in a coal
mine, the formation of high-temperature and high-
pressure shock waves will cause impact damage to ma-
terials; on the other hand, it will also induce secondary
disasters. For example, high-speed blocks of rock sucked
by shock waves will also cause secondary impact damage
to materials; meanwhile, the broken rock will also re�ect
on the surrounding equipment or personnel to cause
further damage, which not only poses a great threat to
people’s life safety but also causes great damage to various
mining equipment and roadways under the mine,
resulting in signi�cant losses.

A large number of research studies on gas explosion
mechanism and the propagation characteristics of explosion
shock waves through experiments, theoretical derivation,
and numerical simulation have been conducted by domestic
and foreign scholars to e�ectively prevent and control gas
explosive accidents, and researchers derived the general
damage and injury guidelines of explosion shock waves
[1–7]. According to a large quantity of gas explosion disaster
accident site data, the impact air�ow immediately behind the
shock wave front will also produce fatal injury and de-
structive e�ects on people or other equipment with violent
impact, the consequences of which cannot be ignored
[8–10]. �erefore, Yang et al. [11] derived the model of the
decay of the blast shock air�ow velocity based on theoretical
derivation and experimental veri�cation. It concluded that
the shock air�ow velocity can easily reach 100m/s while the
velocity can reach 1000m/s near the explosion source. Lang
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et al. [12] analyzed the destructive nature of gas explosion
through experiments and reported that the calculated ve-
locity of debris entrained by impact airflow will be smaller
than the actual value.

)is paper focuses on the problem that the spherical
coal-rock projectile is impinging on the armor steel plate
protective structure. Experimental research and numerical
simulation are mainly used as quantitative research methods
for the hypervelocity impact problem of the thin plate. )e
physical processes and broken phenomena of hypervelocity
impact of spherical projectiles on thin plates have been
concerned by researchers. Scholars at home and abroad have
made a lot of research results on the distribution of debris
clouds generated by the impact. Piekutowski [13] conducted
a study on the hypervelocity collision problem with different
materials, projectile shapes, impact inclinations, impact
speeds, and the ratio of projectile diameter to target
thickness through experimental methods. According to the
pictures of the debris cloud and the changes of internal
structure, the results showed that the destructive ability
increased as the size of fragments increased, and the de-
structive ability of the disk-shaped projectile and the cy-
lindrical projectile was obviously stronger than that of the
spherical projectile. Bashurov et al. [14] studied on the ul-
trahigh-speed positive collision of steel balls and the 45°
oblique collision with a steel or aluminum alloy single-layer
target plate. It concluded that the number of collision
fragments increased significantly as the impact speed in-
creased, while the size of fragments decreased obviously.
Maiden and Mcmillan [15] qualitatively described the
crushing process of a hypervelocity projectile hitting a thin
plate and considered that the crushing of target material is
caused by the net tensile stress at a certain position of the
material exceeding the dynamic breaking strength of the
material caused by the sparse wave. Iyer et al. [16] studied the
impact of a 2017-T4 aluminum ball with a diameter of
2.35mm on the Ti-6Al-4V shield at a speed of 7 km/s. )e
results showed that the damage modes at the bottom of the
crater included microcracks, shear bands, large grain de-
formation, and recrystallization.

At present, compared with research studies on the
attenuation characteristics of explosive blast velocity, there
are relatively few studies on the impact and destruction
process of coal-rock fragments entrained by the airflow on
the object at home and abroad. Dahl and Schultz [17]
studied the propagation characteristics of stress waves in
the process of hypervelocity impact through LS-DYNA
simulation software. It considered that the collision ma-
terials broke because the tensile stress at a point in the
sparse wave material exceeded the breaking tenacity of
materials. Based on the smooth particle algorithm of LS-
DYNA software, Guan et al. [18] analyzed the fragmen-
tation behaviors of aluminum ball projectiles impacting an
aluminum mesh protective screen at high velocity and
debris cloud characteristics of projectile. Yang [19] in-
vestigated the deformation field caused by a rigid projectile
impacting 316L stainless steel and derived the distribution
of residual stress in the crater by experiments with LS-
DYNA numerical simulations.

)e impact damage process of debris entrained by gas
explosion impact airflow on underground equipment differs
from other elastic material projectiles, which produces
damage to facilities or equipment but also breaks to form
secondary reflection debris for further formation of de-
struction. Normally, complex engineering problems can be
solved by discrete numerical methods. )e finite element
method of LS-DYNA software based on traditional con-
tinuum mechanics provides a good teaching method for the
study of steel penetration problems. It is difficult to observe
the crater formation of the target plate through experiments,
but the crater formation process of the target plate can be
fully understood with the help of numerical simulation.
Numerical simulation can qualitatively simulate the tran-
sient phenomenon of the projectile-steel plate interaction
and give the numerical solution of the entire interaction
process, which makes people have a clear and specific
perceptual understanding of the armor-piercing process
[20, 21]. )ere are few researches on the above process; in
this study, the damage effects formed by coal-rock projectiles
hitting steel plates of different thickness with different ve-
locities in a forward direction were revealed based on the LS-
DYNA numerical simulation method. Moreover, the stress
distribution characteristics and deformation of steel plates
and coal-rock projectiles, the rebounded or crushed scat-
tering process, and speed characteristics were analyzed.

2. Numerical Simulation

2.1. FEM Model. Under the same conditions, the spherical
projectile has the least destructive ability, while the damage
degree of nonspherical projectile is related to the slenderness
ratio and less likely the projectile is to break when the
slenderness ratio is greater than 1 [22]. )erefore, in this
paper, a long rod type of projectile with a diameter of 4mm
and a rod length of 2mm is used as the coal-rock experi-
mental material to study the impact process of coal-rock
projectiles and the characteristics of the fragment cloud
when the projectile rebounds. )e length and width of the
steel plate are 24 cm× 24 cm; the thickness is 1mm, 1.5mm,
and 2mm; and the impact velocities of the projectiles are
100m/s, 300m/s, 500m/s, 800m/s, and 1000m/s, respec-
tively. According to the symmetry of the structure, the 1/4
model was established allowing for calculated time and
period, and the finite element geometry model is shown in
Figure 1(a). )e whole process of the simulation adopted
Lagrange algorithm, finite element, and face-to-face eroding
contact. Considering the accuracy and time-consumption of
the calculation, the mesh was densely divided in the
2 cm× 2 cm square area around the collision point of the
steel plate, and the mesh is sparsely divided in other areas.
)e specific mesh generation is shown in Figure 1(b).
Generally speaking, different impact conditions such as
impact material, shape, size, impact angle, and velocity can
all lead to large differences in the debris cloud generated by
high-speed impact phenomena [23]. Usually, a model is only
suitable for describing the debris cloud generated within a
certain range of impact conditions. On the whole, it is
generally inaccurate to assume that the pressure peak on the
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axis decreases linearly with distance.)erefore, in this paper,
the four observation points of the material model are set on
the same side to observe the change and development law of
the radial stress of the contact wave front when the projectile
penetrates the steel plate face to face. In addition, there were
four observation points set to investigate the damage effect
of high-speed coal-rock projectiles impacting on the steel
plate, of which measurement point 1 was the geometric
center point of the steel plate, and the distances between
measurement points 2, 3, and 4 from the center point
(measurement point 1) are 18mm, 36mm, and 54mm,
respectively, as shown in Figure 1(c).

2.2. Material Models. In this paper, coal is selected as the
projectile material, and its material model is selected as the
Drucke–-Prager model from the LS-DYNA material library,
which obeys the D-P criterion. )e main parameters are
shown in Table 1.

)e steel plate is made of armor steel, and its material
model adopts the linear isotropic strain hardening material
model (Johnson–Cook), following the von Mises criterion,
and the equation can be expressed as follows:

σe � A + B εp
e( 

N
  1 + C ln _ε∗(  1 − T

∗
( 

M
 , (1)

where εp
e is the equivalent plastic strain, _ε∗ the relative

equivalent plastic strain rate, A the yield stress; B the strain
hardening, N the strain hardening exponent, C the strain
rate correlation factor,M the temperature dependent factor,
and T∗ the relative temperature in K; and the equation can
be expressed as follows:

T
∗

�
T − TR

TM − TR

, TR ≤T≤TM, (2)

where T is the outdoor temperature, TR the indoor tem-
perature, and TM the dissolving temperature.

)e fracture of the Johnson–Cook material model is
derived by the following cumulative damage criterion:

D � 
Δεp

e

εp

f

⎛⎝ ⎞⎠, (3)

where εp
e is the plastic strain increment for one integration

cycle, and εp

f is the effective fracture strain at the current time
step. )e cumulative damage criterion refers that when the
damage parameter D exceeds 1, the material fails.

)e expression of the fracture model is defined by the
Johnson–Cook material model as follows:

εp

f � D1 + D2 exp D3
σm

σg

   1 + D4 ln _ε∗(  1 + D5T
∗

( ,

(4)

where D1, D2, D3, D4, and D5 are constants related to ma-
terials; σm is the equivalent stress.D1 ∼D3 can be obtained by
performing different stress triaxiality experiments at the
reference strain rate and reference temperature. )e strain
rate influence constant D4 can be obtained by the tensile test
at different strain rates at the reference temperature. )e
temperature influence constant D5 can be obtained by the
tensile test at different temperatures at the reference strain
rate. )e specific material parameters are shown in Table 2.

Since the experiment of strain rate and temperature
effect on failure strain has not been carried out, and con-
sidering that the stress triaxiality has the most significant
effect on the failure of metal materials, this paper focuses on
the fitting of parameters D1–D3 on the basis of D4 and D5
parameters being zero. )e material parameters of the steel
plate in this paper are mainly derived from the work of Bao
et al. [24], and Chen et al. [25]. )e relationship between the
failure strain and the stress triaxiality can be obtained
according to the quasi-static cylindrical compression ex-
periment, the round rod torsion test, the uniaxial tensile test,

(a) (b)

1 3 42

(c)

Figure 1: Figure of the numerical simulation process diagram. (a) Figure of finite element model; (b) figure of grid partition; (c) figure of
observation point position.

Table 1: Material parameters of coal.

Materials Density (g·cm−3) Shear modulus (GPa) Poisson Friction angle (°) Cohesion (Pa) Divergence angle (°)
Coal 1.4 0.8 0.3 0.55 5×104 1.6
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and the notched tensile test. Combining the relationship
between different initial stress triaxiality and failure strain
obtained by numerical simulation and experimental results,
it can be seen that the change of failure strain under different
stress triaxiality is basically the same. After decoupling
equation (4), the parameters in the first term are fitted, and
finally the parameters D1 � 2.5, D2 � 0, and D3 � 0 in the J-C
failure model are obtained approximately.

2.3. Validation of Numerical Simulation. In this study, a set
of experimental conditions of rock projectiles impacting the
Whipple protective structure was taken to verify the validity
of the numerical simulationmethod as an example of Harbin

Institute of Technology, with projectile diameters ranging
from 6.30mm to 7.40mm, projectile masses ranging from
0.15 g to 0.30 g, and impacting velocities ranging from
1.30 km/s to 2.80 km/s. )e experimental parameters of rock
projectiles and steel plates are shown in Tables 3 and 4. )e
comparison of the calculated results with the experimental
results is shown in Figure 2. As can be seen from the figure,
the numerical simulations and experimental observations
are in general agreement.)e bulge height of the rear plate at
the impact velocity of 1.42 km/s was selected to further verify
the accuracy of the results. It has been shown that the ex-
perimental bulge height is 1.58mm while the numerical
simulation bulge height is 1.68mm, and the error between
the experiment and simulation is 6.3%, which indicates that

Table 2: Material parameters of steel plate.

Elasticity
modulus
(GPa)

Young’s
modulus
(N·m−1)

Poisson Density
(g·cm−3)

A
(N·m−1)

B
(N·m−1) N C M _ε∗

(μ·s−1)
TM
(K)

TR
(K)

Specific
heat Cp

Stress
limit
PC (N/
m)

D1 D2∼D5

71.4 2.1× 1012 0.22 7.83 0.122 5.1× 10−2 0.26 0.014 1.03 10−6 1793 294 0.477×10−5 −9 2.5 0

Table 3: Experimental parameters of projectile material.

Material Shape Diameter (mm) Quality (g) Impact speed Density
Volcanic rock Sphericity 6.92 0.20 1.30 km/s ∼ 2.80 km/s 1.22 g·cm−3

Table 4: Parameters of steel plate calculation model.

Material Size Front target (mm) Rear target (mm) Target spacing (mm)
Aluminum alloy 20 cm× 20 cm 1 3 100

(a) (b)

(c) (d)

Figure 2: Comparison of high-speed impact test and simulation results of two different impact velocities. (a) High-speed impact test results
at 1.44 km/s; (b) high-speed impact simulation results at 1.44 km/s; (c) high-speed impact test results at 2.78 km/s; (d) high-speed impact
simulation results at 2.78 km/s.
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the simulation results and experimental results are basically
in agreement [26]. In summary, the simulation results are in
good agreement with the experimental results, fully verifying
the effectiveness of the numerical simulation method. Based
on this, the characteristic of steel plate stricken by coal-rock
projectiles under high-velocity is further analyzed.

3. Numerical Modeling Results and Analysis

3.1. Impact Fracture Behavior. In this paper, the coal rock is
selected as the material hitting a steel plate with a thickness
of 1mm at a speed of 500m/s, to analyze the process of
projectile impacting the steel plate, and the damage process
of projectile impact is shown in Figure 3. According to the
figure, when the impact time t� 1 μs, neither the steel plate
nor the projectile changes significantly due to the initial
contact; when t� 3 μs, the head of the projectile begins to
plastically deform, and the steel plate also shows a slight
concave tendency; when t� 6 μs, the projectile starts to break
from the head and then spreads to the periphery to move
backward as a whole, while the steel plate begins to deform
and sag downward; when t� 16 μs, the projectile is basically
broken into larger fragments and the steel plate forms pits.
At this time, the bulge height of the steel plate reaches the
maximum value of 0.52mm, as shown in Figure 4. When
t� 56 μs, the projectile is more completely broken into
smaller and numerous fragments and the steel plate begins
to recover from deformation; in the range of t� 16 ∼ 56 μs,
the shock wave in the steel plate propagates around and its
deformation remains basically invariable; after 56 μs, the
bulge height of the steel plate continues to spread in the form
of waves; when t� 92 μs, the projectile is completely broken,
in which the size of fragments becomes smaller and the
number of fragments increases, and the steel plate recovers
partial deformation.

)e morphological changes of coal-rock projectiles
during the entire failure process basically include three
stages which are plastic deformation, partial crushing, and
complete crushing.

(a) When t� 0 ∼ 16 μs, the projectile just touches the
steel plate within 1 ∼ 3 μs during the initial impact
process. When the steel plate is subjected to local
impact load, all projectiles are not broken due to the

low impact speed, only producing different degrees
of plastic deformation. With the increase of the
impact speed, the plastic deformation is more sig-
nificant, and the deformation of the front surface is
larger than that of the rear surface. After t is 5 μs, as
the impact velocity of the projectile continues to act,
the plastic deformation of the projectile increases
and changes more obviously with the increase of the
thickness of steel plate. With the increase of the
impact velocity, the front surface gradually deforms
to approximate a plane in which the axial dimension
further decreases and the radial dimension further
increases. )e rear surface appears spalling, which
occurs over time. )e projectile peels off to form an
approximately hemispherical shell-like debris cloud
that expands with the overall movement of the debris
cloud. When t reaches between 10 μs and 16 μs, the
projectile body at different impact speeds has been
basically broken. At this time, the steel plate forms a
pit with larger size fragments in which the height of
the steel plate bulge reaches the maximum value.

(b) When t� 16 ∼ 56 μs, as the initial impact velocity
continues to increase, the size of the fragments

t=1 μs t=3 μs t=6 μs

t=16 μs t=56 μs t= 92 μs

Figure 3: Impact failure process of projectile.
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formed by the exfoliation of the surface material after
the projectile gets further decreased. )e main
material of the projectile was completely broken to
form a fragment cloud and expanded radially, which
indicates that the shock wave intensity increased
enough to completely break the entire projectile. )e
shock wave in the steel plate propagates around, and
the deformation of the steel plate remains basically
unchanged at this time which means that the height
of the bulge remains basically unchanged.

(c) After t is 56 μs, the bulge height of the steel plate
continuously propagates in the form of waves. When
the impact time approaches 100 μs, the projectile and
the steel plate have been separated with the end of the
impact process. )e steel plate generates deforma-
tion energy, and its stress continuously propagates in

a similar sinusoidal curve. With the increase of the
impact speed, the fluctuation of the curve is more
obvious and the peak value of the steel plate stress is
larger.

In short, the steel plate changes from no obvious de-
formation to obvious deformation, forming pits at the
impact point, and finally has recovered partial deformation.
Due to the propagation of the stress wave inside the pro-
jectile during the impact process, the morphology of the
projectile and the steel plate changes with the intensity of the
stress wave and the position of the interaction at different
times.

3.2. Impact of Projectile Velocity on theDamage Effect. In this
paper, the Z-direction stress and strain at the center point of
the 1.5mm steel plate and three measurement points with
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Figure 5: )e stress curve of steel plate at different impact velocity. (a) Point 1; (b) Point 2; (c) Point 3; (d) Point 4.

6 Shock and Vibration



equal spacing of 18mm are selected to analyze the impact of
the projectile velocity on the damage effect of the steel plate.
As shown in Figures 5 and 6, the change trend of the stress
curve is basically identical to the strain curve.

After the coal-rock projectile hits the steel plate with a
thickness of 1.5mm, the disturbance of the particles of each
part of the object by the suddenly applied load cannot occur
concurrently due to the inertia of the material, which un-
dergoes a propagation process gradually spreading from the
locally disturbed zones to the undisturbed zones [27–29]. It
can be concluded from Figure 5 that the stress of the steel
plate varies with the impact velocity. As shown in
Figure 5(a), at the center point (point 1), when the impact
velocity of the coal-rock projectile is v � 100m/s, the pres-
sure on the steel plate increases during the impact process

which gradually recovers to deform with the stress that is
decreasing and finally tending to zero due to the plastic
deformation; when the velocity reaches 500m/s, the steel
plate undergoes the tensile stress because the projectile has
been broken at this moment. As shown in Figures 5(b)–5(d),
at 18mm, 36mm, and 54mm from the center point (point 2,
point 3, point 4), when the impact time t< 30 μs, the change
in trend of the stress curve of the steel plate is basically
identical to that at point 1 when v≥ 500m/s; the projectile
gets separated from the steel plate where the deformation
energy is produced when t> 50 μs, and the stress of the steel
plate continues to propagate in a similar sinusoidal curve,
where the more obvious the curve fluctuations are as the
impact velocity increases, the larger the peak value of the
steel plate stress is.
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Figure 6: )e strain curve of steel plate at different impact velocity. (a) Point 1; (b) Point 2; (c) Point 3; (d) Point 4.
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It can be concluded by comparing Figures 5(a)∼ 5(d) that
the duration of the peak stress on the steel plate is affected by
the speed and the distance from the center point. When the
impact time t< 30 μs, the duration of the peak stress in-
creases as the impact velocity increases and the peak value
decreases as the distance from the center point increases.)e
peak stress increases as the distance from the center point
increases when t> 30 μs, changing more significantly espe-
cially after 50 μs.

Figure 7 shows the changing curve of the axial velocity at
the impact point of the coal-rock projectiles which hit the
1.5mm steel plate with a speed of 100m/s, 300m/s, 500m/s,
800m/s, and 1000m/s. As shown in Figure 7, when the
impact velocity is 100m/s and 300m/s, the axial velocity at
the impact point of the projectile varies in pulsation because
the bullet attached to the impact point of the projectile
produces elastic deformation after the end of the impact
process [30], while the axial velocity of 300m/s fluctuates
more indeed because the deformation generated during
300m/s impacts greater than 100m/s impact. When the
impact velocity reaches more than 500m/s, the axial velocity
of the projectile increases sharply and then gradually sta-
bilizes; the projectile spreads around in the form of frag-
ments, and the impact point acquires a certain velocity,
causing harm easily with the velocity of the fragments ex-
ceeding the initial velocity [31].

When the projectile hits the steel plate at high speed,
most of its initial kinetic energy continues to be converted
into the kinetic energy of the projectile fragments. Mean-
while, the rest of the initial kinetic energy will be used for
plastic deformation of the impact body, dynamic crushing,
and conversion into internal energy which increases the
temperature of local materials [32, 33]. )e energy absorbed
by the steel plate is not only affected by the impact con-
ditions such as the initial velocity of the projectile, the
thickness of the steel plate, and the diameter of the projectile
but also is related to the material parameters of the projectile

and the steel plate. It is considered that the normalized
energy dissipated and absorbed is greatly affected by the
strength of the steel plate and the quality of the projectile.

Figure 8 shows the change of energy during the impact
process. )e energy absorbed by the steel plate and the rate
of energy growth both increase as the impact velocity in-
creases, while the ratio of the energy absorbed by the steel
plate to the initial kinetic energy of the projectile decreases
accordingly. It can be concluded that most of the kinetic
energy of the projectile during the high-speed impact has
been consumed in the form of deformation energy of the
target plate material [34], and the deformation of the steel
plate increases, the more easily the projectile is broken and
the more complete the fragmentation is, which results in the
increase of the energy consumed by fragments throwing and
the decrease of the residual energy of the steel plate.

3.3. Impact of Steel Plate 1ickness on the Damage Effect.
)e shock wave generated in the steel plate transfers a part of
the kinetic energy of the projectile to the steel plate, which
increases the internal energy of the steel plate under com-
pression. When the reflected rarefaction wave is generated,
the part of the compressed material begins to undergo an
isentropic process of unloading, which increases the mo-
mentum of the material and expands with forward move-
ments. Considering the combined action of various factors
such as shock wave and tensile wave, the fragments pro-
duced by the impactor material expanded into shells and
ejected to the plate [35, 36].

)e maximum fragment size decreases as the thickness
of the steel plate increases under the condition of constant
impact velocity. When the thickness of the steel plate is
1.50mm and 2.00mm, the size of the fragments differen-
tiates little, which reflects that the fragmentation degree of
the main part of the projectile increases first and then does
not change with the increase of the thickness of the steel
plate. )e impact strength of the main part of the projectile
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increases as the thickness of the steel plate increases. When
the thickness of the steel plate increases to a critical value, the
compression degree will no longer be affected by it, which
means that the impact strength suffered remains unchanged
[37].

Figures 9 and 10 show the change rule of stress and strain
of the steel plate with thickness when the impact velocity of
the projectile is 500m/s. According to the figure, the change
rule of stress curve is almost identical to the strain curve. As
can be seen from Figure 9(a), at the center point (point 1),
the stress-strain value of the steel plate first increases and
then decreases when the impact time t< 15 μs, remaining is
the constant value of zero finally; the peak value decreases as
the thickness of the steel plate increases because the pro-
jectile collided with the steel plate and recovered its

deformation in the range of 15 μs. As can be seen from
Figures 9(b)–9(d), at 18mm, 36mm, and 54mm from the
center point (point 2, point 3, and point 4), the velocity of
stress wave propagation and the stress value decrease at
point 2 as the thickness of the steel plate increases due to the
continuous propagation of stress waves; the stress-strain
change values of the projectile with 1.5mm and 2mm have
little difference at points 3 and 4 because the propagation
time increases as the distance to center point increases. At
this time, the peak stresses of the steel plate with 1.5mm and
2mm are greater than that with 1mm because the velocity at
the tensile wave reflected by the steel plate catches up with
the increase in shock wave as the thickness decreases. When
the tensile wave exceeds the shock wave, it will be unloaded
[38]. )erefore, the thickness has a negligible effect on the
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Figure 9: When the impact velocity is 500m/s, the stress of different thickness steel plates is shown. (a) Point 1; (b) Point 2; (c) Point 3;
(d) Point 4.
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peak stress-strain of the steel plate, so the equipment cost
can be saved.

Drawing on the modified JSC equation based on the
Burton Cour-Palais empirical equation of single board
cratering proposed by NASA for the “Apollo” plan, it is
possible to approximate the impact velocity at the critical
penetration of thin plate materials.

)e crater depth after the projectile hits the steel plate:

hc � 5.24D
19/18BH−0.25

b

ρp

ρb

 
υn

Cb

 

2/3

. (5)

In the formula, hc is the pit depth of the steel plate (cm),
D is the rod diameter of the projectile (cm), ρp is the density

of projectile (g/cm3), ρb is the density of steel plate (g/cm
3),

BHb is the Brinell hardness of steel plate (kgf/mm2), υn is the
normal component of the impact velocity of projectile (km/
s), and Cb is the sound velocity of the steel plate material
(km/s).

)e total energy of the system remains conserved ac-
companied by dramatic energy changes, so the initial kinetic
energy of the projectile is rapidly reduced and transformed
into the internal energy and kinetic energy during the impact
process. Figures 11(a)–11(c) show the total energy changes
of the projectile and the steel plate under different thickness.
As can be seen from the figure, the energy of the projectile
converts into 1.69 J during the impact process when the
thickness of the plate is 1mm, accounting for 92.5% of the
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Figure 10: When the impact velocity is 500m/s, the strain of different thickness steel plates is shown. (a) Point 1; (b) Point 2; (c) Point 3;
(d) Point 4.
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initial kinetic energy; the energy of the projectile converts
about 1.8 J when the thickness of the steel plate is 1.5mm
and 2mm, accounting for 99% of the initial kinetic energy,
and energy of the projectile eventually tends to zero. )e
energy absorbed by the steel plate begins to increase, and the
projectile is likely to be broken easily as the thickness of the
steel plate increases, gradually decreasing and tending to
zero. Figure 11(d) shows the relationship between the energy
transformed by the projectile and the energy absorbed by the
steel plate with the thickness of the steel plate. As can be seen
from the figure, the projectile conversion energy of 1mm
steel plate is slightly smaller than that of 1.5mm and 2mm
steel plates, while the difference of the projectile conversion
energy between 1.5mm and 2mm steel plates seems to be
ignored. It can be concluded that the energy absorbed by the
steel plate decreases as its thickness increases. )at is to say,
the thicker the steel plate is, the more the irreversible

crushing of the pore space makes the energy dissipation less
concentrated [39], and the easier the projectile seems to
break, the more the energy lost will be.

After the steel plate is hit by the projectile at a high speed,
the front surface of the steel plate first deforms to form a
crater, while backsplash fragments begin to appear after a
period of continuous action of the shock wave. )e position
where the backsplash starts is farther away from the impact
point than that where the projectile begins to break [40–42].
)e coal-rock projectile begins to break at the contact point
with the steel plate and separates from the main body of the
steel plate. However, as the projectile continues to move
forward, the upward movement of the contact point of the
projectile plate is faster than the upward component of the
rebound speed of the steel plate. Finally, the projectile blocks
this part of the material from continuing to splash back and
makes it follow projectiles move together.
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Figure 11: Figure of the influence of steel plate’s thickness on projectile’s velocity. (a) Point 1; (b) Point 2; (c) Point 3; (d) Point 4.
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4. Conclusions

(1) )e morphological changes of coal-rock projectiles
basically include plastic deformation and partial
crushing and is completely broken during the entire
failure process. However, the steel plate has varied from
no obvious deformation to obvious deformation,
forming a pit at the impact point, and finally has re-
covered partial deformation. When the projectile hits
the steel plate at high speed, most of its initial kinetic
energy continues to be converted into the kinetic
energy of the projectile fragments. Meanwhile, the rest
of the initial kinetic energy will be used for plastic
deformation of the impact body and dynamic crushing.

(2) )e duration of the peak stress of the steel plate
under the same thickness is affected by the speed and
the distance from the center point. )e peak stress
and its duration on the steel plate increase as the
impact speed increases, while the peak stress and its
duration decrease as the distance from the center
point increases when the impact time t< 30 μs.When
the impact time t> 30 μs, the stress and strain of the
steel plate continue to propagate in a trend similar to
a sinusoidal curve, and the fluctuation degree of
curve and the peak stress vary more obvious as the
impact speed increases.

(3) When the impact velocity is 100m/s and 300m/s, the
deformation caused by the axial velocity presenting
arterial changes at the point of impacting the pro-
jectile under the same thickness increases as the
impact velocity increases. )e axial velocity of the
projectile increases sharply and then tends to sta-
bilize when the impact velocity reaches over 500m/s.
Based on this, both the energy absorbed by the steel
plate and the growth rate of energy increase as the
impact velocity increases, while the ratio of the
energy absorbed by the steel plate to the initial ki-
netic energy of the projectile decreases accordingly.

(4) )e thickness of the steel plate under the same
impact speed has little effect on the damage effect of
the steel plate when the thickness of the steel plate is
greater than 2mm. When the thickness of the steel
plate is 1.50mm and 2.00mm, the size of the frag-
ments differentiates little, which reflects that the
fragmentation degree of the main part of the pro-
jectile increases first and then does not change with
the increase of the thickness of the steel plate. With
the increase of the thickness of the steel plate, the
irreversible fragmentation of the pore space leads to
the decentralization of energy dissipation, and the
increase of energy loss makes the probability of
projectile fragmentation increase.
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