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Abstract: Rock penetration is an inevitable problem in the study of drilling and projectile penetration.
The penetration resistance of red sandstone and limestone was investigated at projectile speeds
ranging from 600-1200 m/s. The damage characteristics of these rocks were studied via experimental
tests and numerical simulations. The damage condition of the target surface, internal damage state
and crack distribution were obtained. It was concluded that the maximum error of the numerical
simulation and experimental results was not more than 10%. The penetration resistance of limestone
was approximately 23.8% stronger than that of red sandstone. However, the energy absorption effect
of limestone was weaker than that of red sandstone, and large cracks can be more easily formed. The
compaction area of red sandstone was softer, with obvious crack compaction in the crater area, and
particle detachment can more easily occur. Red sandstone was more sensitive to the impact angle
of the projectile. With oblique penetration, the projectile was more likely to deflect inside the red
sandstone target.

Keywords: projectile velocity; red sandstone; limestone; experiment; numerical simulation

1. Introduction

To cope with the threat of increasingly powerful earth-penetrating weapons, in modern
wars ammunition depots, command posts and other fortifications are mostly located inside
mountains. Mountains contain soil, crushed stones, large rocks and other media, resulting
in complex penetration conditions. Red sandstone, limestone and granite are common
rocks in mountains and can be used as natural defense barriers. Therefore, it is of certain
practical significance to study the damage characteristics of projectiles to different rocks
and provide some reference for the research of earth-penetrating projectiles [1-4].

Researchers have conducted extensive penetration tests on concrete and granite. Mu
et al. [5] carried out penetration tests on concrete with 51 MPa strength in the speed range
of 500-1500 m/s and proposed a theoretical model for determining the upper limit of rigid
penetration velocity. Zhao et al. [6] studied the relationship between the shape coefficient
of the abraded projectile head and the target velocity after the test and proposed a modified
model for calculating the penetration depth. Zhang et al. [7] studied the penetration
regularity of projectiles into granite in a large velocity range. Wang et al. [8] obtained the
destruction effects of crater diameter, crater depth and crack distribution on the surface
of the target at three impact speeds. Li et al. [9] carried out tests on the penetration of
high-strength steel projectiles with oval-head long rods into granite at impact speeds
of 1200-2400 m/s with a light-gas gun and proposed a penetration calculation model
considering the mass loss of projectiles. Zhang et al. [10] obtained the relationship between
the penetration depth and penetration speed of granite and established an empirical
formula for predicting the penetration depth of high strength rock. Besides, the synthesis
and characterization of some new brittle materials were also very important topics for
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several applications [11-16]. However, limestone and red sandstone, as common mountain
materials, lack relevant penetration experimental research.

In recent years, research on the static and dynamic mechanical properties of granite,
limestone and red sandstone has been very rich, and the mechanical properties of lime-
stone and red sandstone have been well revealed [17,18]. Yuan et al. [19] found that the
fracture/damage mode of granite is mainly brittle and that the damage starts at the weak
rock—crystal interface. Hoerth et al. [20] analyzed the propagation process of stress waves
in sandstone under high dynamic loading. Yue et al. [21] found that the peak strength,
maximum strain and elastic modulus of prefractured red sandstone increased with increas-
ing crack inclination. Zhang [22] carried out an experimental study on the mechanical
properties of frozen—-thawed red sandstone. During the freeze—thaw process, there are three
deterioration modes: cracking, particle shedding and sheet shedding. According to Grady’s
viewpoint on energy fracture, the influence of the target surface fracture on the energy
loss of the projectile can be obtained [23,24]. The mechanical characteristics of uniaxial
reloading of limestone after damage can be divided into three stages: the stable stage, stable
growth stage and secondary stable stage [25]. Limestone undergoes a linear elastic stage,
plastic hardening stage and failure stage during compression [26,27]. The damage mode of
granite is mainly brittle, whereas limestone and red sandstone have certain elastic—plastic
properties. The mechanical properties of concrete and rock have been well studied by
scholars, but research on the penetration and failure characteristics of rock is very limited.

In limited related studies, the ballistic properties of limestone were revealed to some
extent. Rosenberg et al. [28] penetrated a large number of limestone targets with rigid
projectiles of similar shape and different sizes. It was found that the penetration resistance
of the projectiles decreased with increasing projectile size. Forrestal et al. [29-32] found that
the minimum velocity of a 4340 steel projectile penetrating a limestone target was 300 m/s.
Antoun et al. [33] found that a long-rod projectile with a length-to-diameter ratio of 8.75 had
a stronger penetration ability into limestone than a spherical projectile. Warren [34,35]
carried out oblique penetration tests of limestone targets with a 15-30° inclination using a
blunt-head projectile and developed a penetration model suitable for calculating projectile
deformation based on the test data obtained. Although there is a certain research basis for
the small-bore penetration of limestone at present, the size effect has a great influence on
rock penetration. There is no systematic research on the penetration of shot with a diameter
greater than @30 mm, the penetration performance of red sandstone or the destruction
characteristics of limestone and red sandstone.

Numerical simulation is an important method to study the damage and damage
laws of materials under impact. With appropriate numerical simulation methods, the
generation and propagation of material cracks can be better simulated and the failure mode
of materials can be better characterized [36-39].

At present, there is little penetration test research on red sandstone and limestone due
to the high test cost and high launching requirement of large-bore projectiles. To obtain
the destruction characteristics of different rocks and to clarify the difference in penetration
resistance of common hard targets such as limestone and red sandstone, relevant experi-
ments and numerical studies are carried out in this paper. First, the failure characteristics
of the two rocks are obtained by penetrating red sandstone and limestone targets with
30 mm projectiles at different speeds. Then, the relevant numerical model is established and
verified with the experiment. Finally, a wide range of parameter analyses are carried out
by means of numerical simulation, including analyses of the influence of the penetration
speed, target impact angle and intensity on penetration performance.

2. Experimental Study
2.1. Materials and Properties
The rock used in this test came from Jiangsu Province, China. Due to the different

environments of the region, the mechanical properties of the same type of rock can also
be different. Moreover, the formation and composition of different rocks can also be very
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different. The particle size of red sandstone is approximately 0.1~0.5 mm [40], and the
particle size of limestone is 0.01~0.10 mm [41]. Therefore, it was necessary to study the
mechanical properties of the rock before testing and numerical simulation to ensure the
reliability of rock data in numerical simulation. This section introduces the preparation
of rock specimens and carries out quasistatic compression tests and static Brazilian disc
splitting tests on red sandstone and limestone to obtain the uniaxial compressive strength
and tensile strength of the two rocks. The mechanical properties of the two rocks are
compared and analyzed in detail, and the reasons for the differences are obtained.

Quasistatic compression tests were performed on cylindrical specimens with a size of
@40 x 80 using strain rates of 2 x 10~*s~ 1 and 2 x 1073 s~1. Three tests were conducted for
each material, and the test groups are shown in Table 1. The average compressive strength
of limestone was 117.36 MPa, and the average compressive strength of red sandstone was
56.10 MPa.

Table 1. Groups of quasistatic compression tests.

. . . . Compressive
-1

Specimen Number Strain Rate/(s—1) Specimen Size/mm Strength/MPa
Red Sandstone-1 2x 1074 241.3 X 79.6 59.12
Red Sandstone-2 2x10°4 @40.5 x 79.5 58.28
Red Sandstone-3 2x1073 @419 x 79.4 50.89
Limestone-1 2x 1074 242.5 x 80.0 110.79
Limestone-2 2x 1074 241.9 x 80.0 114.48
Limestone-3 2x1073 242.3 x 79.9 126.80

The Brazilian disk splitting test was performed on cylindrical specimens with a dimen-
sion of @50 x 25. To ensure the repeatability of the test data, three tests were carried out for
each rock. The size and results of the test pieces are shown in Table 2. The average tensile
strength of limestone was 4.437 MPa, and the average tensile strength of red sandstone was
1.483 MPa.

Table 2. Splitting test grouping.

. Compression . . Tensile
Specimen Speed/(m-s-1) Diameter/mm Thickness/mm Strength/MPa
Red Sandstone-1 2.0x1077 49.08 25.90 1.51
Red Sandstone-2 2.0 x 1077 49.36 25.80 1.11
Red Sandstone-3 2.0x 1077 50.11 24.89 1.83
Limestone-1 2.0x 1077 48.24 24.71 3.77
Limestone-2 2.0 x 1077 48.58 24.74 4.05
Limestone-3 2.0 x 1077 49.44 24.67 5.49

2.2. Experimental Setup

Considering the test cost, the experiment was conducted two times. The projectile
with the lower speed was fired with a 30 mm smoothbore gun, and the field layout is shown
in Figure 1a. The projectile with the higher speed was fired with a 60 mm smoothbore gun,
and the field layout is shown in Figure 1b. The projectile body was launched by a 30 mm
gun with a nylon airlock ring, as shown in Figure 2a. The projectile body was fired with a
60 mm gun with a nylon sabot and the projectile surface was painted to facilitate better
capture of the projectile with the high-speed camera, as shown in Figure 2b. The rock target
was a 600 mm x 600 mm square area with a length of 1 m. The rock target was placed in a
steel ring with a diameter of 1 m and C40 concrete was filled between the target and the
steel ring, as shown in Figure 3. The projectile material was 30CrMnSiNi2A. After heat
treatment, the dynamic yield strength exceeded 1 GPa, and its composition distribution is
shown in Table 3.
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Figure 1. Test site layout: (a) 30 mm-diameter smoothbore gun; (b) 60 mm-diameter smoothbore gun.

(a) ( b) Projectile Sabot Obturating R\ing

Projectile  Obturating Ring Black\Paint A

Figure 2. Test projectile: (a) 30 mm smoothbore gun test projectile; (b) 60 mm smoothbore gun test
projectile.

(a) (b)

Figure 3. Test target: (a) red sandstone target; (b) limestone target.

Table 3. Steel composition for 30CrMnSiNi2A.

Component C Si Mn Cr Ni S P
proportion (%) 0.31 1.08 1.16 1.07 1.67 0.005 0.011
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To study the differences in penetration resistance of different rocks, three test schemes
for the penetration of red sandstone and limestone at different speeds were designed, as
shown in Table 4. In the experiment, a high-speed photography system was placed in front
of the target to measure the actual impact velocity and target attitude of the projectile.

Table 4. Test scheme.

Target Number Target Material Si:aer(fne rtn) Proj ec:;l)e Mass DiaPlfloejteecrti(ﬁm) Vell)(l;(c)gte;t(irl:ls) Launch Carrier
R1 600 30 mm artillery
R2 Red sandstone 21000 x 1000 968.8 30 900 60 mm artillery
R3 1200 60 mm artillery
L1 600 30 mm artillery
L2 Limestone ©1000 x 1000 968.8 30 900 60 mm artillery
L3 1200 60 mm artillery

2.3. Experimental Results and Discussion

To study the difference in penetration resistance between red sandstone and limestone,
penetration tests on red sandstone and limestone targets were conducted at three different
projectile speeds of 600 m/s, 900 m/s and 1200 m/s. An analysis of the total penetration
depth P, crater depth H, crater diameter &, crack propagation, etc., was carried out, and
the results are shown in Figure 4. The conditions of the red sandstone and limestone targets
after testing are shown in Figure 5.
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Figure 4. Test results: (a) penetration depth; (b) crater depth; (c) crater diameter.

Figure 4 shows that when the penetration speed was 1100 m/s, the limestone target
was close to being penetrated, but the red sandstone target was penetrated. It can be
concluded that the penetration resistance of limestone is stronger than that of red sandstone,
but the opening and collapse area of the limestone target surface is large because limestone
is more brittle than red sandstone. With increasing impact velocity, the growth trends of
the penetration depth and crater depth of limestone and red sandstone were similar, and
the crater diameter hardly changed.

Figure 5a—c,e—g show the front views of the red sandstone and limestone targets after
penetration, respectively. When the projectile penetrates the target, the stress wave was
transmitted from the target point to the rock—concrete contact surface in four directions.
Part of the stress wave was emitted to form a reflected wave, resulting in cracks on the
rock target. Part of the stress wave perpendicular to the rock—concrete contact surface was
transmitted into the concrete to form a transmission wave; this wave was reflected back and



Appl. Sci. 2022,12, 6120

6 of 18

forth on the steel hoop and rock—concrete contact surface, resulting in cracks on the concrete
target. The concrete at the top corner of the two adjacent contact surfaces was subjected to
stress in the direction of the red arrow in the figure; the stress concentration will most likely
cause cracks and collapse. The target surface cracks increased with increasing penetration
velocity. The limestone target surface cracks extended radially from the compaction area to
the target edge. Most of the target surface cracks of the red sandstone extended radially
from the edge of the crater region to the target edge. Only a few large cracks existed in
the crater region. This was because the grains in red sandstone were looser than those
in limestone, resulting in the compaction of most of the cracks in the crater region. At
the same impact velocity, there were more cracks on the limestone target than on the red
sandstone target, which also showed that limestone more easily formed cracks than red
sandstone.

Caying (3
Region |

(d) 602 m/s (e) 913 m/s (f) 1141 m/s

Figure 5. Red sandstone and limestone targets after tests: (a—c) are red sandstone; (d-f) are limestone.

The damaged areas of the rock target surface were the crater region (red solid line
area in the figure), collapse area (blue solid line area in the figure) and crack propagation
area (black dotted line in the figure). Figure 5 shows that with increasing impact velocity,
the greater the crater region close to the regular circle was, the smaller the collapse area
was. The shape of the crater region on the red sandstone target surface was close to a
disk. There were obvious spallation marks in the crater region of red sandstone, which are
indicated by the blue arrow in the figure. With increasing projectile impact velocity, the
more spallation marks there were, the more obvious they were, which was related to the
nature of the granular clastic structure of red sandstone. The shape of the crater region on
the limestone target was close to a funnel shape. At the corresponding impact velocity, the
limestone collapse area was smaller than that of red sandstone, and the collapse area was
always accompanied by cracks. The target surface of red sandstone had the phenomenon
of lamination, which was more sensitive to the impact of target surface cracks.
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In summary, the study of limestone and red sandstone anti-assault tests resulted as
follows: Limestone had a higher penetration resistance ability than red sandstone. Due to
the stronger brittleness of limestone, limestone was more likely to have large cracks and
a greater open area during the invasive process. Due to the granular debris structure of
the red sandstone, penetration of the red sandstone target surface was more likely to occur,
and the target surface was more likely to be affected by cracks.

3. Numerical Simulation Analysis
3.1. Simulation Model Setup

The projectile used in this paper was a solid projectile. The diameter of the projectile
was 30 mm, the length was 205 mm, the curvature-diameter ratio ¢ was 4 and the head of
the projectile had a 2 mm fillet. The mesh size of the projectile was 2 mm. The target had a
600 mm x 600 mm square area and the target thickness was 1 m. To reduce the computation
period, the target was processed in two steps. First, because forward penetration was
studied in this paper, 1/4 of the models were used for modeling. Second, grid densification
was carried out within the range of 150 mm x 150 mm (in the red box in Figure 6) centered
on the impact point of the projectile to improve the contact accuracy of the projectile target.
The mesh size of the encrypted area was 2 mm. The remaining part adopted the grid
processing method of the grid’s gradual change (the direction indicated by the red arrow in
Figure 6), and the gradual change rate was 1.03 to ensure correct stress wave propagation
and crack propagation in the target. The 3D modeling of the target and the projectile is
shown in Figure 6.

Gradient
Direction

_Refined
Grid —

Gradient
Direction

(b) (c)

Figure 6. Establishment of 3D model: (a) projectile model; (b) sectional view of target 1/4 model;

(c) target impact surface 1/4 model.

In the model, the projectile consisted of 30CrMnSiNi2A, of which the material pa-
rameters are shown in Table 5. The targets were red sandstone and limestone. Since the
projectile velocity studied in this paper was 600-1200 m/s, which belongs to the medium
and low speed ranges, and the penetration process had little impact on the projectile
shape and quality, the projectile was regarded as a rigid body for numerical simula-
tion and the projectile adopted the *MAT_RIGID material model, as shown in Table 5.
Limestone adopted the *MAT_RHT material model. The projectile-target contact used
*CONTACT_ERODING_SURFACE_TO_SURFACE to describe the interaction between the
projectile and target.

Table 5. Main parameters of projectile materials.

Name

Material Density/ (g-cm %) Young's Modulus/GPa Poisson’s Ratio

Projectile

30CrMnSiNi2A 7.85 211 0.3
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The Riedel-Hiermaier-Thoma (RHT) constitutive model, proposed by Riedel W.,
Thoma K., Hiermaier S. and Schmolinske E. in 1999, comprehensively considers various
damage factors of concrete, such as compression damage, cracking and softening [42,43].
The RHT model integrates the characteristics of various constitutive models describing
concrete materials, considers various phenomena, such as compression damage, strain hard-
ening, strain softening and cracking softening after failure, and is suitable for calculating
the deep penetration process of rock and concrete materials [44,45].

According to the results of the quasistatic test, dynamic mechanical test and Brazilian
disc splitting test, key parameters such as the uniaxial compressive strength and tensile
strength were fitted, and then other parameters were obtained by reference to previous
tests [46]. Finally, the different rock material model parameters are shown in Table 6.

Table 6. Main parameters of limestone and red sandstone materials.

Name pl(g-em™3)  f./MPa f,/MPa fi G/GPa &y B Dy D,
Red Sandstone 2.575 56.10 1.48 0.024 105 0.01 0.0105 0.053 1
Limestone 2.651 117.36 4.44 0.028 16.7 0.012 1.6 0.058 1

3.2. Model Verification

The Forrestal penetration formula, numerical simulation calculations and experimental
tests of projectile penetration into limestone are introduced and the research data are shown
in Figure 7 and Table 7. After the experimental tests, to study the internal crack distribution
of the rock target, cross-sectional target analysis was carried out for the red sandstone target
with a projectile impact speed of 1107 m/s, as shown in Figure 8. In addition, cross-sectional
target analysis was carried out for the limestone target with an impact speed of 913 m/s, as
shown in Figure 9.

T
Limestone

Ry

100

98cm
90 + Red
sandstone

80

70

P/cm

T0em

60
50

Forrestal formula
m  Experiment .

. —A— Simulation
33.5cm E
1 1 1 1 L L

600 700 800 900 1000 1100 1200
V/(mes™)

40+

30+

Figure 7. Effect of velocity on penetration depth.
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Table 7. Red sandstone and limestone penetration depth data.

V(M/S) P1/CM Pz/CM P3/CM T1/°/o Tz/o/o T3/°/o

Red 593 47 46.25 43 1.60 1.30 0.03

S de 890 81 90.95 83.3 12.28 238 8.4
andstone 1107 1% 129.58 1% - - -
602 335 35.3 31 5.37 7.46 12.18

Limestone 913 70 69.72 68.2 0.4 257 2.18
1141 98 100.61 94 2.66 4.08 6.57

Note: P, is the test result; P, is the calculation result of Forrestal formula; P is the numerical simulation calculation
result; * indicates that the target is penetrated; T is the error between P; and P;; 1, is an error between P; and Ps;
T3 is the error between P, and P3; — means no data.

(@) (b)

Figure 8. Internal crack of red sandstone target at impact velocity of 1107 m/s: (a) experimental
result; (b) numerical simulation results.

(b)

Figure 9. Internal crack of the limestone target at a projectile impact speed of 913 m/s: (a) experimen-
tal result; (b) numerical simulation results.

Figure 7 shows the effect of the projectile impact velocity on the penetration depth
of the red sandstone and limestone targets. The blue curve is the result calculated by the
Forrestal penetration formula, the black square scatter represents the test data, the red
triangle is the numerical simulation data and the red curve is the result obtained by fitting
the numerical simulation data. With increasing impact velocity, the penetration depth
gradually increased, and the curve was slightly concave. When the projectile penetrated
the red sandstone target at low speed, the numerical simulation results and Forrestal
penetration calculation results were in good agreement with the experimental data. When
the speed reached medium and high speeds, the error became larger, and the trends of the
Forrestal curve and numerical simulation curve were similar. The experimental data of
the projectile penetrating the limestone target were almost consistent with the calculation
curve of the Forrestal penetration formula.
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Table 7 shows the results of the experimental tests, numerical simulation and Forrestal
penetration formula of projectile penetration into the red sandstone target and limestone
target as well as the error analysis among them. The error between the calculation results of
the experimental tests and numerical simulation was less than 10%. Through experimental
verification, the correctness of the numerical simulation calculation was proven. Addition-
ally, the Forrestal penetration formula was also applicable to the penetration calculation of
red sandstone and limestone.

Figure 8 shows the distribution of internal cracks in the target after the projectile with
an impact velocity of 1107 m/s penetrated the red sandstone. Figures 8a and 9a show the
test results, and Figures 8b and 9b illustrate the numerical simulation results. Figure 9
shows the distribution of internal cracks in the target after the projectile with an impact
velocity of 913 m/s penetrated the red sandstone. Figure 8a,b are divided into five areas.
Area 1 is the crater region; zone 2 is the radial crack zone; zone 3 is an oblique crack zone
extending along the penetration direction; zone 4 is the compaction zone and tunnel zone;
and zone 5 is the back crater area caused by scouring. Figure 9a,b are divided into four
areas, which are the same as the first four areas in Figure 8.

Figure 8a shows the red sandstone target. When the projectile entered the target at
certain angles, the penetration trajectory was tilted. Figure 8a depicts a large red sandstone
particle falling off the blue frame, which was due to the large crack indicated by the black
arrow at the tail of the target that resulted in the fragmentation of some red sandstone
particles during target cutting. In the process of target cutting, due to the cracks under the
target surface and the soft material of red sandstone, the hole diameter and depth of the
target were increased.

Figures 8 and 9 show that in zone 1 of the target, after the projectile penetrated the red
sandstone and limestone targets, a more standard conical crater was formed. However, the
opening diameter in the simulation model was slightly smaller than that of the test results
because the test target fell off and was damaged during the target cutting process.

Figures 8 and 9 show that in zone 2 of the target there were many cracks in the red
sandstone target, but most of the cracks were narrow, whereas there were few cracks in the
limestone target, but these cracks were wide. Compacted cracks were found in zone 2 of
the red sandstone target, as shown by the red arrow in Figure 8a. The numerical simulation
was in good agreement with the number, trend and position of cracks in the test results.

Figures 8 and 9 show that in zone 3 of the target, the number of cracks along the
penetration direction in the limestone target was increasingly obvious. The numerical
simulation agreed well with the trend and position of cracks in the test results, but the
number of cracks was slightly different.

Zone 4 in Figures 8b and 9b shows that the diameter of the compacted zone of red
sandstone was significantly larger than that of limestone because the red sandstone material
was easier to crush and damage at the same speed. The diameter of the compacted zone
was similar to that of the test results.

In Figure 8a, the upper part of zone 5 became detached during target cutting and
the lower part had two oblique cracks along the penetration direction, which caused the
red sandstone near the penetration hole to fall off and form a back crater area in the red
sandstone. There were two short cracks along the penetration direction in the upper/lower
part of zone 5 in Figure 8b, which is very similar to Figure 8a. Since the limestone target
was not penetrated, there was no back crater area.

In summary, after the projectile penetrated the rock, the cracks formed on the limestone
target were few and wide, whereas the cracks formed on the red sandstone target were
dense and fine. The diameter of the compaction zone of red sandstone was larger than that
of limestone, and the damage to the penetration path was more serious. The penetration
resistance of red sandstone was obviously weaker than that of limestone, but the surface
collapse area of the red sandstone target was smaller. In the process of penetration, red
sandstone was more sensitive to the attitude of the projectile. The numerical simulation
results were very similar to the experimental results, which shows the reliability of the
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material parameters and constitutive equation. The Forrestal penetration formula was
also applicable to the penetration calculation of red sandstone and limestone. When the
projectile penetrated red sandstone at low speed and limestone at medium speed, the three
results demonstrated the best agreement, and the error was no more than 5%.

3.3. Parameter Analysis
3.3.1. Effect of Impact Velocity on Penetration Performance

The impact velocity range of the projectile was 600 m/s-1200 m/s and the interval
between two adjacent impact velocities was 100 m/s. The damage to the target after
penetration is shown in Figure 10. The depth versus time curves, penetration speed versus
time curves and acceleration versus time curves of the projectile penetrating red sandstone
and limestone are shown in Figures 11 and 12, respectively.
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Figure 10. Distribution of internal cracks in limestone after penetration at different speeds.
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Figure 12. Data of projectile penetration into limestone target: (a) penetration depth versus time
curve; (b) penetration velocity versus time curve; (c) penetration acceleration versus time curve.

Figure 10 shows that after the projectile penetrated the rock target, there were obvious
crater regions, tunnel areas, compaction areas, plug blocks and cracks on the target. When
the projectile hits the target, it produced a strong impact force. The projectile was squeezed
into the target, resulting in the fragmentation of nearby rocks into fine particles. Then, it
was squeezed between the projectile and the undamaged target and compacted to form
a compaction area (red area in the figure). As the impact force of the projectile decreased
with increasing penetration depth, the farther away it was from the projectile surface, the
smaller the diameter of the compaction area. With increasing projectile impact velocity,
the diameter of the compaction area of the red sandstone target increased slightly, and the
diameter of the compaction area of the limestone target obviously increased. The diameter
of the compaction area of red sandstone was generally larger than that of limestone. This
was because the strength of red sandstone was less than that of limestone, and the material
had a granular clastic structure, which was easier to crush.

With increasing projectile impact velocity, the penetration depth of the projectile
increased gradually. When the projectile impact velocity was greater than 1000 m/s, the
projectile penetrated the red sandstone target. There were large cracks across the entire
target around the tunnel area, and the number of cracks gradually increased with increasing
projectile impact speed. There were fewer large cracks in the red sandstone target than in
the limestone target because the red sandstone material had a better energy absorption
effect and did not easily form large cracks.

Figure 10 shows that when the impact speed of the projectile was 1141 m/s, the
projectile penetrated the 1 m thick limestone target, an obvious blanking block was formed
behind the target, and the crack extended behind the target.

Figures 11a and 12a show that the limit velocity of the projectile penetrating the 1 m
thick red sandstone target was 900-1000 m /s, whereas the limit velocity of the projectile
penetrating the 1 m thick limestone target was 1100-1200 m/s. Taking the intermediate
values for their limit speed, the anti-aggressive ability of limestone compared with that of
red sandstone increased by 23.8%.

Figures 11b and 12b show the curves of the velocity of the projectile penetrating the
red sandstone and limestone targets with time. The curves of the projectile penetrating
velocity with time were basically similar. When the impact velocity was 1000 m/s, the
residual velocity after the projectile penetrated the target was 146 m/s; when the impact
velocity was 1107 m/s, the residual velocity after the projectile penetrated the target was
220 m/s.

Figures 11c and 12c show the time-varying curves of the acceleration of the projectile
penetrating the red sandstone and limestone targets with time. The time-varying curve
of the acceleration of the projectile penetrating the red sandstone target was similar to
that of the limestone target. In the process of penetration, the acceleration of the projectile
first increased sharply, then decreased at a faster speed, and then decreased slowly to
0. Regardless of the impact velocity of the projectile, the maximum acceleration of the
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projectile occurred when the projectile just entered the target. The higher the projectile
impact velocity was, the greater the maximum acceleration in the penetration process.

3.3.2. Effect of Impact Angle on Penetration Performance

The impact velocity of the projectile was 890 m/s when the impact angle of the pro-
jectile was 0°, 5°, 10°, 15° and 20°. The crack distribution results, acceleration versus time
curves, depth versus time curves and velocity versus time curves of projectiles penetrating
red sandstone and limestone are shown in Figures 13 and 14, respectively.
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Figure 13. Results of projectile oblique penetration into red sandstone target: (a) penetration ac-
celeration curve in X direction; (b) penetration acceleration curve in Y direction; (c) penetration
depth-variation curve in X direction; (d) penetration depth-variation curve in Y direction; (e) penetra-
tion velocity-variation curve in X direction; (f) penetration velocity-variation curve in Y direction.
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Figure 14. Results of projectile oblique penetration into limestone target: (a) penetration acceleration
curve in X direction; (b) penetration acceleration curve in Y direction; (c) penetration depth-variation
curve in X direction; (d) penetration depth-variation curve in Y direction; (e) penetration velocity-
variation curve in X direction; (f) penetration velocity-variation curve in Y direction.

According to the damage results of the target in Figures 13 and 14, the larger the
impact angle of the projectile was, the more serious the path deflection of the projectile in
the target. However, red sandstone was more sensitive to the impact angle of the projectile
than limestone. When the impact angle of the projectile was 20°, the projectile deviated
out of the target from the side. The cracks deviating from the deflection direction were
generally long, and the cracks formed by the red sandstone target were fine and dense,
whereas the cracks formed by the limestone target were wide and long. The larger the
impact angle of the projectile was, the more serious the collapse at the opening of the
target. The collapse at the opening of the limestone was more serious than that of the
red sandstone. This was because the material of the red sandstone had a granular elastic
structure, which has a good energy absorption effect and can be more easily compacted,
whereas limestone is brittle.

Figures 13a and 14a show the acceleration curves of the projectile in the X direction
with time. The acceleration of the projectile penetrating limestone was larger than that of
the projectile penetrating red sandstone. When the impact angle of the projectile was 5°, the
maximum acceleration of the projectile was the largest, and then the maximum acceleration
decreased slightly with the increasing impact angle. According to the time-varying curves
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of acceleration in the Y direction in Figures 13b and 14b, the acceleration of the projectile
penetrating red sandstone was less than that of penetrating limestone as a whole because
the deflection of the projectile in the limestone target was less than that of red sandstone.
With increasing projectile angle of incidence, the maximum acceleration of the projectile
gradually increased.

Figures 13c and 14c show the time-varying curves of the depth of the projectile in
the X direction. The penetration depth of the projectile in the X direction changed as a
log function with time. When the projectile penetrated the red sandstone target at an
angle of 20°, the penetration depth of the projectile in the X direction first changed as a
log function and then changed linearly with time because the projectile deviated from
the target to the side. The penetration depth of the projectile in the X direction increased
with increasing landing angle. Figures 13d and 14d show the time-varying curves of the
depth in the Y direction of the projectile. The penetration depth in the Y direction of the
projectile decreased with increasing landing angle. The penetration resistance of limestone
was stronger than that of red sandstone. Compared with limestone, red sandstone was
more sensitive to changes in the projectile angle.

From the time-varying curves of the projectile velocity in Figure 13e,f and Figure 14ef,
it was found that the velocity of the projectile in the Y direction increased first and then
decreased. When the projectile penetrated the limestone target, the maximum velocity in
the Y direction was less than that of the red sandstone as a whole. When the projectile
penetrated the red sandstone target with an impact angle of 20°, the residual velocities in
the X direction and Y direction were 68.2 m/s and 117 m/s, respectively.

3.3.3. Effect of Target Material Strength on Penetration Performance

The projectile impact speed was set at 890 m/s. Penetration tests were carried out on
five targets with uniaxial compressive strengths of 80 MPa, 100 MPa, 120 MPa, 140 MPa
and 160 MPa. An elastoplastic model was selected for the projectile. The internal damage
and penetration depth of the target are shown in Figure 15. The maximum acceleration of
the target is shown in Figure 16.
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Figure 15. Relation between penetration depth and target strength.

Figure 15 shows that when the strength of the target was not greater than 100 MPa,
the diameter of the compacted zone was large, and the cracks on the section were fine
and dense. When the strength of the target was greater than 120 MPa, the diameter of
the compacted zone was small, and the cracks were small and wide. When the target
strength was not greater than 120 MPa, the penetration depth decreased linearly with
increasing target strength. When the target strength was greater than or equal to 140 MPa,
the penetration depth decreased gradually with increasing target strength. The penetration
depth decreased sharply from 120 MPa to 140 MPa. When the target strength varied from
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80 MPa to 160 MPa, the penetration depth decreased in three stages (i.e., gently decreased,
sharply decreased and gently decreased).
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Figure 16. Relation between penetration acceleration and target strength change.

Figure 16 shows that the penetration acceleration increased with increasing target
strength, and the mode of increase was also three-staged. The first stage was from 80 MPa
to 120 MPa, which was a gentle growth stage. The second stage was from 120 MPa to
140 MPa, which was a period of rapid growth. The third stage was from 140 MPa to
160 MPa, which was a flat growth stage, in which the acceleration growth rate was similar
to that of the first stage. The trend of the acceleration increasing with the target strength
was similar to that of the depth decreasing with the target strength in Figure 16, which was
in a three-section form.

4. Conclusions

In this paper, the damage characteristics of red sandstone and limestone targets under
different impact velocities were studied by means of experiments, numerical simulations
and Forrestal semiempirical penetration calculations. The following conclusions were
obtained within the scope of this paper:

(1) As the target speed increases, the number of cracks in the same region increases. At
the same speed, since the energy absorption effect of limestone is weaker than that of
red sandstone, the cracks formed on the limestone target are few and wide, whereas
the cracks formed on the red sandstone target are dense and fine.

(2) At the same speed, the impact angle of the projectile has little effect on the axial
penetration depth and acceleration but has obvious effect on the radial penetration
depth and acceleration. Compared with limestone, red sandstone is more sensitive to
the impact angle of the projectile.

(3) The limit velocity of the projectile penetrating the 1 m-thick red sandstone target
was 900-1000 m/s, whereas the limit velocity of the projectile penetrating the 1 m-
thick limestone target was 1100-1200 m/s. Therefore, the penetration resistance of
limestone is approximately 23.8% stronger than that of red sandstone.

(4) The numerical simulation results are in good agreement with the experimental results,
and the error is less than 10%.

(5) When the target strength changes from 80 MPa to 160 MPa, the depth of the invasion
decreases in three stages (i.e., a gentle drop, a sharp drop and a gentle decline), and
the invasive acceleration is a three-stage decline (i.e., a gentle rise, a sharp rise and a
gentle rise).

Through experimental and numerical simulation research in this study, the damage
characteristics and damage differences between red sandstone and limestone were obtained
under low-speed to medium-high-speed penetration. Additionally, the correctness of the
numerical simulation model was demonstrated. This investigation provides a reference for
future research studies of projectile penetration into red sandstone and limestone and has a
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certain significance for the development of projectile design and underground protection
technology.
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