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Concrete piles are a common obstacle in an antilanding obstacle feld. To research the damage ability of concrete piles with
diferent shaped charges, penetration tests of concrete piles with diferent standof distances (SODs) were carried out with
explosively formed projectiles (EFPs) and jetting projectile charges (JPCs).Te pressure was measured at diferent positions inside
the concrete piles during the penetration process, and the failure mechanism and damage characteristics of the concrete piles were
analyzed. Te penetration velocity of the JPC was measured by placing reticular targets inside the concrete pile. Te results show
that the damage ability of JPCs to concrete piles is stronger than that of EFPs. When the SOD is in the range of 20∼50 cm, an EFP
causes slight damage to a concrete pile. With the increase in SOD, the penetration capacity of JPCs increases, but the damage
ability of JPCs decreases. When the SOD is 15 cm, a JPC causes severe damage to a concrete pile, and when the SOD is in the range
of 20∼40 cm, a JPC causes moderate damage. When attacking targets with obvious side boundary efects, such as concrete piles,
the SOD that results in the strongest damage is not the SOD that results in the strongest penetration ability.

1. Introduction

Concrete is a material widely used in various protection
projects [1]. Concrete piles and concrete piles with tracks are
common obstacles in antilanding obstacle systems. Breaking
down these obstacles is an important task of landing
operations.

Tanks to the advantages of high energy utilization and
high penetration capability, the shaped charge can destroy
concrete targets efciently. Conducting research work on
shaped charge striking concrete targets is of guidance for the
design of shaped charges and optimization of concrete
structures.

Under the theme of shaped charge penetrating concrete,
some scholars have done research work in shaped charges.
Wang et al. [2] investigated the efect of liner material on the
penetration ability of the shaped charge by conducting
concrete penetration tests using three liner materials. Xu
et al. [3] designed a bore-centered annular shaped charge
(BCASC) and conducted penetration tests on concrete by
this shaped charge to investigate the efect of key parameters
of this structure on its penetration capability. Zu et al. [4]

investigated the particle fow fragmentation process of a Zr-
based amorphous alloy. Unlike conventional liner materials,
the jet formed by this alloy consists of discrete particles that
have the characteristic of not shrinking due to the velocity
diference between the head and the tail.

Some scholars have also conducted related research in
concrete targets. Esteban et al. [5] and Zhu et al. [6, 7] both
performed penetration tests of shaped charge jets on normal
strength concrete and ultrahigh strength concrete. Te
conclusions of both research teams indicate that the pen-
etration ability of the shaped charge into the concrete is not
sensitive to the increase in concrete strength level. Xiao et al.
[8] conducted penetration tests on reactive powder concrete
targets using shaped charges.Te results show that the crater
diameter of reactive powder concrete under the action of
shaped charge penetration is smaller than that of normal
strength concrete. Wu et al. [9] conducted shaped charge jet
penetration tests on high-strength concrete targets, 45# steel,
and high-strength concrete/45# steel composite targets. Te
results show that diferent target plate materials have dif-
ferent optimal SODs and the high-strength concrete/45#
steel composite target is better than the other two targets.
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Most scholars usually choose concrete targets with side
hoops surrounded by steel plates or concrete targets with
larger radial dimensions when conducting research work
related to concrete targets penetrated by shaped charges.
Tese target plates are chosen to reduce the efect of lateral
boundary efects on the penetration [10]. Figure 1 shows a
structural drawing for the concrete targets covered in the
abovementioned literature. Te concrete piles used in the
landing barrier system have small radial dimensions and do
not have steel plate hoops. Te infuence of the lateral
boundaries of this concrete structure on the penetrating
action of the shaped charge cannot be ignored.

Te dynamic mechanical response of concrete during
the penetration process helps to analyze the damage
mechanism of concrete. Several scholars have measured the
stresses inside concrete under blast loading using PVDF
(polyvinylidene fuoride) stress sensors [11, 12]. In addi-
tion, some scholars have tested the impact velocity of the
projectile on the target [13], but few have measured the
penetration velocity of the projectile in the concrete. In
summary, there are many studies on shaped charges
penetrating concrete targets at this stage. However, in
terms of research objects, the concrete targets involved in
these studies are relatively single, rarely involving small-
sized and nonradially constrained concrete targets; in
terms of research methods, few have measured the concrete
stresses during the penetration process and almost no one
has measured the penetration velocity of the projectile in
the concrete targets, thus lacking the discussion and
analysis related to stresses and penetration velocities
during the penetration process. In order to investigate the
destructive ability of diferent structured shaped charges on
small-sized, nonradially restrained concrete targets, this
paper conducted penetration tests on concrete piles using
EFP and JPC at diferent SODs. A method of installing
stress sensors in concrete was designed to measure the
stresses at diferent locations inside the concrete pile during
EFP penetration. A velocity test module was created to
measure the penetration velocity of JPC in concrete piles.
Te damage mechanism and damage characteristics of
concrete piles are discussed with the test results of concrete
stress and penetration velocity under diferent SODs. Te
conclusions drawn can provide a reference for attacking
concrete targets with small radial dimensions.

2. Penetration Test

2.1. Shaped Charge. Te EFP and JPC were formed using
diferent geometries and angles of the liner. Temain charge
of the EFP and JPC was JH-2 explosive, which uses a stern
structure. Te material of the liner was red copper. For the
EFP, the structure of the liner was hemispherical with a
variable wall thickness. For the JPC, the structure of the liner
was an arc-cone bonding structure with a variable wall
thickness. Te arc-cone bonding part was smooth. Te
caliber and dimension of the two shaped charges were
similar. Te structure of the shaped charge is shown in
Figure 2. For security reasons, the size and weight of the
shaped charge are not disclosed.

2.2. Structure of the Concrete Pile and Layout of Sensors.
Te C35 concrete pile used in the test is shown in Figure 3.
Te pile was a regular pyramid structure, with a bottom side
length of 1m, a top side length of 0.6m, and a height of
0.8m. After pouring, the concrete pile was naturally pre-
served for 28 days and then placed in the open air for more
than a week. Finally, the test was carried out.

To test the internal stress of concrete piles during
penetration, stress sensors were arranged in some concrete
piles. Te PVDF stress sensor shown in Figure 4 was se-
lected, with a diameter of 40mm and a thickness of 6mm.
Te stress sensor was installed in a specifc position using the
bracket shown in Figure 5. Te sensor signal wire was drawn
and tightened from the pipe on the bracket, and then, the
pipe was sealed with glue to secure the sensor position. Te
height of the stress sensor is determined by the height of the
opening in the bracket. Te horizontal relative position of
the stress sensor to the bracket is determined by the length of
the pipe on the bracket. Te positioning pin of the stress
sensor bracket was inserted into the opening in the bottom
plate of the concrete mold so that the position of the bracket
and the position of the stress sensor could be determined
through the opening in the bottom plate. Tis installation
method can minimize the additional stress caused by the
fxed constraint of the sensor when the stress wave propa-
gates past the measuring point.Te upper part of the bracket
was held with the concrete mold to ensure that the bracket
and test module did not move during the whole pouring and
vibrating process.

To test the penetration velocity of the JPC, reticular
targets were set in some concrete piles. Several test modules
were poured in advance, in the same way as for the concrete
piles. Te test modules were 150 ∗ 150 ∗ 75mm3 cubes.

Steel plate hoop

Concrete

Figure 1: Structural drawing of a common concrete target.

Liner

Explosive

(a) (b)

Figure 2: Structure of the shaped charge. (a) EFP. (b) JPC.
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Reticular targets made of enameled wire were installed on
the upper and lower surfaces of the test modules after curing.
Te wire spacing of the reticular target was 5mm. Te test
modules were supported by a bracket composed of round
steel, positioning screws, and metal pads. Te bracket was
positioned through the opening of the concrete mold bottom
plate to ensure that the test module was installed on the
central axis of the concrete pile.Te height of the test module
was determined by positioning screws. Te upper part of the
bracket was held with the concrete mold to ensure that the
bracket and test module did not move during the whole
pouring and vibrating process. Figure 6(a) shows the test
module with the reticular target installed, and Figure 6(b)
shows the test module installed on the bracket.

2.3. Setup. Penetration tests of the concrete pile were carried
out using the EFP and JPC. All the shaped charges were set
above the center of the top surface of the concrete pile. Te
SOD was controlled by a bracket made of cardboard. Te
EFP has a lower depth of penetration than the JPC when the
main charges are the same and the charges are of similar
caliber and size. Terefore, the penetration velocity of EFP is
not tested. Two stress sensors were set in the direction of EFP
penetration to test the stress inside the concrete pile during
the penetration process, and the stress test direction was the
concrete axial direction, which is the direction of EFP
penetration. Considering the strong penetration ability of
JPC, six layers of mesh targets were set in the JPC pene-
tration path to test the penetration speed of JPC. If the JPC
directly hits the stress sensor during the infltration process,
it will have a large infuence on the penetration results of the
JPC and the output data of the stress sensor will be
meaningless. Terefore, the stress sensor is not set inside the
concrete pile penetrated by the JPC. Te sensor settings are
shown in Table 1. As a comparison, the concrete piles in
condition 1 and condition 6 are plain concrete without any
sensors or test modules.

Figure 7 shows the positions of the sensors in the targets
under conditions 2∼5 and 7∼10. Te stress sensors were
arranged at diferent depths on the central axis of the target,
and the depths of the two stress sensors were 400mm and
575mm. Te sensitive surface of the sensor was perpen-
dicular to the central axis of the target, and the stress along
the axis was collected. Te test modules were arranged at
diferent depths on the central axis of the target according to
the position shown. Notably, to ensure the same internal
structure of the target, the concrete pile corresponding to
conditions 2∼5 was equipped with the same test module as
conditions 7∼10.

3. Results and Discussion

3.1. Damage Results of Concrete Piles

3.1.1. Damage Results of the Concrete Pile under EFP
Penetration. Figure 8 shows the damage results of the
concrete pile under conditions 1∼5 (EFP penetration).
Condition 1 involved a plain concrete pile without any
sensor or bracket inside, and conditions 2∼5 involved

concrete piles with sensors and bracket inside. In view of
Figure 8, EFP failed to penetrate the concrete pile under the
abovementioned fve conditions. Te rest of the concrete
piles were stacked in its original position.

Te destructive efect of the projectile on the concrete
target consists of the destructive efect of the impact and the
destructive efect of the shock wave or stress wave [14].
When the projectile impacts the concrete pile, the com-
pressional wave will propagate in the contact side of the
projectile and the concrete pile and the compressive stress
generated is far beyond the ultimate compressive strength of
the concrete pile, leading to the destruction of the concrete
in the contact part into powder. When the impact velocity is
greater than the sound velocity of the target, the stress wave
generated in the target is a shock wave. When the impact
velocity is less than the sound velocity of the target, the stress
wave generated is a plastic wave or elastic wave [15]. Te
sound velocity of concrete can be calculated from the fol-
lowing equation:
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where c is the velocity of sound, ] is Poisson’s ratio, E is
Young’s modulus, and ρ is the density. Te calculated sound
velocity of C35 concrete is 3803m/s. Generally, the velocity
of EFP is in the range of 1.5∼3 km/s [16]. Terefore, the
stress wave generated by EFP impact on the pile is an elastic-
plastic wave. Te elastic-plastic compressional wave prop-
agates forward in the form of a spherical wave in the
concrete. In the propagation process, the stress wave decays
rapidly due to the difusion efect of the spherical wave and
the dissipative efect of the concrete. At the initial stage of
stress wave propagation, the concrete is crushed when the
compressive stress exceeds its dynamic compressive
strength. As the shear strength and tensile strength of
concrete are far less than its compressive strength, with the
attenuation of the stress wave, the concrete is subjected to
stress greater than its shear strength and cracks form. At the
same time, the concrete produces radial cracks under the
action of circumferential tensile stress. Due to the radial
extrusion during the penetration of the projectile and the
extensional wave generated by the refection of the stress
wave on the side surface (free surface) of the target, the
concrete in the crushed area scatters around.

When the stress wave propagates to the interface be-
tween the concrete pile and soil, the wave impedance of the
concrete is greater than that of the soil, so the transmitted
wave of the stress wave in the soil is a compressional wave
and the refected wave in the concrete is an extensional wave.
After the test, there was no tensile crack in the lower layer of
the remaining concrete pile under conditions 1∼5, indi-
cating that the maximum instantaneous tensile stress gen-
erated by the joint action of the refected extensional wave
and incident compressional wave did not exceed the ulti-
mate tensile strength of the target. Te remaining concrete is
the fracture zone.

Table 2 shows the residual heights of the concrete piles
under conditions 1∼5. For the tested concrete piles, when the
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residual height is higher than 0.5m, it is judged as slight
damage; when the residual height is between 0.4m and
0.5m, it is judged as moderate damage, and when the re-
sidual height is lower than 0.4m, it is judged as severe
damage. When the SOD is in the range of 20∼50 cm, EFP
causes slight damage to the concrete pile. Comparing the
residual heights of conditions 2∼5, it was found that the
residual heights of the concrete piles generally show an
upward trend with the increase in SOD, but the increase
range is small; when the SOD increases from 20 cm to 50 cm,
the residual height increases by 5 cm, which accounts for
only 6.25% of the concrete pile height, indicating that the
damage ability of an EFP to a concrete pile is less afected by
the SOD. Comparing the residual heights of condition 1 and
condition 3, under the penetration of EFPs with the same
SOD, the residual height of the plain concrete pile is 6 cm

lower than that of the concrete pile with sensors and bracket
inside. Tis is because the metal bracket improves the tensile
strength and shear strength of the concrete pile locally, and
the plastic bending deformation of the metal bracket con-
sumes part of the penetration energy, which fnally reduces
the damage ability of the EFP on the concrete pile.

3.1.2. Damage Results of the Concrete Pile under JPC
Penetration. Figure 9 shows the damage results of the
concrete pile under conditions 6∼10 (JPC penetration).
Condition 6 corresponds to a plain concrete pile without any
sensor or bracket inside, and conditions 7∼10 correspond to
concrete piles with sensor bracket inside. In view of Figure 9,
in the abovementioned fve conditions, the JPC penetrates
the concrete pile completely, and the rest of the concrete pile
is scattered around.

Te penetration process of a JPC is slightly diferent from
that of an EFP. Te velocity of JPCs is usually in the range of
3∼5 km/s. When a JPC impacts the target, it propagates a
shock wave or elastic-plastic wave into the concrete pile. Te
shock wave propagates to the concrete pile in the form of a
spherical wave and gradually decays into an elastic-plastic
wave. In the process of JPC penetration, a crushing zone
fying around is formed in the upper part of the concrete.
JPC penetrates deeper than EFP due to a higher penetration
speed and slimmer shape. When JPC penetrates into the
lower part of concrete, the lower part of the concrete cannot

PipeSensor

Bracket

Glue 

Positioning pins Wire 

Figure 5: Bracket for the stress sensor.

(a)

ϕ40 mm

6 mm

(b)

Figure 4: Stress sensor. (a) Physical photo. (b) Specifcations of the sensor.
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1 m

0.8 m
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Figure 3: Structure of the concrete pile. (a) Dimensions of concrete piles. (b) Concrete pile.
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Figure 7: Positions of the sensors. (a) Conditions 2∼5. (b) Conditions 7∼10. (c) Position dimensions of the sensors.

Table 1: Test conditions.

Charging types Condition numbers SOD (cm) Layout of stress sensors Number of reticular targets

EFP

1 30 — 0
2 20 Axial 0
3 30 Axial 0
4 40 Axial 0
5 50 Axial 0

JPC

6 20 — 0
7 15 — 6
8 20 — 6
9 30 — 6
10 40 — 6

(a) (b)

Figure 6: Bracket for the test module. (a) Test module. (b) Bracket.
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become a crushing area completely because the JPC speed
decreases gradually and the radial size of concrete increases
gradually. According to the spherical cavity expansion
theory, when the target is infnite, the projectile impacting
the concrete (brittle material) will impact a point at the
center of a circle in the concrete and produce a cavity, plastic
zone, crack zone, and elastic zone in the radial direction
[17, 18]. When JPC penetrates into the lower part of the
concrete pile, under the infuence of the side boundary, the
cavity, plastic zone (crushing zone), and crack zone are

successively formed in the radial direction of the concrete.
Under the action of JPC reaming extrusion and extensional
waves of the free surface, the crack area expands and fnally
forms damage, as shown in Figure 9.

Table 3 shows the residual height of the concrete pile
under conditions 6∼10. Te residual height here is the
maximum height of the concrete fragments. Te JPC causes
severe damage to the concrete pile with an SOD of 15 cm.
When the SOD is in the range of 20∼40 cm, the JPC causes
moderate damage to the concrete pile. Comparing the

Table 2: Residual height of the concrete pile under EFP penetration.

Condition numbers 1 2 3 4 5
SOD (cm) 30 20 30 40 50
Residual height (cm) 51 54 57 56 59
Damage level Slight Slight Slight Slight Slight

(a) (b) (c)

(d) (e)

Figure 8: Damage results of the concrete piles under EFP penetration. (a) Condition 1. (b) Condition 2. (c) Condition 3. (d) Condition 4.
(e) Condition 5.

6 Shock and Vibration



residual heights of conditions 7∼10, it can be seen that with
the increase in the SOD, the residual height of the concrete
pile generally increases, and the increase range is large.
When the SOD increases from 15 cm to 40 cm, the residual
height increases by 11 cm, which accounts for 13.75% of the
concrete pile height; this shows that the damage ability of
JPCs to concrete piles is greatly afected by the SOD.
Comparing the residual heights of condition 6 and condition
8, it can be seen that under the penetration of JPC with the
same SOD, the residual height of the plain concrete pile is
the same as that of the concrete pile with sensors and
brackets inside, indicating that the damage ability of JPCs to
concrete piles is less afected by the sensor bracket inside the
target.

Comparing the results of Tables 2 and 3 shows that when
the SOD is in the range of 20–40 cm, the residual height of the
concrete pile under JPC penetration is lower than that under

EFP penetration and the former damage level reachesmoderate
damage, while the latter damage level is only slight.

3.2. Results of the Stress Test. Figure 10 shows stress wave-
forms at diferent depths in conditions 3∼5. When the SOD
is 40 cm, the stress at 400mm exceeds the sensor range. In

(a) (b) (c)

(d) (e)

Figure 9: Damage results of the concrete piles under JPC penetration. (a) Condition 6. (b) Condition 7. (c) Condition 8. (d) Condition 9.
(e) Condition 10.

Table 3: Residual height of the concrete pile under JPC
penetration.

Condition
numbers 6 7 8 9 10

SOD (cm) 20 15 20 30 40
Residual
height (cm) 42 34 42 41 45

Damage
level Moderate Severe Moderate Moderate Moderate
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view of Figure 10, the peak values of stress waves decrease
gradually in the propagation process. A precursor elastic
wave can be observed in some of the waveforms, especially in
Figure 10(b), where the plastic wave appears after the elastic
wave peak. Tis is because in concrete, the wave velocity of
elastic waves is higher than that of plastic waves. By
intercepting the signal before the arrival of the plastic wave
in Figure 10(b) and using the cross-correlation function to
analyze the intercepted signal, the time shift ts between the
two signals was calculated. By dividing the distance of the
sensor by ts, the velocity of the stress wave was calculated to
be 3365m/s. Te elastic wave velocity obtained here is
smaller than that calculated theoretically above. Tere are
two reasons for this. On the one hand, the actual com-
pressive strength of concrete is lower than 35MPa. On the
other hand, the test module material between the two
sensors is poured ten of days in advance (Figure 6(a)). Tis
kind of batch pouring inevitably produces microcracks at the

interface of the test module, which become natural defects of
the concrete pile. After the testing, it was found that the
concrete easily separated at the interface.

Figure 11 shows the stress waveform of the same depth at
diferent SODs. It can be seen from Figure 11 that within the
SOD range of 30∼50 cm, the peak value of the stress wave at the
same measurement point increases frst and then decreases
with the increase in SOD and the peak value of the stress wave
reaches its maximum with the SOD of 40 cm. In view of
Figure 11(b), the peak stresses recorded by the lower layer
(depth 575mm) sensor all reached or exceeded the ultimate
compressive strength of concrete (35MPa). For the case of a
40 cm SOD, although the stress waveform shows that the
concrete is subjected to greater stress, the remaining height of
the concrete pile does not decrease signifcantly. Te greater
stress only enlarges the crushed area of the concrete, and the
crushed concrete blocks are still piled on the remaining
concrete pile. Tese fndings, combined with the results in
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Figure 10: Stress of the concrete pile at diferent depths during EFP penetration. (a) SOD of 30 cm. (b) SOD of 40 cm. (c) SOD of 50 cm.
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Figure 8 and Table 2 mentioned above, show that the residual
height of the concrete pile does not decrease signifcantly with
increasing peak axial stress, indicating that the residual height is
not highly correlated with the peak stress.

3.3. Results of the SpeedTest. Commonly used velocity targets
(comb targets and aluminum foil targets) will layer concrete
so that the tensile strength and shear strength of concrete at
the layered position will be reduced in the process of pene-
tration. To reduce the infuence of the velocity target on the
concrete strength, a reticular target is used to test the pen-
etration velocity. When the projectile acts on the reticular
target at t0, the reticular target is disconnected, but the
projectile may still make the reticular target circuit in the on
state. At a later time t+, when the projectile cannot conduct a
current, the test system collects a break signal. In this way, the
breaking time of each reticular target collected is actually the
t+ time after the reticular target is broken, and the size of each
t+may be diferent.Terefore, the arrival time of the projectile
obtained by the test is not sufciently accurate. However, such
imprecision exists for all reticular targets in all conditions, so
the test results can still refect the diference in penetration
velocity under diferent conditions to a certain extent.

Dividing the distance between the two reticular targets
by the diference in their disconnection times gives the
average penetration velocity between the two reticular tar-
gets. Tis method is used to fnd the average penetration
velocity between each of the two adjacent reticular targets.
Figure 12 shows the trend of the average penetration velocity
with the penetration depth. Te horizontal coordinates of
the data points in Figure 12 are taken from the midpoint of
each two reticular targets, and the vertical coordinates are
the average velocity between the two reticular targets. For
the condition with an SOD of 15 cm, the last average velocity
is missing because no valid data were measured for the last
layer of reticular targets.

As shown in Figure 12, the penetration speed decreases
continuously during the penetration process. When the SOD
is in the range of 15∼40 cm, the penetration velocity increases
with increasing SOD and the penetration velocity between the
last two layers of the reticular target increases with increasing
SOD, which means that the residual penetration capability
increases with increasing SOD. Te reason for this trend is
that the velocity diference between the head and tail of the
JPC leads to continuous elongation during fight. Te pen-
etration capability of JPC increases with increasing SOD
before it exceeds the optimal SOD. Tis is consistent with the
research results in the literature [19, 20].

Based on the damage results of the concrete piles by JPCs
described above, an increasing SOD improves the penetration
capacity of JPCs but reduces the damage ability of JPCs to
concrete piles.Te reason is that the increase in the aspect ratio
of the JPC improves its penetration ability but reduces its hole-
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Figure 11: Stress of the concrete pile during EFP penetration with diferent SODs. (a) Depth of 400mm. (b) Depth of 575mm.
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expanding ability. For targets with obvious lateral boundary
efects, such as concrete piles, the hole-expanding ability of
projectiles has a positive efect on enhancing the damage
degree. A proper SOD should be selected to avoid wasting
energy on redundant penetration capability.Te “proper SOD”
here is not the “optimal SOD,” with the largest penetration
depth. For the JPC and concrete piles considered in this re-
search, the “proper SOD” is 15 cm. On the other hand,
compared with the damage results of EFP on concrete piles,
although EFP has a stronger ability to expand holes than JPC,
its damage ability on concrete piles is much worse. In sum-
mary, the damage ability of concrete piles by projectiles is
jointly determined by their penetration ability and hole-
expanding ability, of which the penetration ability plays amajor
role in the damage degree and the hole-expanding ability afects
the damage degree to a certain extent.

4. Conclusions

In this paper, stress sensors and velocity test modules were
installed inside the concrete and then the concrete was
subjected to a shaped charge penetration test.Te test results
were analyzed and discussed in detail. Te main conclusions
are as follows:

(1) When the EFP and JPC with the same charge di-
ameter and similar charge sizes penetrate into the
concrete pile at the top center, the damage ability of
the JPC to the concrete pile is obviously stronger
than that of the EFP to the concrete pile.

(2) Te damage ability of EFPs to concrete piles is less
afected by the SOD.When the SOD is in the range of
20 cm to 50 cm, EFPs can cause slight damage to
concrete piles.

(3) Te damage ability of JPCs to concrete piles is greatly
afected by the SOD. In the SOD range of 15 cm to
40 cm, with the increase in SOD, the penetration of
JPC into the concrete pile gradually increases, but the
damage ability gradually decreases. When the SOD is
15 cm, a JPC can cause severe damage to a concrete
pile. When attacking targets with obvious side
boundary efects, such as concrete piles, the SOD that
results in the strongest damage is not the SOD that
results in the deepest penetration depth. Te ap-
propriate SOD should be selected according to the
specifc tactical purpose.

In addition, the concrete piles involved in this paper are
plain concrete, and reinforced concrete structures should be
considered in future studies.
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