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In order to study the joint damage mechanism of multiple prefabricated fragments to fnite thickness concrete targets, ex-
periments on the damaging efect of a single fragment on a 300× 300×100mm concrete target were carried out, and the reliability
of the simulation calculationmodel of single fragment damage to concrete was verifed. On this basis, according to the trajectory of
two fragments penetrating concrete, the double fragment penetration is divided into two penetration situations, that is, coplanar
and heterogeneous. Te orthogonal optimization method is used to carry out the joint damage simulation calculation of the
double fragments to the concrete target by changing the fragment velocity, penetration angle, fragment spacing, and other factors.
Te simulation results show that the relationship between joint damage and fragment spacing is the largest when the fragment
trajectories are coplanar, and the partial least squares regression coefcients afecting the joint damage time and surface joint
length are 0.70 and 0.68 respectively. When the trajectory is diferent, the joint damage mode is relatively complex. Based on this,
the joint damage degree analysis method between fragments is established, and each variable can explain 73.8% of the joint
damage degree. It is found that the joint damage of the front pit area is the largest when the fragment is in diferent planes, and the
PLS regression coefcient is −0.44.Te hypothesis that joint damage is easy to occur in the area of the intersection line on the back
of the target is analyzed and verifed.

1. Introduction

Fragment, as a damaged element, has natural fragments,
semiprefabricated fragments, prefabricated fragments, and
other types. Prefabricated fragments are used to make the
fragments fy evenly and the damage range adjustable, so
that the fragment damage element is controllable and the
damage efciency tends to be stable [1]. Due to the large
number of fragments generated by the kill and explosion
warhead, the fragments generated in the dynamic explosion
state are more concentrated than those in the static ex-
plosion state. When fragments act on a target, using the
penetration depth or damage efect of a single fragment as
a basis for judgment is one-sided and cannot describe the
damage to the target in a practical sense. Studying the joint

damage of multiple fragments to the target can more
comprehensively analyze the damage of the target.

Concrete is a common material for modern buildings
and fortifcations, and its excellent strength and plasticity
have become the frst choice for various man-made forti-
fcations [2]. Te large caliber penetrator, represented by the
ground-penetrating projectile, usually deals with the large-
thickness of concrete fortifcation [3], while the anti-
explosive projectile has a good destructive efect on the
concrete wall with fnite thickness [4]. Tus, it is of practical
signifcance to study the combined damage of multiple
fragments to the concrete with fnite thickness.

At present, a large number of experts and scholars have
carried out various types of penetration tests on concrete,
and the concrete model parameters in the simulation are
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compared[5]. In reference [2], the experiment and nu-
merical simulation of missile penetration into the reinforced
concrete target plate are compared, and the simulation
model can well describe the damage mechanism of the
structure, and it also introduced the calculation method of
low strength concrete penetration depth, and the calculation
formula of the residual velocity was also introduced [6]. Te
damage characteristics of projectiles with diferent head
shapes penetrating the concrete are studied, and the re-
lationship between the back damage of the target plate and
the shape of the warhead is analyzed [7]. Te literature [8]
analyzed the crater area of 500m/s–1700m/s projectile
penetrating concrete and found that the crater volume was
linear with the kinetic energy of fragments. Te relationship
between the residual velocity of the projectile and the steel
content in the concrete was found, and the oblique pene-
tration of the projectile into the target plate was studied [9].

In the experiment, the vertical penetration of the pro-
jectile into concrete is the main experimental method, and the
ballistic gun is widely used as the fragment-launching tool in
a large number of papers and experiments in the world, so
that the fragment speed can achieve high speed and con-
trollable range. Cheng et al. [10] studied the antipenetration
performance of vertically penetrating concrete targets and
obtained the efect of reinforcement ratio on the anti-
penetration performance of reinforced concrete. Deng and
Chen [11] analyzed the vertical penetration of the projectile
into the concrete target from the test and numerical simu-
lation, obtained the damage zone of the concrete during the
penetration process, and carried out in-depth research studies
on the corresponding mechanical zone of the concrete under
impact. For the oblique penetration of concrete, Liu et al. [12]
conducted tests on the oblique penetration of reinforced
concrete targets and obtained the equivalent method of re-
inforcement mesh. Shen et al. [13] tested the oblique pene-
tration of the projectile into the concrete and analyzed the
damage mode of the oblique penetration to the concrete. In
addition, Duan et al. [14] analyzed the critical rebound of the
projectile penetrating concrete, revealing the rebound phe-
nomenon of the fragments under a large penetration angle. In
the aspect of tungsten alloy projectile penetration, Zhou and
Li [15] studied the ultrahigh speed penetration mechanism of
concrete targets, found the relationship between penetration
depth and velocity of the projectile, and compared various
formulas. Considering the erosion and destruction of con-
crete, Liu et al. [16] analyzed the quality erosion model of
concrete. On concrete materials, Lv et al. [17] studied the
penetration mechanism of ultrahigh-performance concrete
targets.

Among the equations describing concrete, the RHT
equation of state is widely used to describe the damage of
concrete [18, 19]. Te RHT equation of state can directly
display the characteristics of concrete cracking, damage
degree, and so on, but it is not completely consistent with the
actual damage comparison [20]. Tis is because the RHT
state equation cannot completely correspond to the actual
damagemode when describing the tensile strength and shear
strength, and the concrete damage has a certain degree of
randomness, so it is necessary to carry out appropriate

parameter verifcation and use appropriate methods to vi-
sually describe its damage.

In practice, the dispersion mode of prefabricated frag-
ments is relatively random, and the intersection path of the
penetrating concrete is very complex. With the infuence of
the initial variables of prefabricated fragments, the damage
forms and damage degrees of concrete walls will be varied.
Te purpose of this paper is to study the combined damage
mode of multiple fragments to concrete walls. First, the
damage mode of a single fragment impacting the concrete is
analyzed by experiments. Te purpose is to study the impact
of initial conditions of combined penetration of fragments
on the damage mode of concrete walls and discover the rules
between them. Based on the damage characteristics of
concrete walls in the single fragment penetration test, the
numerical simulation study of the damage of two fragments
to concrete under multivariable conditions is carried out.

2. Materials and Methods

Tere are a large number of fragments in the prefabricated
fragment bomb. Considering the simplest mode, the damage
of multiple fragments can be simplifed to the damage be-
tween any two damaged elements, and then the criterion of
joint damage of double fragments is applied to the damage of
the whole target. Te fragments of a single explosive bomb
scatter regularly, and the motion trajectories of the frag-
ments are approximately parallel. When multiple explosive
bombs act on the same target, the initial variables between
fragments do not afect each other, so it is necessary to study
the possible damage.

Te prefabricated fragment material is tungsten alloy,
and the target plate material is concrete. Johnson Cook
equation of state is selected for tungsten alloy, and the
parameters of tungsten alloy material are shown in Table 1.
Te RHTequation of state is selected for the target plate, and
the parameters of RHT material are shown in Table 2.
Erosion contact is applied to RHT material [21] to avoid
large grid deformation during penetration, and the concrete
damage area can be seen intuitively. In order to simulate
various types of joint damage forms, the wall thickness is
selected as 80mm (the wall thickness of buildings is gen-
erally more than 50mm) and boundary constraints are
imposed around the concrete target to limit its displacement.

Figure 1 shows the simulation model of penetration into
concrete when the fragment trajectories are coplanar. When
the two fragment trajectories are basically parallel, the initial
variables are regarded as the same. Perform a four-variable
three-level orthogonal optimization design for the param-
eters of the fragment, and the orthogonal optimization is
shown in Table 3.

2.1. Modeling of Fragment Trajectory in Diferent Surface
Penetration. In order to fully consider the joint damage of
two fragments, the experimental personnel combined the
possible penetration modes of any two fragments. Te
method is to make the two fragments independent of each
other, take the plane of the normal vector of the target plate
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passing through the falling point of the fragments as the
trajectory plane of the fragments, determine the velocity and
direction of each fragment in the respective trajectory plane
according to the trajectory plane of the two fragments, and
then obtain the possible combination between any two
fragments.

According to the intersection process shown in Figure 2,
after determining the distance between the landing points of
the two fragments, fx the fragment 1 and the penetration
surface to determine the position of the fragment 2 and the
penetration surface. A horizontal analysis was conducted for
fve variables (landing point d, penetration trajectory plane
included angle α, angle between fragment 1 and normal
vector β1, angle between fragment 2 and normal vector β2,
and the speed combination of fragments), and the or-
thogonal optimization design is shown in Table 4. In order to
achieve the purpose of joint damage research studies, the
range of the included angle ɑ of the penetration trajectory
plane should be determined within the range of 0∼90° to
ensure the intersection of the damaged areas of the two

fragments. Te angle between the two fragments and the
normal vector is selected as 0∼60° to avoid fragment
bouncing.

2.2. Comparison between Test and Simulation of Fragment
Penetrating Concrete. Te 12.7mm ballistic gun is used in
the fragment penetration concrete test, and the concrete
block is placed in the target box.Te target plate parameter is
300× 300×100mm, and two velocity-measuring targets are
set in front of and behind the target box and connected with
a six-channel velocimeter to measure the initial velocity and
residual velocity of fragments. Figures 3 and 4 show the
schematic diagram and physical diagram of a fragment
penetration test.

Te abovementioned device is used to test the ballistic
gun of 11mm tungsten alloy spherical fragments. In Fig-
ure 4, a is the fragment, sabot, and cartridge, and① in b is
the front velocity target;② is the rear tachometer target;③
is the target box for placing concrete; ④ is the wire

Table 1: Tungsten alloy material parameters.

Material R0 E PR SIGY BETA
Tungsten alloy 1.8167E–5 344.7 145 1.87 1.0

80 mm

l

α
α

Fragment 2Fragment 1

Concrete target plate

v

Figure 1: Modeling of double fragment penetration in coplanar.

Table 2: RHT equation of state parameters.

R0 Shear EPSF B0 B1 T1
2.7e−6 26.7 2 1.22 1.22 100
FC FS FT Q0 B T2
0.035 0.18 0.1 0.6805 0.0105 0.0

Table 3: Coplanar double fragment orthogonal optimization of four variable three-level variables.

Number Fragment
diameter d (mm)

Fragment
velocity v (m/s) Incident angle α (°) Fragment

spacing l (mm)
1 6 1000 0 20
2 8 1500 15 30
3 10 2000 30 40
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connecting the tachometer. Te experiment controlled the
amount of charge in the cartridge to achieve diferent initial
velocities for the fragments.

Te penetration test of tungsten alloy fragments into
concrete was carried out 6 times in the speed range of 752m/
s∼1463m/s. Table 5 shows the initial speed, residual speed,
and simulated residual speed of fragments.

Figures 5 and 6 show the damage to the front and back of
the target plate with fragment velocities of 974m/s and
1166m/s. From the damaged form of concrete, it can be seen
that the front and back of the target plate are truncated cone-
shaped pit areas, the damage degree of the back is larger than
that of the front, and the middle is a channel slightly larger

than the diameter of the fragment. Due to the small size of
the target plate, the crack extends around, making the target
plate crack along the path closest to the boundary. In order
to analyze the damage of the target plate in the front pit, rear
pit, and tunnel area, the length and width parameters and
characteristics of the three areas of the target plate are
measured, as shown in Table 6.

From Table 6, it can be seen that the maximum dif-
ference between the rear pit and the simulation in the test is
19.6%, the maximum diference between the front pit di-
ameter and the simulation is 17.6%, and the maximum
diference between the tunnel area and the simulation is
16.4%. Te main reason for the small analysis simulation

80 mm

Concrete target plate

Penetration surface 2

Penetration surface 1

Fragment 2

Fragment 1

Intersection of penetration
v1 β1

v2

β2

Figure 2: Modeling of double fragment penetration in diferent planes.

Table 4: Orthogonal optimization table of 5 factors and 5 levels for diferent surface fragment penetration.

Numbers d (mm) α (°) β1 (°) β2 (°)
Combinations (m/s)

v1 v2

1 20 15 0 0 500 1000
2 30 30 15 15 500 2000
3 40 45 30 30 1000 1000
4 50 60 45 45 1000 2000
5 60 75 60 60 2000 2000

Six channel 
tachometer

10 cm Target box

Ballistic gun
Fragment

Velocity measuring 
screens

Collection box

10 cm

Target plate

35 cm

31 cm

10 cm

Figure 3: Schematic diagram of a test plan.
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value is that there is a part of the target surface collapse area
in the front and rear pit areas, and the back collapse is more
obvious. Te depth of this part of the area along the vertical
direction of the target surface is small, which has a very
small impact on the main strength of the concrete target
plate. In the simulation, the RHT model cannot simulate
the microavalanche efect at the edge of the front and rear
pits on the target surface, so the simulation value is less
than the experimental value.

As shown in Figure 7, the simulation and experimental
results with a fragment velocity of 1166m/s are compared.
From the simulation results, it can be seen that the RHT

model can better simulate the main failure forms of the three
zones of concrete front pit, tunnel, and rear pit and can
observe the crack of the target plate from the damage cloud
diagram of damage, which is consistent with the crack ex-
tension of tungsten alloy fragments on fnite thickness
concrete in the experiment. When fragments penetrate the
concrete, three areas as shown in Figure 8 will generally be
generated. Diferent types of concrete damage forms can be
obtained by combining and analyzing the damage condi-
tions of diferent types of target plates.

When the trajectories of the two fragments are coplanar,
the joint action between the fragments is relatively

(a)

12
3

4

(b)

Figure 4: Physical diagram of a test device.

Table 5: Test conditions.

Number Target type Initial speed (m/s) Residual speed (m/s) Simulation residual speed
(m/s)

1 100mm thick 752.74 64.40 35.35
2 100mm thick 974.71 94.17 135.87
3 100mm thick 1166.05 22.54 153.68
4 100mm thick 1462.96 378.40 326.54
5 100mm thick 1247.46 115.78 187.46
6 100mm thick 1322.18 301.80 268.75

300 mm

30
0 

m
m

117.3 mm

54.2 mm

(a)

300 mm

30
0 

m
m

145.8 mm

101.6 mm

(b)

Figure 5: Front and back of target plate damage with a fragment velocity of 974m/s.
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continuous. Te nearly parallel penetration mode of the two
fragments makes the damage of the two fragments to the
concrete always in the joint state. Under the combined
action of the two fragment stresses, the concrete between the
two fragments is superimposed by the stresses of the two

fragments, which increases the damage degree of the con-
crete between the two fragments.

When the trajectories of the two fragments are diferent,
the initial conditions of the two fragments are not related to
each other. As is shown in Figure 9, the two fragments’ area

300 mm
30

0 
m

m

128.1 mm

72.5 mm

(a)

300 mm

30
0 

m
m

154.5 mm

108.2 mm

(b)

Figure 6: Front and back of target plate damage with a fragment velocity of 1166m/s.

Table 6: Comparison of damage data between the test and simulation target.

Number Velocity v
(m/s)

Maximum
diameter of the
front pit (mm)

Minimum
diameter of the
front pit (mm)

Average
diameter of
the front pit

(mm)

Maximum
diameter of the
rear pit (mm)

Minimum
diameter of
the rear pit

(mm)

Average
diameter of
the rear pit

(mm)

Tunnel
diameter (mm)

Test 974 117.3 54.2 85.75 145.8 101.6 123.7 16.3
Simulation 974 — — 75.8 — — 101.8 14.1
Test 1166 128.1 72.5 100.30 154.5 108.2 131.35 19.4
Simulation 1166 — — 82.6 — — 105.6 16.2

30
0 

m
m

300 mm
100 mm

82
.6

 m
m

16
.2

 m
m

(a)

300 mm

1.000e+00

History Variable#4

9.000e-01
8.000e-01
7.000e-01
6.000e-01
5.000e-01

3.000e-01
2.000e-01
1.000e-01
0.000e+00

4.000e-01

30
0 

m
m

(b)

Figure 7: Simulation results of a fragment velocity of 1166m/s.
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response to the superposition on the back of the concrete
target may be near the intersection line of the plane where
the two fragments are located.Terefore, it is speculated that
this area is more prone to joint damage.

Te following is a joint damage analysis of double
fragments based on experiments, simulations, and theo-
retical assumptions.

2.3. Combined Damage of Double Fragments to Concrete.
Because of its small size and fast speed, the damage mode of
fragments penetrating thin concrete target plates is relatively
complex. When the fragment mass is too small or the
penetration angle is too large, fragments may be embedded
into the target plate. When the damaged areas of two
fragments overlap, there will be a joint efect between them,
and the damaged areas cannot be analyzed separately.

2.3.1. Impact of Penetration Angle on Concrete Damage.
Because the initial conditions of fragments in coplanar
penetration are relatively consistent, the damaged form of
fragments is studied in the same way as that of the single
fragments. Te main infuencing factors here are fragment
velocity and penetration angle. First, the diference between
forward penetration and oblique penetration in the case of
a single fragment is analyzed and the main characteristic
diference between normal penetration and oblique pene-
tration occurs in the open pit area and the collapse area.

Table 7 shows the concrete strain nephogram of a single
fragment penetrating concrete at the same speed and dif-
ferent angles. By comparing the penetration trajectories of
0°, 10°, 20°, 30°, 40°, 50°, and 60°, we can see the diferences in
concrete damage. Here, the fnite-thickness concrete target
plate is 100mm, and the fragment velocity is 2000m/s, and
the RHTconcrete model that has been tested and compared
is adopted. Te purpose here is to provide a preliminary
reference for the orthogonal optimization numerical sim-
ulation of multiple penetration velocities and angles and to
fnd the diference in concrete damage through the pene-
tration trajectory under diferent penetration angles. From
Table 7, it can be seen that the change in penetration angle

afects the trajectory length of fragments and changes the
front and back of the target plate concrete damage form of
the intermediate track.

Te collapse area is similar to the pit opening area.
Except for the damaged area near the fragment fying-out
point, the collapse efect will also occur under the fragment
trajectory, presenting an irregular truncated cone-damaged
area. Compared with the two, the tunnel area is relatively
stable, and the diameter of the tunnel area changes little
except for the starting and ending positions of the
tunnel area.

2.3.2. Coplanar Joint Damage. Table 8 shows the joint
damage process of the cross-section during coplanar pen-
etration. As the penetration depth of fragments increases,
the damaged strain region of the concrete also expands. Te
expansion of the damaged area lags behind the fragment
penetration process, and the damage degree of the area
between fragments gradually increases and becomes invalid.
From the front of the target plate, the commonly damaged
part presents an elliptical damaged area. Ten, several pa-
rameters of the front pit area are used to analyze the joint
damage.

Figure 10 shows the two analysis objects in the frst
group of orthogonal optimization (when the fragment
trajectories are parallel). Te left side of Figure 10 is the frst
object parameter studied in this paper, that is, the boundary
connection length of the two fragments to the concrete
damage, which indicates the efect of the combined pene-
tration of the two fragments on the concrete impact surface
after the concrete penetration. On the right side of the fgure
is the second parameter studied in this paper, that is, the
occurrence time of the combination of the strain area of the
two fragments to the concrete damage, which describes the
experience time when the two fragments just contact from
the beginning of the penetration to the boundary of the
strain area. Tis parameter indicates that the initial variables
of the fragments have an impact on the starting time of the
joint penetration, which to a certain extent determines the
size of the joint damage of the two fragments to the concrete.

10
0 

m
m

Tunnel diameter

Diameter of front pit

Rear pit area

Front pit area

Tunnel area

Diameter of rear pit

Figure 8: Damage zone when fragments penetrate the concrete.

Penetration surface 2

Penetration surface 1

Intersection of penetration

Point out

Landing point

Fragment 1 track

Fragment 2 track

Figure 9: Schematic diagram of the assumption that joint damage
occurs in the intersection area of the penetration surface.
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Table 9 shows several joint damage parameters of the
concrete excavation area. Te joint length of the boundary is
the length of the boundary of the two fragments, and the
greater the value, the greater the degree of joint damage. Te
surface joint time is the time when the strain region frst
meets in the strain cloud diagram. Te smaller the time is,
the earlier the joint starts. According to the data obtained
from the coplanar damage process and results, the range
analysis of the joint occurrence time of the double fragment
surface and the joint length of the fnal surface boundary is
carried out in turn.

Figure 11 shows the mean value of the infuence of
various factors on the occurrence time of surface joints. Te
signifcance of this numerical discussion is the initial re-
sponse time of the front joint damage of the target plate
when the fragment trajectory is coplanar, and this de-
termines the impact of fragment diameter, fragment ve-
locity, tilt angle, and fragment spacing on the response time.
Te three variables, fragment velocity, tilt angle, and frag-
ment spacing, present a monotonic trend. Te greater the
velocity, the shorter the time for joint occurrence, and the
greater the tilt angle and spacing, the longer the time for

Table 8: Joint damage process of coplanar penetration.

80
 m

m

Track of Fragment 1
Effective Strain (v-m)-InfinitesimalTrack of Fragment 2

9.558e-06

7.646e-06
6.691e-06

0.000e+06
9.558e-06
1.912e-06
2.867e-06
3.823e-06
4.779e-06
5.735e-06

8.602e-06

80
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m

Track of Fragment 1
Track of Fragment 2 Effective Strain (v-m)-Infinitesimal

6.395e-01
5.755e-01

6.395e-02
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4.476e-01
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4.311e-01
5.030e-01

80
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m

Track of Fragment 1
Track of Fragment 2 Effective Strain (v-m)-Infinitesimal

1.386e-01
6.928e-02
1.795e-06

2.078e-01
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3.464e-01
4.157e-01
4.849e-01
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6.235e-01
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Track of Fragment 2
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1.433e-01
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2.149e-01
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Effective Strain (v-m)-Infinitesimal

80
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Track of Fragment 1
Track of Fragment 2 Effective Strain (v-m)-Infinitesimal

6.939e-01
6.245e-01
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4.857e-01
4.163e-01
3.469e-01
2.775e-01
2.082e-01
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6.939e-02
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Vertical view

Front damage area 
of fragment 1 Front damage area 

of fragment 2

Boundary coupling
length

Tunnel area of 
Fragment 2Tunnel area of 

Fragment 1

Vertical view

Open pit area of 
fragment 1

Strain region of 
fragment 1

Strain region of 
fragment 2

Open pit area of 
fragment 2

Figure 10: Surface joint length and surface joint occurrence time.
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joint occurrence. At this moment, fragment spacing has the
greatest impact.

As shown in Figure 12, the infuence of various factors
on the joint length of the front face is shown. On the basis of
the response time of the front face of the target plate, the
infuence of four variables, namely, fragment diameter,
fragment velocity, tilt angle, and fragment spacing, on the
joint damage is discussed. Te four variables of fragment
diameter, fragment velocity, tilt angle, and fragment spacing
all present a monotonic trend. Te larger the diameter,
velocity, and tilt angle are, the larger the joint length of the
surface is, while the larger the fragment spacing is, the
smaller the joint length is. Tere is also a case where the
fragment spacing has the greatest impact.

In order to study the infuence of the abovementioned
four variables on the specifc size of the abovementioned two
parameters, the positive and negative infuence rules of each
variable on the two parameters are obtained. As shown in
Figure 13, PLS regression analysis is carried out for the joint
occurrence time of the surface and the joint length of the
boundary. Trough this regression analysis, the positive and
negative efects of each dependent variable on the results can
be obtained. It can be seen that fragment spacing has the
greatest impact on joint damage, followed by fragment
speed. Although the large inclination angle afects the oc-
currence time of the joint, it has a small impact on the fnal
joint length of the boundary, and the fragment speed and
fragment spacing have a signifcant impact on the fnal joint
damage.

2.3.3. Analysis of Combined Damage of Diferent Planes.
When the fragment trajectory is diferent, the damaged areas
of the joint damage area are staggered and complex at this
time. Te complex intersection mode causes the joint
damage of the two fragments at diferent positions in the
concrete, resulting in diferent failure forms of the open pit
area, tunnel area, and collapse area. Figure 14 will analyze
the front pit area, tunnel area, and rear pit area, respectively.

Te damage of the impact surface of the target plate is the
joint damage between the front pit area of the two fragments,
which is mainly related to the spacing of the fragments,
followed by the joint damage near the trajectory intersection
area caused by the velocity direction of the fragments. When
the trajectory is diferent, the spacing and incident angle of
the two fragments have a great impact on the damage of the
impact surface. Te spacing afects the size of the joint
damage by controlling the distance between the damage
centers of the two fragments of concrete, and the incident
angle afects the damage direction of the elliptical area in the
open pit area. Figure 14 shows the damage form that only
occurred on the front of the impact. Trough this strain
nephogram, we can see the joint process of the penetration
of two fragments. At this time, the larger the incident angle
of fragments is, the larger the damage area caused on the
impact surface is.

Figure 15 shows the joint damage in the tunnel area, and
the fragment spacing has the smallest impact on the concrete
tunnel area among the damage of the three areas. Te di-
ameter of the tunnel area is slightly larger than the fragment

Table 9: Results of coplanar double fragment penetration into the open pit area.

Number Surface joint occurrence
time (ms)

Boundary
joint length (mm)

Length of pit
opening area (mm)

Width of pit
opening area (mm)

1 0.015 33 49.5 33
2 0.025 33.55 68.8 40.15
3 0.04 28.6 79 40.8
4 0.11 16.5 77.4 32.64
5 0.01 43 65.36 43
6 0.02 38.7 77.4 44.2
7 0.02 36.96 71.4 38.64
8 0.035 34 81.6 40.8
9 0.007 67.94 69.66 67.94
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Figure 11: Infuence of various factors on the occurrence time of
surface association.
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diameter, and its length will change due to the infuence of
the inclination angle and velocity. Because it is less afected
by other factors, unless there is a superposition of the tunnel
areas, the degree of joint damage is small, which mainly
depends on the distance between the tracks of the fragment
tunnel areas.

Te impact back is the possible area of collapse and
damage in the direct penetration area. Figure 16 shows the
joint damage process of the impact back. Since the damage

degree of the back area is generally greater than that of the
front when penetrating the concrete, the area of joint
damage also increases correspondingly. Te impact back is
similar to the impact front, which is mainly afected by the
distance between the penetration points on the back and
the incident angle. Te fragment velocity determines
whether the fragment can reach this area. It can be seen
from the abovementioned paragraph that the damage form
of the collapse area is basically the damage of the truncated

oc
cu

rr
en

ce
 ti

m
e o

f s
ur

fa
ce

 co
up

in
g

Fa
lli

ng
 p

oi
nt

 sp
ac

in
g 

(m
m

)

Ve
lo

ci
ty

/(
m

/s
)

Ti
tlt

 an
gl

e/
(°

)

D
ia

m
at

er
 (m

m
)-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

bo
un

da
ry

 co
up

lin
g 

le
ng

th

Fa
lli

ng
 p

oi
nt

 sp
ac

in
g 

(m
m

)

Ve
lo

ci
ty

/(
m

/s
)

Ti
tlt

 an
gl

e/
(°

)

D
ia

m
at

er
 (m

m
)

Figure 13: Normalized regression coefcient of surface joint occurrence time and boundary joint length.
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Figure 14: Cloud diagram of joint damage strain process of impact front. (a) 0.025ms. (b) 0.075ms. (c) 0.225ms. (d) 0.375ms.
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cone-shaped area. Te distance between the center point of
the truncated cone and the fragment ejection point is af-
fected by the angle, and the damaged area tends to shift to
the bottom of the fragment trajectory. Te combined
damage of the front or back of the impact will reduce the
tunnel area.

Taking the maximum damage surface of the two frag-
ment tracks as the main view surface, six typical damage
forms under diferent surface conditions are obtained in
Figure 17.

To sum up, when studying the joint damage under the
condition of diferent planes, the occurrence of joint damage
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Figure 15: Cloud chart of joint damage strain process in the tunnel area. (a) 0.025ms. (b) 0.075ms. (c) 0.225ms. (d) 0.375ms.
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Figure 16: Cloud chart of joint damage strain process in the tunnel area. (a) 0.025ms. (b) 0.075ms. (c) 0.225ms. (d) 0.375ms.
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is taken as the evaluation basis, the combination of the three
parts of the excavation area, tunnel area, and collapse area is
taken as the evaluation condition, and the number of joint
damage areas in each group is taken as the result of or-
thogonal optimization. 0 means that there is no union; 1
represents 1 position; 2 represents 2 positions; 3 represents
three locations; and 25 groups of orthogonal optimization
are divided into four joint damage degrees: 0, 1, 2, and 3.
Table 10 shows the data statistics and joint degree of diferent
surface damages.

Orthogonal optimization was carried out on the joint
degree of concrete with two fragments, respectively. Te
results showed that there was no obvious rule for each
variable, either for the overall joint degree or for the range
analysis of the joint degree excluding the pit area. Te or-
thogonal optimization variables and damage degree were
analyzed bymultifactor variance analysis. Table 11 shows the
results of the multifactor variance analysis of the overall joint
damage degree, and Table 12 shows the multifactor variance
analysis of the joint damage degree excluding the open
pit area.

It can be seen from the abovementioned multifactor
variance results that each factor and level value of orthogonal
optimization have a high degree of interpretation for the
results of damage degree, and fve variables can explain
73.8% and 76.3% of the parameters of damage degree.

From the damage of the concrete target, the impact point
spacing in coplanar damage has a great impact on joint
damage, and the infuencing factors of joint damage are
more afected by the distance between the fragment tra-
jectories. According to the previous assumptions, the dis-
tance between the impact points and the average distance
between the two fragments and the intersection line of the
penetration surface can replace the angle between the
penetration surface and the inclination of the two fragments.

Te combination of the distance between the impact points,
the average distance between the penetration surface, and
the velocity of the fragments can be used as variables to study
the degree of damage using the PLS regression analysis
method. Te analysis results are shown in Figure 18.

From the fnal regression coefcient of the damage
degree, it can be seen that the velocity combination has
a positive impact on the damage degree of fragments, while
the intersection distance and impact point spacing have
a negative impact. When analyzing the damage degree of the
concrete target as a whole, the impact point spacing plays
a leading role, which confrms that the joint damage occurs
most frequently in the open pit area in the 25 groups of
orthogonal optimization simulation. After removing the
joint damage in the open pit area, the intersection distance
occupies the dominant position and the negative impact of
exceeding the landing point spacing on the joint damage.
Tat is, the greater the distance between the two fragments
fying-out point and the intersection line, the smaller the
joint degree of concrete.

2.4. Diference of Joint Damage of Two Fragments under
DiferentPenetrationModes. From the joint damage analysis
of the abovementioned two angles, there are great difer-
ences in the damage forms between coplanar and hetero-
geneous damage. Because the velocity vectors between
fragments produced by coplanar damage are similar, the
randomness of variables between them is small during
penetration, and they are only afected by the penetration
density of the fragments. Te form of joint damage of co-
planar penetration is relatively simple, and the destructive
force of joint damage is greater than that of the coplanar
penetration. Te conditions for joint damage of diferent
planes are relatively harsh, and usually they must fall at
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Figure 17: Typical six types of abnormal surface damage forms. (a) Front pit-front pit (group 8). (b) Front pit-tunnel (group 6). (c) Front
pit-penetration (group 3). (d) Tunnel-tunnel (group 15). (e) Tunnel-penetration (group 7). (f ) Penetration-penetration (group 11).
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Table 11: Results of multifactor ANOVA of overall combined damage.

Sum of squares df Mean square F p value
Intercept 36 1 36 21.176 0.010∗
Falling point spacing 7.6 4 1.9 1.118 0.458
Angle of penetration surface 0.4 4 0.1 0.059 0.991
Fragment 1 angle 2.4 4 0.6 0.353 0.831
Fragment 2 angle 3.6 4 0.9 0.529 0.723
Speed combination 5.2 4 1.3 0.765 0.599
Residual 6.8 4 1.7

R2 � 0.738

Table 12: Results of multifactor ANOVA of joint damage excluding the open pit area.

Sum of squares df Mean square F p value
Intercept 7.84 1 7.84 9.333 0.038∗
Falling point spacing 2.16 4 0.54 0.643 0.66
Angle of penetration surface 0.56 4 0.14 0.167 0.945
Fragment 1 angle 2.16 4 0.54 0.643 0.66
Fragment 2 angle 2.96 4 0.74 0.881 0.547
Speed combination 2.96 4 0.74 0.881 0.547
Residual 3.36 4 0.84

R2 � 0.763
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Figure 18: Standardized regression coefcients of optimized variables for two joint damage degrees.

Table 13: Comparison of coplanar and heterogeneous joint processes.

Time (ms) Coplanar penetration Diferent surface penetration
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similar points or near the concrete area where the fragment
tracks intersect, so as to reduce the damage degree of
concrete under diferent planes.

As shown in Table 13, the process of fragment pene-
trating concrete is analyzed from the cloud image of joint
damage. Te joint response process of fragment penetration
is observed by comparing the coplanar and the diferent
planes. Te coplanar penetration basically acts on the
concrete target in the same time and space, so that the joint
action process is continuous. Due to the diferent combi-
nations of inclination angle and velocity and the inconsistent
distance in space, there are various forms of space-time
superposition in the joint action area, so that the joint form
is mostly the destruction of a single area.

From the perspective of joint damage forms caused by
diferent types of processes, the increase of variables be-
tween fragments on diferent sides makes it difcult to
combine fragments even if 3/4 of the fragments have less
intersection in the simulation. According to the results of
the coplanar and nonplanar analysis, the speed and angle
are the common factors that afect the damage size of the
two fragments. Te joint damage is afected by the initial
distance between the two fragments and the distance from
the intersection line of the penetration surface, that is, the
smaller the two distances, the greater the joint damage
degree between the fragments.

By analyzing and comparing the joint damage forms of
the two regions, it can be seen that the joint damage degree
of the open pit area and the collapse area is larger when they
are coplanar, and the fragments of the tunnel area of both are
relatively small, but the damage degree of the tunnel area of
diferent planes is greater than that of coplanar penetration
under some conditions.

3. Conclusions

Based on the research on the damage of a single fragment to
three areas of concrete (impact the front face, impact the
back face, and tunnel area) through direct and oblique
penetration, the mechanism and form of joint damage can
be seen by comparing the diferences between coplanar and
nonplanar joint damage between fragments. In the study of
the joint damage of fnite thickness concrete, through the
data analysis of the occurrence time, damage form, and
damage degree of the joint damage, the following conclu-
sions are obtained:

(1) Coplanar joint damage is relatively regular.Temain
factor afecting the occurrence and degree of joint
damage is fragment spacing, followed by velocity.
Te smaller the fragment spacing and the faster the
speed, the greater the degree of joint damage. Te
PLS regression coefcients of the surface joint length

Table 13: Continued.

Time (ms) Coplanar penetration Diferent surface penetration
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and the surface joint time of fragment spacing are
0.70 and 0.68, respectively.

(2) Te damage mode of diferent surface damage is
complex, in which the distance between the impact
points mainly afects the damage degree of the pit
opening area, and its PLS regression coefcient is
0.44 (the intersection distance is 0.18 at this time).
Te damage degree of the collapse area is afected by
the intersection distance between the fying-out
point on the back of the two and the penetration
surface. Te probability of joint damage in the
tunnel area is the smallest. Te damage on the
diferent surfaces mostly occurs near the two falling
points of the concrete and the area at the in-
tersection of the trajectory. Te regression co-
efcient of the intersection distance is 0.19 (the
distance between the falling points is 0.16 at this
time).

(3) Te scoring of joint damage degree is closely related
to each fragment variable, refecting the joint degree
between the two fragments. Te occurrence of var-
ious types of joint damage can be explained by the
parameters between the two fragments, which can be
extended to the damage research of the warhead as
a whole.
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