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Attacks using penetration-explosion warheads can cause the backside of concrete targets to collapse. Current research on collapse
damage mainly focuses on the damage caused by external explosions and the damage of targets with prefabricated holes under
internal blasts. However, the penetration effect also affects the destructive effect of the explosion-induced collapse, so experiments
on prefabricated borehole charges cannot fully reflect real implosions. To study the effect of the initial penetration damage of
imploding concrete structures with finite thickness on their collapse, in this study, field experiments are carried out on concrete
targets with different initial penetration damage. +e collapse damage of the targets is analyzed, and the dimensional analysis
method is used to fit the experimental data and obtain the rules and prediction methods of the effect of the initial penetration
damage on the relative collapse thickness. +e collapse depth of the concrete targets is found to decrease with the increase in the
impact energy factor; this increase is found to reduce gradually until stabilization. +e conclusion has been verified and analyzed
in depth through numerical simulations. +e results of this study can provide a basis for subsequent simulations of the actual
penetration and explosion effects and a reference for the optimal protection design of concrete structures and the optimal damage
design of penetration-explosion warheads.

1. Introduction

Penetration-explosion warheads are currently the first
choice of weapon against concrete targets. +ey rely on the
kinetic energy or jets to penetrate a certain depth inside the
target and detonate high-energy charges to damage the
target. Warheads damage concrete structures of finite
thickness in the area near the impact point. +ey may
produce an impact or blast funnel pit on the front side and a
collapse funnel pit on the back side [1]. In severe cases,
penetrating damage may occur. Depending on the de-
structive effect, the collapse caused by the warhead to the
structure can be categorized into impact collapse and ex-
plosion collapse [2].

Collapse is an important form of damage to concrete
structures caused by earth penetrator weapons. After the

warhead hits the target, under the effect of explosion and
(or) impact, the concrete structure with finite thickness will
experience collapse damage on its back side. When the
compressive stress wave generated by the explosion load (or
impact load) propagates to the back of the structure, a strong
tensile wave is generated, which causes the concrete on the
back of the structure to collapse and spallate, forming
concrete fragments of different sizes. +ese concrete frag-
ments have a high speed and can hurt personnel and damage
equipment [3].

+e first discovery of collapse was observed by Hop-
kinson during a scientific study of the explosion effect in
1914, but real attention toward this issue was given only after
the 1950s. Some scientific research institutions, military
departments, companies, and universities have obtained a
series of empirical formulas for the thickness of collapses by
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summarizing a large number of test data during World War
II and later. +ese formulas can be divided into three cat-
egories: the first category involves penetration depth of the
projectile, the second category involves the penetration
thickness, and the third category includes the empirical
formulas built directly from collapse experimental data.
Specifically, the first category includes Petry-I formula,
Petry-II formula, ACE formula, National Defence Research
Committee (NDRC) formula, modified NDRC formula, and
Kar formula. +e second category includes BRL formula,
modified BRL formula, Ammann-Whitney formula, and
PCDM and its modified formulas. +e third category of
empirical formulas includes Haldar formula, Hughes for-
mula, Adeli-Amin formula, Bechtel formula, Stone-Webster
formula, and Chang formula [2].

+e purpose of this study is to discuss the collapse
damage caused by an explosion, so we need to focus on the
third category of empirical formulas. In 1981, Chang pro-
ceeded from the perspective of kinetic energy and energy
and used Bayesian statistical analysis to obtain the following
semiempirical formula for calculating the thickness of
collapse:

h � 0.118
m0.4v0.67

D1.2σ0.4
c

, (1)

where m is the projectile mass, v is the initial penetration
velocity, D is the projectile diameter, and σc is the com-
pressive strength of the target material.

+ere is very little public information available about
experimental research on explosion-induced collapse. +e
empirical formula for the thickness of projectile explosion-
induced collapse is only mentioned in the Protective
Construction Design Manual (PCDM) published by the US
Air Force in 1989 [4]. +e manual uses the following em-
pirical formula:

h � 0.048
R

W1/3 
−0.3 W

W + C
 

−0.3
W

1/3
, (2)

where W is the weight of the projectile charge, C is the
weight of the projectile shell, and R is the distance from the
projectile to the structure during the explosion. Zheng et al.
pointed out that equation (2) is conservative and the cal-
culation of the collapse failure curve calculated by it contains
a lot of experimental data without collapse [2]. +erefore,
based on the experiment data, they used the reliability design
method to modify equation (2) and proposed a new formula
for calculating the collapse thickness:

h � 0.0115
R

W1/3 
−0.7 W

W + C
 

−1.31
W

1/3
. (3)

Recent research on the collapse damage of concrete
structures under explosion mainly focused on two aspects:
the collapse damage of the backside of concrete targets under
external explosion and the collapse damage of the backside
of concrete targets with precast holes under internal ex-
plosion. Fu and Zhang [5] studied the damage to the free
surface of a reinforced concrete target subjected to an in-
ternal explosion load; Li and Hao [6] studied the damage

mode for reinforced concrete slabs under aerial initiation
conditions; and Zhang and Wang [7] studied the anti-
explosion performance of concrete gravity dams under the
impact of underwater explosion shocks. Rabczuk et al. [8]
used field tests and numerical simulations on concrete slabs
of different thicknesses and initiated explosive contact to
compare the diameters and depths of craters on the front
and back of concrete targets. Leng et al. [9] studied the
dynamic response of cavity formation and developed pre-
dictive rules for concrete structure under the effect of in-
ternal explosion load, and Lai et al. [10] studied the failure
characteristics of super-strength concrete under different
burial depths and different loading conditions. Zhang et al.
[11] studied the critical collapse thickness and the corre-
sponding critical charge for a concrete target. Rabczuk et al.
[8, 12] conducted field tests and numerical simulations on
concrete slabs of different thicknesses and initiated explosive
contact to compare the diameters and depths of the craters
on the front and back of the concrete targets.

In fact, most of the explosive damage is investigated
under the premise that the structure experiences initial
penetration damage; i.e., the warhead produces penetration
damage to the front of the concrete structure first. +e
explosion venting effect produced by the front penetration
pit reduces the explosion energy on the back surface, thereby
reducing the collapse damage of the back side. At present,
research on the impact of the initial penetration damage on
the collapse of imploding concrete targets with finite
thickness is scarce. In this study, we experimentally inves-
tigate the damage of the back of a finite-thickness concrete
structure under different initial damage conditions and
column-type charges. By fitting the experimental data, we
obtain an empirical formula that describes the implosion-
induced collapse considering the initial penetration damage
is obtained.

2. Theoretical Analysis

Collapse damage involves a series of complex mechanisms,
such as wave propagation effects in the thickness direction of
the concrete structures and transient dynamic effects of
materials, which are theoretical problems that need to be
solved urgently in the field of protection engineering. Since
the middle of the last century, scientists from various
countries have made great efforts to understand the collapse
effect theoretically. For example, in a series of experiments of
the detonation of contacting explosives and metal plates,
multiple spalling phenomena were observed. Based on this
experiment, in this study, the detonation wave is reduced to
a one-dimensional saw-shaped wave (no step-up triangular
load) and the waveform change and attenuation during the
wave propagation process is not considered. Principal stress
theory was used to determine the conditions for spalling
caused by the wave reflection on the back surface, the
number of spalling fragments, and the thickness and velocity
of each fragment. Principal stress theory can also be used to
determine the thickness of the one-dimensional spallation
and the velocity of the fragments under the action of a
stepped triangular load. Based on preliminary experiments,
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it can be concluded that the thickness of the collapse and the
velocity of the diaphragm are related to the shape of the
carrier, time of action, peak pressure, tensile strength and
density of the material, and speed of wave propagation.
+ese theoretical observations significantly simplify the
materials into homogeneous brittle materials (one-dimen-
sional) and homogeneous elastic materials but do not reflect
the complex spatial, time, and cumulative effects of the
collapse damage [4, 13].

To solve this issue, an empirical formula considering the
effects of implosion-induced collapse was established, and
the dimensional analysis method was used to simplify it and
find the relationship between multiple physical quantities
[4, 14, 15]. +is is an effective and practical method to study
the influencing factors and laws of the collapse damage of
structures. In this study, the length-force-time (L-F-T)
mechanical system is used to conduct a dimensional analysis
of the collapse effect of concrete structures with finite
thickness.

+e destructive effect of implosion-reduced collapse is
determined in terms of factors such as the amount, depth,
diameter, and length of the charge and the parameters of the
concrete material. Because the initial penetration damage is
random and, thus, difficult to measure, the impact energy
factor (dimensionless quantity) is used to represent the
energy of the projectile on the target during penetration. In
1982, Haldar et al. analyzed from a dimensional perspective
and pointed out that one end of the National Defence
Research Committee (NDRC) formula proposed by the
National Defence Research Committee in 1946 is dimen-
sionless while the other end is dimensional [2, 16]. To correct
this, they introduced a dimensionless parameter called the
impact energy factor:

I �
Nmv2

D3σc

, (4)

where N represents the shape factor of the warhead. +is
parameter can better indicate the damage status of the
concrete target from the penetration effect and ignores the
influence of the randomness.

+e penetration and explosion effects acting on the
concrete structure are essentially the process of the concrete
material undergoing shear, compression, and stretching.+e
governing parameters involved in the implosion of concrete
under initial penetration damage are shown in Table 1
[17–24].

From a physical point of view, the collapse depth de-
pends on the material and geometric parameters of the
explosive and the target and the degree of initial penetration
damage [24–26], which can be summarized as

h � f ρe, l, d, s, I, E, σc, σt, μ, ρT, H, vd( . (5)

In accordance with the theory of material mechanics and
explosion dynamics, Table 1 and equation (5) list the basic
parameters involved in concrete materials under the im-
plosion effect. When the structure is subjected to shear,
tension, and compression, these parameters are variables
that need to be investigated for different damage effects of

the material (except the impact energy factor). Other pa-
rameters that are not listed herein can be converted from
these parameters. Using the Buckingham theorem
[4, 14, 15], equation (5) can be expressed in the following
dimensionless form:

h

d
� f

ρev
2
d

d2E3,
l

d
,
s

d
, I,

σc

E
,
σt

E
, μT,

ρTv2d
d2E3,

H

d
 . (6)

3. Experimental Setup

In the experiment, a total of 20 concrete targets with a
strength of C35 and dimensions of 1000mm× 500mm were
used. +e concrete was fixed in the circumferential direction
with an 8mm steel hoop to eliminate the radial boundary
effect, as shown in Figure 1. First, a penetration experiment
was performed on ten targets at the field site to induce initial
penetration damage. A 30mm orbital smoothbore gun was
used in the penetration experiment. Figure 2 shows a
schematic of the experimental setup, and Figure 3 shows a
photograph of the experiment site.

A 30CrMnSiNi2A solid projectile with a mass of 168 g
and a material yield strength of 1413MPa was used. +e
projectile is difficult to remove after penetration into the
target and affects the charge position of the explosion ex-
periment. +erefore, the projectile was designed with a
gradually decreasing diameter, as shown in Figure 4. +e
length of the projectile was 100mm, and the diameters of the
projectile neck and tail were 20 and 14mm, respectively. A
groove was designed at the tail of the projectile to facilitate
the use of a specially made flat head screwdriver to rotate the
projectile after penetration. +e warhead was oval-shaped
and its caliber radius head was 2.5. +e initial penetration
speed of the projectile was controlled at 460–670m/s. After
the penetration experiment and once the projectile was
removed, the implosion experiment was performed.

+e explosion experiment was performed in a static
explosion field, and the Hexogen grain was pressed in ad-
vance (Figure 5) to a size of 20mm× 20mm. After pene-
tration, we measured the ten targets and recorded their
penetration depth. We drilled holes in the center of the other

Table 1: Governing parameters of the implosion of concrete under
initial penetration damage.

Parameter Symbol Units
Explosive density ρe FT2L−4

Explosive length l L
Explosive diameter d L
Charge depth s L
Impact energy factor I —
Concrete elastic modulus E FL−2

Concrete uniaxial compressive strength σc FL−2

Concrete uniaxial tensile strength σt FL−2

Concrete Poisson’s ratio μ —
Concrete density ρT FT2L−4

Concrete thickness H L
Explosive detonation velocity vd FT−1

Collapse depth h L
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Figure 1: Experimental concrete target.
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Figure 2: Penetration experiment schematic diagram.

Figure 3: Penetration experiment site.
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Figure 4: Schematic (a) and photograph (b) of the penetration projectile.
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ten targets to a depth equal to the ten depths obtained from
the penetration experiment. +e explosive was arranged in
the penetration tunnel, and the column charging method
was adopted. +e arrangement of the components of the
experiments is shown in Figure 6. +e explosive was pas-
sivated Hexogen with a density of 1.5 g/cm3, explosion heat
of 5215 J/g, detonation velocity of 8150m/s, and charge
diameter of 20mm.

It is worth noting that the setting of parameters in the
experiment takes the actual engineering scenario into con-
sideration. +e size of the projectile/charge matches the target
size, and the shrink ratios are the same. If the target is too large
or the projectile/charge is too small, it is not in line with
engineering reality, and its damage status is easier to judge.+e
destruction law of critical state is of additional research sig-
nificance as it can also act as a reference for the optimal design
of the layer resisting projectile or penetration-explosion war-
heads that exhibit the desired price-performance ratio.

4. Results and Discussion

To study the impact of the initial penetration damage on the
implosion-induced collapse of concrete structures, a

controlled variable method was adopted to divide 20 targets
into ten groups for explosion experiments, as shown in
Table 2. +en, the collapse thickness of the targets was
compared. After the explosion, funnel-shaped collapse oc-
curred on most surfaces, and a few cracks appeared outside
the damage area. Partial cracks communicated with each
other causing fragmentation in some areas, and part of the
concrete was peeled off from the back of the targets. +e
collapse was obvious and the integrity of the target was poor
after the explosion. Photography with a speed of 3000
frames/s was used to record the concrete throwing process
during the explosion. Figure 7 shows the images of the
concrete thrown at target 7-2 when subjected to an explosive
load. After the experiment, the collapse damage of the targets
was measured and recorded. Figure 8 shows the damage of
the backside of some targets. A 3D scanner is used to record
the damage on the target’s back. +e scan results are shown
in Figure 9. Table 2 shows the relevant data of the target after
the explosion.

We verified that the experimental results conform to the
aforementioned authoritative empirical formulas. +e
shape, diameter, and mass of the projectile that caused the
initial penetration damage, as well as the mass, density, and

Figure 5: Pressed grain.

hs
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Concrete

l

Penetration
damaged area

Collapse
damaged area

Explosive
damaged area

H

Figure 6: Cylindrical charge layout.

Mathematical Problems in Engineering 5



detonation speed of the cylindrical charge, were fixed.
+erefore, the penetration parameters only retain the initial
penetration speed, and the explosion parameters only retain

the charge depth. For concrete materials, the elastic mod-
ulus, Poisson’s ratio, and density are fixed values, and the
thickness of the targets is also fixed. +erefore, the

Table 2: Experimental results of collapse damage of concrete targets.

Group No. Penetration speed (m/s) Charge aspect ratio Charge quality (g) Impact factor Buried depth (m) Collapse depth (m)

1 1-1 465.12 5 :1 39.25 172.68 0.197 0.097
1-2 — 5 :1 39.25 0 0.197 0.152

2 2-1 489.39 5 :1 39.25 193.38 0.214 0.091
2-2 — 5 :1 39.25 0 0.214 0.148

3 3-1 512.75 5 :1 39.25 209.62 0.232 0
3-2 — 5 :1 39.25 0 0.232 0.142

4 4-1 544.35 5 :1 39.25 235.93 0.251 0.098
4-2 — 5 :1 39.25 0 0.251 0.149

5 5-1 558.49 5 :1 39.25 248.28 0.259 0.105
5-2 — 5 :1 39.25 0 0.259 0.154

6 6-1 589.43 5 :1 39.25 277.31 0.277 0.105
6-2 — 5 :1 39.25 0 0.277 0.149

7 7-1 612.92 5 :1 39.25 300.29 0.287 0.125
7-2 — 5 :1 39.25 0 0.287 0.163

8 8-1 625.21 5 :1 39.25 315.60 0.293 0.122
8-2 — 5 :1 39.25 0 0.293 0.158

9 9-1 643.47 5 :1 39.25 330.49 0.310 0.114
9-2 — 5 :1 39.25 0 0.310 0.151

10 10-1 671.46 5 :1 39.25 359.87 0.325 0.119
10-2 — 5 :1 39.25 0 0.325 0.154

(a) (b) (c) (d)

(e) (f ) (g) (h)

Figure 7: High-speed photography of the concrete throwing experiment with target 7-2 at time. (a) t� 0 s, (b) t� 0.001 s, (c) t� 0.0025 s, (d)
t� 0.01 s, (e) t� 0.03 s, (f ) t� 0.075 s, (g) t� 0.09 s, and (h) t� 0.18 s.

(a) (b) (c) (d)

Figure 8: Collapse damage effect of concrete targets: (a) target 2-2; (b) target 5-1; (c) target 7-1; (d) target 8-2.
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Target 1-1 0.1 m

(a)

Target 1-2 0.1 m

(b)

Target 2-1 0.1 m

(c)

Target 2-2 0.1 m

(d)

Target 3-1 0.1 m

(e)

Target 3-2 0.1 m

(f )

Target 4-1 0.1 m

(g)

Target 4-2 0.1 m

(h)

Target 5-1 0.1 m

(i)

Target 5-2 0.1 m

(j)

Target 6-1 0.1 m

(k)

Target 6-2 0.1 m

(l)

Figure 9: Continued.
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dimensionless expression of the explosion-induced collapse
depth of a finite-thickness concrete structure in the state of
initial penetration damage can be simplified to

h

d
� f

s

d
, I . (7)

According to the existing empirical formula and massive
test data [26], when the proportion of charge burial depth
(s − l)/m1/3 is greater than 0.2 (m is the charging mass), the
completely packing coefficient is

rp � 1.65Kp

��
m3

√
, (8)

where Kp represents the medium failure yield coefficient. +is
formula shows that, for a certain medium material and charge,
the completely packing coefficient is constant. In other words,
the coefficient indicating the charging depth and packing
condition is constant under this condition. In this experiment,
the proportions of charge burial depth are all greater than 0.33,

so the influence of the charge depth on the explosion-induced
collapse can be ignored. Equation (7) can be further simplified as

h

d
� f(I). (9)

+e dimensionless collapse depth obtained by
substituting the experiment data is shown in Figure 10.

As can be seen from Figure 10, in the second group, the
target with penetration damage did not form the collapse
damage area after the explosion, and only cracks formed on
the backside. To evaluate the effect of the penetration
damage on the collapse damage area, the second set of data is
removed during analysis, and only the remaining nine sets
are analyzed. To study the impact of the penetration damage
on the implosion-induced collapse effect, the difference
between each set of experiment data is used to represent the
magnitude of the impact, i.e., the dimensionless amount of
the difference in collapse depth:

Target 7-1 0.1 m

(m)

Target 7-2 0.1 m

(n)

Target 8-1 0.1 m

(o)

Target 8-2 0.1 m

(p)

Target 9-1 0.1 m

(q)

Target 9-2 0.1 m

(r)

Target 10-1 0.1 m

(s)

Target 10-2 0.1 m

(t)

Figure 9: Scan images of the collapse damage.
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h′
d

�
hn2

d
−

hn1

d
, n � 1, 3, 4, . . . , 7, (10)

where hn2 and hn1 are the collapse thicknesses without and
with penetration damage in the n group experiment, re-
spectively. +e relationship between the dimensionless
collapse depth and the impact energy factor is shown in
Figure 11.

When the impact energy factor is small, the penetration
of the damage area has a greater impact on the escape of the
explosion energy due to the shallow penetration depth.
+erefore, the difference in the collapse depth is large, which
may lead to the failure of collapse due to excessive energy
dissipation. As the impact energy factor gradually increases,
the proportion of the penetration tunnel area in the entire
damage area gradually increases, and the escape energy
gradually decreases. +e difference in collapse depth in the
same group of experiments gradually decreases. When the
impact energy factor increases to a certain value, the impact
of the penetration damage area on the explosion energy
gradually stabilizes, and the difference between the collapse
depths decreases.+erefore, equation (9) can be expressed as
a logistic function:

h′
d

� f(I) �
1

α + β × aI−b
+ k. (11)

In equation (11), α> 0 and β> 0, with a≠ 1, b, k, are
constants, which are fitted through experimental data by
using least squares approach in MATLAB to obtain

h′
d

�
1

0.9187 + 0.6129 × 1.043I−255.8 + 1.734, (12)

where I is between 170 and 360. Figure 11 shows the results
of the fitting of equation (12) to the experimental results. As
shown in Figure 12, equation (12) fits the experimental
results well, and the uncertainty does not exceed 5%.

Nevertheless, this equation has limitations and is only ap-
plicable to the data range for the materials used in the
experiment, which, however, are commonly used in engi-
neering. +e strength range of the concrete target is

1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

8

9

10

h/
d

Group

I = 0
I ≠ 0

Figure 10: Experimental data of the dimensional collapse depth.
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Figure 11: Plot of dimensionless collapse depth as a function of the
impact energy factor.
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Figure 12: Fitting of equation (12) to the experimental results.

Table 3: Main parameters of the RHT constitutive model.

Parameter Value
State equation parameter B0 1.22
State equation parameter B1 1.22
State equation parameter T1 100
State equation parameter T2 0
Failure surface parameter N 0.61
Relative shear strength FS∗ 0.18
Relative tensile strength FT∗ 0.1
Lode angle parameter Q0 0.865
Lode angle parameter B 0.0105
Failure surface parameter A 1.4

Mathematical Problems in Engineering 9



C30–C40, and the projectile that caused the initial pene-
tration damage is normal incidence.

To verify the experimental data and the results of di-
mensionless analysis, LS-DYNA software and finite-element
method were used for numerical simulations. In the nu-
merical simulation, the cylindrical concrete target subjected
to penetration and explosion can be simplified into an
axisymmetric model. +e target and the projectile adopt the
shell axisymmetric algorithm unit, and the air and explosive
use the ALE2D axisymmetric algorithm unit. +e air
boundary is set as a nonreflective boundary, and the outer
boundary of the target is set as a radial constraint (steel hoop
constraint in the experiment). After the penetration, the
element node information and stress-strain state of the
target are output as the initial conditions for the explosion
calculation. Depending on the result of penetration, the
location of implosive initiation is determined, and the
modeling and calculation of the explosion is carried out.
When constructing the concrete RHT constitutive model,
the strain rate effect of the material and the characteristics of
the compressive damage softening are considered; more-
over, the influence of the third invariant of the partial stress
tensor on the shape of the failure surface is considered. +e

elastic limit surface, failure surface, and residual strength
surface are used as the control failure surface to describe the
initial yield strength, failure strength, and residual strength
of the concrete material. +e damage evolution of concrete
materials can be well modeled. +e main parameters of the
RHT constitutive model are shown in Table 3.

+e air model uses the MAT_NULL model and the
EOS_GRUNEISEN state equation.+e explosive model uses
the MAT_HIGH_EXPLOSIVE_BURN model and the
EOS_JWL state equation. +e time step for calculating the
implosion is 0.67 by default, with a total duration of 5ms.
Table 4 shows the explosive and its state equation param-
eters. In addition, the projectile is modeled using an elas-
toplastic model.

Figure 13 shows the numerical simulation damage di-
agram and damage area mark of group 8. +e red area in
Figure 13 is the damaged area of the concrete structure. As
the collapse failure is tensile failure, the failure mode of the
back surface is layered fracture. To accurately judge the
collapse depth of the back surface, the stress-effective de-
struction layer farthest from the back explosion surface is
selected, and the distance between this layer and the back
explosion surface is the collapse depth. +e numerical

Table 4: +e explosive and its state equation parameters.

Density kg·m−3 Detonation velocity (m·s−1) CJ pressure (GPa)
JWL state equation parameters

A (GPa) B (GPa) R1 R2 ω E (GPa)
1200 4950 6.125 52.4 0.768 4.2 1.1 0.34 8.5

History variable #4
1.000e + 00
9.500e – 01
9.000e – 01
8.500e – 01
8.000e – 01
7.500e – 01
6.500e – 01
6.000e – 01
5.500e – 01
5.000e – 01
4.500e – 01
4.000e – 01
3.500e – 01
3.000e – 01
2.500e – 01
2.000e – 01
1.500e – 01
1.000e – 01
5.000e – 02
0.000e + 00

(a)

History variable #4
1.000e + 00
9.500e – 01
9.000e – 01
8.500e – 01
8.000e – 01
7.500e – 01
6.500e – 01
6.000e – 01
5.500e – 01
5.000e – 01
4.500e – 01
4.000e – 01
3.500e – 01
3.000e – 01
2.500e – 01
2.000e – 01
1.500e – 01
1.000e – 01
5.000e – 02
0.000e + 00

(b)
History variable #4

1.000e + 00
9.500e – 01
9.000e – 01
8.500e – 01
8.000e – 01
7.500e – 01
6.500e – 01
6.000e – 01
5.500e – 01
5.000e – 01
4.500e – 01
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0.000e + 00
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Figure 13: Numerical simulation damage diagram and damage area mark of group 8.
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simulation results are shown in Table 5. In the actual ex-
periment, as the concrete structure was not sufficiently vi-
brated during the casting process, the concrete strength of
collapse surface was higher than the strength of the im-
plosive surface. +erefore, the depth of the collapse in the
experiment is relatively low, and the depth of the numerical
simulation is relatively high. Compare the data with equa-
tion (12) and observe that the error between the dimen-
sionless analysis and numerical simulation results does not
exceed 7%, and the law of the two results is the same
(Figure 14).

5. Conclusions

It is of great practical significance to study the effects of the
initial penetration damage on the implosion-induced col-
lapse of concrete structures with finite thickness. +is study
compared the implosion-induced collapse depth of concrete
targets with finite thickness under different initial pene-
tration damage through field experiments. +e equations
obtained by the dimensionless analysis were verified via
numerical simulations.+e followingmain conclusions were
drawn.

When the impact energy factor increased, the difference
in the collapse depth of the concrete targets of the same
group decreased, and the decrease rate gradually reduced.
When the impact energy factor was small, the initial pen-
etration damage caused more energy overflow due to the
small tunnel area, and the implosion-induced collapse effect
was significant. Eventually, whether the target was pene-
trated or the collapse depth gradually stabilized, depending
on the relationship between the target thickness and the
damage limit, equation (8) was proposed for calculating the
influence of the initial penetration damage on the implo-
sion-induced collapse depth of concrete targets and it was
fitted to the experimental results, showing good agreement.
+en, we derived an equation for calculating the relative
collapse depth in the case of the existence of the initial
penetration damage. +is equation can provide a basis for
subsequent experiments to simulate the actual penetration
and explosion effects, as well as a reference for the optimal
protection design of concrete structures and optimal damage
design of penetration-explosion warheads.

In the future, the effects of different length-to-diameter
ratios and charges on the implosion-induced collapse effect
could be considered in the case of the existence of the initial
penetration damage.

Table 5: Numerical simulation results for collapse damage of concrete targets.

Group No. Penetration speed (m/s) Charge aspect ratio Charge quality (g) Impact factor Buried depth (m) Collapse depth (m)

1 1-1 465.12 5 :1 39.25 172.68 0.212 0.105
1-2 — 5 :1 39.25 0 0.212 0.163

2 2-1 489.39 5 :1 39.25 193.38 0.223 0.107
2-2 — 5 :1 39.25 0 0.223 0.164

3 3-1 512.75 5 :1 39.25 209.62 0.235 0.108
3-2 — 5 :1 39.25 0 0.235 0.164

4 4-1 544.35 5 :1 39.25 235.93 0.256 0.114
4-2 — 5 :1 39.25 0 0.256 0.166

5 5-1 558.49 5 :1 39.25 248.28 0.269 0.125
5-2 — 5 :1 39.25 0 0.269 0.172

6 6-1 589.43 5 :1 39.25 277.31 0.278 0.134
6-2 — 5 :1 39.25 0 0.278 0.175

7 7-1 612.92 5 :1 39.25 300.29 0.290 0.138
7-2 — 5 :1 39.25 0 0.290 0.176

8 8-1 625.21 5 :1 39.25 315.60 0.305 0.141
8-2 — 5 :1 39.25 0 0.305 0.178

9 9-1 643.47 5 :1 39.25 330.49 0.317 0.145
9-2 — 5 :1 39.25 0 0.317 ≥0.183

10 10-1 671.46 5 :1 39.25 359.87 0.332 0.149
10-2 — 5 :1 39.25 0 0.332 ≥0.168

150 175 200 225 250 275 300 325 350 375
1.6
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2.0
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2.4

2.6

2.8

3.0

3.2

Simulation results
Equation (12)
Fitting of simulation

h′
/d

I

+7%

–7%

Figure 14: +e error between dimensionless analysis and nu-
merical simulation results.
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