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Fiber reinforced anti-hard-target warhead is a new-type sample munition, which is only designed based
on theoretical analysis and numerical simulation in laboratory. This warhead consists of carbon composite casings and high explosive, which can greatly reduce the damage to objects outside the damage
range. In order to evaluate its blasting damage effect on concrete target, the three types of charges were
researched by means of experiment, which are bare charge, charge with carbon composite material shell
and charge with steel shell. Experimental results show that the peak overpressure of charge with carbon
ﬁber composite shell is higher than that of charge with steel shell, but is lower than that of bare charge in
the case of the same TNT equivalence. No fragments and fragment effect exist for distant target under the
condition of charge with carbon ﬁber composite shell. However, the experimental result of the charge
with steel shell is completely contrary. According to the blast effect in the concrete target, the charge
with carbon composite material shell is optimal in matched impedance and detonation propagation.
Also, the effective energy produced by the detonation of explosive with carbon composite material shell
is the largest.
© 2017 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
In recent years, the low-collateral-damage munitions have been
badly needed, which has good performance in reducing destruction
outside the damage range, while enhancing destructive force on
the target. To achieve this goal, it is necessary to design a weapon
that could penetrate hard targets as deeply as a steel-shelled projectile does, while could restrain the damage of the blast within a
small radius. Fiber reinforced anti-hard-target warhead is a newtype sample warhead, which is only designed based on theoretical analysis and numerical simulation in laboratory. This munition
consists of carbon composite casings and high explosive, which can
greatly reduce the damage to objects outside the damage range.
The blasting damage of ﬁber-reinforced composite warhead has
already become a hot topic in development of conventional
weapon and design of defense engineering, yet little information is
available about the blasting effect on targets [1]. Therefore, it is
signiﬁcant to the development of new-concept warhead and the
design of defense engineering, including the study of blasting-
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damage evaluation for ﬁber reinforced composite warhead.
The phenomena that may occur during the new-concept
warhead blast in air and concrete were preliminary analyzed,
including the damage of target and the efﬁciency of loaded explosives [2]. The damage of target is caused by blast wave and
fragments [3,4]. However, the quasi-static failure of concrete target
and the damage efﬁciency of ﬁber-reinforced composite warhead in
the concrete structure are highly non-linear transient phenomena,
which are difﬁcult to be studied by using theoretical and numerical
methods. So the physical experiments play a vital role in the
characterization of such problems. The results obtained from the
physical experiments represent the efﬁciency of blasting damage
and the failure rules of concrete target for the different charge
shells.
The present work is intended to evaluate the damage characteristics of ﬁber reinforced anti-hard target warhead, i.e., explosion
efﬁciency in air, damage abilities of targets and damage effect of
concrete targets. Explosion tests were conducted to examine the
failure region of concrete target subjected to inner blast and get the
overpressure curves of air blast. Then, the radius of damage and the
craters of concrete targets due to bare charge, charge with composite material shell and charge with steel shell explosive are
compared.
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2. Blast experiment
2.1. Experimental samples
For enhancing the energy delivery to a target while controlling
the radius of damage area as well, a sample was ﬁlled with the
Composition B charge. The Composition B has been used in
ammunition because it is a kind of powerful and very insensitive
explosive. It is highly unlikely to explode accidentally.
The experimental samples were designed for the comparative
analysis of three types of charge, i.e., bare charge, charge with
carbon ﬁber composite material shell and charge with steel shell.
The analysis focuses on the explosion efﬁciency in air, the damage
ability of targets and the damage effect on concrete targets. The
structures of charges are shown in Fig. 1, and their parameters are
listed in Table 1. The properties of composite material are listed in
Table 2.
2.2. Test layout
2.2.1. Air explosion test layout
The air explosion test layout for overpressures of three charges
is shown in Fig. 2. The loaded sample is hanged over a support, and
its axis is vertical to a horizontal plane. Distance between the
bottom of sample and the ground is 1.5 m. Horizontal distances
among overpressure sensors and loaded sample axis are 0.4 m,
0.6 m and 1.0 m, respectively. Gauges designed to measure these
pressures must be robust enough to survive for the total recording
time, typically from 100 ms upwards. In order to avoid unnecessary
fragment impact damage, the silicon piezoelectric sensors and
charges are placed in different angles according to the estimated
dispersion angles of fragments. The sensors are placed at 1.3 m,
1.1 m and 0.9 m above the ground, and the guide lines of silicon
piezoelectric sensors are guarded by steel tube and sandbags.
2.2.2. Test of blasting in concrete target
The schematic diagram of an experimental setup for explosion
in concrete target is given in Fig. 3. The concrete specimens put on
the ground are 500 mm thick and 1600 mm  1600 mm square
plates, and their compressive strength is 35 MPa. A predrilled hole
at target center for charges is 30 mm in diameter and 200 mm in
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length. A high speed camera is used to record the forming process
of blasting crater. The diameter and volume of blasting crater could
be used to evaluate the damage effect of different charges.
3. Experimental results
In the experiments, the silicon piezoelectric sensors were used
to measure the shock wave over pressure caused by the explosive
charge in the air. The processes of blasting damage and fracture of
concrete target was recorded using high speed camera.
3.1. Air blast experimental results
A detonator is detonated at the top of charge. For the bare charge
and the charge with carbon ﬁber shell, there is no damage to the
sensor, sensor bracket, concrete cylindrical target and concrete
protection board after blasting. The carbon ﬁber shell debris can not
be seen around the damage range. It can be inferred from the
combustible carbon ﬁber shell material and the previous round of
tests [2], that the carbon ﬁber shell is burning after blasting.
When the air is driven by the explosive ﬂows at high speed, the
blast wave is followed by an exponential decay of pressure as a
steep pressure occurs. Besides, explosions fragments could cause
structural damage. A metal case in contact with explosive is usually
broken into chunky fragments with the different dimensions in
different directions. The measured initial velocity of fragments is
2km/se3 km/s. The combination with the blast wave and the
fragments causes the damage to target [2,3].
The target damage due to blasting of the charge with steel shell
is depicted in Fig. 4. From the distribution of test pieces, it can be
seen that the explosion fragments produce penetration damage to
steel hoop on the outer surface of the steel cylindrical concrete
target and inner side of Longmen, which is 2 m far from the charge
center.
A 3D numerical simulation model, which includes high explosive material, shell, air and ground, was established using AUTODYN 3D. High explosives were modeled using the
JoneseWilkinseLee (JWL) equation of state as follows:
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(1)

where p is hydrostatic pressure; v is speciﬁc volume; e is speciﬁc
internal energy; and C1, R1, C2, R2 and u are material constants. The
values of the material constants for many common explosives were
determined from dynamic experiments and are available in
AUTODYN. In the present simulation, C1, R1, C2, R2 and u are
assumed as 3.74  105MPa, 4.15, 3.75  105 MPa, 0.9, and 0.35,
respectively [5].
Air is modeled by the ideal gas equation of state, in which the
pressure is related to the energy by

p ¼ ðg  1Þre

Fig. 1. Schematic diagram of samples.

(2)

where g is constant; r is air density; and e is the speciﬁc internal
energy. In the simulation, the standard properties of air from
AUTODYN material library are utilized, i.e., air density r ¼ 1.225 kg/
m3 and g ¼ 1.4. The initial internal energy of air is assumed to be
2.068  105 kJ/kg [5].
In the experiment, the waveform of overpressure is recorded by
a test instrument, and the measured electrical signal is converted to
the overpressure signal. The measured results of overpressure and
the ﬁtted curves of peak overpressure are shown in Table 3, Fig. 5
and Fig. 6, respectively. In Table 3, R is the distance from the
charge center, Pt, Pc and t are the experimental value of peak
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Table 1
Parameters of three charges.
Sample

Shell

Sample 1
Sample 2
Sample 3

Comp.B

Material

Thickness/mm

Mass/g

e
carbon ﬁber composite material
Steel

e
4
4

54
54
54

Loading ratio

Total mass/g

1
0.47
0.15

54
115
360

Table 2
Properties of composite material.
Material

Young's modulus

Composite material

Normal wave impedance/(kg$(m2s)

Poisson's ratio

Longitudinal/GPa

Lateral/GPa

Longitudinal

Lateral

133

10.4

0.33

0.29

1

)

3.73  106

Fig. 2. Schematic diagram of air blast experimental layout.

Fig. 3. Layout of explosive charge in the slab.

overpressure, the numerically simulated value, and the time corresponding to the peak overpressure, respectively.
Because the test sensor layout is reasonable, the sensors and
cable protection pipes were avoided to be destroyed by explosive
fragments. Three air blast testing overpressure curves were successfully obtained. The sensors are numbered 1e6 according to the
distance from charge axis. Since the location of the Sensor 1 is
about 50 mm higher than Sensor 2 (seeing Table 3), it is closer to
the explosive center, which is the reason for the values measured
by Sensor 1are greater than those measured by Sensor 2.

The overpressure of explosion shock caused by carbon ﬁber shell
wave is about two times of that caused by steel shell charge shown
in Table 3, and the peak overpressure of blast shock wave caused by
the bare charge is signiﬁcantly higher than that caused by charge
with case, the former is about two times of the latter. The peak
overpressure is signiﬁcantly different although the height difference of two channels is only about 50 mm. The main reason is that
the overpressure decays rapidly in the near ﬁeld of explosion shock
wave.
Fig. 5 shows the test of pressure-time curves at 0.4 m from the
charge center. Fig. 6 represents the ﬁtting curves of air blast overpressures (Pt) of three charges with the distance (R). On the basis of
Table 3 and Fig. 5, the propagation velocity of explosion shock wave
in the bare charge is larger than that of shelled charges, while the
propagation velocity of explosion shock wave in the carbon ﬁber
shell is faster than that of steel shell charge. The numerical results
agree well with the results in Table 3.
The experimental results demonstrate that the distribution and
propagation of overpressure are closely related to the charge
structure. The overpressure and propagation velocity of shock wave
in the bare charge are higher than those in the charge with shell.
Meanwhile, the overpressure and propagation velocity of shock
wave in the carbon ﬁber shell charge are higher than those in the
steel shell.
In Ref. [1], the explosion model about shell density and
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Fig. 4. Damage of steel fragments from the air blast.

Table 3
Experimental and numerically simulated results of air blast about different charges.
Charge structure

R/m

0.4

bare charge

sensor
Pt/MPa
Pc/MPa
t/ms
Pt/MPa
Pc/MPa
t/ms
Pt/MPa
Pc/MPa
t/ms

1#
0.793
0.724
0.284/0.320
0.439
0.404
0.420/0.468
0.159
0.257
0.578/0.529

Charge with composite material shell

Charge with steel shell

0.6
2#
0.455
0.611
0.252
0.360
0.149
0.224

3#
0.245
0.300
0.702
0.198
0.217
0.936
0.118
0.182
1.089

1.0
4#
0.218

0.194

0.092

5#
0.182
0.182
1.577
0.170
0.154
1.916
0.066
0.144
2.133

6#
0.176

0.150

0.054

Fig. 5. The testing overpressure-time curves of the three charges.

Fig. 6. Overpressure ﬁtting curves of the three charges [5].

thickness was proposed based on the physical process of blast
effect, which can be used to estimate the effect of charge structure
on the strength of shock wave, and the inﬂuences of the density
and thickness of charge shell on the intensity of air explosion
shock wave (or energy utilization) were analyzed. Theoretical
analysis proves that the shell thickness and density are the main
factors affecting the energy utilization of air blast under the same
loading. The ratio of energy using for the shell damage and driven
fragments to the total energy of explosive is not 0.01e0.03 in the
engineering, but increases with the increase in the shell thickness
ratio (ratio of shell thickness to explosive thickness) and density
ratio (ratio of shell material density to explosive density), as
shown in Fig. 7.
The reasons for the differences are mainly two aspects: ﬁrstly, a
part of energy generated by explosion of charge with shell has
been used for driving shell, so that the explosion shock wave
pressure of the charge with case is lower than that of the bare
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3.2. The blasting damage to concrete target with charge

Fig. 7. Ratio of energy utilization.

charge. The quality and density of the charge with carbon ﬁber
composite material shell are relatively lower, and a part of the
shell is ablated during explosion, so the driving energy of fragments is relatively smaller. As for the charge with steel shell, a
large amount of explosive energy is consumed in the fragment
driving, so the energy diffusing in the air decreases after blasting
compared with that of the carbon ﬁber shell. Secondly, the normal
wave impedance of carbon ﬁber shell is in consonance with that of
explosive or explosion product, meanwhile, the normal wave
impedance of steel shell material is dissimilar to those of explosives and air.

Three tests were performed to explore the driving abilities of
three kinds of charge structures. High speed photographs were
taken at the same frequency (50,000 frames/sec) for recording the
explosion in concrete target, as shown in Fig. 8. It can be seen that
there exists a certain leakage and pressure relief of explosive
products from the predrilled holes on a concrete target. The initial
time is detonator ignition time. For the bare charge explosion, there
is no explosion ﬂame in concrete gun mouth. However, there exist
explosion ﬂames for both the carbon ﬁber charge and steel shelled
charge. The explosion ﬂame of steel shelled charge is more obvious
and lasting longer, which is caused by the circular constraint of the
charge.
For the bare charge, the diameter of explosion hole is larger than
the diameter of cylinder explosive, and the explosive products are
not bound by the circum restraint, that is why the explosion gas
leakage along the axis of charge is later. In the condition of shelled
charges, there is a circular restriction, therefore, the explosion
products leak from the initiation point along the axis to the charge
explosion hole, which leads to different level explosion ﬂames. The
strength of carbon ﬁber shell is weaker than that of the steel shell,
and the explosive products leaked along the axial direction are less
than that of the steel-shelled charge, therefore the explosion ﬂame
is weaker and shorter.
In this paper, the deﬁnition of charge energy distribution ratio is
that the ratio of axial and radial energy distributions after explosion. Through the analysis of high speed photographs (seeing
Fig. 8), it can be found that the charge energy distribution ratio is

Fig. 8. High speed photographs of blasting in concrete for the three charges.
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different, and the distributed energy of carbon ﬁber shelled charge
is larger than that of the steel shelled charge and less than that of
the bare charge since the axial constraint are different.
Three blasting craters in the concrete target induced by explosion are shown in Fig. 9. The speciﬁc sizes of blasting craters are
listed in Table 4. There are some differences in blasting craters
among the three kinds of charge. For the bare charge explosion, the
ratio of bottom radius to mouth radius (Ra) is the smallest, i.e., the
funnel taper is the smallest. The blasting funnel taper is the largest
for steel shelled charge, and is in the middle for the carbon ﬁber
shell counterpart. Moreover, the blasting crater depth (H), the
funnel area (S), pit crater volume (V) all have the same rules.
It can be seen from Table 4 that the blasting crater sizes and
shapes caused by the three kinds of charges are different. From the
principle of shock wave propagation in multilayer media [6], it can
be known that the surface wave impedance of carbon ﬁber composite shelled charge is more closer to those of the explosives (or
explosive products) and concrete than the steel shelled material, so
that the wave impedance of carbon ﬁber composite shelled charge
is more matching with explosive, and the initial overpressure
caused by the explosion of carbon ﬁber shelled charge is higher
than that of the steel shelled one.
It is a matter of controlling the energy and putting it to better
use. Carbon ﬁber composite is lightweight, and the weight of carbon ﬁber composite case will account for only 10 to 20 percent of
total weight of munitions.
From the explosion energy distribution, the strength of the
carbon ﬁber shell material is lower than that of the steel shell
material, the consumption of shell fracture energy in explosion is
relatively low, at the same time, the explosion product leakage of
carbon ﬁber shell is relative less than the counterpart of the steel
shell, so that the effective explosion energy to target damage of
carbon ﬁber shell is higher than that of the steel shell. The axial
constraint of three charges are different, so that the utilization rate
of carbon ﬁber shelled charge is higher than that of steel shelled
charge and lower than that of bare charge.
4. Conclusions and discussion
In the present work, the effect of carbon ﬁber sheet reinforcement on the damage performance of concrete target was investigated. The local damage degree of concrete plates subjected to
inner explosion was estimated by using experimental method. The
following conclusions can be concluded from the above
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Table 4
Blasting craters sizes of concrete.
Parameters of crater

bare case

carbon ﬁber composite case

steel case

depth/mm
area/cm2
volume/cm3

160
2462
8640

150
1295
3978

120
1225
3105

experimental results.
Under the condition of the same quantity of explosives, the
overpressure and the propagation velocity of shock wave in the
carbon ﬁber composite shelled charge are higher than those in the
steel shell, and are lower than those in the bare charge. The explosion fragments of carbon ﬁber composite shelled charge could
not produce damage to target. The steel shelled charge has killing
effect on distant target.
In the case of the explosion damage effect of charge blasting in
concrete target, the carbon ﬁber shelled charge is better than the
steel shelled charge in the impedance matching, and is more
conducive to the propagation of blast shock wave. In the case of the
same quantity of explosives, the effective energy (impulse), the
radial and circular energy ratio of the carbon ﬁber shell charge to
the concrete target is higher than that of the steel charge. It can be
concluded that the damage efﬁciency of the carbon ﬁber shelled
charge is higher than that of the steel shelled charge and less than
that of the bare charge.
The carbon ﬁber shell charge in the air explosion will not produce a lot of lethal damage elements (such as fragments), which
can be used for the urban environment. In view of the carbon ﬁber
reinforced armor-piercing warhead having the characteristics
above, the anti-hard-target projectile with head made of high
strength steel or body using the composite shell has excellent
damage effect on concrete target, which is superior to the traditional steel shell. Furthermore, the explosive damage effect will be
further improved when the loading ratio of warhead is increased
greatly. Therefore, the application of ﬁber reinforced warhead
technology with high ﬁlling ratio is defective to facing the challenges from fortiﬁcations fortress concrete targets, which signiﬁcantly enhances the damage effect of blasting on target.
The designed new monition with carbon ﬁber composite case
and enhanced-blast explosive increases the impulse delivered to
the intended target and that eliminates collateral damage caused

Fig. 9. Photographs of concrete craters.
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by shell fragments. The experimental results well demonstrate that,
even though the new munition produces a more powerful blast, the
range of its damage footprint is smaller than that of conventional
warheads.
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