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a b s t r a c t

This paper describes the evaluation of the local damage of concrete plates by the impact of high-velocity
rigid projectiles. A new launching system of mushroom-shaped projectiles has been developed. Impact
tests for concrete plates have been conducted by using the system to examine failure modes of the local
damage of concrete plates. The damage or failure behavior has been discussed on the basis of the failure
process captured by a high speed video camera and the strain histories obtained by strain gauges on the
concrete plate. Numerical simulations have been also carried out in order to explain the mechanism of
the local damage observed by the experiment. A reasonable numerical model has been discussed in
terms of a constitutive model and strain rate effect of concrete material. Mechanism of the local damage
of concrete plates has been illustrated schematically.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years explosive incidents due to terrorists’ attack,
social and industrial accidents have been increasing in the world. In
the case of such incidents and accidents, structures may be
damaged and people may be injured secondarily due to the frag-
ments with high velocity. In order to establish a reliable protective
design of structures against fragmentation, the local damage
mechanism of concrete structures subjected to the high-velocity
impact of fragments should be investigated. Many empirical
formulae have been proposed based on the data obtained by impact
tests conducted during World War II. However, these formulae
were derived from scattered data, in other words not based on the
failure mechanism of the local damage in itself.

On the other hand, numerical simulations using FEM or FDM
have progressed rapidly with the development of computer tech-
nology. For instance, Itoh et al. [1] performed a three-dimensional
numerical simulation of a concrete wall subjected to the collision
by a heavy aircraft. It has been, however, recognized generally that
numerical results for concrete structures are strongly dependent on
material properties and constitutive models of concrete material.

This paper presents an evaluation method of the local damage of
concrete plates by the impacts of high-velocity rigid projectiles.
First, a new projectile-launching system and test conditions are
described. Secondly, the results of the impact tests on concrete
plates are reported to examine characteristics and failure behavior
: þ81 46 844 5913.
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of the local damage of concrete plates. The damage or failure
behavior is also discussed based on the failure process captured by
a high speed video camera and the strain behavior on the front and
back surfaces of concrete plates. Thirdly, numerical simulations are
attempted to investigate mechanism of the local damage. Conse-
quently, a reasonable numerical model is proposed in terms of the
constitutive model and the strain rate effect of concrete material. At
the same time, the mechanism of the local damage of concrete
plates is illustrated schematically.

2. Local damage of concrete plates

2.1. Experimental set-up

A schematic diagram of the newly developed projectile-
launching system is shown in Fig. 1. The system consists of an
accelerating tube (length of 12 m, inner diameter of 35 mm), an air
chamber, an air booster and an air compressor as shown in Fig. 2.
This system can launch projectiles with mass of 50 g up to 1000 g,
and with the velocity of 100 m/s up to 500 m/s. Fig. 3 shows the
velocity profiles of the launched projectiles as a function of the
chamber pressure for the different weight of the projectiles. For the
projectile mass of 100 g, impact velocity varies in the range from
250 m/s to 500 m/s. On the other hand, the impact velocity for mass
of 1000 g varies from 100 m/s to 250 m/s. The kinetic energy is
plotted as a function of the projectile velocity for the same
projectile masses in Fig. 4. This system can accelerate projectiles to
the kinetic energy of the range from 3 kJ to 32 kJ.

A hard mushroom-shaped projectile used in this study is shown
in Fig. 5. The steel projectile consists of a hemi-sphere head and
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Fig. 1. Projectile-launching apparatus.

Fig. 2. Parts of projectile-launching apparatus: (a) air chamber; (b) accelerating tube; and (c) muzzle of launching.
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Fig. 3. Impact velocity of projectile versus air pressure.
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Fig. 4. Kinetic energy of projectile versus velocity.
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cylindrical body with a sabot made of MC901-nylon. The diameter
of the head and the total mass of mushroom-shaped projectile are
25 mm and 50 g, respectively. The impact velocities of the projec-
tiles are measured by a velocity-sensor installed at the tip of
accelerating tube. The cross-sectional dimension of the concrete
plate is 500 mm� 500 mm, and its thickness varies in the range
from 3 cm to 13 cm. The static compressive strength of the concrete
is 25 N/mm2. The impact velocity of the projectiles varies from
about 200 m/s to 500 m/s. In the tests, the deformation and frag-
mentation behavior of the concrete is observed by a high speed
video camera, and strain histories of the concrete are measured by
strain gauges attached on the front and back surfaces of the
concrete plate.
2.2. Failure modes

The local damage of concrete plates is commonly classified into
three modes, cratering, spalling and perforation as shown in Fig. 6.
Fig. 7 shows the corresponding damage modes observed by our
experimental tests. The thickness of each plate is 8 cm. Apparent
cratering damage has been observed in the case of the impact
Fig. 5. Dimension of projectile.
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Fig. 6. Failure modes of local damage: (a) cratering;(b) spalling; and (c) perforation.
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velocity of 210 m/s. The diameter of the crater on the front surface
is about 10 cm, and several radial cracks are formed from the center
of the back surface. The impact velocity of 310 m/s yielded spalling
on the back surface as well as cratering on the front one. The
diameter of spalling area on the back surface is larger than that of
crater one on the front surface. For the impact velocity of 415 m/s,
the local damage has developed into the perforation. From these
findings, we can conclude that the magnitude of both cratering and
spalling increases with increased impact velocity.

Fig. 8 depicts the relation that the penetration depth obtained
by the tests increases approximately in proportion to the impact
velocity. In the figure, the penetration depth estimated by the
Front Back

Cratering (V=210m/s)

Spalling (V=310m/s) 

Perforation (V=415m/s) 

Fig. 7. Damages in the case of thickness of 8 cm.
modified NDRC formula [2] is also shown. The latter gives deeper
penetration depth than the former does. Fig. 9 shows failure modes
in terms of the thickness of specimens and the impact velocity
between the present experimental results and the modified NDRC
formula. These data indicate that the local damage increases as the
projectile velocity increases or the thickness of plate decreases.
Estimated failure modes by the modified NDRC formula are
consistent with the test results.
2.3. Damage processes of cratering and spalling

The process of cratering on the front surface of the concrete
plate has been captured by a high-speed video camera. Fig. 10
shows the progress in the case of the thickness of 10 cm and the
impact velocity of 310 m/s. At 0.6 ms, a portion of concrete on
the impact surface has been broken into pieces and powders. The
impression of the projectile on the front surface of the concrete is
shown in Fig. 11. The projectile seems to be rigid enough for this test
condition, as no significant damage is observed in the recovered
projectile.

Fig. 12 shows the process of spalling on the back surface in the
case of the thickness of 9 cm and the impact velocity of 420 m/s. On
the back surface of the concrete plate, circular cracks were formed
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Fig. 9. Comparison of failure modes with results of the modified NDRC formula.



Fig. 10. Process of cratering.
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at the time from 0.1 ms to 0.2 ms, then a lump of the concrete was
broken into pieces and scattered at the time from 5.0 ms to 15.0 ms.
Shown in Fig. 13 is the cross section of this concrete plate after the
test and cutting where internal cracks developed obviously from
impact point to the back surface.
2.4. Strain behavior

Fig. 14 shows the locations of strain gauges on the front and back
surfaces. The length of the strain gauge is 8 cm. They are attached at
50 mm and 150 mm from the center of the concrete plate. Strain
histories obtained in the experiment are shown in Fig. 15. The strain
gauges 1 and 3 on the front surface have failed immediately after
Fig. 11. (a) Impression of projectile; and
the impact. In the case of the strain gauges 2 and 4, considerable
compressive strains appear around 0.05 ms, both maximum
compressive strains are about 250 (�10�6). These strains oscillate
in compressive region overall. As for strains on the back surface, the
strain gauge 5 has failed after the impact. Compressive strain
appears in the case of the strain gauge 7 at 0.07 ms and maximum
value is as large as 1100 (�10�6) at 0.14 ms. After the maximum
strain, the compressive strain turns to the tensile strain. In the case
of the strain gauges 6 and 8, maximum compressive strain of 900–
1000 (�10�6) appears and oscillates in compression.

3. Numerical simulations of the local damage

3.1. Analytical model

In order to reproduce the local damage, numerical simulations
have been performed by using a general purpose hydrocode
AUTODYN�. In Fig. 16, a numerical discretization is shown in the
two-dimensional axisymmetric model. Four-node quadrilateral
elements are applied to the concrete plate and the projectile. The
plate consists of 12,800 elements, and size of each element is
2.5 mm� 2.5 mm. The projectile consists of 28 elements. A series of
simulations are performed for the test case which exhibited the
spalling damage mode, namely, the case that the plate thickness is
8 cm and the impact velocity is 310 m/s.

A linear equation of state (EOS) is used for both the concrete
plate and steel projectile. Steel is modeled as elastic material,
because any significant deformation was not observed in the
experiment. A linear and a non-linear Drucker–Prager yield criteria
are employed to describe the failure behavior of concrete as shown
in Fig. 17. Geometric strain is employed as a numerical erosion
criterion and its ultimate value is assumed to be 2.5 (250%).
Material properties of concrete are as shown in Table 1.

It is widely recognized that the strength of concrete, in both
compressive and tensile mode, increases under the high strain rate.
Therefore, we take account of the strain rate effect in our consti-
tutive model of concrete. Based on the test results, the strain rate
can be inferred to be in the order of 10�1 to 102 (1/s), because the
failure process is done within 1.0 ms and strain in the range
between 0.0001 and 0.002. The constitutive equation to describe
the increase of the compressive strength of concrete has been
proposed by Fujikake et al. [3] as shown in Eq. (1):

f 0cd
f 0cs
¼
�

_3
_3s

�0:006

�
Log

�
_3
_3s

��1:05

(1)
(b) projectile before/after impact.



Fig. 13. Inner cracks.

Fig. 12. Process of spalling in the back side.
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where f 0cs is the static compressive strength of concrete, f 0cd is the
dynamic compressive strength of concrete, _3s is the static strain rate
[1.2�10�5(1/s)] and _3 is the dynamic strain rate.

The constitutive equation to describe the increase of tensile
strength has been proposed by Ross et al. [4] as shown in Eq. (2):

f 0td
f 0ts
¼ exp

"
0:00126

�
Log

_3
_3s

�3:373
#

(2)

where f 0ts is the static tensile strength of concrete, f 0td is the
dynamic tensile strength of concrete and _3s is the static strain rate
[1.0�10�7 (1/s)]. In the numerical simulations, strain rates are
assumed to be between 10�5 and 102 (1/s) as shown in Table 2,
where the strength of concrete in both compression and tension
is also assumed to increase in proportion to the increasing
coefficients.
3.2. Influences of constitutive model and strain rate effect
of concrete

Fig. 18 illustrates the damage state inside the concrete plate.
These figures provide fundamental understandings to us as
described below. The penetration depth with non-linear model
tends to show good agreements with the test results compared to
that with the linear model. It is important to note that the impact
area has experienced very high pressure in the tests. According to
the study of mechanical properties of concrete under tri-axial stress
state [3], the profile of the failure criterion of concrete under high
pressure is similar to that of non-linear model in the simulations.
For this reason, the non-linear model has showed good agreement
with the test result. Fig. 18 also indicates clearly that damaged area
is localized with the increase of the strain rate. The reason for these
results is that increase rate of tensile strength is larger than that of
compressive strength, therefore, tensile strength increases rapidly
with strain rate. Based on these findings, we conclude that the non-
linear constitutive model with strain rate of 101 (1/s) can reproduce
the local damage.

Shown in Fig. 19 are the resultant failure modes and penetration
depths in all the test cases by this model. The numerical results
reproduce the test ones well. Fig. 20 shows the comparison of strain
behavior between the analytical results and the test ones of the
thickness of 9 cm and the impact velocity of 420 m/s. The profile
and the maximum value of gauge 2 on the front surface are
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reproduced well by the numerical model. On the other hand, the
behavior of gauges 5 and 7 on the back surface obtained by the
numerical simulation in Fig. 20b, is very different from experi-
mental data because the positions of the cracks in the tests and the
simulation may not be consistent with each other. The profile and
the maximum value of outer gauges 6 and 8 are reproduced by this
numerical model reasonably.

3.3. Mechanism of cratering and spalling

Damage process of cratering is illustrated in Fig. 21. After impact,
a certain amount of concrete at the impact area becomes plastic
immediately, and the plastic area spreads rapidly. Compressive
stress wave due to impact also propagates up to the back surface. At
3.49�10�2 ms, tensile fracture is observed at the back surface
because the compressive stress transforms into the tensile stress at
the free boundary. However, spalling is not formed yet though
several tensile fractures develop in the back side. Damage process
of spalling is illustrated in Fig. 22. Until cracks are observed at the
back surface due to the stress wave, the process is similar to that of
cratering. At 5.36�10�2 ms, diagonal cracks are formed and
developed to the back surface. Finally, these cracks form the
spalling area which travels at the speed of about 2–3 m/s after
separated from the plate.
Table 1
Material constants of concrete

Density 2.315 g/cm3

Compressive strength 25 N/mm2

Young’s modulus 25.5 kN/mm2

Poisson’s ratio 0.15
Bulk modulus 12.14 kN/mm2

Shear modulus 11.08 kN/mm2

Table 2
Assumption of strain rate effect and its values

Strain rate (l/s) Increasing coefficient Strength (N/mm2)

Compressive Tensile Compressive Tensile

10�5 (Static) 1 1.00 25.00 2.50
10�1 1.26 1.70 31.50 4.25
100 1.44 2.44 36.00 6.10
101 1.70 4.06 42.50 10.15
102 2.07 8.04 51.75 20.10
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4. Conclusion

The purpose of the present work is to evaluate the local damage
of concrete plates by high-velocity impact of rigid projectiles using
newly developed launcher. In the tests, failure processes of crater-
ing and spalling were visualized by a high speed video camera. In
particular, the impact area is believed to experience very high
pressure. Strains on the front and back surfaces of the concrete
plate showed compressive mode at the beginning of failure process.
It was proven that the maximum compressive strain on the back
surface has shown as large as 1100 (�10�6), then failed in tension.
In the numerical simulation, the constitutive model and strain rate
effect of concrete are of great importance to simulate the damage
and crater on the front and back surfaces of the concrete plate. Non-
linear Drucker–Prager yield criterion with strain rate of 101 (1/s)
enables us to reproduce the test results. Based on the numerical
simulations, the mechanisms of cratering and spalling have been
explained in detail. In the next step, the influence of shape and
stiffness of projectiles will be investigated experimentally. Also,
three-dimensional analyses will be conducted to reproduce test
results more precisely.
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