Proc Indian Natn Sci Acad 79 No. 4 December 2013 Spl. Issue, Part A, pp. 755-762

© Printed in India.

DOI: 10.16943/ptinsa/2013/v7914/48013

Research Paper

Numerical Study of Impact and Blast on Shaped Structures

B RAMAKRISHNA*, A PAMAN, PR S REDDY and V MADHU
Armour Design and Development Group, Defence Metallurgical Research Laboratory, Kanchanbagh,

Hyderabad 500 058, India

(Received 25 April 2013; Accepted 25 April 2013)

Demand for light weight armour is on increase as the mobility of armoured vehicles participating in counter insurgency and
military operations is one of the criteria which needs attention. In this work, an attempt has been made to study the effect
of shaping structures against impact of 7.62mm armour piercing (AP) projectiles and also against explosive blast loads.
Though the loading pattern is entirely different for the two cases, an effort is made to establish the efficacy of shaping the
structures when subjected to such loading conditions. The present study is divided into two parts: (i) the influence of
perforations on high hard steel plates against impact of 7.62 mm AP projectile and (ii) the influence of varying shapes of
protective platforms against explosive blast loads.

Circular holes of dimension, near to the diameter of projectile, were drilled in high hardness armour steel plates thereby
reducing the areal density of the plate by about 16%. These plates were then subjected to ballistic impact of 7.62mm AP
projectiles at velocities of about 820 m/s. Confirmed through simulations and experiments, it is seen that the perforated
armour plate has the effect of deflecting the incoming projectile from its original trajectory thereby causing bending stresses
and ultimately resulting in fracturing of the projectile. Due to these phenomena, the penetrating capability of the projectile
is substantially reduced. Numerical simulations were carried out to study the momentum transferred from a protective
platform on to a base steel plate kept above it when subjected to explosive blast load. Four different shapes of protective
platforms were chosen and were subjected to spherical charge of TNT of 10 Kg. It is seen that V-shape platforms

significantly reduce the momentum transfer to the base steel plate.
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1. Introduction

The hardness of typical high strength steels like Armox,
Mars, etc., range between 400-600 VHN. The
hardness of these plates is lower than the hardness
of the core of a non-deformable hard steel armour
piercing projectile whose hardness is typically about
900 VHN at the tip and about 700 VHN at the core.
Penetration capability of the projectile can be reduced
by either making the material itself very hard or by
designing the armour in such a way so as to deflect
the path of the projectile as well as to generate high
stresses on the projectile, which may break the
projectile. Chocron et al. [1] have shown that the
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core of an armour piercing projectile could break when
impacted under conditions of an edge impact against
3 mm thick RHA plate. Various perforated armour
like with circular holes [2], triangular holes [3], and
other perforations [4] are employed in the front panel
of the armour assembly for the purpose of breaking
the projectile. The deflection of projectile and
generation of higher stresses on the projectile during
such interaction are the primary reasons for breaking
the projectile, thereby, decreasing the depth of
penetration. However, there is no information available
in literature providing a quantification of the
improvement in ballistic efficiency due to the
perforations.
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Medvedev et al. [5] used perforated steel plates
in shock tubes to study the disruption of shock wave
due to perforations. When a blast wave hits a vehicle
it gets reflected. The two important parameters on
which the magnitude of reflected pressure depends
are the incident pressure amplitude and the angle at
which it hits the super structure. The magnitude of
incident pressure is decided by the quantity of
explosive and standoff distance whereas the angle of
interaction with protective platforms depends upon
shape of these platforms [6, 7]. The loading pressure
on the structure is the sum of incident and reflected
pressure. The work by Kearrns [8] on analysis and
mitigation of mechanical shock effects on high speed
planning boats [8] emphasized on changing the hull
angles to reduce loading pressure from the water to
the boat. Anderson [9] carried out experimental studies
on how the impulse transferred from the Land mine
blast wave to structure changes as the shape of
structure varies.

Langdon [10] emphasized on the defection of
blast wave by use of v-shape protective platform.
Henisey [11] compared the effects of shape of the
protective plate on leg injuries using finite element
blast simulations with the use of hybrid III-ATD. Wen
[12] carried out modeling and simulation of interactions
between blast waves and structures for blast wave
mitigation. In this paper it was found that by varying
angle of incidence of impinging blast wave how
reflected pressure can be reduced thus the final
impulse on to the structure. This paper also carried
out study by modelling interaction between a blast
wave and a cone type structure. Nurick, et al. [13]
carried out studies to see the effect of the included
angle of a folded “V” shape plate for its blast
resistance.

In this work two case studies have been
presented. In the first case study, a numerical study
has been carried out to understand the projectile-target
interaction when a target plate is placed in a perforated
as well as in a non-perforated configuration and to
evaluate the ballistic efficiency of the perforated
armour which has also been verified through ballistic
experiments. In the second case study, different
shapes of protective platform have been evaluated

for their performance when subjected to explosive
blast load. Numerical simulations have been carried
out to understand the phenomena of interaction of
the shaped structures when subjected to 10 kg TNT
blast loads. Details of the models, numerical schemes,
modelling as well as experimental results have been
presented.

2. Material Models

Johnson Cook strength model [14] is used for
describing the material behaviour under high strain
rate conditions for metals. This model is basically on
empirical expression of the dependence of yield
strength on strain, strain rate and temperature. The
dependencies are not coupled to each other. The yield
stress is defined as a function of the form

c,=(A+Be") (1 +Clne*) (1-T,") (1)

where ‘A’, ‘B’ and ‘n’ are strain hardening constants,
‘C’ is the strain rate hardening constant and ‘m’ is
thermal softening constant that modifies the
homologous temperature term 7. ‘€’ is effective
plastic strain, €* is the normalized effective plastic
strain rate and the homologous temperature is defined
in the form

TH = (T - Troom)/(Tmelt - Troom) (2)

Strength model coupled with appropriate
equation of state and failure condition would provide
the material behaviour when subjected to such loads.
4340 steel has been chosen for both projectile and as
a base plate for a protective platform when subjected
to explosive blast. Rolled homogeneous armour
(RHA) steel was used for modelling target material
against AP projectiles and also as the material
modelled for the protective platforms of different
shapes in the case of blast studies. Linear equation of
state is assumed or both 4340 and RHA steel. The
material parameters chosen for the Johnson-Cook
strength model for RHA and 4340 steel are given in
Table 1.

However the constants of 4340 steel, which is
used for modelling the projectile, have been modified
in accordance to the hardness of the projectile core
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Table 1: Johnson-Cook strength model parameters of
materials used for simulations

A B C n m

4340 steel 792 MPa 510 MPa  0.26 0.014 1

RHA 1200 MPa 1000 MPa  0.24 0.014 1

material. The core was modelled as linearly elastic
since the strain to failure of the core is as low as 2 %
at a stress of 2.3 GPa as evaluated in an earlier
study [1]. The projectile was modelled with a density
of 7850 kg/m?, bulk modulus of 159 GPa, shear
modulus of 81.7 GPa and yield strength of 2300 MPa.
The high hardness steel target was also modelled as
elastic, perfectly plastic, with the following properties:
density 7850 kg/m?, shear modulus of 64 GPa, yield
strength of 1360 MPa and failure strain of 150 %.
The backing aluminium target was modeled as elastic,
perfectly plastic, with the following properties: density
2910 kg/m?, shear modulus of 27.3 GPa, yield strength
of 407 MPa and failure strain of 150 %. Lagrangian
mesh with an erosion strain was employed in the
present numerical study. In case of blast analysis the
necessary constants are taken from Autodyn material
library. The protective platform is modelled with yield
strength of 1200 MPa and bulk modulus and shear
modulus as that of target plate. JWL (Jones-Wilkins-
Lee) [15] equation of state was used to describe the
detonation process and performance and has been
used in this analysis which is of the form

P=C, (1-w/rve"’

+C, (1~ W/r,) e’ + o(elv) 3)

where ‘P’ is the hydrostatic pressure, v = 1/p is the
specific volume,’ p’ is the density e is internal energy
per unit volume and C,, r,, C, r, and o (adiabatic
constant) are constants and their values have to be
determined from dynamic experiments. Parameters
for this model are inbuiltin AUTODYN material library
and the same have been used for carrying out the
simulations. Important material constants for TNT
explosive like specific volume, specific heat and
internal energy are taken from Autodyn material
library. The constants available in the material library

are used directly to describe the detonation process.
The density of air is taken as 0.00125 g/cm? and that
of explosive TNT as 1.63 g/cm?.

3. Case Study 1 : Simulation and Experimental
Validation of Perforated Armour

3.1 Numerical Simulation

Numerical simulation of the impact of the projectile
on high hardness steel plate and blast loading on
different shaped structures was performed using
Autodyn-3D™ code . The nominal dimensions of the
core were used to model the projectile. The details of
the ogive nose modelled as per the standard dimensions
of 7.62 mm AP projectile and photograph of the
original shot and the core of the projectile are shown
in Fig. 1. The perforated high hardness steel plate
and the backing aluminium alloy plate were modeled
and appropriate boundary conditions simulating the
experimental setup were used. The projectile was
unconstrained and free to rotate as dictated by the
dynamics of the problem. The edges of the target
plate and backing were fixed. The hole in the target
plate was modelled by creating a void and filling with
air. A velocity of 820 m/s was imparted to the projectile
as the initial boundary condition. The material
properties available in the AUTODYN material library
were modified and used in the simulations.

Simulation on (a) impact of the projectile on a
non-perforated high hardness steel (HHS) plate when
backed by 60 mm thick aluminium alloy plate and (b)
impact of projectile on perforated high hardness
(PHHS) plate having 6 mm holes backed by 60 mm
thick Al alloy plate have been performed. In case of
simulations of the perforated configuration, degree of
eccentricity between projectile’s longitudinal axis and
central axis of the hole was kept as 3mm which is

(2) (b)

Fig. 1: 7.62mm armour piercing projectile (a) dimensions
and (b) photograph of shot and core



758

B Ramakrishna et al.

equivalent to radius of the core modelled. Post
perforation projectile for two different perforated
impact conditions like concentric, and eccentric with
3mm have been shown. The target plate has been
modelled with 5 mm thick high hardness steel in the
front (both perforated as well as non-perforated) and
60 mm thick plates of Al 7017 as the backing.

3.2 Experimental

Rolled homogeneous armour plates of size 150X 150
X 5 mm, were taken and were drilled with circular
holes (perforations) of size equal to the diameter of
the core of the projectile using waterjet cutting
machine. The holes are arranged in horizontal and
vertical rows, staggered with respect to the
neighboring row such that the projectile always sees
an edge on impact. This arrangement of holes gives a
weight saving of about 16 % over a complete plate of
same size and thickness without holes. Subsequently
plates were heat-treated to achieve the desired
mechanical properties. The schematic diagram of the
ballistic test is given in Fig. 2. The nominal diameter
of the projectile was 7.62 mm. The perforated steel
plate was placed along with the backing plate of Al-
7017.

Backing plate was fixed along with the target
steel plate without any air gap. The target along with
the backing plate was then subjected to the impact of
non-deformable steel core armour piercing projectiles.
The angle of attack was normal to the target plate.
The striking velocity of the projectile was 820 m/s,
which was measured using infrared light emitting diode
photovoltaic cell by measuring the time interval

6mm

Fig. 2: Photograph of the perforated high hardness steel plate
used as target

between the interceptions caused by the projectile
running across two transverse beams placed 2m apart.

To compare the ballistic efficiency of the hard
steel plate made of perforations, ballistic tests were
also conducted on the non-perforated area of the plate
under similar conditions. Average depth of penetration
was measured in the backing plate of Al-7017. The
depth of penetration and path of the projectile in
perforated plate was compared with impact on non-
perforated area of the same plate. Fig. 3 shows the
schematic of the thick backing technique used for
evaluation of perforated high hardness plate. The
residual depth of penetration was measured after each
experiment by taking radiograph of the Al-alloy plates
as well as by cutting the plate at the center of the
crater and measuring the depth of penetration (DOP).
To compare the ballistic performance of the perforated
steel armour, experiments were also carried out on
non-perforated high hardness steel plate as well as
on the reference backing Al-alloy plate (60 mm thick)

Perfoarted high
hardness steel

-

Projectile impact

PR
Tt PRES

Fig. 3: Schematic of the depth of penetration test performed

under similar conditions. Average DOP is reported
from five results for each configuration. Following
the approach given by Gooch et al. [8] thickness
efficiency (E ) and ballistic mass efficiency [¢] were
calculated by equations (1) and (2),

E, = (Prpp— Pre!T, “
ﬂ=EtX(PREF/P,) (5)
where, P is the penetration of projectile in the Al-
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alloy alone used as reference backing plate, P is
the penetration in the backing Al-alloy plate having a
perforated or non-perforated steel plate in front. 7, is
the thickness of the front steel plate. p . and p, are
the density of backing Al alloy plate and front steel
plate respectively. While calculating ballistic mass
efficiency of perforated configurations, weight saving
was also taken into account.

3.3 Results

Fig. 4 shows the effect of degree of eccentric hit, on
deflection of projectile and mechanism of defeat. The
stress patterns on the projectile were monitored
through simulations for the complete eccentric impact
situation and are shown in Fig. 5. Thus, a higher degree
of eccentric hit helps in deviation and breakage of the
projectile. It can be seen that experimental result
matches well with simulation results on eccentric hit.
The probability of projectile passing through a hole
without any obstruction or impacting concentrically
on the perforated plate is minimal considering the fact
that the projectile travels with a yaw and is also
spinning at high rate. Hence, in most of the impact
conditions, breakage and deviation of projectile was
observed, experimentally.

Fig. 4: Path of the projectile during penetration through
perforated plate

Fig. 5: Damage profile in the Al 7017 backing plate (a)
simulated (b) experimental

In case of perforated high hardness steel
(PHHS) plate having 6mm circular holes, the damage
is found to be confined only to the impacted hole, and
not extended to the neighboring area as shown in Fig.
5(b). Fig. 5(a) shows the front damage area of PHHS
plate obtained from simulations under normal impact.
The simulation result of eccentric hit matches well
with experimentally observed damage area. After
each ballistic test, it has been observed that the
projectile is broken and remains lodged at an angle to
the perforated steel plate. Fig. 6(b) shows photograph
of sectional view of penetration in Al 7017 backing
plate which matches well with that of simulation as
seen in Fig. 6(a). Breakage of projectile has been
observed experimentally during the impact of the
projectile on a perforated armour assembly .

ikl
(a) (b)

Fig. 6: (a) Damage profile in the AI 7017 backing plate(s)
simulate (b) experimental

4. Discussion

It can be clearly seen in the present study that the
damage area in front plate and projectile suggests
deflection and breakage of projectile. The impact area
on front steel plate suggests that the projectile had
acted upon a part of the hole thereby creating an un-
symmetric damage area. The simulation results of
complete eccentric hit on a perforated configuration
show that the deviation of the projectile from its
normal path causes a decrease in the impact energy
of the projectile thereby decreasing the penetration
capability of the projectile. This is the primary reason
for the increase in the ballistic efficiency of a
perforated high hardness steel plate as can be seen in
Fig. 7. From simulation it is also evident that bending
stresses are induced in a projectile when it interacts
with perforation or edge of the plate such as the
periphery of the hole.
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Fig. 7: Effect of plate configuration on ballistic efficiency

It is to be noted that size of the hole is selected
in such a way that the projectile always interacts with
perforations when impacted at any point on the plate.
The deviation of the projectile from its normal path,
along with higher stresses generated, leads to the
fracture of the projectile. Thus the improvements of
ballistic performance of perforated armour could be
attributed to the following mechanisms: (i) deflection
of the incoming projectile, thereby causing formation
of an angle between the longitudinal axis of the
projectile and its new deflected trajectory which
results in reduced depth of penetration, (ii) increase
in induced stresses acting on the projectile and (iii)
generation of bending moment on the projectile. The
above factors decrease the penetrating capability of
the projectile .

4. Case Study 2 : Modelling of Detonation,
Interaction of Blast Wave with Structure and its
Response

4.1 Numerical Model

The problem is schematically described in Fig. 8. To
carry out this study, firstly simulations were performed
to study the effect of 10 kg TNT spherical air burst
loading on a freely held 4340 steel plate of size 1000
x 1000 x 8mm kept at a standoff distance (SOD) of
850 mm. Then, for the same blast loading, three
different shapes of platforms having same weight were
placed between the steel plate and explosive charge.
The gap between the protective platform and the steel
plate was filled with air. The thickness of plates used
to create the protective platform is chosen in such a
way that the weight of all the three configurations is
the same.

Fig. 8: Pictorial description of four different cases chosen
for the blast study

In order to study the propagation of blast wave
in air, a volume of 1.1m x 1.1m x 1.1m filled with air
was numerically modeled with an Eulerian mesh of
41 x 41 x 41. The initial internal energy of air is taken
as 2.64 x 10° J/Kg simulating NPT conditions of air.
In order to simulate free field explosion, flow-out
boundary condition was applied for the air on the faces
of the model in order to allow free movement of air
and ensure no reflection from the outer boundaries.
The explosive is filled in airspace in form of a sphere
with a diameter of 228mm simulating an equivalent
of 10 kg of TNT. The problem of transferring the
pressure generated from the blast wave on to the
structure is solved using an Alternate Lagrange-Euler
(ALE) interaction in the Autodyn. The blast wave
from an explosion interacts with a structure by
coupling energy from the blast flow field into the
structure. An artificial thickness which is twice the
size of smallest element in the surrounding Eulerian
grid is chosen. Full model of the problem is used for
the simulation. Protective platform is discretized using
shell elements and the floor plate made of steel is
discretized using solid elements. Lag-Lag interaction
is used with a suitable gap size to transfer the load to
the plate from the protective platform. The floor plate
is held freely such that the velocity acquired by the
floor plate due to momentum transfer through the
platform can be studied.

5. Results and Discussion
5.1 Effect of Shape on Loading Pressure Pulse

When blast wave hits the structure it gets reflected.
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The two important parameters on which the
magnitude of reflected pressure depends are the
magnitude of incident pressure and the angle at which
it hits the structure. The value of reflected pressure
is highest when the blast wave hits the structure
normal to the surface. Fig. 9 shows the pressure pulse
recorded near the centre point of the three types of
platforms. The pressure is found to be higher in the
case of Flat and U-shape platform (almost about 40
MPa) when compared to V shape platform (about 15
MPa). This is because the blast wave hits them on
the surface at normal and hence the reflected pressure
is the highest. In the case of a V shape platform,
most of the blast wave gets deflected from the centre
thereby reducing the normal pressure component
drastically. In case of plate without protective platform
the reflected pressure is low (about 10 MPa) because
of decrease in the magnitude of incident pressure due
to larger stand-off distance of 850 mm (kindly note
that it is not 450mm as in the case of other
configurations having protective platform). But it acts
directly on the plate rather than on the platform. It is
also observed from Fig. 9 that the pressure pulse
near centre of flat box and U-shape platform is
completely overlapping. This is due to the fact that
impingement area at the center is identical for both
the configurations and as we go away from center
the angle of the U-shape platform is changing thereby
reducing the reflected pressure.

Fig. 9: Pressure at the centre point of the platform

5.2 Momentum Transferred to Platforms

In case of V-shape platform, as blast wave hits the
structure at some angle, there is a deflection of the
blast wave and therefore the reflected pressure is
lower than all other configurations. During the loading
phase, as soon as the pressure acts on the platform, it
starts moving in the direction of force. The freely
held plate over the platform restricts its movement till
the time there is enough relative velocity between
them to stop their impact. This transfer of momentum
from the platform to the plate is calculated using Lag-
Lag interaction. The Momentum transfer to the
platforms and to the floor plate under the blast load
are plotted in Figs. 10 & 11. The time when there is a
fall in the momentum of platform shows its impact
with the freely held plate over it. Though the reflected
pressures are same in case of U-shape and Flat box
platform, less momentum is transferred to U-shape
box because impinging area on which this pressure
acts is low in the case of U-shape box. This is
established by monitoring the velocity gained by freely

Fig. 10: Momentum transferred to various platforms

Fig. 11: Momentum transferred to steel plate
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held plate on the three configurations wherein it is
observed that the velocity gained by freely held plate
on V shaped platform is lowest when compared to
other configurations.

4. Conclusion

From the results of the study, it is found that shaping
the impacted structures play an important role in design
of armour against blast and impact loads. However
the type of shaping is different for the two different
loading conditions. High hardness steel plates when
used with perforations of 6 mm diameter increased
the ballistic efficiency by about 60% when compared
to the high hardness plate without perforations. With
increase in degree of eccentric hit, deviation of the
projectile from its normal path increases. The
improvement in ballistic efficiency of perforated
armour is attributed to this deflection of the projectile
and higher stresses acting on projectile causing it to
fracture. Also the importance of shape of structure
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