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ABStrACt

Protective vehicles like armoured personnel carriers (APCs) require assessment of failure of structural elements 
subjected to impulsive load resulting from explosive blast under sand buried conditions. The explosive shape and 
location of detonation affect the failure in near field region. In the present study, a circular clamped Rolled Homogenous 
Armour (RHA) steel plate has been modelled using JC strength & damage model and explosive using JWL equation. 
Initially, the reflected pressure and specific impulse for a fixed quantity of explosive (3.75 kg) of various shapes 
i.e. sphere, hemisphere, cylinders with Length to Diameter (L/D) ratio varying from 0.1 to 1 were studied for sand 
buried at a standoff distance of 118.1 mm. Further, studies were extended for cylindrical charges of ϕ 213.77 mm 
with conical 120°-150° and hemispherical cavities with radius of R1.2-R1.8. It was observed that, reflected pressure 
and specific impulse is much higher for hemispherical cavity of R1.2. The permanent deformation obtained using 
non-dimensional impulse is valid for explosives without cavities. However, the cavity charges produce failure of 
plate in the central region of the charge. The critical impulse emerges as an important parameter for assessing failure 
due to cavity charges. In addition, the scale down experiment is conducted to validate the effectiveness of cavity 
charges. It can be concluded that cavity charge with hemispherical radius of R1.2 can provide highest damage to 
RHA plates in close standoff distance.

Keywords: Armour steel; Explosive shape; Conical cavity charge; Hemispherical cavity charge; Detonation point; 
Large inelastic deformation

NomENClAturE
ρe  : Explosive density
a, b  : JWL constant 
R1, R2, ω  : JWL constant 
De  : Detonation velocity 
Qe  : Specific internal energy
Pcj  : CJ detonation pressure
L  : Length of explosive charge
D  : Diameter of explosive charge
R  : Radius of explosive charge
P  : Pressure
ν  : Poisson’s ratio 
q  : Specific heat
ρ   : Density
E  : Young modulus
A  : Yield stress 
B  : Hardening constant 
n   : Hardening exponent 
C  : Strain rate constant
m  : Thermal softening exponent
Tm  : Melting temperature

.

0
tε   : Reference strain rate 

mσ   : Mean stress

eqσ   : Equivalent Stress

D1-D5  : JC damage constants

fε   : Failure strain

aρ    : Air density
Ea  : Internal energy of air 
γ   : Ratio of specific heats
T  : Temperature
ρs  : Density of sand
σy  : Yield Stress
c  : Sound velocity of sand
Gs  : Shear modulus of sand
σy  : Yield stress for sand
t  : Plate thickness
Rp  : Radius of plate
S  : Standoff between explosive and plate
δd  : Dynamic deformation per unit plate  

   thickness
δp  : Permanent deflection per unit plate 
    thickness
εfr  : Fracture strain
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(I0)cr  : Critical impulse

cs∅           : Non-dimensional impulse

1. INtroduCtIoN
Anti-tank mines extensively used for defence during the 

war are a serious threat to military vehicles such as trucks, 
APCs, Main Battle Tanks (MBTs), and mine clearing systems. 
The damaging methods employed for these targets are a blast 
and hollow charge principle while damage of the vehicles in 
case of blast mines is credited to the transfer of shock waves. 
Held divided the blast load mainly into two categories i.e. close 
field and global effects. Close field-effect deform the belly of 
tanks whereas global effects accelerate the total vehicle with 
enormous force leading to damage1. Björn, et al. have assessed 
the damage due to buried land mines in the near-field region. 
The extent of the near-field region is generally considered in the 
range 0-20 times the radius of explosive charge2. Trinitrotoluene 
(TNT) has been used as the explosive for the majority of the 
experimental studies. In addition, the blast parameters of other 
explosives can be converted to TNT equivalence for near 
field with variable equivalent factors and far-field blast region 
with constant equivalent factors3. Peak pressures at near and 
larger scale distances differ due to the shape of explosives 
i.e. spherical, cylindrical, and planer4. To evaluate the near 
field damage effects, detonation location of explosives is an 
important parameter for ammunition designers. 

The cylindrical shapes with different L/D ratio will produce 
different near filed effects as reported by various researchers. 
Knock, et al. have studied cylindrical charge with various aspect 
ratios in free air blast parameters’ prediction in axial and radial 
directions5-7. Wu, et al. carried out a study of cylindrical charge 
with length (L) to diameter (D) ratio of 0.5-2 for reflected peak 
overpressures with a minimum scale distance of 1.5 m/kg1/3, 
with the detonation point at the geometric center and end of 
explosive. It was concluded that a cylindrical charge along the 
axis produces a much higher reflected pressure and impulse 
on a target, as compared to a spherical charge in the near field 
region. The smaller L/D ratio of the cylindrical charge helps in 
focusing more energy in the axial direction8-9. 

The near filed blast produced by explosive will create 
impulsive loading on structural elements likes beams and 
plates. The mild steel and Rolled Homogeneous Armour (RHA) 
steel are the most common materials used for the evaluation of 
lethal effects in many defence applications10. Deformation and 
failure are important areas of investigation for all structures 
due to impulsive loading. A significant amount of experimental 
and simulation work has been carried out to understand the 
deformation with the variation of explosive quantities, standoff 
distances using pendulum-based impulse measurement 
techniques.11-16 

Reflection and enhancement of impulsive loads produced 
by explosive blast due to presence of various mediums are 
studied by many researchers. Gault, et al., have studied the 
evolution of the shock wave parameters experimentally 
to predict the origin of the first three reflected peaks in 
closed rooms17. The effect of confinement on reflected blast 
parameters is reported by Ambrosini et al.18 Peles et al. studied 

the cylindrical charge for influencing armour damage with 
respect to charge geometry, standoff distances, charge buried 
conditions, and soil properties19. Heider and Klomfass discussed 
that increasing thickness of the sand cover decreases the peak 
values directly above the mine and still increases cumulated 
momentum within a certain sand layer thickness20. Hoyos et al. 
reported the dependence of compaction and moisture content 
of sand in the impulse transfer to a rigid object21. Clarke et 
al. discussed the effect of air voids and moisture content on 
impulse and deformation of the plate with five different grades 
of soils. An empirical relationship for the estimation of impulse 
was proposed based on a percentage of moisture content and 
bulk densities. Very low deflections were observed in clay 
experiments in spite of having the highest total impulse due 
to distribution over plate22. Significant increase in the impulse 
recorded in experiments due to focussed blast by the surrounding 
sand23. The highest transfer of impulse was observed for buried 
charges located just under the surface. Therefore, it is the ideal 
representation of landmines for laboratory-scale experiments 
and studies24. Scaling of the deformation histories is reported 
for clamped circular plates subjected to loading by buried 
charges25.

The correct impulsive load estimation plays an important 
role in study of deformation and damage behaviours of plates. 
It was found that the predicted final transverse displacements 
for the above pulses loads are highly dependent on the pulse 
shape26. Chung, et al. reviewed the deformation of circular 
and rectangular steel plates using non-dimensional impulse14. 
Various analytic models for deflection of the plate due to blast 
loads were compared with experimental data by Gharababaei 
et al27. Three stages of dynamic response, i.e. dishing, discing, 
petalling and permanent shape of the plate is strongly dependent 
on the spatial distribution of pressure loading. In addition, 
more localised deformation at the plate center was observed 
for the smaller loaded area and more distributed load led to 
tearing failure at the clamped boundary28. Walters brought out 
that the munroe effect, i.e., hollow cavity charge can enhance 
the damage effect29. The author had earlier reported the damage 
of the RHA plate with cavity charge30. Simulation techniques 
are well reported for studying the deformation and failure 
due to explosive blast loading using 2-D and 3-D analysis by 
available hydrocodes i.e. LS-Dyna, AUToDyN31-36.

A comprehensive literature review revealed that these 
mines have explosive charges of cylindrical shapes with their 
weights in the range of 3-12 kg. In addition, many studies 
related to the blast of buried charges were carried out with an 
L/D ratio of 0.25-0.3 only. However, any investigator has not 
reported the change in the shape of explosive and detonation 
point location on deformation behavior yet. 

In order to address the gaps highlighted above albeit 
partially, in the present study, a series of simulations are carried 
out using 2D axisymmetric analysis. Most common explosive 
shapes employed in land mines like spherical, hemispherical, 
cylindrical, and cylindrical with conical and hemispherical 
cavities are considered. The effects on reflected pressure, 
specific impulse, and total impulse are studied at very close 
standoff distances with these explosive charges. Additionally, 
the cylindrical shape of L/D=0.3 is studied at much closer 
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standoff distances. The failure of RHA plates are studied to 
bring out the potential deformation and damage capability of a 
fixed quantity of explosives with different shapes in sand buried 
conditions. The damage using the non-dimensional and critical 
impulse is compared with simulations results. Further, scale-
down experiments are conducted to validate the simulation 
results.

2. NumErICAl SImulAtIoN 
AUToDyN hydrocode for numerical simulations allows 

users to deal with the dynamic response of structures subjected 
to blast loads using Lagrangian, Eulerian, and Smoothed 
Particle Hydrodynamics (SPH) methods for modeling fluid-
structure interaction. These methods are used in combination 
for solving most of the blast-structure interaction problems. 
Specific impulse variations as a function of distance from the 
blast center are analysed first to gain insights into the effect of 
interaction between blast wave and plate in terms of reflected 
pressure and specific impulse distribution. 

2.1 Simulation model
Neuberger, et al. have carried out experiments with 3.75 

kg of TNT explosive for determining the deformation of Rolled 
homogenous armour (RHA) steel38. The RHA plate of 1 m 
and 20 mm thickness is mounted on a heavy rigid rectangular 
stand of approximately 750 x 750 mm2 with a central cut out 
of radius of 500 mm. Two backplates of 50 mm and 100 mm 
are used for holding the main plate during the experiment. TNT 
is buried from the center of a charge in the sand at a standoff 
distance of 200 mm from the plate37-38.

To finalise the parameters of the simulation, 2-D axis-
symmetric analysis with symmetry about the x-axis is 
finalised. Initially, the plate with two backplates is modeled 
using Lagrange elements. The movements of the plates are 
restricted in both x and y directions as per experimental setups. 
The contact elements are applied between the main plate and 
two backplates. To simulate the blast effect, the Euler domain 
of 750 × 750 mm2 sizes is defined with sand up to 581.9 mm 
and air between 581.9 to 750 mm.  The TNT (163.81 mm) 
is defined in the Euler domain and the detonation is defined 
at the center of the explosive. Flow out boundary conditions 

are applied on the air domain and transmitting boundaries are 
defined for sand. 11 gauges were used in the simulation to 
monitor the deflection of the plate at every 50 mm distance 
from the center of the plate. These gauges record the deflection 
time history of the plate.

After completing the simulation, the study of Neuberger  
et al. experimental setup, a simplified simulation model as 
shown in Fig. 1 was used to study the shape effect on the 
deformation of RHA plate in sand buried condition. The TNT 
charge shape of the cylinder with the hemispherical cavity of 
1.2R is shown in Figure 1. The transmitting boundary condition 
on sand allows the pressure wave to pass through the boundary 
and does not reflect them and simulate the infinite sand media 
or ground. The flow-out boundary condition on the airside 
allows the air to flow out of the domain and represent the free 
air expansion with reflection from the boundary.

2.2 material model and Properties
Three materials involved in the simulation process namely 

explosive, RHA steel, and sand are important. The explosion 
is modeled using the JWL equation of state. The detonation 
is initiated at the detonation point and the detonation front 
progresses spherically and reaches the un-reacted explosive 
material. The unreacted explosive material is converted into 

table 1. material properties of tNt and air32 

JWl material parameters for tNt Properties of air

Parameters Value unit Parameters Value unit

ρe 1.63 ×103 kg/m3 ρa 1.225 ×103 kg/m3

a 3.7377×1011 Pa γ 1.4

b 3.7471×1010 Pa T 283 o K

R1 4.15 q 717.3 J/kg °K

R2 0.90 Ea 2.068 ×105 kJ/m3

ω 0.35

Vd 6930 m/s

Qe 6.00×109 kJ/m3

Pcj 2.1×1010 Pa

Figure 1. 2-d axis symmetric numerical models for rHA 
deformation of the plate.
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gaseous products and releases the energy to the associated 
element. JWL equation of state (EoS) is given in equation (1). 
JWL parameters of TNT explosives are given in Table 1. 

1 2

1 2
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eP a e b e Q
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e

ρ
η =

ρ
              (1)

The air is modeled using the ‘ideal gas’ equation of state 
given in Eqn. (2). The properties of air are given in Table 1. 
To define the atmospheric pressure of 101.4 KPa, the internal 
energy is used. 
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The Johnson and Cook (JC) strength material model is 
well known for including the strain rate effect, work hardening 
effect, and thermal softening effects. The JC strength model 
is defined by Eqn. (3). Further, the JC damage model can be 
utilised to make the failure strain sensitive to stress triaxiality, 
temperature, strain rate, and strain path39. This model assumes 
that the damage accumulates in the material element during 
plastic straining which accelerates immediately when the 
damage reaches a critical value. The JC damage model is 
defined by equation (4). The parameters for a RHA material 
are given in Table 2.
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A study for buried charges was carried out by Pickering  
et al. considering the Laine and Sandvik sand model24. Laine 
and Sandvik presented a sand model consisting of MO Granular 
strength model defined by sand density, shear modulus, yield 
stress, and compaction pressure with a linear unloading 
method for the EOS. The compaction EOS is dependent on the 
sand density, compaction pressure, and wave speed. The yield 
surface for a Granular strength model is dependent on both 
density and pressure. This model is pressure dependant only 
therefore zero values for σy in column 6 of Table 3 are assumed. 
The parameters defining the curves are given in Table 3. 

table 2. JC strength & damage model parameters for rHA 
Steel37-39

Strength model parameters damage model parameters

Parameters Value unit Parameters Value unit

ρ 7.85×103 kg/m3 D1 5.00×10-2

ν 0.33 D2 8.00×10-1

E 2.03×1011 Pa D3 -4.40×10-2

A 9.5×1008 Pa D4 -4.6×10-2

n 0.26 D5 0

B 5.600×1008 Pa
.

0
tε 1

C 1.40×10-2 s-1

m 1

q 452 J/kg °K

Tm 1783 °K
.

0
tε 1×10-4

table 3.  data points for the curves that define the sand material 
model24

ρ
[kg/
m3]

Ρ 
×106

[Pa]

ρ
[kg/
m3]

C
[m/s]

G
[Pa]

σy
[Pa]

Ρ 
×106

[Pa]

σy
[Pa]

1674 0 1674 265 0.08 0 0 0

1740 4.6 1746 852 0.87 0 34 4.2

1874 15 2086 1722 4.03 0 34.9 44.7

1997 29.2 2147 1876 4.91 0 101.3 124

2144 59.2 2300 2265 7.77 0 184.7 260

2250 98.1 2572 2956 14.80 0 500 260

2380 179.4 2598 3112 16.57 0

2485 289.4 2635 4600 36.72 0

2585 450.2 2641 4634 37.35 0

2671 650.7 2800 4634 37.35 0

2.3 Validation of Numerical models
To begin with, a simulation model is validated by 

using the coupled Lagrange and Euler technique. The 
convergence parameter was checked for mid-point deflection 
of the plate. Initially, the size of the Euler element of 3 mm 
and the Lagrange element of 5 × 2. 5 mm were considered 
for air and plate receptively. The detonation point D1 was 
used for validating the model. The experimental deflection 
reported by Neuberger, et al. was 54.0 mm37.The deflection of  
48.76 mm was observed against 54.0 mm with error of -9.70%. 
To improve the results further, the Euler element size was 
reduced to 1 mm in the vicinity of 100 mm from the x-axis and 
biased to increase to 1.5 mm at the end of the Euler domain. It 
has been observed that Case-II with the plate element of 5×2.5 
mm with Euler elements of 1-1.5 mm produces the best results. 
The deflection obtained is 52.46 with only -2.85% error for 
air blast simulation. The air was replaced with sand as shown 
in Fig. 1 and transmitted boundary conditions was applied to 
the sand boundary. The deflection of 122.25 mm was obtained 
in the simulation against experimental deflection of 120 mm 
reported by Neuberger, et al.38 with +1.87% error. Therefore, 
all the further studies were carried out with these parameters. 

3. EFFECt oF CHArgE SHAPES oN 
ImPulSE ANd PrESSurE
Initially, in understanding the effect of explosive shapes 
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Figure 2. geometry of explosives considered for simulation

table 4. dimensions of various geometry of charge

Charge shape Charge dimension Charge shape Charge dimension

ϕ l ϕ l

Sphere (S) 163.8 - Cone Cavity 120° (C120) 213.8 84.7

Hemisphere (HS) 206.4 - Cone Cavity 150° (C150) 213.8 73.7

Cylinder (L/D=1) (C1) 143.1 143.1 HS Cavity of R1.8 (CR18) 213.8 100.5

Cylinder (L/D=0.6) (C06) 169.7 101.8 HS Cavity of R1.5 (CR15) 213.8 81.7

Cylinder (L/D=0.3)(C03) 213.8 64.1 HS Cavity of R1.2 (CR12) 213.8 74.7

Disc (L/D=0.1) (C01) 308.3 30.8 - - -

and detonation points, is to study the distribution of blast 
pressures and specific impulses with space and time on a 
rigid plate kept at a fixed standoff distance of 118.1 mm from 
the charge surface. The explosive of 3.75 kg in spherical, 
hemispherical, and cylindrical shapes having L/D 1, 0.6, 0.3, 
and 0.1 are studied. In addition, the cylindrical charge of ϕ213.8 
mm having a conical cavity of 120º-150º and hemispherical 
cavity of radius 1.2R, 1.5R, and 1.8R of charge are also studied. 
Cylindrical charges with C03 were considered for deciding 
the hemispherical and conical cavities based on the practical 
application of land mines. Therefore, the charge diameter of 
ϕ213.8 mm was fixed and the length of the charge was fixed 
based on the mass of the explosive charge. The initiation point 
of the explosive charge is considered to be either at the far 
end to plate (D2) or at the geometric center (D1) as shown in  
Fig. 2. The results with the suffix of ‘E’ indicate the end 
initiation. The dimensions of the charges are given in Table 4.

To study the pressure and specific impulse distribution 
with time and space, a rigid boundary model is considered. 
Initially, the detonation point D1 was used for validation, and 
later on D2 point was used. It was observed that the D2 point 
produces more deflection compared to the D1 point. Therefore, 
D2 was considered in all further analysis, which is discussed in 
the following paragraphs.

3.1 total Impulse on Plate
The 2-D axis-symmetric model is used here for obtaining 

pressure histories from the rigid boundaries as shown in  

Fig. 1. The model is in the Euler domain. The rigid boundary 
is specified at the interface of the plate and air to obtain the 
reflected pressures at the defined gauge points. The rigid 
boundary simulation allows no transmission of material and 
thus acts as a perfect reflecting surface. Flow-out boundary 
conditions are applied at the other outer edges of the Euler 
mesh. Mehreganian et al have carried out experimental studies 
with the rectangular plate of 400×400 mm with the explosive 
PE4 weighing 40 g (ϕ25 mm × 12.72 mm) at a standoff 
distance of 25 mm from Amx 370T steel plate40. To validate 
the impulse calculation, this problem was simulated using the 
axis-symmetry rigid boundary model proposed by Bonorchis 
and Nurick2 with a diameter of 225.7 mm.  The material 
properties are taken from the same reference. Eleven gauge 
points at equidistance at 22.57 mm from the axis are placed and 
the specific impulse is recorded. These values were multiplied 
by the element area. The total estimated impulse was found to 
be 78.75 N-s as compared to the experimentally reported value 
of 80 N-s. This input is used to decide the number of gauges to 
be placed in the air on the boundary. 

For the current study, an Euler domain of 1000 x 500 mm2 
is used. The charge center is placed at 500 mm from the origin. 
The rigid boundary is considered at 700 mm i.e. 200 mm from 
the charge center of the charge. The flow-out boundaries are 
defined at the start and the radially extreme positions of the 
domain. Figure 1 shows the sand buried charge condition. The 
RHA plate was replaced with a rigid boundary and then pressure 
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gauges are placed on the rigid boundary. 31 gauges are placed 
in the Euler domain at 700 mm to record the pressure data. 26 
gauges at an equal distance of 10 mm are placed between 0 - 
250 mm radial distance from the center of the plate. In addition, 
five more gauge points are placed at a 50 mm radial distance, 
between 250 - 500 mm. The results of these simulations are 
plotted in Fig. 3(a) for pressure distribution and Fig. 3(b) for 
specific impulse.

3.2 Effect of Explosive Shape
The reflected pressures and specific impulses for end 

initiation (D2) are studied for sand buried conditions. The 
pressure and impulse is plotted in Fig. 3(a) & Fig. 3(b) with 
respect to time and radial distance using the contour plot. The 
reflected pressure contour in Fig. 3(a) and specific impulse 
contour in Fig. 3(b) is plotted to show the distribution of 
pressure over the plate diameter. The pressure in case of 
spherical shape charge is distributed upto 250 mm radius of 
plate whereas the pressure is mostly concentrated in the 50 

Figure 3. Pressure and specific impulse distribution for various shapes of explosives.

mm radius for explosive shape of CR12. The peak reflected 
pressure is observed to be 2202 MPa for cylindrical charges 
with C06E and C03E up to 80 mm radial distance from centre 
of the charge. However, it is only 973.93 mPa for C01E. The 
peak reflected pressure for SE and HSE cases are low i.e. 
1150.6 mPa and 953.8 mPa respectively at the centre. The 
pressure increases to 5070 mPa and 4193.3 mPa at 80 mm 
radial distance from the centre. This is due to the diversion 
of high pressure gases radially out from the centre after 
interacting with the rigid boundary and also the direct air shock 
reaching in the region at the same time.  In case of the buried 
hemispherical cavity charge CR12, the maximum pressure of 
19922 mPa is observed which reduces to 2154.3 mPa at about 
60 mm radial distance as shown in Fig. 3(c). CR15 produces 
less reflected pressure (12099 mPa) as compared to CR12. 

The impulse of various buried charges are plotted in  
Fig. 3(d). The maximum impulse of 0.12347 mPa-s is observed 
in the case of disc charges having an L/D=0.1 (C01E). It is 
comparatively less for C03E i.e. 0.11566 mPa-s. The specific 
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impulse of the spherical buried charge is only 0.079371 MPa-s. 
In case of cavity charge, the specific impulse is much higher i.e., 
0.33216 MPa-s for CR12. The impulse reduces to 0.099091 
MPa-s at 60 mm radial distance. The results were compared 
for total impulse transferred to the rigid plate. It indicates 
that the total impulse is highest for the disc C01E shape i.e. 
14582N-s, followed by HSE and SE shapes. The explosive 
disc C01E covers the larger area of plate with less thickness 
and therefore pressure is low. This shape causes the highest 
total impulse but does not lead to the failure of RHA. The 
total impulse in the case of cylindrical and cavity charges is 
not having the much difference as shown in Fig. 4(b).

Similar studies carried out by Peles, et al. reported the 
enhancement in deformation of the plate with cylindrical 
charge shape having larger diameters and shallowly buried 
conditions19. Also, in current studies, CR12 and conical 
cavity C120 charge shapes have shown enhancement of 
reflected pressure and specific impulse. Similar enhancement 

for conical and elliptical cavities using the SPH technique 
is reported by Liu et al41. The reason for enhancement in 
pressure and specific impulse is due to cavity in explosive 
charge. When the cavity is created in explosives, the 
detonation products converge to the central axis and move 
perpendicular to the original cavity surface and concentrate 
along the axis and forming a jet of very high kinetic 
energy gases. The shapes of conical and hemispherical 
cavities produce different densities, pressure, and velocity 
distribution of gas jets, which may be used in damaging the 
plates.

 
4. dEFormAtIoN oF rHA PlAtE- dISCuSSIoN
4.1 Influence of Charge Shape

The simulations for deformation of the plate in sand 
buried conditions for all explosive shapes are carried out. 
The model used is shown in Fig. 1. Eleven gauge points at 50 
mm distance are placed on the plate. Displacements of the plate 

Figure 4. rHA plate deformation and total impulse on a plate for different shapes.

table 5. Permanent deformation of charge geometry - Non-dimensional impulse and simulation

Charge Impulse (N-s) cs∅ pδ psδ difference

Sphere (S) 9678.4 11.591 5.247 4.572 -0.675

Hemisphere (HS) 10291 13.615 6.111 4.572 -1.539

Cylinder (L/D=1) (C1) 8703.4 9.942 4.543 5.110 0.566

Cylinder (L/D=0.6) (C06) 9024.5 10.956 4.976 6.092 1.115

Cylinder (L/D=0.3)(C03) 9346.3 12.587 5.672 6.961 1.289

Disc (L/D=0.1) (C01) 14582 25.201 11.058 7.557 -3.501

C03-SD43.1 13704 20.30 8.96 9.92 -0.95

C03-SD 68.1 12096 17.89 7.94 8.72 -0.78

C03-SD 93.1 10331 15.26 6.82 7.85 -1.04

C03-SD 108.1 9650 14.08 6.31 7.44 -1.12
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on these gauge points are recorded. The simulations are carried 
out in two stages. In the first stage, the interaction between 
gases in the Euler domain and the plate is carried out for 1.5 ms. 
In second stage, the simulation with deactivation of the Euler 
domain was run up to 7.5 ms. Dynamic deformation of the 
plate is observed. The permanent deformation was calculated 
by averaging the peaks of the oscillating deformation between 
1.5-7.5 ms duration. 

The dynamic deformation of all the charges shapes are 
plotted in Fig. 5(a). Cavity charges become more damaging 
and the failure occurred in all types of cavity charges as shown 
in Fig. 5(a). The deformation is observed as δd =7.752 for 
C01E and δd =7.178 for C03E. The failure of the RHA plate is 
observed at the center in each of the cavity charges. The failure 
in each case initiates at different instances, ranging from δd = 
2.4207 to 4.6756. The charge CR12 has a larger failure radial 
distance, which is more than 50 mm. The maximum deformation 
of the plate is 7.8167 in the case of CR15. However, all the 
deformations are similar in nature. The dynamic deformation 
shape of plates with respect to shapes show that the impulse 
distribution will affect the shape of the deformation of the 
plate. The shape of spherical and hemispherical will produce 
the dome shape deformation whereas cylindrical shape charges 
will produce the double cone deformation. The inner cone 

has the larger deformation compared to the cone at the clamp 
side. Therefore, the failure was observed in the case of cavity 
charges.

4.2 Influence of Stand off distances
To analyse the L/D=0.3 cylindrical charges, which can 

cause failure in shorter standoff distances have been evaluated 
in buried charge condition. The standoff distances (S) were 
reduced to 108.1, 93.1, 68.1 and 43.1 mm. The peak reflected 
pressure and impulse in the case of are shown in Fig. 5. It has 
been observed that reducing the standoff distance can increase 
the deformation, as shown in Fig. 5(a). However, no failure of 
the plate was observed even at the lowest standoff distance. 
The peak deflection δd = 9.9182 (SC03SD-43.1mm) is highest. 
The non-dimensional impulse Eqn. (5) & Eqn. (6) are proposed 
in literature3. These equations can be utilised for obtaining the 
permanent deformation of thin plates.
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Figure 5. Experimental test setup and rHA plate perforation after firing.

(b)(a)
Figure 6. rHA plate deformation in simulation and experiment with Cr12 cavity charge.
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Using Eqn. (5) and Eqn. (6), the permanent deformation 
of the plates for different charge shapes have been obtained 
in Table 5. The permanent deformations for spherical, 
hemispherical & cylindrical charges are found within the 
specified variation of 1-2 plate thickness when compared with 
the simulation results. In addition, the cylindrical charges at a 
small standoff distance give good results with same equations. 
Therefore, these equations are applicable in the case of buried 
charges and the non-dimensional impulse formulation may 
be utilised for the sand buried charges, if the total impulse is 
known.

4.3 Influence of Cavity Charges
The failure of the plate is observed in the case of cavity 

charges. This can be understood from the concept of critical 
impulse analysis for dishing, discing, and petaling proposed by 
Lee, et al. as given in Eqn. (7)28. This equation is based on the 
uniform rectangular pressure pulse applied to the central region 
of the circular plate. The uniaxial fracture strain, material 
flow stress and plate thickness can be utilised for calculating 
the critical impulse for failure. The critical impulses have 
been compared with impulses obtained for cavity charges in 
simulations for plate failure conditions.

( ) 0
0

32  
9

f
crI t

σ ρε
=             (7)

Considering the value of fε =0.402 based on JC damage 
parameters and strain rate with the plastic flow stress value  

0σ = 950 mPa, the critical impulse has been estimated. 
Since, stress and fracture strain is the strain rate dependent 
phenomenon, the exact value of 0σ and fε during simulation 
may vary. The value of the critical impulse is 0.2068 mPa-s. 
The maximum impulse for C120E, C150E, CR18E, CR15E and 
CR12E are 0.28387, 0.18738, 0.19167, 0.22949 and 0.33216 
respectively. The value of impulse in the case of C150E & 
CR18 is less than the required quantity of the critical impulse 
but failure is observed. It is due to the single value of strain 
and stress taken for the calculation of the critical impulse. In 
addition, the impulse calculated in the simulation is based on 
the rigid plate model but in RHA deformation simulations, the 
deformation of the plate occurs severely under cavity charges 
as shown in Fig. 6. It cause the change in the flow of the hot 
gases in the central region and therefore, the pressure duration 
is longer. This will enhance the impulse density in the central 
region. The use of the critical impulse can help the designer 
for estimation of plate thickness, which can survive / fail due 
to cavity charges.

5. VAlIdAtIoN oF FAIlurE duE to 
CAVItY CHArgE
Explosive charge of 3.75 kg TNT was considered in the 

above analysis. The cavity charge of 1.2R created the perforation 
at a fixed standoff distance in simulation studies. The validation 
of perforation is carried out in a scale down experiments with 
the Plastic Explosive (Tetryl 85% and oil 15%). The 137 g of 
the charge (one third scaled charge) was finalised for the trial 
based on the scaling technique as used in given reference at 

one third standoff distance37. The plate thickness and radius  
(t/Rp) ratio of the plate was kept the same. 

The simulation was carried out using the earlier 
methodology for this experimental configuration. The 
perforation of the plate is shown in Fig. 6(a) due to focused 
blast pressure. The failure of the RHA plate occurs due to 
thinning and weakening of the plate at the center due to very 
high pressure. The deflection of the plate obtained through 
simulation is shown in Fig. 6 (b) as a CR12 graph. To validate 
the result in the scale-down experiment, a test setup was 
developed using the RHA steel plates. The test setup of size 
350×390 mm2 was fabricated using welded armour steel plate. 
Four holding plates on the frame were welded at four corners. 
Two RHA plates of 450×400×40 mm3 having ϕ250 mm cut out 
were used as holding plates for 10 mm RHA plates by equally 
spaced eight bolts. The plastic explosive charge is available in 
the dough form. It was weighed and then using a card sheet 
cylinder, the cylindrical shape of charge was prepared. This 
cylindrical charge was pressed with a plastic disc of 1.2R 
radius to form the hemispherical shape in the front of the 
charge. The charge of cylindrical charge with 1.2R spherical 
cavity (L=41.3, D=72.64 mm & Cavity radius of 43.56 mm) 
was prepaared using this technique. The polystyrene disc at 
the backside of the charge was used for holding the detonator. 
The charge was buried in the sand such that it has created a 
standoff distance of 39.36 mm from the plate as shown in  
Fig. 5. The RHA plates were further clamped with four bolts to 
the main test setup after placing the charge in buried condition. 
An explosive charge was fired using a detonator with the 
help of a dynamo. After firing, the RHA plate was removed. 
The deformation and perforation of the plate were measured. 
Perforated hole and deflection are plotted in Fig. 6(b) as ExP-
CR12 against the results obtained through simulation (CR-12). 
The experimental results validated the perforation of RHA due 
to the cavity effect of charge.

6. CoNCluSIoNS
The detailed study was carried out to assess detonation 

behaviour of different shapes of explosive charge on failure of 
RHA plate in near field blast of sand buried charge. The main 
conclusions drawn from the current study are summarised as 
follows;

The highest specific impulse is produced by hemispherical • 
cavity charge of radius R1.2. The permanent and maximum 
dynamic deformation of buried charges is studied. The 
Eq. (5) and Eq. (6) can be utilised for predicting the 
deformation of plate in buried explosive conditions of 
spherical and cylindrical shapes up to standoff distance 
more than 0.5D. The failure is attributed to excess amount 
of specific impulse generated at the centre of the conical / 
hemispherical cavity charge more than critical impulse.
If correct specific impulse and its distribution across the • 
charge radius are determined, the failure can be predicted 
using Eq. (7) with the help of critical impulse equation. 
The damage in scale-down experiments can be validated • 
as suggested for blast experiments for the determination 
of permanent and dynamic deformation. 
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