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Prediction of Initial and Striking Velocity of Primary Fragments from Cased 
Spherical Explosive inside Steel Cubical Structure
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AbStrACt

Usually, energy generated from an explosive’s detonation is transferred partly in the form of the blast impulse 
and some in the form of the kinetic energy of casing fragments. When detonation occurs in an explosive casing, 
it breaks the casing into fragments of different weights with varying velocities. The extent of destruction by these 
energized fragments depends upon the initial velocity they gain after an explosion. The momentum gained by the 
fragments decides the capability to perforate a barrier or propagate an explosion. A three-dimensional non-linear FEA 
method is used to model a box-shaped steel structure. This box-shaped structure is subjected to an internal cased 
explosion for estimating the initial and striking velocities of primary fragments. The effect of varying charge weight 
and the effect of the sacrificial wall on the initial and striking velocity of fragments via numerical simulations are 
also carried out. The initial and striking velocity values obtained through simulation are compared with the design 
guidelines of the code-based approach, and a good agreement is reported.
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1.  IntroduCtIon 
Usually, the high explosives (HE) are enclosed in metal 

casings while in service. Upon detonation, HE produces 
exceptionally high pressure and hot gasses, which in turn 
pressurizes the damaged inner walls of the metal casing to form 
primary fragments. When they impact surrounding structures, 
these primary fragments develop secondary fragments and 
influence the design of the armament and other protective 
structures. Thus, studying the fragment velocity could benefit 
design guidelines for the effectiveness of weapons consisting 
of HE in a closed container like a warhead or bomb. 

A mathematical model was developed by assuming an 
infinitely long cylindrical casing, allowing only the radial 
motion of fragments and nullifying the effect of detonation in 
the longitudinal direction.1 Based on this, initial velocities of 
fragments due to the detonation of metal casings filled with HE 
was calculated using Eqn. (1) and verified with experimental 
results.2 The initial velocity of fragments is determined by the 
equation given below:
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where v0 is the initial velocity of fragments, √2E is Gurney 

energy, E is contribution to the explosion’s kinetic energy due 
to HE’s unit mass, and β is the ratio of casing mass to explosive 

mass. Relation between stress state and thermo-plasticity 
of cylindrical metal casings filled with HE with a slight 
modification of Taylors1 hypothesis of radial fracture mode was 
proposed by Hoggatt and Recht.3 It has been observed that the 
walls of the metal casing accelerated radially outward due to 
compressive hoop stress produced during the detonation of the 
HE. It was also attempted to find speeds of metal layers after 
detonation in the case of multi-layered warheads by Jones.4 

Jones-Wilkins-Lee equation5-7 is widely used to study 
the reaction processes of detonation of HE. Gas leakage in an 
internal blast event was identified, and the Gurney equation 
was modified by multiplying by a factor of 0.8 to overcome. 
The factor accounted for the effect of gas leakage, which was 
verified by experimental results obtained by Charron.8 The 
material properties of the metal casings and HE characteristics 
primarily affect the detonation outcome. Pearson9 observed 
that the behavior of fragments is not a separate event and can 
influence the total system. A series of aluminium and copper 
cylinder expansion tests were carried out for a varied mass 
of explosive to mass of cylinder ratio and explosives. These 
were further verified by performing the expansion tests for 
evaluating and describing the acceleration characteristics 
of the metal fragments by Bola, et al. and Kury, et al.10-11 
Subsequently, many researchers12-14 calculated the fragment 
velocities by modifying Gurney energy as mentioned in Eqn. 
(2), given below.                                          
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where, D is detonation velocity, and EG is Gurney energy. 
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Maximum fragment velocity was calculated by considering 
the influence of the metal casing on the intensity of detonation. 
It was observed that not all parts of the metal casing could 
produce fragments. Thus, the total mass of the casing should 
not be considered while calculating the kinetic energy (EG).15 
Furthermore, the polytropic coefficient was considered for 
modification of the Gurney equation, as mentioned in Eqn. (3)          
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where, EG is the Gurney energy, D is detonation velocity, 
and ϒ is the polytropic coefficient (usually taken as 3 for 
detonation products). It was reported that the subsequent 
fragment velocity computation turned out inaccurate.16 The 
Gurney velocity was modified by considering the momentum 
of explosive gases and allowing the casing to fracture before 
fully expanding. However, dynamic testing of the metal casing 
would be required to establish the effect of explosion over the 
yield stress on the metal casings.17 

A uniform expansion of the gas pressure was assumed in 
an attempt to establish a relation to find Gurney velocity
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Here, EG is the Gurney energy, V1 is the velocity of 
fragments from end plates in the axial direction, M1 is the mass 
of each end plate, M is the mass of cylindrical casing, C is the 
mass of explosive detonated, and G is Gurney velocity. Eqn. 
(4) is a modification of Eqn. (1), wherein the results found 
were in good agreement with Gurney’s results.18 Furthermore, 
an analytical approach was reported, with the objective of fast 
and reliable real-time simulation of the fragmentation process. 
Finally, a relation Eqn. (5) was presented to calculate primary 
fragment velocity based on Eqn. (4).
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Here, V  is initial fragment velocity, G  is Gurney velocity, 
X  is distance from point of detonation along height ( L ) of 
the cylindrical casing, 0 1a≤ ≤  where a  is an experimental 
constant and 0.60 0.70b≤ ≤  which is also an experimental 
constant. However, it was cautioned about errors due to reduced 
pressure close to the end plates.19 

A time-dependent, 2D finite-difference code program 
named HEMP, written in an expanded FORTRAN IV language, 
was used to mimic the fragmentation process.20 The simulation 
showed unrealistically high deformations of the metal casings; 
thus, a separate gas leakage model was proposed. A model was 
created by Lindsay et al.21 using information from a copper-
cylinder expansion test. However, the model did not account for the 
casing and gas leakage disintegration. Hence, the acceleration of 
the fragments post-detonation was not accurate. Breech22 assumed 
uniform expansion of the gas pressure to establish a relation 
to find Gurney velocity. The relation used was a modification 
of Eqn. (1), wherein the results were in good agreement with 
Gurney’s results. A simulation model in AUTODYN was 

developed by Elek, et al.23 based on the interaction of the 
detonation wave and metallic casing along with gas pressure 
in simultaneous events to study the acceleration of fragments 
of a cylinder with the axis-symmetric detonation of HE and 
validated with experimental results. The radial distribution of 
the fragment velocity was predicted by considering the velocity 
gains with an azimuth angle at 63 degrees in the target direction. 
The calculations were in close agreement with the experimental 
data of Wang, et al.24 To investigate the fragmentation process 
of a cylindrical metal casing with HE, Xiangshao, et al.25 used 
AUTODYN and Smoothed Particle Hydrodynamics (SPH) 
procedures. Validation with experimental findings confirmed 
that the path of the detonation wave is directly related to the 
expansion velocity of the casing. 

Li, W et al.26 studied the fragmentation effect by making 
external grooves on cylindrical metal casings at different 
depths. The results were used to develop a model in LS 
DyNA. Comparing simulation and experimental results, they 
reported that grooves and HE materials significantly affected 
fracture mechanisms. Grisrao and Dancygier27 reported a good 
agreement for two-dimensional, three-dimensional, and SPH 
numerical models with experimental results for evaluating 
fragment velocities due to the explosion of cylindrical 
metal casings. It described the velocity of fragments using 
a normalized shape function that depended on the length to 
diameter ratio of the casing. Based on the Arbitrary Lagrangian-
Eulerian formulation of the governing equations, a 2D and 
3D axial symmetric high-rate finite-difference computer code 
called Picatinny Arsenal FRAGmentation (PAFRAG) was 
developed. The code could accurately predict fragmentation, 
verified with experimental data.28 

Huang, et al.29 investigated the initial velocity of fragments 
using an ash radiography technique and proposed a formula 
based on the Gurney equation. Later, Li. y et al.30 suggested a 
numerical model determine the influence of the incident angle of 
the detonation wave. Results confirm that the formula developed 
with a numerical model could accurately predict fragment speed 
dispersion along the axis and circumference of the cylindrical skin 
under an eccentric start point at one end, thereby simulating the 
edge effect. Further, Studies reported calculating the fragment 
velocity of hollow-core warheads with asymmetric detonation31–

34. Recently, Jifeng Wei et.al35 studied the fragmentation of a thin-
walled Q235 steel shell under an explosion of TNT. They internally 
exploded two hollow cylindrical geometries with different length 
to diameter ratios with TNT of two different charge weights, and 
fragments were collected physically. They reported the mass and 
number of fragments and compared these experimental findings 
with two analytical formulae. The comparison was in good 
agreement.

From the above, it is inferred that the previous studies are 
primarily based on the estimation of fragment velocity through 
analytical methods and result validation by experimental method. 
In the case of fragmentation effect, both analytical and experimental 
methods suffer from inaccuracies due to the geometry involved, 
as end effects cannot be accounted for, and the measurement 
of fragment velocity close to the blast site is tedious. Hence, in 
the current work, the fragment velocities are predicted through 
simulation and validated through the UFC document’s design 
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code, eliminating these inaccuracies. The present work focuses on 
the fragmentation analysis of a spherical cased explosive inside a 
Q235 steel cubicle box under the internal blast of TNT through 
simulation. The box-shaped geometry is chosen for current work 
because of its generalized shape, representing a wide range of 
explosive containers like a large explosive storehouse or a simple 
Improvised Explosive Device (IED) container. Two different 
varying charge weights of TNT are considered for the explosion. 
First, the initial and striking velocities of primary fragments 
are estimated with United Facilities Criteria (UFC) based code 
approach36 for both the charge weights. Then, simulation is 
carried out in LS DyNA to analyze the fragmentation process.  
Herein, Multi-Material Arbitrary Lagrangian-Eulerian (MMALE) 
method is adopted for high strain rate loading of the blast, where 
the Lagrangian domain is incorporated to model the cubical steel 
box structure, and the explosive is modeled in a Eulerian domain. 
The initial and striking velocities of primary fragments estimated 
through the UFC code approach are then compared with finite 
element-based numerical simulations. Further, the effect of the 
sacrificial wall on the initial and striking velocity of primary 
fragments via numerical simulations is also studied.

2.  EStImAtIon oF InItIAl And StrIkIng 
V Elo C I t y oF Pr I m A ry F r Agm En tS 
w I t h  C o d E  b A S E d  A P P r o A C h 
The initial velocities of primary fragments resulting from 

the detonation of metal casings of various shapes (Uniform and 
non-uniform cylindrical and spherical casings) filled with various 
types of HE is mentioned in Table 2.6 of chapter 2 of the UFC 
document.36 In addition, the initial velocity of primary fragments 
resulting from the detonation of an evenly filled HE in a spherical 
casing, as shown in Fig. 1, is mentioned in Eqn. (6).  
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where, 0v  is initial velocity of fragments, 2E   is  Gurney 
energy constant from Table 1, W  is weight of explosive and

CW  is weight of metal casing. 

Figure 1. Schematic of spherical casing.

Explosive 2E  (ft/sec)   2E  (m/sec)
Composition B 9100 2773.68
Composition C-3 0.0578 8800 2682.24
HMX 0.0682 9750 2971.8
Nitromethane 0.0411 7900 2407.92
PBX-9404 0.0664 9500 2895.6
PETN 0.0635 9600 2926.08
RDX 0.0639 9600 2926.08
TACOT 0.0581 7000 2133.6
Tetryl 0.0585 8200 2499.36
TNT 0.0588 8000 2438.4
Trimonite No. 1 3400 1036.32
Tritonal (TNT/AI = 80/20) 7600 2316.48

The fragment distribution factor, MA is dependent upon 
the casing diameter and thickness of casing as is mentioned in 
Eqn. (7),  
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where, B is the explosive constant from Table 2, tc is casing 
thickness and di is inside diameter of casing.

Table 1. Gurney energy constant for different explosives36

Explosive
1 3
2 2Boz
− 1 3

2 2Bkg m
−

     

Baratol 0.512 21.284
Composition A-3 0.220 9.145
Composition B 0.222 9.229
Cyclotol (75/25) 0.197 8.189
H-6 0.276 11.473
HBX-1 0.256 10.642
HBX-3 0.323 13.427
Pentolite (50/50) 0.248 10.309
PTX-1 0.222 9.229
PTX-2 0.227 9.436
RDX 0.205 0.212 8.813
Tetryl 0.265 0.272 11.307
TNT 0.302 0.312 12.970

table 2.  mott scaling constants for mild steel casings and 
various explosives36

The mass of fragments produced on detonation of cased 
explosive can be estimated by assuming several fragments as 
mentioned in Eqn. (8)
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where, Nf is the number of fragments assumed (when the 
weight of each fragment is more significant than Wf), Wc is 
the casing weight as mentioned before, and Wf is the fragment 
weight assumed. The largest fragment would be when Nf =1. 
The weight of the largest fragment can be estimated using  
Eqn. (9)
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The total number of fragments (NT) can be predicted by 
considering Wf = 0 as expressed in Eqn. (10),
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The average fragment weight (Wf) is depicted in Eqn. (11), 
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The velocity of fragments is maximum when the source 

of the explosion is closer to the object (walls subjected to 
the explosion) and vice versa. The variation can also be 
influenced by the material properties of the casing36. The 
striking velocity on impact with the objects nearby can 
be determined as mentioned in Eqn. (12).
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where, Vs is fragment speed at a distance Rf from the 
center of detonation, v0 is the first (maximum) fragment 
speed, and kv is velocity decay coefficient. The decay 
in the velocity of fragments occurs if the weight of 
the fragment is more; however, the code-based 
approach mentions the velocity decay coefficient kv 
as mentioned in Eqn. (13),
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where, A is the presented area of fragment, Wf is 

fragment weight, 
f

A
W

 is fragment form factor, aρ   is 

specific density of air and DC  is drag coefficient. The 

decay coefficient is evaluated as, 1
f 3

f

A 0.78
W

W
=  for a random 

mild steel fragment, a 0.00071ρ =   

oz/in3 (1.2283 kg/m3) and DC 0.6=  for primary fragments. Thus, 
striking velocity vs now becomes as mentioned in Eqn. (14), 
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where,  sv is fragment velocity at a distance fR  from the centre 

of detonation, ov is initial (maximum) fragment velocity and 

fW  is fragment weight.

3.  EStImAtIon oF InItIAl And StrIkIng 
VEloCIty oF PrImAry FrAgmEntS 
uSIng FInItE ElEmEnt AnAlySIS
Potential damage to structures and humanity prior/

post the artificial or accidental threat can be estimated with 
numerical analysis to minimize or prevent it. Herein, a 
numerical simulation study uses the 3D Finite Element tool 
LS DYNA. The explosive’s steel box-type structure and casing 
are modeled in the Lagrangian domain with fully integrated 
shell elements. In contrast, the air is modeled using eight-node 
brick elements with Arbitrary Lagrangian-Eulerian (ALE) 
formulation. The explosives are modeled using the volume 
fraction method with the John-Wilkins-Lee (JWL) equation 
of state. Explosive is a volume coupled with air to transfer 
the shock wave through the air to the structure. The coupled 
interaction is considered between the Lagrangian and Eulerian 
parts. The study’s objective is to perform fragment analysis 
using the Multi-Material Arbitrary Lagrangian and Eulerian 
(MMALE) approach. The output parameters estimated using 
the numerical simulations include primary fragments’ initial 
and striking velocity. The detailed FE modeling procedure has 
been described in the following sections systematically. 

3.1. numerical Simulations for material models
3.1.1 Model for Steel

The non-linear elastic-plastic response is depicted using 
a material strength model. Unlike classic plasticity theory, this 
model reproduces significant critical responses of material 
seen in metal impact and penetration. For example, strain 
hardening, strain-rate effects, and heat softening are the three 
principal material reactions that predict the yield stress (σy) of 
material, as depicted in Eqn. (15).

( ) ( ) ( ) ( )( )( )* *, ,   () 1    1σ ε ε = + ε + ε −
n m

y p p p pT A B C ln T        
                        
                          (15)
Here εp is equivalent plastic strain, εp

* is plastic strain rate, 
and A, B, C, n, m are material constants. Normalized strain rate 
and temperature of Eq. (13) are defined in Eqns. (16) and (17) 
respectively as,
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Here εp is a user specified plastic strain rate, εpo is 
reference plastic strain. T0 is reference temperature and Tm is 
reference melting temperature for conditions where T*< 0, it is 
assumed that m = 1. The material properties and Johnson-Cook 
parameters used for modelling structural steel37 are listed in 
Table 3 used to simulate material behaviour under a high rate 
of loading.

table 3. Johnson-Cook model for steel37

material A (mPa) B (mPa) C n
Steel 360 635 0.075 0.114
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 3.1.2 Material Model for Explosive 
An explosion in the medium creates a mass of highly 

compressed gas that interacts with the surrounding medium to 
generate an outward propagating compressive shock front. The 
loading effect due to such an event can be defined as spherical 
incident waves for a conned air blast scenario using the JWL 
equation of state with the MMALE approach. The JWL equation 
of state describes the detonation product expansion down to 
a pressure of 1 k bar for high-energy explosive materials. It 
has been proposed by Jones, Wilkins, and Lee according to 
the following equation. Explosive is modeled using TNT 
equivalency according to the Jones-Wilkins-Lee equation of 
state as given by Eqn. (18) 

1 1

1 2

1 1
− −
η η   η η

= − + − + ρ   
   

R Rw wp A e B e w e
R R  

            (18)

Here, ρ0 is density of explosive in reference (in non-
deformed state), ρ is current density of explosive on detonation 
and η= ρ/ρ0. Values of the constants A, B, R1, R2 and ω for many 
general explosives have been experimentally determined. The 
properties of TNT used in the present work are given in Table 4.

inside the steel structure. The schematics of structure and 
explosive modeling are depicted in Fig. 2. 

table 4. material properties for tnt explosive38

density (kg/m3) A (kPa) b (kPa) r1 r2 w
1630 3.73x108 3.747x106 4.15 0.9 0.35

3.1.3 Model for Air
The air domain is formed using 3D Euler Multi-Material 

to fill the part with suitable geometry and boundaries to 
simulate the actual field scenario. Then, the air domain is 
generated using the linear polynomial equation of state (EoS) 
based on density and internal energy with other properties, as 
shown in Table 5. Finally, the air medium is assigned the ow-
out boundary condition, best suited for modeling the explosive 
detonation.

density  
(g/cm3)

EoS gamma reference temperature 
(K)

Specific Heat 
 (J/mKs)

0.00122 Ideal gas 1.4 288.2 717.59

 table 5. Properties of air at ambient conditions38

3.2 Structural Configuration
The box-type steel structure built from Q235 steel is 

modeled and subjected to an internal cased explosion to 
observe primary fragmentation. The steel box structure of 4 
mm thick walls with a length of each side plate of 600 mm and 
an extra projection length of 120 mm is subjected to conned 
cased explosion39. The steel casing is spherical and used as 
an explosive shell. The varying explosives of 2 kg and 10 
kg of TNT depict the initial and striking fragment velocities 
on detonation. The steel casing diameter depends upon the 
charge weight of the explosive. Herein, for the charge weight 
of 2 kg, the internal diameter of the casing is kept at 180 mm, 
and the outer diameter is considered 188 mm, wherein, for 10 
kg explosive weight, the internal and outer diameter of the 
casing is 300 mm and 308 mm, respectively. The numerical 
investigation is carried out to predict the velocities of primary 
fragments generated from steel casing after an explosion 

Figure 2. (a) Full numerical model for steel box type structure 
and (b) Quarter numerical model for steel box type 
structure with cased explosive.

    (a) 

    (b) 

The mesh convergence study is carried out to account 
for the computational efficiency of primary fragment velocity 
estimation. The fragment velocity of the primary fragments 
is estimated and plotted using different mesh sizes of 5 mm, 
8 mm, 10 mm, 15 mm, 20 mm, and 30 mm for steel casing 
individually, as depicted in Fig. 3. Considering the total 
computational time and reasonable accuracy, a mesh size of 8 
mm is chosen here for numerical analysis.
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4.  rESultS And dISCuSSIonS
Numerical simulations have been carried out to predict the 

fragmentation phenomenon caused by an internal explosion. 
The cubical box-shaped steel structure has been subjected to 
internal explosion with a cased spherical explosive of TNT. 
The shock wave first interacts with the casing material, and 
fragmentation is observed. The casing material is of prime 
importance in fragment analysis as the capability of the casing 
to resist plastic strain will decrease the striking velocity 
and number of fragments. Herein, the steel-cased fragment 
velocity is studied. However, the fragmenting impact on the 
wall of the steel structure is not studied and can be kept for a 
further scope of work. The fragment impact on the walls of the 
steel structure on detonation of 2 kg of explosive is observed 
as depicted in Fig. 4. The behavior of steel structure on internal 
cased explosion is observed in terms of pressure generated on 
the inner wall of steel structure and effective plastic strain of 
steel structure.

Figure 5 and Figure 6 show pressure and strain contours 
experienced by the inner face of a cubical type steel structure 

with a charge weight of 2 kg TNT and 10 kg TNT bursting 
at the center of the structure. The steel structure remained 
elastic, while the explosive casing experienced high plastic 
strain, resulting in fragmentation. Moreover, these fragments 
move at a different initial and striking velocity, impacting the 
steel structure’s inner face. Therefore, in case of an internal 
blast of cased explosive, apart from pressure and impulse, the 
fragmentation effects also need significant consideration.

Figure 3.  mesh convergence study for estimation of primary 
fragment velocity.

Figure  4. Fragment impact on walls of steel box structure on 
detonation of 2 kg explosive.

Figure 5. (a) Pressure contour in mPa for 2 kg explosion in 4 
mm thick box type steel structure and (b) Effective 
plastic strain contour for 2 kg explosion in 4 mm 
thick box type steel structure.  

    (a) 

    (b) 
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Figure 7 shows the displaced position of the steel metal 
case due to internal explosion with varying charge weights, 
which signifies consideration of fragment effect while analyzing 
such a cubical structure. In addition, the sacrificial wall is also 
analyzed by reducing the thickness of the wall to observe the 
effect on fragment velocities.

It was observed that the velocity of fragments remains the 
same with and without a sacrificial wall for the same charge 
weight. Therefore, the trajectory of fragments can be controlled 

    (a)                  (b)

Figure 6. (a) Pressure contour in MPa for10 kg explosion in 4 mm thick box type steel structure and (b) Effective plastic strain 
contour for 10 kg explosion in 4 mm thick box type steel structure.

Figure 7. Position of fragments due to internal explosion with varying charge weights of 2 kg and 10 kg with thickness of 4 mm and 
sacrificial wall of thickness 2 mm of steel structure.

with the sacrificial wall, which is required to design preformed 
warheads.

The initial and striking velocities of primary fragments 
were estimated for varying charge weights, as depicted in the 
velocity time history plot in Figure 8. The initial and striking 
velocity for 2 kg explosive weight is almost the same. However, 
when the charge weight is increased to 10 kg, it is observed that 
striking velocity reduces to 1544 m/s from the initial velocity 
value of 1830 m/s, thereby establishing a correlation between 
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Figure 8. Velocity time history for initial velocity of primary fragments.

table 6. Initial and striking velocity comparison for steel structure due to internal explosion of cased spherical explosive 
of weights of 2 kg and 10 kg.

Explosive weight Velocity of primary 
fragments

numerical simulation 
results from present study Code based approach36 Percentage of difference 

(%)

2 kg

Initial velocity (m/s) 1337 1324 0.92

Striking velocity 
(m/s) 1160 1222 5.3

10 kg

Initial velocity (m/s) 1830 1704 6.89

Striking velocity 
(m/s) 1544 1524 1.28

the charge weight and the velocity of fragments. The numerical 
estimation of initial and striking velocities for 2 kg and 10 kg 
explosive weights were verified with a code-based approach 
via United Facilities Criteria (UFC-3-340, 2008) and found 
to be in good agreement, as expressed in Table 6. The casing 
material plays a vital role in primary fragment generation and 
estimation, ultimately responsible for the secondary fragments’ 
impact on surrounding structures.

5.  ConCluSIonS
This paper investigates the fragmentation of spherical 

cased explosives enclosed in a steel cubicle box and explores 
a practical and convenient method to predict the initial and 
striking velocities of primary fragments. The simulation for an 
explosion of two charge weights of TNT was carried out, and 
the numerical results are validated through comparison with 
the UFC code approach. A good agreement is reported.

The numerical analysis confirms that fragment velocity 
and the difference in initial and striking velocity of fragments 
is a direct function of charge weight. Furthermore, one wall 
of cubical steel box was made a sacrificial wall by reducing 
the thickness to 2 mm, and fragmentation was observed. The 

results show that the sacrificial wall fails first, and controlled 
fragmentation is observed, which will help design preformed 
or directed fragmentation warheads. 
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