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Abstract. High Energy Materials causes a sudden release of high pressure, which cause fragmentation of encapsu-

lating shells. For protection from these fragments which contain certain mass, area and velocity we need to know

how much these fragments covered distances from fragmentation point. Damage due to fragments is associated

with certain probability while covering some distances. Fragments in 2D and 3D fragmentations have certain

probability of damage depending on mass, total fragments and distance from fragmentation point.
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1. Introduction

Estimation of safety distance during development of ordnance storage sites is a trivial prob-

lem for military installations. The safety distance is estimated with the perspective that any
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accidental explosion should result in minimum loss of life and property. The explosions typ-

ically generate high pressure shock waves that travel through the air along with the debris re-

sulting from fragmentation of the explosive shells. Analytical approximation of fragment size

and shape during any explosion is the most important step in safety distance calculation. Rosin

and Rammlers [1] are the first who provided an empirical description of fragmentation in which

fragment size distributions were predicted by sorting fragments in different size ranges. Later

on, Weibull [2] suggested similar distribution by analyzing the fracture of material under repet-

itive stresses. Simultaneously Gates-Gaudin-Schuhmann distribution [3] evaluated the parti-

cle size distribution data in communication processes [4, 5, 6, 7]. NF Mott [8, 9] formulated

the fragments mass distribution for the data obtained through explosive rupture of cylindrical

bombs. At the same time Lineau [10] modelled fragmentation as the random geometric fracture

of an infinite one-dimensional body. In his study, a line of infinite length was considered that

was about to break down into several fragments. Voronoi-Dirichlets formulation has extensively

applied in analysis of giraffe skin and honeycomb, cosmology [11], climate modelling [12],

crystallography [13] and fracture mechanics [14]. In two dimensional analysis it started with a

random placement of points on the plate and space discretized by the construction of orthog-

onal bisecting lines. Kiang [15] showed that symmetrical high order gamma function provide

fragment size distributions for Voronoi-Dirichlets formulation. Grady and Kipps in a series

of analysis [16, 17, 18] find that Mott and Linfoot distribution which used for exploding steel

cylinders did not necessarily gave the best fitting distribution in multiple dimensions. Despite

differences with the Mott and Linfoot distribution, Grady and Kipps keep the same linear expo-

nential function for both area and volume. Some author like Wilbur K. Brown [19] considered

fragmentation as a sequential process. Fragment mass distribution in sequential fragmentation

is usually described by a cumulative distribution function rather than a probability density func-

tion which is more sensitive to the scatter of fragment mass data. The cumulative numbers of

fragments is defined as NT (m) = NT (> m) with the mass greater than m and alternatively, the

cumulative fragment mass MT (m) = MT (> m) is the total mass of all fragments with individual

mass greater than m. For fragments of considerable size the Mott Formula give a fair estimate.

However the Mott did not provide an upper limit of fragment size. It was Stromsoe[20] who
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provide formulation to account maximum fragment size. The problem of characterizing the

distribution of particles from fragmentation experiments always approached empirically. Most

recently Predrag Elek and Slobodan [21, 22] redefine well known Mott Distribution as a Gener-

alized Mott Distribution for different dimension. In section 3 we discuss the detailed procedure

which exploits the mass values obtained in fragmentation, the initial velocity of each fragments

and drag used in our fragments trajectory model. Probability of damage based on Mott Frag-

mentation Distribution is also discussed in this section. In section 4 we draw results based on

Mott 2D and 3D Fragmentation Distribution. In section 5 we concluded our analysis.

2. Method

The fragmentation and fragment formation due to the explosion of a shell is a random process

and cannot be defined exactly. Therefore probabilistic approaches are generally used for the

assessment of fragment and their hazard. The fragments produced from the detonation of a

single weapon can be characterized by fragment numbers with respect to fragment mass, and

their initial velocity. The velocity is estimate by using the Gurney Formula for each type of

high energy material being used in the shell. Each Fragment has certain mass, velocity, area,

drag coefficient at the point of fragmentation. Fragments displacement is calculated through the

fragment trajectory model [23]

Fragment Trajectory Model

Fragment trajectories under the action of drag and gravity forces are calculated using

(1) m
d2x
dt2 =−1

2
AρCDV

dx
dt

(2) m
d2y
dt2 =−1

2
AρCDV

dy
dt

−mg

(3) m
d2z
dt2 =−1

2
AρCDV

dz
dt

Where m is the mass of fragment, A is the presented area of the fragment, CD is the drag

coefficient is the density of air,g is the acceleration due to gravity and V is the instantaneous
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velocity. Velocity is resolved into three components for our three dimensional trajectory model.

To resolved velocity is considered for (00 - 3600) and (00 - 1800). MATLAB solver ode45, based

on Runge-Kutta method is used to solve the above system of nonlinear differential equations

(4) V =

√(
dx
dt

)2

+

(
dy
dt

)2

+

(
dz
dt

)2

Fragment Mass

Predrag Elek and Slobodan [21, 22] redefined well known Mott Distribution as a Generalized

Mott Distribution for different dimension

(5) N(m) = e−
(

m
µ

) 1
λ

(6) µ
1/2 = B(t

5
6 d

1
3 )
(

1+
t
d

)
where N(m) is the number of fragments with respect to mass greater than m, is mean fragment

mass, t is the thickness of casing, d is the diameter of casing and B is the constant and is specific

for a given explosive-metal pair. Distribution Mean used in the Mott fragmentation model is 2µ

and 6µ for 2D and 3D respectively

(7) NT =
M
µ

(8) mMAX
2D =−µ

(
log
(

2µ.N(m)

M

))2

(9) mMAX
3D =−µ

(
log
(

6µ.N(m)

M

))3

Where NT is the total number of fragments for the Mass of a cylinder used,M is the mass

of cylinder used for storing the High Energy Explosive Materials, mMAX
2D ,mMAX

3D are maximum



ESTIMATION OF POSSIBLE DAMAGES 5

masses for our analysis based on total number of fragments in 2D and 3D fragmentations. We

suppose that minimum mass value is around zero. We vary the mass values from minimum to

maximum to avoid negative values for N(m)

Fragment Projected Area

We assume that the fragments generated by a high energy material are geometrically similar,

then mass m and presented area A are related by the shape factor k

(10) M = kA
3
2

For our analysis

(11) A = (M/k)
2
3

The values of shape factor or ballistic density k are calculated empirically from ballistic

tests for a given weapon. In case of forged steel projectiles the average value of 2.60g/cm3 is

recommended [24]

Drag

Fragments moving through the air will experience drag, a force due to pressure and shear

stress on the surface of an object in the direction of flow. This force is a combination of normal

and tangential forces on the body. Fragments velocities lies in the supersonic regime due to high

energy materials, therefore a drag coefficient [23] of 1.21 is used for different types of irregular

shapes in our analysis

Probability of Damage

Depending on Generalized Mott distribution, Areal Density q of fragments on a surface away

from the fragmentation point [25] is
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(12) q =
Q0

4R2 e
√

2 m
m0

Where Q0 is the Total Number of Fragments, m0 is the Mean Fragment Mass, R is Radius, m

is the fragment mass

Where AT is the area human at different postures[26], the table 1 given below give different

area values for different postures

Posture Positions and their Area Values

Index Positure Area

1 Standing 0.58m2

2 Assaulted 0.37m2

3 Supine 0.10m2

(13) p = 1− e−qAT

Where p is probability of Damage

Ballistic Coefficients and Gurney Constants values are obtained from [27]. These values are

show in Table below

Ballistic Coefficients and Gurney Constants

Explosive Type B
(

kg1/2

m7/6

)
G
(m

s

)
Comp B 2.7026 2,774

RDX 2.5809 2,926

TNT 3.3113 2,499

Tetryl 3.7983 2,438

3. Results and Discussion

Fragment Mass Values in 2D and 3D Fragmentations
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FIGURE 1. Fragmentation Pattern for 2D Mott Distribution
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FIGURE 2. Fragmentation Pattern for 2D Mott Distribution

Fragmentation of projectiles or warheads produces the fragments of different masses and

geometries. These explosion based fragments are expected to cause severe damage to the human

body at a certain distance. The important parameters required to estimate the risks of human

injury from fragments of cylindrical shells include, number and mass distribution of fragments,

geometrical shape, the initial velocity and their spatial distribution.

• 2D fragmentation of cylindrical shell produces the fragments of uniform thickness

• 3D fragmentation implies fractures through all three dimensions of a fragmenting body

and produces the fragments with size t∗< t (shell thickness)
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FIGURE 3. Fragmentation Pattern for 3D Mott Distribution
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FIGURE 4. Fragmentation Pattern for 3D Mott Distribution

The Mott formulae are used for estimation of fragmentation number and mass distribution.

The parameter used in our analysis is shown in the table below

Shell Parameters

No Parameters Values

1 Length 1.54m

2 Mass 136.5kg

3 Diameter 0.2740m

4 Thicknes 0.2m,0.15m

5 Explosive 81.7kg
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Figure 1 (a, b) show fragmentation pattern based on 2D Mott Distribution for shell with a

thickness of 0.2m. The total number of fragments generated, are estimated to be 108, 55, 119

and 72 for Comp B, TNT, RDX and Tetryl explosive materials respectively. It can be observed

that in all four cases light fragments are produced in large numbers. The largest mass in case of

Comp B and TNT are 5.9622kg and 7.1396kg respectively. As these are largest mass values, all

fragments have mass smaller than 5.9622kg for Comp B and 7.1396kg for TNT. Largest mass

in case of RDX and Tetryl for a thickness of 0.2m, are 5.7682kg and 6.7415kg respectively.

As these are largest mass values, all fragments have mass smaller than 5.7682kg for RDX and

6.7415kg for Tetryl.

Figure 2 (a, b) show fragmentation pattern based on 2-D Mott Distribution for shell with a

thickness of 0.15m. The total number of fragments generated, are estimated to be 218, 111,

240, and 146 for Comp B, TNT, RDX and Tetryl explosive materials respectively. The largest

mass in case of Comp B and TNT for second value of thickness are 4.4572kg and 5.9168kg

respectively. As these are largest mass values for thickness of 0.15m, all fragments have mass

smaller than 4.4572kg for Comp B and 5.9168kg for TNT. Largest mass in case of RDX and

Tetryl for thickness of 0.15m, are 4.2656kg and 5.3292kg respectively. These being largest

mass values, all fragments have mass smaller than 4.2656kg and 5.3292kg for RDX and Tetryl.

Figure 3 (a, b) shows the fragmentation pattern based on 3D Mott Distribution by considering

four different types of explosives (Comp B, TNT, RDX and Tetryl) with a shell thickness of

0.2m. The total number of fragments generated are estimated to be 36, 18, 40 and 24 for

Comp B, TNT, RDX and Tetryl explosive respectively. The masses of the largest fragment in

case of Comp B and TNT are 6.7085kg and 4.3624kg respectively. As these are largest mass

values, all fragments have mass smaller than 6.7085kg for Comp B and 4.3624kg in case of

TNT explosive. On the other hand largest mass in case of RDX and Tetryl for shell thickness

of 0.2m, are 6.9196kg and 5.4573kg respectively.

Figure 4 (a, b) shows the fragment mass distribution in 3D fragmentation of the cylindrical shell

with Comp B, TNT, RDX and Tetryl type explosive for thickness of 0.15m. The total number of

fragments generated, are estimated to be 73, 37, 80 and 49 for Comp B, TNT, RDX and Tetryl

explosive materials respectively. The largest mass in case of Comp B and TNT for second value
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FIGURE 5. Dispersion Map with 2D Fragmentation for Shell with thickness of 0.2m

of thickness are 7.6328kg and 6.7608kg respectively. Similarly, the largest mass in the case of

RDX and Tetryl, are 7.6454kg and 7.2880kg respectively.

Distance Travel By Fragments and Dispersion Maps

To calculate risks related to fragmentation (lethality range) of high energy materials, trajec-

tories of different fragments are calculated. The influence of air drag and gravity force has been

taken into account. The initial values of velocity [28] components in X, Y, Z directions are

calculated for different values of initial throwing angles and . During the trajectory calculation,

all fragments are assumed to have same initial fragment velocity. The ground distribution of

fragments is determined by terminating the trajectory at the ground level (when y = 0). Frag-

ments of small mass disperse around the fragmentation point while fragments of larger mass

disperse at for distance from the fragmentation point. We used four different types of Explosive

materials Comp B. RDX, TNT and Tetryl. Materials such as TNT and RDX are secondary
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FIGURE 6. Dispersion Map with 2D Fragmentation for Shell with thickness of 0.15m

explosive [29].

Figures 5 and 6 show the dispersion of different fragments in case of 2D Fragmentation for

each explosive types (Comp B, RDX, TNT and Tetryl) with shell thickness values (0.2m and

0.15m). The fragment mass and initial throwing angles are randomly sampled. The maximum

distance travel by fragments is around 1500m in case of 0.2m shell thickness while for thickness

of 0.15m shell thickness it is around 1000m

Figures 7 and 8 show the dispersion of different fragments in case of 3D Fragmentation of four

different explosive types (Comp B, RDX, TNT and Tetryl) with shell thickness values (0.2m and

0.15m). The fragment mass and initial throwing angles are randomly sampled. The maximum

distance travel by fragments is around 1500m in case of0.2m shell thickness while for thickness

of 0.15m shell thickness it is around 1000m

4. Probability of Damages



12 KASHIF ZAHIR, SALMA SHERBAZ, ADNAN MAQSOOD

−2000 −1500 −1000 −500 0 500 1000 1500 2000
−2000

−1500

−1000

−500

0

500

1000

1500

2000

Distance along X

D
is

ta
nc

e 
al

on
g 

Z

 

 
m = [0~1]
m = [1~2]
m = [2~3]
m = [3~4]
m = [4~5]
m = [5~6]
m = [6~7]

−2000 −1500 −1000 −500 0 500 1000 1500 2000
−2000

−1500

−1000

−500

0

500

1000

1500

2000

Distance along X

D
is

ta
nc

e 
al

on
g 

Z

 

 
m = [0~1]
m = [1~2]
m = [2~3]
m = [3~4]
m = [4~5]
m = [5~6]
m = [6~7]
m = [7~8]
m = [8~9]

−2000 −1500 −1000 −500 0 500 1000 1500 2000
−2000

−1500

−1000

−500

0

500

1000

1500

2000

Distance along X

D
is

ta
nc

e 
al

on
g 

Z

 

 
m = [0~1]
m = [1~2]
m = [2~3]
m = [3~4]
m = [4~5]
m = [5~6]
m = [6~7]

−2000 −1500 −1000 −500 0 500 1000 1500 2000
−2000

−1500

−1000

−500

0

500

1000

1500

2000

Distance along X

D
is

ta
nc

e 
al

on
g 

Z

 

 
m = [0~1]
m = [1~2]
m = [2~3]
m = [3~4]
m = [4~5]
m = [5~6]
m = [6~7]

FIGURE 7. Dispersion Map with 3D Fragmentation for Shell with thickness of 0.2m

The probability that a fragment would impact a particular target (human) has been predicted

using the equations.

Person in Standing Position

Figure 9 (a, b) show the probability of being hit by the minimum mass fragments in case of

2D fragmentation, when a person is in standing position, facing the explosion and taking no

evasive action. It can be observed that the probability of being hit is maximum at the origin

and decreases with increasing distance from the point of explosion. The probability of damage

is 0.7% at the origin (fragmentation point), 0.1% at a distance of 500m and almost zero at a

distance of 1000m.

Figure 10 (a, b) show the probability of being hit by the minimum mass fragments in case

of 3D fragmentation. The probability of the minimum mass fragment to hit a human target is
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FIGURE 8. Dispersion Map with 3D Fragmentation for Shell with thickness of 0.15m
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FIGURE 9. Probability of Damage based on 2D Fragmentation at Standing Position

1% at the origin (fragmentation point), 0.1% at 1000m distance from the origin and negligible

afterwards

Person in Assaulted Position
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FIGURE 10. Probability of Damage based on 3D Fragmentation at Standing Position
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FIGURE 11. Probability of Damage based on 2D Fragmentation at Assaulted Position

Figure 11(a, b) illustrate the probability of damage by the minimum mass fragments in case

of 2D fragmentation, when a human is in sitting position near the point of explosion. It is

evident from the graph that, for assaulted position the probability from origin (fragmentation

point) is 0.6% and it starts declining until it reaches a distance 500m. At a distance of 500m

probability is 0.1. After a distance of about 700m, the probability is almost zero.

Figure 12(a, b) illustrate the probability of damage by the minimum mass fragments in case of

3D fragmentation. The probability of being hit is maximum near the point of fragmentation

and then starts to decline until it reaches a distance 700m. Beyond 700m range, we neglect the

probability value and considered as zero.



ESTIMATION OF POSSIBLE DAMAGES 15

0 500 1000 1500 2000 2500 3000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Radius

P
ro

ba
bi

lit
y 

of
 D

am
ag

e

 

 

TNT
Comp B

(A)

0 500 1000 1500 2000 2500 3000
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Radius

P
ro

ba
bi

lit
y 

of
 D

am
ag

e

 

 

Tetryl
RDX

(B)

FIGURE 12. Probability of Damage based on 3D Fragmentation at Assaulted Position
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FIGURE 13. Probability of Damage based on 2D Fragmentation at Supine Position

Person in Supine Position

Figure 13 (a, b) demonstrations the probability of being hit by the minimum mass fragments

in case of 2D fragmentation, when a person is in supine position. For a supine position proba-

bility start with 0.2% from the fragmentation point. At a distance of 250m it reaches a value of

0.1%. After a distance of 500m the probability is almost zero.

Figure 14 (a, b) demonstrates the probability of being hit by the maximum in case of 3D

fragmentation. For comp B, TNT, the probability of damage is 0.6% and 0.4% near the ori-

gin and 0.1% at 250m distance from origin. While for RDX and Tetryl probability start with
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FIGURE 14. Probability of Damage based on 3D Fragmentation at Supine Position

0.6%− 0.5% values, respectively until it reaches a distance of 250m where the probability is

around 0.1%.

5. Conclusion

The key objective of this research was to estimate the terminal impact of fragments produced

in 2-D and 3-D fragmentation of cylindrical explosive munitions. Mott formulation is used for

estimation of fragment mass distribution in 2D and 3D cases. Fragment trajectories under the

action of constant drag and Gravity are calculated from three dimensional equations of motion.

A limited parametric study is performed to estimate the risks of human injury from 2D and 3D

fragmentation of cylindrical explosive munitions, by considering

• Various Explosive Types

• Different Shell Thickness

The significant conclusions of this work are summarized as follows In our analysis we esti-

mated the limits for our mass values. For each explosive types used we considered two types

of shell thickness. For each shell thickness we had different maximum mass values depending

on the explosive types. Each mass value give different number of fragments counts. As we

increase the mass values from minimum to maximum our fragments counts decreases sharply.

The values of mass around zeros gives fragments counts which is approximately equal to the
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total numbers of fragments. If the mass value is around maximum value, the possible number

of fragments is around 1. If we keep increasing the mass values beyond the maximum values

then our number of fragments count is less than zeros which violate the laws of nature.

In dispersion Maps minimum mass values dispersed around the fragmentation point. As we

increase the mass values they dispersed away from the fragmentation point. This behavior is

absorbed for each type of explosive materials. In case of shell thickness mass values varies

in depth for 0.2m shell, while in case of 0.15m thickness the limit between the minimum and

maximum mass value is narrow. The maximum distance travel by the fragments is around 1500

meter from the fragmentation points.

We see in dispersion Maps maximum damage area is around 1000m where the probability of

damage is maximum. On the basis of this observation we have plotted different probability of

damage for different postures of Human. In case of 2D fragmentation for standing position the

probability of damage is around 0.7 while it is almost 1 in case of 3D fragmentation. In case

of assaulted position it is around 0.55 in 2D fragmentation while it is almost 0.9 in case of 3D

fragmentation. For supine position it is around 0.2 in case of 2D fragmentation and in case of

2D fragmentation it is 0.5.
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