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Abstract 
 

Prediction of blast parameters for cased munitions always remains prime interest 

for explosive experts and researchers in the field of energetic materials. These parameters 

not only assist us in characterization of warhead (warhead design and safety analysis) but 

are also the direct measure of performance/efficiency of warhead. These blast parameters 

include initial fragments velocity of fragments, shock wave pressure, number/size of 

fragments produced and spatial distribution of fragments. Determination of these 

parameters is a challenging task due to high cost of arena testing (acquisition of firing 

range and precise equipment like high speed cameras to measure fragments velocities), 

adhering to the safeties involve in handling of explosives, time and lot of manpower/other 

resources. Alternatively, numerical simulation techniques can be used to model the 

blast/fragmentation behavior of cased munitions. Besides providing better understanding 

of blast/fragmentation phenomena, these softwares can estimate blast parameters of 

fragmenting warheads. In this study, Autodyn with SPH (Smoothed Particle 

Hydrodynamics) solver is used to predict the blast parameters of a thick walled cylinder 

filled with Composition B explosives. Multiple simulations have been carried out by 

varying casing materials for same warhead. Comparative analysis of different casing 

materials has been carried on basis of predicted blast parameters of fragmenting 

warheads. On basis of simulation results, cast ductile iron has been recommended as an 

alternative casing material to conventional steel casing on basis of its better 

fragmentation characteristics, high end performance (higher strength, superior shock 

absorption, corrosion/abrasion resistance etc.) and cost effectiveness. It has been 

concluded that the casing material also affects the performance of fragmented warheads 

vis-à-vis efficiency of cased munitions. 

Keywords: warhead; fragmentation; blast parameters; Autodyn    
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CHAPTER 1: INTRODUCTION  

A warhead is most important component of the weapon having destructive 

capability. It may be an explosive or toxic material that is delivered by a missile, 

precision guided munition (PGMs), rocket, or torpedo. Traditional warheads use blast or 

fragmentation effects to damage the target. The standard warhead comprises of three 

main functional parts [1] as shown in Figure 1: 

 

Figure 1: Functional Components of Warhead 

1.1 The Detonation Train 

The detonation train or triggering sequence is sequence of events to initiate 

warhead. The detonation train comprises a detonator (primary explosive); booster charge 

(secondary explosive) and main charge (high explosive) as shown in Fig 2. The 

sequence of operation will be from left to right in figure 1. First of all, detonator is 

initiated by electrical spark or mechanical shock. The output from detonator is low 

powered but enough to reliably initiate the secondary explosives (booster charge). 

Subsequently, the detonation of the booster charge will results in a shock wave of 

sufficient strength to initiate the main charge. The sensitivity of components used in 
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detonation train decreases from left to right. Primary explosive are more sensitivity (i.e. 

can easily initiated) and are used in small quantities in relatively safely packaged forms. 

Due to their high sensitivity, initiator charges or detonators require special care during 

storage and handling. Booster charges are less sensitive than detonators but more 

sensitive as compared to main charge, which is highly insensitive. 

All the components of detonation train (i.e., detonator, booster and main charge) 

are never stored in assembled form to avoid accidental initiation. They are rather stored 

independently and are assembled up prior to mission requirement.  

 

Figure 2: High Explosive Detonation Train 

1.2 Warhead Characteristics 

Being the most important component of the weapon, warhead achieves its 

desired objectives by effectively damaging the target. The damage to the target can be 

assessed on following parameters [1]: 

1.2.1 Damage Volume The warhead is considered to be enclosed in an 

envelope that sweeps along the flight path of the target (aircraft/missile). The 

volume of this envelope will define the limit of destruction of the payload. 

1.2.2 Attenuation Attenuation is gradual decrease of blast intensity away 

from the explosion source. As blast wave/fragments travels away from the point 

of origin; its destructive power keep decreasing continuously until it is totally 

harmless. 
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1.2.3 Propagation After detonation, the way in which blast wave and 

fragments are dispersed from payload is called propagation. When the 

propagation of a warhead is uniform in all directions, it is called isotropic. If it’s 

not uniform, it is called non-isotropic.  

1.3 Types of Warheads 

The killing performance of a fragmented warhead is of great interest in modern 

warfare. On basis of their role and type of damage they impart, Warheads are classified 

into five categories [1]:  

• Blast Warheads  

• Fragmentation Warheads  

• Shape charges 

• Continuous rod Warheads 

• Special-purpose Warheads 

1.3.1 Blast Warheads A blast warhead achieves destruction of the target 

primarily by blast effect. When a cased munition detonates, the inside 

temperature and pressure will increase rapidly and the casing starts to expand 

until it breaks up into fragments. After the blast, due to compression of the 

surrounding air, the pressure and temperature rises from atmospheric values to 

peak overpressure in a fraction of a micro second. For a typical high explosives 

warhead, the initial values of pressure and temperature are 200 kilo bars and 

5,000˚C respectively. Due to sudden rise of temperature and pressure, shock 

wave is formed. After some time, the temperature and pressure will reduce to 

atmospheric values. This phase of shockwave is known as the positive phase. 

The pressure will keep on reducing to sub-atmospheric pressure and 

subsequently returns to the normal values. This will form the negative (or suction 

phase) of the shockwave. This positive/negative pressure variation will create a 

push-pull effect on target, and cause the target to collapse due to internal 

pressure.  
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1.3.2 Fragmentation Warheads A fragmentation warhead is designed to 

damage the target by the high velocity fragments produced due to bursting of the 

warhead casing. After the fragmentation process has initiated, the blast energy 

(approximate 30%) will be imparted to fragments in form of kinetic energy [1]. 

The fragmentation process of cased munition is dependent upon charge-to-mass 

ratio (C/M), the material properties of casing, and the explosive power of  filler 

charge [2]. While, the number of fragments produced, Size and propagation of 

fragments and fragments velocities are direct measure of warhead efficiency [3]. 

Higher the number of fragments and initial velocities more will be the damage 

imparted to the target.  

1.3.3 Shaped Charge Warheads Shaped charges are designed to concentrate 

the effect of the explosive's energy in specific direction. A conventional shaped 

charge comprises a charge casing, a hollow liner of metal, and a high explosive 

fill between the liner and case. Once high explosive is detonated, the detonation 

wave collapse the metal liner and it get ejected in the form high velocity jet. The 

velocity at forward tip of jet is as fast as 10 km/sec [4]. Having high velocity and 

extreme pressure, the jet perforates the target material. The performance of 

shaped charge is dependent upon type of explosive fill, charge shape and 

powdered metal lining. The shaped charges are used to cut or form metals, 

penetrate armor, and perforate well in oil and gas industry.  

1.3.4 Continuous-Rod Warheads  A continuous-rod warhead 

comprises a long rods arranged in a circular bundle around the main explosive 

charge. Once it explodes, the rods spread into a large circle that cuts the target. 

These warheads are effective in anti-aircraft and anti-missile role. Upon 

detonations, these rods can attain maximum velocities from 1050 to 1150 m/sec 

[1]. However, in modern fragmenting warheads, the initial fragment velocities 

are ranging between 1800 to 2100 m/sec. Due to this reason; the continuous-rod 

warheads are being replaced with blast/fragmentation warheads in latest anti-

aircraft missiles. 
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1.3.5 Special-Purpose Warheads  Special purpose warheads are 

specialized weapons designed to perform a specific. Some examples of special-

purpose weapons are as follows:- 

• Thermal Warheads Some targets are effectively destroyed by fire 

power. For such targets, thermal warheads are used. Thermal warheads 

use chemical energy to kindle fires e.g. incendiary or fire bombs. 

• Biological and Chemical Warheads  These warhead uses 

infectious agents, such as anthrax spores or other biological agents for 

causing sickness or death to humans. These warheads have an extreme 

strategic importance as they causes temporary disability to personnel thus 

making it more convenient to capture or neutralize an enemy installation 

without damaging buildings or materials. An explosive charge is placed 

in a biological warhead for rapid dispersion of biological agents. 

 

• Pyrotechnic Warheads Pyrotechnics refers to produce fire through 

chemical reaction with goal to produce light, heat, noise and pressure. 

These warheads are usually employed for signaling, illuminating, ejection 

seat operation and marking targets.  

• Cluster Bomb Units (CBU) CBUs are primarily used for area denial 

purposes. Hundreds of CBUs are packed in a canister that is dispersed in 

air after drop from the aircraft. Each of these bomblets is programmed 

(for several hours) to explode at specific time thus denying the area for 

extended hours. These warheads provide a wide area of coverage and are 

effective against armored vehicles, personnel and other soft targets. 

• Mines  A landmine is an explosive device, buried under or on the 

ground and is used to destroy or neutralize enemy targets, ranging from 

troops to armored vehicles, tanks when they pass over it or close by. 

These devices are normally triggered automatically due to pressure 

applied on them by target walking over it or in close proximity. 
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1.4 Fragmentation Process of Warhead 

As the research title indicates, our focus during this study will remain on cased 

munitions (i.e. explosive charge is enclosed in a metallic casing) having blast 

(overpressure) waves and fragmentation effects to destroy the target [5]. When this type 

of warhead detonates, due to decomposition of explosive, there is sudden increase in 

pressure and temperature inside the casing. Due to this high pressure, the casing starts to 

expand until it breaks up into number of high-velocity fragments [6]. The fragmentation 

process of cased munitions is normally governed by charge-to-mass ratio (C/M), 

properties of casing material, and the explosive power of filler charge [2]. While, the 

blast parameters like Number and size of fragments produced, spatial distribution of 

fragments and initial fragments velocities are direct measure of warhead efficiency 

[3].Therefore, to improve the efficiency of fragmenting warheads, we either need to 

increase fragment velocities or to eject more fragments in target direction [7]. Higher the 

number of fragments produced, more will be the probability of warhead to neutralize the 

target. Similarly, higher the fragments initial velocities, the more will be the range of 

fragments and penetration into the target. Figure 3 shows a detonation of fragmented 

warhead.  

 

Figure 3: Detonation of High Explosive and formation of fragments 
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1.5 General Purpose Warheads 

General Purpose Warheads are typical example of cased munitions. GP (General 

Purpose) bombs are being used extensively around the world since 1950’s. These are air 

delivered munitions designed to destroy the ground targets with blast and fragmentation 

effects. The designation ‘General Purpose’ in description of the bomb indicates that GP 

Bombs are flexible weapons and can be deployed against variety of targets such as 

concrete piercing (buildings/ installations), runway cratering and anti-personnel role 

through blast and fragmentation effects.  

The Mk-82 is 500 Lbs. (227 kg) GP Bomb containing 87-89 kg of high explosive 

in a forged steel body having weight of 140-142 kg. It is the steel casing that creates the 

primary fragmentation for the bomb. The propagation and size of fragment is random 

and dependent upon the shape of warhead. The dispersal pattern and size of the 

fragments is largely random. Initially, these bombs were delivered unguided with 

accuracy of  5.5% to hit the target as [8]. Guided versions of GP Bombs also known as 

PGMs (Precision Guided Munitions), have high accuracy and are used for precision 

strikes. During the Operation Desert Storm in 1991, 88% of the dropped GBU-12 

successfully hit its targets [8]. Figure 4 shows the MK-82 GP Bomb (left) in standard 

configuration, while GBU-12 Laser Guided Bomb (right). 

 

 

•  

•  

•  

•  

•  

 

  

Figure 4: Low Drag MK-82 GP Bomb (left) and GBU-12 Laser Guided Bomb (right) 
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PK-82 is the Pakistani Variant of MK-82 bomb being produced by Pakistan 

Ordinance Factories (POF), Wah Cantt, using Composition ‘B’ as explosive fill and 

Carbon Steel (ASTM A106 Grade ‘C’) as casing material. This warhead is being 

produced since 1980’s, with same explosive fill and the casing material. Figure 5 shows 

the PK-82 GP Bomb being manufactured by POF, Wah Cantt.  

 

 

Figure 5: PK-82 GP Bomb (500 Lbs.) 

1.6 Efficiency of Fragmented Warhead  

The efficiency of the warhead generally depends upon the total kinetic energy of 

the fragments generated after the blast.  To obtain a high kinetic energy, it is essential to 

maximize the speed or mass of the fragments. However, higher mass of fragments will 

reduce the number of fragments. For this reason, the best solution for designing 

fragmented warheads is to maintain a balance between number and size of fragments 

produced.  

The blast parameters like Number and Size of fragments produced, spatial 

distribution of fragments and initial fragments velocities are direct measure of warhead 

efficiency [6]. Therefore, to improve the efficiency of fragmenting warheads, we either 

need to increase fragment velocities or to eject more fragments in target direction.  

The improvement in efficiency of the existing PK-82 GP Bomb can be achieved 

by changing design, filler explosive or Casing material. Changing design of existing 

warhead is like designing a new warhead which will be subsequently subjected to long 

and tiresome process of qualification and arena testing. Similarly, change of explosive 

fill is also dependent on existing explosive filling setups and acquiring a new filling 
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setup is not a cost effective solution. However, with the advancements in the field of 

material sciences, a significant improvement in efficiency of warhead can be achieved 

by selecting suitable casing material. 

1.7 Problem Statement 

The problem statement for this research is to improve the efficiency of cased 

munitions like PK-82 GP bomb by selecting a suitable casing material.  

The main purpose of looking for alternative material is to enhance the efficiency 

of warhead by selecting suitable casing material. The alternate material will be finalized 

on basis of better fragmentation characteristics (i.e. to increase fragment velocities or to 

eject more fragments in target direction) and having excellent physical properties.  

1.8 Motivation  

The main motivation behind the study is to improve efficiency of PK-82 GP 

Bomb, which is being used by PAF since 1980’s, without any modification or 

improvement.  

Similar type of study has been initiated in 2015 by Unites States Department of 

Defense (DoD) to improve the fragmentation characteristics of existing GP bombs. 

Obviously, we will not be shared with the outcome of this research.  

Being a restrictive field, limited literature is available in the field of energetic 

materials. Moreover, latest developments in this field are considered trade secrets by the 

manufacturers. 

Last but not the least, the study will be helpful for local industry in Pakistan and 

will provide them an opportunity to go for alternate casing material for PK-82 GP 

Bombs. Besides improving efficiency of warheads, alternate casing might also provide a 

cost effective solution. 
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1.9 Available Approaches & Proposed Solution 

An explosion of high explosive projectiles is highly non-linear transient 

phenomena as it will be followed by shock, explosion and fragmentation effects. 

Therefore, various physical processes must be taken into account to accurately 

characterize such events.  

Presently, following three approaches are being used to understand 

blast/fragmentation behavior of warheads.  

• Firstly, empirical formulas can be used to solve simplest and highly idealized 

problems.  

• Second option is to use analytical techniques (based on numerical softwares) to 

predict fragmentation behavior and blast parameters. But these analytical 

techniques are based on available experimental data and can solve limited range 

of problems.  

• Third and most reliable approach to handle blast/fragmentation is physical 

experiments. However, these experiments can be very costly and often difficult 

for instrumentation, acquisition and interpretation of results. 

Due to development of numerical softwares and availability of more powerful 

computers, it is now possible to investigate the blast and fragmentation analysis of 

warhead. Numerical simulation softwares have enabled us to model a 

blast/fragmentation process of cased munitions and to predict blast parameters vis-a-vis 

warhead efficiency. In this study, ANSYS Autodyn software is used for numerical 

simulations, which is an excellent tool to model fragmentation process of cased 

munitions.  

1.10 Objectives 

Following objectives were defined to achieve the desired goal:-  
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o To model different warheads with varying casing material in ANSYS 

Autodyn.  

o To predict blast parameters by subjecting each warhead to blast 

simulation using SPH solver technique.  

o To perform the comparative analysis of predicted blast parameters and to 

recommend suitable casing material for cased warhead.  
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CHAPTER 2: LITERATURE REVIEW  

An explosion of highly explosive projectiles is always followed by shock, explosion 

and fragmentation, and reaction problems involve highly non-linear transient 

phenomena. Therefore, various physical processes must be taken into account to 

accurately characterize such events. Physical experiments combined with analytical 

techniques are required to understand full physics. Presently, following three approaches 

are being used to understand blast/fragmentation behavior of warheads. Firstly, 

empirical formulas can be used to solve simplest and highly idealized problems. Second 

option is to use analytical techniques (based on numerical softwares) to predict 

fragmentation behavior and blast parameters. But these analytical techniques are based 

on available experimental data and can solve limited range of problems. Third and most 

reliable approach to handle blast/fragmentation is physical experiments. However, these 

experiments can be very costly and often difficult for instrumentation, acquisition and 

interpretation of results. 

2.1 Empirical Formula’s to Determine Blast Parameters 

In 1943, R. W. Gurney [9] derived a simple analytical equations to determine the 

initial velocity of fragments from an exploding warhead. As per this model, the initial 

fragments velocities could be estimated by Charge to Mass ratio (C/M) of warhead, 

where C is the mass of explosive fill or charge and M is the mass of casing, as shown in 

Figure 6. The Gurney’s equation to calculate initial velocity of fragments for cylindrical 

warhead is as follows:-   

�
√�� = ��� + 
��

��

 

Where,  

V= Fragments Velocity,  
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M = Mass of casing,  

C= mass of Explosive fill, 

√2� = �
�.�� = Constant (2.79 to 3.15 for typical military explosives), 

D = Detonation Velocity 

 

Figure 6: Cylindrical Explosive having Charge mass ‘C’ and shell mass ‘M’ 

The Gurney’s equation was simple and reasonably accurate to undertake manual 

calculations of initial fragments velocity. However, later studies revealed shortcomings 

in Gurney’s formula that it doesn’t cater material properties of casing (i.e., tensile/yield 

strength and failure strain), which otherwise plays a significant role in fragmentation 

[10]. Using Gurney’s model, U. Fano [11] compared blast of cased charge with bare 

charge explosive on basis of kinetic energy. He developed an equation to calculate the 

kinetic energy of blast gases after energy portioning with the casing. E. M. Fisher [12]  

found disparities in blast pressure and impulse calculated by Fano’s equation with 

experimental data, which he acquired by performing series of experiments. On basis of 

his comparison, he suggested improvements in Fano’s equation. As compared to 

Gurney’s model, Fisher’s approach was more consistent with experimental data, but it 

departs from Gurney’s basic assumption of uniform gas pressure etc.  

Mott [13] presented a fragmentation model for break-up of cylindrical warhead 

to predict the number of fractures and mass of fragments produced. As per this model 

[14], “the average length of the circumferential fragments is a function of the radius and 

velocity of the ring at the moment of break-up, and the mechanical properties of the 
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metal”. The model paved the way for further research and is still valid to explain 

fragmentation pattern of ductile materials.  

John Pearson [2] explained the behavioral process of fragmented warhead from 

expansion to fracture and fragmentation respectively. As per this model, the 

fragmentation process was divided into four phases:  

• the case behaves elastic-plastic 

• expansion of the case continues till fractures start to develop 

• start of the fragmentation process  

• each fragment achieves initial velocity and start moving towards target 

Grady and Hightower [15] developed a model based on energy/momentum 

conservation in fragmentation process and derived an equation to predict circumferential 

fractures spacing. Arnold and Rottenkolber [16] investigated fragmentation behavior of 

warhead casings of varying thickness. Fragments mass distribution of 04 exploding 

shells was determined and it was concluded that that material properties lay an important 

role in fragmentation process. Hutchinson [17-20] suggested improvements in Gurney’s 

equations [9] and presented new and improved theoretical formulas based on impulse 

and momentum analysis for cased munitions.  

Zecevic etal [21] investigated the effects of material properties of casing on the 

initial fragments velocities and spray angles of fragments. On basis of experimental data, 

he developed a relationship for selection of an optimum warhead casing material. He 

concluded that higher the Rm/Rv (ratio of tensile strength to yield strength of casing 

material), more will be the number of fragments produced.  

2.2  Calculation of Blast Parameters Using Simulation Softwares

     Due to development of numerical softwares and availability of more powerful 

computers, it is now possible to investigate the fragmentation analysis of fragmenting 

warheads. These softwares not only allow to model a simple geometric shaped warheads 

but complex design warheads can be imported from specific softwares designed for 

creating drawings/models. These softwares are able to handle wider range of problems 
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and assist us to understand full physics of the blast phenomena. Moreover, these 

numerical techniques offer effective solutions by avoiding financial resources and time 

of physical experiments. Additionally, these tools are able to predict even those 

parameters, which are difficult to be measured from physical experiments [22].  

Anderson et al. [23] predicted the final velocities of fragments by modelling a 

cylindrical warhead using a two-dimensional finite-difference code and showed that 

predicted values are in good agreement to experimental values. Using simulation 

software “PAFRAG” based on three-dimensional axisymmetric hydrocode, Gold et al. 

[24] predicted the performance of cased munitions and validated the simulation results 

with existing experimental data. Kong Xiangshao et al.  [25] successfully demonstrated 

the capabilities of Autodyn SPH solver to simulate fragmented warheads. He was able to 

predict all the blast parameters. Upon comparison, the simulation results show close 

approximations with the experimental results. I.G. Cullis et al. [26] examined the  blast 

and fragmentation process of cylindrical warhead (thick-walled) using Eulerian hydro 

code based numerical software “GRIM”. He was able to predict the spatial distribution 

of fragments, initial fragments velocities and the total number of fragments produced 

during the fragmentation process. He compared the simulation results with the 

experimental results by subjecting similar charge to detonation. The predicted values 

were observed in close approximation to experimental values. 

G. Tanapornraweekit [10] conducted numerical studies of the fragmentation 

process of  cased warhead while focusing on effect of material properties of casing 

material on fragmentation process. His concluded that initial yield strength and ultimate 

strength of casing material has minimal effects on the initial fragments velocities and 

spray angles of fragments. Moreover, a warhead having brittle casing material with low 

failure strain will produce more fragments with low average fragment mass.  

 

  



16 

 

CHAPTER 3: MODELING AND 

SIMULATION SETUP 
 

To determine blast parameters of the fragmented warheads, experimentation is 

considered as best and reliable tool around the world. However, it is difficult to draw 

general conclusions on basis of experiments only, due to variation in results. The 

variations in results normally occur due to different apparatus/test equipment, variation 

in test setup and varying atmospheric conditions, general skill and operator’s proficiency 

etc. Furthermore, experimental testing of explosives is very costly and time consuming 

activity. Numerical simulations are mostly used to study blast/fragmentation process and 

to predict blast parameters. They enable great savings in terms of costs and man-hours 

required for physical experiments and make it possible to predict blast parameters which 

are virtually impossible to measure in physical experiments can be examined in detail. 

However, these numerical simulations can never substitute experiments, and should be 

used in combination with experiments to validate numerical models.  

3.1 Autodyn (SPH Solver)   

ANSYS Autodyn is a versatile explicit analysis tool for modeling the non-linear 

dynamics of solids, fluids, gases and their interactions. This software assists us in 

designing/modelling of warheads and test setup, followed by their initiation to 

investigate the blast and fragmentation behavior of warhead. Autodyn comprises of four 

different solver techniques:- 

• Finite element (FE) solvers for computational structural dynamics 

• Finite volume solvers for Computational Fluid Dynamics (CFD) 

• Mesh-free/particle methods for large deformation and fragmentation 

• Multi-solver coupling for multi-physics solutions  

Each solver has a capability to address specific type of problem. For e.g. SPH-

Lagrange solvers can be used for nonlinear dynamic problems i.e., hyper velocity 
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impacts and failure of brittle materials by explosion and SPH solver is used to undertake 

blast / fragmentation simulation  [22].   

In this study, Autodyn SPH solver has been used to investigate 

blast/fragmentation behavior of thick-walled cylindrical warheads. The SPH solver is a 

grid less Lagrangian hydrodynamics technique in which the object under study is 

discretized into a finite set of observation points or small evenly sized particles. The 

main advantage of SPH over other techniques is that it can also solve the problems with 

large deformations. The other techniques like Lagrange method face computational 

termination problem due to large distortion of elements  [25]. Similarly, identification of 

produced fragments is very difficult in Eulerian mesh due to the presence of multi-

material ‘mixed’ cells [26]. 

At present, the SPH technique is considered best for explaining 

blast/fragmentation process and prediction of blast parameters of fragmenting warheads. 

This technique not only predict blast parameters like shock wave pressure, initial 

fragments velocity etc. but also provides detail fragmentation analysis of casing material 

by identifying each individual fragment as separate identity [22].  

3.2 Selection of Fragmented Warhead   

To undertake comparative analysis of blast parameters of fragmented warhead, 

the first thing we need to select a warhead for numerical investigation. The warhead 

should contain high explosive and enclosed in metallic casing to produce the 

fragmentation.  Keeping in view these consideration, a thick-walled cylinder warhead 

mentioned in [26] has been chosen for modelling in Autodyn, as shown in Fig 7. The 

cylinder has total length of 404 mm. It has inner diameter of 150 mm and the outer 

diameter is 170 mm. The casing thickness is 65mm at both ends of the cylinder, while 

thickness of casing at radial portion is 10mm. As the thickness of casing at both ends of 

cylinder is more than the thickness at radial portion (more than three times), therefore 

radial portion will produce more fragments of small sizes while both ends will produce 

less fragments of massive size. The red dot depicted in Fig 3 is the initiator or detonator 
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to initiate detonation in cylindrical warhead. From here on, the cylinder end where 

initiation is started will be referred as “near end” and the opposite end of the cylinder 

will be referred as “far end”. 

 

Figure 7: Schematic diagram of cylinder 

3.3 Materials Selection for Warhead 

Iron is the fourth most common element found in Earth's crust. It is one of the 

strongest, highly versatile and cheapest metals. It was a back bone of industrial 

revolution in 17th & 18th century. Pure iron is too soft and highly reactive material and 

is of not much use. So, it is mostly in the form of iron alloys i.e., iron mixed with other 

elements (especially carbon) to make it stronger, tougher and resilient. One example of 

Iron alloy with Carbon is steel, which is being used around the world in various 

industries like automobile, construction, ship manufacturing, automobiles and defense 

[27]. Due its higher density, excellent mechanical properties and low cost, alloys of iron 

are best choice for production of cased munitions like GP bombs. Higher density will 

add more mass thus will increase the lethality of fragments produced from metallic 

casing.  

As already mentioned in para 1.3 above, that A106 Grade ‘C’ is being used as 

casing material for PK-82 GP Bomb. Therefore, it will be used as a reference material in 

comparative analysis of different warhead casings. The main aim of this study is to look 

for a better alternative to existing casing material i.e. ASTM A106 Grade ‘C’, having 

better fragmentation characteristics and improved physical properties. The chemical 



19 

 

composition and the mechanical properties of A106 Grade ‘C’ are depicted in Table 1 

and 2 respectively:- 

Table 1: A106 Grade C Chemical Composition* 
 

Chemical Composition (%) 
C(Max) Mn Si(Min) Cu(Max) Ni(Max) Cr(Max) Mo(Max) V(Max) P(Max) S(Max) 

0.35 0.29~1.06 0.1 0.4 0.4 0.4 0.15 0.08 0.035 0.035 
(*Source: https://www.makeitfrom.com/material-group/Iron-Alloy) 

Table 2: A106 Grade C Mechanical Properties* 
 

Mechanical Properties 

Grade Tensile Strength (Mpa), Min. Yield Strength (Mpa), Min. 

A106 Grade C 485 275 

(*Source: https://www.makeitfrom.com/material-group/Iron-Alloy) 

 
Different Iron alloys were considered in numerical simulations to find a better 

replacement to ASTM A106 Grade C. The alternate materials were selected from 

different categories of iron alloys with varying mechanical properties. The selected 

materials are depicted in table 3 along with their mechanical properties:- 

Table 3: Selected Materials for Comparative Analysis & their Mechanical Properties* 

Material Category 
Tensile Strength (MPa), 

Min. 
Yield Strength (MPa), 

Min. 
A106  

Grade C 
Seamless Carbon 

Steel 
485 275 

AISI 4340 Steel Alloy 690 470 
ASTM 40 Grey Cast Iron 310 200 

ASTM A27  
G65-35 

Cast Carbon Steel 500 270 

ASTM A536 
60-40-18 Cast Ductile Iron 

460 310 

ASTM 60-42-10 470 320 

(*Source: https://www.makeitfrom.com/material-group/Iron-Alloy) 

All the selected materials except ASTM 40 (Grey cast Iron) have higher Tensile 

strength and Yield strength than the reference material i.e., ASTM A106 Grade C. 
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Beside other iron alloys, Steel Alloy AISI 4340 (an American equivalent material to 

EN24W steel) used for thick-walled cylinder warhead mentioned in [26] was also 

considered for fragmentation analysis. The simulation results of warhead modelled using 

AISI 4340 (having PBXN-109 explosive) will be used to compare/validate the 

simulation model with experimental results mentioned in [26].  

3.4 Material Properties  

 Prior to undertake simulations, the selected materials are needed to be defined in 

Autodyn. Although, there is material library available in Autodyn, but it doesn’t 

encompass all the materials. The material properties used for defining selected materials 

in Autodyn are appended below in Table 4:- 

Table 4: Properties of Selected Materials for defining in Autodyn 
 

Material 

Material Properties 

Density 
(g/cm³) 

Shear 
Modulus 

(GPa) 

Poisson 
Ratio 

Young’s 
Modulus 

(GPa) 

Bulk 
Modulus 

(GPa) 

Specific 
Heat at 
20˚C 

(J/Kg·k) 
A106  

Grade C 
7.85 79.69 0.29 203.8  161.76  470 

AISI 4340  7.8  73  0.29  190 151  470  
ASTM 40 7.5 69.77 0.29 180 143 490 

ASTM A27  
G65-35 

7.8 73.64 0.29 190 150.8  470 

ASTM A536 
60-40-18 

7.15 66.02 0.28  170 128 461 

ASTM 80-60-
03 

7.5 70 0.29  180 143 490 

(Source: https://www.makeitfrom.com/material-group/Iron-Alloy) 

3.5 Equation of State (EOS) for Explosive Fill 

The equation of state (EOS) of detonation products is used to define energetic 

characteristics of an explosive in numerical simulations softwares. EOS parameters for 

high explosives are generally determined by performing cylinder tests, in which the 

motion of the walls of a copper cylinder filled with explosive is measured [28]. 
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Nowadays, the JWL EOS is widely used in practical engineering application and same is 

appended below:- 

�� = ����
� + ������ + ����
��� 

Where A, B, C, R1, R2, ω are the parameters calculated on basis of cylinder test, while 

Ѵ refers to relative volume. 

Pakistan Ordinance Factory (POF), Wah Cantt and Pakistan Air Force (PAF) 

Munitions Filling Plant, Malir Cantt, both are using Composition ‘B’ (Comp B) as 

filling explosive for GP Bombs. Keeping in view the capabilities of existing filling 

setups, Composition ‘B’ has been used as a filling explosive in this study.  

Composition ‘B’ is cast able, high explosive formulation of RDX (Cyclonite) 

and TNT in the proportion 60:40 and also contains wax as an additive in some 

formulations. It has a density of about 1.717 g/cm³ and detonation velocity of 7980m/s 

approx. It was developed to replace pure TNT, which was being used as high explosive 

filler charge for warheads. Due to low melting temperature of TNT (i.e., 80˚C approx.), 

it is easy to cast and fill Comp B in warheads of varying sizes and shapes, e.g. mortars, 

land mines and air-dropped bombs etc. However, due to its higher sensitivity and 

chances of accidental initiation by fire or projectile impact, it is replaced by less 

sensitive cast-able Composition H-6 in many weapon systems [29]. Despite the fact that 

Comp B has been replaced by less sensitive Composition H-6 it is still being used as an 

explosive fill for large munitions like GP Bombs. Comp B explosive already exists in 

material database of Autodyn software and it has been defined there using standard JWL 

equation of state (EOS). The JWL constants used for Comp B are shown in Table 5.  

Table 5: JWL constants for Comp B Explosive 

 

Density 

kg/m3   
A (Pa) B (Pa) Ω R1 R2 

CJ Energy / Unit 

Volume    (KJ/m³)      
VOD 

(m/sec) 

1660 5.2423e11 7.678e9 0.34 4.2 1.1 8.5e6 7980 
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3.6 Modelling of the Warhead and Blast Setup  

As Autodyn SPH solver technique was chosen for simulations, therefore the first 

step was to create a selected warhead [26] as SPH part. Due to symmetrical shape of 

cylindrical warhead, only a quarter portion of warhead was modelled in Autodyn as 

shown in Fig 8. In this figure, the green color representing the warhead casing while the 

blue color representing the explosive fill i.e., Comp B. 

 

Figure 8: 1/4 Computational Model of Warhead 

The creation of quarter model will not only reduce the model size but will also 

lessen the simulation time as less computational power will be required. However, the 

results of quarter model can be applied on full scale warhead by using symmetry option 

in two axes i.e., X-Axis and Y-Axis, as shown in Fig 9. 

In SPH solver, both cylindrical casing and explosive fill inside the casing are 

discretized into number of small evenly sized particles. For an appropriate fragment 

mass distribution, the particle size should be as small as possible. However, smaller 

particle size corresponds to large number of particles, which will therefore enhance the 

simulation processing time. Therefore, we need to maintain a balance between particle 

size and simulation processing time. During the study, different particle sizes were tried 
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and the particle size of 2 mm was chosen as it produced 1,56,435 particles of warhead 

casing, which is considered sufficient to explain the total count of fragments produced in 

fragmentation process of casing. 

 

Figure 9: Full Scale Model of Warhead 

Beside 2 mm SPH particle size, simulation was also attempted with 1mm and 3 

mm SPH particle size. With 1 mm particle size, a total of 1,265,412 particles were 

formed by warhead casing and simulation process failed to complete despite 2-3 days 

processing on ordinary laptop. Whereas, with 3mm particle size, a total of 45,374 

particles were formed by warhead casing and simulation process successfully completed 

in less than an hour.  As the smaller SPH particle size provides better resolution, 

therefore 2 mm SPH particle size was preferred over 3 mm. 

Once compared with the Euler technique, material boundaries and interfaces in 

the SPH method are well defined and material separation is naturally handled [30]. 

Therefore, whether it’s a quarter, half or full model, defining specific boundary 

conditions is not required in SPH technique. 

Due to very fast reaction of detonation process (microsecond phenomena), a 

wrap-up time of 0.6 msec is assigned to the simulation process. The warhead was 

initiated by point detonation at one end of explosive fill (near end plate of cylinder). The 

detonation initiation point is depicted in red color diamond symbol in Fig 10.  
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To measure the blast parameters of expanding cylinder casing, 12 gauges (i.e., 

observation points) are designated on steel casing as shown in Fig 10. Gauges 1-4 are 

installed on near end of cylindrical casing along the Y-axis with a gap of 31 mm 

between them. Gauges 5-8 are installed along the length of cylindrical casing (Z-Axis) 

excluding both ends, with a gap of 90 mm between them. While, gauges 9-12 are 

installed on far end of cylindrical casing along the Y-axis with a gap of 31 mm between 

them. All these gauges are moving points and are capable to predict blast parameters 

even after fragmentation process.  

 

Figure 10: Location of Gauges and Detonation initiation Point on Simulated Warhead 

3.7 Validation of Simulation Model  

Prior to undertake comparative analysis of warhead casings, it is necessary to 

validate our simulation model with the experimental and simulation data available in 

literature. [26]. The model conditions used in Literature and in our simulation model are 

depicted in the table 6.  

To achieve this objective, the selected thick-walled cylindrical warhead [26] was 

modelled in Autodyn with Steel Alloy AISI 4340 (equivalent material to EN24W steel) 

with PBXN-109 explosive. AISI 4340 Steel has been preferred over EN24 steel as it 

Gauges 

Detonation Point 
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already exists in Autodyn database and has been defined there using Johnson Cook 

parameters as shown in Figure 11.  

Table 6: Comparison of Physical Parameters Simulation/Experimental Model 

Parameters 
Simulation Results  

(this model) 
Experimental 
Values [26] 

Difference 
%  

Warhead Casing Material AISI 4340 Steel EN24W Steel - 

Explosive Fill PBXN-109 PBXN-109 - 

Dimensions of Casing (mm) 
Similar Dimensions 

 (Inner Dia 150, Thickness 10 & Length 
404) 

- 

Total Mass of Warhead (Kg) 47.225 47.21 0.032 
Explosive Fill Mass ‘C’ (Kg)  8.038 8.01 0.35 
Mass of Casing ‘M’ (Kg) 39.187 39.2 0.033 
Charge to Mass Ratio (C/M) 0.205 0.2043 0.343 

 

Rest all the modelling conditions were same except the casing material. Setup 

conditions like SPH particle size, detonation point, simulation wrap-up time etc. were 

kept same.  

 

Figure 11: Johnson-Cook parameters for AISI 4340 Steel 
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The comparison between the simulation models and experimental results were 

based on parameters like Charge to Mass ratio (C/M), average fragments velocity, 

spatial distribution of fragments and the total number of fragments produced. The details 

of comparison are discussed in subsequent paragraphs. 

 

3.7.1 Charge to Mass Ratio (C/M) After modelling in Autodyn, the 

mass of casing (AISI 4340) and explosive fill (PBXN-109) were noted. Fig 11 

shows the total mass (of steel casing and explosive fill) vs time calculated in 

Autodyn software. As it is 1/4th model of the cylindrical warhead, therefore to 

calculate total mass of casing and explosives, we need to multiply it with 4. The 

total mass comes out to be 39.2 kg for casing and 8.01 kg for explosive fill, thus 

having C/M value of 0.2043. Whereas, the experimental values for mass of steel 

casing and explosive fill are 39.187 Kg and 8.038 respectively, having C/M as 

0.205 [26]. Therefore, C/M values are almost same for both models. 

 

Figure 12: Total Mass Vs Time for Autodyn Simulation 
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3.7.2 Spatial Distribution of Fragments  As the warhead has more 

wall thickness at both ends (i.e. 65 mm) of the cylinder as compared to central 

portion (i.e. 10 mm); therefore the maximum expansion is expected from the 

central portion of warhead. During the simulation with Autodyn, the fragmenting 

cylinder produced a ring type spatial distribution of fragments as shown in Fig 13 

(left). Similar type of spatial distribution was observed in [26], when it was 

subjected to fragmentation process using GRIM software, as shown in Fig 13 

(right). The spatial distribution of fragments depicted by Autodyn software is 

more clear and elaborative as compared to spatial distribution of fragments by 

GRIM software. 

 

 

Figure 13: Spatial Distribution of Fragments in Autodyn (left) and in GRIM 
Software (Right) 

 

3.7.3 Fragments Velocities   

In Autodyn, the fragments velocities were predicted using installed 

gauges (1-12) on steel casing. Whereas, in the comparative experiment [26], 

fragments velocities were captured using velocity foils installed on straw board. 

The straw board was positioned at a distance of 3 meters from center of the 
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cylindrical warhead. Layout of the straw board used in experiment [26] is 

depicted in Fig 14. For a better comparison, the experimental values were 

translated against installed gauges and gauges 6 & 7 were found corresponding 

gauges for comparison, as depicted in Fig 14. 

 

Figure 14: Translation of Angular Zones into Gauge Points 

 

In Autodyn, the maximum fragments velocities were found close to 

center of warhead i.e., on gauge 6 and 7, as shown in Fig 15. The predicted 

fragments velocities were found in the range of 1455 to 1805 m/sec. The 

maximum fragment velocity was observed on gauge 7 i.e., 1615 m/sec. While, 

the experimental values of fragments velocities were found in the range of 1250 

to 1800 m/sec [26]. 
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Figure 15: Y-Velocity Vs Time for Gauges 5-8 
 

The comparative analysis of predicted fragments velocities by Autodyn 

(our Simulation model) and experimental results for gauges 6 and 7 is depicted in 

Table 7. There is a variation of 9-10% in fragment velocities. This much 

variation is always expected during such comparison, due to applying certain 

assumption in numerical analysis. Despite the small variations, the predicted 

values of fragment velocities (in Autodyn) are in good agreement to 

experimental values [26]. 

Table 7: Comparison of Initial Fragments Velocities 

Gauge 
Points 

Simulation Results 
(this model) 

Experimental Values 
[26] Difference %  

Gauge#6 1455 1600 9 

Gauge#7 1615 1805 10.5 
 

3.7.4 Total Fragments Produced  Upon completion of the simulation 

process using Autodyn, a total of 690 fragments (of varying sizes) were 

produced. Due to thick walls at ends of the cylinder (i.e. 65 mm thickness); fewer 
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fragments were produced at both ends. The spatial distribution of fragments 

produced during simulation process is shown in Fig 16.  

 

Figure 16: Side View of Spatial Distribution of Fragments  
 

During the fragmentation process, both ends of the cylindrical warheads 

mostly remain intact due to comparatively thick walls. The central portion of the 

Fig 16 is depicting a large fragment, while the spatial distribution around it is 

formed by the small sized fragments produced by the central portion of warhead 

(having 10 mm thickness). Autodyn (SPH) provides detailed characteristics of 

each fragment i.e. mass, average velocity and dimension etc. Using mass of each 

individual fragment, mass distribution of fragments has been plotted as shown in 

Fig 17. The mass of maximum fragments produced are in the range of 1-5 gms. 

Whereas, in the comparative experiment [26], 3 iterations were 

performed by detonating similar cylindrical warhead having same explosive 

charge. The number of fragments captured during these 3 iterations was 116, 111 

and 122 respectively. Similarly, simulation of the same experiment using GRIM 

resulted in 128, 175 and 114 fragments experiment [26]. 
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Figure 17: Mass distribution of fragments 
 

The comparison of total number of fragments produced in our simulation 

model (Autodyn) and literature values are depicted in Table 8.  

Table 8: Comparison of Fragments produced during experiment/simulation 

* Average Values 
 

Large variation was observed w.r.t total number fragments produced, 

once our model i.e. Autodyn (SPH) results were compared with experimental / 

simulation results by GRIM [26]. Limited number of fragments was reported in 

experiment and simulation by GRIM. The main reason for this disparity is the 

limitation of fragments capturing mechanism used in experiment. As seen in Fig 

13, the fragments capturing straw boards were installed on one side of warhead; 

therefore they are capturing fragments from a limited portion of warhead only. 

Moreover, all the fragments having mass ≤ 0.13 gm were excluded from 

experimental results [26]. Furthermore, GRIM software is based on Eulerian 

mesh, and identification of individual fragment is very difficult in this software 
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due to the presence of multi-mixed materials [26]. Therefore, a fragments 

identification algorithm is usually defined to identify individual fragments in 

GRIM software. That’s may be the main reason that less number of fragments 

are identified in GRIM software. 

On other hand, Autodyn predicts each single fragment produced during 

fragmentation process irrespective of its mass. Furthermore, capturing of 

fragments using straw boards is not considered very reliable approach and mostly 

high speed cameras are used to capture the blast/fragmentation phenomena.  

3.7.5 Final Verdict on Validation of Our Simulation Model  The 

fragmentation process of thick-walled cylindrical warhead has been modelled in 

Autodyn (SPH solver) to determine blast parameters. The simulation results are 

compared with the experimental/simulation data (for similar warhead) available 

in literature [26]. The comparative analysis revealed that Autodyn provides the 

complete picture of fragmentation process. It also enables us to predict blast 

parameters (i.e., shock wave pressure, fragments velocity, number/size of 

fragments, fragments mass/spatial distribution etc.) which are otherwise difficult 

to measure in field experiments. The average fragments velocities predicted by 

Autodyn software were found in close approximation (variation of 9-10%) to the 

experimental values. The spatial distribution of fragments predicted by Autodyn 

and GRIM was almost identical. However, there was a variation with respect to 

total number of fragments produced during the simulation process and 

experimental results [26]. Less number of fragments was reported in 

experimental results as compared to Autodyn simulation. This is mainly due to 

the limitation of fragments capturing mechanism used during the experiment. 

Moreover, all fragments ≤ 0.13 gm were excluded from experimental results. 

Moreover, being Eulerian based software; GRIM has certain limitations for 

identification of individual fragments in multi-material mesh. On other hand, 

Autodyn predicts each single fragment produced during fragmentation process 

irrespective of its mass. That’s the reason, that Autodyn has predicted much 

more fragments as compared to experimental results.  
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(d) t = 1.2x10¯¹ msec 

(a) t = 0 sec (b) t = 4x10¯² msec 

(c) t = 8x10¯² msec 

CHAPTER 4: RESULTS AND 

DISCUSSIONS 
 

After validation of our simulation model (Autodyn with SPH Solver), 

comparative analysis of casing materials were undertaken. Numerous simulations were 

performed by varying casing materials to investigate the fragmentation behavior and to 

predict the blast parameters. In each simulation, similar thick-walled cylindrical warhead 

was used along with Compo B as an explosive fill. Setup conditions like SPH particle 

size, detonation point, simulation wrap-up time etc. were considered same as per para 

3.6. The results of simulations conducted are discussed in subsequent paragraphs. 

4.1 Expansion and rupture process of Warhead   

Despite using the different casing material for each simulation, almost identical 

expansion and rupture behavior was observed. Upon initiation of detonation process, the 

expansion process started at near end of cylindrical warhead. Due to varying thickness 

of warhead casing at both ends (i.e., 65 mm) and along the length of cylinder (10 mm), 

the expansion of the cylinder mainly took place in radial direction. The expansion and 

rupture process of cylindrical warhead against time is shown in Fig 18a–d.  

 

 

 

 

 

 

 

Figure 18: The expansion / rupture process of the cylindrical 
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Fig 18a presents the initial state, prior to initiation of warhead at t=0. Upon 

initiation of warhead, the cylindrical casing starts to expand radially from the near end, 

as shown in Fig 18b. As the detonate wave travels along the length of cylinder, the 

cylinder starts to expand radially and forms a cylindrical ring as shown in Fig 18c. 

While, there is very little deformation on both ends of warhead due to heavy walls. With 

the increasing expansion of cylindrical casing due to high pressure gaseous products of 

detonation process, fractures start to appear on circumference as shown clearly in Fig 

18d. 

Due to continuing expansion process of cylindrical casing , the fractures keep 

elongating until it rupture the casing into a number of high-velocity fragments [31]. 

Figure 16 shows the formation of fragments during the expansion process at time, t= 0.4 

msec. Maximum fragments are produced at the circumference in radial direction, while 

minimum fragments are produced at both ends of the cylindrical warhead. Both near end 

and far end of cylinder mostly remain intact, due to heavy thickness of the casing at both 

ends and can be easily identified in Fig 19.  

 

Figure 19: Formation of fragments from steel casing at time t=0.4 msec 
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4.2 Velocity of Fragments  

It is one the most important blast parameter of fragmented warheads as it defines 

the lethality of the warhead. Higher the fragments velocities, the more will be the range 

of warhead and fragments penetration into the target [10]. This initial fragment velocity 

is also useful to estimate the danger area. Since 2nd world war, lot of research work has 

been carried out in this field. To predict initial fragments velocities after the blast of 

fragmented warhead, classical Gurney’s equations are widely used. However, Gurney’s 

approach has some limitations that it doesn’t cater the effects of the material properties 

of casing on blast parameters [10].  

The selected warhead is now modelled in Autodyn (SPH Solver) using different 

casing materials already finalized in para 3.3. Each of the warheads was subjected to 

detonation to measure the blast parameters. As already mentioned, 12 moving gauges 

(observation points) were assigned on warhead casing to measure the blast parameters 

including initial fragments velocities. Using these gauges, the fragments velocities for 

each warhead were predicted.  

Keeping in view the expansion and rupture process of warhead, fragments 

velocities of only gauges 5-8 will be predicted and considered for comparison. Fig 20 

shows the gauges 5-8 installed on warhead casing to predict the fragment velocities.  

 

 

Figure 20: Gauges 5 - 8 installed on Warhead Casing 

 

Details of numerical simulations carried out to predict initial fragments velocities 

of warheads (having different casing materials) are discussed in subsequent paragraphs. 
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4.2.1 A106 Grade C (Seamless Carbon Steel) The first casing material 

considered for blast/fragmentation analysis in Autodyn (SPH Solver) is A106 

Grade C. As A106 Grade C is presently being used as casing material for PK-82 

GP Bomb, therefore ballistic parameters of warhead (having A106 Grade C as 

casing material), will be considered as reference for comparison with other 

warheads (having different casing materials). The ASTM A106 specification is 

for seamless carbon steel pipes for high temperature service. As ASTM A106 is 

produced as a seamless product only therefore it doesn’t have different types and 

it comes in three grades; A, B, C. As compared to grade A and B, grade C has 

maximum allowable carbon content; thus has higher mechanical properties. 

 Once thick-walled cylindrical warhead was modelled using A106 Grade 

C, the mass of casing and explosives comes out be 9.824 kg and 2.072 kg 

respectively. Using Gurney’s equation for cylindrical warhead, the initial 

fragment velocity comes out to be 1212 m/sec [32]. The numerical simulation 

using Autodyn (SPH solver) predicted a maximum initial fragment velocity of 

1905 m/sec. Fig 21 shows the fragments velocities vs time at gauges 5-8 for a 

warhead with casing material A106 grade C. 

 

Figure 21: Fragments Velocities vs Time at Gauges 5-8 
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As the gauges 6 and 7 are located close to center of the warhead, 

therefore maximum fragments velocities are observed on these gauges. The 

maximum velocity at gauge 7 was observed at a time, t=0.1 m/sec. So, it can be 

assumed that 0.1 m/sec will be required for expansion/rupture process of 

warhead casing prior to formation of fragments. After the rupture of warhead 

casing, the blast gases will start to escape from these cracks. Therefore, the initial 

fragments formed will have maximum fragments velocities, once they exit from 

the influence of blast and same can be termed as initial fragments velocities. 

To calculate the average velocity of fragments (in radial direction), only 

gauge 6 and 7 will be considered. Gauges 5 and 8 are located too close to ends of 

cylinder and will also have velocity component in Z-axis, that’s why velocity 

readings of these gauges have been excluded.  The maximum and minimum 

values of fragments velocities at gauges 6 and 7 are extracted from Autodyn and 

depicted in Fig 22. 

 

Figure 22: Max/Min Values of Fragments Velocities at Gauges 6 and 7 

 

Fig 22 presenting the numerical values of fragments velocities (max/min) 

against the plot shown in Fig 21. Plot 1 and 2 in Fig 20 are representing the plots 

of gauges 6 and 7 respectively. The maximum values at gauges 6 and 7 comes 

out to be 1803 and 1905 m/sec respectively. Therefore, the average initial 

velocity of fragments for casing material A106 grade C comes out to be 1854 

m/sec. 

4.2.2 ASTM A27 Grade 65-35 (Cast Carbon Steel)  ASTM A27 

is a carbon steel formulated for casting. It is widely used in automotive industry, 
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railways, construction machinery, mining equipment and engineering industries. 

In Carbon steels, only carbon is used as a principal alloying element. Other 

elements are present in very limited quantities, and are added for de-oxidation. 

Silicon and manganese typically range from 0.25 - 0.80% Si, While Mn ranges 

from 0.50 - 1.00% [33].  

 Once thick-walled cylindrical warhead was modelled using ASTM A27 

Grade 65-35 (density 7.8 g/cm3), the mass of casing and explosives comes out be 

9.762 kg and 2.072 kg respectively. Using Gurney’s equation for cylindrical 

warhead, the initial fragment velocity comes out to be 1215 m/sec [32]. While, 

the numerical simulation using Autodyn (SPH solver) predicted a maximum 

initial fragment velocity of 1885 m/sec. Fig 23 shows the fragments velocities vs 

time at gauges 5-8 for a warhead with casing material ASTM A27 Grade 65-35. 

 

Figure 23: Fragments Velocities vs Time at Gauges 5-8 for ASTM A106 Gr C 
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To calculate average fragments velocities, maximum fragments velocity 

at gauges 6 and 7 were considered from Fig 24. The maximum values at gauges 

6 and 7 were found 1784 and 1885 respectively. Therefore, the average initial 

fragments velocity for casing material ASTM 27 Grade 65-35 comes out to be 

1835 m/sec. 

 

Figure 24: Max/Min Fragments Velocities at Gauges 6-8 for ASTM 27 Gr 65-35  

4.2.3 ASTM A536 Grade 60-40-18 (Cast Ductile Iron)  ASTM 536 is an 

American standard specification that covers castings made of ductile iron, also known as 

nodular or spheroidal cast iron. Nodular or ductile cast iron is a more recent 

development. It is obtained by controlled and skillful introduction of molten magnesium 

into the iron, and small amounts of sulfur and phosphorus.  Acquired in this way, it has a 

different microstructure in which the carbon is placed in the form of spheres in ferritic 

matrix. The change in microstructure results in a much stronger, elastic and durable iron. 

It has following compressive strengths like Abrasion resistance, ability to molding, 

fatigue and machinability. The main grades of ASTM A536 includes:- 

• Grade 60-40-18 

• Grade 60-42-10 

• Grade 65-45-12 

• Grade 70-50-05 

• Grade 80-55-06 

• Grade 80-60-03 

• Grade 100-70-03 
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• Grade 120-90-02 

ASTM A536 grade 60-40-18 is ductile cast iron in the annealed condition. Most 

ductile irons are designed for specific applications and requisite mechanical 

properties. ASTM A536 grade 60-40-18 has the lowest strength (minimum tensile 

strength of 414 MPa and yield strength of 276 MPa) and highest ductility (an 

elongation of 18%) compared to the other variants of ductile cast iron [33]. It is used 

to manufacture high pressure bearing parts for usage at high temperatures. 

Once thick-walled cylindrical warhead was modelled using ASTM A536 grade 

60-40-18 (density 7.1 g/cm³), the mass of casing and explosives comes out be 8.948 

kg and 2.072 kg respectively. Using Gurney’s equation for cylindrical warhead, the 

initial fragment velocity comes out to be 1264 m/sec [32]. While, the numerical 

simulation using Autodyn (SPH solver) predicted a maximum initial fragment 

velocity of 1973 m/sec. Fig 25 shows the fragments velocities vs time at gauges 5-8 

for a warhead with casing material ASTM A536 grade 60-40-18. 

 

Figure 25: Fragments Velocities vs Time at Gauges 5-8 for warhead having 
casing material ASTM A536 Gr 60-40-18 
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To calculate average fragments velocities, maximum fragments velocity 
at gauges 6 and 7 were considered from Fig 26. The maximum values at gauges 
6 and 7 were found 1935 and 1973 respectively. Thus, the average max initial 
fragments velocity for casing material comes out to be 1954 m/sec.  

 

 

Figure 26: Max/Min Values of Fragments Velocities at Gauges 6 & 7 for 
A536 Gr 60-40-18 

 

4.2.4 ASTM Grade 40 (Grey Cast Iron)  Grey cast iron is a type of 

cast iron, having grey appearance due to graphite flake structure that is formed 

during the cooling process. It has better machinability as compared to other types 

of cast irons and is widely used for production of industrial components. The 

graphite in gray cast iron has a flake-like structure which is largely responsible 

for the high machinability of this metal. The flake-like graphite structure gives 

rise to discontinuities in the metal matrix and subsequent reduced cutting forces. 

The main reason behind the popularity of grey cast iron components is their low 

cost.  It has reasonable strength, ductility and impact resistance for most of the 

applications. Grade 40 cast iron is grey cast iron in the as-fabricated (no temper 

or treatment) condition. 

Once thick-walled cylindrical warhead was modelled using ASTM Grade 

40 (density 7.5 g/cm³), the mass of casing and explosives comes out be 9.386 kg 

and 2.072 kg respectively. Using Gurney’s equation for cylindrical warhead, the 

initial fragment velocity comes out to be 1237 m/sec [32]. While, the numerical 

simulation using Autodyn (SPH solver) predicted a maximum initial fragment 

velocity of 2087 m/sec. Fig 27 shows the fragments velocities vs time at gauges 

5-8 for a warhead with casing material ASTM Grade 40. 
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Figure 27: Fragments Velocities vs Time at Gauges 5-8 for casing material 
ASTM Grade 40 

To calculate average fragments velocities, maximum fragments velocity 

at gauges 6 and 7 were considered from Fig 28. The maximum values at gauges 

6 and 7 were found 1911 and 2087 respectively. Thus, the average max initial 

fragments velocity for casing material comes out to be 1999 m/sec.  

 

Figure 28: Max/Min Values of Fragments Velocities at Gauges 6 & 7 for 
ASTM Gr 40 

4.2.5 ASTM A536 Grade 60-42-10 (Ductile Cast Iron)  ASTM A536 

grade 60-42-10 is a special grade of cast ductile iron. It has average value of 
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tensile strength (min. 415 MPa), but the elongation% is high (min. 10%), which 

makes it strong and ductile alloy. ASTM A536 grade 60-42-10 is mostly used for 

special applications, such as pipes, fittings etc.  

Once thick-walled cylindrical warhead was modelled using ASTM A536 

grade 60-42-10 (density 7.5 g/cm³), the mass of casing and explosives comes out 

be 9.011 kg and 2.072 kg respectively. Using Gurney’s equation for cylindrical 

warhead, the initial fragment velocity comes out to be 1260 m/sec [32]. While, 

the numerical simulation using Autodyn (SPH solver) predicted a maximum 

initial fragment velocity of 2069 m/sec. Fig 29 shows the fragments velocities vs 

time at gauges 5-8 for a warhead with casing material ASTM A536 grade 60-42-

10. 

 

Figure 29: Fragments Velocities vs Time at Gauges 5-8 for warhead having 
casing material ASTM A536 Gr 60-42-10 
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To calculate average fragments velocities, maximum fragments velocity 

at gauges 6 and 7 were considered from Fig 30. The maximum values at gauges 

6 and 7 were found 1954 and 2069 respectively. Thus, the average max initial 

fragments velocity for casing material comes out to be 2012 m/sec.  

 

Figure 30: Max/Min Values of Fragments Velocities at Gauges 6 & 7 for 
A536 Gr 60-42-10 

 

4.2.6 Predicted Average Fragments Velocities The average fragments 

velocities of different warheads predicted by Autodyn SPH are displayed 

graphically in Figure 31. The reference material ASTM A106 Grade ‘C’ has an 

average fragments velocity of 1854 m/sec. The max average fragments velocity 

was predicted in warhead having casing material ASTM A536 Grade 60-42-10 

i.e. 1212 m/sec.  

 

Figure 31: Predicted Average Fragments Velocity (Autodyn) for all Warheads 
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4.3 Fragmentation process 

  Fragmentation process of exploding warhead comprises of three main aspects 

i.e., total number of fragments produced, average size of fragments and spatial 

distribution of fragments. Higher the number of fragments more will be the probability 

of warhead to get damaged. Higher the mass of fragments more will be their lethality or 

ability to destroy the target. However, higher mass fragments will face more drag due to 

their higher mass and dimensions. Therefore, there should be a balance between the 

mass of fragments and the effective range of weapon. Due to this reason, the number of 

fragments produced and size of fragments will be area of focus during interpretation of 

fragmentation analysis.  

4.3.1 Fragments Mass Distribution The casing material undergoes 

natural fragmentation after the blast. The propagation and size of fragment is 

random and dependent upon the shape of warhead. The dispersal pattern and size 

of the fragments is largely random. Despite using different casing materials, 

almost similar type of Mass distribution of fragments was observed for all 

warheads. Due to this reason, the average mass of fragments produced for all the 

warheads is almost same (refer table 10). Fig 32 shows the fragments mass 

distribution of warhead having casing material ASTM A106 Grade C (reference 

material).  

 

Figure 32: Fragments Mass Distribution for ASTM A106 Grade C 
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The fragments mass distribution mentioned in Table 10 is based on 

analysis of small fragments only and the 02 large sized fragments produced at 

both ends of cylinder (approx. mass 13-14 Kgs) have been excluded. 

4.3.2 Total Number of Fragments Produced After completion of 

simulation process, fragmentation analysis reports were generated for all the 

warheads (with varying casing materials). As already mentioned Autodyn (SPH 

solver) caters each individual fragment as separate identity and provides detailed 

information of each fragment like mass, dimensions, average speed, momentum 

and kinetic energy etc. Table 9 presents the fragmentation behavior (i.e., total 

number of fragments produced and the average size of fragments) for each 

warhead.  

 

Table 9: Summary of Fragmentation Analysis Report for Different Warheads 

Casing Materials 
Total Fragments 

Produced 
Average Size of 
Fragments (mg) 

A106 Grade C 1522 13.79 

ASTM 40 1536 13.79 

ASTM A27  
Grade 65-35 

1594 13.78 

ASTM A536  
Grade 60-40-18 

1558 13.79 

ASTM A536 
Grade 60-42-10 

1619 13.79 

 

It is evident from the Table 9, that fragments mass distribution that 

average fragments mass is almost same for all the materials. Fig 33 represents 

the graphical representation of total number of fragments produced by each 

warhead in Autodyn. The reference material produced 1522 fragments while the 
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maximum fragments were produced by ASTM A536 Grade 60-42-10 i.e. 1619 

fragments. 

 

Figure 33: Predicted Total Number of Fragments (Autodyn) for all 
warhead casings 

The extract from fragmentation analysis report of each casing material is 

depicted in Fig 34-38. Besides presenting the total number of fragments 

produced during the simulation process, these extracts are presenting summary of 

small particles. Furthermore, these extracts are depicting the properties of 03 

individual fragments (sorted by mass, high to low) like mass, volume, kinetic 

energy, average speed etc. 

 

 

 

 

 

 

 

Figure 34: Extract from Fragments Analysis Report of Casing Material A106 
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Figure 35: Extract from Fragments Analysis Report of Casing Material ASTM A27 
Grade 65-35 

 

 

Figure 36: Extract from Fragments Analysis Report of Casing Material A536 Grade 60-
40-18 
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Figure 37: Extract from Fragments Analysis Report of Casing Material ASTM Grade 40 
 

 

 

Figure 38: Extract from Fragments Analysis Report of Casing Material A536 Gr 60-42-
10 
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4.4 Comparative Analysis of Results 

  After predicting the blast parameters of thick-walled cylinder warhead (using 

Autodyn (SPH Solver), a comparative analysis has been carried out between warheads 

(of different casing materials). The main parameters considered for comparison are 

average fragments velocities and total number of fragments produced during the 

fragmentation process.  All warheads considered for comparison have similar 

geometry/dimensions and same explosive fill inside but different casing material. The 

comparative analysis of both predicted parameters during various simulations is depicted 

in Table 11:- 

Table 10: Comparative Analysis of Total Number of Fragments Produced 

Casing Materials 
Total 

Fragments 
Produced 

%  
Increase  

Average  
Fragments 

Velocity (m/sec) 

%  
Variation 

ASTM A106 Grade C  
(Cast Carbon Steel) 

1522 
Reference 
Material 

1854 
Reference 
Material 

ASTM 40 
(Grey Cast Iron) 

1536 0.92 1999 7.82 

ASTM A27 Grade 65-35 
(Cast Carbon Steel) 

1594 4.73 1835 -0.01 

ASTM A536 Grade 60-
40-18 

(Cast Ductile Iron) 
1558 2.37 1954 5.39 

ASTM A536 Grade 60-
42-10 

(Cast Ductile Iron) 
1619 6.37 2012 8.52 

 

All the selected materials produces slightly more fragments as compared to 

reference material i.e., A106 Grade C. The maximum number of fragments produced by 

a warhead having casing material ASTM A536 Grade 60-42-10, which are 1619 

fragments (6.4% more than reference casing material).  

Similarly, all the selected materials (except ASTM A27 Cast Carbon Steel) gave 

higher average fragments velocities as compared to reference material. The maximum 
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average fragments velocities was observed in warhead having casing material ASTM 

A536 Grade 60-42-10, which is 2012 m/sec (8.5% more than reference casing material). 

 Warheads having cast ductile iron casing material showed excellent 

fragmentation characteristics during the numerical simulation. Two different alloys of 

Cast Ductile Iron were considered in comparative analysis (i.e., ASTM A536 60-40-18 

and ASTM 60-42-10), both materials showed improvement in terms of initial fragments 

velocities and number of fragments produced, once compared with reference material 

i.e., ASTM A106 Grade C.  

4.5 Comparison of Physical Properties   

As cased munitions are subjected to long term storage, extreme environments 

conditions and loads during launch and drop sequence, therefore these munitions must 

have extra ordinary physical properties like strength, impact and corrosion resistance etc.  

Keeping in view the comparative analysis of blast parameters i.e., total number 

of fragments produced and initial fragments velocities, cast ductile iron was found more 

suitable as a casing material for fragmented warheads due to its better fragmentation 

characteristics. However, prior to consider it as a replacement to existing materials, it is 

better to undertake comparison of both materials on basis of different physical 

properties. Details of the comparison are as follows:- 

4.5.1 Composition/ Structure Ductile iron has higher carbon content 

(3.0%-3.9%) than cast steel (0.08%-0.60%). Due to limited carbon content in 

cast steel, carbon does not form free graphite, thus resulting in a laminate type 

structure. While in Ductile Iron, graphite flakes are modified by a skill full 

treatment process to form tiny spheres or nodules. This modified microstructure 

of cast ductile Iron provides it the physical properties like steel [34].  

4.5.2 Strength Cast ductile Iron alloys are much stronger as compared to 

cast iron alloys. Both cast steel and ductile iron has almost similar values of 

tensile strength but yield strength of ductile iron has higher value than cast steel. 
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The comparison of strength between cast ductile iron alloy and cast carbon steel 

alloy is presented in table 10 [34]. It is evident from table 10 that as the strength 

of cast ductile iron alloy is increases its ductility decreases. 

 

Table 11: Comparison of Strength between Cast Ductile Iron vs Cast Steel 

 

4.5.3 Shock Absorption Cast ductile iron has better shock absorption as 

compared to cast carbon steel.  Shock absorption is dependent on degree of 

ferrization in microstructure. The average damping capacity of a cast ductile iron 

is 6.6 times greater than SAE 1018 steel [34]. Due to this reason, ductile iron is 

considered best for warheads that impact the targets. 

4.5.4 Weldability Cast carbon steel has better weldability as compared to 

cast ductile iron.  However, proper welding can be achieved in ductile iron by 

following specialized welding procedures [34].  

4.5.5 Abrasion Resistance  Cast ductile iron has superior abrasion 

resistance and it is even comparable to some of the best grades of steel. Due to 

this reason, cast ductile iron is normally used in friction wear components e.g. 

engine crankshafts.  The presence of higher percentage of graphite is the main 

reason behind its better abrasion resistance which acts as a lubricant [34].  

4.5.6 Corrosion Resistance Cast ductile iron alloys have superior 

corrosion/oxidation resistance as compared to cast carbon steel and even better 

ASTM A536  Cast Ductile Iron ASTM A27 Cast Carbon Steel 

Grades 

Ultimate 
Tensile 
Strength 

(ksi) 

Yield 
Strength 

(ksi) 

Elongation 
(%) 

Grades 

Ultimate 
Tensile 
Strength 

(ksi) 

Yield 
Strength 

(ksi) 

Elongation 
(%) 

60-42-18 60 40 18 60-30 60 30 22 

65-45-12 65 45 12 65-35 65 35 24 

80-55-6 80 55 6 70-36 70 36 22 
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than highly alloyed steels in certain environment conditions.  Oxide penetration 

may severely affect the performance and strength of an alloy [34]. 

4.6 Cost Effectiveness  

Cast ductile iron alloys not only offers high performance and versatility but also 

a cost effective substitute for cast carbon steels. During solidification process of 

commercial cast metals, decrease in volume occurs, which causes shrinkage 

(internal/external) of structure. Therefore, addition metal is poured from a reservoir to 

avoid these defects. However, in case of ductile iron castings, graphite is formed during 

the solidification process, which causes internal expansion of ductile iron. Due to this 

reason, ductile iron alloys doesn’t require additional feed metal.  This provides a 

substantial cost saving with respect to limited requirement of material and power 

consumption. Furthermore, it is less brittle than most types of iron and can be used in the 

as-cast condition without additional heat treatments. Table 12 presents the cost 

comparison of existing casing material i.e., ASTM A106 Grade C and Cast Ductile Iron 

ASTM A536 Grade 60-42-10. 

Table 12: Cost Comparison between Cast Ductile Iron Vs Cast Carbon steel 

Material Grade Price  
(USD/KG) 

Cast Ductile Iron 
ASTM A536 Grade 60-42-10 

1.31 

Cast Carbon Steel 
ASTM A106 Grade C 

2.40 

(Source:http://www.iron-foundry.com/ductile-iron-properties-advantages-costs-capability.html) 

4.7 Improved Lethality Warhead (ILW) program   

The Improved Lethality Warhead (ILW) program is an effort to increase lethality 

of GP Bombs to enhance the area attack capability of USAF (United States Air Force) 

fighter aircraft. The project was started in year 2015 and was aimed to improve 

fragmentation characteristics of existing GP bombs in future scenarios. After 
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considering different options, improvement in lethality was recommended by replacing 

the existing steel casing with an alternative material, which produces much better 

fragmentation than warheads with conventional steel casing.  

In FY 2016, USAF started manufacturing of prototype BLU-134/B Improved 

Lethality Warhead (ILW) using cast ductile iron as a casing material for the bomb body.  

Cast ductile iron was finalized as casing material on basis of its excellent fragmentation 

characteristics observed during the testing phase. Beside better fragmentation, cast 

ductile iron has excellent physical properties (like tensile strength, impact resistance, 

shock absorption, weldability, corrosion resistance and abrasion resistance etc.), and it 

can handle extreme environments conditions (like vibrations, maneuvering loads, 

extreme temperatures, etc.) during flight and drop sequence from fighter aircraft. 

Subsequent to its aerial trials and arena testing results, same will be subjected to serial 

production.  
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Conclusion  
 

The comparative analysis of blast parameters of various fragmented warheads 

(with different casing material) has been demonstrated using Autodyn (SPH solver). A 

thick-walled cylindrical warhead was chosen from available literature and subjected to 

fragmentation analysis using Autodyn. Blast parameters like shock wave pressure, initial 

fragments velocities, number/size of fragments produced, mass/spatial distribution of 

fragments etc. were predicted by installing gauges (i.e., observation points) on warhead 

casing. The simulation results were validated by comparing it with the 

experimental/simulation data available in literature. Subsequently, thick-walled 

cylindrical warhead was modelled in Autodyn using different casing materials and a set 

of simulations were performed to evaluate the performance of each casing material.  

Comparative analysis revealed that cast ductile iron casing’s provides better 

fragmentation characteristics as compared to other iron alloys. Warhead with casing 

material ASTM A536 Grade 60-42-10 Cast Ductile Iron produced maximum number of 

fragments and maximum fragments velocities.  

In addition, cast ductile iron has high performance features like improved cast-

ability, increased strength, superior shock absorption and excellent corrosion/abrasion 

resistance. Furthermore, cast ductile iron has low cost as compared to cast steel as it 

requires limited material resources and less energy resources (i.e., heat treatment).  

The comparative analysis result also got validated by the findings of Improved 

Lethality Warhead (ILW) program, initiated by USA Department of Defense (DoD), 

which also recommends used of cast ductile iron as a casing material for its GP Bombs.  

It has also been concluded that Autodyn (SPH solver) is a better technique to 

simulate fragmentation process of cased munitions. It not only provide better 

understanding of fragmentation process but can also assist to determine blast parameters, 

which are otherwise difficult to measure in field experiments. Furthermore, it analyzes 

each and every fragment produced during the fragmentation process and provides 
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detailed information of each fragment like mass, dimensions, average speed, momentum 

and kinetic energy etc. 

Last but not the least, the improvement in performance of PK-82 GP Bomb will 

be benefitting for Research and Development (R&D) setup of Pakistan Ordinance 

Factories (POF), Wah Cantt and PAF Munitions Filling Factory, Malir Cantt, Karachi. 
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Recommendations 
  

 The above mentioned fragmentation analysis technique is specifically applicable 

to cylindrical warheads but can also be generalized to any type of cased munitions. To 

get more accuracy and reliability in prediction of blast parameters, it is suggested that 

MK-82GP Bombs may be modelled in Autodyn as per actual/scale down dimensions.  

 In this research, due to paucity of time, only 02 grades of cast ductile iron were 

considered for fragmentation analysis. Remaining grades may also be considered in 

future work to establish a better casing material for cased munitions.  

In addition, concept employed in pre-frag bombs i.e., marking a pre-scored 

seams along length/ width on inner side of bomb body, can also be modelled in 

Autodyn, to further improve the fragmentation characteristics. 
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