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Introduction

▪ An increasing number of munitions now show less violent responses 

than detonation in cook off or impact scenarios

▪ Limited quantitative information about physical effects and 

consequences

▪ Topic of MSIAC Improved Explosives and Munitions Risk 

Management (IEMRM) workshop and various MSIAC reports
• M. Van der Voort, E. Baker and C. Collet, “Physical Effects and Consequences from Detonations and Less Violent 

Munition Responses,” NATO MSIAC Report L-223, Brussels, Belgium, 2018.

• C. Collet, E. Baker and M. van der Voort, “History of Natural Fragmentation Models,” NATO MSIAC Report L-234, 

Brussels, Belgium, 2018.

• E. Baker, M. Von Ramin and M. van der Voort, “Improved Explosives and Munitions Risk Management Workshop -

Focus Area 2B: Fragmentation,” NATO MSIAC Report L-234, Brussels, Belgium, 2019.
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▪ Mass distribution

• Mott, Generalized Grady, Held

▪ Metal casing velocity

• Gurney, refinements for small L/D

▪ Metal projection angle

• Taylor

▪ Stack effects 

• US TP16

Fragmentation state of the art
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▪ Fragmentation process depends on:

• Explosive reaction rate

• Warhead burst volume

• Fragment explosive contact surface area

▪ Detonative regime

• Fragmentation starts after expansion to two times original volume

• Lasts until three times the original volume 

▪ Sub-detonative regime

• Lower reaction rate

• Case wall breaks before reaction completed

• Lower velocity, fewer number of cracks, fewer but larger fragments

• Plate- or strip-like shape, thinning of fragments due to case expansion

Fragmentation state of the art
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Fragmentation state of the art

Experimental data:

▪ M107 155 mm Comp B artillery shells [Baker, 2009]

• Non-standard initiation by shaped charge, sub-detonative response

• Large fragments travelled further due to a lower air drag

▪ Black powder filled ordnance [Crull, 2004]

• Comparison with Mott and Gurney: 

• Over prediction of number of fragments and velocity

• Under prediction of fragment sizes and impact distances

840 g steel fragment reaching 1824 m
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Fragmentation state of the art

Experimental data:

▪ Tests with deflagrating munitions [Kinsey, 1992] and [Chick, 1992]

• Quantification of the large strip-like fragments

• Fragment velocities are much slower (between 10 and 33% of same 

detonated munition)

▪ Tests with tritonal Mk82 bombs [Vercruyssen, 2014]

• Inspection of 6 MK82 bombs

• Formation yellow crystals (TNT) in 3 cases

• These shells give partial detonation and large strip-like fragments
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Dial a yield technology [Arnold, 2011]

▪ Selection of a desired munitions response between 

deflagration and detonation (different initiation strengths) 

▪ A proof of concept was developed and experiments showed 

that blast and fragmentation effects could be tuned between 

low and high output.

Fragmentation state of the art
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Modelling of fragment characteristics for sub-detonative 

response

▪ Three dimensional high rate continuum modeling [Baker, 2009]

▪ Successful reproduction of fragment size and shape

▪ Distance of 1824 m possible due to spin stabilized edge-on orientation

▪ Caused by “hinge”

Fragmentation state of the art
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Trajectory analysis

Trajectory analysis with TRAJCAN*

▪ Fragments modelled as tumbling rectangular steel plates

▪ Strong dependency on plate thickness
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*TRAJCAN was developed by ACTA [Chrostowski, 2014]
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Risk-based approach

▪ Commonly used “safety” distances:

▪ Maximum Fragment Distance (MFD) for intentional detonations

▪ Hazardous Fragment Distance (HFD) for accidental detonations

▪ Are MFD and HFD still suitable for deflagrations?

▪ Alternative metrics: Individual Risk (IR) and Group Risk (GR)

M107 155 mm Detonation
Deflagration 
(Baker, 2009)

HFD 137 m A few m

MFD 801 m 1824 m
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Risk-based approach

▪ US risk acceptance criteria (AASTP-4)

IR related

GR related

IR unrelated

GR unrelated
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Probability of fatality

▪ For illustration we consider two case studies

▪ Probability of fatality

▪ Hemispherical expansion of a fragment cloud

▪ All fragments equal and assumed lethal

▪ Fragment trajectories are straight lines

𝑃𝑓(𝑟) =

1 𝑖𝑓 𝑟 ≤ 𝑅𝐿

𝑁 ∙ 𝑆

2 ∙ 𝜋 ∙ 𝑟2 𝑖𝑓 𝑅𝐿 < 𝑟 ≤ 𝑀𝐹𝐷

Parameter Symbol
Case 1 Case 2

Detonating warhead Deflagrating warhead

Number of fragments (-) N 5,000 20

Maximum Fragment Distance (m) MFD 1,000 2,000

100% lethal distance (m) RL 21 1.3

1% lethal distance (m) HFD 211 13
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Annual probability

▪ US Annual probability of event (AASTP-4)

▪ Assumed for this case study:

▪ Case 1 (detonating warhead): Pe = 1E-5/year

▪ Case 2 (deflagrating warhead) two options:

▪ A. Pe = 1E-5 / year (no probability reduction)

▪ B. Pe = 1E-7 / year (probability reduction)
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Individual Risk

𝐼𝑅(𝑟) = 𝑃𝑒 ∙ 𝑃𝑓(𝑟)
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Individual Risk

• Comparison with criteria

Parameter Symbol

Case 1 Case 2a Case 2b

Detonating warhead Deflagrating warhead Deflagrating warhead

No Pe reduction Pe reduction

Probability of event 
(1/year)

Pe 1E-5 1E-5 1E-7

Distance to IR 
criterion for
related persons (m)

RIR10-4 Criterion always met Criterion always met Criterion always met

Distance to IR 
criterion for
Unrelated persons 
(m)

RIR10-6 66 4.2 Criterion always met
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Group Risk

RL      HFD MFD

N

σ

▪ Expected number of fatalities

▪ For uniform populations density σ (1/m2)

𝑁𝑓 =  𝑃𝑓(𝑟) ∙ 2 ∙ 𝜋 ∙ 𝑟 ∙ 𝜎 ∙ 𝑑𝑟 =  2 ∙ 𝜋 ∙ 𝑟 ∙ 𝜎 ∙ 𝑑𝑟 + 
𝑁 ∙ 𝑆

2 ∙ 𝜋 ∙ 𝑟2
∙ 2 ∙ 𝜋 ∙ 𝑟 ∙ 𝜎 ∙ 𝑑𝑟

𝑀𝐹𝐷

𝑅𝐿

𝑅𝐿

0

𝑀𝐹𝐷

0

 

𝑁𝑓 = 𝑁 ∙ 𝑆 ∙ 𝜎 ∙  
1

2
+ 𝑙𝑛  𝑀𝐹𝐷 ∙  

2 ∙ 𝜋

𝑁 ∙ 𝑆
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Group Risk

▪ Expected number of fatalities versus populations density
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Group Risk
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Group Risk

Parameter Symbol Case 1 Case 2a Case 2b

Detonating warhead Deflagrating warhead Deflagrating
warhead

No Pe reduction Pe reduction

Probability of event
(1/year)

Pe 1.00E-5 1.00E-5 1.00E-7

Population density
satisfying GR criterion
for related persons
(1/m2)

σGR10-3 1E-2
(1 every 10 by 10 m)

1
(1 every 1 by 1m)

Criterion always
met*

Population density
satisfying GR criterion
for unrelated persons
(1/m2)

σGR10-5 1E-4
(1 every 100 by 100 m)

1E-2
(1 every 10 by 10 m)

1
(1 every 1 by 1m)
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Conclusions

▪ Fragmentation modeling has evolved significantly with 

increasingly realistic predictions, even for less violent 

explosions and deflagrations

▪ Individual Risk and Group Risk criteria have been explored 

as an alternative to the MFD and HFD

▪ Brings more nuance and takes into account:

• Lower probability of initiation

• Nature of the ammunition activities

• Population density

• Related (personnel) or unrelated (third party)

▪ Can help answer questions in which environment/ under 

which conditions munitions can be handled.

▪ Further development possible with more advanced 

fragmentation models
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