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[bookmark: _Toc216966816]1.0 Research Objective
[bookmark: _Hlk216883484]	This report aims to explore how the data captured during an OME event may be used to help identify the nature of the initiated system. This capability is critical across a range of civilian, military and intelligence applications. Examples of such applications include; determining the makeup of an improvised explosive device after a terrorist attack [1],  assessing the lethality of an unknown weapon system [2] and reverse engineering a weapon systems from incomplete observational data collected in theatre [3].
The power of such techniques will be demonstrated through a practical example. Here an arena trial was conducted on an unknown munition from the candidate list presented in Table 1. The remainder of this report will explore how this trial was conducted, the data captured and how this data has been evaluated to draw conclusions on the identity of the system.

[bookmark: _Toc216966873]Table 1 - Munitions candidates and preliminary munition data.
	Mk 83 Air Dropped Munition - [4], [5], [6]

	[image: ]
	Total Mass:
Case Mass:
Charge Mass:
Explosive Composition:
	454 kg
252 kg
202 kg
H6, PBXN-109, TNT, Tritanol

	M-67 Grenade - [7]

	[image: ]
	Total Mass:
Case Mass:
Charge Mass:
Explosive Composition:
	0.40kg
0.20 kg
0.18kg
Composition B

	RDG-5 Grenade - [8]

	[image: ]
	Total Mass:
Case Mass:
Charge Mass:
Explosive Composition:
	0.31 kg
0.20 kg
0.11 kg
TNT

	AR-M81 81mm Mortar - [9], [10] 

	[image: ]
	Total Mass:
Case Mass:
Charge Mass:
Explosive Composition:
	4.15 kg
1.34 kg (Useable)
0.75 kg
TNT

	PG-7VL Rocket Propelled Grenade (RPG) - [11], [12], [13]

	[image: ]
	Total Mass:
Case Mass:
Charge Mass:
Explosive Composition:
	1.98 kg
1.60 kg (Including Motor)
0.73 kg
OKFOL (95% HMX, 5% Wax)

	L15A1 155mm High Explosive Artillery Shell - [14]

	[image: Shell 155 mm HE L15A2 (Sectioned) | Imperial War Museums]
	Total Mass:
Case Mass:
Charge Mass:
Explosive Composition:
	43.5 kg
32.2 kg
11.3 kg
Composition B

	Improvised Pipe Bomb - [15], [16]

	[image: ]
	Total Mass:
Case Mass:
Charge Mass:
Explosive Composition:
	0.68 kg
0.42 kg
0.26 kg
PE 8


[bookmark: _Toc216966817]2.0 Methodology 
[bookmark: _Hlk216962579][bookmark: _Hlk216883509][bookmark: _Hlk216884198]	 In order to collect the blast, fragmentation and forensic data required to identify the munition, a Semicircular Fragmentation Area (SCFA) trial was conducted in line with the ITOP 4-2-813 standard [17]. This trial took place on the 15th of October 2025 at the Forward Battery of the Cranfield Ordnance Test and Evaluation Centre (COTEC), Figure 1, in Area 9 of the Salisbury Plain Training Area, Figure 2.
[image: A diagram of a machine
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[bookmark: _Toc216966843]Figure 1 - Map of the Cranfield Ordnance Test and Evaluation Centre [18]
[image: ]
[bookmark: _Toc216966844]Figure 2 - Location of COTEC within the Salisbury Plain Training Area [18]

[bookmark: _Hlk216883515]In an ITOP 4-2-813 SCFA trial, fragmentation capture packs are arranged in a semicircular manner around a horizontal oriented charge covering a 200° horizontal and 10° vertical arc, [17], as shown in Figure 3.
[image: A drawing of a curved object
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[bookmark: _Toc216966845]Figure 3 - Plan of a typical SCFA as outlines in ITOP 4-2-813 [17]

[bookmark: _Hlk216883520]For the conducted trial, the charge was detonated from its base using a L2A1 detonator. The charge was oriented vertically and the centre positioned 450mm above the centre of the pad. The trial utilised four 1050mm by 800mm calibrated Strawboard packs made up of 40, 3.5mm boards to act as the fragment capture medium. These were arranged to provide an arena with a 1.5m diameter covering a 113° horizontal and 15° vertical arc as shown in Figure 4.

[image: ]
[bookmark: _Toc216966846]Figure 4 - Arrangement of fragment capture medium in the conducted SCFA trial.

[bookmark: _Hlk216883525]To collect more accurate data on fragment velocities, three, make style, velocity foils were placed on the face of each Strawboard pack. These were horizontally oriented and vertically distributed to form three bands. The central band was aligned with the charge centre with subsequent bands above and below as shown in Figure 5. A logic analyser was used to record when a fragment strike resulted in current flowing through the circuit.

[image: ]
[bookmark: _Toc216966847]Figure 5 - Layout of velocity foils placement on the Strawboard fragmentation capture medium.

[bookmark: _Hlk216883536]To enable the capture of blast pressure data three piezoelectric blast gauges were positioned at 1m, 2m and 3m away from the charge centre on the open side of the trial arena. Each gauge was mounted 500mm off the ground and slightly staggered to ensure an uninterrupted blast pressure front was received. Gauges were housed in rubber isolated gauge mounts to minimise noise from shock or ringing. The gauges used a 4µs sampling interval and were amplified at source such that the gauge sensitivities were 0.008879, 0.007583 and 0.009193 mV/kPa for Gauges 1, 2 and 3 respectively. These gauge position are shown in Figure 6.

[image: ]
[bookmark: _Toc216966848]Figure 6 - Blast gauge positions as utilised in the trial.
[bookmark: _Hlk216883544][bookmark: _Hlk216962604]Data recording for the blast pressure gauges was triggered off the first pressure rise experienced by Gauge 1 using a 10% pre-trigger. The universal zero time used across all instrumentation came from a break wire wrapped around the munitions casing.
[bookmark: _Hlk216883549]Finally, forensic blast residue data was taken using sterile cotton swabs from locations around the arena both before and after the event. This aimed to take background readings to assess contamination and then identify the residue left by the detonated explosive.
An arial plan of the arena set up and an image of the true arena trial prior to the event are shown in Figure 7 and Figure 8, respectively.
[image: ]
[bookmark: _Toc216966849]Figure 7  - An arial plan of the SCFA trial set up.
[image: ]
[bookmark: _Toc216966850]Figure 8- SCFA trial set up prior to the energetic event.
[bookmark: _Toc216966818]
3.0 Results and Discussion
[bookmark: _Toc216966819]3.1 Contextual Results 
	Based on the location of the trial and the arena set up used, a number of the candidate munitions can immediately be discounted. One such exclusion criteria is the Net Explosive Quantity (NEQ) of the system. The COTEC range has an NEQ limit of around 10kg set each day by range control to mitigate excessive acoustic noise [18]. This means the MK83 Air Dropped Munition and the L15A1 155mm High explosive Artillery Shell could not be trialled on the site. This is further supported by ITOP 4-2-813 which states arena trials with diameters of 2m or less are only suitable for NEQ’s of around 0.6 kg [17].
Further to this the PG-7VL RPG may also be discounted due to the charge stand and trial configuration used. As the charge stand did not contain radial mounts to hold the munition when the rocket motor fired and no absorber stack was positioned to capture the warheads shape charge jet this munition would be unsafe to trial in this set up hence must discounted [11].     
[bookmark: _Toc216966820]3.2 Blast Pressure Results 
[bookmark: _Hlk216960597][image: A graph showing a pressure

AI-generated content may be incorrect.]	The blast pressure data collected during the trial is presented in Figures 9, 10 and 11 for gauge 1,2 and 3 respectively.

[bookmark: _Toc216966851]Figure 9 – Pressure vs Time data for Gauge 1 (1009 mm from charge centre).
[image: A graph showing a pressure
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[bookmark: _Toc216966852][image: A graph showing a pulse

AI-generated content may be incorrect.]Figure 10 – Pressure vs Time data for Gauge 2 (2075 mm from charge centre).

[bookmark: _Toc216966853]Figure 11 – Pressure vs Time data for Gauge 3 (3090 mm from charge centre).
[bookmark: _Hlk216960602]Figure 9 clearly shows that after Gauge 1 experienced a fragment strike immediately after the munition initiated causing the gauge to ring and rendering the data un-usable. This was confirmed after the firing as shown in Figure 12.
[image: A hole in a black pipe
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[bookmark: _Toc216966854]Figure 12 - Fragment strike on Gauge 1 as recorded post event.
[bookmark: _Hlk216960609]Fortunately, Figures 10 and 11 clearly show peak overpressures of 435 kPa at 2m and 93 kPa at 3m with reflected peak overpressure of 659 kPa and 133 kPa respectively.
To enable the identification of the candidate munition the expected blast overpressure was calculated using a Kinney & Graham [19] Blast Pressure calculator [16]. These results are shown in Table 2.
[bookmark: _Toc216966874]Table 2 - Calculated Peak incident pressure for each candidate munition.
	Munition
	Charge Mass (kg)
	TNT Equivalence
	Peak Incident Pressure at 2m (kPa)
	Peak Incident Pressure at 3m (kPa)

	M-67 Grenade
	0.18
	1.092
	62.06
	29.67

	RDG-5 Grenade
	0.11
	1
	43.03
	21.70

	AR-M81 81mm Mortar
	0.75
	1
	157.45
	67.27

	Improvised Pipe Bomb
	0.26
	1.149
	82.04
	37.77



[bookmark: _Hlk216960614]These results do not corollate strongly with any of the recorded data and instead correlate with a TNT charge of around 3kg (446 kPa @2m, 178 kPa @ 3m). This is likely due to both inaccuracies in the calculated values and experimental errors. For example, the calculations do not account for the energy required to break the munitions casing and if the gauge amplification was incorrectly set the true pressures may be far lower. 
These may, however, point to the improvised pipe bomb as this munition is user filled and not built to a specification so is the most likely to have a performance different to the expected value.


[bookmark: _Toc216966821]3.3 Velocity Foil Results 
[bookmark: _Hlk216960637]	The raw velocity foil data collected during the experiment is presented in Table 3 below.
[bookmark: _Toc216966875]Table 3 - Raw velocity foil data.
	Foil No.
	Pack
	Location
	Distance From Charge Center (M)
	Initial Strike Time (ms)
	Avergage Fragment Velocity (m/s)
	Secondary Strike Time (ms)
	Avergage Fragment Velocity (m/s)
	Tertiary Strike Time (ms)
	Avergage Fragment Velocity (m/s)

	1
	1
	T
	1.462
	4.5953
	318.1512
	6.95548
	210.194
	
	

	2
	1
	M
	1.337
	1.71048
	781.6519
	
	
	
	

	3
	1
	B
	1.327
	1.72476
	769.3824
	
	
	
	

	4
	2
	T
	1.411
	2.07088
	681.3529
	3.15038
	447.8825
	
	

	5
	2
	M
	1.358
	1.76334
	770.1294
	1.79764
	755.4349
	
	

	6
	2
	B
	1.354
	1.7305
	782.4328
	1.76032
	769.1783
	1.7996
	752.3894

	7
	3
	T
	1.452
	2.65346
	547.2101
	
	
	
	

	8
	3
	M
	1.392
	1.78502
	779.8232
	
	
	
	

	9
	3
	B
	1.39
	1.76556
	787.2856
	1.7938
	774.8913
	
	

	10
	4
	T
	1.499
	2.6625
	563.0047
	
	
	
	

	11
	4
	M
	1.439
	1.7422
	825.9672
	
	
	
	

	12
	4
	B
	1.43
	1.7822
	802.3791
	
	
	
	



[bookmark: _Hlk216960643]This data has also be plotted to form the heat map shown in Figure 13 and Box and Whisker plot in Figure 14.


[image: ]
[bookmark: _Toc216966855]Figure 13 - Fragment Velocity Heat Map
[image: ]
[bookmark: _Toc216966856]Figure 14 - Fragment Velocity Box and Whisker Plot
[bookmark: _Hlk216960657]The heat map clearly shown that the fastest fragments are generated along the centre line of the munition or bellow. This is likely because the central velocity foil was placed 500mm above the ground just higher than the charge centre at 450mm. This does suggest however the munition has a boxy geometry as fragment towards the end are poorly projected. 
The box and whisker plot shows the median fragment velocity to be 769 m/s. This allows comparison with fragment velocities reported in literature and calculated via Gurney Theory  [20] for the candidate munitions as shown in Table 4.
[bookmark: _Toc216966876]Table 4 - Literature and calculated fragment velocity data for candidate munitions.
	Munition
	Charge Mass (kg)
	Case Mass (kg)
	Gurney Constant  [16]
	Literature Values
(M/S)
	Gurney Calculated Vi (m/s) [16]

	M-67 Grenade
	0.18
	0.21
	2.7
	V @ 5m = 1675
	3605

	RDG-5 Grenade
	0.11
	0.20
	2.44
	Vi = 1567
	3795

	AR-M81 81mm Mortar
	0.75
	1.33
	2.44
	Vi = 1734
V @ 1m = 1700
	3745

	Improvised Pipe Bomb
	0.26
	0.42
	2.83
	Vi = 2047
V @ 1m = 2022
	4178



[bookmark: _Hlk216960662]Table 4 clearly shown that both the literature values and calculated fragment velocities are significantly higher than the recorded velocity at around double for the literature and quadruple for the calculated. This higher calculated value is expected as the models uses idealistic conditions and does not account for case material. The discrepancy between recorded and literature however is more pressing.
Although it is likely the recorded values contain some error, the precision manufactured military munitions are unlikely to have such a wide banding for their potential fragment velocities with the only user filled non precision warhead, the pipe bomb, being the only system that feasibly could be manufactured this far out of specification. This provides a further indication that this is the unknown munition.
[bookmark: _Toc216966822]3.4 Fragment Capture Data 
[bookmark: _Hlk216962626]	After the munition had been initiated the image shown in Figure 15 was taken showing the fragment impact on the Strawboard fragment capture medium.
[image: ]
[bookmark: _Toc216966857]Figure 15 - Fragment distribution as recorded post event.
[bookmark: _Hlk216962630]Here it is clear to see the fragmentation formed a clear band straddling from around the central velocity foil to the middle of the lower foil. This also explains why velocity foils 1,4,7 and 10 recorded no or poor velocity data as they were unlikely directly struck during the event. A more detailed image of fragment pack one is shown in Figure 16.
[image: ]
[bookmark: _Toc216966858]Figure 16 - Close up image of Strawboard pack 1 post event.
[bookmark: _Hlk216962634]As the munition was oriented with its axis of symmetry vertically this fragment banding definitively shown that the munition has straight sides and did not curve round at the top and bottom. Hence fragments were projected almost perfectly perpendicular to the charge wall forming a clean band rather than a fragment pattern covering the whole board. This shows that the munition was the improvised pipe bomb as this was the only cylindrical charge with no radial curves. This can further be confirmed based on the collected fragments shown in figure 17.
[image: A measuring device with a ruler and small rocks
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[bookmark: _Toc216966859]Figure 17 - Recovered fragments from the event.
[bookmark: _Hlk216962639]The recovered fragments are non-uniform varying in dimension, shape and weight clearly showing they have been formed via natural fragmentation. This immediately rules out the RDG-5 grenade which uses a preformed fragmentation liner [21]. 
[bookmark: _Hlk216962643]The recovered fragments also have a distinct shape forming long thin fragments. This is extremely typical of the radial fracture that occurs when a cylinder is detonated as shown in Figure 18.
[image: ]
[bookmark: _Toc216966860]Figure 18 - Fragment recovery example for cylindrical charges. [22]
[bookmark: _Hlk216962648]This conclusively confirms that the initiated munition was cylindrical in nature and hence could only be the improvised pipe bomb from the candidate munitions list. 
[bookmark: _Toc216966823]3.5 Forensic Blast Residue Data 
[bookmark: _Hlk216965160]	That last set of data available to confirm the munitions’ identity are the forensic swabs taken post event. These swabs were individually analysed using FT-IR, overlayed and then smoothed to produce the transmission spectrum shown in Figure 19 
[image: A green line graph with numbers
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[bookmark: _Toc216966861]Figure 19 - FT-IR transmission spectrum for the collected blast residue.
[bookmark: _Hlk216965164]Analysis of this spectrum allows for the identification of key absorption peaks and their attribution to individual bond types as conducted and shown in Table 6.
	Recorded Wavelength (cm-1),
Peak Intensity
	Expected Wavelength (cm-1), 
Peak Intensity, 
Peak Shape [19]
	Absorption Mechanism [19]
	Attributed Functionality [19]

	1040
Strong
	1020 – 1250
Medium
	Stretching
	C-N

	1269
Very Strong
	1266 – 1342
Strong
	Stretching
	C-N

	1593
Strong
	1500 – 1550
Strong
	Stretching
	N-O

	2900
Medium, Sharp
	2840 - 3000
	Stretching
	C-H
Alkane

	3066 – 3070
Strong
	3000 – 3100
Medium
	Stretching
	C-H
Alkene

	3000 – 3700
Strong, Broad
	3200 – 3550
Strong, Broad
	Stretching
	Alcohol



[bookmark: _Hlk216965167]This data can then be directly compared to the molecular structures for the explosive fill of each munition as shown in Figure 20.
[image: A black and white image of a molecule
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[bookmark: _Toc216966862]Figure 20 - Molecular structure of candidate explosives. [16]
[bookmark: _Hlk216965171]Figure 20 clearly shown that both TNT and RDX contain C-N, N-O and C-H bonds as would be expected from the FT-IR data collected. The high intensity of the C-N peaks may however suggest the composition was RDX based due to the higher number of N-C bonds in this molecule. This would rule out all candidate munitions bar the M-67 grenade and Pipe Bomb.
The Alcohol peak at 3000 – 3700 cm-1 however suggests that the composition is not just RDX or TNT based and must have additional formulation components. This would strongly suggest that the composition was a plastic explosive such as PE8 which is plasticised with materials such as Isodecyl pelargonate (IDP), Figure 21.
[image: Photo of IsoDecylPelargonate >98%]
[bookmark: _Toc216966863]Figure 21 - Molecular Structure of Isodecyl pelargonate  [24]
[bookmark: _Hlk216965175]Plasticisers such as IDP contain the O-H bond identified in the FT-IR data further confirming the presence of a plasticiser in the formulation. This effectively confirms again that the studied munition was the Improvised Pipe Bomb as this was the only munition which used a plastic explosive formulation.
[bookmark: _Toc216966824]4.0 Conclusion 
	To conclude that data captured during this trial was generally of a low quality with significant improvements possible in future trial scenarios. Furthermore, as only one trial was conducted it is challenging to identify if data is anomalous or truly represents the munitions characteristics.
 The blast data collected did not correlate at all with any of the candidate munitions suggesting either experimental error or a poorly manufactured example of the munition such as that made by a user rather than a manufacturer. 
The fragment data was also relatively inconclusive falling far lower than the expected velocity. One cause is inaccuracies in the distance between munition and foil, as the munition was not present when measurements were taken, but this again suggests and improvised munition as production articles should produce fragments velocities to a far higher tolerance. 
The only conclusive evidence gathered came from the fragmentation witness packs which clearly showed fragmentation banding typical of cylindrical munitions which was confirm by the natural shape of the fragmentation. 
The final FT-IR evidence pointed towards the use of a plastic explosive due to absorbance corresponding to O-H bonds and hence with all the evidence presented the most likely munition candidate is the Improvised Pipe Bomb. 
To truly characterise this munition however and gain better data it is recommended that a number of the munition are made to a defined production specification and trialled in a number of fragmentation arenas. This would improve the confidence of the identification and better characterise the munition for future applications such as injury modelling.
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