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[bookmark: _Toc216862292]Aim
The aim of this report is to identify an unknown piece of OME that was detonated as part of an explosive trial at DSTL’s COTEC range.  This follows a trial that was set up and carried out as a part of the Data Capture and Evaluation module where different groups oversaw the setting up of individual sections of equipment for the trial arena.  The different sections of the arena to be assembled were strawboards, velocity foils, pressure gauges, and wiring from which the data captured was fed into the trial control centre.
To determine the identity of the unknown piece of OME the data captured from the explosive trial is evaluated against a list of potential OME devices provided by the lecturer.  The data evaluated from the trial includes blast and frag measurements, FTIR analysis of explosive residue and sensory identification.
[bookmark: _Toc216862293]Method
[bookmark: _Toc216862294]Trial Arena Set Up
Firstly, the range safety brief was read by the COTEC range coordinator notifying of the main hazards and any planned drills on site.  The cohort were then split into groups each responsible for the construction of one section of the arena trial.  The four groups were strawboards, velocity foils, pressure gauges, and wiring.  The arena consisted of a concrete platform with 4 metal stands for mounting the strawboards on already set up in an arc around the detonation point and a control center where the detonation signal is transmitted from and where all the electronic data is routed to.
[bookmark: _Toc216862295]Strawboards
The strawboards were collected from the storage container and brought over to the trial arena where they were fastened to the 4 metal stands ensuring no gaps between them.  Each strawboard pack contains 20 sheets and two were used on top of each other for each stand giving a thickness of 40 sheets of strawboard.   The radius of the arena and the angle of the arc was measured using the detonation point to aid with velocity and fragment calculations.
[bookmark: _Toc216862296]Velocity Foils
The twelve velocity foils were collected and stuck horizontally onto the previously set up strawboards placing three foils per strawboard above one another.  These were stuck using double sided tape and then numbered one to twelve and their positions recorded.  The distance from the detonation point to the centre of each foil was also measured for fragmentation velocity calculations.
[bookmark: _Toc216862297]Pressure Gauges
There were three pressure gauges set up to record the blast wave pressure from the detonation.  The gauges were set up at one, two, and three metres away from the detonation point at the same height as the middle of the explosive charge.  The gauges were set up perpendicular to the detonation and in a slightly staggered position so that each gauge experiences an uninterrupted blast wave for pressure measurements.
[bookmark: _Toc216862298]Wiring
Data cables were connected to each velocity foil after it had been positioned on the strawboard and ran back to the control room connecting to the logic analyser. BNC cables were then fed through a port in the wall of the control centre and ran out to the pressure gauges.  Once the pressure gauges were positioned, the cables were connected and covered by I-beams to protect the cabling from fragmentation strikes.  Sandbags were also used to offer more protection to joints between I-beams.  
The full trial arena set up described can be seen in Figure 1 with the control room in the background.
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[bookmark: _Toc216861453]Figure 1 - Trial Arena pre-detonation

[bookmark: _Toc216862299]Detonation and Recovery
Once the trial arena was set up and all wiring connected back to the control for data capture, the velocity foils and pressure gauges then had to be calibrated to ensure they were connected properly to the correct channel and that they were working.  The velocity foils were tested with a metallic object which would cause a state change in the logic analyser and confirm its functional soundness. The pressure gauges were tested by tapping the centre of them which records an increase in pressure and is seen on the control room screen.  After the confirmation of the trial being set up correctly and operational, the unknown OME item was placed on the detonation table which was placed on a pre-determined spot. The detonation button was then pressed from the control room and the OME item detonated.
A visual inspection of the aftermath of the explosion was then conducted looking at the residue and other effects the detonation had.  The strawboards were then removed and the fragmentation collected in them from the detonation was collected and took back to the laboratory for FTIR analysis.  The velocity and pressure data was also compiled for analysis.
The trial arena post-detonation can be seen in Figure 2.
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[bookmark: _Toc216861454]Figure 2 - Trial arena post-detonation

[bookmark: _Toc216862300]OME Interpretation
Following the explosive trial at COTEC the data from the detonation was captured as per the above method and evaluated to determine the identity of the unknown OME device.  The data recorded from the trial was analysed and compared with the properties of all the different munitions given in the ‘Munitions Data for COTEC Trial’ document where one of the items listed was the one used in the trial.  The potential munitions listed in the document can be seen in Table 1.
[bookmark: _Toc216861465]Table 1 - Potential Munition List
	Mk 83 Air Dropped Munition
	

	M-67 Grenade
	

	RGD-5 Grenade
	

	81mm Mortar AR-M81
	

	RPG PG-7VL
	

	155mm Round
	

	Pipe Bomb
	



For each section next to the name of the munition, it will be green if the munition has not been ruled out, amber if the munition hasn’t fully been ruled out but it needs further evaluation, and red if it has been ruled out and can’t possibly be the munition used in the trial.
[bookmark: _Toc216862301]Initial Ruling Out
From looking at the list given, two OME devices can be ruled out immediately as it is not credible for them to be used in this trial.  The two are the Mk 83 Air Dropped Munition and the RPG PG-7VL as can be seen in Table 2
[bookmark: _Toc216861466]Table 2 - Potential Munition List after initial ruling
	Mk 83 Air Dropped Munition
	

	M-67 Grenade
	

	RGD-5 Grenade
	

	81mm Mortar AR-M81
	

	RPG PG-7VL
	

	155mm Round
	

	Pipe Bomb
	



The Mk 83 Air Dropped Munition is not credible for this trial as it has a charge mass of 225kg which is well more than the 10kg range NEQ limit that COTEC has.  COTEC operates under the DOSR DSA02 OME regulations which define the maximum NEQ limits for test areas to ensure that in the event of an accidental initiation, the blast overpressure and frag consequences remain within an acceptable risk level. [1]
The RPG PG-7VL can be ruled out due to the type of arena trial that was set up.  The set up for the trial conducted at COTEC can be seen in Figure 1.  This arena set up is beneficial for an explosive that is point detonated and the velocity of the fragments and the blast effects could be measured.  An RPG PG-7VL is a tandem warhead meaning that it is directional and contains a shaped charge.  This means that the trial set up to test an RPG PG-7VL warhead would be done completely differently because of its primary design is to defeat armoured targets.  So, trials for this munition would aim to measure parameters like penetration performance or shaped charge jet formation making this arena trial set up unviable. [2]
[bookmark: _Toc216862302]Explosive Residue Analysis
The explosive residue from the trial was analysed using Fourier Transform Infrared (FTIR) spectroscopy.  This is an analytical technique used to identify unknown compounds by measuring how they absorb infrared light.  The basic principle behind FTIR is that different molecular bonds vibrate, meaning they stretch and bend, at specific frequences when exposed to infrared radiation which can create a molecular footprint that can be used to determine the compounds chemical composition.  The spectrum generated by the FTIR contains peaks that correspond to specific molecular vibrations which can be used to identify the chemical bonds and functional groups present. [3]
To conduct FTIR analysis for this trial, the fragmentation produced from the explosive was collected, soaked in acetone overnight then analysed producing the absorption peaks visible in Figure 3.
[image: ]
[bookmark: _Toc216861455]Figure 3 - FTIR sample results
This then gave an average FTIR trace that shows the different peaks due to the identity of the chemical bonds present. This can be seen in Figure 4.
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[bookmark: _Toc216861456]Figure 4 - FTIR average trace
From Figures 3 and 4 there are strong C-H bond stretches at 3076cm-1 and 3066cm-1 which is consistent with an aromatic nitro compound like TNT, but these peaks are not clearly aromatic specific and would also be characteristic of another type of explosive mixed with a plasticiser or organic binder. [4] For an aromatic nitro compound such as TNT, you would also expect to see distinct C=C bond stretches at 1500cm-1 and 1600cm-1 which would not be present in a compound like RDX as it is a cyclic nitramine, chemical structure shown in Figure 5.  These C=C stretches are not visible in the data captured as seen in Figures 3 and 4.
[image: ]
[bookmark: _Toc216861457]Figure 5 - Chemical Structure of RDX and TNT
The data in Figure 3 also shows strong N-O stretches, multiple N-N and N-O bends, C-N stretches and ring distortions which are all strongly indicative of a cyclic nitramine explosive particularly RDX. Thus, meaning due to the C-H bond stretches, the trace produced by FTIR analysis of the explosive fragmentation indicates that the composition is likely to contain RDX mixed with a plasticiser. [5] From the list of potential munitions given, the following can be ruled out.
[bookmark: _Toc216861467]Table 3 - Potential Munition List after FTIR analysis
	Mk 83 Air Dropped Munition
	

	M-67 Grenade
	

	RGD-5 Grenade
	

	81mm Mortar AR-M81
	

	RPG PG-7VL
	

	155mm Round
	

	Pipe Bomb
	


Both the M-67 Grenade and the 155mm Round are made with Comp B explosive composition which is generally 60% RDX and 40% TNT. [6]  Due to the RDX content they are not completely ruled out but the absence of TNT in the FTIR sample means the RGD-5 Grenade and the 81mm Mortar AR-M81 are ruled out. The Pipe Bomb is made with PE 8 explosive which is roughly 85% RDX and 15% plasticiser and <1% taggant meaning that it is consistent with the FTIR sample achieved. [7]
[bookmark: _Toc216862303]Fragmentation Characteristics
For an explosive there are several factors that can influence how much fragmentation is produced and how large the fragments tend to be upon detonation.  These are often unique of each type of explosive meaning you can expect similar results for the same type of munition.  The main parameters that contribute to fragmentation characteristics are the casing material and geometry and the explosive composition inside the munition although there are several others. [8]
From the trial carried out the strawboards from the arena allowed for recovery of 90 fragments with a total mass of 74.5g giving an average fragment mass of 0.826g.  The average thickness of the fragments recovered was 3.3mm which is an indicator of the thickness of the casing.  The fragments recovered can be seen in Figure 6.
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[bookmark: _Toc216861458]Figure 6 - Fragments recovered from trial
From Figure 6 the fragments vary in size, but they are small which suggests a high energy detonation from an explosive filling with a high detonation velocity and/or a brittle casing. All the fragments are different shape and size meaning that the munition did not have a pre-formed fragmentation casing and it is purely the energy from the detonation that fragmented the casing. It can also be seen that the fragments are a silvery dark grey colour, and the edges are sharp and granular which points to the casing being made of a high strain rate material such as steel rather than a lighter more plastic like metal like aluminium that would produce more curled or folded fragments. [9]
From the ‘Munitions Data for COTEC Trial’ document and the three munition that have not been ruled out from Table 3, that leaves the M-67 Grenade, 155mm Round and the Pipe Bomb. The M-67 grenade has a steel case, but it has pre-formed fragmentation with an average frag mass of 2g, which means it would not produce the fragments seen in Figure 6.  The 155mm round also has a steel casing but it is made of thick forged steel which would be a lot thicker than the fragmentation recovered. The mass of the 155mm case is 3105g meaning from a full 360 degree arena trial you would expect to recover close to that mass of fragments.  Even though the arena this trial was carried out was only 90 degrees, the total mass of fragments recovered was only 74.5g which is far too low from what you would expect from a 155mm round. Finally, the Pipe Bomb’s case has a mass of 417g which is a lot more realistic for this trial as if you were to multiply the fragments recovered by 4 to account for a 360 degree arena you would get 298g.  This is a realistic value as there would be fragments dispersed above, below and between strawboards and some would be missed in recovery.  The average fragment mass for a pipe bomb is 0.83g which is almost identical to the 0.826g average from this trial giving more confidence that the munition in question was the pipe bomb.
Due to this the M-67 Grenade and 155mm round were ruled out and the munition was identified as the Pipe Bomb, as seen in Table 4.
[bookmark: _Toc216861468]Table 4 - Potential Munition List after identification
	Mk 83 Air Dropped Munition
	

	M-67 Grenade
	

	RGD-5 Grenade
	

	81mm Mortar AR-M81
	

	RPG PG-7VL
	

	155mm Round
	

	Pipe Bomb
	


[bookmark: _Toc216862304]Blast Overpressure
The pressure measurements from each gauge from the trial were compiled in an excel database and then transformed into a graph where the incident and reflected blast overpressure could be seen. The original pressure data contained data for all three pressure gauges, but Gauge 1 suffered a fragment strike so the data is not usable, this can be seen in Figure 7.
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[bookmark: _Toc216861459]Figure 7 - Gauge 1 fragment strike
The data for all three gauges is seen in Figure 8.
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[bookmark: _Toc216861460]Figure 8 - Original pressure graph
The data from Gauge 1 is represented by the yellow line, Gauge 2 the blue line, and Gauge 3 the green line. As Gauge 1 was not usable it was removed from the graph and Gauges 2 and 3 were given their own graph to allow for more accurate reading. The revised data for Gauge 2 is shown in Figure 9.
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[bookmark: _Toc216861461]Figure 9 - Gauge 2 data
From this graph the incident blast overpressure experienced was approximately 110kPa and the reflected blast overpressure was approximately 450kPa. This was compared to theoretical calculations made using the Kingery-Bulmash blast pressure calculator giving an incident and reflected overpressure seen in Figure 10.
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[bookmark: _Toc216861462]Figure 10 - Gauge 2 calculations
The NEQ was taken from the ‘Munitions Data for COTEC Trial’ document for the Pipe Bomb and the TNT equivalence of 1.22 for PE 8 was taken as an average of PE 4 values stated in literature minus 5% due to the slightly lessened RDX content. [10] The standoff distance was 2 metres as this was the distance from detonation to Gauge 2. This gave a peak incident overpressure of 122.7kPa and a peak reflected overpressure of 356.3kPa which coincides with the data captured.
The same thing was done for Gauge 3 which was 3 metres away from the detonation. The data can be seen in Figure 11 along with the Kingery-Bulmash calculations in Figure 12.
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[bookmark: _Toc216861463]Figure 11 - Gauge 3 data
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[bookmark: _Toc216861464]Figure 12 - Gauge 3 calculations
The peak incident overpressure from the graph reads at approximately 35kPa and the peak reflected overpressure is approximately 45kPa.  This compared to 54.8kPa and 132.8kPa respectively from the calculations is less reliable than the data for Gauge 2 but there was suspected technical faults with Gauge 3 due to the appearance of the pressure curve. 
The pressure measurements and calculations conducted gave further confidence that the unknown munition in question was the Pipe Bomb due to the similarities in incident pressures received on Gauge 2 and calculations.
[bookmark: _Toc216862305]Conclusion
To conclude, the munition that was detonated in this trial event was identified as the Pipe Bomb. This conclusion was arrived at through a series of analytical tools used to determine the different properties of the munition. FTIR analysis suggested the presence of RDX and plasticiser, the fragmentation suggested a steel casing under high energy fracture and the size of the munition, and the pressure calculations suggested incident and reflected overpressures like what would be expected of a pipe bomb. Although it cannot be determined from this trial set up the exact size and identity of the munition, through a process of elimination of the tables provided throughout, the munition detonated was predicted to be a Pipe Bomb.
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Experimental vibrational frequencies [cm~!] Description of the normal modes of vibration Comments

3075 CH stretch (s) Strong
3066 CH stretch (a) Strong
3001 Plasticizer Weak
2930 Plasticizer Weak
1738 Plasticizer Weak
1593 NO stretch Strong
1574 NO stretch Strong
1533 NO stretch Strong
1460 H-C-N bend (a) Strong
1434 H-C-N bend (a) Strong overlap
1390 C-N stretch Strong
1351 C-N stretch Strong
1312 N-N stretch Strong broad
1269 C-N stretch Very strong
1233 C-N stretch strong Overlap
1218 C-N stretch Strong overlap
1040 C-N stretch Strong
924 0-N-O bend Strong broad overlap
882 N-N-0 bend Medium
843 N-N-0 bend Medium
783 N-N-O bend Strong
753 Ring distortion Medium
604 Chair type ring distortion Medium overlap
590 Ring distortion at carbon atoms Medium overlap
461 Ring distortion Weak

410 Ring distortion Weak
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