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Set up an arena trial so that various forms of data can be captured to aid the identification of an unknown explosive device. Then conduct a safe and successful detonation of the unknown explosive device. Using the data captured during the arena trial at COTEC, each explosive device on the list provided by the university will be systematically discounted until a final decision is made using evidence gathered.
[bookmark: _Toc216886585]General Information
[bookmark: _Toc216886586]Location
Cranfield Ordnance Test and Evaluation Centre (COTEC)
Area 9
Salisbury
Range NEQ Limit – 10KG (Weather dependent)
[bookmark: _Toc216886587]Trial Conditions
[bookmark: _Toc216886066]Table 1 - Trial Conditions
	Weather
	Overcast

	Precipitation 
	None

	Temperature 
	13°C

	Wind direction 
	Northeast
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[bookmark: _Toc216886589]Arena Trial Set-up
This arena trial was set up in accordance with the International Test Operations Procedure (ITOP) 4-2-813 “Static Testing of High Explosive Munitions for Obtaining Fragment Spatial Distribution” to provide a reliable standard for determining velocities and masses of fragmentation dispersed from the static detonation point. [1]
The trial setup was conducted by a large group of Ordnance, Munitions and Explosives university students. Four groups were created with each having a task of setting up either the gauges, fragmentation packs, velocity foils and wiring. Before any set-up work was completed a range safety brief was delivered by the COTEC range coordinator. This ensured that everyone attending the arena trial was aware of the hazards present which allowed for the trial to be conducted in a safe manner.
The explosive device was to be positioned in the centre of the arena trial area on a small wooden platform which was approximately 0.4 meters in height. The central point of the explosive was to be positioned 0.5 meters from the ground. 
GAUGES 
Three Piezoelectric blast gauges were set up at 1 meter, 2 meters and 3 meters away from the detonation point at a height of 0.5 meters from the ground. The gauges were mounted vertically with rubber padding between the various clamps and fixings to reduce any ringing effects on the metallics post detonation. This is shown in figure 1 below.
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[bookmark: _Toc216886051]Figure 1 - Gauge Configuration
The gauges were positioned with the faces parallel to the blast wave path in a slightly staggered line to attempt to prevent any gauges from blocking the next one, therefore allowing each gauge to uniformly cut into the blast wave and provide a consistent and even surface for the gauge to take a reading from. This can be observed in figure 2 below.
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[bookmark: _Toc216886052]Figure 2 - Staggering of Gauges
The gauges were tested to ensure they were in working order by tapping the central point on the gauge, this created a change in pressure which could be observed on the software in the control room.
WIRING
Bayonet Neill-Concelman (BNC) data cables were connected to each piezoelectric gauge and then fed through the scaffolding poles holding the gauges in position and then through a port in the control room wall where they were connected to the Logic Analyser. Each cable was labelled at both ends during this process to ensure that the gauges were correctly identified on the analysis software. All exposed cables were covered using steel I-beams and sandbags to protect the cables from being impacted or damaged by fragmentation. [2]

FRAGMENTATION PACKS 
Four strawboard fragmentation packs were positioned at a 1.5 meters radius from the centre position where the explosive was to be detonated. Each of the packs consisted of 20 strawboards which were doubled up giving an overall thickness of 40 strawboards. These were then fastened to a steel structure to ensure that the correct dimensions for the arena trial were being adhered to. A clear view of the set-up can be observed from figure 3 below. The fragmentation packs are shown in red and the explosive device in blue.
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[bookmark: _Toc216886053]Figure 3 - Setup of Fragmentation Packs
VELOCITY FOILS
Three velocity foils were attached horizontally to each of the fragmentation packs. All wires from the velocity foils were placed into a junction box according to each foil position within the arena (1-12). After the foils had been sufficiently secured and wired from the junction box to the Logic Analyser then each foil was tested by contacting a metallic object (conductive) to ensure that the foil was in working order and a state change was recorded on the software.
Figure 4 below shows the arena trial fully completed following all the above-mentioned set-up. 
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[bookmark: _Toc216886054]Figure 4 - Complete Arena Trial Setup
To allow for Fourier Transform Infrared (FTIR) spectroscopy to be completed at a later stage. Swabs were taken from multiple locations within the arena trial before detonation to create a standard baseline in case of any accident contamination of explosive residues. At this point the university students and all other staff retreated to the control room to get ready for detonation. Once the range coordinator had ensured everyone was inside and the door secured then the explosive device was detonated. The arena trial post detonation can be observed in the figure below. The swabbing process was then repeated post detonation with hopes to capture the residue left by the explosive device which was just detonated. Fragmentation was also removed from the strawboard packs to be used to gain and average fragmentation size.
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[bookmark: _Toc216886055]Figure 5 - Arena Trial Post Detonation
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The list of potential munitions used in this trial can be observed in table 2 below. Without any in-depth analysis two of the munitions can be immediately discounted due to the size and nature of their design.
[bookmark: _Toc216886067]Table 2 - List of Munitions (initial observations)
	Mk 83 Air Dropped Munition
	Discounted

	M-67 Grenade
	Plausible

	RGD-5 Grenade
	Plausible

	81mm Mortar AR-M81
	Plausible

	RPG PG-7VL
	Discounted

	155mm Round
	Plausible

	Pipe Bomb
	Plausible



The Mk 83 Air Dropped Munition was discounted due to its 225Kg Net Explosive Quantity (NEQ). It would not have been possible for this munition to be detonated at the arena trial because it would violate COTEC’s 10Kg NEQ limit which was applicable at the time of the trial. 
The RPG PG-7VL was discounted due to its design, this munition consists of a tandem warhead design which is used for defeating heavily armoured vehicles. Since this munition uses a shaped charge to direct its energy into a high velocity jet it was considered that the set-up of the arena trial was not suitable for detonation of such a munition. This arena trial focused on fragmentation which supports the reasoning for why the other munitions on the list have remained ‘plausible’ at this point.
[bookmark: _Toc216886591]Average Fragmentation Size and Weight
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[bookmark: _Toc216886056]Figure 6 - Fragments recovered from Strawboard Fragmentation Packs
In this trial a total of 90 fragments were recovered from the strawboard fragmentation packs. The average fragment mass was calculated as shown in the equation below.

[bookmark: _Toc216886074]Equation 1 - Average Fragment Mass
The average fragment mass of 0.826g was compared to the list of remaining munitions to see if there were any similarities. Immediately the pipe bomb munition flagged as a strong candidate as it had an average fragment mass of 0.83g. Although this is strong evidence that it may have been the pipe bomb that was detonated, further work must be done to disprove the remaining munitions shown in table 2.
The Mk-67 Grenade is a munition that has pre-formed fragmentation as one of its key features. The average fragment mass of this munition is 2g which is well above the 0.826g mass observed in this trial. Due to the uneven and granular edges of the fragments recovered from this trial, the Mk-67 Grenade was discounted as more uniform fragment shapes and sizes would have been expected from this munition. For these reasons the Mk-67 Grenade was discounted.
The granular edges observed on the fragments recovered suggest a steel casing was used for this munition. This means that the 155mm round must also be considered as plausible at this stage as it uses a steel casing. However, the average thickness of the fragments recovered from the trial was 3.3mm which gives an approximate idea of the thickness of the casing used for the explosive device. The total mass of a 155mm round is 3105g, for a shell of this weight you would expect to see fragments much bigger that 3.3mm in size. Also, the combined weight of the fragmentation recovered in this trial was only 74.5 grams. If we say that only 25% of the fragmentation was recovered in the trial due to the set-up of the strawboard packs and loss due to lack of coverage then theoretically the full mass of the casing used would be approximately 300g. This is well below 3105g and therefore the 155mm round can be discounted.
A newly revised list of discounted and plausible munitions can be observed in table 3 below.
[bookmark: _Toc216886068]Table 3 - Revised List of Potential Munitions
	Mk 83 Air Dropped Munition
	Discounted

	M-67 Grenade
	Discounted

	RGD-5 Grenade
	Plausible

	81mm Mortar AR-M81
	Plausible

	RPG PG-7VL
	Discounted

	155mm Round
	Discounted

	Pipe Bomb
	Highly Plausible



[bookmark: _Toc216886592]Fourier Transform Infrared (FTIR) Spectroscopy
The next stage in the analysis process was to analyse the explosive residues by conducting FTIR spectroscopy. The basic theory behind FTIR is that the chemical bonds between different atoms react to light at different frequencies. These frequencies can them be categorised and used to identify different compounds within a given sample. During the FTIR process, spectrums are created with highlight peaks that correspond to high levels of reaction with the infrared light which is used to identify chemical bonds present in the sample. [3]
Before the FTIR was carried out, all the fragmentation and swab samples were soaked in acetone for at least 24 hours. Acetone is used as it a polar solvent which allows it to dissolve organic materials. It also helps enhance the vibrational modes of the sample which helps produce clearer and better results. The results from the samples recovered from the trial can be seen in figures 7 and 8 below. [4]
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[bookmark: _Toc216886057]Figure 7 - FTIR Spectroscopy Results
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[bookmark: _Toc216886058]Figure 8 - FTIR Spectroscopy Traces
From figures 7 and 8 we can see that there are strong C-H bond stretches at 3066cm-1 and 3075cm-1, this is consistent with compounds such as TNT. However, these particular peaks indicate that the explosive is mixed with some form of plasticiser. There is a lack of C=C bond stretches which would be indicative of TNT. Figure 7 is indicative of a cyclic nitramine explosive such as RDX. [5]
[bookmark: _Toc216886069]Table 4 - FTIR Findings
	N-O stretch
	Strong

	N-N bend
	Strong / Medium

	N-O bend
	Strong / Medium

	C-N stretch
	Very strong / Strong

	Ring distortion
	Medium / Weak



These findings indicate that the explosive composition was very likely to be RDX mixed with a plasticiser. This means that we can confidently discount the RGD-5 Grenade and the 81mm Mortar AR-M81 because there was no indication of pure TNT identified in the FTIR sample. This allows a final list of potential munitions to be made which can be seen below in table 5.
[bookmark: _Toc216886070]Table 5 - Final List of Potential Munitions
	Mk 83 Air Dropped Munition
	Discounted

	M-67 Grenade
	Discounted

	RGD-5 Grenade
	Discounted

	81mm Mortar AR-M81
	Discounted

	RPG PG-7VL
	Discounted

	155mm Round
	Discounted

	Pipe Bomb
	Highly Plausible



[bookmark: _Toc216886593]Pressure Readings
After the explosive had been detonated it was noticed immediately that fragmentation had struck the first gauge. This rendered any data captured by this gauge unusable and was ignored during the analysis stage. Fortunately, the second gauge was not struck by fragmentation and provided useful insights to the incident and reflected overpressures caused by the explosive. 
Gauge 2 presented blast data which can be observed in figure 9 below.
[image: ]
[bookmark: _Toc216886059]Figure 9 - Gauge 2 Pressure Readings
Figure 9 shows that there was both a peak incident overpressure and peak reflected overpressure. There approximate values are as follows:
	Gauge 2
	KPa

	Peak Incident Overpressure
	120

	Peak Reflected Overpressure
	440



The recorded values were then compared to theoretical values which were obtained by using the two versions of a Kingery-Bulmash equations calculator. The final theoretical values are shown in figure 10 below. [6]
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[bookmark: _Toc216886060]Figure 10 - Kingery Bulmash Equation Calculator (Pipe Bomb)
We can see that both the real and theoretical values match up quite well with regards to the peak incident overpressure, however, the theoretical peak reflected overpressure is considerably more than the real value obtained in the trial. This could have been caused by unwanted ground shock, ringing effecting the readings obtained by the gauges. 
[bookmark: _Toc216886594]Conclusion
In conclusion, the munition that matches up with the data captured at the COTEC arena trial is the pipe bomb. There are two main drivers which support this decision. 
The FTIR findings point directly towards an RDX / plasticiser-based munition. Since the pipe bomb from the potential munitions list was filled with PE8 which is 85% RDX and 15% plasticiser, this further proves that it was most likely the munition that was detonated.
The average fragment mass of 0.826g which almost matched up identically with the size of 0.83g from the munitions list further consolidates this decision.
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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-0 bend Strong broad overlap
882 N-N-0 bend Medium
843 N-N-0 bend Medium
783 N-N-0 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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INPUTS

Actual Stand-off Distance (D) [m]
Nett Explosive Quantity (Q) [kg]
TNT Equivalence Figure

OUTPUTS

Peak Incident Pressure (Ps) [kPa]
Incident Impulse (Is) [kPa.msec]
Peak Reflected Pressure (Pr) [kPa]
Reflected Impulse (Ir) [kPa.msec]
Shock Front Velocity (U) [m/msec]
Arrival Time (Ta) [msec]
Positive Phase Duration (T+) [msec]
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Surface
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