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[bookmark: _Toc216765769]Abstract 
The intent of this trial was to provide experience of setting up trials and provide a sound rationale process to determine the ordnance type detonated at the COTEC range. Participants were split into four groups and set up a trial which allowed for data to be collected and analysed to determine what munition was detonated at the COTEC site. Data was collected regarding pressure and fragmentation and allowed for theoretical calculations and FTIR testing to be developed to confirm a basis and concept of what munition was detonated on the site and the size of munition detonated.
During the trial, valuable information was gathered through using pressure gauges which enabled for incident pressures, peak overpressures and reflected pressures to be analysed to allow for an estimate to the explosive used in the trial. Fragmentation was also gathered as part of the trial which enabled for FTIR testing to be conducted and for RDX to be labelled the explosive which was used during the trail. Fragmentation was also extracted from strawboards, demonstrating that the explosion caused natural fragmentation which enabled for process of elimination of some munitions. 
Based on the collected data, the participant concludes that the explosive device was likely a pipe bomb. This is due to FTIR data showing that RDX was the explosive used, and this was determined due to no aromatic carbon rings being visible in the data. Furthermore, by analysing the pattern at which fragmentation penetrated the strawboard, the indentations are particularly visible across the central band and striking the velocity foils across the mid-section of strawboards. This highlights that the munition used was likely a cylindrical shape which once more eliminates some of the suggested munitions used in the trial. 
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[bookmark: _Toc216765773]1 Introduction
Explosives are chemical compounds or substances which have the capability to undergo exothermic decomposition at a rapid rate [1]. In this process, explosives enable for a combination of heat, gas and pressure within a restricted environment. Explosives typically have a wide variety of uses such as sprinkler systems (detonation devices), fireworks, vehicles (airbags) and more predominantly within a military environment [2]. 
Explosive arena trials have crucial benefits which allow for data to be captured and recorded to ensure that the information collected is useful and detailed. Some benefits to explosive arena trials are that they allow for a range of vital information to be extracted from the process such as fragmentation types and velocities (initial and impact), pressures at varying distances and information determined through velocity foils and pressure gauges.
During this trial, explosive device’s performance was analysed under controlled conditions. Participants prepared an arena trial, and a munition was detonated as a result, however the nature of the device was not disclosed to them beforehand. Following the detonation, a range of data was acquired and analysed to give a reasonable estimate as to the nature of the munition detonated. The data captured included pressure measurements, fragmentation results and evidence captured on the day of the trial. Participants are expected to apply Ordnance Munitions and Explosives (OME) knowledge. This report presents the reasoned assumption of a participant who analysed the evidence. The aim of this report is to conclude the explosive device which was used for the arena trial. 

[bookmark: _Toc216765774]2 Method and Materials 
[bookmark: _Toc216765775]2.1 Equipment 
During the process various materials and pieces of equipment were used to create a trial setting in an environment within the range. Table 1 provides detail of the equipment used during the trial which was conducted in accordance with International Testing Operational Procedure (ITOP) 4-2-813. 









[bookmark: _Toc216702836]Table 1- Materials and Equipment
	Material/Equipment Type
	Use
	Quantity

	Pressure gauges
	Used to measure pressure generated during explosive trial.
	3

	Velocity foils
	Used to measure velocity during an explosive trial or passage and into strawboard.
	12

	I-beams
	Used to protect cabling system from fragmentation.
	N/A

	Extension leads
	Used to provide current to threshold trigger box and pressure data PCIe device.
	3

	Threshold trigger box
	Used for initiating data acquisition. 
	1

	Pressure data PCIe device
	Used to measure and record pressure achieved during detonation stage.
	1

	Strawboard
	Used to capture fragmentation from explosive devices during trials.
	4 (4 × 10 sheets of strawboard)

	Wooden table
	Used to hold the explosive device half a meter from ground.
	1

	Fixed Metal Stanchions
	Used to prop pressure gauges and strawboards correctly. 
	3

	Sandbags
	Used to cover perforated I-beams.
	10+




[bookmark: _Toc216765776]2.2 Equipment Set-up
 Participants were assigned into four teams to set up the trial.  The groups consisted of strawboard, foils, cabling and pressure gauges which enabled for key teamwork and integration skills to be demonstrated to achieve a successful set-up environment for the munition to be launched. 

[bookmark: _Toc216765777]2.2.1 Cabling Set-up
The cabling stage consisted of threading three extension leads through an extension hole at the side of the facility in the range environment. The three leads were then placed directly next to where the pressure gauges were supposed to be constructed. Furthermore, another cable was fed through the extension hole and this lead connected to the munition on one end and the threshold trigger box at the other which allowed for the munition to be detonated. 

Due to the possibility of the explosive device creating fragmentation, I-beams were situated on top of the cables which enabled for the likelihood of metallic fragments penetrating the cabling and inaccurate/no results being portrayed from the pressure data PCLe device. Figures 1-3 below demonstrate the approach taken to ensure this did not occur and an accurate result from the pressure gauges could be more probable. 

[image: ]

[bookmark: _Toc216775514]Figure 1- Cabling Through Facility
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[bookmark: _Toc216775515]Figure 2- Cabling extended to pressure gauges
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[bookmark: _Toc216775516]Figure 3- I-Beam Structure

As can be seen from figure 1, some of the I-beam structure already have holes where fragmentation has penetrated the material. To reduce the likelihood of a material going through a hole within the I-beam structure, the cabling team covered the perforations with sandbags. 

[bookmark: _Toc216765778]2.2.2 Pressure Gauges Set-up
Measurements for pressure were recorded using TYPE XXX pressure gauges and therefore the set-up process for this apparatus was integral to obtain the most amount of information possible. 
To set up the pressure gauge process, the gauges were attached to a metal post, and which was secured to the floor by sandbags. Clamps were then installed to hold the pressure gauges 0.5 metres off the ground as this is the same height to which the munition would be detonated from. This enables for reflection against the ground to be reduced, hence minimizing interference. Three pressure gauges were installed to ensure that results could be sufficiently recorded from separate ranges allowing for peak overpressure, positive phase duration, impulse pressure, negative pressure phase and reflected pressure to be recorded post the explosive device detonating. The distances of the gauges from the detonation point is shown in table 2. 
[bookmark: _Toc216702837]Table 2-Gauge Distances
	Gauge 
	Distance

	Gauge 1
	1.009m

	Gauge 2
	2.075m

	Gauge 3
	3.090m




Furthermore, the cables which were extended from the facility was attached to the pressure gauges to ensure the data is captured appropriately. Therefore, during set-up, it is important to construct the pressure gauges in an aligned fashion. Figures 4 and 5 below demonstrate the set-up for the pressure gauges during the trial. 
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[bookmark: _Toc216775517]Figure 4- Pressure Gauges Installed
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[bookmark: _Toc216775518]Figure 5- Pressure Gauges Set-up


[bookmark: _Toc216765779]2.2.3 Strawboard set-up 
The strawboard set-up is integral to achieving accurate results as the velocity foils are attached to the strawboards. The strawboards were also used to collect physical fragments which were later used for FTIR testing.  The strawboards were attached to metal stanchions using cable ties which were situated round the explosive detonation point. The strawboard blocks consisted of four panels with two packs of ten strawboards per panel to penetrate layers of the material and be extracted for testing after the experiment. The strawboard blocks were configured in a 113-degree arc with the explosive the central detonation point.  Four blocks of strawboard were then set-up with velocity foils attached. Figure 6 demonstrates the strawboard attached to the metal stanchions which surrounds the detonation point for the explosive munition. 
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[bookmark: _Toc216775519]Figure 6 Strawboard Set-up

[bookmark: _Toc216765780]2.2.4 Velocity Foils set-up
Velocity foils were attached to the strawboard section and to enable the fragmentation strike time to be recorded during the impact stage of the trial. The velocity foils were attached with double sided tape and the cables fed through the gaps between the panels. 
Three foils per block were attached to the front strawboards, resulting in a total of twelve foils being used as demonstrated in Figure 7. The distance from the central detonation point to the centre of each velocity foil is provided in Table 3.










[bookmark: _Toc216702838]Table 3- Velocity Foil Distances from Detonation Location
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[bookmark: _Toc216775520]Figure 7- Velocity Foils Set-up[image: ]
[bookmark: _Toc216765781]2.2.5 Explosive Device
An explosive device was also attached to the wooden table, participants were unaware as to the nature of this munition and a list of potential munitions are listed below which may have been detonated as part of the trial. Table 4 shows the potential munitions which were provided to determine what munition was detonated during the trial. 

[bookmark: _Toc216702839]Table 4-List of Potential Explosives
	Munition Type 
	Explosive 
	Velocity of Density (VoD)

	Mk 83 air dropped munition

	Comp B
	7900 to 8500 m/s [3]

	M-67 grenade
	Comp B
	7900 to 8500 m/s [3]

	RGD-5 grenade
	TNT
	6950 m/s [4]

	81 mm Mortar AR-M81

	TNT
	6950 m/s [4]

	RPG PG-7VL 
	RDX/TNT- 95%HMX 5% Wax
	8730 m/s [5]

	155 mm 

	Comp B
	7900 to 8500 m/s [3]

	Pipe Bomb

	PE 8
	8000 m/s [6]




[bookmark: _Toc216765782][bookmark: _Toc216765783]3 Fragmentation Results 
The explosive munition was detonated with fragmentation both penetrating and perforating through sheets of the strawboard. The fragmentation was then recovered by participants which was then sent for tested using acetone soaking methods and traces. Fragments damaged the velocity foil panels which allowed for data on impact velocity of some fragments to be recorded. The fragmentation identified was determined natural fragmentation and looked like there was potential that the munition could have been altered for performance purposes. 
[bookmark: _Toc216702840]Table 5-Recovered Fragment Properties
	Recovered Fragment Properties
	Values

	Average fragment thickness 
	3.3mm

	Average fragment mass 
	0.826g

	Total fragments recovered
	90

	Total mass of fragments recovered 
	74.5g




The results show that fragmentation primarily penetrate the mid-low sections of the velocity foils which demonstrates the explosive fragmentation did not travel in an upward direction. In figure 8 this can be seen as the velocity foils show that fragmentation penetrated through the mid-lower sections mostly and in figure 9 it highlights the fragmentation extracted from the strawboards because of the trial.
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[bookmark: _Toc216775521]Figure 8- Fragmentation Results [7]
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[bookmark: _Toc216775522]Figure 9- Fragmentation Extracted


The velocity foils captured an initial impact time recorded for each foil which allows for velocity to be calculated shown in equation 1 using the distance and times recorded for each velocity foil attached to the straw boards [3]. 

[bookmark: _Toc216765508]                                                                                                            (1-1)
Where, 
V=Velocity (m/s)
D=Distance(m)
T=Time(s)







[bookmark: _Toc216702841]Table 6-Velocity of Fragments Table
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This therefore enabled for explosive fragments to be extracted from the strawboards and soaked in acetone, allowing participants to gain an understanding as to the potential types of explosives used in the trail through Fourier-Transform Infrared (FTIR) data. Figure 9 identified the data captured in the FTIR data which enables for an appropriate estimation to be assumed as to the explosive compositions used as part of the arena trial. 
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[bookmark: _Toc216775523]Figure 10- FTIR Results Data [7]



[bookmark: _Toc216765784]4 Fragmentation Discussion
[bookmark: _Toc216765785]4.1 Fragmentation Velocities 

The results suggest multiple munitions which may be suitable to the explosive munition detonated at the range site. The fragmentation and pressure data allows for some explosive devices to be ruled out for use within this explosive trial. Table 6 below summarises a list of potential explosive devices which may have been used in this arena trial. 

The information shown in the table above highlights some explosive devices which ca be ruled out immediately. Munitions such as Mk 83 air dropped munition, 81mm mortar AR-M81 and the RPG PG-7VL can be ruled out immediately due to the arena trial space being too small for these munitions to be detonated and ultimately more damage would have occurred should these munitions have been used. The M-67 grenade can also be ruled out as figure 11 shows that the fragmentation extracted after the trial was natural fragmentation and not preformed which enables for this munition to be ruled out of contention.  The M67 grenade is a spherical grenade which is designed to burst into multiple fragments when detonated. 
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[bookmark: _Toc216775524]Figure 11- Fragmentation Extracted from Trial

Furthermore, based on further evidence seen from the fragmentation trial, this shows that the fragmentation impacted most velocity foils situated at the middle section of the strawboards. Figure 12 below shows the effects delivered by the fragmentation from the trail. Since an RGD-5 grenade distributes fragments in a 360 range of motion due to its spherical shape this would make the explosive unlikely to be this explosive detonated at the range. This therefore indicates that the pipe bomb was initiated at the COTEC range. 





[bookmark: _Toc216775525]Figure 12- Fragmentation Strike at Mid-Range Velocity Foils[image: ] 

Using this information the gurney equation can be applied by using values for a pipe bomb to determine the velocity of fragments. Using the Gurney equation below in equation 2, the velocity of detonation can be estimated for this trial. 

[bookmark: _Toc216765509]  [8]                                                                                     ( 2-1)

Where, 
V=Velocity of Fragments (m/s) 
= Gurney Constant
M= Mass of Casing (g)
C=Mass of explosive Charge (g)

The result from undertaking this calculation demonstrated a value of 1660m/s for an initial velocity of the fragmentation which is significantly less than the given initial velocity of 2047 m/s but this can be due to many factors such as the angle of detonation, the height of the explosive device during detonation and material in the casing.  Other potential reasons the theoretical calculation initial velocity is lower than the expected velocity provided could be due to the material casing used or due to the fragmentation being natural and hence more aerodynamic causing fragmentation to slow down rapidly. 
[bookmark: _Toc216765786]4.2 FTIR Data Captured 

The FTIR data demonstrates that RDX is present from the testing undertaken. This is understood as there is a strong C-H stretch at approximately 3070 cm-1  which is present in both TNT and RDX compositions,  this can also represent the presence of a taggant within the explosive and evidence can further be made as there is an N-O stretch at 1593cm-1 which also backs that a plasticizer was used in the explosive [9]. Furthermore, it can be seen at 1600 cm-1 that there is an N-O stretch which further highlights that RDX was present during the detonation of the explosive munition. The main difference is that the evidence shows that there is no aromatic ring which can identify TNT, therefore the explosive used in the trial must have been PE 8 which is an RDX explosive composition combined with a plasticizer. The FTIR data graph can be compared to show the similarities, this is summarised below in figures 13. 
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[bookmark: _Toc216775526]Figure 13-FTIR Data from the Trial









[bookmark: _Toc216765787]5 Pressure Results 
[bookmark: _Toc216765788]5.1 Gauge Results  
Due to the fragmentation in the trial perforating gauge 1 upon detonation, therefore making the data captured is inaccurate but gauges 2 and 3 are suitable for analysis. This is demonstrated in figure 11 as the results from all 3 gauges and shows pressure fluctuations throughout the time frame. Figure 14 shows the gauges acquired and the pressure differences between the gauges. Gauge 1 demonstrates that the device has been struck with fragmentation due to the fluctuating pressures on the graph. 






[bookmark: _Toc216775527]Figure 14- Gauge Pressure Graph

[bookmark: _Toc216765789]6 Pressure Discussion 
[bookmark: _Toc216765790]6.1 Gauge 1 Discussion 
The data shows that the pressure fluctuates in an abnormal manner which indicates that a fragmentation strike occurred during detonation. When this is compared to pressures derived from the other pressure gauges this further confirms this. Upon inspection after detonation, it was identified that gauge 1 was penetrated with a fragment of the explosive device making the data captured for the gauge unsuitable for discussion, this is displayed in figure 15. 
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[bookmark: _Toc216775528]Figure 15-Gauge 1  Pressure Graph
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[bookmark: _Toc216775529]Figure 16- Fragmentation Perforating Gauge 1

[bookmark: _Toc216765791]6.2 Gauge 2 Discussion 
Gauge 2 gives a more realistic reading to gauge one highlighting like what should be displayed in the peak overpressure graph. Figure 16 demonstrates the Incident peak overpressure which is apparent in the first positive impulse phase and the pressure gauge 2 recorded a reading of 434.5 kpa of pressure in a time frame of 0.001132 seconds. The Graph also demonstrates the negative impulse phase recorded showing -73.406 (28 approx.) kpa in 0.001176 seconds which was determined from the blast. Furthermore, a reflective overpressure is shown below, and this was recorded as 658.5 kpa and recorded in a time of 0.00144 seconds. Figure 16 and figure 17 can be compared to demonstrate the pressure time curve with a slight negative impulse being visible, this was record at a range of 2.75m. Figure 17 shows the moving average for gauge 2 pressure readings, this reduces pressure fluctuations over a time.

[image: A graph with orange lines

AI-generated content may be incorrect.]
[bookmark: _Toc216775530]Figure 17- Gauge 2 Pressure Graph

[bookmark: _Toc216775531]Figure 18-Gauge 2 Basic Pressure Moving Average Graph
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[bookmark: _Toc216775532]Figure 19-Pressure Wave Time Curve [10]





The results show that the reflective pressure is greater than the incident pressure and this could be due to a range of reasons from the trial, namely due to the pressure reflecting off surfaces most likely being the wooden table or potentially from gauge 1. A pressure of -73.406 kpa below atmospheric pressure which provides a vacuum effect after an initial shockwave.  The vacuum effect allowed for more impact in the trial as suction occurs which can damage equipment in the surrounding area during the trail and could be one of the reasons that one of the velocity foils detached after the trial. Through using the Kingery and Bulmash calculator, it can be deemed that the trial data may be unreliable as estimations on peak incident pressure, incident impulse and peak reflected pressure are less than those recorded from the experiment. Below in table 8, the results calculated from the Kingery & Bulmash differ from the results shown in the graph. The results demonstrate inaccurate readings from the pressure gauge 2 which could be due to a range of reasons such as reflection readings or inaccurate equipment used in the trial. 








[bookmark: _Toc216702842]Table 7-Kingery-Bulmash Calculator Results
	Parameter
	Air
	Surface

	Peak Incident Pressure 
	76.9kPa
	108.8kPa

	Incident Impulse 
	42.1 kPa/ms-1
	60.7 kPa/ms-1

	Peak Reflected Pressure 
	200.5kPa
	306.3kPa

	Reflected Impulse 
	95.6 kPa/ms-1
	145.7 kPa/ms-1

	Shock Front Velocity 
	0.437 m/ms-1
	0.472 m/ms-1

	Arrival Time 
	2.8 ms
	2.506 ms

	Positive Phase Duration 
	1.83 ms
	1.95 ms








[bookmark: _Toc216765792]6.3 Gauge 3 Discussion 

Gauge 3 provided varying results which differ from gauge 2 and this would most likely be due to the variation in distances as gauge 3 was assembled at 3.090 metres from the detonation location. Figure 19 shows the pressure results delivered from pressure gauge 3, this shows the differing incident wave and reflected pressure which has been impacted due to the distance of the gauge and the explosive type which was detonated. 
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[bookmark: _Toc216775533]Figure 20- Gauge 3 Graph Data

In this gauge 3 graph it demonstrates that there are multiple high pressure reflected waves which signals that the shockwave may have collided with many other materials prior to encountering the pressure gauge and therefore transferring more energy into the pressure gauge. The gauge 3 results are far less that results gathered for gauge 2 and this indicates that the shockwave pressure decreased significantly at the range of 3.090 metres. Table 8 below also shows the incident pressure, peak reflective pressure and impulse pressure using the Kingery-Bulmash calculator, Like gauge 2 the data shows that the pressures are less than those posed in the graph data. 
[bookmark: _Toc216702843]Table 8-Gauge 3 Kingery-Bulmash Data
	Parameter
	Air
	Surface

	Peak Incident Pressure 
	36.2kPa
	50.1kPa

	Incident Impulse 
	29.5 kPa/ms-1
	42.9 kPa/ms-1

	Peak Reflected Pressure 
	82.4kPa
	119.5kPa

	Reflected Impulse 
	61.3 kPa/ms-1
	92.6 kPa/ms-1

	Shock Front Velocity 
	0.389 m/ms-1
	0.406 m/ms-1

	Arrival Time 
	5.3 ms
	4.863 ms

	Positive Phase Duration 
	2.17 ms
	2.46 ms



[bookmark: _Toc216765793]7 Conclusion 

In conclusion, from the evidence gathered and information collated from this COTEC trial it can be concluded that the munition detonated was the pipe bomb. This can be reinstated due to many factors such as the impact delivered by fragmentation at the predominantly mid-section velocity foils, the FTIR data which was analysed and readings of RDX to be found within the munition as well as taggants and the natural fragmentation which was uncovered at the trail which demonstrates that the explosive device churned sections of fragmentation of differing lengths. In comparison to the other options this was unlikely due to the explosive fill of the devices, or the fragmentation was pre-formed. 

Future studies could explore undertaking multiple trails using the explosive device and incurring the performance and results after each trial to provide an understanding as to the munition. Equipment such as velocity foils only record the initial impacts of fragmentation, so this therefore makes it increasingly more difficult to track multiple fragmentation strikes onto velocity foils and the velocity at which these sections travel. 
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