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Introduction 
Arena trials are controlled experiments which are used to detonate explosives in an open area to test performance characteristics against walls, surfaces, materials and vehicles are impacted by blast waves and fragmentation [1]. Arena trials utilize many different equipment types but generally depends on the explosive tested and the testing environment. Equipment used to collect data from the trail can include pressure gauges, high-speed cameras, velocity measurement systems, transient recorders and amplifiers, temperature sensors and software [2].  Data from trials may be required from trials to discover the following effects: Pressure, Velocity, Fragment shape factor, Impact energy, Spatial distribution of fragments and spatial survey of the arena and any instrumentation. 
In this report an analysis of an arena trial will be conducted to provide an evaluation with improvements as to the set-up of a pipe bomb arena trial to collect data. Participants were gathered to undertake the set-up of the trial and split into teams to set up the trial correctly. The report will include analysing the setup of the equipment used at the range whist also understanding the credibility of the information collected from equipment such as pressure gauges and velocity foils. Furthermore, this report will detail the importance of conducting multiple trials which allow for more information to be collected and for a greater understanding as to the explosive device’s nature during operation. 
It could be argued that the trial performed was successful due to sufficient data being obtained which allowed participants an opportunity to determine the munition detonated at the site. Due to the nature of the trial undertaken there are risks which are undertaken to capture data such as fragmentation which can impact key equipment and causing unvaluable results and potentially damaging credibility of the explosive during detonation. This was seen during the trial as fragmentation perforated a pressure gage which evidently impacted the data collected from gauge 1 [1]. 
The equipment used during the trial is also integral to achieving correct results during the trail, some equipment during the trial may not have been sufficient for the data collected and hence better and more credible results could have been achieved. 
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[bookmark: _Toc218262465]Equipment used and Set-up
The trial provided some successful results to provide participants with an understanding as to the nature of the munition, however some equipment endured damage during the trail which therefore made the data collected from gauge 1 unreliable. Figure 1 below demonstrates the arena trial set-up which was configured for the trial with the equipment used labelled. 
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[bookmark: _Toc218262510]Figure 1-Equipment used and Set-up Diagram
The device was detonated and provided significant results which pointed Participants towards the direction that the munition used was a pipe bomb. The fragmentation which connected with the strawboards used and velocity foils demonstrated that this was highly likely to be this explosive and due to the area, which connected with the strawboards.
Despite this key information being recorded however, the pressure from pressure gauge 1 was perforated with fragmentation and due to this being the closest pressure gauge to the munition this therefore tarnished the pressure results. The pressure gauges used for the trial were dynamic pressure gauges which allow pressure to accurately measure blast pressure over time [4]. Table 1 below clearly demonstrates the equipment list which was used for the trial below. 

Table 1-Equipment Used in the Trial
	Material/Equipment Type
	Use
	Quantity

	Dynamic 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 the 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+
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The fragmentation data gathered was integral to the decision that the munition was indeed a pipe bomb and this is primarily due to the spatial distribution of fragmentation which was distributed during detonation and due to FTIR testing which was collected after the trial. The fragmentation was distributed across the central belt of the snowboards indicating that many mutations could be eliminated and the FTIR confirmed this. However, this could have been made more conclusive should further trials been undertaken. Figure 2 demonstrates the fragmentation spatial distribution which was delivered because of the trial. 
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[bookmark: _Toc218262511]Figure 2- Fragmentation Result of Trial
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The pressure recorded from gauge 1 was decided unusable which therefore meant that information delivered from pressure gauges 2 and 3 were only available to be used. The information collected was compared to the Kingery bulmash theory calculator and this did not compare to the results delivered from the trial which therefore puts into question the reliability of the results. 
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Overall, to an extent the trial was successful for participants to determine the correct explosive detonated during the trail but for more accurate and reliable data be required for a trial multiple trials must be used to determine a most in-depth basis for argument as to the munition used in the trial. The fragmentation uncovered was natural which also enabled for participants to be able to eliminate munition based off previous OME knowledge of the munitions list provided prior to the trial. Another trial would potentially have enabled for better pressure data to be captured to understand potential peak pressures, incident pressures and reflected pressures at a closer range to the munition which could not be recorded from gauge 1 due to fragmentation. 
Furthermore, from the trial set-up it can be seen that the pressure gauges used during the trial were lined up in parallel which may have affected the pressured on pressure gauge 2 and 3 due to reflection pressures, reflection pressures may also have been generated from other surfaces such as the ground, strawboards, the metal stanchions or any other objects which surrounded the equipment during the trial. These obstructions may have affected the reflected pressures and hence the reason why small fluctuations are present from the initial pressure gauge data in gauge 2 and 3. Figure 3 below shows the configuration of the gauges and potential obstructions which may have reflected the pressure gauges used in the trial, figure 4 highlights the components of the pressure gauges. 
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[bookmark: _Toc218262512]Figure 3- Pressure Gauges Configuration 
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[bookmark: _Toc218262513]Figure 4-Pressure Gauge Diagram [2]

During the set-up there were many issues with the equipment used or equipment required to make sufficient readings for the trials some of the limitations during the trial included: perforated I-beams, interference, laser distance meter had no calibration date assigned, only one trial was conducted, the sandbags used were faulty. These factors may have affected the results provided both from the fragmentation and pressure recorded from the pressure gauges. 
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Arena Trials are an excellent way to assess both lethality, fragmentation patterns and pressure values. Despite this however, trials must be undertaken vigorously to ensure a credible estimate can be made across data presented from each trial. One trial conducted does not portray that data is reliable as data may change from trails and especially if equipment used during trials are altered, tested or calibrated prior to use within a trial.  Generally, the number of arena trials may vary from trial to trial however, a recommendation of three is provided to ensure sufficient estimates are made [5].
 In the case of the COTEC Arena trial this is especially important as pressure gauge 1 was perforated with fragmentation, demonstrating that more trials may have been useful to understand the pressures produced by the pipe bomb at 1.009 m. Further trials may also have validated the data recorded from pressure gauges 2 and 3 to provide a further estimation on incident pressures, reflected pressures, peak pressures, fluctuations, negative phase durations etc. The repetition of trials would have many key benefits including reducing errors, detecting anomalies in trial set ups, enables statistical analysis, improves accuracy and allows for  techniques such as averages to be used to display data [6]. 
[bookmark: _Toc218262472]Perforated I-Beams 
As previously mentioned, participants were split into teams to set-up the trial and therefore the cabling group organised I-beams to protect cables from being damaged from fragmentation of the pipe bomb during detonation. Despite this, some of the I-beams had previously undergone damage which therefore could expose the cabling used to collect data from the trial, this was a risk which was taken during the trial but one that could have damaged the results achieved for the pressure gauges further, Figure 5 below shows to the extent that perforations were during the trial and the level of exposure to cabling during the trial. 
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[bookmark: _Toc218262514]Figure 5- Perforated I-Beam
The solution used to cover the I-beam perforations was to cover the sections with sandbags which would provide a layer of protection between the fragmentation of the pipe bomb and the cabling in the unlikely event that the fragmentation penetrated the same spot as previously. Despite this, some sandbags used were inappropriate to use for the trial and could not be used since they were left in an unacceptable environment for use. This therefore meant that there was a limitation of sandbags for the trial and an estimation had to be made to ensure that most perforations were protected by sandbags. This also demonstrated that the I-beams were potentially unsuitable for the trial, better quality beams could have been used to sufficiently protect cabling during the trial. 
[bookmark: _Toc218262473]Reflected Pressures from Surrounding Objects
The trial achieved some reasonable results from gauges 2 and 3, however from the results small fluctuations are visible which signals that interference may have been present which has affected the results. Figure 6 below, shows the pressure recorded into a graph from gauges 2 and 3 results. 
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[bookmark: _Toc218262515]Figure 6- Gauges 2 and 3 Pressure Data Comparison
The small fluctuations can be due to several reasons such as electrical noise or perhaps fragmentation projection at the firing stage. It is believed that during the trial many of the objects surrounding the pressure gauges may have caused reflective pressure from the shockwaves. This can also be judged from the trial set-up. Figure 7 below shows the set-up and the potential obstructions from the blast wave which may have caused reflective pressure waves and hence fluctuations on the pressure graph. 
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[bookmark: _Toc218262516]Figure 7-Obstructions Potentially Causing Reflective Pressures
The image shown in figure 7 demonstrates that there are a range of objects which may have interfered with the fluctuated pressures obtained from gauges 2 and 3 during the trial which suggests that the data collected from the gauges are not reliable. This can be rectified to an extent however, by completing moving averages and altering the points within the graph a more streamlined graph can be generated to stay clearly the important point displayed on the graph. 



[bookmark: _Toc218262474]Laser Distance Meter Out of Calibration 
To measure distances between equipment a laser distance meter was used. During the trial set-up distances between the pressure gauges, distances between strawboards and detonation point was measured using a laser distance meter. Upon further inspection, it was clear that no calibration date was visible on the equipment which therefore indicates that this may have been faulty whilst used. This therefore will have had an impact on the readings provided for each of the distances which may have therefore affected the strike times of fragments which had struck the velocity foils used. Furthermore, this would have also affected the time in which pressures were recorded by the pressure gauges. This could also be down to human error due to not checking that this equipment was calibrated prior to its use and specifically prior to the detonation of the pipe bomb. Due to this, the reliability of the data could have been recorded incorrectly which may have provided unreliable results.  Figure 8 below shows a similar laser distance meter which was used during the set-up of the trial. 
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[bookmark: _Toc218262517]Figure 8-Laser Distance Meter [7]
Typically for laser distance meters appropriate calibration schedule should be once per annum but this is dependent on the use of the meter and how regularly this piece of equipment is used [8]. To rectify this for future trials, the laser distance meter should be calibrated with a calibration date clearly labelled on the equipment or use other measuring equipment such as measuring tape. 
[bookmark: _Toc218262475]Velocity Foil Attachments 
The velocity foils were connected to cabling, which was then attached to the strawboards using tape, this is an unreliable method of connecting cabling to velocity foils which can therefore affect the results should shockwaves or fragments impact the cabling during the trial. Figure 9 demonstrates the velocity foil assembly prior to the pipe bomb detonating. 
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[bookmark: _Toc218262518]Figure 9-Velocity Foil Cabling
The image in figure 9 shows that the tape is attached to the strawboard. During the trial should the tape become undone this could result in inaccurately data or no data recorded from the velocity foils and for this trial other methods should have been used instead to attach cabling to the velocity foils which pose less risk of obtaining inaccurate information. This point was proven after the trial as many of the cables were damaged and/or tape undone because of the pipe bomb detonating. Figure 10 below shows the impact of the detonation on the cabling and tape assembly during the set-up stage of the trial. 
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[bookmark: _Toc218262519]Figure 10-Result of Pipe Bomb Detonation

The image displayed in figure 10 shows that velocity foil seven was completed detached from the strawboard which may also question the integrity and scientific accuracy of the results obtained. The same can be questioned for velocity foils five, six, eight, nine, ten, eleven and twelve. These impacts would have likely affected the accuracy and reliability of the data created from these velocity foils and a loss data acquisition more than likely occurred [9]. 
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[bookmark: _Toc218262477]Conduct Multiple Trials
The first recommendation to be made about the pipe bomb trial conducted would be to conduct more trails in future, this will therefore give more evidence of data and provide an opportunity for data to be analysed in depth and compared against test results. The more data collected and trials undertaken the greater accuracy and assumptions can be made as to the explosive’s performance characteristics.
 Furthermore, this also allows for variations to be conducted during trials to achieve best results, variations may include rearranging the pressure gauges or using separate equipment to obtain data more accurately. Equipment which could have future use during variations of the same experiment could be using High Speed Velocity cameras to measure the velocity of fragments during detonation or potentially using doppler radar which allows scope for fragment velocity to be measured across several points in its flight path [10]. 
[bookmark: _Toc218262478]Improve Equipment Quality 
[bookmark: _Toc218262479]I-Beams and Sandbags 
For future arena trials involving similar equipment it is recommended that better quality equipment is used, I-Beams and Sandbags in particular. When conducting a repeat of this trial, I-beams should be of better quality. They should contain no perforations and be suitable to protect against fragments of the pipe bomb which will eliminate the risk of data loss during the trial in terms of pressure data. This will also mean that the use of sandbags would not be required during the trial as this provided a protection measure for cabling for pressure gauges for the trial. Another alternative could be using specialised protective materials, robust containment measures and appropriate installation methods [11]. Figures 11, 12 and 13 all display potential alternatives which could be used to protect cabling as an alternative to I-Beams and sandbags. 
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[bookmark: _Toc218262520]Figure 11- Armoured Cabling for Explosive Trials [12]


This armoured cabling provides multiple layers of protection which is useful during explosives trials and will allow for an easier set up for future trials taking place with no requirement for I-beams or sandbags. 
[image: Durasteel Blast Walls & Barriers: Invicta Fire Protection]
[bookmark: _Toc218262521] Figure 12-Blast Walls [13]
Durasteel blast walls displayed in figure 12 could be used to protect the cabling used during the trial. They are typically used to protect people, equipment and structures from explosions by absorbing energy and resisting heat and impact. This would be beneficial in terms of managing the risk of data acquisition but would most likely require more effort and may be a costly preventative measure. 
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[bookmark: _Toc218262522]Figure 13-Burying Cables Underground [14]
Another measure which could be taken to prevent this risk would be to bury cables underground which would eliminate the risk of loss of data acquisition but similarly to the method displayed in figure 12, would require effort and will be expensive. 

[bookmark: _Toc218262480]Velocity Foil Cabling 
A further recommendation which could be made could be an alternative to using adhesive tape to connect velocity foils onto strawboards as this is unreliable for a trial and as evidence suggests, this may have affected the data obtained from the trial. A recommendation to be made for future trials would be beneficial to use the following methods: mechanical connectors, solder cables or fixtures which would allow for a robust method of capturing strike time data sufficiently [5]. Figures 14 displays a method which could have been used which may make the cabling set-up of the trial sturdier. 
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Figure 14- Explosive Proof Connectors
In terms of explosive proof connectors this would be a potentially expensive solution to making cabling sturdier during the trial. This would be due to having to alter the velocity foil design. Explosive proof connectors provide a sturdy environment and may allow for accurate data to obtained during the trial. 

Conclusion 
Overall, from this trial there are many areas which could be improvised to enable for maximum data acquisition to occur from this trial. Minimum data was obtained from the trial however; pressure gauge 1 data was tampered during the trial and mitigations could’ve been introduced to eliminate this risk. Furthermore, from the initial trial many risks were taken which may have impacted the trial data obtained. 
There are many key weaknesses of the trial which may have impacted the trial data, such as faulty equipment which was used (I-beams, sandbags, laser distance meter calibration uncertainty), an unorganised set-up which was constructed and lack of repeated trials.
 There are many ways which could improve this trial for future such as conducting repeated trials to gather more information and provide comparisons between trials. A further method to capture more accurate and reliable data could be to use better quality equipment for future experiments which could include using better quality I-beams or using protective measures for the cabling. 
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