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[bookmark: _Toc219466114]Abstract
Apprentices from the University of Wales Trinity Saint David (UWTSD) were tasked with using data capture techniques and previous Ordinance Munitions and Explosives (OME) knowledge, combined with forensic applications to determine the identity of an unknown explosive device at the Cranfield Ordinance Test and Evaluation Centre (COTEC) via an explosive arena trial. Having been previously briefed on equipment standards and procedures by industry experts they were tasked with identifying any shortcomings of the trial and any recommendations that could be made to improve the quality and reliability of the results. 
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I. [bookmark: _Toc219466116]Introduction
With respect to military science and research, arena trials are explosively destructive evaluation method used to assess the structural performance of structures such as walls and doors against blast loading conditions and fragmentation impacts [1]. They may be also utilised in a forensic sense, being employed in order to identify the nature of an unknown explosive device based on its innate characteristics such as blast overpressure, fragment velocity and fragment geometry. Arena trials depend on the area available in which to conduct testing with larger explosives requiring greater distance between the target structures and data gathering implements. Such equipment used to gather data, either with regards to structural constitution under blast loading or the intent to identify an unknown explosive device, can include  pressure gauges to measure peak overpressure, time capture equipment such as velocity foils, transient recorders, amplifiers, and specialised software used to process, record and display the gathered information so it can be analysed and interpreted by trained technicians.

One such arena trial was carried out by Ordinance Munition and Explosive (OME) apprentices with the intention of identifying an unknown explosive device using various data gathering techniques. The apprentices were split into groups with individuals having various degrees of experience in the field, ranging from professional to completely inexperienced. As only one munition of the class was possessed by staff from the Cranfield Ordinance Test and Evaluation Centre (COTEC), only one arena trial could be conducted to gather data that could be used to correctly identify the munition. 

An analysis of the techniques, equipment and practices of the trial will follow in order to evaluate the appropriateness of the trial conduct and the reliability of the data gathered during the trial that was then used to identify the nature of the unknown explosive device. Recommendations will be included as to how the quality and reliability of the trial could be improved should the trial be conducted again, ranging from equipment suitability and general practice.

II. [bookmark: _Toc219466117]Trial Summary
After being split into groups, with varying degrees of experience being taken into account, the apprentices set up the apparatus used to record the necessary data needed to identify the explosive device, the identity of which has remained undisclosed to them until this point. The set up of the trial arena was done under the supervision of COTEC staff who were experienced professionally with regards to conducting explosive arena trials. The resultant set up used to record explosive data is shown in Figure 1.
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[bookmark: _Toc219466066]Figure 1: Completed Setup of Arena Trial Equipment

Some of the equipment used to obtain data can be seen in Figure one, including the three pressure gauges used to record the peak overpressure generated by the blast after detonation of the munition, as well as the twelve velocity foils used to record the impact timings of the fragmentation generated by the detonation. These times can then be used to calculate the resultant velocity. Strawboards provide a sturdy, structurally sound backing on which the velocity foils are attached. These boards catch fragmentation debris which can then be used to estimate the fragmentation density, total number of fragments, as well as analyse the pattern generated by the fragmentation; all of which can then be used to evaluate the nature of the unidentified munition. 

Post-detonation, the strawboards were dismantled and fragments from the munition were recovered to be used in Fourier Transform Infrared (FTIR) analysis. The explosive residue on the fragments meant that the chemical composition used to make the explosive could be examined and used to aid the apprentices in their identification of the explosive device. 

All of the data gathered and analysed by the apprentices pointed to the unidentified explosive being a pipe bomb as described by a data set of potential munitions detonated at COTEC, which was confirmed by lecturers after the submission of a lab report on the subject submitted the apprentices.

Despite the success of the trial in identifying the munition, the trial itself was unoptimized and could benefit from various changed to equipment and practice should further trials be conducted.

III. [bookmark: _Toc219466118]Critical Evaluation of Trial
As previously mentioned, the trial was successful with regards to the apprentices being able to correctly identify the unknown explosive detonated during the trial. However, the trial was not up to industry standard [2], being fairly rudimentary due to the fact only one day was allotted for the trial day with time further constrained when transit to and from the site was taken into account.

[bookmark: _Toc219466119]III.I. Single Explosive Trial
As mentioned previously, only one detonation was carried out with one set of results being collected by apprentices for critical evaluation. This severely limits any credible conclusion that can be drawn from the data set as any deviations and outliers that would be present in repeated trials would not be able to be identified and ruled out. In order for credible and reliable conclusions to be drawn from the trial, multiple data sets generated from multiple detonations would have to be gathered and cross-referenced in order to verify the integrity of the data. Although there is no industry standard for the number of trials that must be carried out in order to generate reliable data, as each range may follow their own procedure, the minimum number of trials is put at three [3]. 

The repetition of arena trials with regards to the COTEC trial would have proved beneficial as during the collection of the pressure data, it became clear that one of the gauges was behaving erroneously. The pressure reading from gauge 1 had peaked well above what the other two gauges were reading. One of the COTEC range wardens theorised that the gauge was probably hit by a piece of fragmentation judging from the way the gauge was behaving. This was later confirmed after a visual inspection of the gauges after the site was declared safe after the detonation. Gauge 1 after being struck by a piece of fragmentation can be seen in Figure 1.
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[bookmark: _Toc219466067]Figure 2: Gauge 1 Fragmentation Damage

If further trials were conducted with the damaged gauge replaced, more reliable data could have been gathered with regards to the peak overpressure generated by the detonation. Since repeat trials were not conducted, the only pressure data gathered was from gauges two and three. These gauges may have suffered from reflected and incident pressure which may have resulted in the readings given the gauges being slightly off their true value. It is difficult to say for certain as repeat experiments were not carried out, meaning there were no additional data sets with which to cross-reference the results and make a judgement on the validity of the readings. Additional trials would also help eliminate random variations in the collected data by allowing an average to be taken [4].

[bookmark: _Toc219466120]III.II. Pressure Gauges
While pressure gauges 2 and 3 did provide results that were able to be used to deduce the type of munition subject of the trial, the data was clearly shown to have been influenced by external factors such as reflected pressure and interference, which negatively affected the quality of the results. 
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[bookmark: _Toc219466068]Figure 3: Pressure-Time Graph for Gauges 2 and 3

As can be seen in Figure 3, gauge 2 (indicated by the orange plot) shows two peaks of overpressure, the first caused by the blast wave propagating from the point of detonation, the second peak is likely caused by the pressure wave being reflected and amplified off the surrounding structures, namely the strawboards which were angled in a 113° arc. 

Gauge 3 (indicated by the green plot) features no spike in the graph due to peak overpressure as reflectance and interference has dampened the blast wave as it passed through the gauge. Figure 4 shows the propagation of blast waves subject to amplification and a shielding effect akin to what gauges 2 and 3 were subject to.

[image: ]
[bookmark: _Toc219466069]Figure 4: Formation of; a) Amplification Effect, and b) Shielding Effect

It should be noted that the plot generated by the data captured from gauge 1 was omitted in Figure 3 due to the peak recorded pressure being far too great in contrast to gauges 2 and 3 due to the fragment impact, and to allow the graph to be interpreted in a more legible state.

Also observed in the graph produced by the pressure gauges is the presence of small fluctuations in the pressure reading in the negative impulse phase of the blast and after. This could be caused by improperly insulating the pressure gauges on their respective clamp stands. As the blast wave passes through the stands, oscillations within the material could cause the incredibly sensitive gauges to record subtle variations in pressure as a result.

[bookmark: _Toc219466121]III.III. Cabling 
The various apparatus and data recording devices were all wired via a series of cables that ran from the explosive arena back to the control bunker where the data would be transcribed by specialised software into a format able to be interpreted by technicians. 

One of the teams of apprentices were tasked with laying the cables and covering them with steel I-beams and sandbags in order to protect them from blast pressure and fragmentation during the detonation of the munition. However, the I-beams that were used contained fragment damage that perforated the beams from a previous trial. This resulted in some stretches of cabling being covered incompletely, leaving them exposed to fragment damage and blast overpressure which could affect the readings given by the pressure gauges or could result in the severing of the cable, rendering the trial a failure due to incomplete capture of data. One of the damaged I-beams can be seen in Figure 4.
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[bookmark: _Toc219466070]Figure 5: Fragment Damaged I-Beam

Some of the sandbags were used to cover the perforations made in the I-beams in an attempt to form a barrier between the cables and any fragments as well as dampen the impact of the pressure wave generated by the detonation. However, due to improper storage, some of the sandbags were unsuitable for use, and so the employment of the sandbags was limited somewhat, leaving the use of the sandbags to be confined to the most likely sites of impact. 

IV. [bookmark: _Toc219466122]Recommendations for Future Trials
[bookmark: _Toc219466123]IV.I. Repetition of Trial
In order to achieve reliable results, they have to be repeatable under the same conditions [5]. As such, in order to consider the results obtained as a result of the COTEC arena trial, the trial should be repeated and the results cross-referenced in order to identify any outliers in the data recorded. In the event of any discrepancies with the data obtained, work can be done to identify the cause of these anomalies, whether they are the result of human errors or random external interference, and rectify them thus improving the quality and reliability of future trials. 

More data sets also increase the credibility of the conclusion drawn from the data sets. As the outliers are removed and averages are calculated, more faith can be put in the method of execution being free of human errors and external interferences. It also indicates that car has been taken to reduce the data fluctuations caused by any previously identified sources of noise.

[bookmark: _Toc219466124]IV.II. Improvement of Cabling Setup
The cabling arrangement used during the trial was rudimentary and unsuitable to be considered a part of a serious forensic scientific investigation into the nature of an unidentified explosive device. For future trials of a similar nature, the I-beams used to shield the cabling should be free of any damage so as to minimise any risk of fragment strikes to the cabling or impulse interference that could negatively impact the quality and reliability of the obtained data. Sandbags should also be properly stored to be kept in a usable state as and when they are required.

An alternative to the I-beam and sandbag configuration would be to look at ways to better protect the cables using other means. One such solution is to run the cables underground from the data capture apparatus to the control bunker where the data would be transferred to. Runing the cables underground would require more work to set up and dismantle than the sandbag and I-beam method, however, it would offer superior protection against fragment impact. Being underground would also more effectively dampen the interference to electrical signals posed by the blast overpressure and negative impulse, making the results more reliable. It would also be more sustainable as I-beams and sandbags would not have to be replaced after sustaining damage from fragment impacts.

Different types of cable can also be utilised in order to improve results of the trial. By using armoured cables which also contain insulation, the conductive wires are sufficiently protected against fragment impact while also being insulated against overpressure and negative impulse. Figure 6 shows the various components in a typical armoured cable.
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[bookmark: _Toc219466071]Figure 6: Cross-Section of Armoured Cable

The type of cable shown in Figure 6 is a heavy duty underground cable featuring armour comprised of steel wire or steel tape [6]. An expensive, but optimal arrangement, would be to combine the underground arrangement and the armoured cable. Although it would be expensive to install and maintain, it would offer the most reliable protection against pressure interference and fragment strike. 

[bookmark: _Toc219466125]IV.III Gauges
The set up of the gauges in the trial was not idea. The parallel arrangement of the three gauges meant that the first gauge would shield the second and so on. The second gauge was also subject to reflected pressure from the environment and the rest of the set up. 

A decision needs to be made with regards to priority when recording the pressure generated by the detonation, fidelity or survivability. By utilising armoured housing standing independently of the pressure gauge, the survivability of the gauge can be increased with minimal loss of pressure signal if the housing is vented correctly. The trade-off is an amplified signal off the shielding which could negatively affect the data recorded by the gauges positioned behind it. In the case of the COTEC trial, a free standing armoured shield covering where the gauge was clamped to the stand without covering the actual instrumentation of the gauge would have prevented the gauge itself from being struck with fragmentation, allowing the data captured by it to be used in the following investigation.  However, as mentioned, the shielding may have had a negative effect on the readings produced by gauges 2 and 3.

A remote transducer could also be used to protect the transmitter from impact. With the transmitter at a safe location, a small diameter impulse line connects it to the transducer and conveys the pressure to the sensor either as a direct fluid column or as a gas path while also physically separating the sensor from fragments, heat, and contamination.

V. [bookmark: _Toc219466126]Conclusion
In conclusion, while apprentices were able to successfully identify the nature of the unknown explosive device using the data obtained from the trial, there were major improvements that could be made in order to improve the reliability and quality of future trials conducted. 

A major shortcoming of the trial was the fact that only one trial was conducted and only one data set obtained. This severely limited the reliability of the investigation as there were no further data sets with which to cross-reference and eliminate any outlying data points or sources of noise interfering with the results.

The quality of the cabling setup was also lacking. Previously damaged I-beams were used to shield the cables from fragment strikes and old tatty sandbags were used in an attempt to insulate the cables and dampen the effect of the blast wave. Instead, the cables should be laid underground or be shielded out of material capable of resisting a fragment strike.

The utilisation of pressure gauges was also in need of remedial work. One of the gauges as they were used suffered a fragment impact which interfered with the data capture, rendering the final reading unusable. To correct this, a free-standing armoured shield could be employed to protect against fragment impact while having a relatively low effect on the acquisition of pressure data if correctly vented. Remote transducers could also be used in place of conventional pressure gauges.
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