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[bookmark: _Toc219457248]Introduction
An explosives trial was set up at Cranfield Ordnance Test and Evaluation Centre (COTEC) by a group of Ordnance, Munitions and Explosives (OME) university students from the University of Wales Trinity Saint David (UWTSD). The primary objective was to successfully setup an explosive arena trial which could be used to capture data provided by the detonation of an unknown explosive device. This data would then be used to decipher which explosive device was detonated using information provided from a list of potential munitions. Various forms of technology were incorporated into the setup of the arena trial to aid the collection of blast overpressure and fragmentation data. Using the data captured from the detonation, analysis was carried out so that a laboratory report could be produced and a definitive answer on which explosive device was detonated could be given. 
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[bookmark: _Toc219459237]Figure 1 - Arena Trial Setup
This report will focus on the data capture methods used in the explosives trial and consider their performance. Each method used will be thoroughly analysed, and both strengths and weaknesses will be outlined. Suggestions as to how the trial could be improved if it were to be repeated will be provided along with a conclusion as to whether the trial produced useable and accurate data.
[bookmark: _Toc219457249]Data Capture Equipment
[bookmark: _Toc219457250]Piezoelectric Pressure Gauges
[bookmark: _Toc219457251]Functionality and Advantages
Piezoelectric pressure gauges are commonly used in engineering and scientific research applications. They are used to measure dynamic pressure changes in various environments such as combustion engine diagnostics and explosive detonative studies. The gauges operate on the piezoelectric effect, a phenomenon which was discovered in 1880 by French physicists Jacques Curie and Pierre Curie and refers to certain crystalline materials being able to generate an electrical charge when subjected to mechanical stresses such as changes in pressure. [1]
Materials such as quartz and lead zirconate titanate (PZT) can produce this effect as they have non-centrosymmetric microstructures or crystal lattices. When these crystalline materials are subjected to mechanical stress, positive and negative ions within the crystal lattice are displaced which acts as an electric dipole. As the displacements create dipole moments, electrical charges accumulate on the surface of the piezoelectric material. The amount of electrical charge accumulated on the surface of the crystal is directly proportional to the amount of applied mechanical stress on the gauge. In this case, the blast overpressure generated by the explosive detonation induces the electrical charge in each piezoelectric gauge. [2]
The gauges are usually constructed using the following main components. The interface between the piezoelectric material and the mechanical stress is a pressure sensitive diaphragm. This key component is exposed to the shockwave created by post detonation expanding gases, which provide force and induce mechanical stress on the piezoelectric material. The most important component is the piezoelectric material itself which is usually a crystal. This turns the mechanical stress into a measurable electrical charge. The charge generated by the crystal is very small (picocoulombs), so there are connectors and electrodes within the gauge which help collect the generated electrical charge and amplify its signal so that it can be captured and measured to provide useable data to the user. A diagram ca be seen in figure 2 below which shows the basic principle of piezoelectric gauges. [3]
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[bookmark: _Toc219459238]Figure 2 - Piezoelectric gauge working principle [4]

One of the main benefits of using piezoelectric gauges is that they are a dynamic sensor rather than static. This means they respond to fast changes in ambient pressure instead of monitoring continuous pressure levels. This makes them ideal for measuring rapid changes in pressure over a short period of time. They are also capable of responding within microseconds which makes them suitable for capturing blast overpressure data in the explosive’s field. [5]
[bookmark: _Toc219457252]Contribution Towards Report Conclusion
Despite the significant loss of data from gauge 1 due to a fragmentation strike, gauges 2 and 3 provided useable blast overpressure data that was used for analysis. The measured peak incident overpressure of 120 KPa and peak reflected overpressure of 440 KPa were compared with theoretical values gained by using Kingery-Bulmash equations. A close correspondence was able to be made between both the theoretical and real values obtained for incident blast overpressure which was used to support the hypothesis that the explosive device detonated was an improvised pipe bomb. The blast overpressure data gathered also helped discount other munitions due to their theoretical energy outputs being incompatible with the data captured at the trial.
[bookmark: _Toc219457253]Limitations
Multiple limitations of the piezoelectric gauges were highlighted during the arena trial. The first major limitation being the susceptibility to fragmentation strike as clearly seen with the removal of gauge 1’s data. To prevent this from happening again, some form of shielding could be used to protect the gauge but could run the risk of interfering with the propagating shockwave before it reaches the gauge. This could distort the gauges readings and provide inaccurate data. An image taken at the arena trial can be seen in figure 3 below which shows the effect of the fragmentation strike on the gauge mount.
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[bookmark: _Toc219459239]Figure 3 - Gauge 1 fragmentation strike

Another limitation was noticed whilst analysing the blast overpressure data. A considerable amount of background noise was evident in the graphs produced. This was most likely caused by mechanical vibration or ground shock. The use of rigid metallic mounting structures could have easily introduce ringing effects that could have contaminated the data even though rubber isolation measures were used.
[bookmark: _Toc219457254]Alternative Solutions
The amount of piezoelectric pressure gauges used could be increased to mitigate data loss from individual gauge failure caused by fragmentation strike. The mounting systems could also be improved by using non-metallic mounts to reduce ringing effects caused by mechanical vibrations and ground shock.
An alternative system that could be used is a fibre optic pressure sensor; this type of sensor operates on the same principle that mechanical stress induces a signal that can be recorded and measured. However, the signal induced in this case is a light signal rather than an electrical signal. As this form of pressure sensor only relies on light, this means that there are no electronics required at the measurement location which reduces levels of interference and background noise present in subsequent overpressure graphs. 
Fibre optic pressure sensors such as Fabry-Perot Interferometric (FPI) sensors are far superior with regards to electromagnetic interference as they are completely immune. These sensors work on the principle that a small cavity is formed between the end of the optical fibre and a diaphragm when the propagating shockwave reaches the sensor. This cavity fluctuates in size and is where light can be reflected and gives off an interference pattern which can be recorded and measured. This is beneficial as piezoelectric gauges are prone to suffer from electromagnetic pulse effects during explosions which interferes with their data. Using fibre optic pressure sensors would eliminate the chance of signal corruption or interference, especially when using long lengths of cabling as seen during the arena trial. Figure 4 below presents the working principle of fibre optic pressure sensors. [6] [7]
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[bookmark: _Toc219459240]Figure 4 – Fibre optic sensor working principle [8]

[bookmark: _Toc219457255]Bayonet Neill-Concelman (BNC) Cabling
[bookmark: _Toc219457256]Functionality and Advantages
Bayonet Neill-Concelman (BNC) cables have been a reliable option over the years for scientists and engineers due to their high efficiency in transmitting signals. These cables were used in this arena trial to transmit signals from both the piezoelectric gauges and velocity foils to a logic analyser in the control room. BNC cables are commonly used in high-speed diagnostics due to their adequate resistance to electromagnetic interference and consistent impedance values which helps prevent signal reflection. BNC cables are also well known for their durable design which makes them less susceptible to failure especially in harsh environments such as explosive trials. The secure bayonet locking system also makes them inherently easy to use and prevents accidental disconnection. [9] [10]
[bookmark: _Toc219457257]Contribution Towards Report Conclusion
The BNC cabling setup used in the trial helped gain reliable and minimally corrupted pressure and velocity data. The coaxial cables provided adequate protection from electromagnetic interference which yielded data which was able to be used in the laboratory report. The cabling was able to reliably transmit signals to the logic analyser in the control room which were then measured and then compared to theoretical values so that an argument could be made as to which munition was detonated.
[bookmark: _Toc219457258]Limitations
Overall, the BNC cabling system used in this arena trial performed well with no complete signal loss observed. However, the need to protect the cabling so extensively with steel I-beams and scaffolding tubes highlighted an area of vulnerability. A large portion of the cabling was run through an area which experienced large amounts of fragmentation strikes. If this trial was to be repeated using the exact same setup, BNC cable damage would be very likely as the fragmentation in this trial easily penetrated and, in some cases, perforated the scaffolding tubes used to protect the cabling at the base of the gauges. This could have resulted in complete signal loss for any of the gauges which would have hindered the results gathered from the arena trial even further.
[bookmark: _Toc219457259]Alternative Solutions
Although the BNC cabling used performed well with no significant issues, some improvements could still be made to improve signal transmissions and reduce background noise. BNC cables could be substituted for Triaxle cabling which would offer better shielding and noise protection in comparison to standard coaxial cables. Fibre optic cabling could also be used instead and offer complete immunity to electromagnetic interference. However, this type of cabling would be much more expensive to introduce and would also increase the overall complexity of the cabling system. [11] [12]
[bookmark: _Toc219457260]Velocity Foils
[bookmark: _Toc219457261]Functionality and Advantages
Velocity foils are thin conductive strips which can be arranged on fragmentation packs to provide velocity data in an explosive event. When a fragment perforates a foil strip, the electrical circuit is broken. The moment that the circuit is broken can be recorded and will indicate the velocity of fragmentation by comparing the time of detonation and time of perforation on each foil. In this trial, a total of 12 velocity foils were mounted onto the strawboard fragmentation packs. The signals generated by the velocity foils were fed through a junction box to the logic analyser in the control room. An example of how velocity foils would be set up can be seen below in figure 5. [13]
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[bookmark: _Toc219459241]Figure 5 - Velocity foils setup [14]

[bookmark: _Toc219457262]Contribution Towards Report Conclusion
The use of velocity foils provided fragment velocity data that could not be obtained by any of the other methods used during the trial. Although little velocity data was used to construct the conclusion in the final laboratory report, the data provided by the velocity foils was useful to help eliminate other candidates from the list of potential munitions detonated at the trial.
[bookmark: _Toc219457263]Limitations
Velocity foils suffer from various limitations which hinder their ability to produce accurate and reliable data. If multiple fragments strike at the same time, the signal produced can become corrupted as the system struggles to identify which fragment broke the electrical circuit. Fragment shape and angle of impact can affect the signal produced. This is because velocity foils assume that all fragmentation has struck perpendicularly with no irregular edges. Uneven geometries of fragmentation can cause partial contacts before complete circuit breakage which can affect timing accuracy. This leads to any further velocity calculation becoming less accurate.
[bookmark: _Toc219457264]Alternative Solutions
Flash X-Ray fragment velocity measurement techniques could be used instead of traditional velocity foils. This is performed by using an X-Ray source to image an explosive event with rapid X-Ray pulses. This creates a tiny exposure time which allows fragmentation to be imaged as it travels from the detonation point. Pieces of fragmentation can be seen clearly on the X-Ray images produced because the metal fragments absorb more rays which causes them to appear as silhouettes on the detector. The velocity of the fragmentation can be then calculated by using to known points provided by the imagery at different time intervals.
The use of this method instead of standard velocity foils also allows for multiple fragment velocities to be captured at once. As previously mentioned, this proved to be problematic for the velocity foils and caused significant data distortion. [15] [16]

[bookmark: _Toc219457265]Fragmentation Packs
[bookmark: _Toc219457266]Functionality and Advantages
The strawboard fragmentation packs used in this arena trial are a standard method used for capturing fragmentation in static trials. They offer a relatively low-density material which allows for fragments to become embedded within it without running the risk of any unwanted secondary fragmentation or ricocheting. Four packs were secured to a steel frame and positioned at a 1.5m radius from the explosive device with each pack containing 40 layers of strawboard to allow sufficient fragment capture which would be critical for explosive identification. These packs are also extremely cost effective, easy to assemble and environmentally friendly. The configuration of the packs can be seen in figure 6 below. [17]
[image: ]
[bookmark: _Toc219459242]Figure 6 - Setup of fragmentation packs
[bookmark: _Toc219457267]Contribution Towards Report Conclusion
Fragment analysis was the main driver behind the final identification of the explosive device detonated at the trial. Recovering the fragments embedded in the strawboard packs allowed for an average fragment mass and size to be calculated. The average fragment mass of 0.826g almost identically matched the theoretical value given in the list of potential explosive devices. This was used as another strong argument to point towards a pipe bomb being the suspected munition detonated at the trial.
Fragment shape and surface characteristics were also able to be analysed. From inspecting the fragments recovered from the strawboard packs it was deemed highly unlikely that the casing was precisely manufactured and was most likely and improvised device. The rugged fragment shape was inconsistent with shapes that would be expected with pre-formed fragmentation; therefore, the MK-67 hand grenade could be discounted.
The strawboard packs also allowed for a total mass of fragments to be gained. This figure allowed for assumptions to be made with regards to the mass of the munition’s casing. A total mass of 74.5g was recovered from the strawboard packs, based on the lack coverage, it was assumed that approximately 25% of total fragmentation was recovered. This meant that the munitions casing would have been approximately 300g, this figure allowed for the discounting of the 155mm round which would have had a casing mass of 3105g.
[bookmark: _Toc219457268]Limitations
The main limitation faced by the strawboard fragmentation packs is capture efficiency. Only a fraction of the total fragmentation was recovered from the munition casing, this meant that several assumptions had to be made about recovery percentages to aid the calculation of explosive casing mass. These assumptions could have caused some inaccuracies within casing mass calculations which effects the overall accuracy of the trial results. Another downside to using strawboard packs is that they had to be manually dismantled, after which the fragments could be removed and stored for analysis. Due to the manual handing nature of this task, it is highly likely that smaller fragments went unnoticed and were left unrecovered in the strawboard. Some images were taken during the recovery process and can be seen in figure 7 below.
[image: ][image: ]
[bookmark: _Toc219459243]Figure 7 - Fragment recovery process
[bookmark: _Toc219457269]Alternative Solutions
The strawboard packs did provide solid data, however, some improvements could be made to enhance the accuracy of the results captured. More packs could have been used in the setup to increase the amount of fragmentation recovered which would result in a more accurate average fragment mass. A potential alternative method to capture fragmentation could be to introduce gelatine-based catch systems. This would improve recovery efficiency, especially with smaller fragments that may have been deflected by the strawboard packs. However, this would be considerably more expensive than strawboard packs and may not be worthwhile for the small advantages gained. Using gelatine-based catch systems also does not rectify the chance to potentially miss smaller fragments during the manual recovery process. [17]

[bookmark: _Toc219457270]Fourier Transform Infrared Spectroscopy (FTIR)
[bookmark: _Toc219457271]Functionality and Advantages
FTIR spectroscopy operates on the basic principle that molecules absorb infrared (IR) radiation at specific frequencies depending on their vibrational modes. These vibrational modes refer to how atoms within molecules move because of chemical bonds. Depending on the strength of the chemical bonds, they bend and stretch at different frequencies which gives them a unique identity that can be interpreted as a wavelength value. An advantage of using FTIR is that it can scan all wavelengths at once rather than individually. This is much faster than other techniques where each wavelength is scanned separately which drastically increases working time. FTIR samples also require little to no preparation and are not destroyed during analysis, this means samples can be preserved and used for further analysis or stored as forensic evidence. [18]
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[bookmark: _Toc219459244]Figure 8 - FTIR Spectroscopy equipment [19]
[bookmark: _Toc219457272]Contribution Towards Report Conclusion
FTIR provided extremely useful data and allowed for clear distinctions between TNT and RDX compounds. Through careful analysis of the data provided from FTIR, a lack of C=C bond stretches were able to be identified which showed that the munition was unlikely to be TNT based. The list of vibrational modes and frequencies provided indicated that it was mostly a cyclic nitramine explosive such as RDX that was detonated at the trial. Using this information allowed for the RGD-5 Grenade to be discounted in the laboratory report.
[bookmark: _Toc219457273]Limitations
FTIR faces some limitations that reduce its effectives in some cases. When performing FTIR analysis the user must be aware of rough surfaces on the sample. These can lead to distortion of the spectra as FTIR machines require a firm physical contact with the sample. This can be problematic as most fragmentation samples tend to have rough geometries without smooth or flat contact surfaces.
FTIR also struggles with the identification of trace residues as it typically requires relatively large microgram samples. This makes it unsuitable for the detection of trace residues left by explosive vapours. Some explosives, particularly inorganic ones, tend to vibrate less when exposed to IR which can be problematic when carrying out FTIR analysis. [20]
[bookmark: _Toc219457274]Alternative Solutions
Raman spectroscopy could be used alongside FTIR to enhance the level of molecular analysis achieved. This type of analysis is carried out by shining a laser on a sample and measuring the amount in inelastic light scattered which is known as Raman Scattering. Raman spectroscopy is like FTIR as they both analyse molecular vibrations. However, the use of Raman spectroscopy brings some major advantages that if paired with FTIR spectroscopy would greatly improve the data captured.
A major advantage that Raman spectroscopy brings is its ability to analyse aqueous samples. FTIR struggles to do this as water is a strong IR absorber, whereas water has rather weak Raman scattering characteristics. This would be particularly useful for analysing trace amounts of explosive compounds in an aqueous solution. 
Another area where Raman spectroscopy outperforms FTIR is its ability to identify chemical structures without the need of physical contact. As it operates on the principle of shining a laser on the sample and measuring the amount of scattered light, this eliminates the need for samples to make sufficient contact with the machine. This inherently makes analysis safer as no pressure is being applied to samples that could have unstable and dangerous explosive compounds on their surface. [21] [22]
[image: ]
[bookmark: _Toc219459245]Figure 9 - Raman Spectrometer [23]
[bookmark: _Toc219457275]Conclusion
In conclusion, the data capture methods used in the arena trial provided useful and accurate data that allowed for the identification of the detonated munition (pipe bomb). However, the trial was far from perfect and did suffer from various flaws and weaknesses. Using the alternative solutions provided in this report would hopefully improve the arena trials findings If it were to be repeated.
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