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[bookmark: _Toc219461931]Introduction
The characterisation of a piece of Ordnance, Munitions and Explosives (OME) from a detonation requires sophisticated data capture equipment capable of measuring high-speed events occurring over microsecond timescales whilst withstanding extreme environmental conditions. Cranfield Ordnance Test and Evaluation Centre (COTEC) has extensive explosive range facilities which provide a controlled environment designed to capture multiple data streams simultaneously, enabling comprehensive analysis of blast overpressure, fragmentation characteristics, and chemical signatures. [1] This report critically explores the data capture methodologies employed during the explosive trial at COTEC as introduced in the supporting laboratory report (Appendix A), evaluating their effectiveness, limitations and potential improvements.
The trial setup incorporated four primary measurement systems: piezoelectric pressure gauges for blast overpressure measurements, velocity foils for determining fragment velocity, strawboard target arrays for fragment recovery and spatial distribution analysis, and post-detonation Fourier Transform Infrared (FTIR) spectroscopy for analysing explosive residue. Each system serves a distinct purpose for the objective of munitions characterisation and identification, yet their integration and data quality varied significantly throughout the trial.
Modern explosive testing and trials demands not only accurate data capture but also robust systems capable of surviving the extreme conditions inherent to detonation events. The loss of pressure Gauge 1 due to a fragment strike, as documented in Appendix A, epitomises the challenges faced when using sensitive instrumentation in proximity to explosives. This report explores each measurement system, discussing operational principles, practical limitations observed, and emerging technologies that could enhance future testing capabilities.
[bookmark: _Toc219461932]Blast Overpressure Measurements
1.1 [bookmark: _Toc219461933]Piezoelectric Pressure Gauge: Operating Principles
 Piezoelectric pressure gauges represent the industry standard for blast overpressure measurement due to their rapid response time and ability to measure large pressure ranges. These transducers utilise the piezoelectric effect, whereby certain crystalline materials generate an electrical charge that is proportional to the mechanical stress applied to them. So, when a blast wave impinges upon a piezoelectric diaphragm, the resulting compression generates a voltage signal directly proportional to the pressure applied. [2] This is illustrated in the diagram shown in Figure 1.
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[bookmark: _Toc219461819]Figure 1 - Piezoelectric Effect Diagram [2]
The gauges used for the trial at COTEC were positioned at 1, 2, and 3 metres standoff distances from the detonation point and slightly staggered to prevent blast wave interference. This configuration allowed for the measurement of both the incident overpressure and reflected overpressure from the explosion, for which the relationship between them is governed by the Kingery-Bulmash equations. These equations express incident and reflected overpressures as a function of scaled distance and are widely accepted as authoritative engineering predictions for determining pressures and loads on objects from blast waves. [3]
1.2 [bookmark: _Toc219461934]System Limitations
This trial encountered great challenges with gauge durability and data quality governed by the equipment used and orientation. Gauge 1, which was positioned closest to the detonation at 1 metre standoff, sustained a direct fragment strike, rendering its data unusable and disabling the gauge for future use. This represents a fundamental trade-off in blast measurement, as the shorter the distance to the detonation source provides higher overpressures and clearer signal-to-noise ratios, but increases the vulnerability to fragmentation damage. Whilst the use of I-beam protective covers and sandbags provided protection to connecting cables, the gauge was isolated with no protective measures from high velocity fragments taken, as shown by a photograph of the trial arena set up in Figure 2.
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[bookmark: _Toc219461820]Figure 2 - Trial Arena Setup
Gauge 2, at 2 metre standoff, provided the most reliable data, recording peak incident overpressure of approximately 110 kPa and reflected overpressure of 450 kPa. These values demonstrated reasonable agreement with the Kingery-Bulmash predictions of 122.7 kPa and 356.3 kPa respectively, representing a 10.4% error for incident pressure and 26.3% error for reflected pressure. These discrepancies warrant attention, as they could indicate issues with the gauge mounting orientation, error in the gauge itself, or issues with the trial setup.
Gauge 3 also exhibited problematic behaviour, with measured values of 35 kPa incident and 45 kPa reflected pressure, significantly lower than predicted values of 54.8 kPa and 132.8 kPa. As noted in Appendix A, due to the appearance of the pressure curve, technical faults were suspected. This could suggest electromagnetic interference, inadequate calibration or orientation, signal cable damage, or issues with data acquisition triggering. For a blast wave emanating from a detonation, it would typically be expected to exhibit a Friedlander waveform with an instantaneous rise to peak overpressure followed by exponential decay and a negative phase, as shown in Figure 3. Deviation from this profile indicates measurement error rather than blast wave behaviour. [4]
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[bookmark: _Toc219461821]Figure 3 - Friedlander Pressure Curve
1.3 [bookmark: _Toc219461935]Improvements and Alternate Solutions
There are multiple ways of making the current trial setup more effective and robust, and there are also alternate technologies that could be used to improve the data captured from this detonation event. A barrier protection system for the gauges could have been deployed, diverting high velocity fragments whilst permitting unobstructed blast wave propagation. This could be further optimised by using dynamic modelling to determine the best barrier geometry that offers protection and also doesn’t impinge on the blast wave. Multiple gauge redundancy at each measurement location would also significantly improve data reliability. Three gauges could be deployed at each standoff distance, allowing detection of outlier data and statistical averaging, whilst maintaining measurement capability in the case of a fragment strike.
The gauges were also mounted on rigid metal stands, which can introduce noise into the system through ringing caused by vibrations from the blast wave. A vibration-dampening material, like rubber, could be placed under each stand base to absorb explosive energy, reducing ringing. From the trial arena shown in Figure 2, it can be seen that the ground is not completely flat and level. When setting the gauges up, they were measured to a height of 50cm from the bottom of the stand, meaning that the centre of each gauge was at slightly different heights, rendering the shock wave exposure experienced by each gauge slightly different, reducing data consistency. A flat, level surface made of a vibration-dampening material would solve this, improving data accuracy and consistency.
A fibre optic pressure sensor could have been used instead of the piezoelectric, offering several advantages in an explosive trial environment. Electromagnetic immunity is one of these, as explosions often involve strong electromagnetic pulses (EMP). They are also more shock and vibration-resistant than the piezoelectric counterpart, as the piezoelectric crystals can be damaged by mechanical shock. Optical signals can also travel long distances without signal degradation, as opposed to piezoelectric gauges that require robust cabling that can suffer signal loss over distance. [5] 
[bookmark: _Toc219461936]Fragment Velocity Detection Systems
1.4 [bookmark: _Toc219461937]Velocity foil Operating Principles
Velocity foils are a simple and effective method for determining fragment velocities through time-of-flight measurements. When fragments perforate foils, an electrical state change is registered in the data logging system. In this trial, the fragment velocity was calculated from the time interval from the detonation until the fragment enters the foil and causes an electrical state change. [6] The setup at COTEC comprised of twelve foils in four vertical columns of three foils mounted on strawboard, creating a grid spanning the 90-degree trial arena.  The foil configuration used provides good spatial coverage but may miss fragments travelling at a steep upwards or downwards trajectory.
1.5 [bookmark: _Toc219461938]System Limitations
Several important limitations constrain the velocity foil's effectiveness. The binary nature of the measurement provides no information about fragment mass, shape or orientation. For example, a single large fragment produces identical signals to multiple small fragments hitting simultaneously. For this trial, ninety fragments were recovered, but there were only twelve foils across a 90-degree arena, thus making the probability of capturing multiple fragments per foil high, potentially conflating individual fragment velocities. Additionally, velocity is only measured on a perpendicular plane to the foil, giving no information on trajectory, angle or spin.
The foil system provides no direct measurement of fragment mass, thus preventing the ability to calculate the kinetic energy of fragments. This is a critical parameter for assessing the lethality and structural damage potential and helps in the identification of a munition. Post trial fragment recovery allows mass measurement, but it would be difficult to correlate fragments with specific velocities, and an average of the masses of fragments may have to be used. 
Having only a one-foil depth trial setup, where the velocity is measured using the distance between the foil and the detonation point and dividing this by the time it takes to get there, will not give an accurate velocity measurement of the fragment at the foil. This will, in fact, give you an average velocity of the fragment, rather than an instantaneous velocity at a given distance, which is more useful for characterisation purposes.
Environmental factors such as blast overpressure and EMPs can also influence the data captured by velocity foils. The intense EMP from explosive detonation can induce voltage readings that could potentially register as a false trigger, and the blast wave can cause damage to the foil or remove it from the strawboard. Following the detonation in this trial, velocity foil number 7 was detached from its position on the third strawboard stand, as seen in Figure 4, due to blast overpressure effects.
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[bookmark: _Toc219461822]Figure 4 - Post Detonation Trial Arena
1.6 [bookmark: _Toc219461939]Improvements and alternative Solutions
One improvement that could be made to the existing trial setup is having multiple layers of velocity foils positioned directly behind each other, recording the small distance between them. This would allow for more accurate instantaneous fragment velocity measurements at the foils rather than the average velocity. There could have been more spatial coverage of the strawboards by having larger foils or just more of them over the area of the strawboards. This would allow for the velocity determination of a greater number of fragments, thus allowing for more accuracy through statistical averaging and outlier detection. A stronger adhesive or secondary fastening method could have also been used to ensure that foils can withstand the harsh environmental conditions created by an explosive detonation. Figure 4 demonstrates the fragility of the foils, leading to foil seven’s data being unusable.
High-speed videography is a superior alternative for fragment characterisation by simultaneously capturing position, velocity, and trajectory for hundreds of fragments per frame. Modern ultra-high-speed cameras, such as the Phantom V2640, achieve frame rates exceeding 1 million frames per second at reduced resolution, with full frame rates of 6600 fps at 2048 x 1952 pixels. An image taken from high-speed videography footage of a shaped charge detonation can be seen in Figure 5, showing the ability of high-speed cameras.  A multiple-camera array positioned around the trial arena would enable 3D reconstruction of fragment trajectories. Although the primary limitation is cost, with professional systems exceeding £100,000, along with additional lighting and large data processing and storage requirements. [7]
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[bookmark: _Toc219461823]Figure 5 - EFP High-speed imagery
Flash X-ray system represents the gold standard for fragment characterisation, providing multiple radiographs revealing fragment position, size and densities throughout the detonation sequence. The X-ray can capture multiple fragments simultaneously and works in low visibility conditions, penetrating smoke, dust, and blast debris. Deploying multiple X-ray sources enables 3D reconstruction of the event with unprecedented accuracy, though costs can exceed £500,000 plus the additional radiation shielding requirements. [8]
[bookmark: _Toc219461940]Strawboard Target Arrays 
1.7 [bookmark: _Toc219461941]System Design and Function
Strawboard target arrays serve multiple critical functions in explosive trials: fragment capture for post-trial analysis, spatial documentation of distribution patterns, and visual evidence that can be used for qualitative assessment of blast and fragmentation effects. The trial arena at COTEC used four target positions arranged in a 90-degree arc, each comprising of 40 sheets of strawboard mounted on metal stands, as seen in Figure 2. 
Strawboard offers several advantages as a target instrument: low in cost, easy to handle and mount, and reaps good fragmentation retention characteristics. The compressed straw fibres provide sufficient resistance to decelerate and trap fragments whilst remaining soft enough to prevent fragment degradation. [9]
The 90-degree sector coverage was a practical compromise between comprehensive data collection and resource efficiency. Assuming reasonably uniform radial fragment distribution, captured fragments should represent the full 360-degree detonation pattern. Appendix A demonstrated this approach by multiplying the total mass of fragments recovered by four, achieving reasonable alignment with the documented pipe bomb case mass, accounting for losses above and below targets or missed recovery.
1.8 [bookmark: _Toc219461942]System Limitations
Several notable limitations constrain the effectiveness of strawboard target systems. Fragment capture by the boards depends considerably on impact angle, fragment size, and the kinetic energy of the fragment at impact. Low-energy fragments may bounce off surfaces rather than embedding, particularly at steep angles, whereas high-energy fragments may perforate completely, escaping capture.
The manual recovery process also introduces additional uncertainty and bias into the results. Fragments embedded near the centre of the stack may be missed during visual inspection, whilst surface fragments are readily recovered. The 90 fragments recovered, totalling 74.5g, likely underrepresents true fragments produced in the strawboard’s radial direction.
The area covered by the strawboard also affects the reliability of the data. Recovered fragments only provide information about distribution through four different positions, introducing the need to interpolate the data, which requires uniformity assumptions of the detonation. Environmental effects can also degrade strawboard effectiveness, such as moisture absorption reducing retention, and blast overpressure displacing the boards/ stands, introducing geometric errors. [9]
1.9 [bookmark: _Toc219461943]Improvements and alternative Solutions
To improve the current trial setup without changing any of the systems, there are several steps that could be taken to attain more well-rounded and consistent results. There could have been more strawboards deployed above the current ones pictured in Figure 2. This would allow a higher number of fragments to be captured by the strawboard as a larger radial distance is covered by them. This could also be supplemented by adjusting the height at which the munition is detonated to be higher, so fewer fragments hit the ground before impact with the strawboards. The full ability of the strawboards also wasn’t utilised in this trial; they could have been used to measure the penetration depth of fragments. As the thickness of each strawboard in a pack is known, this can be used to calculate the penetration depth, which can be used to calculate the kinetic energy of the fragment, characterising the explosive in question.
Witness plates made from aluminium or soft steel could be used as an alternative, with several key advantages. They provide a permanent record of fragment impact through deformation craters, environmental conditions resistance, and reusability across multiple trials. The depth and diameter of impact craters correlate with the kinetic energy of fragments, which can be used to identify explosive energy. [10] An example of how multiple witness plates can be used in an array to capture fragment data is shown in Figure 6.
[image: ]
[bookmark: _Toc219461824]Figure 6 - Soft Metal Witness Plates
[bookmark: _Toc219461944]Chemical Residue Analysis System
1.10 [bookmark: _Toc219461945]Fourier Transform Infrared Spectroscopy (FTIR) Principles
FTIR spectroscopy played a crucial role in the identification of the munition detailed in Appendix A, the supporting laboratory report. This enabled conclusive determination of the explosive composition as RDX mixed with a plasticiser through analysis of the post detonation residues. This technique operates on the principle that molecular bonds present in structures absorb infrared radiation at characteristic frequencies corresponding to their vibrational modes. When a sample is illuminated with infrared light, specific wavelengths are absorbed according to the molecular bonds present, with reflected light analysed to generate an absorption spectrum operating as a molecular fingerprint.
1.11 [bookmark: _Toc219461946]Interpretation and Alternative Techniques
The laboratory report, in Appendix A, correctly identified key spectral features of a cyclic nitramine explosive such as RDX, with the presence of C-H stretches at >3000 cm-1, being attributed to plasticiser components instead of an aromatic compound like TNT. Figure 7 shows the FTIR trace achieved from this trial event, which follows the form of a typical trace produced.
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[bookmark: _Toc219461825]Figure 7 - FTIR Trace from Trial
However, FTIR analysis faces several limitations when applied to explosive residue characterisation, such as difficulty in interpretation due to spectral overlaps, environmental contaminations, and it doesn’t provide information about relative proportions of compounds in a sample.
Gas Chromatography-Mass Spectrometry (GC-MS) is a better alternative as it provides superior compound identification and quantification capabilities through separation of the sample mixture followed by molecular weight determination. Modern GC-MS systems achieve results in the Pico magnitude with compound identification through extensive databases. Thus, enabling definitive determination of explosive compound ratios and identity of plasticisers and taggants invisible to FTIR. However, this technique takes longer and is a lot more expensive than FTIR. [11]
[bookmark: _Toc219461947] Trial Improvements and Future Technologies
1.12 [bookmark: _Toc219461948]Integrated Multi-Sensor Approach
The separate nature of data capture in the COTEC trial, having unconnected systems for pressure, velocity and chemical analysis, with minimal integration. This provides an opportunity for significant improvement, achieved by an integrated sensor package, combining measurement modalities, improving data correlation and reducing setup complexity. Combining pressure, velocity and chemical analysis offers several advantages, including conclusion confidence, validation of modelling, and explosive identification. [12]
This could be further enhanced using Unmanned Aerial Vehicles (UAVs), or drones, equipped with thermal and high-resolution cameras that can be used to generate 3D models of the trial arena and determine accurate measurements of sensor positions, standoff distances and arena geometry. This would increase the accuracy of calculations made using the precise data provided. An example of how drones collect data from areas is seen in Figure 8.
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[bookmark: _Toc219461826]Figure 8 - UAV 3D Model Method
1.13 [bookmark: _Toc219461949]Machine Learning and Automated Analysis
Automated explosive residue analysis could also be used for FTIR and GC-MS, eliminating subjective error and compound misidentification. This is done through automatically comparing samples against large reference databases, providing thorough compound identification with confidence scores. [13] This could also be extended to incorporate FTIR and GC-MS techniques simultaneously, providing robust explosive identification even in complex mixtures and weak samples. [14]
[bookmark: _Toc219461950] Conclusion
The data capture equipment and methodologies used during the explosive trial at COTEC demonstrate both the capabilities and limitations of explosive trial practices. Piezoelectric pressure gauges provided measurements achieving reasonable agreement with theoretical models, though vulnerability to fragmentation and the tediousness of setup highlight reliability concerns. The Velocity foil system successfully captured fragment time of flight data but offered limited coverage given the number of fragments, whilst providing no mass or geometry information. Strawboard target arrays allowed fragment recovery and spatial distribution analysis, but suffered from incomplete recovery. FTIR spectroscopy provided definite explosive composition identification, effectively discriminating between candidate munitions.
A few improvements to the setup could greatly improve data capture in future trials. Pressure gauge protection and multiple gauge redundancy would improve data reliability whilst maintaining accuracy. High-speed videography or flash X-ray would revolutionise fragment characterisation, enabling full velocity and trajectory determination for fragments. GC-MS chemical analysis would complement FTIR through improved ratio quantification. Finally, integrated sensor packages, and machine learning tools would modernise the setup whilst improving efficiency.
The fundamental challenge with explosive testing is balancing measurement thoroughness with practical constraints such as cost, time and equipment durability. No single technique provides complete characterisation, but rather a combination of complementary methods used to target specific objectives offers the most effective approach. As technologies advance and costs decline, the integration of high-speed imaging, multi-sensor arrays, and machine learning packages will become more accessible, allowing more accurate and efficient explosive characterisation whilst reducing uncertainty introduced by techniques such as those explored in this report.
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Appendix A: Data Capture and Analysis of an OME item, Laboratory Report by Fraser Goodwin submitted as Task 1 submission.
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