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1. [bookmark: _Toc219653874]Introduction:
Research students set up and conducted a trial at Cranfield Ordnance Test and Evaluation Centre (COTEC), Wiltshire in October 2025 as part of a practical exercise in munition identification.
The purpose of the experiment was to set up and use data capture methodologies to determine the identity of an unknown munition of interest (MUI)  from blast and fragmentation data collected. 
The fragmentation arena and instrumentation was provided by COTEC, with the research students conducting the set up and process  to capture data relating to fragmentation, velocity, size, weight and nature. Blast overpressure gauges were provided to capture data a distances of 1m, 2m and 3m.
The aim of this report is to critically evaluate the data capture methods used throughout the trial, with the intention of identifying areas of improvement, alternatives, and where appropriate changes could be made to improve and enhance the data capture process.
2. [bookmark: _Toc219653875]Evaluation of Results and Experimental Technique 
2.1. [bookmark: _Toc219653876]Blast Pressure Data
[image: ]The data captured by the blast pressure gauges was processed following the trial. Upon inspection the data demonstrated much greater pressures than anticipated. The pressure/time data also did not present as expected, therefore this provided a logical place to start. An example of a typical pressure/time graph can be seen in Figure 1 (below). The overpressures recorded from the trial are shown in Figure 2.[bookmark: _Toc219653890]Figure 1 - Pressure/Time Graph [5].
The graph shows the typical Friedlander Curve from an explosive event, which illustrates how  blast overpressure data should look, when compared to time. This shows a clearly identifiable peak, along with clearly identifiable positive and negative phases relating to pressure.

Gauge 1 was struck by fragmentation, which invalidated the (limited) results captured at 1.009m (also covered in a later section Arena Construction). The pressure recorded by Gauge 2 (at 2.08m) presented an initial peak pressure of 434.58 kPa, with Gauge 3 (at 3.09m) recording an initial peak pressure of 92.65 kPa. The pressures recorded were 4 times greater than those generated by a Mk82 at a distance of 16m [1], indicating that other factors needed to be considered.[bookmark: _Toc219653891]Figure 2 - Blast Pressure vs Time.
Overview of Blast Pressure Data captured from Gauge 2 and Gauge 3 from the original experiment conducted at COTEC.


Where the results shown in Figure 2 do not demonstrate the typical shape shown in figure 1, the results were poorly defined, presenting a quantity of noise masking any indicators of a positive or negative phase that should be present. The pressure gauges were mounted on metal stands and placed on a concrete pad, where the explosive was detonated 500mm above the concrete pad, the vibrations and propagation of the blast wave through the materials may account for this [2] [3].
The centre of the MUI was positioned and initiated approximately 500mm above the ground with the gauges positioned at the same height. 
When an explosive charge is detonated the blast wave expands spherically. The waves then interact with surfaces in their path as the blast propagates outwards [4]. At a height of 500mm the incident wave would have travelled away from the point of detonation, and when it contacted the ground the blast wave would have been reflected, creating a reflected wave. When the reflected wave caught up to (and merged with) the incident wave, a single reinforced shock wave (known as a Mach Stem) would have been formed [5] [6] [7]. The mechanics of Mach Stem formation are shown in Figure 3. It is possible that at such a low height these mechanics could have contributed to the pressures recorded. 
Insulating materials could be introduced to the arena to reduce the additional noise. An explosive event can result in can result in air-induced ground shock, depending on its proximity to ground level [8]. The density of the ground material can transmit (or conduct) of these shock waves. Denser materials (such as rock and concrete) will propagate these effects and should be considered  when trying to mitigate these effects [9] [10]. Softer less dense materials (such as sand) could be considered, with additional insulation measures added to the gauges to further reduce vibration between mounts and stands in contact with the ground. Further to this conducting the trial in a different location could result in better data capture. 
 [bookmark: _Toc219653892]Figure 3 - Development of Mach Stem and location of Triple Point [3].
The image provides a closer view of how the Incident wave and reflected waves interact to for the Mach stem, and the location of the triple point (and path) where the waves converge.


2.2. [bookmark: _Toc219653877]Fourier Transform Infrared (FTIR) Spectroscopy
FTIR Spectroscopy was used to identify the explosive used in the munition. Swabs were taken before and after the event at specific locations that explosive residue was likely to be present. FTIR itself, is a useful analytical technique that can be used to identify materials based on the absorbance of infrared light and the behaviour of the type of bonds present in the sample [11] [12] [13]. Whilst this technique presented useful data, other approaches could have been used to identify the energetic material within the munition, as post blast samples will contain only trace amounts. Whilst control swabs were taken before the event, there was a risk of contamination from other materials as the site is regularly used for other energetics testing. Should this method be used again, more accurate results could be obtained by extracting a sample form the munition before the detonation event. 
FTIR can be used in conjunction with other methods such as Raman Spectroscopy (often seen as a complementary technique), or Nuclear Magnetic Resonance (NMR) to obtain more information regarding the overall organic structure of the sample. If more time was available, the use of High Performance Liquid Chromatography (HPLC) could have been conducted as this has been acknowledged to yield high quality results when used to identify a variety of explosive samples [14]. One of the benefits of HPLC is that it can be used to identify raw samples, as it is less destructive to thermally sensitive high explosives [15] [16]. These methods have been acknowledged to be reliable techniques when deployed by forensic scientists examining the presence of explosive materials at crime scenes and would likely be applicable to this scenario, as well as other non-destructive explorative techniques.
2.3. [bookmark: _Toc219653878]Arena Structure/Construction 
Having discussed the impact of blast mechanics, and their relationship with the POD of the munition and gauges, the way in which the fragmentation arena was set up should be discussed.
2.3.1. [bookmark: _Toc219653879]Arena
The arena itself consisted of 4 stands forming approximately a 90° section The arena set up is shown in Figure 4. From research should have been a 180° cross section according to International Test Operations Procedure (IOTP) 4-2-813, as shown in Figure 5.[bookmark: _Ref219403741][bookmark: _Toc219653893]Figure 4 - Trial Arena set up.
The above image shows the arrangement of the arena, gauge and stands. The wooden table present in the right-hand picture was used to position the munition prior to detonation.

When conducting evaluation of munitions, the device itself can be detonated in both the horizontal and vertical positions [17]. Methodology for capturing fragmentation may vary from organisation to organisation (depending on preferred methods, funding and preference), however the aim will remain consistent. For the experiment conducted at COTEC, Strawboard witness packs were used to capture fragmentation generated by the article[footnoteRef:1]. These performed their role well however improvements could have been made regarding fragmentation recovery. [1:  Strawboard has been used in explosive trials and experiments across industry and historically was created to a calibrated standard. This enabled velocities of fragmentation to be calculated based on penetration depth in relation to density [29].] 

When constructing the arena there was no ricochet stop present. These are recommended by ITOP-4-2-813 as they  prevent fragments from striking the ground and being deflected into velocity and recovery panels [18]. Where the velocity foils were stuck to the front of the strawboard packs, using a ricochet stop would have provided additional protection from any excess fragmentation reducing (some) risk of the cables being severed.  Altering the angle at which the gauges were set up would also reduce the length of cable used, reducing signal travel time and preventing additional noise.
[bookmark: _Toc219653894]Figure 5 - Semicircular Fragmentation Arena Set up - ITOP 4-2-813
ITOP 4-2-813 recommends the above set-up be utilised when conducting investigations that require fragmentation to be retrieved for further analysis.


2.4. [bookmark: _Toc219653880]Velocity Foils:
The velocity foils were used to identify the velocity of fragmentation created by the detonation of the munition. These were comparatively large and could have been replaced by smaller foils. The distance from the POD to the centre of the foil was measured using a laser measure with the distance recorded. Where this presented a margin of error in distance calculations, it could have been done using more accurate methods and providing a greater level of accuracy (although due to the scale of the arena, this may not have been necessary).
Data was successfully captured and used to identify a range of velocities from the fragmentation strikes. There was a degree of variance in fragment velocities (317-809 m/s) with some arriving considerably slower (and later) than others. This could have been a result of slower moving fragments further away from the point of initiation of the explosive charge itself, or from secondary effects of the munition. 
The foils themselves are manufactured in a “make foil” configuration, so that when a metallic fragment penetrates (or perforates) the foil, it completes the circuit. This is then registered by the logic analyser, and the data interpreted to calculate speed/velocity of the particle/fragment that completed the circuit. This functions in a binary manner, with the circuit sitting in a baseline open position, only registering when the fragment completes the circuit. However, due to the construction of the velocity foils, there remains a gap between the two parts of the circuit, and smaller fragments may pass through this and not register as an impact. 
Where the foils were comparatively large changing these for smaller foils would provide a more accurate (and detailed) coverage, likely to enhance data capture.
2.5. [bookmark: _Toc219653881]Fragment Recovery
Following the set up and detonation, limited time was left to conduct fragment recovery. Whilst a considerable amount was recovered, of various shape and size, there was no standardised method nor was there a clear set of characteristics that could be applied to identify what a fragment should be. These factors may have been a limiting factor in total weight of fragmentation recovered, and alternative methods should be considered if total weight was of particular interest.
Recovery methods could include the use of electromagnetic devices, radiographic equipment, using X-Rays to identify fragmentation, along with computed tomographic (CT) approaches [19]. Researchers have conducted retrieval of fragmentation by using strong magnetic instruments, although this would only be of benefit to fragmentation subject to magnetic properties [20].  A less advanced technique could include a standardised manual approach to recover fragmentation (although time consuming and less popular for those conducting the recovery).
A total mass of 74.5g of material was recovered from the strawboard packs used in the trial. While this can be used to approximate the overall size and weight of the original article, there is still a considerable margin of error. Should the arena have followed the set-up of a 180° section, it is likely that greater quantity could have been recovered.










3. [bookmark: _Toc219653882]Summary of Improvements to experimental set up:
There are several ways in which the experimental set up could be improved, each of which have been touched upon in previous sections. 
3.1. [bookmark: _Toc219653883]Arena:
The arena set up could be improved by raising the point of detonation and gauge height to 1.5m. By doing so, this would reduce the interactions between the Incident wave and Reflected waves generated by the blast.
The fragmentation wall should cover the range 0-180° and should be raised, so that the centre of the packs are in-line with the point of detonation.
A Ricochet Stop should be introduced to capture any secondary fragmentation that may contaminate results.
The gauges used to capture pressure data should be moved further away from the point of detonation. this should reduce the amount of noise captured, and when processed, should provide cleaner data, more akin to a typical Friedlander curve.
The use of additional gauges should also be considered as a redundancy, along additional axes spreading away from the POD at intervals.
Sand should be used to cover the ground opposite to the fragmentation wall, covering the arc 180-360°, as this should mitigate passage of air-induced ground-shock. 
[bookmark: _Toc219653895]Figure 6 - Aerial view of proposed improvements and layout of Arena


4. [bookmark: _Toc219653884]Additional Considerations
Additional instrumentation could be introduced to improve data capture and analysis, including the use of high speed video, Weibel/Doppler velocimetry, and application of Non Destructive Evaluation techniques in the build up to the trial.
4.1. [bookmark: _Toc219653885]High Speed Video
High Speed Video (HSV) has been used to record shock front arrival times and velocities, as well as being used to calculate pressure and density using Rankine-Hugoniot jump conditions[footnoteRef:2]. [2:  Rankine-Hugoniot (RH) Jump Conditions have also been referred to as RH conditions, or RH relations. ] 

The benefits of introducing HSV would include providing a wide-angle view of the event, alongside developing a deeper understanding of the munition case break up and spread of the flame front. Additionally, this would provide information on the propagation of the shockwave associated with the detonation, and if combined with Background Oriented Schlieren (BOS) analysis, provide an additional method to compare pressure data [21] [22]. Depending on the resolution of the footage, high definition capabilities would be able to capture the initial fragmentation formation. There are limitations in introducing HSV as imagery can be obscured by the light released following detonation [23].  
The introduction of HSV would be of benefit as it would provide further data to compare in establishing both over pressure and velocimetric data, however, comes with additional planning considerations. An HSV camera would require additional protective measures to prevent damage to equipment which would have to be factored into the Arena set up. 
4.2. [bookmark: _Toc219653886]Doppler Radar
Whilst the Velocity foils have been a tried and tested method for velocity identification, alternatives could have been applied to the trial also. The use of doppler radar has been used to measure velocity across a range of munition types in the OME field. Manufacturers have quoted that this method can capture velocities as great as 10,000 m/s-1, and based on the upper velocities calculated from the results (809 m/s-1) could provide an accurate velocity for fragmentation created during charge case break up within +/-0.005% [24]. The use of densely-arrange multi-point photon Doppler velocimetry (DMPDV) has been used to identify fragmentation velocities in the same field of research and could be applied to this trial (although at additional cost).
4.3. [bookmark: _Toc219653887]Non Destructive Evaluation (NDE)
The trial brief dictated that the munition was to be identified without students being able to see it. If circumstances were different, non-destructive evaluation (NDE)[footnoteRef:3] techniques could have been utilised to gather more information about the munition prior to detonation.   [3:  NDE has also been referred to as Non Destructive Testing (NDT), with the terms NDE/NDT being interchangeable.] 

NDE covers a range of techniques including radiography (utilising both flash and pulse x-ray),  computed tomography (CT), non-intrusive infrared thermography (IRT), and the use of ultrasound scanning [25]. These can be used to identify the presence of explosive fillings, internal structures, as well as finding use in fuze identification, along with other information about munitions and suspected improvised explosive devices (IEDs) [26]. 
By using NDE techniques more information could have been obtained about the device, in order to form a better understanding of the internal structure of the munition and devise suitable testing methodology. Where this was not allowed under the trial brief, it has direct applications to the evaluation of suspect devices int the real world.














5. [bookmark: _Toc219653888]Conclusion:
The original aim of the trial, to identify a munition of interest through the collection and analysis of blast pressure data, fragmentation characteristics, and post-blast residue sampling, was achieved; however, several limitations were identified within the experimental methodology. In particular, the positioning of the point of detonation, gauge placement, and arena construction were likely contributing factors to the degradation of blast pressure data, resulting in elevated noise levels and deviation from an ideal Friedlander curve. These factors, when combined with ground interaction effects, reduced the confidence that could be placed in the pressure measurements obtained.
While fragmentation velocity and recovery methods provided useful indicative data, following the methodology for semicircular fragmentation arenas would likely have ensured data quality when captured. The introduction of a ricochet stop would likely redirect reflected shock waves, preserving the quality of both fragmentation and pressure data. Similarly, although FTIR spectroscopy yielded informative results, there would have been greater confidence in the results if a supporting technique had been used as well. 
Should the trial be reproduced with the addition of the improvements suggested throughout this report, including modifications to arena layout, instrumentation deployment, and the introduction of additional analytical techniques, it is likely that more accurate, higher-quality data would be captured, improving confidence in munition identification and the experimental techniques used to obtain data.
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