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2. Introduction

2.1. This report builds upon the previous lab report where the pipe bomb was determined as the munition in question. The aim of this report is to outline and assess the methods and technologies used to capture and evaluate data at the COTEC trial weighing their strengths and weaknesses against each other as well as considering feasible suggestions that will improve future trials. Additional photos throughout the trial are in Annex A. 

2.2. Data capture is essential to defence for many reasons. From a procurement  perspective it provides the evidence needed to confirm that a munition is safe, reliable, and performs as intended, ultimately demonstrating that it is safe and suitable for service. Within research, effective data collection enables analysis and development of novel energetics, testing future technologies and aids in understanding capabilities from potential threat actors. 

2.3. [bookmark: _Toc219134641]COTEC possess a range of instruments and data capture methods. [1] Each section will review a different data capture method, this will consist of; outlining its operation and utility, evaluating its strengths and weaknesses, suggestions for alternative methodologies and then pitting them against each other to determine which of the methods are best while considering feasibility. 
3. Capturing Fragmentation

3.1. As part of creating the arena, metal frames were set up in a quadrant (half a semi-circle) roughly 1.5metres away from the centre where the munition will be detonated. Upon these frames, double packs of strawboard totalling 40 sheets was mounted in the portrait position. See figure 1. 

[image: ]
Figure 1 - Arena Set Up
3.2. The purpose of strawboard is to provide a method to catch fragmentation created by the casing breaking apart. As well it provides a surface to mount the velocity foils that will be discussed later.  


3.3. It was the intention of the participants to set up the arena in accordance with COTEC procedure [2]; ITOP 4-2-813. [3] However, after setting up observations were made that the strawboard was poorly aligned allowing fragmentation to pass in between frames as they did not create a perfect ark let alone surround the munition in all directions meaning that fragmentation will not be caught. 

3.4. A strength is that strawboards are a calibrated soft capture medium that allows for the determination of depth and speed whilst not affecting the physical characteristics of the impacting fragment and can retain enough structural integrity when saturated.
 
3.5. Another is that strawboards are cheap and disposable. Explosive testing and catching fragmentation are inherently a destructive process that will damage/destroy equipment, as such using strawboards minimises the financial burden as to not be a limiting factor for testing and they should be available in large quantities. 

3.6. However, an emerging drawback and future limitation is that the cost of using strawboard is becoming unsustainable due to price increases especially with official trails costing upwards tens of thousands of pounds. [4] This issue would only get worse with increasing the scale and number of trials. In, Read et al [4], has identified that the “UK rely on a single supplier.” [5] This poses a significant supply chain concern.  

3.7. Another drawback of strawboards is that it is laborious to process and set up the packs on the frames as depending on the trial, more or less as well as thicker and thinner packs could be required. Also as noted, strawboards suffer from environmental conditions such as rain and damp where absorbed moisture will alter its density and burst pressure subsequently effecting the depth of penetration and velocity calculations. 

3.8. It is important to investigate alternatives, Medium Density Fibreboard (MDF) [4] has been identified as a suitable replacement due to it meeting the necessary criteria set out in NATO guideline ARSP-03. [6] This is because it is relatively cheap, easily manufacturable and has a large production base as its used in other sections mitigating cost, availability and supply chain concerns. [7]

3.9. An alternative that should be used in conjunction is tracking the fragments; this uses a combination of high-speed cameras and an X-ray scintillator. This overcomes the challenges of observing fragmentation through an optical lens as x-rays bypass shockwaves, dense smoke and dust as it takes snap shots as the case breaks up that isn’t easily seen as the fragmentation is accelerated in all directions. [8]
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Figure 2 - X-ray view of fragments moving [9]

3.10. Computer modelling fragmentation is becoming scarily accurate as better data becomes available and computers become faster and more powerful. Using finite element analysis (FEA) the fragment shape and dimensions can be determined much cheaper saving money and resources on costly physical trials, but it should always be verified as computer modelling is only as reliable as the programming and data supplied as it is extremely difficult to model complex interactions that occur under the split second a detonation occurs. [10] [11]

3.11. Further to this, the arena could have been designed to surround the munition using either rectangular or circular design. This incorporates half the arena using a soft capture medium, perhaps MDF and witness screens using foils to capture time of arrival (TOA) measurement. This allows for additional data points, better capture of fragment distribution as well as provide more surface area to capture fragment velocity using foils. See figure 3. However, having such a large arena would be expensive and may not be cost effective depending on size of munition being tested and required data being captured.
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Figure 3 - ARSP-03 Volume II  arena designs [6]
4. [bookmark: _Toc219134639]Recording Velocity

4.1. To determine velocity, TOA was captured using make foils. There was a limit of three foils per strawboard pack which was connected to a logical analyser measuring state change from fragment impact. Speaking with COTEC staff, it was emphasised that the foils were tested with a metallic instrument beforehand to show they work and signals are received, otherwise the trial would be a waste as no data would be captured. See figure 4. 
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Figure 4 - Velocity Foils
4.2. A strength of velocity foils is that they are low cost and simple to set up and use compared to doppler radar and HSV. This is because it is a contact-based method that provides direct physical indications of fragmentation hit through state change that is recorded by the analyser. 

4.3. However, a drawback is that foils are limited to one time use as they become damaged and cannot measure velocity after the initial strike as the circuit has been “made” and state change only occurs once. 

4.4. A strength is the granularity; foils can come in smaller sizes so more can be used to provide greater data resolution as well as can be placed at different distances relative to the explosive to aid in understanding initial velocity and attenuation as the fragmentation travels through air. 

4.5. A drawback is that foils a labour intensive and have long lead times to fabricate and their material and thickness could have an effect measurement accuracy to a certain extent. [12] 

4.6. It was observed that this trial did not use any high-speed video (HSV). This differs from typical practice as it would reveal what the unknown explosive was. This is an alternative method that should be used in conjunction as it captures more than one type of data. Velocity be determined by measuring the distance the fragment travels within the time recorded. Also, with the right set up the blast pressure can be observed. However, there are issues with this method, HSV cameras have a high upfront initial cost but can be reused for all trials. Another is that the camera can capture hundreds of thousands of frames in a few seconds and so it can be difficult to find the desired section. Though with the correct exposure and resolution, detailed imagery can be recorded. See figure 5.
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Figure 5 - HSV of Dual Copper EFP Charges [13]
4.7. It was suggested by DSTL staff that Heterodyne Velocimetry (Photon-Doppler Velocimetry) could be used during smaller scale testing as it is capable of capturing multiple fragments at once unlike foils and captures high fidelity data with improved time resolution and position measurements. [14] However, this does come at significant cost and complexity if more oscilloscope channels are required. [15][footnoteRef:2].  [2:  Also, by estimating particle size distributions Gurney calculations can be used to determine the total energy transferred from detonation products to fragments. [30]. ] 


5. [bookmark: _Toc219134638]Evaluating Pressure

5.1. To record pressure, three gauges were set up 1.5m away from the explosive with a 1m gap between each gauge and suggestions from staff led to them being staggered off the centre line from each other as to not interfere with their operation and receive uninterrupted blast wave. The method captures the blast pressure and allows for the analyses of impulse. 

5.2. The gauges are triggered by the first gauge experiencing a change in pressure. The sensor functions by the deformation of the diaphragm created by the passing pressure wave. These gauges were mounted onto metal posts using rubber mountings to reduce the effect of ringing. See figure 6. 
[image: A group of sacks on a pallet
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Figure 6 - Pressure Gauges
5.3. An issue identified before the trial is that equipment and data cables are being placed in front of an explosive and so to mitigate the potential for damage cables are covered by steel I-beams and sandbags. The pressure sensor is contained within clamping tube routed through scaffolding pipe. Unfortunately, the first pressure gauge was fragged, and the data cable was shredded. This meant that there was no data captured by this sensor as well as the destruction of a piece of equipment. See figure 7.[footnoteRef:3] The potential loss of data and equipment is a constant drawback of using physical equipment. However, these types of pressure gauges are cheap  making them ideal for high-risk environments.  [3:  This is the nature of the beast. When carrying out tests like this it shouldn’t be a surprise that equipment gets damaged and so every reasonable measure should be taken to mitigate the likelihood of it occurring. Similar to safety and ALARP. ] 


[image: ]
Figure 7 - Fragmentation Damage to Pressure Sensor
5.4. A strength of this gauge is that once calibrated it can be used to measure impulse acting on various media (buildings, vehicles, people etc.) Given its simplicity, the method of set up makes testing reproducible. [16]

5.5. A known drawback inherent with this method is the different noises created. Electrical noise along data cables and interference from other electronic equipment can distort results. Fragments colliding the gauges or posts can create ringing and ground shock creates a secondary peak, both of these can be recognised and discounted but can reduce the accuracy of data. 

5.6. Another strength is that these sensors are extremely sensitive and have high response times allowing for the capture of rapid pressure spikes typical of explosives. 

5.7. A novel alternative suggested by DSTL is Schlieren technique. [14] This is used for capturing density gradients caused by variation of refractive index in a medium as a result of a pressure wave creating an absence on a backboard. It is very good at visualising shock waves from complex designs. Figure 8 shows an explosive detonated against a vertical surface. 1) pressure wave. 2) reflected wave. [17] [18]

[image: ]
Figure 8 - Schlieren Technique Blast Waves [17]
5.8. Another method is using blast wave time arrival using HSV cameras. This allows for the recording of the fireball and interaction with the target surface as the pressure wave hits. This has higher precision and higher fidelity when compared to other loading parameters. [19]

6. [bookmark: _Toc219134640]Analysing Explosive Composition

6.1. To determine the chemical makeup of the explosive, swabs were taken from around the arena and on the detonation spot. This would then be used in a Fourier transform infrared spectroscopy machine (FTIR) where a breakdown of the  constituents was provided. This then requires analysis of functional groups and fingerprint regions making an educated guess of what was used. 

[image: ]
Figure 9 - Explosive Residue
6.2. A strength of FTIR is that advancements have made it possible to identify multiple components based on functional groups identifying complex organics like TNT, PETN and RDX with high speed. [20] Along with large reference libraries to crossmatch, this means that the user has more information to make a better determination with greater accuracy and reliability. 

6.3. Another strength is that FTIR is a non-destructive methodology which is crucial in preserving post-blast evidence especially if the sample size is small. 

6.4. However, a limitation is that the sample can be degraded through contaminants from the surrounding environment and  further contaminants can be introduced as part of the preparation which also interferes with the results. [21]

6.5. Another limitation is that FTIR struggle with liquid samples, as it’s difficult to ensure the angle of incidence is equal to zero thus effecting reproducibility. [22] 

6.6. There are an extreme number of alternative mass spectroscopy methods that can be used. One is direct analysis in real time and mass spectrometry (DART-MS). This analyses mass to charge ratios to determine substances exact measurements rapidly with high precision even detecting trace level in the nano-picogram range. [23] However, with other MS machines, this equipment is expensive. [footnoteRef:4] [4:  Other methods exist like single particle mass spectrometry (SPMS) [31]] 


6.7. Another alternative to detecting the common explosives is through three step “turn off” and “turn on” fluorometric sensing. Through exciting molecules with a blacklight and applying different filters, different molecules will become luminescent. See figure 10. While RDX shows “turn-on” fluorescence detection as low as 10ng, TNT does not show any “turn-on” fluorescence even for spot loadings as high as 200ng. [24][footnoteRef:5] [footnoteRef:6] [5:  Through fluorescence emission bespoke sensors were successful in selectively detecting nitroaromatic explosives. [32]]  [6:  There are a wide range of detection techniques like animals, electronic noses, nanotechnology  and molecularly imprinted polymers. [33]
] 


[image: ]
Figure 10 - Turn on fluorescence detection [24]
7. [bookmark: _Toc219134642]Assessing Captured Data

7.1. Post trial there has been a need for data processing to make information sets more manageable and understandable. This has required manipulation of pressure data to smooth out the graph by using moving point averages as it reduces the effect of oscillation from ringing. This was all done in Microsoft Excel, while effective at recording data sets, it is not designed to process this raw data and so does not possess suitable tools unlike MATLAB which incorporates modules and plug-ins and that perform numerical comparison and evaluation of blasts. [25] [26] Also, more bespoke software exist that can simulate detonation parameters not just manipulate data. [27]

7.2. In addition, Kingery Bulmash calculator was used in an attempt to match the suspected explosive to the pressure data captured. As well fragment velocity calculator was also used to gauge the velocity based on suspected case and energetic material. These calculators can be cumbersome and slow needing to find, understand and input relevant values whereas alternatives methods like artificial intelligence (AI) and machine learning algorithms will be able to this in a fraction of the time using better statistical treatment of data and incorporates pattern recognition. [28]

7.3. Another is processing results from FTIR. Machine learning through convolutional neural networks has been trained to identify functional groups allowing differentiating between molecules reducing burden. [29] 

7.4. An observation made would have been to use the on-site equipment to process pressure data with the support of SME’s better be able to manipulate the data into a more usable format and understand where certain anomalies could have come from. This would be to improve signal to noise ratio and apply different filter types like high, low and notch. 

7.5. Also, if other methods like HSV was available it would allow for automated image analysis with integration of other data types and computational software to be able to follow fragmentation, determine velocity and the energy impact on impact. 
8. [bookmark: _Toc219134644]Recommendations for a Future Trial

8.1. Recommendations for a future trial would be to use a circular arena as per figure 3 with half being witness the other being TOA devices. If cost was not an issue, this can be taken further by completely enclosing the arena with a ceiling as to be able to place MDF boards to capture fragmentation and foils for velocity. 

8.2. To address a critical observation, to provide a visual, HSV cameras will be used but within protective areas using a mirrors reflection to record the explosion and subsequent behaviours. This will allow for the visual of case breakup, determination of velocity and pressure wave. 

8.3. In addition, two lines of pressure gauges can be used as to provide redundancy in the event of a frag and will increase the sampling frequency to obtain more accurate data. Also, in an enclosed arena a backboard will be present so Schlieren technique can be used. 

8.4. Also, post-trial the use of software as like MATLAB and AI as mentioned above will significantly reduce the burden on the user to process and evaluate the data as calculations can be done easily and algorithms can identify pattern and as well as substance used. 
9. [bookmark: _Toc186455137][bookmark: _Toc186455269][bookmark: _Toc219134645]Conclusion

9.1. In conclusion, this trial has allowed participants to put theory into practice; following mandated procedures, implement industry standard test mythologies and techniques but it was designed in such a way that elements were conducted poorly to allow for insightful critique. 

9.2. The methods used were effective at provide data to determine the unknown explosive, but they all strengths and limitations. A key observation that was made that would have been really beneficial throughout is a high-speed video camera as it provides a wide array of information with little downside that can be mitigated. 

9.3. [bookmark: _Toc186455138][bookmark: _Toc186455270]It is crucial that robust data capture methods are used as the information gathered will be used to decide on viability of future weapon systems, suitability for safety, performance and reliability of current ones. All of which is critical for providing our forces the capability they need in defence of the realm. 

9.4. However, regardless of the criticisms made there must be method to the madness as for why current trials operate the way they do now. Most likely it because its reliable technology with a proven track record that doesn’t break the bank as all trials of this nature are in support of the UK MoD who have a need to be fiscally responsible. As such why spend more for a tool that yields only marginal extra information when what is in use is sufficient to capture the required information. 
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Annex

Annex A – Photos
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