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[bookmark: _Toc219461085]Executive Summary
	On the 15th of October 2025 a Semicircular Fragmentation Area (SCFA) trial was conducted at the Cranfield Ordnance Test and Evaluation Centre (COTEC) in line with the ITOP 4-2-813 standard [1]. This trial aimed to explore how the data captured during an energetic event may be used to determine the identity of the functioned munition, this was reported on in a previous publication. 
This follow on report looks to explore the efficacy of the trials set up and recommend methods for improving the trials configuration. It covers all aspects including the arena set up, fragmentation capture, velocity foils, blast pressure gauges and forensic blast residue analysis.
For each technique the conducted methodology is compared to internationally recognised standards and industry best practice using scientific knowledge to highlight the successes and shortcomings of each technique.
The report concludes by highlighting the inefficient nature of the conducted trial whilst reflecting on the fact that despite these issues the objective of the trial was still achieved. This provides a valuable lesson in the effective allocation of resources and importance of defining clear goals for success.
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[bookmark: _Toc219461089]1.0	Introduction
[bookmark: _Hlk216884198]	On the 15th of October 2025 a Semicircular Fragmentation Area (SCFA) trial was conducted at the Forward Battery of the Cranfield Ordnance Test and Evaluation Centre (COTEC), Figure 1, in Area 9 of the Salisbury Plain Training Area, Figure 2. This trial was conducted in line with the ITOP 4-2-813 standard [1] and aimed to collect the blast, fragmentation and forensic data required to identify an unknown munitions from a pre-set list of candidates. The data collected on this trial was processed and presented in a previous technical report.

[image: A diagram of a machine

AI-generated content may be incorrect.]
[bookmark: _Toc216966843][bookmark: _Toc219461098]Figure 1 - Map of the Cranfield Ordnance Test and Evaluation Centre [2]
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[bookmark: _Toc216966844][bookmark: _Toc219461099]Figure 2 - Location of COTEC within the Salisbury Plain Training Area [2]

Reflecting on the efficiency of trials techniques is, however, essential within the energetics sector due to the high stakes associated with practical testing. Whenever a trial is conducted there are significant costs incurred alongside safety risks to all personnel involved in the activity. As such, it is crucial that the number of trials is minimised whilst still collecting all the required data. 
Whilst the original trial was successful and allowed for the threat munition to be identified, the data analysis highlighted significant shortcomings in the test methodologies used and the data collected. As such, this report has been commissioned to explore these methodologies in detail, highlighting where they were effective, how they may be improved and where additional data capture techniques should have been deployed to bolster the quantitative data available for analysis. This will ensure that future trials are as effective and efficient as possible, improving their economy and reducing their associated risks.
[bookmark: _Toc219461090]2.0	Methodology Critique
	The main body of this report will explore the testing methodologies employed and critique each to explore their suitability and areas for potential improvement. Despite all aspects of the trials set up and instrumentation being interlinked sections of the trials set up will be grouped together and individually explored to aid comprehension. It will also be assumed throughout that a characterisation trial is being performed with a known munition in contrast to the original trial. This is to improve read across to other trials scenarios and bring methodologies in line with non-academic settings.
[bookmark: _Toc219461091]2.1	Arena Set Up
	In an ITOP 4-2-813 SCFA trial, fragmentation capture packs are arranged in a semicircular manner around the studied charge with the aim of capturing a representative portion of the ejected fragmentation. For the trial conducted, this arena consisted of four 1050mm by 800mm Strawboard fragment capture packs oriented to provide an arena with a 1.5m diameter covering a 113° horizontal and 15° vertical arc as shown in Figure 3.
[image: ]
[bookmark: _Toc219461100]Figure 3 - Arrangement of fragment capture medium in the conducted SCFA trial.
This set up however, is in direct confrontation to the ITOP standard which states that the arena should be made up of 18 polar zones covering at least a 200° horizontal and 10° vertical arc [1], as demonstrated in Figure 4.
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[bookmark: _Toc219461101]Figure 4 - Plan of a typical SCFA as outlines in ITOP 4-2-813 [1]
The diameter of the arena was also in conflict with the ITOP standard which outlines strict arena diameters based on the NEQ of the studied article, as shown in Table 1.
[bookmark: _Toc219461116]Table 1 - Required radius of Semicircular Fragmentation Arena [1]
[image: ]
These discrepancies become crucially important during fragmentation analysis post-trial. In the ITOP method the 200° ark allows a munition which is longitudinally symmetrical to be studied horizontally with a 10° vertical ark of the fragmentation from top to bottom being captured [1]. This then allows the collected data to be revolved and extrapolated to the sphere around the munition to characterise its full area effect [1]. In contrast because the original trial utilised at 113° horizontal ark it was never possible to capture the full fragmentation effect and hence the munition was positioned vertically to target the most important regions. This, however, meant that critical data on the nose and tail end of the munitions was lost and it was not possible to mathematically extrapolate the results leading to incomplete characterisation.
For the trial the munition was detonated using a low voltage L2A2 detonator. If a high voltage detonator had been used the improved trigger to detonation time reliability would have made instrumentation timings more reliable [3]. Further to this the measurement and set up of the trial was conducted using tape measures. If a total station and laser levels had been used instead the accuracy of spatial data and set up would have been greatly improved.
Beyond utilising the incorrect arena set up only one trial was conducted. This is again in contrast to the ITOP which specifies a minimum of three identical munitions must be studied with five being optimal. As only one munition was studied it is impossible to say if the collected data was representative or if it was the result of a statistically anomalous charge [1]. This immediately brings into question the quality of any collected data and should be addressed in any future work.
[bookmark: _Toc219461092]2.2	Fragment Capture and Evaluation
	As was alluded to in Section 2.1 of this report the capture and analysis of a munition’s fragmentation pattern is one of the main goals of an arena trial. This is because fragment studies may be used to determine the distribution, size, shape, velocity and energy of fragments produced in an explosive event [4].  This data can then be later used for munitions identification or lethality evaluation.
In order to study fragments, they must first be captured which in this trial was achieved using double layered Strawboard packs consisting of 40, 3.7mm thick sheets. Strawboard has been used for this application within the UK and NATO since the 1970’s and is chosen due to the consistency of its bursting strength [4]. Several standards for Strawboard are shown Table 2.

[bookmark: _Toc219461117]Table 2 - UK and NATO standards for Strawboard [4]
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The Strawboard used in this trial, however, was stored uncovered, exposed to moisture and did not come with a calibration certificate. As such, it likely did not have consistent burst strengths or comply with the required specifications.
The positioning of the Strawboard also posed issues as they were seated portrait and resting on the concrete pad. Because of this, when the munition functioned it is possible that fragments may have deflected of the concrete ground and impacted the Strawboard increasing the apparent number of impacts, introducing erroneous data. To resolve this in future ricochet stops as shown in Figure 5 should be used. These are made out of fragment resistant material and absorb any fragments which may have impacted the ground reducing the number of false strikes [1].
[image: ]
[bookmark: _Toc219461102]Figure 5 - Potential location of ricochet stops [1]
In the conducted trial, after the energetic event, the fragment packs were taken apart, and any large fragmentation was collected. This fragmentation was then taken back to the lab for analysis, Figure 6, with the average mass of these significant fragments calculated.

[image: ]
[bookmark: _Toc219461103]Figure 6 - Example of analysed fragmentation

This process however, failed to collect a large amount of the data available from the fragmentation capture medium. The ITOP standard outlines that fragments should be carefully collected with their final location, material type and weight recorded. This then allows the fragment mass distribution across the 18 polar zones to be found which can then be extrapolated to surround the whole munition. By weighing all fragmentation, even that in a dust form, it is then possible to calculate the percentage of fragmentation recovered by dividing this by the initial case mass. This helps to understand the efficacy of the trial [1].
By tracking the location of fragment strikes through the strawboard packs it is also possible to plot the trajectory of each fragment allowing the origin of a fragment to be estimated, as shown in Figure 7.
[image: ]
[bookmark: _Toc219461104]Figure 7 - Fragment distribution for 1-layer of ball bearings fired using 100g of PE8 at 1m [4].
Further to this because the burst pressure of the Strawboard is known it is also possible to calculate the strike velocity of every fragment based on the number of boards perforated. This can be achieved using the Mc Mahon equation, Equation 1.
[bookmark: _Toc219461123]Equation 1 - McMahon equation for fragment velocity [4]
[image: ]
McMohon experimentally determined that the value of VL is equal to 205 ms-1 for Strawboard and that K is equal to 337 for spherical fragments although K can be determined experimentally for a range of fragment geometries [4]. 
If the final position of each fragment had been recorded the McMahon equation could then have been used to estimate the strike velocity for an extremely large number of fragments. This would have subsequently increased the amount of fragment velocity data available for analysis providing additional insight and improving the likelihood of accurate munition identification or threat evaluation.
[bookmark: _Toc219461093]2.3	Average Velocity Estimation (558)
	As the trial did not utilize the Strawboard fragmentation capture media to calculate fragment velocity, make style velocity foils were used instead. These consist of two conductive planes separated by an insulator which, when struck by a metallic fragment, completes a circuit allowing the impact time to be calculated by a logic analyzer. For the trial three foils were horizontally oriented and vertically distributed on each Strawboard pack to form three bands of foils as shown in Figure 8.

[image: ]

[bookmark: _Toc219461105]Figure 8 – Distribution of velocity foils on the Strawboard fragmentation capture medium.
To cover the area whilst reducing the number of foils used each foil was large, approximately 30cm by 15cm. As however, there is no way to determine where a fragment struck this means the special resolution of this technique is low and a rough estimate of the distance from the article to the foil had to be used, reducing velocity accuracy.
As such, this technique could be significantly improved by following the ITOP guidance which specifies a minimum of 37 data channels be used for electronic fragment velocity recording [1]. This would then allow the velocity foils to be smaller, which in combination with the use of a highly accurate total station to perform special surveys, would greatly reduce the variability in distance measurements and hence improve fragmentation velocity accuracy.
In order to accurately calculate the average fragment velocity, the time zero (T0) for when case break up began to occur must also be known. For the conducted trial a copper break wire was used which severed when the munition functioned breaking a circuit and begin the timings. This, however, is not the best method as the wire will stretch before breaking and will only break when the detonation front passes over that portion of the munition.
As such, to improve the accuracy of the T0 time it is recommended that more sophisticated techniques such as Ionisation or Piezo pins be used alongside a fibreoptic wire ran beside the detonator to provide accurate and redundant T0 timings [5]. The improved response time and accuracy of these techniques would then allow for a more accurate time of flight to be calculated improving velocity measurements.
Finally, during post-trial analysis no attempt was made to covert the average fragment velocities recorded during the trial into initial fragment velocities as provided in the munition technical data. A methodology to perform these calculation is however, outlined in ITOP 4-2-813 [1] and shown in Equation 2.
[bookmark: _Toc219461124]Equation 2 - Calculation of initial velocity from average fragment velocity [1].
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The co-efficient utilised in this equation are presented in Table 3.
[bookmark: _Toc219461118]Table 3 - Initial Velocity Parameters [1]
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A number of the coefficients presented in Table 3 relate to the properties of the specific munitions fragmentation and hence to resolve this equation the fragments captured in the Strawboard packs must be properly analysed. The Shape Factor should be calculated using over 100 representative fragment samples with each fragment weighed and their presented area found using an Icosahedron method [1].  This then allows the Mass vs Area-3/2 to be plotted. Here the gradient of the line of best fit equals K-2/3 [1]. Example shape factors are shown in Table 4.
[bookmark: _Toc219461119]Table 4 - Representative Shape Factors [1]
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Drag coefficients may then be estimated based on the rough shape of analysed fragments and the velocities they experienced as shown in Table 5.
[bookmark: _Toc219461120]Table 5 - Representative Fragment Drag Coefficients [1]
[image: ]
If this process had been completed for both the strike velocities recorded through the fragment capture medium and the average velocities calculated through the velocity foils this would have provided a larger and more accurate fragmentation velocity dataset for analysis. This would have significantly improved confidence in the identification of the munition and if used for characterisation lead to more accurate lethality assessments.
[bookmark: _Toc219461094]2.4	Blast Pressure Measurements (1040)
	 During the trial blast pressure data was collected using three Integrated Electronics Piezo-Electric (IEPE) [6] pressure gauges mounted 500mm off the ground and at distances of one, two and three meters from the charge centre as shown in Figure 9.
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[bookmark: _Toc219461106]Figure 9 - Blast gauge positions as utilised in the trial.
This set up immediately poses challenges as only one gauge was used at each distance, meaning that essential data could easily be lost in the event of instrumentation failure which did occur for Gauge 1 due to a fragment strike. Furthermore, this set up only gives data at one angle around the munition failing to capture the full area effects.
As a result, the trial could quickly be improved by complying with standards such as MIL-STD-398 [7] or AOP-31.1 [8].  Both standards both specify that at least two rows of blast gauges sited orthogonally, in two to three concentric rings, should be used in every test to ensure accurate and reliable blast pressure data. 
The gauges used in trial where however staggered as suggested in MIL-STD-398 [7] which reduces the effect of the wash from interior gauges on exterior gauges preserving the quality of the data.
The IEPE gauges used incorporated charge conversion and signal amplification into each gauge providing gauge sensitivities of gauge sensitivities were 0.008879, 0.007583 and 0.009193 mV/kPa for Gauges 1, 2 and 3 respectively. This shows the gauge sensitivities where consistent across gauges despite the differences in expected pressure highlighting that they were not optimised to provide the maximum signal to noise ratio.
As such, data collection could have been improved by using Piezo-Electric pressure gauges with separate charge converters, amplifiers and conditioners [5]. Assuming the munition was known, prior calculation would allow the expected pressures to be estimated. Each of the elements in the signal chain could then be optimised so each gauge utilises its full scale [9], whilst remaining linear [10], reducing the impact of noise and improving data quality.
Improvements could also have been made to the data recording apparatus where a sampling interval of 4µs was used to record data at an unknown bit depth. Increasing this sampling rate would increase the data available for analysis and the resolution of peak pressure regions. Whilst, improved bit depth, would reduce the chance of clipping and artificial smoothing of pressure data during data recording. 
In order to record accurate pressure data, it is also important to understand the blast pressure regime in which the munition has been detonated. The ideal blast overpressure occurs as steep rise followed by an exponential decay until a short negative region is endured [11].  This can clearly be seen in Figure 10. It is also important to note that the generated blast pressure is strongly dependant on atmospheric conditions such as air pressure and humidity and as such these should be recorded for each trial conducted.
[image: ]
[bookmark: _Toc219461107]Figure 10 - Idealised Pressure vs Time Curve [9]
Such idealised pressure time curves, however, are very rare in the real world and in reality, reflections off the ground or other surfaces disturb these pressures by introducing reflected overpressures. These reflected overpressures are always higher than the initial peak due to the non-linear elastic properties of the air preventing the air molecules from relaxing leading to pre compression and hence the double loading of these regions [9]. An example of this is shown in Figure 11. 
[image: ]
[bookmark: _Toc219461108]Figure 11 - A comparison between peak incident pressure and peak reflected pressure [12].
The type and severity of these reflected waves is dependant on the hight at which the munition is detonated and the incident angle of the shock wave onto the ground. The simplest scenario is the free air burst where no ground interactions occur with the opposite being a surface burst where the charge and blast wave behave hemispherically [9]. Surface bursts, however, should be avoided for munition characterisation as this artificially amplifies the strength of the blast wave augmenting data. Both these regimes are demonstrated in Figures 12 and 13 respectively.
[image: ]
[bookmark: _Toc219461109]Figure 12 - Blast pressure front acting in a free air regime [13].
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[bookmark: _Toc219461110]Figure 13 - Blast pressure front acting in a surface burst regime [13].
The most complex blast scenario is air burst where the blast pressure wave interacts with the ground and can cause multiple effects. When the charge is detonated at a hight, such that the pressure wave interacts with the ground at an angle bellow 40°, standard reflection occurs with the incident wave being followed by a stronger reflected wave [9] as shown in Figure 14.
[image: ]
[bookmark: _Toc219461111]Figure 14 - Oblique reflections occurring at angles bellow 40° [13]
If, however, the charge hight is increased and the pressure wave interacts with the ground at an angle greater than 40° a Mach Stem forms through the coalescence of the incident and reflected wave, as is shown in Figure 15. This then creates a region with a near vertical shock front and greatly increased pressure [13],  As is shown in Figure 16.
[image: ]
[bookmark: _Toc219461112]Figure 15 - Formation of a Mach Stem region [9]
[image: ]
[bookmark: _Toc219461113]Figure 16 - Comparative pressure time traces for the Mach Stem region (right) and standard region (left) [9].
Understanding this process is important for data capture and evaluation as if pressure gauges are situated within the Mach Stem region the recorded pressures will be greatly elevated from the true incident pressure values. In the conducted trial the charge was detonated at 500mm above the ground without any consideration for this effect, potentially introducing significant errors into the data. For future trials these effects should be modelled to ensure the charge is detonated at the correct hight producing oblique reflections and enable the accurate recording of incident pressure waves.
Due to the interaction between the blast wave and the ground it is also important to consider the influence of ground shock on the blast pressure gauges. Despite the use of rubber isolation mounts ground shock can still damage sensitive equipment an inject significant noise into the data [14]. Ground shock travels in three wave types; Compression (P), Shear (S) and Surface (R) as shown in Figure 17.

[image: ]
[bookmark: _Toc219461114]Figure 17 - Particle motion in P, R and S waves [14].

Groundshock attenuates quickly with range with P and S waves dominating close to the charge centre and R waves decaying slower become more prevalent at increased distances.  The attenuation distance and velocity of ground shock waves is strongly dependant on the ground type and the level of hysteresis (plastic deformation) the material undergoes [14]. As such, surfaces with lower densities and stiffnesses attenuate ground shock far faster as shown in Table 6.
[bookmark: _Toc219461121]Table 6 - ground shock attenuation coefficient for different surface types [14].
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Table 6 clearly shows that very loose dry sand is the most effective medium for attenuating ground shock. As such, in order to improve the quality of the blast pressure, data collected, it is recommended that the ground under the arena be replaced with loose sand attenuating the ground shock and reducing noise in the collected overpressure data.
[bookmark: _Toc219461095]2.5	Blast Residue Data Analysis 
	The final set of data collected during the trail was post blast residue data. This was collected from around the trials site using cotton swabs before being taken back to the laboratory to be extracted using acetone and analysed using FT-IR. 
Explosive reside can be detected post blast due to the partial reaction of the outer layer of explosive resulting from the reflection of the shock wave from the surface back into the reaction zone [15]. Although the exact mechanism is unknown this results is explosive residue around the trials site and especially on the surfaces of munitions fragments.
During the trial no munition fragments were swabbed meaning potential large deposits were missed. Residue can be collected using swabs with an efficacy rate of 10 – 90% [15]. For maximum efficacy however, swabs should be moistened with ethanol and water to help extract both inorganic and organic explosive residue. It is recommended that acetone is not used as it can damage substrates, interfering with background materials and reducing recovery efficiency [15]. This should be corrected in future work.
It is also well known that conducting a singular analytical technique is poor practice and does not enable reliable identification of sample materials, this is especially true for FR-IT which provides data on the bonds present but not detailed structural information. As such, additional tests as outlined in Table 7 should have been conducted.
[bookmark: _Toc219461122]Table 7 - Further analytical techniques. Class 1 = Significant structural and elemental information. Class 2 = Limited information, Class 3 = High degree of selectivity, Class 4 = Other uses [16].
[image: ]
It is also important that samples are processed quickly to ensure any volatile material is not lost and sufficient samples should be taken such that sequential extraction using polar and non-polar solvents is not required as this increases efficiency losses [15]. An example workflow for the testing that should have been conducted is presented in Figure 18.
[image: ]
[bookmark: _Toc219461115]Figure 18 - Example scheme for the analysis of explosive residue [17].


[bookmark: _Toc219461096]3.0	Conclusions
	During the course of this report a wide range of topics have been explored in varying levels of detail providing what is by no mean a comprehensive analysis of the conducted trial. Despite this some key conclusions can be drawn from the presented work which do translate more generally to other areas which were not extensively covered.
Firstly, throughout the set up and conduction of this trial internationally approved trials standards such as ITOP 4-2-813 were not fully followed. This meant that although data was collected the quality of this data was not optimised and some of the more advanced analytical techniques could not be applied to the collected data.
Furthermore, there was a general lack of consideration that went into the trials set up with little to no pre-trial modelling and method development. This meant aspects such as the blast reflection regime, pressure gauge settings and forensic swabbing techniques were either estimated or not at all considered.
The final key conclusions relate to the lack of precision and repeatability in the trial. Throughout, measurements were roughly taken using non ideal equipment. Instrumentation redundancy and the duplication of data points was neglected and as only one trial was conducted the repeatability of data could not be assessed.
Despite this the trial did achieve its objective allowing for the data analysed to be used to identify the munition studied. As such, this report proves that non-ideal trials may still yield acceptable results and the extensive considerations required to optimise a trial are in some cases unnecessary for achieving the required research objectives.  
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bearings fired from 100 g PE8 charge at 1 m range.
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Vs is the Strike Velocity (ms™).
K is the constant for a given fragment shape and fragment capture material.
P is the penetration depth (mm).
M is the mass of the fragment (mg).

p is the density of the fragment (gm/cm?3)

V| - Limiting velocity (ms)
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TABLE 4. REPRESENTATIVE FRAGMENT SHAPE FACTORS

Shape Factor

B
Material glen® n?g! kg
Steel:
Forged 2.765 0.05076
HF? 3.160 0.04644
PHCI® 3.555 0.04293
Copper 3.752 0.04142
Aluninun 1.185 0.08930
Centrolled (steel):
Regular 3.555 0.04293
Cube 4.270 0.03799
Sphere 5.886 0.03068
®HF = High fragmenting.

PPMCI = Pearlitic malleable cast iron.
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TABLE 5. REPRESENTATIVE FRAGMENT DRAG COEFFICIENTS
Fragnent
Type o1 o
Natural 121 0.51
Cube 1.14 0.83
Regular 1.10 0.81
Sphere, 0.93 (1.02) 0.49 (0.54)
(damaged)

Cp(V) = Cpy A V> Vi,
Cp(V) = Cpp  Af V S V.
Viyp = 306 m/s (0.9 Mach).
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Figure 1: Ideal blast wave’s pressure time history
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Figure 8-2 Schematic peak overpressure contours for successive times afier an explo-
sion near the earth’s surface.
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Figure 7.3 Particle motions in P, R and S waves
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Table 7.1

" Soil ype

Attenuation coefficient (n)

Saturated clay
Partially saturated clay and silt
Very dense sand, dry or wet
Dense sand, dry or wet

Loose sand, dry or wet

Very loose sand, dry or wet

15
25
25
275
30
325
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Table 1: Categories of Analytical Techniques

Categories 1 and 2 Category 3 Category 4
Infrared Spectroscopy (IR) Gas Chromatography (GC) Flame Test
Gas Chromatography/Mass Spectrometry Gas Chromatography Thermal Energy Spot Test
(GC/IMS) Analyzer (GC-TEA or EGIS) p
Energy Dispersive X-Ray Analyzer (EDX) Liquid Chromatography (LC) Melting Point

Raman Spectroscopy

Liquid Chromatography Thermal Energy
Analyzer (LC-TEA)

X-Ray Diffraction (XRD)

lon Chromatography (IC)

Liquid Chromatography/ Mass
Spectrometry (LC/MS)

Capillary Electrophoresis (CE)

Thin Layer Chromatography (TLC)

lon Mobility Spectrometry (IMS)

Polarizing Light Microscopy (PLM)

Stereo Light Microscopy (SLM)
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FIG. 1 Scheme for Explosive Residue Examinations
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