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[bookmark: _Toc219925342]Introduction

This report contains a critique of the data capturing methods used to estimate the explosive mass, casing type and explosive composition of an unknown explosive article. This data was analysed and evaluated in, laboratory report CW1 [1], to conclude the identity of the article as a pipe bomb. The CW1 report identified incomplete blast pressure and velocity foil datasets, along with notable discrepancies between theoretical predictions and measured pressure and fragment velocity results.
This report evaluates the data capturing equipment used in CW1, assessing the accuracy, limitations and suitability of each method. Recommendations for improving the accuracy and reliability of the results, for future experiments, are discussed and supported by industry knowledge and experience gained through conducting similar works, training provided by industry Subject Matter Experts (SME) and reviewed literature. 

[bookmark: _Toc219925343]Experimental Context

The types of data capturing equipment and how the results from each method were used to inform the conclusions in the CW1 report are listed below:
· Dynamic blast pressure gauges were used to measure the blast wave produced by the detonated munition for the use in estimating the explosive mass. 
· Velocity foils were used in conjunction with a Break - Wire (BW) triggering method, for Time Zero (T0) to capture fragment Time of Arrival (TOA)/ Time of Flight (TOF) for fragment velocity calculations. Fragment velocity was used to estimate the type of munition. 
· Strawboard sheets were layered to create fragment capture packs to enable fragment recovery post firing. Fragmentation reveals material type, average fragment mass and fragment shape for the identification of casing type.
· A Fourier Transform Infrared (FTIR) spectrometer and forensic-cotton swabs taken from the trials site produced an Infrared (IR) spectrum of the chemical composition for the explosive residue. This analysis was used to identify explosive type. 
Figure 1 shows the trial arena set-up of the data capturing equipment: blast pressure gauges, velocity foils and strawboard capture packs. 
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[bookmark: _Toc219847083][bookmark: _Toc219925543]Figure 1 Equipment set-up of the explosive arena trial.
Velocity foil
Blast pressure gauge
Strawboard fragment capture pack
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[bookmark: _Toc219925345]Equipment Description

Three Integrated Electric Piezo-Electric (IEPE) gauges, used for measuring dynamic blast pressures, were mounted in the centre of a conical disk mount. The gauge mount was clamped into a tube, attached to a scaffold pole supported by a steel stand. The gauges were set up at distances of 1m, 2m and 3m. The distances were measured from the centre of the charge stand and at a height of 0.5m from the ground to provide an in-line measurement with the centre of the charge, once it was placed. The gages faced 90, perpendicular to the charge to measure incident blast pressure. Gauge stands were weighted with sandbags and the cables covered with steel I-beams for fragment protection.
A Data Acquisition (DAQ) unit was connected to the gauges to record the results. The DAQ system was used to set the sampling rate, filtering type, threshold value and triggering method. The system was set to trigger all three gauges when a measurement exceeding the threshold value of 3kPa was recorded on gauge 1.

[bookmark: _Toc219925346]Strengths

The piezoelectric sensors within IEPE gauges have high overload resistance and wider operating band widths that make them the preferred choice in measuring explosive blast pressures [2]. IEPE gauges contain their own electronics for signal conditioning and amplification therefore simplified the overall set-up for blast pressure measurements [3].
Furthermore, the DAQ unit applied signal conditioning techniques such as filtering; to reduce the effect of noise in the recorded signal, these noise signals contaminate the pressure results and can lead to measurement errors during analysis [4]. In addition, the use of conical disk-shaped mountings provided the gauge with some isolation from vibration and mechanical shock while the conical shape minimised shock wave distortion [4] [5].
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[bookmark: _Toc219925348]Sensor limitations

Blast gauge sensors have a specific operating frequency range. Expected pressures for each gauge distance, must be calculated to select a sensor with a suitable operating range. If the actual pressures are higher than the operating range of the sensor the results will be clipped before recording the peak pressure measurement [2, 3, 4].
Blast pressure gauges are sensitive to thermal shock, mechanical shock and vibrations. Thermal shock, caused by the intense heat generated by the explosion, produces thermal drift in piezoelectric sensors [2]. Vibrations caused by the blast wave, propagate through the ground and interact with instruments on the surface. The vibrations cause noise in the measurement that can obscure the peak pressure results. Digital and physical methods are advised to reduce the effects of noise on the measurements, such as, signal conditioning and gauge mounting, however these methods must follow industry accepted practices to ensure the output pressure signals are reliable, unbiased and free from noise and various types of interference [4]. 

[bookmark: _Toc219925349]Signal conditioning limitations

To limit the effects of noise errors on pressure measurements, signal conditioning methods are applied, before the recording such as filtering and amplification. Amplifying the pressure outputs from the gauges, amplifies all signal outputs, including noise and any unwanted artifacts [4]. Filtering can remove the noise from the pressure measurements using high, low and band pass filters. However, different filters have different response profiles thus advanced technical knowledge is required to select the most applicable filtering type [4].

[bookmark: _Toc219925350]Mounting limitations

Gauge mountings are used to dampen the effects of vibrational noise and provide some impact protection. Gauge mountings and assemblies alter the shape, size and stiffness of the overall system which modifies the gauges sensitivity and dynamic characteristics compared to that of the original system [2]. Therefore, the gauge assembly must be calibrated and modelled to ensure it doesn’t distort the pressure measurements. 

[bookmark: _Toc219925351]Impact on CW1 Conclusions

The effect of noise as reflections and ringing occurring on gauge 1, caused by a fragment hitting the gauge mount, resulted in the loss of the pressure results for gauge 1. This reduced the usable pressure gauge data and affected the confidence in the pressure results leading to weaker evidence to support explosive mass in identifying the type of munition.
Increased reflections from nearby structures, see Figure 2, introduced additional noise into the pressure signal, making the waveform more difficult to analyse and interpret. This reduced confidence in the captured peak pressure data and overall evidence to support explosive mass estimates.
The analytical techniques of smoothing the data, using a 10-point moving average, led to a reduction in the peak pressure for the munition. However, this effect was understood, and the original, un-smoothed, peak pressure results were used.
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[bookmark: _Toc219847084][bookmark: _Toc219925544]Figure 2 Nearby structure causing blast pressure reflections.
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[bookmark: _Toc219925353]Equipment Description

Twelve fragment velocity foils were set-up on the face of the strawboard packs, each foil covered an area of 460 x 200 mm. These conductive foils are called ‘make-foils’ as they operate as an open circuit charged at 5 volts. The time at which the electrical circuit is completed, during a strike by a conductive fragment, is recorded on a logic analyser. The triggering method for the logic analyser to start recording, T0, used a BW triggering method.

[bookmark: _Toc219925354]Strengths 

Velocity make-foils are a low-cost measurement tool that are easy to deploy. They cannot capture non-conductive fragmentation data, therefore, impacts by non-conductive debris from wooden charge stands, will not be recorded.

[bookmark: _Toc219925355]Limitations

Any conductive artifacts on the surface of the foil such as rain will complete the circuit thus it will not detect the voltage rise when a fragment strikes, limiting their use in wet conditions. A similar problem can also occur if a fragment gets stuck in the foil, any additional strike will not be captured.
The logic analyser cannot determine the point of impact of the fragment on the foil, therefore the fragment could have struck in any position within the foil [6]. 

[bookmark: _Toc219925356]Impact on CW1 Conclusions

The velocity foils only measured fragments with enough energy to perforate the foil, therefore underrepresenting the lower energy or finer fragments. Additional fragment strikes to the foils were discounted as it could not be confirmed with any certainty, they were true strikes, they could have been ricochets for example.
The true distance the fragments travelled could not be deduced using the foil data, therefore the velocity calculations were inaccurate.
Using Gurney calculations introduced uncertainty into the fragment velocity estimates. The Gurney calculations do not account for mechanical properties of the casing material and produces a single ideal velocity, whereas in reality, fragment speeds vary significantly along the length of the casing due to non‑uniform expansion and structural effects [7, 8, 9].

[bookmark: _Toc219925357]Fragment Capture Packs

[bookmark: _Toc219925358]Equipment Description

Four strawboard fragmentation capture packs were set-up approximately 1.5m from the centre of the charge covering an arc of 113 °. Fragmentation was recovered and analysed to identify average fragment thickness, mass and distribution to estimate casing material and type.	

[bookmark: _Toc219925359]Strengths

Strawboard is a widely used material in fragmentation data capture that has been historically calibrated to a known standard for the use in calculating the velocity of fragments based on the penetration depth [10]. Fragmentation can be recovered and mapped to provide data on fragment mass and fragment distribution. 
The soft capturing technique also provides some protection, from fragment strikes to structures behind the packs.

[bookmark: _Toc219925360]Limitations

Strawboard sheeting is constructed from pressed paper which absorbs water and alters its calibrated density, rendering the fragment penetration depth data, unusable for velocity calculations [10].
Fragmentation recovery, known as ‘frag-picking’ is a tedious and long process. The fragments are sharp and pose a cut risk to users removing them. Fragments can get stuck, missed and lost during the process reducing the reliability of the data collected using this method.
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Fragmentation collected provided evidence to support natural formation, due to the inconsistence shapes and sizes of the fragments. The average fragment mass provided strong evidence for the identification of the munition however this information was not used to inform the conclusions in the CW1 report due to an oversight.

[bookmark: _Toc219925362]FTIR Analysis

[bookmark: _Toc219925363]Equipment Description

An FTIR spectrometer was used for analysing the explosive residues from the forensic cotton swabs and recovered fragmentation. Swabs were taken from the explosive site pre and post firing. An IR spectrum containing the transmittance frequencies of each chemical in the sample was produced and manually analysed against IR spectra of explosive types in literature, to identify the chemical composition of the explosive.
Swabs were taken before the energetic event provided the instrument with a background sample to limit the interference from environmental contaminants. Acetone was registered in the machine as the solvent type, used as the cleaner, to remove its signal from the spectra.

[bookmark: _Toc219925364]Strengths 

FTIR spectroscopy provides a rapid and non-destructive form of chemical analysis for the identification of explosive residues [8] [11].
FTIR spectrometers are relatively inexpensive and reliable technique, used within the OME industry for rapid field identification of unknown solid and liquid samples. TruDefender FT, is an example of a portable FTIR spectrometer designed for field use by the military [11]. 

[bookmark: _Toc219925365]Limitations 

The type of FTIR spectrometer used for the analysis was lab based thus samples required processing before the results could be evaluated. 
FTIR analysis can only discount known contaminants by using background sampling data and data from any cleaning solvent used. Therefore, the IR spectra contained other contaminants such as explosive residues from the detonator.

[bookmark: _Toc219925366]Impact on CW1 conclusions

The FTIR results generated adequate IR spectra data for analysis. The IR spectra provided strong evidence for the explosive type.


[bookmark: _Toc219925367]Comparative Evaluation of All Methods

The data capture methods used in CW1 demonstrated varying levels of fidelity and contributed unevenly to the overall reliability of the conclusions. The IEPE blast pressure gauges only captured pressures on two out of the three gauges, providing limited data set. The surviving gauges provided moderate fidelity, peak pressure measurements however, the evidence provided was insufficient to support a high confidence conclusion of the explosive mass estimation. Similarly, the fragment velocity foils delivered only coarse velocity information, which limited the accuracy of Gurney based calculations and introduced larger uncertainties into the fragment energy interpretations. In contrast, the strawboard fragment capture packs enabled useful recovery of mid-mass fragments, yet the packs failed to retain any finer debris, yielding partially representative data, however this method provided adequate data which strengthened the validity of the conclusion for casing material and casing type. Furthermore, the FTIR swab‑analysis offered reliable chemical identification, however its sensitivity constraints limited the certainty of explosive type in environmentally contaminated samples. Overall, the data capturing equipment provided a functional but uneven dataset, with moderate fidelity pressure and chemical measurements contrasted by lower precision fragment related methods, ultimately shaping the robustness and limitations of the CW1 conclusions.


[bookmark: _Toc219925368]Recommendations for Improvements 

[bookmark: _Toc219925369]Modifications and Improvements to Existing Set-up

The fidelity of the results can be improved using a modified set-up, using the same data capturing techniques and conducting serial repeats [12] [13]. Modifying the gauge set-up to include two gauges placed at 1m, 2m and 3m from the charge at 90 to each other, referred to as an array, enables multiple measurements at the same distance to provide validity and reliability in the pressure measurements [3] [5]. Furthermore, the use of a sacrificial pole in front of the gauges, reduces the likelihood of fragment strikes to the gauges to ensure less data is lost or unusable. 
Increasing measurement fidelity could also be achieved by removing unnecessary surrounding structures to minimise reflected wave interference and ensure a cleaner pressure trace. Raising the height of burst, and adjusting gauge heights, accordingly, would further reduce ground reflection effects and improve the clarity of peak pressure data. These changes would strengthen the reliability of the pressure measurements and support more accurate explosive mass estimations [14] [15].

[bookmark: _Toc219925370]Alternative Equipment and Capturing Methods

High‑Speed Video (HSV) systems offer a significantly higher resolution method for capturing fragment velocity, providing more precise and reliable measurements than velocity foil techniques. When combined with machine learning based tracking algorithms, HSV can also support automated estimation of fragment mass, velocity, and aerodynamic behaviour. A notable example is the Optical Warhead Lethality Sensor Suite (OWLSS), which employs advanced tracking to derive fragment velocity, size, drag, and mass, and has been successfully used as an instrumentation system in armoured vehicle survivability research [16] [9].
Medium density fibreboard (MDF) presents a viable alternative to strawboard for fragment capture. Experimental studies have shown that MDF outperforms strawboard and comparable materials in both explosive and gas‑gun ballistic environments, offering improved consistency and fragment retention capability [10].
Higher fidelity pressure measurements can be achieved by replacing stand mounted IEPE gauges with pencil probe type IEPE gauges which offer improved shock front resolution and reduced sensitivity to reflections [3]. Pencil gauges have been shown to provide accurate peak pressure measurements in blast environments due to their minimal frontal area and fast response characteristics. These systems would reduce signal distortion and strengthen the reliability of explosive mass assessments [3] [14] [15].
To improved explosive residue identification, Raman spectroscopy can be used as a higher sensitivity alternative to FTIR. Raman spectroscopy offers rapid, non‑destructive identification with enhanced chemical selectivity and has been widely used for field and laboratory explosive residue detection  [8] [11] [17]. This technique would enhance the confidence of explosive type determination.

[bookmark: _Toc219925371]Conclusion

To conclude, the equipment used in CW1 delivered a mixed level of fidelity that directly shaped the strength of the final conclusions. The recovered fragment material and FTIR analysis provided the most reliable data, enabling a well-supported interpretation of casing type and explosive composition. The velocity foil system and the peak pressure measurements contributed a higher degree of uncertainty, as both methods were limited by reduced precision and incomplete data capture. These constraints directly reduced the reliability of the explosive mass estimate and limited the confidence of the overall assessment of munition type. Overall, the equipment and method of deployment was adequate for training level forensic analysis, enabling credible but not definitive interpretations. Higher fidelity fragment velocity and capture methods, such as HSV, would be required alongside test repetitions, for a fully robust forensic investigation
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