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[bookmark: _Toc165833477]Abstract
A requirement was identified to bring a new cratering charge into service as the original design is not compliant with Insensitive Munition Regulations. This report covers the design process of the munition, the collaboration within the design team, and the conclusion of suitability for service along with further avenues of study and analysis as recommended when the design was presented to a review panel.
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[bookmark: _Toc165833481]1 Introduction
1.1 [bookmark: _Toc165833482]Requirements and Background
The Rapid Cratering Kit Mk2 is a piece of ordnance used to provide forces with the ability to rapidly ‘dig in’ in an operational environment. The design uses a shaped charge to dig a ‘pilot hole’ into which bagged charges of High Explosive (HE) are placed, allowing the hole to be expanded [2] [3]. However, this design does not comply with Insensitive Munition (IM) regulations and therefore it was deemed necessary to design a replacement system. The new design was required to meet the following requirements:
· Provide forces with the capability to rapidly dig in.
· Be compliant with IM Legislation.
· Be capable of operating in Desert/Hot Climates, with all-weather capability desirable. 
· Be transportable by aircraft, both Fixed and Rotary Wing (Internal Carriage).
· Be transportable by land systems, both wheeled and tracked, in both Logistical and Operational environments.
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[bookmark: _Toc165833258]Figure 1: The Components of the Rapid Cratering Kit MK2 [2]

1.2 [bookmark: _Toc165833483]Scope of Report
This report describes the design process of a replacement for the Rapid Cratering Kit Mk2, with a particular focus on the laboratory testing of the explosive composition, using both analytical chemistry, and Small-Scale Hazard Testing (SSHT) to determine the sensitivity and makeup of the explosive composition. In addition, the proceedings of a presentation [4] given by the design team are included.
1.3 [bookmark: _Toc165833484]Proposal
The design team proposed that the new design should make minimal changes to the original design to maximize the compatibility with existing procedures, processes and equipment. For IM compliance, a novel explosive known as Taw-Ex22 was selected, but following research and inquiries, it was realised that insufficient material data was available to allow for the modelling of the charge. Therefore, a different novel Polymer-Bonded Explosive (PBX) by the name of Swans-Ex24 was chosen. Following this computer modelling, the decision was made to adjust the cone diameter of the shaped charge to improve the jet formation. To certify the munition for service and verify its IM compliance, a range of tests and trials were also derived.



















2 [bookmark: _Toc165833485]Design
2.1 [bookmark: _Toc165833486]Modelling
To evaluate whether the existing design’s geometry could be easily adapted to use the new Swans-Ex24 fill, Finite Element Analysis (FEA) was carried out using the Abaqus software from Dassault Systemes. Initially, a model representative of the Mk2 design with a 170mm charge and a 60° Cone Angle was used, with the fill set to Composition B. A second model was run using Swans-Ex24 as the fill. Results graphs are given below.
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[bookmark: _Toc165833259]Figure 2: Energy vs Time Profile for Plastic Strain Results of Explosive Composition B. This figure displays the energy variation over time for the plastic strain results obtained from the explosive Composition B. The energy output of the system is represented along the y-axis, while the time elapsed during the simulation is depicted along the x-axis. Study Type: ALLAE (Allied Load and Energy Analysis) This plot provides insights into the dynamic behaviour of the explosive Composition B, offering valuable information regarding its energy output characteristics over the course of the simulation. [5]
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[bookmark: _Toc165833260]Figure 3: Energy vs Time Profile for Plastic Dissipation of Composition B. This figure presents the variation in energy over time specifically related to plastic dissipation for the copper liner that was exposed to the detonation of Composition B. The energy output of the system is depicted on the y-axis, while the elapsed time during the simulation is represented on the x-axis. Study Type: ALLPD (Allied Plastic Dissipation) This plot aids in comprehending the dissipation of energy into heat, providing insights into the loss of energy within the material during plastic deformation. [5]
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[bookmark: _Toc165833261]Figure 4: Energy-Time Profile Illustrating Plastic Strain Results for the explosive SwansEx2024 a 60:40 RDX:HMX mixture. This figure showcases the energy fluctuations over time corresponding to the plastic strain outcomes observed with explosive SwansEx2024. The vertical axis represents the system's energy output, while the horizontal axis denotes the elapsed time during the simulation. Study Type: ALLAE (Allied Load and Energy Analysis)This plot offers insights into the dynamic behaviour of explosive Composition B, providing valuable data on its energy output dynamics throughout the simulation period. [5]
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[bookmark: _Toc165833262]Figure 5: Energy-Time Profile Illustrating Plastic Dissipation for SwansEx2024.This figure depicts the temporal variation in energy specifically attributed to plastic dissipation for Composition B. The vertical axis represents the system's energy output, while the horizontal axis denotes the time elapsed during the simulation. Study Type: ALLPD (Allied Plastic Dissipation) This visualization aids in understanding how energy is transformed into heat during plastic deformation, offering valuable insights into the energy loss within the copper liner material. [5].
The modelling concluded that Swans-Ex24 had a higher performance than Comp. B which could result in failures of the shaped charge to function correctly if the physical design parameters were kept the same as those on the existing Mk2 Design. It was therefore suggested that to improve the performance of the new design with Swans-Ex24, the cone diameter should be reduced, or less explosive fill should be used. It was also recognised that the Abaqus software was limited in performance, and so there was scope for additional work to be carried out using other computational techniques, such as Trazul Testing, Hydrocode, and Coupled Models [4].

2.2 [bookmark: _Toc165833487]Manufacture and Packaging
To determine the manufacturing requirements of the design, it was necessary to consider the current status of explosives manufacturing in the UK. In [4], Fisher discusses the limitations posed by BAE Systems Glasgoed being the only site in the UK capable of large-scale production of energetic articles. The current standard filling technique is melt-casting, wherein the explosive is melted and poured into the munition as a liquid. As Swans-Ex24 has an initiation temperature below it’s melting point, it is not feasible to use this technique. Therefore, it is proposed to use Resonant Acoustic Mixing (RAM) to mix the components of the explosive competition together without requiring heating. To manufacture the structural components of the munition, it was decided to utilise metal spinning for the both the main Aluminium case, and the Copper Liner, with the stand-off legs being made of three short lengths of folded Aluminium sheet [4]. 
Since the Swans-Ex24 will need a booster to initiate, it was also necessary to consider the manufacture of this booster. For simplicity, it was decided to use the RDX[footnoteRef:1]-based Plastic Explosive PE8. This explosive is typically provided in 2kg sheets and can be easily worked into shapes by hand or by the use of a machine. The Shaped Charge would use a 25g stamped block of PE8 as a booster, and the Main Charges would use 100g PE8 with 4 break marks stamped in the charge to enable users to have a degree of control over the amount of PE8 used [4]. [1:  Research Department eXplosive, Hexogen] 

Two proposals were made for the RAM mixing of the shaped charge, one using a high-volume RAM mixer, and then pouring the freshly mixed composition into the cases, the other placing the entire munition into a RAM mixer, and mixing in-case. Both options remain under consideration, however it is acknowledged that the current availability of RAM Mixers would result in production bottlenecks when mixing in-case, especially in the case of a production surge. The main charge fill would be RAM mixed and then poured into moulds [4].
For the packaging of the kit, the following arrangement was proposed.
· Wooden Overpack Crate, Containing:
· 1x Shaped Chage (Integrated Booster)
· 2x 10kg Main Charges in Polythene Bags
· 1x 100g Main Charge Booster
· Detonators and ignition system stored separately.




[bookmark: _Toc165833488]2.3 Sequential Environmental Testing
In order to certify the munition for service, it is necessary to simulate expected service conditions, often simulating ‘years of life in months of testing’ In [4], Malcolm describes the environmental parameters ‘B3 Hot, Humid, Costal, Desert’ and ‘C2 Cold (Based on Colder locations in Canada)’ to be used for the sequential tests, in accordance with DEFSTAN00-035. 
The testing would involve the Charges and Boosters being tested in a packed configuration (not including detonator or other initiation equipment), followed by a post-test firing. This testing would be a simple functional test; using Blast Gauges, Flash X-Ray, and a Semi-infinite target as the instrumentation [4].
An example test is the Wheeled Transport to Depot Shock Test. This test simulates the shocks that would be encountered by the explosive article during 5000km of wheeled transport and is carried out at both hot and cold temperatures in accordance with the B3 and C2 conditions discussed above. Following this test, rounds and packaging should be inspected for damage and those which need firing should be taken for a functional test firing as discussed above [4].
To support potential life extensions for the munition, the sequential tests can be applied to in-service munitions as part of in-service surveillance, however this is subject to variability caused by changes in usage, real-life experience, and new emergent failure modes.
Provided the munition passes all of the sequential tests, the design team can present the following conclusions on the munition’s servicability [4]:
· Initial Service Life of 7 Years, Re-Lifing at 6 years may Result in a Service Life of Over 10 Years
· Munition suitable for all expected climates including limited exposure to maritime environments.
· 7 Years Storage
· 6-Month Storage/Deployment in Hot Climate (Unprotected from Solar Radiation)
· 3 Years Storage plus 6-Month Deployment in Cold Climate
· Air Mobile
· 100hrs Fixed Wing (A400, Globemaster)
· 50hrs Merlin, 40hrs Chinook, 33hrs Wildcat
· Road Mobile
· 5000km on-road wheeled
· 1000km off-road wheeled
· 400km off-road tracked
· Deliverable by parachute.


[bookmark: _Toc165833489]2.4 Non-Sequential Safety Tests
Non-Sequential Safety Tests are carried out to support the case that the munition is IM compliant in response to potential threats as laid out in the Threat Hazard Assessment (THA). In [4], Coplin lays out the tests that would be carried out on the munition, and the outcomes that may occur. These outcomes are:
· Type VI No Sustained Reaction
· Type V Burn
· Type IV Deflagration
· Type III Explosion
· Type II/I Partial/Full Detonation
To demonstrate IM compliance in accordance with the THA the tests carried out must produce no worse than a given response:
· Fast Heating Test, Reaction Should be No More Severe Than Type V
· Slow Heating Test, Reaction Should be No More Severe Than Type V
· Shaped Charge Jet, Reaction Should be No More Severe Than Type III
· Sympathetic Reaction, Reaction Should be No More Severe Than Type III
· Bullet Impact (12.7mm), Reaction Should be No More Severe Than Type V
· Fragment Impact, Reaction Should be No More Severe Than Type V
In addition to the standard IM tests outlined above, the THA identified the risk of dropping the munition during transport. Therefore, it was decided to also carry out a munition drop test. The desired reaction to this test is for there to be no visible reaction, but minor damage to the munition casing is acceptable [4].












[bookmark: _Toc165833490]2.5 Laboratory Analysis
2.5.1 Analysis Overview
To determine the safety and stability of the explosive composition itself, a range of laboratory testing is required. It is proposed that a mixture of standard explosive sensitivity tests as laid out in the Energetic Materials Testing Assessment Policy Manual of Tests (EMTAP) and UN Manual Testing for the Classification of Dangerous Goods [6][footnoteRef:2]. Chemical testing would use a range of Chromatographic, Spectrometric, and Spectroscopic techniques to identify and quantify the explosive and inert components of the composition. [2:  EMTAP Testing is specific to Military explosives, and as such the documentation is not available publicly for referencing purposes, however many of the tests are the same as those discussed in the UN Manual [14]] 

2.5.2 Chromatography Overview
Many of the chemical techniques proposed for the analysis of the explosive composition involve Chromatography. This is a technique used to separate components of a mixture, by dissolving the sample in a Mobile Phase and carrying it through another substance called a Stationary Phase. The different travel times/distances of the components of the mixture are called the Retention Time or Retention Factor respectively [7]. The Retention Time of the sample component can be compared to reference standards (either run alongside the sample or stored digitally in an instrument database) to allow these components to be identified.
2.5.3 Spectroscopy Overview
Spectroscopy is an analytical technique that utilizes the interaction of matter with electromagnetic (EM) radiation [8]. In the context of analytical chemistry, this involves the production of spectra from the interaction of the sample with EM radiation such as Ultraviolet (UV) or Infrared (IR). Many substances produce a distinctive spectrum which can be compared to reference spectra to provide identification.
2.5.4 Mass Spectrometry Overview
Mass Spectrometry is a technique which identifies compounds by ionising them and accelerating them towards a detector which measures the mass to charge ratio (m/z) of the ions produced. [9]. Since the ionisation process produces ions with a range of charges and masses, the detector will produce a graph of all m/z ratio of the detected ions, known as a Mass Spectrum. This spectrum can be compared to the known spectrum of a reference material to identify it.
Whilst samples can be injected into an MS directly, all MS used in this analysis suite are coupled to a chromatography system to provide separation of components. An example of a mass spectrum is shown below.
[image: Thumbnail]
[bookmark: _Toc165833263]Figure 6: A Gas Chromatography-Mass Spectrometry (GC-MS) spectrum for Trinitrotoluene (TNT) [10]

2.5.5 Small Scale Hazard Testing – Description and Technique
Small Scale Hazard Testing refers to the testing of small amounts of explosive composition against a range of stimuli to determine the sensitivity of the explosive to those stimuli. These tests are laid out in the EMTAP and UN manuals. For this section, the UN manual [6] is used. The tests chosen to test Swans-Ex24 were based on the limited data supplied for Taw-Ex22, as shown below.
 [image: A screenshot of a test results
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[bookmark: _Toc165833264]Figure 7: Small Scale Test Data for Taw-Ex22 [11]
From Figure 7, it can be seen that the small scale testing to be performed is:
· Rotter Test (UN Test 3, a iii)
· Rotary Friction (UN Test 3 b ii)
· Mallet Friction Test (EMTAP only)
· Electrostatic Discharge (ESD) test (EMTAP only)
· Temperature of Ignition Test (EMTAP only)
· Train Test (EMTAP only)
· Brickford Fuze Test (EMTAP only)
The UN Manual [6] provides overviews of the Rotter test and impact friction, and overviews of other tests have been provided to the design team but references are not readily available in the open source.
The Rotter test is used to determine the sensitivity of an explosive to impact. In this test, samples are either sieved at 850μm, or cut into 0.03cm3 discs which are then placed into brass caps, which are then placed into a steel explosion chamber with a striker on top, and a 5kg drop weight above the chamber. The weight is dropped from a range of heights in accordance with the procedure laid out in [6], and taking into account the expected sensitivity of the explosive. A burette is attached to the chamber which allows for the measurement of the volume of gas produced. Production of gas indicates that the explosive has reacted, termed a ‘go’. Alongside the sample, an RDX reference standard is also run. The result of this test is given as the Figure of Insensitiveness (FofI) and the equation for this is given below.

[bookmark: _Toc165833287]Equation 1: Equation for the Figure of Insensitiveness from the Rotter Test [6]
The rotary friction test is used to determine the sensitivity of an explosive to friction. In this test, a small amount of sample is placed on a mild steel bar with a compressed air applied from below. Above the sample is a rotating wheel to impart frictional forces upon the sample. The result is given as Figure of Friction (FoF) and an RDX reference standard is run alongside the sample. An equation for FoF is given below.

[bookmark: _Toc165833288]Equation 2: Equation for the Figure of Friction from the Rotary Friction Test [6]
The Mallet Friction Test involves placing a small amount of explosive onto an anvil and striking a glancing blow with a mallet, and recording the percentage of ‘go’ results produced from a series of swings.
ESD testing involves placing the explosive into a machine which exposes it to a range of electrostatic discharges, at 4.5J, 0.45J, and 0.045J. The ignition threshold is recorded, for example an explosive may initiate consistently at 4.5J, but have no ignitions at 0.45J.
Temperature of ignition testing involves gradually heating up an explosive sample until a reaction is observed. The result is the average temperature at which the explosive ignites across a range of tests. 
The Train test involves placing a sample of explosive in a long tray and igniting it at one end. Possible results are:
· No sustained burn.
· Ignites and supports train inconsistently.
· Ignites and supports train steadily.
· Ignites and supports train vigorously.
· Explodes
The Brickford fuze test involves placing a small amount of explosive in a test tube, and inserting safety fuze. This fuze is then lit, and the reaction is observed and noted.

These tests allow the sensitivity of the explosive to a range of stimuli to be determined and as such this analysis must be carried out before conducting any chemical analysis of samples to ensure that a safe system of work can be put in place in the laboratory, such as minimising friction or working in conducting conditions. It is proposed that this testing be carried out on explosive samples from three sources:
· Sample of fresh explosive direct from production line.
· Sample of explosive artificially aged after sampling from production.
· Samples of explosive drawn from Sequential environmental testing (Section 2.3)
The artificial aging involves heating the explosive over time to induce chemical changes in both the energetics and the stabilising compounds. A rule of thumb for aging is that each 10°C above ambient doubles the rate of aging. In order to avoid initiating the explosive, Swans-Ex could be aged at up to 150°C. An equation is given below.

[bookmark: _Toc165833289]Equation 3: Calculation of the Aging time required to simulate 7 years of aging at 150°C
2.5.6 Qualitative Analysis
Once the Small-Scale Hazard Testing has been carried out it is necessary to begin the chemical analysis. Before beginning quantitative analysis, qualitative analysis should be carried out. This analysis aims to identify the components of a sample. Whilst the components of Swans-Ex24 are known (90-93% RDX/HMX at a 60/40 ratio, and 7-10% binders and other inert components), it is important to carry out this testing after aging to confirm that no components (especially the stabilising and binding compounds) have decomposed to such a point that they are no longer detectable. It is proposed to use two indicative techniques to identify the energetic components, and a single technique to identify the inert components. 
The first technique proposed is Thin Layer Chromatography (TLC). This is a form of Chromatography as discussed in Section 2.5.2 which uses a thin layer of silica based material as its stationary phase [7]. A brief method for this technique is outlined below:

· Dissolve Explosive samples in a suitable solvent e.g Acetonitrile.
· Prepare an eluent tank of mobile phase, made up of Ethyl Acetate and Toluene.
· Prepare the TLC plate by drawing a reference line and pre-washing in the eluent.
· Spike samples, reference standards (RDX and HMX), an Analytical Quality Control (AQC), and a blank (neat Acetonitrile) onto the plate.
· Insert the plate into the eluent tank and wait for the mobile phase to elute.
· Record observations of the pate initially, under UV light, and after spraying with reagent and heating to visualise spots on the plate. 
· Compare samples to standards for indication of explosives present.
To corroborate the result of an indicative technique such as TLC, it is good practice to obtain matching results from another indicative technique such as Fourier Transfer Infrared Spectroscopy (FTIR). This is a spectroscopic technique which reflects/transmits (depending on the exact instrument used) infrared light through the sample. The atomic bonds in the sample compounds will absorb some of the IR light resulting in a unique spectrum being produced. The expected result for FTIR would be a spectrum resembling a combination of the individual spectra of RDX and HMX, with a few peaks from the most abundant inert components. 
To identify the inert components, Gas Chromatography-Mass Spectrometry should be used. This is a very sensitive technique which uses Gas Chromatography to separate components in the gas phase, and then detect them using a mass spectrometer. Identification of components is achieved by comparing the retention time of a sample component to the retention time of a reference standard, and comparing the mass spectrum produced to a database stored on the GC-MS instrument. Whilst the instrument is sensitive enough to detect the inert components at the low concentrations at which they occur in the sample, it is necessary to ensure that the instrument has an appropriate method programmed, and that the solution produced from the sample is at a relatively high concentration.
2.5.7 Quantitative Analysis
To quantify both the energetic and inert components, High Performance Liquid Chromatography (HPLC) will be used. This is a chromatographic technique using a liquid mobile phase. Samples are injected into the instrument and separate to produce a chromatogram composed of a series of peaks. The area of each peak can be compared to a calibration line produced from standards at a range of concentrations. 
Whilst this technique can quantify both energetic and inert components, this cannot be done from the same samples. The samples used to identify the inert components must be prepared at a higher concentration than the energetic samples as the already low relative concentration of the inert components means they will be suppressed entirely by the energetic components at lower concentrations.
Once the samples and standard have been injected into the instrument and initial results have been produced, the first step is to produce a calibration curve. This is done by plotting the peak area of each reference standard against the concentration of the standards, as seen in the table and figure below[footnoteRef:3]. [3:  This data is not representative of any specific experiment and is for explanatory purposes only] 

	Standard Conc (ng/μl)
	Peak Area

	0.05
	10230

	0.1
	20480

	0.2
	40930

	0.3
	61450

	0.4
	82000

	0.5
	102400

	0.75
	153620

	1
	205000

	2
	410100

	2.5
	512200


[bookmark: _Toc165833274]Table 1: An example of the data for a calibration curve
[image: ]
[bookmark: _Toc165833265]Figure 8: An example calibration line
Using the equation of the graph[footnoteRef:4], the relationship between concentration of the target analyte and peak area on the chromatogram can be mathematically defined as shown below. [4:  For this report this is calculated in excel but can be calculated manually.] 






[bookmark: _Toc165833290]Equation 4: Calculation of the Analyte Concentration in a Sample from HPLC results
From this analyte concentration, the weight concentration (%w/w) can be calculated which represents the relative concentration by mass of the analyte in the overall mixture, as shown below.

[bookmark: _Toc165833291]Equation 5: Calculation of the weight concentration from the analyte concentration
	
	Sample A
	Sample B

	Mass (g)
	1.022
	0.993

	Volume (ml)
	250
	250

	Conc (ng/ul)
	4.088
	3.972

	Peak Area
	502700
	490070

	Analyte Conc.
	2.452834
	2.391212

	%w/w
	60.00084
	60.2017


[bookmark: _Toc165833275]Table 2: Example results table for two arbitrary samples.
2.5.8 Expected Results
The table below shows the expected results of the testing.
	Test
	Expected Result

	Small Scale Hazard Testing
	Aged Samples give the same result as unaged samples

	Qualitative Analysis
	All samples indicate presence of HMX, RDX, and targeted inert components

	Quantitative Analysis
	54-55.8% RDX, 36-37.2% HMX, Key inert components add up to approximately 10%


[bookmark: _Toc165833276]Table 3: Expected results of SSHT and Chemical Testing
If any of the results vary from those given above, it will be necessary to conduct additional testing and investigations to identify the cause of this deviation, and derive mitigations to make the composition safer before entry to service.


3 [bookmark: _Toc165833491]Outcomes and Conclusions
3.1 [bookmark: _Toc165833492]Meetings
Throughout the design process, the team regularly met using Microsoft Teams to discuss progress and opportunities for collaboration between individual capabilities. Examples of outcomes from these meetings include discussions on the most appropriate choice of material for the overpack crate discussed in Section 2.2, and the identification of the need for Chemical Analysis to be carried out on samples from munitions subjected to non-sequential testing.
[bookmark: _Toc165833493]3.2 Design Review
As the design developed, the design team met with staff to present the state of their design for review and feedback. The status of the design was presented and the decision to pursue Swans-Ex24 in place of Taw-Ex22 was explained. The design was considered to be suitable to continue [12]
3.2 [bookmark: _Toc165833494]Presentation
The design team gave a presentation to a panel of reviewers to present the overall design and the process followed to reach it. Overall the presentation was deemed to be of good quality and to effectively convey the design [13]. At the end of the presentation a number of questions were raised and areas of further study were identified from them. It was suggested that the team further pursue the safety case for the munition, including the UN Hazard Classification, as well as further pursuing the chemical analysis with specific focus on the binders and stabilisers as these are the most likely components to cause increased risk in the event of degradation.
3.3 [bookmark: _Toc165833495]Conclusions	
Overall, the design team believes that the design produced will likely be suitable for service, provided it passes the tests laid out in this report. To further secure this success, the team will continue pursuing Hazard Classification, further clarity on the binder properties, as well as suitability for the full range of operational environments including potential maritime transport.
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