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1. [bookmark: _Toc171246446]Introduction

This report examines, reflects and analyses the process of designing a replacement for the Mark 2 Rapid Cratering Kit (RCK) to meet insensitive munitions (IM) requirements [1]. This report will go through the customer requirements, discuss how these were carried through the design process and highlight the author’s role in the decision-making. Although this report is mainly an analytical account of the design process, it will also encompass the author’s specific areas of responsibility i.e. the large-scale performance testing and an overview of the presentation on the group’s design solution. Therefore the report  references the presentation already given, which will be included as an annex in its entirety at the end of this document, both for prosperity and for context. Finally, it should be stressed that this was a group project. Decisions were often taken collaboratively, and unless otherwise clearly stated the work presented should be seen in the wider context of the reports and analysis submitted by other members of the group i.e. Stan Collins, Anna Williams, Sam Parker and Josh Evans.
2. [bookmark: _Toc171246447]The design brief

Before outlining the design brief it is useful to think about what a rapid cratering kit is and what it does. This is purely provided as context to the reader so that the rest of this report is clear. In terms of the design process the research into rapid cratering kits and how they operated happened later in the group’s work.
Essentially a rapid cratering kit creates a large crater in the ground. The current method uses a shaped charge and bag charge [1] [2]. The shaped charge bores into the ground, through any surface material that may be present. The bag charge is then deposited into the hole and detonated. Once detonated very little or no energetic material should be left and a large area should have been blasted out of the hole leaving behind a crater [2]. Now that the basic operation of a rapid cratering kit has been outlined the report can return to discussing the design brief and the chronology of the work undertaken by the group.
The design brief was presented to the group in February 2024 and the main points are outlined below:
· The customer requires an IM complaint [sic] cratering kit and have suggested it is filled with a new RAM mixed explosive “TAW-EX-2022” 
· The focus is on desert / hot climate operations though worldwide, all climate capability is desirable.
· The system should be transportable in the current range of transport aircraft both fixed and rotary wing. 
· Tracked and wheeled road transport are required.
[3]
From the initial outset the group thought that the most important aspect of the customer requirements was the IM compliance, however in order to critically examine this assumption the group decided utilise requirements engineering to better ascertain what the customer values as the most important part of the product [3]. This produced a rationalised set of requirements that guided the rest of the design process. The rationalised requirements provided a numerical score that listed the features of the design that would be the most important to the customer based on the brief provided [3]. The assigning of a numerical value came through the debate done within the group, each person putting forward their reasons why a particular feature was crtical. 
Two areas that the author argued would be key for any design were the ability to generate a crater thereby fulfilling its underlying purpose and the ability to it function across a range of environments particularly desert conditions. This latter requirement was argued to be influenced by variations in soil type in different environments which is reflected in the rationalised requirement shown in figure 1. 
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[bookmark: _Toc171246467]Figure 1: Rationalised requirements taken from the group presentation.
In critically analysing the decision-making process it is worth noting that the group did not confirm or communicate this directly to the customer following its generation. A review meeting was held where the rationalised requirements were examined, but this was after some time and following some deliberation and discussion within the group about the functionalities of the rapid cratering kit.
In reflection, after generating figure 1 it would have been better to communicate the groups findings back to the customer and then review the rationalised requirements to ensure that the customer was fully aware of the design choices being made. An example of the early communication between the members of the group translating the requirements into functionalities is shown below.
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[bookmark: _Toc171246468]Figure 2: Initial functionality discussion, personal correspondence between group project members dated February 2024.
Note that figure 2. is incomplete, as it was instead decided to relate the outcomes of the rationalised requirements into a system function map shown below in figure 3. and return to the functionality analysis in more depth as part of a quality function deployment (QFD) process.
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[bookmark: _Toc171246469]Figure 3: System function map generated from the rationalised requirements and group discussion.

This section has outlined the early stages of the groups discussion and outputted the rationalised requirements and the system function map. The author’s role in these discussions mainly focused on the rationalised requirement setting. This report will now overview the theory of QFD and demonstrate how it was used by the group as part of the design process of the rapid cratering kit. 

3. [bookmark: _Toc171246448]Quality Function Deployment (QFD)

QFD is a way of translating customer requirements into design choices, making sure that changes are made in the early parts of the decision making process and thus making the overall product development more efficient [4] [5]. Its applicability to defence projects is clear given the potential costs of such projects, both in terms of money and human life. The importance of QFD in defence projects is recognised in reports such as [6] and [7]. 
QFD is often divided into four phases [4] [5]:
1) Transforming customer requests into design criterion, 
2) Relating technical measures to parts of the overall product design,
3) Referring the characteristics of parts to process operations,
4) Feeding process operations into production requirements
[8]
However, this four phase model is in actuality rarely followed in its entirety with most design processes in fact only incorporating phases one and two of the process [8] [4]. At each QFD phase the inputs into the system are a series of WHATs and the outputs are a number of HOWs [4]. Moving between each phase takes the HOWs generated as the outputs and converts them into the WHATs for the next phase i.e. the HOWs of phase (1) are the WHATs of phase (2) [4] [5]. 
3.1 [bookmark: _Toc171246449]QFD 1
The design process for the group’s proposal of an IM compliant rapid cratering kit took the rationalised requirements and the system function map as the inputs for QFD 1. The requirements became: make a crater of x diameter and y depth and needs to comply with current IM standards and testing, etc. Note that at this point no values or figures were associated with the requirements. This was to ensure that the group maintained an open mind and investigated a broad range of possible solutions in order to present the best possible option to the customer. These WHATs were mapped to HOWs across the top of the diagram presented in figure 4. 
In order to better quantify the outputs from QFD 1 the group also assigned a value to score the relationship between each WHAT and each HOW. Thus ‘make a crater of X diameter and Y depth’ and ‘crater generation’ scored a 9, whereas when the same input was related to the ‘safety components’ it only scored a 1. This process highlighted which requirements would relate to which features. 
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[bookmark: _Toc171246470]Figure 4: QFD 1 

3.2 [bookmark: _Toc171246450]QFD 2

Once QFD 1 was completed the group began to examine the functionality of the different parts of a rapid cratering kit, these would form the basis for QFD 2. To do this the group researched the different elements of rapid cratering kits to understand the common parts that would be necessary to provide the functionality required. It was important that the group kept an open mind to only think of the rapid cratering kit in terms of pieces and that each piece has an impact on an overall effect. By keeping this generic understanding of the rapid cratering kit it was possible to examine areas that would be critical to get right as part of the design process and therefore would require the greatest amount of time and effort. This is captured through the feature importance graph shown in Figure 5.
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[bookmark: _Toc171246471]Figure 5: Feature importance graph generated from QFD 2.
From the graph it was clear that the firing system, the main fill and the detonator were key components of rapid cratering kits. This then formed the basis of things that needed to be focused on to meet the customer requirements. At this stage however the group had not precluded any particular solutions for the rapid cratering kit and therefore it was necessary to review the initial brief and to think about how the requirements interrelated, in particular the stipulation for an IM compliant device. Thinking about the brief in this way led the group to conduct research into different areas in order to examine whether there were existing products that met the brief’s criteria. For context the areas of research fell within the categories of: existing fill, new casing, new fill, current casing, new fill and new casing and mixed-in-case shaped-charge.
The report shall now discuss the author’s findings during this process as each member of the group researched a different topic. 
4. [bookmark: _Toc171246451]Functionality research
This section is the author’s individual research. The category examined was the new fill current casing. The research focused on examining any rapid cratering kits on the market that used an IM compliant explosive. Initially it was found that although there is not a complete system available, research has been done in this area. Amy Chau et al. produced a paper on this issue  [9]. However following this research it did not appear that the product had been developed or taken to market and so to broaden the research other known insensitive munitions were also examined to better understand whether they could be applicable in this context. The two main formulations examined were IMX 104 and IMX 101 [10]. 
None of the IM compliant energetics were considered in isolation, as this would not provide information on what would be necessary to think about in terms of features of a potentially as yet unknown explosive and the current material. Thus, a set of technical data based on the current rapid cratering kit was used to provide a benchmark to estimate the performance of the IM compliant explosives against. The current rapid cratering kit uses RDX/TNT 60/40 as the explosive used in the shaped charge and Hexotonal is used for filling the bag charges used in generating a crater [11]. Hexotonal is also referred to as Torpex and is a mixture of HMX, TNT and aluminium powder [13].  
[bookmark: _Toc171246475]Table 1: Table showing the criteria compared from the explosives in the existing rapid cratering kit and any new designs values taken for RDX/TNT from [11] and Torpex from [14].
	Explosive
	Velocity of Detonation (kms-1)
	Gurney coefficient
(kms-1)
	Detonation pressure
(GPa)

	RDX/TNT (60/40)
	8.05
	2.7
	27.39

	Hexotonal/Torpex
	7.60
	2.7
	23.2



Upon reflection it is worth noting that the selection of these parameters was based on the author’s own knowledge of explosives and understanding the fundamental principles underlying the creation of blast waves and their ability to drive material. It may be that during the research a critical parameter, or an unknown variable in the energetics that may have a great impact on crater generation has not been accounted for. Although this flaw has been recognised in the review it was not noted at the time and thus the author cannot speak to any potential effects on the design choices at this point. 
The parameters from the previously used energetic materials were then compared to the formulations from the Chau et al. paper as well as IMX 104 and IMX 101 [10] [11]. 
[bookmark: _Toc171246476]Table 2: Table showing the criteria considered important for crater generation in an IM compliant explosive.
	Explosive
	Velocity of Detonation (kms-1)
	Gurney coefficient
(kms-1)
	Detonation pressure
(GPa)

	Formulation 1
	6.76 -6.52
	2.83
	17.04

	Formulation 2
	7.30-7.27
	2.86
	22.67

	Formulation 3
	7.08-7.06
	2.80
	18.92

	IMX 101
	7.66
	2.34
	22.38

	IMX 104
	7.81
	2.36
	24.71



From comparing the values from tables 1 and 2 it is possible to see that none of the IM compliant explosives quite matches the values of the current explosive materials used. Furthermore, there is an issue in IMX 101 and IMX 104, whereby they leave behind a greater mass of material following their detonation and this makes them potentially more hazardous to the environment [11] [15] [16]. This consideration for the environment will be discussed further, but it is worth noting at this juncture that it is a requirement of all NATO munitions to be compliant with strict environmental regulations throughout their manufacture, transport, use and disposal [17]. 
The differences between the characteristics of the different explosives and the potential environmental impacts led the author to recommend that an alternative was found as part of the design process. This was communicated back to the group as part of a roundtable discussion that examined each of the individual areas of research. The results of that discussion led to the decision to consider an alternative provided in the initial brief. 

5. [bookmark: _Toc171246452]The proposed design

The previous section outlined the author’s research and noted that this was communicated to the rest of the group.  After each group member had presented their research a discussion was had that looked at individuals’ findings in light of QFD 1 and 2. It was decided that in order to fulfil the design brief and incorporate the outputs from the QFDs that a new IM compliant energetic material should be examined. This material, Taw-Ex 2022, was highlighted during the design brief and the information provided is shown in figure 6. 
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[bookmark: _Toc171246472]Figure 6: Taw-Ex 2022 preliminary hazard data sheet.
It was apparent that although the hazard data sheet provided a good basis for information that many further tests and criteria would have to be examined in order for Taw-Ex to be demonstrated as a viable solution to the design brief posed. The requirements to gather, research and present this information structured the way the group allocated roles and responsibilities.
Figure 7. shows the initial areas that the group thought would be necessary to consider as well as the division of the sections by individual group member.
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[bookmark: _Toc171246473]Figure 7: Areas of development and the responsibilities of each team member from personal communication, note this is not a chronological sequence of development. 
These areas of responsibility shifted slightly during the project, but the broad roles and responsibilities remained the same. At this point it is worth noting the specific roles of the author and then detailing how these interrelated with other members of the group to highlight the communications and decisions that were taking place during the design process.
5.1 [bookmark: _Toc171246453]Author’s role: large-scale performance testing

Although the author’s role was demonstrated during the presentation attached to this report as Annex A, it is worth providing a brief overview of the work done in order to illustrate the connections between the different responsibilities of the people involved. 
The area focused on by the author was large scale performance testing and the disposal of any potential system involving Taw-Ex 2022. 
For the performance testing it was suggested that a series of trials be conducted utilising the findings of previous researchers in order to establish whether Taw-Ex 2022 could be a viable alternative to existing explosives used in the rapid cratering kit. In order to provide a technical set of requirements for the experiments the specifications of crater dimensions were taken from the United States Explosives and Demolitions Handbook and despite it being American it is assumed that other NATO forces, such as the United Kingdom, would require similar dimensions [2]. If possible the exact criteria specified by the British military may be researched at a later date, but currently a document specifying these have not been located and may exist at a classification higher than is able to be presented in this work.
The experiments would take the following data to be the baseline:
[bookmark: _Toc171246477]Table 3: Dimensions of craters used in US military doctrine taken from [2]. 
	
	Hasty
	Deliberate

	Depth
	1.8 – 2.1 m ~
	2.1  - 2.4 m ~

	Diameter
	6 – 7.6 m ~
	7.6m+ ~

	Weight of explosive used
	22.7 Kg ~
	36.2 Kg ~



Unfortunately, it is known that soil type and conditions greatly affect the ability of explosives to generate craters [18] [19]. Thus in order to be able to understand these phenomenon and to meet the design brief to work worldwide it is necessary to conduct a series of experiments controlling for soil type based on parameters used by previous researchers [20] [21] [19]. Using the research, it was suggested that constructing a series of test beds comprised of a range soil types would allow for an estimation of the performance of the design across varying conditions and thus different geographic locations. A similar set of experiments would also be conducted for the performance of the shaped charge as for the cratering kit to be truly IM compliant all the explosives would be replaced and the new design is proposing using Taw-Ex 2022 for both.
[bookmark: _Toc171246454]5.1.1 Inputs and communications required for performance testing

The large-scale performance testing is one of the later stages in the development of a new rapid cratering kit. One of the key inputs required for any trials data is the safety of the explosive and the expected outputs during use for example its velocity of detonation. The author spoke and worked closely with Stan Collins and Sam Parker who both contributed to the safety aspects of the design prior to the considerations for the performance testing. 
The key inputs for the large-scale testing would be provided by the small-scale testing conducted by Sam Parker. Working closely with him the author suggested that along with the critical safety data being collected, further tests should be done to ascertain key parameters of interest such as the velocity of detonation and pressure output for Taw-Ex. It would of course be possible to ask if the manufacturer could provide this data, but given that Taw-Ex is a new explosive, it was decided to collect data independently in order to verify any claims made. This decision was agreed between the author and Sam, but echoed in the approach taken by the wider group as well. 
Another key communication was that on top of the data gathered in small scale tests, modelling and simulation should be done to provide an estimate as to what may occur at scale, as it is known that there can be some variation between small and large quantities of material. This primarily would again be done at the small-scale testing stage. The results of these experiments would be shared with all group members, but the author notes they are key inputs for the large-scale performance testing.
Anna Williams led the group’s proposal for the manufacture of Taw-Ex. The information that Anna provided on how Taw-Ex was manufactured, along with any quality assurance provided would be key in how any large-scale trials were run and managed. The amounts of Taw-Ex created for the trials would still be of low enough quantities to be economical should it not be applicable, but the manufacture process itself should be as close as possible to how it would be conducted at scale to ensure that the explosive being tested was an accurate representation of the Taw-Ex that would be used in the kit. Some of the key questions put to Anna during discussions on the design were any additions that would be included to aid in the manufacturing process and how these may be controlled and measured for their effect on output. The results of that discussion were that the author was assured that any Taw-Ex supplied would be of the highest quality, but also easily reproducible for future batch creation, therefore the testing would indeed be representative of the final product. 
The discussions with Stan Collins and Josh Evans were more relevant for the other part of the authors responsibility and therefore will be discussed there. It is however worth noting that in both cases their safety considerations, both for IM testing and transport issues, would be informed by the outputs from the large-scale testing. Primarily their tests should utilise the data from the small-scale, but if any unexpected outcomes or outputs were generated at the larger scale then this would have to be communicated back as it effects the further development of the rapid cratering kit. 
[bookmark: _Toc171246455]5.1.2 Key outputs from the large-scale testing
The large-scale performance testing should provide clear evidence of the effectiveness of the group’s design to fulfil the customer brief of generating a crater of appropriate diameter and depth to meet the baseline requirements. Furthermore, a careful record of the weight of the explosive used will ensure that the design is comparable to the previous cratering kit in terms of efficiency. Finally, by looking at a range of soil types the requirement to function in all environments will also be addressed. It is expected that the trials report would form a key document in the development of an IM compliant rapid cratering kit and would be shared with stakeholders in order for them to understand the projects progress and development.
5.2 [bookmark: _Toc171246456]Author’s role: disposal
The disposal of Taw-Ex is an important consideration due to NATO requirements. To examine this area the author researched how other IMs were disposed of and the issues faced as well as any possible solutions found. 
One of the key findings from the research was that disposal of conventional munitions was primarily done through burning or by sympathetic initiation that is using another explosive to destroy the one of primary interest [17]. One of the issues for IMs in this regard is that they are specifically designed to try to limit the effects of this kind of initiation [11]. However from the research it was noted that it is possible to initiate IMs and to detonate them effectively by utilising a shape charge orientated towards the end of the explosive [17] [22]. This finding influenced the design of the trials outlined in 5.1 and the presentation in Annex A. 
A secondary consideration of the disposal was that even following their use IMs have a less efficient detonation than conventional munitions, meaning that following the crater creation, there may still be a considerable amount of material left in situ [11]. Indeed it was this issue in known IMs that partly influenced the group’s decision to pursue examining Taw-Ex to see if this was the case for this formulation. Should Taw-Ex indeed be similar to IMX 101 and IMX 104 and have this issue of inefficiency there is unfortunately not a good solution. This was communicated in the presentation and would be shared with the customer as a finding should it occur. However again it is worth noting that these inefficiencies are not stopping the transition to IM compliant explosives overall [23]. 
5.2.1 [bookmark: _Toc171246457]Disposal research inputs and outputs
One of the key inputs into understanding the disposal pathways for Taw-Ex are the outputs from the IM testing that is the responsibility of Stan Collins. It is assumed that in line with IM testing criteria, Taw-Ex would still be susceptible to initiation to full detonation through the use of a shaped-charge [11]. This is part of the IM testing regime and although Stan would be able to provide the information it would be useful to redo that experiment as part of the trials from 5.1. 
A further consideration for the disposal is the manufacture to target and disposal sequence (MTDS) [24]. Josh Evans was the key partner and the outputs from his examination of the transport and storage of Taw-Ex would greatly benefit the understanding of the disposal pathways of Taw-Ex and ultimately the applicability of the design. 
The key outputs from this research was the potential applicability of the use of a shaped charge to fully detonate Taw-Ex and this was shared with both the group before creating the presentation for the customer. The disposal coming at the end of an explosives life cycle did not mean that the outputs would be considered only as an afterthought, indeed discussions with all group members continually highlighted the MTDS as an important issue to consider throughout the design process.
6. [bookmark: _Toc171246458]Customer feedback and considerations
The previous sections outlined the author’s areas of responsibility, the inputs and outputs of the work done in order to create the customer presentation. Following the presentation feedback was provided evaluating the areas of responsibility. This section will address this feedback and suggest how it might be carried through into the design process.
[bookmark: _Toc171246459]6.1 Feedback on large-scale performance testing
The feedback for this section centred on whether a design of experiments approach could be used to develop a more efficient trials methodology. Firstly, it is worth noting what is meant by ‘design of experiments’. A design of experiments approach essentially uses mathematical techniques to allow researchers to vary more than one input at a time and then measure not only the response, but its dependency on the different variables [25]. This has clear advantages to the one factor at a time approach as it can highlight where multiple variables need to interact to effect a change in the output [25] [26]. Overall, this may provide better data and a more efficient trials process. 
Although the author is aware of some of the statistical methodologies that can inform this approach, such as an analysis of variation (ANOVA) study, this is something that would require further research before incorporating into the design itself. Having said this, although it was not explicitly stated during the presentation the study examining the relationship between soil variables and crater size, did employ response surface mapping to better understand the relationship between multiple interdependent variables [19]. Response surface mapping is a mathematical technique that plots results and variability on a 3D graph which gives an indication of which variables are effecting the results and by how much [25].  
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[bookmark: _Toc171246474]Figure 8: An example of a response surface mapping graph taken from [25].
It is certainly possible that with further analysis and understanding of the variation of crater size generated by Taw-Ex that a design of experiments approach might yield interesting insights. In the author’s opinion, this might be warranted as part of a broader study after an initial trial to simply understand the cratering capability of Taw-Ex, but this would have to be researched further and presented back to the group in order for a decision to be made to go forward. Again a discussion with Sam Parker and the small-scale testing team would likely be warranted to see if there are potential linkages between these different series of trials and any convergence in the data generated.
[bookmark: _Toc171246460]6.2 Feedback on the disposal
The second area where feedback was provided was in the disposal methods suggested, namely by sympathetic detonation via a shaped-charge. The feedback asked the author whether other methods such as, chemical disposal, open burn or water jet cutting might be applicable. The following sections show where further work may be necessary, but overall the opinion of the author is that the shaped-charge initiation proposed is currently the most effective disposal means for Taw-Ex  [17].
[bookmark: _Toc171246461]6.2.1 Chemical disposal
This had not been explored by the author as part of the disposal pathway, but is potentially an option. The research here would have to focus on the chemistry of Taw-Ex itself to better understand potential reactions with reagents and possible by-products. Indeed this is an option when disposing of research demolition explosive (RDX) with the use of Fenton’s reagent [27], however a careful study would have to be conducted here as with use of any solvents could lead to undesirable by-products. This is well-known from explosive manufacturing where washing and dissolving processes have produced very toxic and harmful waste, such as dinitrophenol DNP in the production of trinitrotoluene TNT [28].
[bookmark: _Toc171246462]6.2.2 Open burn
Open burning is an option for conventional explosives and the particulates have been successfully removed from the environment again using active carbon and bioremediation [29]. This is a potential option with Taw-Ex, however until the chemistry of the explosive is better understood it may be wise to focus on different means for disposal as there is no guarantee that Taw-Ex burns particularly well or efficiently nor is there a clear understanding of what would then be done with any waste generated from this process. Issues in getting IM compliant munitions to burn efficiently are discussed in [17].
[bookmark: _Toc171246463]6.2.3 Water jet cutting	
Similar to open burning the underlying chemistry of Taw-Ex would have to be better understood before this could be recommended as a disposal method. One of the issues with known IM compliant munitions is their propensity to dissolve in water. DNAN, a composition used in the manufacture of the IM compliant IMX 104, is more soluble than TNT in water [30]. NTO, also used in the manufacture of a range of IM compliant explosives, is more water soluble than almost all other energetic compounds used in conventional munitions [30] [16]. This presents a hazard and currently the effects of increased NTO and DNAN in ground water are not well understood [30] therefore it is advisable that even without knowing the exact chemistry of Taw-EX, water jet cutting should only be used in very controlled circumstances.
7. [bookmark: _Toc171246464]Conclusion 
This report focused on the design of a new IM compliant version of the rapid cratering kit. In particular it highlighted the communications between different members of project team, the approach taken, the role of the author and where there were interdependencies. The author has highlighted the areas of their contribution, as well as some areas that upon reflection were not fully evaluated. Despite these limitations the author still believes that the project team’s proposal, as given in the presentation to the customer in Annex A, would meet the design brief and is an effective approach. 
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Figure 10.1: Overall scheme of the procedure for classifying a substance or article in the class of
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           TESTING – THE LEGAL REQUIREMENTS Recommended tests for new explosive devices. Relevant test series for this design: - Series 3 (is it thermally stable?) - Series 4 (is it class 1?) - Series 6 (H.D. 1. 1 - 4) - Series 7 (H.D. 1.6) UN “Manual of Test and Criteria”   
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           STORAGE • Current RCK = 1.1D, 41 kg NEQ • New RCK = 1.4S/1.6S • Domestic • In - theatre  Open Stack    UNSaferGuard , IATG 1.50, New York: UNSaferGuard , 2021.
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                DISPOSAL TAW Ex 2022 • Disposal method for the charge is a shaped charge jet. • Held minimal threshold value for initiation. • Holds even for large critical diameters IMX - 101 66mm. • Detonates fully i.e. 99.7% material loss.       Pope and Baker, Insensitive Munitions Explosive Ordnance Disposal Challenges , 2018 Voisin, Critical Diameter Correlations , 2016
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image87.png
QUESTIONS




image88.svg
     QUESTIONS


