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[bookmark: _Toc199679746]1.0	Introduction
[bookmark: _Toc199679747]1.1	Breakdown & Disposal
1.1.1	Although breakdown and disposal usually occur at the end of the useful life of a system, it is important to consider this phase at the earliest stages in a system’s development. Given the hazardous nature of energetics, it is of great importance to ensure this is done in a manner which is commensurate with the threats it poses. Growing environmental pressure to ensure energetics are disposed of in a manner which reduces their impact has seen alternatives to open burning in the form of chemical destruction [1]. It has also seen the elimination of dumping, such as sea dumping, as an acceptable form of energetics disposal. The highly toxic nature of energetics such as TNT and RDX make the safe disposal of munitions essential in the design process. To ensure this is addressed in ‘real life’ weapon systems, standards such as STANAG 4518 Safe Disposal of Munitions, Design Principles and Requirements, and Safety Assessment have been developed.  
1.1.2	The role of the Author was to develop a set of disposal centric design/system requirements and a suitable method of disposal for the weapon system.   

Figure 1 - Disposal Stakeholder Map
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[bookmark: _Toc199679748]1.2	Assumptions & Considerations
1.2.1	To begin the process of developing suitable methods of disposal for the weapon system, it was first necessary to establish some basic assumptions:
· Conventional military polymer bonded explosive.
· Can be disposed of via conventional methods.
Figure 2 - Considerations Pertinent to the Disposal of an Energetic Weapon System
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[bookmark: _Toc199679749]2.0	Disposal Development
[bookmark: _Toc199679750]2.1	Potential Methods of Disposal 
2.1.1	It was assumed that a modern polymer-based, IM compliant energetic would be used for the lethal package. The current methods of disposal explored were:
I. Dissolution or dilution by a solvent;
II. Chemical destruction;
III. Detonation – which is also how the system is intended to function;
IV. Burning;
V. Microbiological degradation – more appropriate for the remediation of contaminated land;
VI. Dumping or burial – a discounted method unavailable as a viable method of disposal. 
VII. Breakdown
[bookmark: _Toc199679751]2.2	Failure Mode Effect Analysis (FMEA) 
2.2.1	To inform the design of the weapon system (potentially place additional system requirements) on the methodology used to dispose of the energetics, an FMEA was carried out on each method. This methodology was chosen due to the limited techniques available for weapon disposal i.e. detonation, burning, breakdown, and chemical dissolution. With the cost to undertake disposal discounted, safety and the effects of disposal became more significant in disposal selection: FMEA was therefore deemed applicable for their analysis. 
2.2.2	FMEA was first developed as a reliability evaluation method to ascertain the effect of system and equipment failures [2]. The failure modes were then categorised according to their effect upon safety, mission success, and other systems and equipment. It is a qualitative technique which helps to identify the failure potential in a process or system, and therefore, ascertain potential failures during the design phase of a system where such problems could be designed out. The process requires a question set to aid the elicitation of the potential failure modes and their respective effects, which typically constitute the following:
· How can it fail – too great, too little, partially function?
· What are the potential causes of failure?
· What are the potential effects if the failure occurred?
· What is the severity of the failure mode?
· Potential controls and mitigations
2.2.3	The following FMEA (Table 1) primarily focusses upon the failure of the energetics from the product perspective, as opposed to user induced faults such as failing to adhere to processes and maintenance procedures etc.  

[bookmark: _Ref199248321]Table 1 - Disposal FMEA Analysis
	Method of Disposal
	Failure Mode
	Cause
	Control / Mitigation
	Overall Assessment

	Detonation
	Inadvertent operation
	· Sensitised explosive (manufacturing fault and failure of quality control)
· Degraded explosive

	· Quality control of the production of energetic material scrutinised and reviewed through audit etc. to ensure its effectiveness.
· IM compliant
· Initiation system compliant against known international standards for the disposal of energetic materials. 
	The severity of an inadvertent detonation of the energetic material has the potential to cause a catastrophic outcome i.e. multiple deaths. However, the probability of a modern energetic undergoing inadvertent detonation with the associated safety measures in place is deemed to be incredible. This would necessitate the initiation system to be compliant with the relevant standard for disposal activities. 

	Detonation
	Partial detonation
	· Failure in performance of the energetic material.
· Density and confinement insufficient to sustain detonation. 
	· Quality control of the production of energetic material scrutinised and reviewed through audit etc. to ensure its effectiveness.
	

	Detonation
	Blast effects greater than planned for
	· Confinement
· Failure of quality control in the manufacture of the energetics.
	· Quality control of the production of energetic material scrutinised and reviewed through audit etc. to ensure its effectiveness.
	

	Detonation
	Fails to detonate
	· Failure in performance of the energetic material.
· Insufficient initiation energy. 
	· Quality control scrutinised and reviewed through audit etc. to ensure its effectiveness. 
· Detonation method is proven to be sufficient for the explosive material and proven via previous testing. 
	

	

	Burning
	Inadvertent initiation or detonation
	· Confinement
· Uncontrolled burn
· Manufacturing fault / quality control fault with the inclusion of hot spot region/s
· Critical diameter of the energetic material sufficient to support detonation. 
	· Control of confinement
· Use of remote firing rigs
· Armoured furnace
· Caged burning
· Separation distances
· Fire suppression devices
· Potential desensitisation of explosives 
	The probability of an inadvertent initiation or detonation is raised due to the nature of this method of disposal.  Isolation of the burning process and the prior breakdown of the energetic material will need to be undertaken. 

	Burning
	Partially burned
	· Temperature too low
· Manufacturing fault resulting in poorly performing energetics.
	· Quality control scrutinised and reviewed through audit etc. to ensure its effectiveness. 
	

	

	Chemical or dissolution / dilution by a solvent.
	Inadvertent initiation or detonation
	· Thermal runaway / vigorous exothermic reaction.
· Incompatible chemical/s resulting in the failure mode.
	· Controlled and monitored concentration of ‘chemical destroyers’ e.g. sodium hydroxide, with the complete dissolution of solid sodium hydroxide etc. 
	The process of chemical dissolution of the energetics itself generates further hazardous waste which will require further processing. 

	Chemical or dissolution / dilution by a solvent.
	Incompatibility between energetic and solvent
	· Excessive exothermic reaction.
· Solvent reacts with the energetic to create e.g. flammable gas. 
· Production of chemically more dangerous products to personnel and/or the environment. 
	· Use of only known compatible solvents / ‘chemical destroyers’.
· Use appropriate PPE, procedure carried out in isolation etc. 
	

	

	Breakdown
	Inadvertent initiation or detonation
	· Incompatibility between the energetic material and the tooling used to break it down could result in e.g. sparking.
	· Use of energetic compatible tooling.
· Sensitive energetic material.
	The process of energetic material breakdown fails to eliminate the hazardous nature of the material completely, and therefore would require further processing. 



2.2.4	The process removed Breakdown as a viable candidate for the disposal of the energetics. There were found to be a number of advantages and disadvantages to using the FMEA for this application, which have been detailed in Table 2. 
[bookmark: _Ref199247503]Table 2 - Advantages and Disadvantages of FMEA for Disposal Analysis
	Advantages
	Disadvantages

	The author was able to carry out the analysis without significant additional resource. 
	It is optimised for specified system functions and does not readily translate easily to areas such as Human Factors or procedures. 

	It permitted the comparison between the available disposal techniques. 
	It required defined functions to perform fully and exhaustively, which was not available at the time of production.

	It was found to highlight significant failure modes which could be viewed as safety critical, and where a single point of failure would result in e.g. a vigorous exothermic reaction due to the application of a concentrated solution. 
	The process requires the author to be conversant with the system, which made its application to a weapon in the early stages of development challenging. 

	It enabled the development of an understanding of the system. 
	The focus of the FMEA was on equipment aspect and failed to capture the human input, with accidents invariably having a significant human input. 

	The level of detail required was appropriate to gain an understanding of the main immediate concerns posed by the disposal of energetic material. 
	



[bookmark: _Toc199679752]2.3	Pugh Matrix
2.3.1	To further assist in determining a suitable method of disposal, a Pugh matrix was utilised. The matrix allowed for the comparison of a number of candidate solutions against a set of criteria, with a scoring system determining the most appropriate candidate. This would then be used to inform the final decision. 
2.3.2	To compare the disposal methods against a set of criteria which was informed by the stakeholders’ requirements, a baseline was used which was determined to be the assumed normal functioning of the weapon system. 
[bookmark: _Ref199667022]Figure 3 - Pugh Matrix for Disposal Techniques [3]
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2.3.3	It can be seen from Figure 3 that the method to dispose of the energetics by detonation scored highest against the candidate criteria. 
[bookmark: _Toc199679753]2.4	Disposal Determination
2.4.1	The selection of the most suitable disposal method is determined by two factors [4]:
I. The nature of the explosive substance or article and its hazards;
II. The type and the position of the disposal site.
2.4.2	Due to the isolated nature of the disposal site (Figure 4) and the expected net explosive quantity of the weapon system, detonation was chosen as the method of energetic disposal. 
[bookmark: _Ref199670072]Figure 4 - Selected Disposal Site [5]
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[bookmark: _Toc199679754]2.5	Disposal Management
2.5.1	Crucial to the development of disposal centric requirements was the development of its management. This would potentially elicit additional system/design requirements to be considered. 
Figure 5 - Separation of Energetic from Non-energetic Components
[image: ]
2.5.2	The waste stream process for the weapon system can be seen in Figure 5, which used the underlying requirement to separate the energetic from the non-energetic components. It focussed upon the end-of-life aspects of disposal as opposed to the disposal of the energetics during manufacture. 
2.5.3	As the weapon system enters the disposal/waste management stream, it is first assessed whether the life of the energetics can be extended. This would be a consideration for the project management team, as to whether it is financially viable or necessary to invest in a programme to carry out life extension activity. Although beyond the scope of this assignment, it is worth noting what such an activity would involve. 
2.5.4	Life extension is a project of accelerated ageing and subsequent test using ‘real-life’ items in order to extend the existing assessed service life.  A surveillance programme would need to confirm the existing service life by the extraction and test of naturally aged items from operational weapons held in storage. The activity consists of breakdown, test and criticality analysis. 
[bookmark: _Ref197757643]Figure 6 - End of Life Waste Stream Management
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2.5.5	It can be seen from Figure 3 that the waste stream management aims to bifurcate and separate the energetic and non-energetic components. This enables the delivery aspect of the system (i.e. drone) to be disposed of via conventional and readily available commercial methods. This has the added benefit of reducing the necessity for specialist forms of disposal as well as enabling the components to be recycled or potentially reused in their entirety. 
2.5.6	The separation of the energetic from the non-energetic components forms part of the system’s design requirements, and captured as:
· The system shall be capable of separating the energetic components from the non-energetic components.
[bookmark: _Toc199679755]3.0	Conclusion
3.1.1	The development of the disposal requirements from a generic, unspecified initial requirement is outlined in Figure 4. The disposal requirements were then fed into the broader system requirements, which would ideally be an iterative process, positively influencing the overall system design. Disposal should be viewed as a positive influence from a weapon system design process, which in this instance influenced the decision to have a modular design which could separate the energetic from the non-energetic components.  
Figure 7 - Development of Disposal Requirements into the Broader Systems Requirements
[image: ]

3.1.2	The models / methods used were found to be ineffective when it came to exploring potential innovative disposal techniques. They were found to be bound by the constraints of what is a practical method for disposal which is itself driven by two key factors: the location for disposal and the energetic material to be disposed of.  
[bookmark: _Toc199679756]3.1	Critical Design Factors
3.1.1	The critical design factor was to create a system that was safe and suitable for disposal. This has been achieved through the derived disposal centric system/design requirement: 
· The product hazards associated with disposal shall be shown to be Broadly Acceptable or Tolerable and ALARP.
[bookmark: _Toc199679757]3.2	Applicability of System Models to Current Work
3.2.1	The author has used system engineering models to conduct analysis on the hazards posed by the operational environment on a complex weapon system. This required performing an FMEA on the functions of the weapon system and analyse their failures within the operational domain, once the weapon system had passed through the defined safety boundary i.e. where responsibility passed from the weapon design organisation to the user. 
3.2.2	Identified functional failures and their associated severity would be used to inform system and sub-system level requirements to control against these potential failure modes. The FMEA process steps are set out in Table 2 and where the author’s contribution to this process and how it passed into the safety requirements derivation process is outlined in Figure 5. 
[bookmark: _Ref199231979]Table 3 - Failure Mode Effects Analysis Steps
	Step
	Task
	Description

	1
	Define Operation
	Define the scope and boundaries of the operation to be performed.
Understand the operation and its objectives

	2
	Acquire Data
	Acquire all the necessary design and operational data needed for the analysis. This includes both schematics and manuals, functional flow diagrams, state diagrams etc. 

	3
	List Functions
	Make a detailed list of all the functions to be considered in the FMEA. This might be taken from a design document that is already written. It is important that all functions be considered. 

	4
	Conduct FMEA
	Perform FMEA on each item in the function list. This involves evaluating the effect of each functional failure mode. It is important that all functional failure modes be identified, along with the mission phase under analysis. Utilise existing hazard analyses results (where available) to assist in identifying hazards. Also, use hazard checklists to assist hazard identification. Identify hazards and any existing design features to eliminate or mitigate the hazards.

	5
	Evaluate System / Subsystem Risk
	Identify the level of mishap risk presented by the identified hazards. (Note: the risk criteria used should be aligned with the weapon system level safety criteria as defined in the Weapon System Level Safety Plan).

	6
	Identify Safety critical / Related Functions
	Based on the level of risk criticality, identify those functions that are considered safety critical / related.

	7
	Recommend Corrective Action
	Recommend corrective action for hazards with unacceptable risk. Develop derived safety requirements to mitigate identified hazards. Also, identify safety features already in the design or procedures for hazard mitigation. 


[bookmark: _Ref199232336]Figure 8 - Safety Requirements Elicitation
[image: ]

3.2.3	Another example on the application of a system model by the Author has been the use of Fault Tree Analysis (FTA). This was used to understand the different factors which could contribute to the unwanted top event (accident) of an incorrect target strike. This was subsequently used to inform what level of apportionment should be placed upon each contributing factor, with an associated level of safety integrity. 
Figure 9 - Basic Fault Tree Analysis
[image: ]
3.2.4	The communication of ideas to other stakeholders is managed through a series of working groups within a hierarchical structure, as outlined in Figure 7. This permits the free communication of concerns, queries, requirements etc. between the various stakeholders who each have their own differing areas of interest. 
[bookmark: _Ref199244225]Figure 10 - Basic Safety Panel Structure
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