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       In order to understand the inherent hazards and risks of large calibre artillery rounds, one needs to consider the complete life cycle of it. The investigation will discuss the current components of the round from the component hardware and the explosive attributes, such as Lead Azide used in the fuzes and melt cast TNT for the main charge. Further, the investigation delves into brief knowledge parting regarding the initiation train, the safe transportation and storage through to deployment effects. There are risks and hazards involved in each process, and some of these such as the chemical decomposition of the explosives as well as the varied environmental effects can have upon the round as a whole are explored in this investigation. Identifying the hazards enables mitigation techniques to be created and put into place, techniques that when employed can enhance the service life of the round, prolonging storage capabilities and protecting the components that make the round. The investigation will examine the effects upon both the environmental and persons involved with TNT filled artillery rounds. It will aim to provide improvement areas in the form of substituting the toxic explosives used for less environmentally impactful substitutes. 
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1. [bookmark: _Toc140336397][bookmark: _Toc140336884]Introduction

Explosives and propellants are integral to any nations’ defence industry. The explosive sector is a mature research field, dating back from the use of black powder in China, through to the usage of 2,4,6-Trinitrotoluene [1] [2]. The widespread usage of TNT and its incredible versatility has kept it as a stable source for defence industries. However, with rising transport costs and storage times prolonging, the hazards associated to TNT and large calibre munition still need to be safely managed, without cost cutting. In an increasingly tighter regulated environmentally conscious world, research, time, and money is required to further mitigate explosive hazards by creating newer insensitive explosives. The hope, to mitigate against the numerous hazards associated with current in-use artillery explosives whilst ensuring reliability is still key, be it manufacturing, disposal or battlefield use [3].
This investigation discusses the complex system that makes a melt cast TNT large calibre artillery round. To provide information on the hazards associated with the storage and transportation of the round, be they chemical, environmental, or physical, and identify methods to mitigate them and  provide to improve opportunities.


2. [bookmark: _Toc140335663][bookmark: _Toc140336398][bookmark: _Toc140336885]Properties of A large Calibre Artillery Round

A large calibre artillery round is a complex, multi-faceted system. Distinct compounds work harmoniously to deliver a designed desired effect. The round, example figure 2.1, is propelled by bagged/stick propellant, figure 2.2. The burning of the propellant creates high-pressure within the confined cases from the bags and barrel, propelling the round. The fuze at the tip of the round controls the timing of detonation. The fuze, a primary explosive, initiates the detonation of a small secondary explosive (Booster) to propagate the shock wave and initiate the HE filling, as it requires a greater stimulus than just the primary detonation. The detonative train releases tremendous energy, a process known as the initiation train, figure 2.3.
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[bookmark: _Toc140335678][bookmark: _Toc140336425][bookmark: _Toc140336548]Figure 2‑1 - Simplistic annotated cross-sectional view of a large calibre artillery round – Including detachable fuze head, shell casing and cut-through view to expose HE fill [4]
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Figure 2‑2 - Stick propellant increments in bagged charge [5]
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[bookmark: _Toc140335680][bookmark: _Toc140336427][bookmark: _Toc140336550]Figure 2‑3 - Simplified Initiation Train [6]

3. [bookmark: _Toc140335664][bookmark: _Toc140336399][bookmark: _Toc140336886]Potential Hazards and Inherent Risks

Explosives, be them in storage, transport or deployed for use, are susceptible to many hazards. Temperature and humidity, alongside time, alter the chemical explosive compounds and physically alter the component parts [7]. Research confirms that exposure to high/low temperatures (above 30°C and below -12°C) [8] causes significant chemical decompositions and failure of the external hardware [9]. 

3.1. [bookmark: _Toc140335665][bookmark: _Toc140336400][bookmark: _Toc140336887]Fuze

[bookmark: _Toc139967057]A primary explosive substance, designed to detonate easily, and initiate the larger, less sensitive secondary explosive. The explosive used tends to be Lead Azide, an inorganic compound in the N3 group that has an almost immediate deflagration to detonation transition. Temperature changes cause the crystalline structure to transform and thus weaken it to friction or shock, leading to extrusion and a detrimental change of volume. This results in an undesired change in density and problems with initiation. CO2 within the atmosphere causes decomposition due to humidity changes, creating the evolution of Hydrazoic Acid, a toxic by product that is harmful to the environment and human inhalation [10]. Lead is incredibly toxic and can decrease environmental biodiversity whilst also damaging the human reproductive and digestive systems [11].

3.2. [bookmark: _Toc140335666][bookmark: _Toc140336401][bookmark: _Toc140336888]Main Explosive Filling

Primary payload of the artillery shell. Composed of a secondary explosive, for this investigation, melt cast TNT. TNT formulations have been used industrially for around 100 years, used for military purposes due to it being inexpensive to mass produce, malleability to be moulded and having a very high detonation velocity/energy [12]
TNT has a plethora of issues when environmental variables are introduced. It's low melting temperature (80℃) means when cyclically heated and cooled, “needle” like structures is created within the compound which are shock and friction sensitive [13]. Nitroglycerin within TNT can exude, creating chemical instability known as Hydrolysis. Nitro-based explosives undergo hydrolysis where the weak bonded nitro groups are easily broken and react with other compounds. This process can lead to a vast decrease in their energy release. At room temperature TNT has a low vapour pressure, but if the temperature is increased, sublimation occurs, and toxic vapours can be released into the environment and the water-cycle [14], devastating wildlife and local human populace. Inhalation exposure risks can also occur when stored in confined spaces [13].

3.3. [bookmark: _Toc140335667][bookmark: _Toc140336402][bookmark: _Toc140336889]Propellant

In the form of stick/bag charges, the number used, and arrangement depends on calculated distance to target, desired velocity, and specific artillery piece. Granular form propellant determines burn rate and energy release. They are generally composed of Nitro-Esters. Under normal temperatures they can undergo a slow degradation, and an autocatalytic decomposition which could lead to undesired ignition. Nitrocellulose has a low bond energy which means these bonds are broken easier under temperature variances [15]. Lower temperatures can decrease the burn rate of the propellant leading to a decrease in muzzle velocity or unintended trajectory [16].

3.4. [bookmark: _Toc140335668][bookmark: _Toc140336403][bookmark: _Toc140336890]Shell Casing

The containment of the artillery round, consisting of an outer casing and internal barrier wear liner between the HE. Temperature variations create expansion and cooling stresses, notably at different rates dependent upon the materials. The stresses, on the casing or seals, etc, can create failure points. In high humidity, these failure/ingress sites become susceptible to the diurnal temperature cycles where extra moisture is being extracted and deposited at varying rates [17].
Corrosion of parts can occur to the casing system. Oxidation is an electrochemical process due to excess water in the atmosphere or uncontrolled humidity. It can be a very difficult process to mitigate once started, and can lead to malfunctions, degradation, misfiring, and unintended events [18].


4. [bookmark: _Toc140335669][bookmark: _Toc140336404][bookmark: _Toc140336891]Mitigation Techniques

4.1. [bookmark: _Toc139967061][bookmark: _Toc140335670][bookmark: _Toc140336405][bookmark: _Toc140336892]Service Life

Service life is a term used to define functional life (operational life) and storage life (chemical life), figure 4-1. It is the time in which an explosive can safely be stored, transported, handled, and used without complications. It can be lengthened via the use of safe storage and chemical additives to stabilise or protect the composition of the explosive to external factors and  internal decomposition.
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[bookmark: _Toc140335681][bookmark: _Toc140336428][bookmark: _Toc140336551]Figure 4‑1 – Service life wire diagram [15]
       Storage life limitations are uncovered during artificial ageing tests for months to years (between 40 °C and 80 °C). Its activation energy is calculated and adjusted if required, which provides the new calculation for its storage life [15]. 
       Functional life is the time in which the system will perform its purpose. Over long periods of time the breakdown of components can occur due to being in contact with the explosive chemicals. It includes the timings of the chemical breakdown of explosive binder, which results in a loss of energy content. 
      Governments spend billions annually in order to mitigate the problems in storage and functional life. Chemical binders or additives are used to prolong the storage life of explosive compounds and mitigate the degradation of explosive materials [15]. Some are listed below:
· Stabilizers: Compounds added to slow degradation. Maintain chemical stability, storage life for longer periods of time. 
· Desensitizers: Compounds added to explosives to reduce sensitivity to shock/friction. Consequently,  prolonging longevity of explosives. E.g., waxes added to TNT [19]
· Additives: Compositions that when incorporated, counteract the impacts of humidity. They serve various purposes such as reducing ESD, flash suppressants, and preventing degradation under extreme temperatures.
· Coatings: Prevent and slow the deterioration process caused by oxidation They can include waxes, oils, paints, which maintain a safe-guarding barrier to prevent atmospheric oxygen reacting with the metallic compounds and rendering the artillery round un-serviceable.


4.2. [bookmark: _Toc140335671][bookmark: _Toc140336406][bookmark: _Toc140336893]Storage and Transportation of Explosive filled Artillery Rounds

There are vast swathes of information available regarding the safe transport and storage of explosive ammunition. It is all carefully regulated, updated, and implemented with governmental bodies firmly at the helm. 

4.2.1. [bookmark: _Toc140335672][bookmark: _Toc140336407][bookmark: _Toc140336894]Storage

Safe storage of munitions is integral for munitions’ life cycle, functional use, shelf-life longevity, personnel safety, and environmental safety. Expanded into hazard divisions, quantity distances and structurally environmentally controlled mitigation. 

Hazard divisions (HD) classify all munition types by the potential hazard associated by material type. Furthered into compatibility groups within the HD. Storing depends upon the compatibility of the groups in respect to others, figure 4.2 [20]. Adherence to this ensures a reduced risk of accidents and lessens the effects if they occur. Storage facilities contain explosives of one HD/CG type but if mixing occurs there are rules in place from governmental departments.
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[bookmark: _Toc140335682][bookmark: _Toc140336429][bookmark: _Toc140336552]Figure 4‑2 – Compatibility group mixing rules for storage [20]
       Quantity distances are an easy process to put in place. Limiting the number of types of ammunition at calculated distances reduces the effects of unintended explosions, subsequently protecting the public. It reduces the risk of explosives propagating and limits the effects to one particular area. Further segregation to limit the loss of all of one type of explosion, is known as “two-point” dispersal [20]. Figures 4.3 and 4.4 show QD to store interior and exterior, considering public areas.
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[bookmark: _Toc140335683][bookmark: _Toc140336430][bookmark: _Toc140336553]Figure 4‑3 – HD distances for internal storage [20].
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[bookmark: _Toc140335684][bookmark: _Toc140336431][bookmark: _Toc140336554]Figure 4‑4 – HD distances for external storage sites [20].
Permanent storage sites must provide mitigation utilising temperature and humidity-controlled environments [21]. Further mitigation includes introducing more controls such as anti ESD regimes, with conductive flooring and cotton-based PPE [9]. Structurally, the sites must be able to absorb and dissipate the blast energy from an unintended initiation.
Training of personnel plays a vital role in safe storage. Educating the personnel on the hazards and risk provides foundations to enable trained and competent staff working within national guidelines. Personnel are responsible for packing, handling, and vitally, inspecting the ammunition to ensure valid function. 
Storage of munitions on the battlefield is not considered normal practice and it is noted that where applicable, the above guidelines are to be followed and as a minimum, ammunition storage sites are to be placed under covers.


4.2.2. [bookmark: _Toc140335673][bookmark: _Toc140336408][bookmark: _Toc140336895]Transportation

European member states adhere to the French directive  ADR which classifies the transportation of dangerous goods [22]. Road transportation is most common, for larger distances rail is used but in times of complex situations or the requirement for haste, air is also employed [23].
Transport vehicles, freight containers or rail wagons must be structurally sound and free from defects before commencing. This is a necessity and carried out by trained personnel [20]. Transportation in these types of accommodation adhere to environmental controls and segregation distances.
Temperature of the transport container depends upon the requirement for the type of explosive transported. Adherence must be made to the self-accelerating decomposition temperature for the individual explosives on route [24], these may vary, for example when transporting fuzes with primary explosives compared to the main shell containing the TNT secondary. It should be noted, fuzes must be transported separately to the artillery round.
Additionally, it must compensate for the differences of internal and external temperatures upon loading therefore slow acclimatisation is required [24]. The maximum temperature must not exceed 55 °C and safety measures must be in place if loss of controlled environment occurs, be it liquid oxygen tanks or back-up systems. 
Segregation of explosive types, Figure 4.5 , defines transport limits  not just by hazard classification but also net weights and distances. Incompatibility between groups is considered as it could result in an unintended event [20].
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[bookmark: _Toc140335685][bookmark: _Toc140336432][bookmark: _Toc140336555]Figure 4‑5 – Net explosive limits/permissions/separation distances in containers and wagons [25].



4.3. [bookmark: _Toc140335674][bookmark: _Toc140336409][bookmark: _Toc140336896]Improvement Opportunities 

Creating new compounds with greater chemical stability, greater insensitivity to shock/friction and are not toxic to the environment and persons involved is no easy feat. However, recent advances have proved fruitful with the creation of a Lead Azide replacement known as DBX-1 and a melt cast TNT replacement known as IMX-101.
There is a plethora of environmental and health data on the effects of using lead, yet it continues to be the primary explosive for detonators [26]. DBX-1, copper(I) 5-nitrotetrazolate, has proven to be less volatile when aged at high temperatures, decomposes slowly when exposed to liquid and atmospheric water, has greater compatibility with physical components and importantly, does not harm the environment [26]. It is hoped that this composite can replace Lead Azide for fuzes/detonators.
IMX-101 is a melt cast explosive and research has shown it is as safe to process as TNT, does not detonate when decomposing under confinement, whilst being far less shock sensitive. Its detonation velocity is only just lower than TNT [27] and its critical temperature determinate means it can be safely stored/handled when produced. It has an excellent resistance to ESD and notably, it is significantly less toxic than TNT. This includes having a manageable waste stream without risk of inhalation issues to persons [28].  Figure 4.2 informs of ingredients and uses.
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[bookmark: _Toc140335686][bookmark: _Toc140336433][bookmark: _Toc140336556]Figure 4‑6 – Small sampled information of IMX-101 [29]
Hazard Classification 1.1 is used for all HE filled warheads, IMX-101 is in the process of meeting the “Extremely Insensitive Detonating Substance” requirements, which would change its classification to 1.6. The ramifications for this are enormous, it allows the easing of quantitative storage distances, down from 4500Kg at 381m to 4500Kg to 52m. [28]
Ultimately, munitions filled with this would be much safer to personnel, safer to transport/store and have greater resistance to enemy incidents and fire damage, i.e., less chance of cook-off [30].

5. [bookmark: _Toc140335675][bookmark: _Toc140336410][bookmark: _Toc140336897]Conclusion

A large calibre artillery round is a complex system. The component parts must be created and assembled safely during manufacturing, without risking personnel health, be stored in adherence to the regulations, and transported in accordance with guidelines. It is a balancing act of keeping each system, be they primary explosives, secondary main charge, propellant, or the casing from negatively interacting with each other and the environment around it. The investigation brought to the forefront a sample of the chemical instabilities, physical incompatibilities and regulatory restrictions that arise during the life cycle of the round. It touched upon the mitigation of decomposition, be they from additives incorporated to the mixture, temperature and humidity-controlled environments and the need for quantitative distances alongside hazard divisions/classifications. Yet, an exciting time of less sensitive, less toxic explosive compounds heralds a new era of explosive manufacturing, one mother nature Is sure to observe with a sense of relief knowing that progress and preservation can coexist harmoniously.
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