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[bookmark: _Toc140484417]Abstract 
Explosives can be broken down into categories, low and high explosives. High explosives are further broken down into primary, secondary and tertiary explosives.  These categories are what makes an explosive train. The shock from a sensitive primary explosive is needed to detonate an insensitive secondary explosive. This can be used to introduce a safety feature of artillery shells, by blocking or removing part of the explosive train. The primary explosive is housed within the fuze of the shell. By making these removable, increases the safety in use, transport and storage.
1. [bookmark: _Toc140484418]Introduction
This report will be looking into and describing the design features used within large calibre artillery rounds to achieve the safe storage and transport of the rounds. The explosive train used within the rounds will be discussed, and how it is used to ensure the safe intended effect is achieved from each artillery shell. This repot will be focusing on a melt cast TNT filling considering its properties, and potential replacement fillings that may be suited for the required effects.
2. [bookmark: _Toc140484419]Explosives
Explosives can be broken down into different categories and subcategories. There are two fundamental type of explosives, High explosives and low explosives. Low explosives undergo deflagration and high explosives undergo detonation.
2.1. [bookmark: _Toc140484420]Deflagration
Deflagration is the subsonic progression of a flame front through an explosive, air-fuel mixture, producing peak pressures orders of magnitude lower than a detonating explosive. [1]
[bookmark: _Toc140484421]Deflagration to Detonation
It is possible for an explosive to burn from deflagration to detonation. As the flame front moves through the deflagrating explosive, the velocity of the front can increase, eventually transitioning to a detonation wave. [2]
2.2. [bookmark: _Toc140484422]Detonation 
Detonation is the supersonic progression of a flame front through an explosive, resulting in extremely high pressures. High explosives do not always need an external oxidiser as the explosive can have enough internal oxygen. [1]
[bookmark: _Toc140484423]Critical Diameter 
As described by A.N. Deremin ‘The critical-charge diameter is that at which the attenuating detonation front will not be restored by the wave travelling over the compressed explosive.’ If the critical diameter or density of an explosive is not sufficient, the detonation wave cannot be sustained, resulting in a failure. [3]
2.3. [bookmark: _Toc140484424]The breakdown of explosive types 

[image: ]
[bookmark: _Toc140484157]Figure 1 A flow chart showing the breakdown of types of explosives
Figure 1 shows the breakdown of explosives, breaking high and low explosives down further into their sub-categories. 
Low explosives are broken down into both propellants and pyrotechnic, which both have unique uses within the ordnance and munitions sphere.
[bookmark: _Toc140484425]Propellants 
Propellants are low explosives used to propel a munition to the desired target. Propellants are used in munitions such as small arms ammunition, mortars, rockets and rocket propelled grenades. The propellant composition can be single, double or triple based. [4]
Table 1 Table showing the components of single, double and triple based propellants
	Single
	Double
	Triple

	Nitrocellulose
	Nitrocellulose
	Nitrocellulose

	
	Nitro-glycerine
	Nitro-glycerine

	
	
	Nitro-guanidine



Single based propellant is used in articles such as small arms ammunition, double based propellants are similar but used for more specialist/precision small arms such as sniper rifle rounds. Triple based propellants are used for larger calibre rounds, such as artillery applications.
[bookmark: _Toc140484426]Pyrotechnics 
Pyrotechnics are ‘Any combustible or explosive compositions or manufactured articles designed and prepared for the purpose of producing audible or visible effects’ according to the Occupational Safety and Health Administration. [5]
Pyrotechnic devises can be used in a variety of ways, creating smoke to obscure a platform, heat to be used as decoy flares, or light and noise in flash bang disorientation devices. They can also be used as time delays on an explosive train.
3. [bookmark: _Toc140484427]The Explosive Train
‘The Explosive Train’ refers to the process used to achieve the successful detonation of an insensitive high explosive fill. The train is like a domino chain, using a small amount of very sensitive explosive o finally detonate a large amount of insensitive explosive. All the following types of explosives are categorised under the term ‘High Explosive’.
3.1. [bookmark: _Toc140484428]Primary
Primary explosives are very sensitive to stimuli to cause detonation. Only a small stimulus such as heat, impact, friction or electrical discharge can cause a primary explosive to detonate. This is why primary explosives are primarily found in fuzes and detonators. [6] The figure below shows some examples of primary explosives used in an explosive train.
[image: ]
[bookmark: _Toc140484158]Figure 2 Table showing some examples of Primary explosives [7]
3.2. [bookmark: _Toc140484429]Secondary
Secondary explosives are classed as relatively insensitive when compared to a primary explosive, therefore will not be detonated by a small stimulus such as a change in heat or impact. Due the insensitivity of secondary explosives, they are usually found being used as boosters and main charges. [7]
[image: ]
[bookmark: _Toc140484159]Figure 3 Table showing examples of Secondary explosives [7]
3.3. [bookmark: _Toc140484430]Tertiary 
Tertiary explosives are even more insensitive than secondary explosives and are sometimes referred to as ‘non-explosives’. They need a very large stimulus to initiate a detonation, they could be used as a main filling in a munition. An example of a tertiary explosive is Ammonium Nitrate (NH4NO3). [8]
3.4. [bookmark: _Toc140484431]The Train 
Due to the varying levels of sensitivity over different explosives, the ‘explosive train’ is used to initiate large insensitive charges. 
[image: ]
[bookmark: _Toc140484160]Figure 4 Diagram showing the Explosive train
A small amount of very sensitive primary explosive is detonated though a stimulus, such as electrostatic discharge, friction or shock. As the primary explosive detonates, this provides the secondary explosive booster enough of a stimulus to detonate itself. The reason for a booster is to supply the main charge secondary or tertiary explosive fill with enough energy to detonate itself. A small amount of primary explosive in a detonator alone may not be enough to initiate an insensitive explosive. 
4. [bookmark: _Toc140484432]Artillery
One definition of artillery from Britannica is ‘crew-served big guns, howitzers, or mortars having a calibre greater than that of small arms, or infantry weapons.’ [9]
Artillery is commonly found as ground forces on tracked and wheel vehicles, and naval forces mounted to ships. Artillery can also be found mounted to aircraft but is less common, a good example of this is the AC-130 Gunship witch features a 105mm howitzer. 
The traditional, round firing artillery the British army operates is the AS90, a self-propelled 155mm gun and the L118 light gun, a 105mm wheeled gun. [10]
4.1. [bookmark: _Toc140484433]Artillery rounds
[image: ]
[bookmark: _Toc140484161]Figure 5 Cross section of a High Explosive artillery shell [11]
Figure 5 is showing a simple cross section of a generic high explosive Artillery round, although, high explosive rounds are not the only type of round used in artillery applications.
4.1.1. [bookmark: _Toc140484434]Types of Shells

Table 2 Overview of artillery round types and uses
	Shell
	Effects
	Targets/Uses

	High Explosive
	Fragmentation and blast
	Anti-personnel and structure

	Armour Piercing
	Penetrate armour and deliver internal effect 
	Armoured vehicles/structures

	Cluster
	Spread smaller munitions over an area
	Area denial 

	Chemical 
	Deliver chemical agent to theatre
	Anti-personnel 

	Non-Lethal 
	Light, Smoke, Drill
	Infantry support/training 



4.1.2. [bookmark: _Toc140484435]Shell Safety Features
Modularity 
One safety feature of artillery rounds and there propellants is that they’re independent components. The fuze can be removed from the shell. The propellant for the rounds are in separate combustible bags, with removable primers meaning the whole system can be broken down into 4 components. This reduces the chances of an accidental initiation of the propellant and high explosive round.  
Markings
Each round is marked according to its purpose, giving people working with and round the munitions knowledge to the hazards associated with the rounds. [12]
Table 3 Colours of shells and the corresponding effects
	Shell Colour
	Effect 

	Black with yellow text
	High Explosive

	Green
	Smoke

	White
	Illumination

	Blue
	Practice



4.2. [bookmark: _Toc140484436]Fuzes 
The fuze is a component of an artillery shell, generally found at the front of the munition. The role of the fuze is to be the first part of the explosive train to initiate the detonation of an artillery shell. They are also used to introduce safety features to the rounds and tailor the explosive effects delivered by the rounds themselves. 
[image: ]
[bookmark: _Toc140484162]Figure 6 Diagram showing an early World War 1 direct action percussion fuze [13]
In figure 6 you can see the edges of the fuze casing is threaded, this is to allow the removal of the fuze from the munition. Removing the first stage of the explosive train is one way in which artillery rounds are manufactured to increase safety in transport and operation. The munition without a fuze is made up of less sensitive secondary explosives, resulting in less chance of it being stimulated enough to detonate. [14]
4.2.1. [bookmark: _Toc140484437]Types of fuzes
Fuzes come in different types, they are used depending on the explosive effect desired when on target. The table below highlights some of the types found. 
Table 4 detailing the different types of artillery fuzes in operation
	Fuze
	Operation and Use

	Percussion

	Direct action
	The nose of the shell impacts the solid target, pushing a firing pin into the detonator, initiating the explosive train. Used to target hard objects such as ground, building or vehicle.

	Delay
	The same as direct action with a built in delay to detonation, used for piercing hard structures.

	Graze
	Functions when experiences deceleration. The slowing causes the firing pin or detonator to move into the other. This increases the chances of functioning if only a glancing blow is achieved on target.

	Base
	They function as a graze fuse, housed within the shell protecting it from impact. Used widely in high explosive squash head rounds, to allow for the explosive fill to ‘pancake’ on the vehicle hull before detonation.

	Airburst

	Timed
	Used a timer to cause detonation in the air, not always repeatable at the desired altitude.

	Proximity 
	Senses the distance from the target and detonates when at the set distance. Used to defeat aircraft.

	Electronic time
	Similar operation of a mechanical timed fuze.

	Multi-function 
	Combination of functions. The Junghans DM84U uses direct action, time delay, two settable proximity distances and a depth of foliage function. [15]



4.2.2. [bookmark: _Toc140484438]Fuze Safety Features
Fuzes have built in safety features to make the handling and before firing operations safer for the operators of artillery systems. Fuzes use the forces exerted on the shell firing to arm the devices. The high acceleration out of the barrel known as ‘set back’ provides enough pressure to remove the safety device, usually a pin. Alternatively, centrifugal force is used to move the safety pin or ball bearing to allow the fuse to arm, this force is created by the spin on the round caused by the rifling of a barrel. This will happen only after a certain revolution per minute is achieved. [15]
5. [bookmark: _Toc140484439]Artillery Explosive Fills
5.1. [bookmark: _Toc140484440]TNT
TNT is the initials for its chemical name, 2,4,6-trinitrotoluene. TNT is a well-known and common explosive, used in the fills of artillery munitions. 
[image: ]
[bookmark: _Toc140484163]Figure 7 the chemical reaction of the formation of TNT [16]
TNT melts at the relatively low temperature of 81°c, resulting in the easy casting of the explosive into shells. TNT is also a relatively stable explosives. Making it a good explosive for transport and storing safely. [16]
5.1.1. [bookmark: _Toc140484441]HNS stabiliser
HNS is an explosive itself and is formed by the oxidation TNT. It has a higher insensitivity to heat and shares an insensitivity to impact with TNT.
The addition of HNS to TNT within the casting process works to reduce the chances of cracking in the explosive fill within the shell casing. Due to TNT’s relatively low melting point, in desert like environments it can experience very large temperature fluctuations, repeatedly melting and resetting the fill, forming cracks and effecting performance.
The addition of only 0.3% HNS result in a fourfold increase of the TNTs compressive strength, mechanical strength is also increased. [17]
5.2. [bookmark: _Toc140484442]Alternative fills 
TNT can be replaced with alterative explosives in artillery shells in an effort to make them less sensitive and therefore safer to handle and use.
5.2.1. [bookmark: _Toc140484443]Composition B
Composition B is a mix of both TNT and RDX with a bout a 40/60 percent ratio, with the addition of a small amount of wax. Composition B has a velocity of detonation of 8050ms-1 in comparison to pure TNT’s 6940ms-1. [18]
5.2.2. [bookmark: _Toc140484444]IMX-101
IMX ‘Insensitive munitions explosive’ – 101 is an explosive produce to replace TNT fills in US artillery shells. Its aim is to provide the same explosive force as TNT but with lessened sensitivity to shock from improvised explosive devices. [19] 
6. [bookmark: _Toc140484445]Storage and Transportation 
For the storage and movement of explosives, including TNT, the correct regulations and conditions need to be met. The transport by road of explosives are covered by ‘European Agreement Concerning the International Carriage of Dangerous Goods by Road’ otherwise known as ‘ADR’. The regulations for the storage of the explosives are laid out in the Explosive Regulations 2014. [20]
6.1. [bookmark: _Toc140484446]Storage
According to the international Labour organisation and WHO, the storage for TNT should be fireproof, separated from initiator explosive (braking the explosive train). Food and other incompatible materials should be stored else ware. The store location should not have drainage or sewerage access. The storage should be temperature controlled due to TNTs relatively low melting temperature. It may explode when heated above 240 degrees Celsius and toxic fumes are produced when heated. [21]
If TNT is stored incorrectly, causing the melting and re-solidification of the TNT fill, voids can form in the fill, making the explosive a lot more sensitive to shock, leading to undesired detonation.
6.2. [bookmark: _Toc140484447]Transportation
When transporting TNT, it has to travel under the UN Hazard class 1.1D. Division 1.1 refers to a substance of a mass explosion hazard, where one article will affect the entire load. Group D refers to a secondary explosive without a means of initiation, such as a primary detonator.
If the explosive is in breakable packaging it needs to be placed in closed unbreakable container, also it should not be transported with other items such as food. [21]
7. [bookmark: _Toc140484448]Conclusion 
This report has highlighted the different engineering, chemical and procedural ways that the safe use, transport and storage of artillery shells can be achieved. Most of the safety features found revolve around the fundamentals of breaking the explosive chain, by removing or blocking the primary explosives from the secondary explosives. Efforts have also been made to use more insensitive explosive fills, further reducing the chance of accidental detonation in transport, storage and use.
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