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[bookmark: _Toc57286184]1. Abstract
The aim of this design exercise was to design a simple explosive device (e.g. a blasting charge for quarrying or mining, or a military hand grenade) with simple functionality. The chosen explosive device was a small blasting charge with an initiating device, for use in a mining scenario. Therefore, the charge needed to be able to initiate an ignition train, initiate the blast effect, and then deliver the blast effect.
In order to complete this design exercise, it was required to research appropriate materials that would be used in the ignition train to provide the functionality described prior; detail how the desired effect would be achieved, including a balanced chemical equation; describe the properties of the chosen materials and research any specific characteristics that could affect the performance of the charge; and outline how suitable control measures for the key features can be provided.
[bookmark: _Toc57286185]2. Introduction
Before designing an explosive device, it is important to understand first what an explosive is:
“An explosive substance is a solid or liquid substance (or mixture of substances) which is in itself capable by chemical reaction of producing gas at such a temperature and pressure and at such a speed as to cause damage to the surroundings.” [1]
The specific effect the blasting charge must create is a small blast effect – one that creates a high intensity shockwave and releases a large volume of hot gas. A gaseous blast effect is required since when blasting rock, it is necessary to create hot gas that will enter cracks and subsequently expand with pressure enough to fracture the rock and force it apart. [2]
The blast effect is the most suitable explosive effect for this item’s required function, since other explosive effects, such as fragmentation effects, thermal effects, or projectile effects, would not be as effective in blasting rock apart. In producing other explosive effects, the chemical energy stored in the explosive material is not released solely as a release of gas and a shock wave, instead producing excess heat, or accelerating fragments or projectiles. This means the chemical energy is not converted as efficiently into the required effect which could suggest money and material could be saved, were the effect solely that which is required. Therefore, in order to blast rock apart by creating a shock wave and having gas enter cracks in the rock and expand rapidly, the blast effect is the most suitable explosive effect, because the chemical energy is converted most efficiently into the required function. [3]
Explosive materials are commonly compounds of carbon (C), oxygen (O), nitrogen (N), and hydrogen (H), such as nitroglycerin (C3H5N3O9) and RDX (C3H6N6O6). This composition is due to high explosive material requiring oxidising and reducing elements. Oxygen and nitrogen, being two of the most electronegative elements, provide the oxidising effect, while hydrogen and carbon provide the reducing effect. It is then varying combinations of these constituent elements that produces differences in explosive material, along with the addition of other elements in pyrotechnic compositions. [4]
[bookmark: _Toc57286186]3. Method
To design a blasting charge, it is important to understand how these devices work. Therefore, for this exercise, a literature review was completed, and research into previous designs of mining blasting charges was conducted. From these exercises, notes were taken, a compilation of references was made, and the information and findings were then distilled into this report.
[bookmark: _Toc57286187]4. Results
[bookmark: _Toc57286188]4.1. Explosive Material
For a blasting charge to be effective, it must first deliver a shockwave upon detonation which provides enough force to fracture the rock, and create fragments. The charge must then create superheated gas which fills the cracks in the rock created by the shockwave, then expands, creating a pressure that can exceed 1.5 million psi. [5]
[bookmark: _Toc57286189]4.1.1. Ammonium Nitrate
Ammonium nitrate (AN) is a white inorganic salt that, by itself, is not an explosive. It can, however, be turned into a powerful explosive when mixed with a fuel. This means that AN is an essential ingredient in most modern commercial explosives. Ammonium nitrate and most AN-based explosives are tertiary explosives, meaning they are very difficult to explode under normal conditions, although ammonium nitrate may detonate when confined and heated above 200°C. AN is also sensitive to exposure to some organic compounds which may accelerate its decomposition and lower the temperature at which AN is vulnerable to detonation. [6]
The most common AN-based explosive used in mining is ammonium nitrate fuel oil (ANFO). ANFO is composed of approximately 94% ammonium nitrate and 6% fuel oil, such as diesel. The primary characteristic of ANFO is that it is detonator-insensitive, and must therefore be initiated by a primer. As such, ANFO is relatively simple and safe to manufacture, transport, and store, although it resists water poorly. AN is soluble in water, and can even attract water from the air and slowly dissolve itself. For this reason, prills of AN typically have a coating of wax or clay to act as a water retardant. [5] [6]
ANFO is good in gas production during detonation since ammonium nitrate produces, by weight, more gas upon detonation than any other explosive. ANFO does, however, require confinement for an efficient detonation, although the velocity of detonation increases with charge diameter, making ANFO more suitable for larger boreholes, typically larger than 3 inches in diameter. [5] [6]
[bookmark: _Toc57286190]4.1.2. Nitroglycerin
Nitroglycerin (NG) was a very commonly used explosive in mining prior to the creation and widespread use of ammonium nitrate mixtures. NG is a very strong explosive – much stronger than ammonium nitrate - but is incredibly shock-sensitive and will degrade over time to even more unstable forms. This makes it highly dangerous to transport or use, at least in its pure form. Nitroglycerin is used commonly in dynamites, which are a strong alternative to AN-based explosives like ANFO. Dynamites have higher detonation velocities, which create a shockwave of greater force, and thus create better fractures and fragments in rock. This makes dynamites better candidates for the blasting of tougher rocks and they also perform well in small boreholes around an inch in diameter. However, due to the NG, dynamites are more shock-sensitive, degrade rapidly, and are harder to store, transport and use. In the event of detonation, dynamites are known to produce potentially lethal fumes which can be even more dangerous in an enclosed space like an underground mine. [5] [6]
Unlike ANFO, dynamites are detonator-sensitive, meaning they can be used as a primer together with an initiating device. [6]
[bookmark: _Toc57286191]4.2. Initiating Devices
All explosive charges used, be they AN or NG-based, will need an initiating device such as a blasting cap, bridgewire detonator, detonating cord, or a primer. An initiating device will typically contain a sensitive primary explosive, such as lead styphnate, lead azide, or mercury fulminate, which can be detonated via an environmental stimulus such as shock, friction, heat, or an electrostatic impulse, which will then provide the energy required to detonate the secondary explosive in the main charge. Secondary explosives are more insensitive to detonation, and typically require a greater stimulus for detonation, such as a higher temperature, or a larger shock. Therefore, a more sensitive primary explosive is typically required to trigger a detonation in the secondary explosive.
[bookmark: _Toc57286192]4.2.1. Blasting Caps
Blasting caps contain small amounts of a primary explosive and a means by which to detonate that explosive. Most typically nowadays, blasting caps are electronically detonated, meaning that a current passes through the cap, ignites a flash charge of heat sensitive explosive (e.g. lead styphnate, lead azide), the ignition of which detonates a primer charge (e.g. tetryl), which then detonates the main charge. [5] [7]
[bookmark: _Toc57286193]4.2.2. Exploding Bridgewire Detonators (EBW)
EBWs contain no primary explosive. Instead, they contain a fine bridgewire connected to a secondary explosive, such as pentaerythritol tetranitrate (PETN - C5H8N4O12). When a high enough current passes through the bridgewire in a short enough time, the wire will be heated so rapidly that it will vaporise and explode with enough force to detonate the secondary explosive. This means, that if either the current or the rate at which the current is applied is incorrect, then the EBW will not function. The wire will deflagrate (subsonic combustion) rather than detonate (supersonic combustion – high velocity release of gas) and the secondary explosive will not be detonated. This makes EBWs very resilient against most sources of electrical interference, such as static electricity, radio waves, and batteries. [5] [8]
[bookmark: _Toc57286194]4.2.3. Detonating Cord
Detonating cord is comprised of a core of high explosive (typically PETN), enclosed in environment-resistant materials. The coating can be fine-tuned to deliver varying levels of flexibility, cut-resistance, and tensile strength. The detonating cord is connected to a blasting cap, which when initiated will detonate the cord, and the cord will then initiate the item at its other end, be it another blasting cap or a cord-sensitive charge. Detonating cord can initiate most cap-sensitive explosives, but some cap-sensitive materials will not be detonated by the linear detonation pattern of cord, instead requiring the point detonation of a blasting cap. Detonating cord can be useful in wet conditions since the cord can be waterproofed, as long as the ends are kept dry. [5]
[bookmark: _Toc57286195]4.3. Design Options
From this research it was decided that the design options for this blasting charge were to use either an AN-based or NG-based explosive for the main charge, which would then have to be initiated by either a blasting cap, exploding bridgewire detonator, or detonation cord. Due to their detonator-insensitive nature, however, any AN-based explosive would need a primer charge, which could be made from a detonator and a secondary explosive.
[bookmark: _Toc57286196]5. Discussion
It was decided that this blasting charge would comprise of 1) an ANFO main charge sealed in a water-resistant, 3-inch-diameter cartridge; 2) a primer charge made from an NG-based dynamite and a blasting cap using lead azide as the primary explosive; and 3) a length of detonating cord supplanted with time-delay modules connected to an electronic trigger circuit.
ANFO mixtures typically have a detonation velocity of 3000-5000 m/s in boreholes of 3 inches in diameter, while nitroglycerin dynamites typically have a detonation velocity of 5000-7000 m/s in boreholes of 1 inch in diameter. [5] [9] [10]
Ammonium nitrate decomposes in an exothermic reaction (ΔH = –36 kJ mol-1) to produce three moles of gaseous products for each mole of solid reactant:
Equation 1: Detonation of ammonium nitrate
 [11]
The reaction can be made more exothermic (ΔH = –280 kJ mol-1), with more gaseous products, if a reducing agent (like diesel) is added:
Equation 2: Detonation of ammonium nitrate fuel oil
 [11]
The detonation of nitroglycerin is more exothermic than that of ANFO (ΔH = -320 kJ mol-1), and produces more gaseous products per mole of reactant:
Equation 3: Detonation of nitroglycerin
 [12]
This data shows that while ANFO may not detonate with as much force or heat as nitroglycerin, it would still produce a detonation of comparable effect. In addition, the gaseous products of ANFO detonation (carbon dioxide and water vapour) are non-lethal, whereas the detonation of nitroglycerin produces carbon monoxide, which can be lethal. NG is also far more sensitive to shock, making AN and ANFO far easier to transport, use, and handle, even with AN’s poor water resistance, which can be controlled by packaging the ANFO charges in cartridges.
Like nitroglycerin, lead azide is very sensitive to shock and heat, though only when dry [13]. Since lead azide is insoluble in water, it can be stored and carried underwater to prevent detonation in manufacture and storage [13].  To reduce the risk of an unplanned explosion, the primer charges could be assembled on-site to keep the NG and lead azide separate for as long as possible, and allow for the lead azide to be stored in water.
All explosive material should be isolated from any other explosive material and other external stimuli. This can be achieved by using climate-controlled blast-proof storage buildings with blow-out walls, earthing the buildings from potential lightning strikes, and storing and transporting explosive material in approved quantities in suitable and rated storage containers. In the event of an unplanned detonation, these control measures should keep the consequences to a minimum. [14]
[bookmark: _Toc57286197]6. Conclusion
This design would allow for effective blasting of most types of rock given ANFO’s good gas production upon detonation and good velocity of detonation in larger diameter boreholes. The primer charge would provide a powerful enough explosion to allow for consistent detonation of the ANFO, and the use of detonating cord with time-delay modules allows for the detonation to be started remotely and for the charges to be detonated in an arrangement yielding the most efficient blasting of the rock.
With suitable control measures in place during manufacture, transport, storage, and use on-site, the materials chosen should not present a great risk of detonation. The materials should perform consistently when required if performance conditions are adequate (e.g. ANFO must be kept moisture free, and detonating cord cannot be detonated at a wet end).
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