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Abstract
This report describes the theory behind a fuel air explosive, reviewing the scientific principles used to achieve such an explosion and the sequence required to produce full detonation of the explosive materials, it briefly evaluates the differences between fuel air and conventional explosives using graphs and theoretical principles to analysis the explosions overpressure, negative phase, and impulse. The report follows on to define the applications of a fuel air explosive, appraising its potential targets and effectiveness against such targets, also researching two case studies of historical events using fuel air explosive type weapons and finally a closing statement discussing the fuel air explosives ideal targets and its overall effectiveness as a weaponised explosive. 
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[bookmark: _Toc121937143]What is a fuel air explosive?
The fuel air explosive was first used in a military context United States during the Vietnam war, this munition was called a CBU-55 and was designed as an Air-Land type of missile. The fuel air explosive is type of explosions which can be weaponised for military use, the Russian then developed on the concept in the 1980’s designing both platform launched, and shoulder launched weapon systems which displayed fuel-air explosive characteristics. Fuel-air explosives are considered to be one of the most destructive forms of explosive and have been described as the “the most devasting non-nuclear explosion. [1]” Thus causing the use of fuel-air explosive weapons to be prohibited in principle by both the Hague and Geneva conventions. With this fact in mind most countries now refrain from deploying a weapon system which uses functions that resemble a fuel air explosive, although this isn’t always this case as multiple countries have designed and deployed a FAE weapon system in the last three decades. 
 
[bookmark: _Toc121937144]	What is required to create one? 
There are three main components required to create a fuel air explosion (FAE) the detonator, the fuel, and the oxidiser. In most cases for an intentional FAE the fuel is contained within the housing of the munition in the form of a gas, liquid or dust-like solid. Unlike the fuel component, the oxidising component isn’t contained within the munitions housing unlike that of a conventional explosive. A FAE explosion uses the oxygen from the atmosphere as the oxidiser for the explosion, for an intentional fuel air explosion the detonator in contained within the housing of the munition. The detonator for a FAE usually includes a small amount of primary explosive or sensitive secondary explosive which is used to disperse the fuel and then create the detonation after a brief period of time. Although for unintentional FAE the detonation component and the fuel are not necessarily housed together, for an unintentional FAE the detonation component could be a fire or a pyrotechnic device like a firework or flare igniting in close proximity to a confined container of fuel. For example, a gas explosive that could occur in a residential home could be considered as an unintentional FAE as the room with a high concentration of gas acts as the fuel, then when initiated by a flame the gas ignites reacting with the atmospheric oxygen within the room and creates an explosions, the magnitude of the resulting explosion would depend on the ratio of gas to atmospheric oxygen. If the ratio of gas to oxygen is dominated by either component the resulting explosion would be drastically reduced. 




[bookmark: _Toc121937145]The Detonation Sequence
This section of the report will describe a typical initiation to completion sequence for a fuel air explosive along with photographic captures of each stage. These captures were taken from an online video which can be found in the references.
Sequence 1- Prior Detonation [20]
Sequence 2- Initiation [20]








Sequence 3- Dispersion [20]
Sequence 4- Detonation [20]










Sequence 5- Post Detonation [20]











Sequence 1 is the fuel air explosive charge on the platform prior to its initiation, Sequence 2 is a still show of the FAE milliseconds after the point of initiation. At this point in time only the detonator and the small amount of high explosive have been initiated, this section in the initiation sequence is called anaerobic action. Anaerobic action is a term used to describe the type of explosion that doesn’t use any oxygen from its surrounding atmosphere, meaning that the explosives uses the oxygen within its chemical structure to detonate. Sequence 3 is a still shot of the dispersion Section of the initiation to completion train, this section is where the fuel rich compound is dispersed within the surrounding vicinity of the FAE, the fuel rich compound is dispersed by the anaerobic action of the high explosive described within sequence 2. Dispersion of the fuel rich compound is required to ensure total detonation of the explosive as it enables the fuel rich compound to react with a larger amount of atmospheric oxygen atoms.  Sequence 4 is a still image taken milliseconds after the complete detonation of the FAE, this section of the describes to aerobic action of the Fuel rich explosive compound. Aerobic action is the term used to describe an explosive detonation that requires the use of oxygen from the atmosphere to react which the fuel rich explosive to create a detonation, The intense fireball created by the FAE explosive can been seen within the image of sequence 4. Sequence 5 shows the aftermath of the fuel air explosive detonation.  
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As illustrated by the initiation to completion train shown in the previous section, it is safe to say that a fuel air explosion has different visual characteristics to a conventional explosion. When looking to compare the performance aspects of two different explosions there are multiple points of similarity that can be evaluated, this report will briefly evaluate three of these parameters. In order to give a fair comparison of the two explosions where necessary the Mass of charge will be kept the same.
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Figure 1- Overpressure graph [21]
 














Figure one is a graph showing the peak incident overpressure for a FAE and TNT, in this example TNT is used as the representation for a conventional explosive. The main conclusions that can be drawn from this graph are that a conventional explosive has a higher peak incident over pressure than the FAE, whereas the FAE’s incident overpressure stay at around its peak for a long duration. 



Figure 2- Pressure-Time graph [19]
 















[bookmark: _Toc121937148]The Negative Phase
Figure two is a pressure time graph for a conventional high explosive and Thermobaric explosive. In this section the thermobaric explosive is being used to represent the FAE. Multiple comparisons can be drawn from the graph, the first being the differences in the negative phase. The negative phase of an explosive detonation the section of the detonation train where the pressure dips below atmospheric which creates a partial vacuum cause by the expansion of the shocked air. As can be seen from the graph the FAE negative phase is much larger in both change in pressure and duration than that of the conventional explosive, this characteristic is caused by the FAE using the oxygen from the atmosphere creating a larger vacuum and thus a larger negative phase [2]. 

[bookmark: _Toc121937149]Impulse
From the graph in Figure 2 a comparison of the Impulse created by the different explosives can be calculated. The impulse is used to assess the damage capabilities of an explosive, the impulse can be seen from the area under the curve of an explosives pressure-Time curve. [3] A comparison of the impulse can be made using two methods, the firs is a prediction which can be made by evaluating the different curves in figure 2, which show that the FAE explosive has a much larger total impulse than the conventional explosive. The second method is by calculating the area under the graph using the equation seen in Equation 1. 
		Equation 1- Impulse 
 




To calculate the impulse you must calculate the are under the curve by increasing the change in pressure by the differentiation of the time this can be seen in equation 2. 


[bookmark: _Toc121937150]Application of fuel air explosions
When fuel air explosives were originally designed by the US military in the Vietnam war, they were mostly used to clear out mine fields and large fortifications. [] Since the 1970’s the US and other countries have developed and used fuel air explosives to defeat a variety of different target types, FAE have also been used in terrorist attacks and by terrorist organisations all over the world. 
[bookmark: _Toc121937151]	Anti-Structural 
Fuel air explosives have been developed as anti-structural weapons in a military and terrorist contexts since the original designs in the 1960’s. Militaries have design FAE type weapons for small arms launched grenades to clear out single structures and buildings, air-land missiles for clearing out larger structures or structural complexes and land-land weapons firing from platforms or shoulder launched from infantry soldiers to siege small clusters of buildings or military structures. Examples of Military anti-structural FAE are the United States’ XM1060 40-mm grenade which was used from 2003, which had a maximum range of 800m depending on its launch system and propellant [4]. Another example is TBG-7V which was design by the Russian as a thermobaric round for their RPG-7 shoulder launched system [5]. Terrorist organisations and personal have used fuel air type explosives to fight against military structures and also attacking civilian complexes, with the terrorists usually taking a more home-made approach to this type of weapon. FAE is overall an effective weapon system for clearing out and infiltrating structures, with the Russian military still potentially using a form of FAE explosive to attack structures in modern warfare. 
[bookmark: _Toc121937152]Anti-Personnel
Similar to anti-structural, fuel air explosives have been used by anti-personnel weapons since their original design in the Vietnam war, both military and terrorist organisations have used a type of FAE weapon for anti-personnel targets. Examples of military using Fae for anti-personnel would be the bombing Khorasan stronghold in Afghanistan where the United States Military used the “Mother of all Bomb” to take out and liberate the stronghold in the Nangarhar region of Afghanistan [6], this fuel air explosive was a 10 ton air to land weapon system called the GBU-43/B which was deployed in order to neutralise a ISIS tunnel stronghold in the Afghan mountains [7]. The US military used this weapon system as they believed there were 600-800 ISIS fighters held up within the tunnel system, so a fuel air explosive was chosen to successfully neutralise the target. FAE are effective for anti-personnel targets due to weapon system having a large impulse but also starving the target buildings atmosphere of oxygen, meaning that all personnel within the target building will have a temporary lack of oxygen potentially increasing the number of deaths caused by the weapon system.
[bookmark: _Toc121937153]	Anti-Platform
Anti-platform weapon system that use fuel air explosives appear to be less popular on conducting the research for this report, although there are a few example weapon systems which do appear to be designed specifically to target light armoured platforms. The main example of this was the Indian Ministry of defences 120mm round which was based off their high explosive squash head (HESH) warhead but with the conventional explosive filling replaced with a full rich thermobaric filling. This round was design to be used in the Indian militaries Arjun Main Battle Tank [8], designed to target light armour platforms and structures. Another example of an anti-platform FAE weapon is the Russian 9M131F and the 9M131F-1 thermobaric warheads which are variants of the Russians 9M133 Kornet anti-tank missiles, these rounds are fired from a free-standing portable launcher [9]. This weapon system was introduced to the military in 1998 with the thermobaric warhead having a range of up to 10km and according to the manufacturers archived data sheet the warheads used a laser guided system to lock on to the targets.

[bookmark: _Toc121937154]Thermobaric
The term thermobaric seems interchangeable with non-academic literature when researching fuel air explosives. Although certain nations and publications have their preference on which word, they use to describe the fuel air explosive weapon. With that in order to differentiate between the two terms there are specific design parameters required for each one. A fuel air explosive requires a two-phase initiation while thermobaric only has to have one-phase of initiation, the fuel in the thermobaric weapon must contain a monopropellant and energetic particles with high heat of combustion. Characteristics that can be observed from a thermobaric explosion a bursting charge which disperses the explosive through the near vicinity and an intense fireball. Similar to a FAE the thermobaric weapon consumes the oxygen in its surrounding atmosphere creating a vacuum, the Russian military were the original developers of the thermobaric weapon uses this method on a variety of their weapon systems. 
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In order to give context to the theory and application discussed above, the next section will detail two examples of the devastation that has been caused by fuel air explosives. The first example chosen is the Oklahoma City bombing. 
[bookmark: _Toc121937156] Oklahoma City Bombing
On the 19th of April 1995 in Downtown Oklahoma City, OK, United States, A Large rented delivery truck was parked outside of the Alfred P. Murrah Federal Building [10]. This truck contained barrels of diesel fuel and a chemical fertiliser; the weight of these substances was estimated at around 4000 lbs which is equal to around 1814 kg. The contents of the truck was detonated outside the federal building causing catastrophic damage to the building and its surroundings [11]. 
Figure 1- Alfred P. Murrah Federal Building post-detonation [18]

 











Figure 1 is an ariel photograph taken after the truck had been detonated displaying the damage to the building and its surrounding. This explosion was the deadliest terror attack in the US at the time, killing 168 people and damaging an estimated 300 nearby buildings. [12] It was later discovered that the explosive used was a form of ammonium nitrate fuel oil, from the laboratory investigation completed by the D. Williams of the FBI which estimated that the explosive used for the OKC bombing had a velocity of detonation of around 13,000 metres per second and a weight of 4000 pounds [13]. The estimated VOD and weights of explosives stated by in the Laboratory report were criticised by the supervisors within the FBI for being biased and outside of the authors expertise [13]. 

	
[bookmark: _Toc121937157]Chechnya Conflict 
On the 27th of December 1999 during the conflicts between the Russian federation and the Chechen Republic of Ichkeria, Russian forces were suspected of using fuel-air explosives in order to clear large groups of opposition soldiers and their fortifications. This was initially report by a local news agency but was later projected by the Human Rights Watch [14]. Prior to 1999 the Russian were found to be using the RPO-A, which was a rocket propelled shoulder launched thermobaric round. This weapon system was given the nickname of RPO-A flamethrower and was deployed by the Russian military in the city of Grozny between 1994 and 1996 [15].
Figure 2- Russian RPO-A Schmel (Flamethrower) [15]








Figure 2 is an image of the RPO-A Schmel similar to the weapon system used in Grezny in 1994-1996. The RPO- A is a single shot shoulder launched weapon system which had an affect range of up to 1000m. The Russia forces withdrew their troops from the region after 1996 until 1999 where the conflict resumed, and the Russian military introduced the “Buratino” TSO-1 [16]. This weapon system was deployed across the region using thermobaric warheads to clear out villages in the Dagestan region. 
 
Figure 3- Technical illustration of the Russian TOS-1 [16]











Figure 3 Is a sketch of the Russian TOS-1, this weapon system is mounted on the T72 battle tank chassis. This configuration of the TOS-1 is a representation of what was used during 1999 in Chechnya and consists of 30 220mm barrels that had an effective range of 3-5km [16]. A variant of this weapon system is still being deployed in 2022 with the TOS-1A being used in the conflict with Ukraine, the Russian military are currently developing the TOS-2 according to news outlets and prototype parades. [17]

Research Review 
After completing the research from this report analysing the different types of fuel air explosives and assessing the potential targets along with a pair of case studies which briefly illustrate some of the common uses for a fuel air explosive weapon. It can be said that there are certain types of targets that are more susceptible to a fuel air explosive or thermobaric weapon. These target types are Personnel and structural targets, the reasons for these two targets being more susceptible to a FAE are as follows. A personnel target such as a group of insurgents in large closed off building would be an ideal target for a thermobaric style FAE, this is because the system could be fired into the building, detonating in the building creating a high overpressure and intense fireball, then rapidly consumes the rooms oxygen wiping out the target. A structural target such as a glass walled tower or mall would be a perfect target for a FAE weapon system, this is because a fuel air explosive creates a large impulse after detonation has occurred, which is followed by a huge negative phase drawing all the pressure created back into the building causing massive devastation to the internals and structural integrity of the building. 

[bookmark: _Toc121937159]Conclusion
A fuel air explosive relies on specific scientific principles to achieve its unique detonating affects which aren’t traditional used by conventional explosives, that being said the FAE performance characteristics against structural targets drastically out performances a conventional munition of the same pre-donated weight. This statement is supported by its deployment in the Chechnyan conflict and tits use in the “Mother of All Bombs” dropped in Afghanistan by the United States. It can be said that even though its principles are frowned upon by the Hague and Geneva conventions it will continue to be used in the future for its devastating effects. 
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