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[bookmark: _Toc161409573]Abstract
[bookmark: _Toc161409574]Introduction
This research investigates the suitability of firing shelters deployed at MOD Pendine to protect personnel within the firing shelters from bullet impact. The aim of the research was to evaluate through theoretical and practical means the efficacy of the shelter when impacted by a bullet.
[bookmark: _Toc161409575]Methods
The first method used was to use the De Marre equation to identify if the shelter would theoretically prevent a 12.7mm ball round from perforating the armour.
The second method employed was to conduct a trial firing 12.7mm ball ammunition against a representative target. 
[bookmark: _Toc161409576]Results
The De Marre equation suggests that a 12.7mm ball projectile would have to be travelling at 1277.87ms-1 in order to perforate the firing shelters. 
The physical trial identified the mean muzzle velocity of the 12.7mm rounds fired was 897.05ms-1. And that of the 10 rounds fired at a representative target, none of them perforated.
[bookmark: _Toc161409577]Discussion
Results from the both methods indicate that the firing shelters are suitable protection from ball nature munitions up to 12.7mm.
The author concludes that the firing shelters at Pendine are adequate protection from ball nature munitions up to 12.7mm. However, further research is required to assess the effectiveness of the shelters against other threats.
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[bookmark: _Toc161409579]Chapter 1 – Introduction 
[bookmark: _Toc161409580]Introduction
Pendine Range is a Ministry of Defence (MoD) facility operated by QinetiQ under what is known as the Long Term Partnering Agreement (LTPA). The Range provides defence Test and Evaluation (T&E) and training to ensure that the equipment used by the British Armed Forces is fit for purpose, safe to use and fulfils the requirements demanded of it. [1] 
T&E of weapons and munitions is inherently dangerous and several measures are put in place in order to protect those who are conducting the tests from harm. Most of the weapons are fired remotely and under precaution. 
One of the most common ways of protecting staff during firing activities is to position them inside firing shelters. These come in several different varieties but all are of thick steel walls and roof, some of them are open backed and some have doors. See below images for examples.
Figure 1 shows a firing shelter used for the remote operation of weapons systems, it has no floor and no rear. The walls and roof are constructed from 40mm thick Rolled Homogenous Armour (RHA). This type is typically used for lanyard fired weapon systems, as the lanyard can be passed over the shelter and operated from within.
[image: A yellow box with a seat

Description automatically generated]
[bookmark: _Toc161247049]Figure 1 – Open Backed Firing Shelter
Figure 2 shows another type of shelter, this one is fully enclosed in RHA  of varying thicknesses, the side facing the weapon system and the roof is 40mm thick, with the remaining sides of the box being 30mm thick. This type of shelter is primarily used for electrically fired weapon systems, the operator can be fully encased in the shelter, with the firing cable coming from the hole visible at the bottom left of the shelter (circled in red) in Figure 2.
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[bookmark: _Toc161247050]Figure 2 – Enclosed Firing Shelter
Figure 3 shows a third type of shelter, primarily used for protecting equipment, typically cameras, rather than people. This is because of its thinner construction of 15mm RHA and the opening at the front of the shelter to allow equipment to face out.
[image: A red box with a door open
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[bookmark: _Toc161247051]Figure 3 – Equipment Shelter

Written resources within the company regarding the firing shelters is sparse and the suitability of using the firing shelters alone as a means of protecting staff has been questioned.
Currently the shelters are not deemed sufficient protection to be deployed alone. In order to provide additional protection and allow work to go ahead, the shelters must have a protection wall of reinforced concrete blocks in front of the shelter. These blocks are called Pendine blocks and are 6’ long, 2’ high and 2’ wide made from reinforced concrete. Arranged in a wall three blocks high in front of the firing shelter, see figure 4 below.
[image: A metal machine on a pallet
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[bookmark: _Toc161247052]Figure 4 – Pendine Blocks Protecting Shelter
Whilst this undoubtedly increases the amount of protection afforded to the operator inside the shelter, the blocks do pose complications to trials. 
When conducting firings using a lanyard, the blocks result in a greater distance between one end of the lanyard, around the trigger of the weapon, and the other end, in the hand of the weapon operator in the firing shelter. This length of lanyard results in two factors which can effect weapon operation. The first is that the greater length of lanyard means it is more difficult for the operator to pick up the tension in the lanyard and fire. The second is that the longer the length of the lanyard, the more opportunity there is for the lanyard to snag on something. If the lanyard snags, the weapon may not fire when intended to if the trigger cannot be pulled, or may fire for longer than intended, if the trigger cannot be released.
Certain firings are conducted from a trailer which can be lowered to the ground using hydraulics to provide a solid firing point. The trailer is unable to lift the weight of the gun mount, shelter and 3 Pendine blocks. Meaning the blocks must be taken away and re-added every time the trailer moves, which can be several times a day.
The additional movement of Pendine blocks creates more risk for the range staff due to the hazards of using a telehandler and slinger to move concrete blocks that weigh 1500Kg. Removal of the requirement for blocks in front of the shelter would eliminate the risk to Range staff.
[bookmark: _Toc161409581]Aims
The main aim of this project is to assess the firing shelters at MoD Pendine and provide evidence that they provide suitable protection from bullet impacts to the people deployed within them.
The assessment shall be done theoretically in the first instance using equations from penetration mechanics field of study.  
The assessment shall also be carried out practically by conducting a trial firing small arms ammunition into a target plate representative of the firing shelters, thereby proving or disproving the theoretical work by experimentation.
[bookmark: _Toc161409582]Objectives
The objectives are to:
· Collect research into penetration mechanics equations and the practical ballistic testing of armour in order to inform the design of the theoretical and practical assessments of the firing shelters.
· Design a theoretical assessment of the firing shelters.
· Design a trial to practically asses the firing shelters.
· Create a safe system of work to conduct the trial.
· Capture data from the trial.
· Collate results from the trial and compare them to the theoretical results.
· Conclude findings from the research and suggest further research if applicable.
[bookmark: _Toc161409583]Structure of the report
Chapter one illustrates an overview of the report.  It details the aims and objectives that once achieved will bring success to this research. 
Chapter two details the research done into existing literature to inform both the theoretical and practical assessments of Pendine’s firing shelters.
Chapter three explores the research done and identifies which theoretical and practical assessments shall be used.
Chapter four explains the method of conducting both the theoretical and practical experiments to assess the firing shelters.
Chapter five covers what was conducted in both the theoretical and practical experiments and displays the raw results.
Chapter six summarises the report, concludes the findings of the trials and suggests further research which may be undertaken.
Chapter seven reflects upon the authors experiences of conducting this research.

[bookmark: _Toc161409584]Chapter 2 – Research and review of literature
[bookmark: _Toc161409585]Introduction
As mentioned in Chapter 1, there is not much information about the firing shelters which is readily available. Only one document published by QinetiQ which aimed to address this very issue has been found. There has, however, been research in to the testing of different types of armour for military applications. This research includes both theoretical work to mathematically prove armours suitability against certain threats and also practical experiments to prove the theoretical findings. This research can be used to inform both a theoretical and practical method of assessing Pendine’s firing shelters.
[bookmark: _Toc161409586]Literature concerning the theoretical method
Initial research was done to see if QinetiQ had any literature pertaining to the firing shelters and if any testing had been carried out on them. One document in the company was found, titled “Assessment of Manned Splinter Proofs”  Authored by Andrew King, Howard Sandford and James McGreary in 2017. [2] It reached the same conclusion that written information was sparse and attempted to resolve that issue. However, the report resulted in a database of the all the shelters deployed across all of QinetiQ’s ranges and their varying condition, rather than qualifying the shelters as fit for use.
Reference 2 made use of the Recht Equation (Equation 1), reported to be reliable at predicting the penetration of rigid projectiles impacting semi-infinite, yielding and ductile targets with velocities up to 1000ms-1. Equation 1 below shows the Recht Equation. 
[bookmark: _Toc161247065]Equation 1 – Recht Equation 

Where:
[bookmark: _Hlk145166115]

instantaneous projectile area (m2)
maximum projectile area (m2)
 impact velocity (ms-1)
instantaneous velocity (ms-1)
All of the material properties  only relate to the target, not the projectile.

Where:
 shear strength (Nm-2)
bulk modulus (Nm-2)
density (Kgm-3)
Young’s modulus (Nm-2)
yield strength (Nm-2)
mass of projectile
half angle of a conical nosed projectile. ~23.5° for ogives
dynamic coefficient of friction between the projectile and the target.
Another equation used in reference 2 is the Thor perforation equation (Equation 2). 
[bookmark: _Toc161247066]Equation 2 – THOR Equation


Where:
 are Thor constants for mild steel
 strike velocity (fps)
mass of fragment (grains)
Angle of attack of fragment to plane of target 
Charles E. Anderson Jr. and John P. Riegel III state that Project Thor was researchers attempt to correlate the mass and velocity of fragments with damage to aircraft components. [3] However, the work was conducted in the 1940’s and the form of the equation was selected purely for the reason that it could be managed by the computational power available at the time. And it is suggested that more recent attempts to provide empirical correlations with experimental data may yield a superior equation. That said, it may be worth using the Thor equation as an indicator of material thickness required to prevent penetration. Equation 2 below shows the Thor Equation used in reference 2.
These equations may be useful to give an indication of the suitability of the Pendine firing shelters. Though certain values would have to be modified, for example the Thor equations use constants for mild steel, but the firing shelters are constructed of RHA, which has different mechanical properties.
Tansel Deniz describes in their thesis, titled “Ballistic Penetration of Hardened Steel Plates” [4] about the basics of terminal ballistics, which will form a large portion of the testing carried out on the firing shelters in this research. The thesis also goes into some detail about the failure modes of armour which may be experienced during testing, some of which are shown below in figure 5.
[image: A diagram of a broken piece of wood
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[bookmark: _Toc161247053]Figure 5 – Target Failure Modes
The thesis also makes mention of the THOR equations, and details some shortcomings, mainly the limitation to the fragment shape that can be used with confidence. For instance, predictions from the equations for extrapolations to projectiles with l/d ratios approximately equal to three, show good agreement with experimental results; however, for fragments with larger l/d than three, the accuracy of the predictions is not clear. [4] 
Several other models were discussed in the thesis which may prove useful, including: Recht & Ipson's Model, regarding the impact of a plate whose thickness was on the order of the projectile diameter.  Lambert's Model, which gives residual velocity of the projectile after interaction with the target plate. Stone's Model, for the depth of penetration of hard projectiles into structurally hard materials. Wijk's Model, concerning rigid projectile penetration and perforation into hard steel and metallic targets.
The book “Modern Impact and Penetration Mechanics” by James D. Walker [5] is a wealth of knowledge about the mechanics of penetration and how materials behave under impact. Of particular interest was the Chapter concerning the numerical simulation of tungsten impacting steel. It details how computations are made using several steps to achieve the result, an intensive process which requires a lot of data entry, variables and computing power and programs to give a result.
Another equation which can be considered for use is the De Marre equation, equation 3 below. The De Marre equation is in good agreement with numerical and experimental results from tests. De Marre assumed that a flat-nosed cylindrical projectile would not deform during the process of penetrating the target plate, and that the failure mode of the target plate was adiabatic shear. [6]
[bookmark: _Toc161247067]Equation 3 – De Marre Equation

Where:
Vbl signifies the limiting velocity
[bookmark: _Hlk160273148]K expresses the composite coefficient of armour piercing 
D indicates the diameter of projectile (m)
T denotes the thickness of target plate (m)
M represents the mass of the projectile (kg)
 is the angle of attack. For example if the projectile is striking the target along the normal, this value would be zero. 
The Zhao model expands upon the De Marre by considering the influence of target plate strength on the critical penetration velocity as well as the breakage and erosion of projectile during the process of penetration. [6]
[bookmark: _Toc161247068]Equation 4 – Zhao Equation

Where:

In which:


  is yield strength of the target plate.

In which T denotes the thickness of target plate (m) and D indicates the diameter of projectile (m)

In which M represents the mass of the projectile (kg) and D indicates the diameter of projectile (m)
 is the angle of attack.
[bookmark: _Toc161409587]Literature concerning the practical method
Proving the suitability of the firing shelters using theoretical methods is a good start. The next step will be to devise a test that can prove the theory. There are several examples of tests that have been conducted by people in the area of armour testing. 
AEP-55 is the NATO standard procedure for evaluating the protection level of light armoured vehicles. It details what data must be captured in order to properly evaluate the protection level of the item under test and what type of ballistic threat can be used. It does not however, detail exactly what measuring equipment must be used, leaving that to the discretion of the test house conducting the trial. 
It provides further information, such as when firing multiple shots into a single target plate, that the plate is weakened by the impact and that the next shot fired must be a sufficient distance from the previous shot, so as to ensure that the full strength of the armour is being tested. [7] This document will prove very useful when designing the trial to test firing shelters as it an internationally recognised standard used to categorise the protection levels provided by armoured vehicles, this can be read across to the protection provided by firing shelters.
Several journal articles were consulted to identify the test set-up used by those in the scientific community for carrying out similar work. Not all of the journals were concerned with the testing of armour, but all involved some element of ballistic testing and the data capture tools that were essential for them to get the results that were required. 
The first article was about the ballistic testing of steel plates manufactured using additive manufacturing. During the test the investigators utilised a set of three devices: an electromagnetic device for muzzle velocity measurement, an intelligent light screen for bullet velocity measurement, and a high speed camera for viewing the bullet interaction with the test specimen and calculating any residual velocity if penetration occurred. [8] Figure 6 shows the test set up used. 
a. Investigated specimen mount.
b. High-speed camera.
c. Light source.
d. Protective box with bullet catcher.
e. Intelligent light screen.
f. Electromagnetic muzzle device.
g. Barrel.
It appears that the testing was conducted inside a tunnel Range, limiting the affect that external factors (temperature, wind etc.) would have on the testing. It shows protection screens used for the high speed camera and the type of target stand used.
[image: A collage of a room with a machine
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[bookmark: _Toc161247054]Figure 6 – Ballistic Testing Tunnel Range Set-up
The second was about testing the suitability of a new synthetic bone for use in ballistic testing. Again, high speed video was recorded, but they used a different method for recording impact velocity, the researchers on this project used an Oehler Model 36 Chronograph with three Model 57 screens [9], instead of the one light screen system used in article one.

The third article was concerned with ballistic testing of surface-treated alumina and silicon carbide. The testing was reported to have been carried out in accordance with AEP-55, there was no high speed cinematography on this trial though, just a doppler radar which gave muzzle and strike velocities. [10]
Figure 7 shows how the test was set up, using clamps to secure the test piece to a target frame, and the doppler radar position just to the right of the muzzle of the gun.
[image: A yellow box with a yellow door and a yellow handle
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[bookmark: _Toc161247055]Figure 7 – Radar Set-up

The next article was about the ballistic testing of transparent armour ceramics. This article makes no mention of velocity equipment, but does make use of another piece of technology which could be useful, flash radiography. Figure 8 shows the images which can be captured using flash radiography. The top one shows the armour defeating the projectile and the bottom shows the armour being perforated. [11]
[image: A close-up of a bullet
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[bookmark: _Toc161247056]Figure 8 – Flash Radiography Images
The fourth article researched combined all of the above previously discussed instrumentation methods into one shoot. Muzzle velocity and strike velocity captured using sensors (not defined), bullet interaction with the target captured with high speed video cameras and x-ray pulsers. [12]
All of the papers reviewed so far have used conventional gunpowder weapons to fire the projectile. There is an alternative method however, using an airgun as detailed in “Study on Titanium Alloy TC4 Ballistic Penetration Resistance Part I: Ballistic Impact Tests”. [13] Though the velocities achieved (~200ms-1) by the airgun may be too low for the requirements of the testing of firing shelters.
The research so far has detailed recording projectile velocity and interaction with targets, with the armour either being perforated or not as the pass / fail criteria. It would be useful to know how damaged the target is post testing in the event that the projectile did not perforate the target. An article titled “Non-destructive testing of light armours of CFRP after ballistic impacts by IR thermography methods” [14] details how thermograms can be taken of shot target specimens to identify damaged areas, see figure 9. The areas in white are internal destruction zones, that is damage beneath the surface of the target. Whilst this experiment was conducted on fibrous compositie armour, it could potentially be used for the firing shelters.
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[bookmark: _Toc161247057]Figure 9 – Internal Destruction Zones
[bookmark: _Toc161409588]Conclusion
This literature review identified two methods for assessing the suitability of Pendine’s firing shelters to protect members of staff. The first is the theoretical method, utilising equations and material science to predict how the firing shelters would perform when faced with a ballistic threat. The second is the practical method, putting shelters, or a target representing the shelters to test against different ballistic threats in a controlled environment.
The review of literature concerning the theoretical method identified several equations which may be useful in determining the suitability of Pendine’s firing shelters. However, there are variables in these equations which are not known as some of the firing shelters are decades old and the passage of time may have altered the material properties of the shelter. 
There is a wealth of literature pertaining to the practical method of ballistic testing. The research done will inform how the practical assessment shall take place and what the data capture requirements are. 
The proposed method of assessing the suitability of Pendine’s firing shelters shall be twofold, the first method shall be to theoretically prove what ballistic threat that a firing shelter can withstand. Following this, a practical assessment shall be done to confirm the result of the theoretical assessment.

[bookmark: _Toc161409589]Chapter 3 – Research methodology 
[bookmark: _Toc161409590]Introduction
This Chapter shall discuss the design of the research methodology and justify the research design in relation to the objectives of the research. The rationale behind choosing equations for the theoretical methodology will be considered. 
Additionally, the requirements for the practical test shall be outlined. The methods for capturing the data required for the practical method however, shall be discussed in Chapter 4. 
[bookmark: _Toc161409591]Theoretical research overview
The theoretical methods of ballistic assessment discussed in Chapter 2 were mostly derived post-experimentation. That is, a certain threat was fired against a known target at specific velocities and from the raw results, an equation complete with constants derived from the experimental results was created. That does not necessarily invalidate the usefulness of the theoretical equations, just that the ones discussed in Chapter 2 may not be suitable for providing assurance that Pendine’s current firing shelters are suitable for purpose. Several factors contribute to this:
· There are unknown grades of steel used in Pendine firing shelters construction. This factor means that the material properties of the shelter cannot be confirmed with 100% accuracy.
· Corrosive damage caused by long (20+ years) exposure to sea air may have altered the material properties of the shelter.
· Non-standard construction of firing shelters. As identified in Chapter 1, firing shelters at Pendine are not all constructed with the same dimensions, which is an issue when using one equation to try and prove each shelter individually.
Due to the limited information available on the current firing shelters (records have either been lost or destroyed)  it was deemed prudent by the author to adjust the goals of the theoretical portion of this research from producing evidence to support the design of the current firing shelters, to identifying what material and thickness of that material is required to stop a threat representative of the worst case scenario that the firing shelter is likely to be subjected to. 
This theoretical research should help to build a case to standardise the way in which shelters are constructed, and either confirm that the current shelters are suitable or unsuitable for protecting against the chosen threat.
There are a lot of variables required for the THOR, Recht and Zhao equations which are not known. To that end, the De Marre equation shall be used to determine the limiting velocity of a 12.7mm ball round impacting the 40mm thick RHA firing shelter at the normal angle.
[bookmark: _Toc161409592]Practical research overview
The practical methods of ballistic assessment identified in Chapter 2 are all similar. Firing a round into a target plate, whilst capturing data using various sensors. AEP-55 is the NATO standard, so testing should be conducted within the spirit of this document.
The method of data collection varied between each of the journals, but there was a common set of data that was captured. With muzzle and strike velocities of the projectile, and the projectiles interaction with the target being the two key elements. The practical assessment conducted as part of this research shall need to capture the velocities of the round as a minimum, in order to confirm that the correct value for velocity is being used in the theoretical assessment. 
Conducting a practical experiment on targets representing the firing shelters remains the best way of determining the firing shelters suitability to protect the staff within from trials effects. 
This practical research will confirm that the current shelters are either suitable or unsuitable for protecting Range personnel against the chosen threat.
[bookmark: _Toc266447534][bookmark: _Toc141879576][bookmark: _Toc161409593]Data collection for the theoretical method
The De Marre Equation requires the following variables to be known in order to solve for penetration limiting velocity:
The composite coefficient of armour piercing.
The diameter of projectile (m).
The thickness of target plate (m).
M represents the mass of the projectile (kg).
The obliquity of attack angle. 
[bookmark: _Toc161409594]Data collection for the practical method
There are several data sets that will be captured during this trial. 
· Muzzle velocity of the round fired.
· Strike velocity of the round.
· Meteorological data at the time that the round is fired.
· Temperature of the target plate.
· Projectile weight.
· Propellant weight.
· Bullet interaction with the target plate.
[bookmark: _Toc266447537][bookmark: _Toc141879578]This set of data is collected to eliminate as many variables from what caused the results as possible. For example, if the one target is penetrated whilst another is not and none of the variables apart from the strike velocity are different between tests, then the failure of the target is attributable to the velocity and therefore the energy of the threat.
[bookmark: _Toc161409595]Research deliverables
The data gathered from both the theoretical and practical assessments can be used to inform the next decision of QinetiQ on whether the Pendine Firing Shelters are adequate protection alone or if the addition of a wall of Pendine Blocks is required. If the data produced is not adequate enough to inform such a decision, then the data can instead be used to help decide upon what more data is required in order to make a decision, or if indeed further or different experimentation is required.
[bookmark: _Toc161409596]Conclusion
This chapter has identified that the most suitable equation to use for the theoretical assessment is the De Marre equation, as all of the variables are known and it can be altered to suitably predict results for various target thicknesses and threats that the shelters shall face. The practical assessment has also been considered and it has been decided to replicate the tests researched in Chapter 2 using equipment available at Pendine Range. This type of work assessing target [plates against various threats has been conducted many times at the Range before, meaning the equipment and safety requirements are well understood.


[bookmark: _Toc161409597]Chapter 4 – Design and implementation
[bookmark: _Toc341174545][bookmark: _Toc141879582][bookmark: _Toc161409598]Introduction
This chapter of the report shall detail the design and implementation of both the theoretical and practical methods for assessing Pendine’s firing shelters.
For the theoretical portion of the research, this section shall describe which of the equations discussed in Chapter 2 shall be used as well as the variables that equation requires and where the values for the variables shall be identified.
For the practical element of the research, this segment shall describe how the data will be collected; the uncertainty of measurement of the selected methods of data capture are; what the Range layout will be; and safety considerations for conducting the research.
[bookmark: _Toc141879583][bookmark: _Toc161409599]Theoretical problem formulation
It was chosen to first use the De Marre equation to identify the critical penetration velocity of a 12.7mm round. The round chosen for use is the 12.7mm National Reference Ammunition, which is used as a benchmark for all other 12.7mm ammunition to be assessed against.
The variables required to solve the equation, with the exception of the composite coefficient of armour piercing, can all by identified by physically measuring the attributes of the projectile and target. 10 rounds were disassembled so that the projectile diameter and weight could be recorded and a mean measurement of the diameter and weight could be used in the equation. There are several target thicknesses which can be used in the formula, shelters used for personnel protection tend to be 40mm thick, whilst shelters used for protecting equipment can be as little as 15mm thick.
The composite coefficient of armour piercing is related to the properties of the target plate; projectile material; projectile structure; and other factors. For ordinary armour-piercing projectiles, K ranges from 6200 to 73300 in value. When estimating, K usually takes the value 67650. [6]
[bookmark: _Toc141879585][bookmark: _Toc161409600][bookmark: _Hlk160128483]Practical trial instrumentation
Muzzle velocity of the round fired will be captured by a doppler radar system. This system works by using the Doppler effect to measure the velocity of objects. The radar emits radio waves towards the target, when these waves encounter the rear of the projectile some of the waves are reflected back towards the radar head. The radar receives these echoes and detects the shift in frequency of the waves caused by the velocity of the round away from the radar. The system analyses the signal and converts the frequency change into a velocity. It is a highly accurate method of capturing not only the velocity of the round, but also its retardation and flightpath. 
Strike velocity of the round will be captured in three ways. The same doppler radar system used to capture strike velocity will track the round to its last measurable point, in this case the target. 
2 pairs of optical detectors will be used to give a velocity of the round as close to impact with the target as practicable. Optical detectors are essentially light gates, a pair of detectors are positioned a known distance apart from each other. When the round passes over the first detector, sensors within the detector identify the change in light intensity due to the shadow of the round passing over it. This produces a pulse of electricity which starts a timer recording. When the round passes over the second detector, the same process occurs, this time stopping the timer. The distance between the detectors is known as is the time taken to travel between them, using velocity = distance/time the velocity of the round can be calculated. 
Optical detectors can be triggered falsely by clouds and rain drops if the sensitivity of the system is not set correctly to the conditions they are operating in. Errors in velocity measurement can also occur if the distance between the detectors is not measured accurately. For this reason, it is standard practice to deploy optical detectors in two pairs of two detectors, allowing the operator to check one against the other to assure accurate velocity measurement. Another drawback to the optical detectors is that due to the base length between the start and stop detectors, the measured velocity is actually at the midpoint between the detectors, making it impossible to measure true strike velocity using them. However, strike velocity can be extrapolated by applying the retardation figure calculated by the doppler radar to the observed velocity of the optical detectors, knowing the distance from the point of observed velocity to the target face is required for this and again, any errors in distance measurement will cause errors in the calculated strike velocity.
High Speed Digital Video (HSDV) footage can also be used to estimate strike velocity. The phantom cameras used at Pendine can record video footage at framerates of up to 40000 frames per second, which allows for detailed analysis of the projectile, including pitch and yaw measurement as well as velocity. The camera is calibrated for measurement by placing an object of known dimensions in the field of view. The pixels that this object occupies in the field of view of the camera is converted into the real world measurement. Once the round has been fired, the footage can be played back, the number of pixels which the round travels in a given number of frames can then be converted into a velocity using velocity = distance/time.
Meteorological data at the time that the round is fired will be captured using an on Range meteorological station which records: air temperature; wind speed and direction; barometric pressure; and relative humidity.
The temperature of the target plate shall be measured using a magnetic thermometer connected to a fluke multimeter. Target temperature is recorded as variations in temperature can have an effect on the material properties, though it will be minimal.
Projectile weight will be recorded on scales prior to firing. This is to ensure there are no anomalous projectiles which can impact the results of the test.
Propellant weight will be recorded on scales prior to firing. This is to ensure there are no anomalous projectiles which can impact the results of the test.
Bullet interaction with the target plate will be recorded using HSDV.
[bookmark: _Toc161409601]Practical trial layout
The trial will be set up in accordance with figure 10. The test barrel shall be located in the gun room and remotely operated from the control room. The gun room has built in CCTV fed back into the control room so that the gun be observed during firing. A doppler radar shall be deployed by the muzzle of the test barrel to capture muzzle velocity and track the projectile out to its impact with the target. Two pairs of optical detectors shall be positioned on the line of fire to capture the strike velocity as close to the target as possible. A HSDV camera will positioned perpendicular to the line of fire to observe the interaction of the projectile and target. This camera may have to be positioned in a shelter and the interaction viewed through a mirror in order to protect the camera from any fragmentation that may occur during the test. The target shall be positioned a distance of 25m from the muzzle of the barrel to allow the doppler radar to get a good trace of the target and to allow space for the optical detectors to be deployed. The velocity of the round will not drop too much over this distance and the engagement distance is far closer than anything the shelter would be subjected to during normal Range operation.
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[bookmark: _Toc161247058]Figure 10 – Trial Layout
[bookmark: _Toc161409602]Practical trial safety considerations
As mentioned in Chapter 1, trials work is inherently dangerous, owing to the use of projectile weapons. As such, every effort must be made to bring the risk of conducting the activity to a level which is as low as reasonably practicable. This is done within QinetiQ by creating a safe system of work which comprises of:
· A Trials Conduct Document (TCD), detailing what is to be undertaken and how. This includes data capture requirements, OME required for the trial, resource requirements etc. This document also reference the myriad other documents needed to run a trial, such as the Range Standing Orders.
· A Hazardous Activity Risk Assessment (HARA). This document is used to identify what could cause injury on Range (hazard), how likely that injury is to occur and how serious the injury is (risk). The assessment is then used to identify actions to eliminate or reduce the hazard or risk. Risk Assessment is required by law under the Health and Safety at Work Regulations 1999. [15]
· A Safety Communications Brief, which is delivered by the Range Conducting Officer to all the participants in the trial prior to the activity commencing to ensure they are aware of what activity is being undertaken, to assign roles and responsibilities and to ensure everybody on Range is aware of the risks and controls associated with the activity.
The majority of hazards present on the Range are captured within a generic HARA [16] created for conducting small arms firings. The majority of controls are focused on ensuring that people are not within the firing arc of the weapon during firing and the safe operation of the gun system.
[bookmark: _Toc141879586][bookmark: _Toc161409603]Conclusion
This chapter has identified that the variables for the De Marre equation shall be defined by measurement. It has also detailed how the practical assessment will be carried out, identifying the instrumentation requirements and layout for the activity. The safe conduct of the activity has also been discussed and the trial will be run as per similar activities that have been carried out at Pendine before.

[bookmark: _Toc161409604]Chapter 5 – Test and Evaluation
[bookmark: _Toc161409605]Introduction
This chapter shall detail the how the solution to the De Marre equation was reached, including how the variables will be defined
[bookmark: _Toc161409606]Theoretical problem solution
In order to solve the De Marre equation, the variables had to be defined. K was assigned a value of 67650, as this is used for estimation. The target thickness is known to be 40mm thick. The angle of attack will be 0, as this angle of attack has more chance of penetrating than angled impacts. The projectile diameter and weight were measured on a lot of standard 12.7mm ball rounds and the mean used
The mean projectile weight was measured using a set of laboratory scales and was found to be 45.5618g. The mean projectile diameter at the projectiles thickest point was measured using vernier callipers and was recorded as 12.945mm. Table 1 shows the raw data collected.
[bookmark: _Toc161247069]Table 1 – Projectile Weight and Diameter
	Projectile Number
	Projectile Diameter (mm)
	Projectile Weight (g)

	1
	12.93
	45.555

	2
	12.96
	45.64

	3
	12.94
	45.44

	4
	12.95
	45.58

	5
	12.93
	45.597

	6
	12.95
	45.492

	7
	12.94
	45.569

	8
	12.95
	45.5

	9
	12.96
	45.655

	10
	12.94
	45.59

	Mean
	12.945
	45.5618



An excel sheet was created to solve the De Marre Equation for limiting velocity (figure 11) using the variables described.  
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc161247059]Figure 11 – De Marre Equation Calculator
Inputting the variables produced a limiting velocity of 1277.87ms-1. Meaning it is estimated that projectiles of this nature would need to be travelling faster than 1277.87ms-1 in order to penetrate the 40mm RHA plate.  
[bookmark: _Toc161409607]Practical trial set-up
The trial undertaken differed slightly from the set-up proposed in Chapter 4 due to the unavailability of some pieces of equipment. The HSDV camera was not used as the equipment and competent operators were deployed on another trial which took precedence over this research. An additional change to the proposed set up was that a 12.7mm Heavy Machinegun (HMG) with Quick Change Barrel (QCB) was used for the test (figure 12), as the 12.7mm test barrel mounting was not fit for use at the time of the trial.
[image: A machine in a room

Description automatically generated]
[bookmark: _Toc161247060]Figure 12 – HMG
A Weibel muzzle velocity radar was positioned beneath the muzzle of the weapon to capture muzzle and strike velocity of the fired round. It was decided not to deploy optical detectors as the weather was not clement to their use, and the facilities to suitably protect them from potential ricochet did not exist on the Range that the test was conducted on.
The target, a 40mm thick RHA plate was positioned 45m from the muzzle of the weapon system. The plate was supported upright by use of G-clamps (figure 13).
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[bookmark: _Toc161247061]Figure 13 – RHA Target
[bookmark: _Toc161409608]Practical trial conduct
The trial was conducted at Pendine Range following standard safety procedures, meaning the gun was remotely operated, all personnel were under hard cover when firing took place, and the gun and ammunition were isolated when the target needed inspecting. The target was positioned 45m from the muzzle of the HMG and secured in position using clamps. The gun was then sighted on to the target using a borescope. Once the point of aim had been defined, the borescope was removed from the barrel and all personnel not required for loading the weapon were placed undercover.
The weapon was then loaded with a single 12.7mm round in accordance with the military publication for the HMG [17]. Once everyone was undercover and ready to fire, the weapon was operated remotely by the use of an Instrumented Firing Unit.
Once the round had been fired, the weapon was cleared before the target was inspected and data from the firing recorded. The process was then repeated from sighting the gun onto the plate. To attempt to avoid striking the same place on the target more than once, the point of aim of the gun was changed between each shot by adjusting the azimuth and elevation of the gun mount.
Ten shots were fired at the target plate in this fashion. All firings were conducted safely without incident.
[bookmark: _Toc161409609]Practical trial results
The raw results from the Weibel radar and if the plate failed and how after the shot is tabulated below in table 2.
[bookmark: _Toc161247070]Table 2 – Practical Trial Results 
	Round Number
	Muzzle Velocity (ms-1)
	Strike Velocity (ms-1)
	Plate Failure? (Y/N)
	Failure Mode

	1
	899.76
	878.72
	N
	N/A

	2
	902.02
	882.28
	N
	N/A

	3
	886.73
	867.41
	N
	N/A

	4
	902.17
	880.17
	N
	N/A

	5
	898.49
	877.53
	N
	N/A

	6
	904.63
	883.15
	N
	N/A

	7
	894.15
	874.44
	N
	N/A

	8
	897.98
	878.51
	N
	N/A

	9
	891.65
	869.42
	N
	N/A

	10
	892.89
	873.13
	N
	N/A

	Mean
	897.05
	876.27
	
	



Figure 14 shows the front face of the target plate after the first shot, Figure 15 shows the front face of the target plate after the final shot. None of the rounds perforated the target.
Figure 16 shows the rear of the target plate after the final shot, there was no deformation on the rear face of the target plate.
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[bookmark: _Toc161247062]Figure 14 – Front of Target Plate Post-Shot 1

[image: A metal object with holes in it

Description automatically generated]
[bookmark: _Toc161247063]Figure 15 – Front of Target Plate Post-Shot 1
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[bookmark: _Toc161247064]Figure 16 – Rear of Target Plate Post-Shot 10



[bookmark: _Toc161409610]Chapter 6 – Conclusions and recommendations
[bookmark: _Toc141879590][bookmark: _Toc161409611]Summary
This report first identified that the efficacy of the firing shelters at Pendine was not fully understood to the point that extra protection blocks are needed to assure the site that personnel deployed within the shelters are protected from bullet impacts. The aim of this report was to identify a theoretical and practical method of assessing the firing shelters suitability to protect personnel from bullets. 
To that end, research was conducted into methods of both academic and applied nature to conduct this assessment. From this research is was identified that the De Marre equation was a useable equation to make an assessment. The equipment, data capture and trial layout required to carry out a trial was also decided.
From this research both methods of evaluation were carried out. The findings of which shall be discussed and concluded in the next section.
[bookmark: _Toc141879591][bookmark: _Toc161409612]Conclusion
Both the theoretical and practical methods of assessment have indicated that the 40mm thick RHA firing shelters in use at Pendine are sufficient to protect employees within from 12.7mm ball ammunition impacting the shelter along the normal. 
The De Marre equation suggests that a 12.7mm ball projectile would have to be travelling at 1277.87ms-1 in order to perforate the firing shelters at Pendine. This implies that is impossible for normal 12.7mm ball rounds to perforate the firing shelters, as the average muzzle velocity of the rounds recorded during the trial was 897.05ms-1 and they decelerate from that point onwards.
The trial fired 10 rounds at a 40mm RHA plate, none of which pierced the target. The rear face of the target showed no signs of deformation, indicating that the plate was not close to failing by plugging, scabbing or any of the other modes of failure described in Figure 5.
The conclusion from this research is that Pendine blocks in front of firing shelters are superfluous for ball calibres up to 12.7mm.
[bookmark: _Toc141879592][bookmark: _Toc161409613]Recommendations for further research
The research conducted thus far gives a good indication that the firing shelters are capable of protecting personnel within from ball calibres up to 12.7mm. However, in order to conform with AEP-55 (reference 7), 22 valid hits are needed to give 95% confidence in the efficacy of the armour, meaning further testing of the same type is required to meet this standard.
This initial research only considers ball ammunition. Other natures of ammunition, including those specifically designed to penetrate armour, are tested at Pendine. In order to fully confirm the suitability of the shelters to provide protection from bullet attack other natures could be tested. Further to this, fragment simulating projectiles may also be fired to asses  the efficacy of the firing shelters against fragments caused by exploding munitions.
Improvements can be made to the practical experiment by using a more accurate weapon system to ensure more uniform spacing between shots and including optical detectors and HSDV in the data capture.

[bookmark: _Toc161409614]Chapter 7 – Reflections 
[bookmark: _Toc161409615]Introduction
In this final chapter, the author reflects upon the journey undertaken throughout the course of this project. The author explores the research process, the challenges encountered, the lessons learned, and the implications of the findings.
[bookmark: _Toc161409616]Experiences
Initially, the research began with a comprehensive literature review to establish the theoretical and practical methods of assessing armour against ballistic impacts. The author learned a lot about the theoretical methods during this portion of research as it was an area of study that they were unfamiliar with. The practical method was less so, as the author conducts armour verification trials fairly regularly as part of their employment, it was good to see that the methods used in QinetiQ are widely accepted across the academic community as best practice.
Following the literature review, the actual assessments were carried out. The author was comfortable with the theoretical method chosen as it contained known variables. The ones not selected required variables that the author wasn’t sure of owing to their lack of knowledge in material science, more research could have been conducted in that field but the author felt it would have been against the purpose of this project. Similarly to the research, the conduct of the practical assessment was comfortable for the author as they are very experienced in that area.
[bookmark: _Toc161409617]Lessons Learned
The journey of conducting this project has been a profound learning experience, granting valuable insights and lessons. Firstly, the author has learnt the importance of flexibility in research endeavours, as unforeseen challenges are inevitable, such as unknown variables in equations or the lack of ideal equipment for the practical. Secondly, the author has gained an appreciation for the iterative nature of research, slightly altering the direction the research heads in the light of new information. Thirdly, the author learned the importance of engaging with subject matter experts in both the academic world with the regards of constructing the report and in the industry of which this research effects. 
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