

A modelling study into the deformation of the barrel of an M4A1 rifle dropped from a height of 1 meter after sustained fire.
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This report looks at the potential benefits and drawbacks of using CAE software packages, specifically Ansys and SolidWorks, for modelling a 3D part and then simulating the environmental conditions they will undergo during use. This study specifically looks at impact forces simulated for a M4A1 rifle barrel after heating due to operational use. Mathematical calculations were  undertaken to provide a basic understanding of how the part should behave under load; providing a logical, verifiable route to an answer. These calculations were then used to proof the simulations and test their accuracy and validity for modelling this type of problem. 
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[bookmark: _Toc197874676]Introduction
Computer Aided Engineering (CAE) is the use of computer software to assist in the design, manufacture and testing of an engineered product or system. This allows a complex part geometries to be created and tested via simulation before the part is produced. CAE tools can vary largely between examples from user interface to the tasks the programs are designed to complete. 
In this modelling study focus was places onto the effect of mesh sizing and the comparison of computational simulations to calculated fundamental principles. The study looks at the potential for deformation of a M4A1 rifle barrel after being dropped following sustained fire. A height of 1m was chosen as the representative fall as it was deemed to represent a reasonable shock the rifle could receive during combat or training operations. 
The barrel used in the simulation was acquired from the online resource GRABCAD, a website allowing users to share 3D models and assemblies. The link to this specific weapon can be found bellow: 
https://grabcad.com/library/m4-a1 
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[bookmark: _Toc197875021]Figure 1: M4A1 rifle CAD model


[bookmark: _Toc197874677]CAE
Computer Aided Engineering, CAE, was a term first coined in Structural Dynamics Research Corporation (SDRC) to describe computer programs used to assist engineers in the design process [1]. CAE is a general sweeping descriptor for a number of design, simulation and manufacturing programs, some examples of these are:
[bookmark: _Toc197874678]Computed Aided Design 
Computed Aided Design (CAD) refers to programs that allow for the design of a system or part. Historically engineering firms would employ large numbers of engineers to work in drawing rooms creating orthographic drawings of every part, this is both labour intensive and requires restarting or careful erasing if a mistake is made. CAD programs can allow for the creation of 2D and 3D geometries allowing for complex parts to be created and visualised. This greater awareness of the part allows for potential weakness to be identified and fitment with other parts to be checked. Examples of CAD programs include: 
· SolidWorks 
· Fusion 360 
· AutoCAD
· Inventor
In the case of this report CAD was used to create/alter a geometry for use in the simulation software. 
[bookmark: _Toc197874679]Finite Element analysis 
Finite Element Analysis (FEA) refers to using simulations to assess how a part or system would react to the forces if could be expected to be exposed to while in operation. The forces a program can simulate vary from high energy impact scenarios between cars to the influence of high and low pressure on pipe structural integrity. This allows for smart design choices to be made before products go into production, as it can highlight weaknesses in parts; for example a bend in a pipe is too short so  large forces are being placed on the joint as the pipes contents are redirected. 
Some examples of FEA programs include: 
· Ansys 
· Abaqus 
· Catia 
[bookmark: _Toc197874680]Computer Aided Manufacturing  
Computed Aided Manufacturing (CAM) allows a part file created in a CAD software to be used to create a physical part. As such, when compared to CAD, CAM focuses more on the interfaces with machines that allow for complex parts to be created. Many different machines can be used with CAM including, often referred to as Computer Numerical Control (CNC): 
· 3D printing technologies 
· Laser cutters 
· Multi axis milling machines 
· CNC Lathes 
The rise in these techniques allows for very precise parts to be made repetitively without having to worry about potential human errors. However, these machines are usually considerably more expensive than their manual counterparts. 
[bookmark: _Toc197874681]Advantages 
CAE has many advantages to its use, it has become a staple of the modern engineering, manufacturing and design sectors. There are numerous reasons for this, some of which are: 
· Rapid prototyping of design – CAE tools allow for parts to be quickly drawn up by a skilled user much more quickly than an orthographic drawing of a similar part would take improving development times.
· Improved confidence in product compatibility – many CAE softwares allow for the combination of parts into complex systems. This allows for fitment and alignment to be checked before physical prototypes are created.
· Computing power – modern computers are extremely powerful, allowing them to undertake incredibly complex simulations with millions of nodes.
· Interoperability – CAE programs are often interchangeable using the same filetypes, allowing for parts to be created in one software and transferred into another preserving their contents perfectly.
· Record Keeping – instead of numerous paper drawings of every iteration; these are now stored on servers and hard drives, providing a more accurate record of design choices and exact references to how parts should look, fit and behave. 
· Precise and repeatable – CAE softwares are very precise and when sending this data to CNC machines to create these parts, they will always be within tight tolerances and able to be created en mass quickly.
· Easy to use – CAE softwares vary in how easy to use they are, but with a minimal amount of training an employee could go from no experience to reasonably proficient in a short amount of time.
· Industry standard – with the prevalence of CAE in the engineering field, most universities offer modules on the implementation of CAE tools meaning many students entering the workforce already have experience.

[bookmark: _Toc197874682]Limitations 
CAE, while a very powerful tool, has a number of downsides that sometimes cannot be overlooked when considering the employment of CAE systems. Some of these include: 
· Only as good as the user – CAE systems are complex by nature and require an understanding of the work to be properly employed.
· Computing demands – CAE software can be incredibly demanding of computer processing power, when looking at highly complex scenarios these can take extended periods to run with some taking days or even weeks.
· Infrastructure costs – to fully utilise CAE tools a company would need to heavily invest into it; from high power computers to CNC machines, that can create the parts designed in the software.
· Licence costs – each software requires its own licence. These can be incredibly expensive when purchasing to cover a large organisation, this is compounded by often requiring numerous software to complete tasks meaning multiple licences needed.
· Only as good as the given data – a CAE program can only be as accurate as the data it has been given, potentially meaning a slip of the finger inputting material data having undesired effects.
· Storage concerns – while computer storage is secure it can still corrupt or be destroyed in other ways, or be stolen; the idea of saving the users work regularly has to be understood as well as how careless actions can result in the loss of hours, if not days, of work.
· Data interpretation – data can sometimes be difficult to extract from simulations; ensuring that the correct information is obtained is key, as there are often similar results that can portray different pictures.
· Modelling assumptions – numerous assumptions have to be made when creating the model to simplify it to a level that is actually solvable. These can include: 
· Material assumptions – perfect purity with every part being made from an identical material whilst the real materials are impure/have some defects.
· Physics assumptions – often some physics ideas are ignored when generating a model. A good example of this would be air resistance which is often ignored.
· Conditions – these cover the part always being used exactly as intended withing its safe operating limits and perfectly maintained whereas, in reality, equipment is not always treated as such and the weathering effect of use is difficult to implement to a model.
[2, 3, 4, 5] 



[bookmark: _Toc197874683]Rifle
[bookmark: _Toc197874684]Background 
The M4 rifle has been the issued service rifle of the United States army since the 1990’s, being upgraded to the M4A1 variant in the 2010’s adding features such as fully automatic fire, ambidextrous fire control and the option for suppressors. The M4A1 is a well proven combat rifle having been used in conflicts across the globe. [6, 7] 
[bookmark: _Toc197874685]The barrel 
The excess parts were then removed from the complete rifle model, leaving just the barrel, the flash suppressor, and the bushing attaching the rear of the barrel to the rest of the rifle’s upper receiver. 
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[bookmark: _Toc197875022]Figure 2: M4A1 Barrel CAD model
The barrels was then measured to ensure they were of the correct proportions 
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[bookmark: _Toc197875023]Figure 3: M4A1 Barrel CAD model total length
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[bookmark: _Toc197875024]Figure 4: M4A1 Barrel CAD model effective length (minus flash suppressor)
The total length of the barrel in the model was 408.08mm or 16.07 inches. When the flash suppressor was removed the barrel had a length of 373.28mm or 14.69 inches, this is very close to the practical length of an M4A1 barrel which is known to be 14.5 inches.
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[bookmark: _Toc197875025]Figure 5: M4A1 Barrel CAD model sectioned in the X plane
Figure 5 shows a cutaway view of the barrel displaying how the parts connect via screw threads. 
To find a source for the material that the barrel is made from an example rifle from the company Daniel Defense was chosen. Their M4A1 rifle weights a total of 6.74lb or 3.57213 kg, primarily being made of 7075-T6 aluminium, 4140 hardened steel and Chrome Moly Vanadium (CMV) Steel. Using GRANTA, the additional materials database for Ansys, a suitable steel was found to replicate this barrel. “Low alloy steel, 40CrMoV13-9, quenched & tempered” was the chosen steel for the main body of the rifle barrel with a generic steel being used for the muzzle device. [8]
The temperature chosen for the barrel’s temperature was 270 degrees, this was chosen after research into temperature variation after periods of sustained fully automatic fire. After 200 rounds of ammunition the barrel of the tested weapon systems reached a peak of 286.13 degrees. This would be equivalent to just under 7, 30 round, magazines of rifle ammunition. [9]



[bookmark: _Toc197874686]Simplified Test Case 
[bookmark: _Toc197874687]Why have a simple test case 
Simple test cases are an important part of designing any engineered product, as they allow for potentially complex ideas to be tested on a smaller, simpler scale. This allows for the validation of modelled results against mathematical expectations. Validating results in this way provides both more confidence in the model’s results and the simulation to accurately model similar scenarios. 
Test cases also help provide an idea of what to expect from the simulated results, providing a quick litmus test to see if the values produces are in the right range. Expected results also help tweak how the simulation is set up and run: for example limiting the range of results, as mathematically they should only fall within a certain range.
[bookmark: _Toc197874688]Mathematical validation 
For the simplified test case for this report, it was decided to undertake rough calculations to estimate the forces and potential deformations of a room temperature barrel. The force of the rifle hitting the ground was then calculated. 




This shows how fast the falling rifle is traveling when it would impact the floor. Using this information along with material data was incorporated to assist in the completion of Hertzian contact time equations. This was done for a hollow steel cylinder impacting a plate, returning an estimated contact time of 0.0338 s. The data input into these equations was either lifted from the materials data, calculated above, already known or estimated form the 3D model. These values are as follows: 
	Parameter 
	Value

	Mass 
	3.57213 kg

	Impact velocity v
	4.43 m/s

	Youngs modulus (E)
	1.9975 x 1011 Pa

	Poisson’s ratio (ε)
	0.29

	Outer radius (r1)
	10.97 mm

	Inner radius (r2)
	8.51 mm 

	Average radius (R)
	9.74 mm or 0.00974 m 



First calculating effective young’s modulus (Ee):  

As both items are steel ε1= ε2 and E1=E2 





Now the effective young’s modulus has been calculated the contact stiffness can the calculated: [10]



This allows for impact time to be estimated between these bodies: [11] 



Now the impact duration has been calculated the forces applied can be estimated using: 



The weakening effect of heat can also be approximated using the young’s modulus and desired temperature: [12] 



This allows for the use of the formulae for linear deformation to calculate the theoretical deformation at 468.18 N: [13]







This shows how a rifle barrel could be expected to deform up to 12.53 µm upon a drop from 1 m after sustained fire. This produces a change in length of 0.000031%. 
The above calculations were repeated for each simulated force value and are summarised in the below table: 
	Force 
	Deformation (m)

	1000 N
	2.68 x 10-5

	2500 N
	6.69 x 10-5

	5000 N
	1.34 x 10-4

	10000 N 
	2.68 x 10-4





[bookmark: _Toc197874689]Detailed test case 
The test case can be basically split into two main sections: relating to the impact of varying mesh sizes and of higher impact forces. The basic mesh size used was 0.002 m giving an approximate element count of 125,805. This was decided upon as it provided a suitably fine mesh while also not being so fine it significantly impacts the run time of the simulation. 
[image: A long snake in the sky

AI-generated content may be incorrect.]
[bookmark: _Toc197875026]Figure 6: The barrel when meshed
Initially the idea for this simulation was to propel the rifle forwards into a body made of asphalt to simulate a drop onto a paved road. This idea was abandoned after it was decided increasing the element count unnecessarily and adding complexity when calculating the impact forces was outside the scope of this report. 
Instead, it was chosen to apply boundary conditions where the barrel would meet the rest of the rifle providing the rifle a rigid support. The points were created in such a way that the selected faces were completely immovable and undeform able. A continuous force was then applied for a very short timestep attempting to replicate the fast-acting forces in an impact. The use of a short timestep also allowed the simulation to run in a reasonable time. 
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[bookmark: _Toc197875027]Figure 7: Force application point (red) and fixed front supports (blue)
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[bookmark: _Toc197875028]Figure 8: Rear support points

[bookmark: _Toc197874690]Simulation Results 
The first simulation undertaken was 1000 N applied to the front of the barrel the results can be seen below. 
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[bookmark: _Toc197875029]Figure 9: 1000 N deformation
Figure 9 show the amount of deformation along the length of the barrel with 1000 N applied, the arrows indicate the direction of movement is rearwards seemingly all in the Z plane. Though towards the first fixed point the arrows suggest forces applied downwards away from this fixed point suggesting with higher forces buckling may be seen in the barrel. The maximum deformation reached was 6.77e-6 m.
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[bookmark: _Toc197875030]Figure 10: 1000 N Normal stress
The above figure shows the normal stress the barrel is undergoing during the force loading. The red and yellow areas show areas of high tensile stress while the blue areas show areas of compressive stress. These patterns appear where expected with the two forward supports stopping the rearward movement of the barrel thereby taking a force up to -2.77e6 Pa. The force not being evenly applied all the way round the muzzle device is a point of interest as with how the force was applied a uniform stress pattern was expected. 
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[bookmark: _Toc197875031]Figure 11: 1000 N Equivalent stress
Equivalent, Von Mises, stress allows for a general understanding of all the forces acting on the barrel. With red and greens showing areas under high forces that might be likely to fail, forces reach up to 2.979e7 Pa. This shows a likely failure point is likely to be the forward most joining point. 




2500 N
[image: A blueprint of a tube

AI-generated content may be incorrect.]
[bookmark: _Toc197875032]Figure 12: 2500 N Deformation
 Figure 12 shows 2500 N being applied to the barrel it behaves very similarly to the 1000 N barrel with most of the movement being parallel to the barrel and some down away from the forward fixed point. With maximum deformation reaching 1.69e-5 m 
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[bookmark: _Toc197875033]Figure 13: 2500 N Equivalent stress
 The Equivalent stress also looks very similar to the lower loading simulation, this is believed to be because there is still no significant deformation so loads just get larger until a section of the barrels significantly deforms. With forces reaching 6.93e7 Pa. 
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[bookmark: _Toc197875034]Figure 14: 2500 N Normal stress
The normal stress also appears to resemble the lower force simulation. With forces reaching 1.27e7 Pa. there are points of high compressive stress round the fixed points and points of high tensile stress at the front of the muzzle device. 
5000 N
[image: A model of an object

AI-generated content may be incorrect.]
[bookmark: _Toc197875035]Figure 15: 5000 N Deformation
Figure 15 shows the deformation after 5000 N was applied. The results follow a similar pattern to the above simulations with a linear parallel direction of deformation without any buckling. Maximum deformation is 3.38e-5 m. 
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[bookmark: _Toc197875036]Figure 16: 5000 N Equivalent stress
The Equivalent stress for the 5000 N load follows the pattern of larger forces acting near fixed points. With forces reaching up to 1.386e8 Pa. 
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[bookmark: _Toc197875037]Figure 17: 5000 N Normal stress
Normal stress follows the pattern as well with red sections visible showing high tensile stress on the points where the force is applied and darker blues where the material is undergoing compression. 







10000 N 
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[bookmark: _Toc197875038]Figure 18: 10000 N Deformation
Figure 18 shows greater deformation but still not to a level that could potentially cause a catastrophic failure. All the deformation is still traveling directly in the Z plane. With the greatest deformation being 6.77e-5
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[bookmark: _Toc197875039]Figure 19: 10000 N Equivalent stress
 The equivalent stress follows the same pattern growing in size as the force applied increases. Forces reached 2.79e8 Pa. 
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[bookmark: _Toc197875040]Figure 20: 10000 N Normal stress
The normal stress shows the same pattern mention previously or compression by fixed points and tensile stress at the sites of deformation 

10000 – 0.005 mesh  
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[bookmark: _Toc197875041]Figure 21: Barrel with 0.005 m mesh
Part of this modelling study was looking into the effect of mesh sizing on the results of the simulation. For this simulation, the element size was increased from 0.002 m to 0.005 m.
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[bookmark: _Toc197875042]Figure 22: 10000 N 0.005 m Deformation
Figure 22 shows deformation unlike pervious simulations with most of the deformation now split between the X and Z plane. This causes changes in the deformation behind the initial impact site forming a wave like output, where the yellow and light green arrows seem to point slightly into the negative X. Light blue and red arrows seem to point into the positive X this suggest the forces are being distributed in a way the could cause the barrel to form an S shape under higher loads. With maximum deformation being 8.81e-5
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[bookmark: _Toc197875043]Figure 23: 10000 N 0.005 m Equivalent stress
The equivalent stress for this simulation follows a similar pattern to the previous simulations with large forcing being found around the fixed points. Though in this simulation the barrel just in front of this forward most support seems to have greater general internal stress shown by the light green this could be caused by the potential warping of the barrel. 
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[bookmark: _Toc197875044]Figure 24: 10000 N 0.005 m Normal stress
This barrel shows a very different normal stress pattern with there being limited colouring round the site the force is applied, and the while barrel seem to be under more tensile force. This could be caused by the change in direction of the deformation and how this relates to the forces propagating further down the barrel.
10000 – 0.001 mesh 
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Figure 25: Barrel with 0.001 mesh
The above barrel had twice the number of elements as the example used for most of this simulation. No results were obtained for this mesh, this will be discussed in the effects of mesh sizing. 


[bookmark: _Toc197874691]Comparison  
[bookmark: _Toc197874692]Simulation vs mathematical calculations 
Having collated the results for the simulations the predicted values and simulated values will be compared below: 
	Force 
	Deformation (m) Calculated
	Deformation (m) simulated
	Difference 

	1000 N
	2.68 x 10-5
	6.77 x 10-6
	119.3%

	2500 N
	6.69 x 10-5
	1.69 x 10-5
	119.3%

	5000 N
	1.34 x 10-4
	3.38 x 10-5
	119.4%

	10000 N 
	2.68 x 10-4
	6.77 x 10-5
	119.3%


The above data shows a consistent percentage difference between the calculated values. This gives the simulation validity as it is consistently in line with the calculated values. The ~119% difference between the values could be caused by a number of things, the main one is believed to be the way in which the simulation was run. The application of a constant force is different from an impact force, it was done this way to simplify simulation.
When repeating this study more time could be taken when creating a more detailed model to attempt to gain a more accurate figure. This could then be compared to the method used in this study to see if both are valid ways of conducting similar research.  A different option would be carried out testing to ensure the percentage difference figure is accurate and simulated results are then adjusted. Accompanying this will physical real-world testing to validate both the model and the mathematics would allow for full confidence in this method 
[bookmark: _Toc197874693]The effects of mesh sizing 
Mesh sizing was shown to have interesting effect based on how fine or coarse the mesh was. In the case of the dense mesh, 0.001 m, the simulation of the impact would have taken multiple hours which meant it was not able to be run in the time available to provide data. This relates back to the previous point of computer power limiting softwares ability to simulate. 
For the larger mesh sizing the barrel seemed to deform differently this could potentially be because of the different element shapes on the impact site. This mesh size would alo not fit the calculated consistent percentage difference. This shows how mesh sizing both too small and too large can negatively impact the results of a simulation. 


[bookmark: _Toc197874694]Conclusion 
CAE is a valuable too for use in a modern engineering world allowing for computer to assist in the design process speeding up development. CAE comes with numerous upsides, though, it has multiple negative factors that have to be considered when implementing it. 
The model used for simulating the impact was found to be both accurate and precise with a consistent difference between a basic calculation and the complex simulation. It gave an understanding on how to use CAE systems allowing for skills related to 3D design and simulation to developed. 
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