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Abbreviations:
	Abbreviation
	Context

	CAE
	Computer Aided Engineering

	OME
	Ordnance, Munitions & Explosives

	CAD
	Computer Aided Design

	FEA
	Finite Element Analysis






1. [bookmark: _Toc197861668]Introduction
1.1 [bookmark: _Toc197861669]Computer aided engineering overview
Computer aided engineering is a modern tool set used in engineering, which allows the users to verify designs & componentry will function as expected, essentially allowing non-destructive testing before a physical part is made. This reduces the cost of development, as fewer physical prototypes are required, reducing the overall cost of development, in most applications. It also allows users to perform complex calculations on geometry, which would traditionally take weeks to months manually, on a shorter time scale reducing the timeline of design & development processes.
[bookmark: _Toc197861670]1.2 Purpose and Scope
In terms of OME, CAE is a critical tool, especially in ballistics modelling, as it provides a tool to simulate the impact of a projectile, which is unfeasible via hand calculations, as the complexity of calculations are so high. To validate, the most accurate method is to compare to real world testing to confirm that the model is functioning as expected.
In this study, the impact of a 5.56mm NATO bullet into a composite armour plate will be simulated. This scenario has been chosen for two primary reasons, it provides a complex study which could not otherwise be calculated through hand calculations, and it provides context into the improvements that composite armour offers over traditional single plate solutions.
The purpose of this study is to better understand the use of FEA (Finite element analysis), its usage in the modern design process, and its limitations. To do this, a ballistic impact against two types of armour is modelled. These results will be compared to other papers for verification, and the toolset analysed to find its limitations.


2. [bookmark: _Toc197861671]Simulation Scenario
2.1 [bookmark: _Toc197861672]Scenario Overview
2.1.1 [bookmark: _Toc197861673]Overview
Two scenarios have been selected to demonstrate the principles of composite armours, scenario one offers a model which is comparable to existing studies, which will be used to validate the modelling undertake in this study, as described in 2.3.
2.1.2 [bookmark: _Toc197861674]Scenario A – Two-layer ceramic / aluminium
Scenario one models the impact of a bullet (projectile) into a ceramic / aluminium plate. This scenario represents a modern composite armour, which functions as follows: A hard ceramic is the first layer, which is used to break up the projectile, followed by a more ductile material, aluminium, which catches the broken-up projectile & effectively stops it. The goal of this simulation is to prove the concept.
2.1.3 [bookmark: _Toc197861675]Scenario B – Two-layer tungsten / aluminium
Scenario 2 models the impact of the same bullet against a 2 layered armour plate, composed of tungsten and aluminium. This scenario represents alternative options for a composite plate, where instead of a ceramic a hard metal is used, which in theory is more resilient to multiple impacts than a ceramic, which is likely to shatter on first impact, rendering it significantly weaker to further impact.
2.2 [bookmark: _Toc197861676]Objectives & Aims
· To successfully model the impact of a projectile in both scenarios A & B, and a double layer plate to demonstrate the benefits of composite armour.
· To understand and use FEA software to model these scenarios.
· To validate the modelling to ensure accuracy of results.
· To understand the usage of the CAE toolset within engineering development.
2.3 [bookmark: _Toc197861677]Conceptual validation
To validate the modelling undertaken, a comparison into existing studies in both FEA and real-world testing have been completed. Several reports into both composite armour & projectile specifics have been selected, to provide a good field of representation to compare.
Most of these papers are based on Kevlar / steel armour, which is commonly used in modern body armour solutions. These are based on a similar concept, where a material is used to damage the projectile & reduce its velocity, before a second catches it. These papers will be used to validate the impact scenario & velocities. A study into ceramic armour is then further used to validate the results of scenario A.
3. [bookmark: _Toc197861678]CAE Overview
3.1 [bookmark: _Toc197861679]Software
Two software packages are used during this study, SolidWorks is used for geometric modelling, before this is imported into Ansys which is used for CAE. SolidWorks is a commonly used computer-aided design (CAD) software, which allows users to produce accurate 3D geometry from engineering drawings, which can then be exported to a specific CAE toolkit.
Ansys is used throughout this report, it provides an industry standard CAE toolkit which is used to simulate the scenarios. Geometry is imported, assigned material properties, meshed, a simulation is set up and then solved. Multiple solvers are available for different use cases, where required.
3.2 [bookmark: _Toc197861680]Solver
In these scenarios, an explicit dynamic solver is required. This solver type models high levels of deformation & material failure, over a specified period. This therefore means that output can be determined for different time points within the scenario, which is especially relevant in ballistics. The deformation, stress, strain & velocities may be calculated for components, where required.



4. [bookmark: _Toc197861681]Modelling & Simulation
4.1 [bookmark: _Toc197861682]Geometry Modelling
[bookmark: _Toc197861683]4.1.1 - Projectile
The first step in the process is to model geometry for simulation. To create geometry, SolidWorks is used. The projectile is based on a M855 5.56mm bullet, with dimensions taken from a previous ballistics’ study [1]. 

[image: A bullet with measurements and lines
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Figure 1 – Projectile M855 5,56mm bullet [1].

To increase the reality of the study, a steel jacketed projectile is modelled with reference to images of sectioned projectile seen in figure 2. No dimensions were available in reference to jacket / core size, so these were approximated from the imagery. This results in a lower accuracy compared to the real world but provides more insight into how a projectile might behave when compared with a solid body.
[image: A close-up of a bullet and a ruler
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Figure 2 – Sectioned M855 bullet [1].
The dimensions modelled in SolidWorks are included in appendix A.


[bookmark: _Toc197861684]4.1.2 – Armour Plates
The armour plate used in this study is purely conceptual, to give an insight into the techniques used in real world systems. The plates used in a similar study use alumina plates, backed with aluminium to capture the projectile after it has been broken down [2]. The plates used in this study are based on a similar concept, but with all dimensions assumed. Dimensions for the plates and overall test assembly are available in appendix B & C.
4.2 [bookmark: _Toc197861685]Material Properties
4.2.1 [bookmark: _Toc197861686]– Projectile
The projectile’s materials are assumed, due to the lack of available unclassified data. The most accurate materials available were an oxygen free copper (CU-OFHC2) for the jacket of the projectile and a steel 1006 alloy for the core. These were available via Ansys libraries. The Johnson-cook deformation model & isotropic material properties for each were chosen, to demonstrate the material deformation on impact.
[bookmark: _Toc197861687]4.2.2 – Armour Plates
The armour plate is based on a silicon carbide plate [3], which is used as a hard material to flatten the nose of the projectile, followed by an aluminium plate, which provides a more ductile material to “catch” the deformed projectile [2]. Due to the hardness of the silicon carbide, the Johnson-Holquist model is used to model fracture failure, rather than deformation- which would likely result in failed calculations within the simulation, due to the high energies imparted. This & the isotropic properties for the material were used.
The aluminium plate is based on an AL7039 alloy, with properties available via Ansys libraries. Johnson-cook deformation & isotropic properties were used.
In scenario B, the ceramic is replaced with a tungsten alloy (from Ansys ballistics libraries) which represents a more traditional form of composite armour. This material represents a hard plate, with a softer plate behind it in metal form rather than a light ceramic. 


4.3 [bookmark: _Toc197861688]Meshing
4.3.1 [bookmark: _Toc197861689]– Introduction to meshing
Meshing is the process of defining “nodes” which are points on each piece of geometry where the calculations are performed. In short, a finer mesh (with more nodes) provides a more accurate representation of the real-world deformation in the material, than a larger mesh, where less points are measured [4]. However, a finer mesh requires more computational power, due to the increased number of calculations, and in terms of a baseline machine, more time to run each study [4]. As a result, a balance must be found in meshing to provide best results.
4.3.2 [bookmark: _Toc197861690]– Meshing of geometry
To reduce the total number of nodes, a dynamic mesh was used in this study, which focuses on the point of impact on the armour plate. The result is that a more accurate simulation of deformation may be obtained at this point, however, the surrounding areas do loose a degree of accuracy because of having a coarser mesh.
The projectile jacket and core are modelled with the finest mesh possible, due to the importance of their deformation when they come into contact with the plate. The two bodies are defined as frictionless contact, as the core is simply contained within the jacket, and is not bonded in the real world. 
The layers of the plate are also defined as a frictionless contact, as any form of bonding between the two would likely interfere with the results of the simulation. The impact is defined between the projectile group and the plate group, so as the simulator understands that these two bodies will make contact.

[image: A close-up of a square
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Figure 3 – Meshing on geometry.
4.4 [bookmark: _Toc197861691] Study Setup & Performance Indicators
The parameters for the study are now defined, these include the projectile’s initial velocity, 600 meters per second, and the fixing of the armour plate.  The plate is fixed along each edge, providing a solution which is adequate for this study, but does not provide a realistic option in the real world, where it is more likely to be setup fixed using fixtures- which provide individual points of failure which would affect the overall results.
The performance indicators are quantitative outputs from the simulation, which can be used to judge the performance of the armour plate. In terms of this study, the key indicator in terms of “survivability” is the exit (where penetration occurs) velocity of the projectile. As noted in previous studies, velocity is a larger factor in terms of survivability in most modern “high velocity, small calibre” weapons [7]. The projectile’s average velocity & acceleration over the simulation is measured.
In terms of the armour plate’s survivability several key metrics are measured. Elastic Strain, Stress, Maximum elastic strain and stress are measured, as well as total deformation, to provide a “damage” metric.


4.5 [bookmark: _Toc197861692]Scenario A Results
4.5.1 [bookmark: _Toc197861693]– Validation
To validate the results of the study, a comparison to a similar simulation is used for comparing deformation results. Unfortunately, no exact matches were found, so a similar study was used. This study differs in terms of ceramic thickness & projectile- which realistically invalidates this comparison. However, the deformation characteristics of the ceramic may be used to compare the overall result. Figure 4 shows total deformation in this model, versus figure 5 & 6, which show both simulation & real-world results.
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Figure 4 – Total Deformation, Scenario A.		Figure 5 – Total Deformation, Comparative Study [8].
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Figure 6 – Real world testing, Comparative Study [8].

As can be seen above, the overall results do differ between studies, with Scenario A obtaining total penetration, while the comparative study successfully stops the projectile. As discussed previously, this is likely due to the differences between studies. 
However, the deformation seen in the ceramic is similar in both- with a large breakdown of material, and a visible “bulb” around the projectile penetration point, which shows that the materials are behaving in a similar way as they should.
The other comparison point is the projectile deformation, which is a key function of the ceramic plate. In both studies, after the impact, the nose of the projectile is deformed to a “flat face”, which in theory, is then caught by the catch plate. This adds further weighting to the validation of the modelling used in scenario A.


4.5.2 [bookmark: _Toc197861694]– Velocity & Acceleration
In terms of the armour’s effectiveness for protection of soft targets, the velocity is a key indicator. Even if penetration is achieved, velocity may be reduced below the lethal threshold, meaning that the armour has performed its role successfully. Figures 7 and 8 show the velocity & acceleration throughout.


Figure 7 – Projectile Velocity, Scenario A. 				Figure 8 – Projectile Acceleration, Scenario A.
As seen above, the projectile was not entirely stopped by the plate used in scenario A, however the velocity was reduced from the initial 600m/s to 100m/s, which is a significant reduction. At this speed, the projectile is still likely to cause injury to soft targets, but less likely to cause a fatal wound. This shows that the armour could be modified to function as intended, with further design scope.


4.5.3 [bookmark: _Toc197861695]– Deformation, Stress & Strain
This data provides an insight into the performance of the plate itself, and the forces incurred by the impact. Visual representations are provided to show the distribution of forces across the plate through the scenario. Figures 9 and 10 show stress versus strain in scenario A.
These results show the large forces incurred during the initial penetration, which have a gradual increase- likely due to the conical shaped nose of the projectile. These forces peak at 6.00E-05 seconds, which is likely the point at which the entire diameter of the projectile is penetrating & the deformation of the nose has begun.
Two secondary peaks are seen in the elastic stress domain, and one in the strain; these are likely the point at which the projectile begins to penetrate the secondary plate.Figure 9 – Elastic Stress, Scenario A.

Once the initial impact damages the ceramic, it provides less resistance, so the forces seen decrease, until the secondary plate impact occurs.


Figure 10 – Maximum Principal Strain, Scenario A.

[image: A blue and black grid with a hole in the ground

AI-generated content may be incorrect.]In terms of deformation, the initial impact shows a small deformation in figure 11, with a surface deformation seen around the point of impact. This deformation increases in size as the projectile continues to penetrate.
[image: A blue grid with a hole in it

AI-generated content may be incorrect.]As the diameter of the projectile increases through the penetration in figure 12, the crater around the tip of the projectile continues to grow, with the addition of a “bulge” around the perimeter. This is likely the force propagating outwards through the material, showing how the shock moves & is absorbed.Figure 11 – Initial Deformation, Scenario A.

This “bulge” continues to grow in figure 13, with a sharper edge beginning to form as material breakdown occurs in the ceramic. This is in part due to the internal “mushrooming” effect, which was noted in the validation. As material is displaced internally, it is forced outwards, displacing further material.Figure 12 – 2nd Step Deformation, Scenario A.

[image: ]Progressing through figures 14 to 15, this crater continues to grow, showing the increasing displacement of material. Increased spalling becomes visible (red particles) as the crater increases in size, which confirms that additional material damage is being inflicted.
[image: ]In figures 15 & 16, the projectile has fully penetrated the plate. The crater continues to grow, potentially exaggerated by the ductile plate returning to its natural position post penetration, applying a force upwards into the ceramic plate.Figure 13 – 3rd Step Deformation, Scenario A.

The projectile can be seen in figure 16, the expected deformation has occurred, with the nose of the projectile flattened. This proves the concept of using ceramic armour to flatten a projectile, however in this case, the projectile still has enough velocity to penetrate the plate.Figure 14 – 4th Step Deformation, Scenario A.
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Figure 16 – Final Step Deformation, Scenario A.
Figure 15 – 5th Step Deformation, Scenario A.

4.6 [bookmark: _Toc197861696] Scenario B Results
4.6.1 [bookmark: _Toc197861697]- Validation
A validation of the computational model has been obtained in scenario A, the only change into this model is the first plate material choice. In this scenario, a tungsten plate is used, so it is expected that the projectile will be less likely to obtain penetration in comparison to scenario A.
4.6.2 [bookmark: _Toc197861698]– Velocity & Acceleration

             Figure 17 – Projectile Velocity, Scenario B.				Figure 18 – Projectile Acceleration, Scenario B.
As seen in figures 17 and 18, a different result is seen in comparison to scenario A. The projectile velocity decreases at a faster rate and is entirely stopped before penetration can occur. A negative velocity is seen from 4.50E-05, showing that the plate has successfully deflected the projectile, and it is now moving backwards.


4.6.3 [bookmark: _Toc197861699]– Deformation, Stress and Strain
In a similar fashion to scenario A, a first and second peak in both stress and strain is present. However, in this scenario, the initial peak is significantly higher, showing that the material is providing a higher impact resistance. The stress & strain charts are much more similar in this scenario, which is likely related to the use of a metal instead of a ceramic in this instance.
Figure 20 – Maximum Principal Strain, Scenario B.
Figure 19 – Equivalent Stress, Scenario B.
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AI-generated content may be incorrect.]In terms of deformation, scenario B offers a much more interesting perspective. By using a tungsten first plate, which is significantly denser, a very different deformation is seen.
[image: A blue and red grid with a hole in the center

AI-generated content may be incorrect.]Initially, the projectile begins to deform the tungsten plate, but as the diameter in contact increases, this penetration seems to decrease. Looking through figures 21 to 23, it seems as though the bullet is entirely deforming instead of the plate. Some deformation to the plate is visible, however this is minimal when compared with scenario A.Figure 21 – 1st Step Deformation, Scenario B.

In figure 24, it looks as though the entire projectile has “mushroomed” and deformed, with a radius of deformation from the primary shock around the site of impact. Some spalling is visible.
[image: A blue and red object with small red dots

AI-generated content may be incorrect.]In figure 25 & 26, it becomes apparent that the deformation seen is the result of the projectile’s jacket peeling away from its core on impact. The softer copper deforms and “peels” away from the projectile, while the steel core stays intact. However, the steel core is still deformed, as seen in figure 27, where it can be seen sitting in the plate, with most of the jacket deflected away. Some deformation is visible in the plate around the site of impact, but penetration does not occur.Figure 22 – 2nd Step Deformation, Scenario B.
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Figure 27 – 7th Step Deformation, Scenario B.
Figure 26 – 6th Step Deformation, Scenario B.
Figure 25 – 5th Step Deformation, Scenario B.
Figure 24 – 4th Step Deformation, Scenario B.
Figure 23 – 3rd Step Deformation, Scenario B.

5. [bookmark: _Toc197861700]Accuracy & Limitations
5.1 [bookmark: _Toc197861701]Geometry & Materials
Due to the lack of unclassified information about the projectile, several assumptions had to be made regarding the dimensions of the bullet’s jacket and core. These assumptions may greatly affect the results of the simulation, where the core of a real projectile may have differed geometry to increase penetration effect, which wouldn’t be represented in the modelling.
The plate’s dimensions were entirely assumed, which removes any real-world representation from the model. The difference in thickness of either layer of the plate may have a large difference in terms of the performance of the plate- for example, increasing the thickness of the ceramic layer will likely result in increased projectile deformation. It could also be argued that changing the thickness of the aluminium “catch” plate in either direction could result in increased performance- a thinner plate will deform more easily, resulting in less “blunt force” impact which could result in better performance, and arguably a thicker plate will always result in better armour. This could be investigated in future armour solutions.
In terms of materials, the ones chosen for the projectile were not referenced from any datasheets due to data classification, which means they had to be assumed. This will likely result in a larger impact to results. Where material properties are incorrect, the results of the simulation are essentially entirely invalid, as they cannot be cross referenced to the performance of the actual product, which may differ in any of the measured performance factors. This also applies to the plates, some ceramics may be better suited to use in these conditions, however limited study was undertaken into this, so it is unknown as to if better materials are available. The aluminium plate could also be changed to a more ductile material, which would likely result in better performance characteristics.
Specific material properties offer additional challenges in terms of validity. Measured properties in materials may often differ in the real-world, where factors in manufacturing of these plates may cause weaknesses in the materials, especially in ceramics where specific structural formations can result in voids or fracture lines, which will reduce performance [5]. In terms of the properties themselves, these rely upon the accuracy of the testing and equipment used to obtain them, which may not provide an entirely accurate representation, increasingly so when the material variation discussed above is considered.


5.2 [bookmark: _Toc197861702]Meshing
As discussed previously, the meshing of the model will greatly impact the results generated by the simulation, due to the nodal computational process used. In terms of this study, the meshing used was not realistically fine enough to provide realistic results. Due to the hardness of the ceramics, the fracture points could be smaller than the mesh can calculate. To improve this, a significantly finer mesh should be used in future studies.
5.3 [bookmark: _Toc197861703]Solvers
Ansys explicit dynamic solver is based on the LS-DYNA computational model, which has specific support for the Johnson-Holmquist ceramic material model, including validation studies of the results [6]. This adds support for the results, especially considering that this is the most complex element to model. In terms of the Johnson-Cook model, it is already well proven in the LS-DYNA solver.
5.4 [bookmark: _Toc197861704]Other factors
Several external factors applied restrictions to the level of accuracy that was possible through this study. Due to the active military use of the projectile modelled, little information about it is available in the public domain, which adds additional challenges to obtaining relevant and accurate data.
Limited timescales & computational power resulted in the need for a “light” simulation, essentially one with reduced detail to allow processing in the available timescales. This is a critical limitation of CAE, a large investment is required to obtain the computational power required to run complex simulations on reasonable timescales.
The lack of ability to compare against entirely compatible real-world testing limits the validity of the results. Every effort was made to provide an accurate comparison; however, no identical studies exist. The cost & timescale of real-world studies were not feasible for this study.


6. [bookmark: _Toc197861705]Role of CAE
6.1 [bookmark: _Toc197861706]Engineering Process
CAE offers significant advantages in terms of optimising the engineering development process. Where previously, physical testing of each iteration would be required, CAE allows rapid development once validated. Strong examples include aerodynamic optimization. Wind tunnel testing of products is expensive & time consuming, with the use of CAE, initial physical testing may be used to validate models, and once validated, development can be progressed entirely in CAE, with final design validation again with physical testing. This is key to rapid development, especially in complex & expensive components, with specific usages. 
6.2 [bookmark: _Toc197861707]Decision making & Optimization
Some CAE software now has the ability to actively suggest geometrical changes to improve functionality, which can improve not only the pace at which development takes place, but additionally improved units may be conceived. This is especially prevalent in structural aerospace components, where the weight versus strength of the component is key to function. Some software can actively suggest areas & strategies in which material is removed without a linear strength reduction. The result is more refined componentry on a shorter timescale.
7. [bookmark: _Toc197861708]Conclusions
7.1 [bookmark: _Toc197861709]Summary of findings
The plate modelled in scenario A did not stop the projectile, but did significantly reduce its velocity. It also proved the concept behind the use of ceramic composite armour, where the projectile is deformed by the ceramic and then caught by a secondary plate.
The plate modelled in scenario B did successfully stop the projectile. It showed the results of using a denser metal in a two-layer armour to protect against high velocity projectiles. It demonstrated how the jacket of a bullet can peel away on impact also.


7.2 [bookmark: _Toc197861710]Impact of CAE
CAE is a key tool in development. Once validated, it can be used for rapid prototyping of components, which allows engineers to develop solutions on a much shorter timescale. The largest saving is in the cost of prototyping, where previously, several prototypes would be required for both destructive and non-destructive testing, at each iteration in the design cycle. This is costly and pushes the timescales due to the need for additional physical work. CAE removes the need for this process, which can now be completed within simulation.
Another benefit is the option to use analytical design, which suggests changes to variables within the geometry to improve the performance of the componentry. This essentially allows the software to improve the componentry while considering the specific loads it will expect to be subjected to. This is especially useful in applications such as aerospace, where minimizing weight is a key consideration.
In terms of this study, a problem of this complexity could not feasibly be calculated through hand calculations- real world testing would be the only option, which is expensive, and involves more variables which could affect the performance of the armour. The use of CAE allows variables to be controlled, and rapid changes made, without paying for additional componentry or testing.
7.3 [bookmark: _Toc197861711]Improvements

Several improvements are informally discussed in section 5, so a summary of these improvements is included below:
· Finer meshing of geometry to improve data accuracy.
· Physical testing / fully validated material properties.
· Improved interfaces (defined contact) between each body.
· Consideration of friction within the model.
· Improved accuracy of geometry.
· Increased computational power to run more complex studies.
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9. [bookmark: _Toc197861713]Appendix
9.1 [bookmark: _Toc197861714]Appendix A – Projectile Dimensions
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9.2 [bookmark: _Toc197861715]Appendix B – Plate Dimensions
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9.3 [bookmark: _Toc197861716]Appendix C – Test Assembly
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Projectile Velocity - Scenario A

Average [m/s]	1.1755E-38	7.5128999999999997E-6	1.5000999999999999E-5	2.2501E-5	3.0003999999999999E-5	3.7503999999999999E-5	4.5003999999999998E-5	5.2503999999999997E-5	6.0003999999999997E-5	6.7501000000000003E-5	7.5005000000000004E-5	8.2503000000000006E-5	9.0005000000000003E-5	9.7502000000000003E-5	1.05E-4	1.1251000000000001E-4	1.2E-4	1.2750000000000001E-4	1.35E-4	1.4249999999999999E-4	1.4999999999999999E-4	600	578.9	545.16	463.87	375.95	298.86	238.47	198.12	165.45	142.86000000000001	127.2	117.92	113.21	113.37	114.65	115.67	115.01	114.42	113.88	113.18	112.8	Time (s)


Velocity (m/s)




Projectile Acceleration - Scenario A

Average [m/s²]	1.1755E-38	7.5128999999999997E-6	1.5000999999999999E-5	2.2501E-5	3.0003999999999999E-5	3.7503999999999999E-5	4.5003999999999998E-5	5.2503999999999997E-5	6.0003999999999997E-5	6.7501000000000003E-5	7.5005000000000004E-5	8.2503000000000006E-5	9.0005000000000003E-5	9.7502000000000003E-5	1.05E-4	1.1251000000000001E-4	1.2E-4	1.2750000000000001E-4	1.35E-4	1.4249999999999999E-4	1.4999999999999999E-4	0	-1826800	-10431000	-9887400	-13298000	-11520000	-7248300	-4673700	-2303200	-5183400	-2074800	-1145400	-246950	-29996	-863350	-62102	-296940	-58172	-371060	-134740	-105040	Time (s)


Acceleration (m/s²)




Elastic Stress - Scenario A

Average [Pa]	1.1755E-38	7.5128999999999997E-6	1.5000999999999999E-5	2.2501E-5	3.0003999999999999E-5	3.7503999999999999E-5	4.5003999999999998E-5	5.2503999999999997E-5	6.0003999999999997E-5	6.7501000000000003E-5	7.5005000000000004E-5	8.2503000000000006E-5	9.0005000000000003E-5	9.7502000000000003E-5	1.05E-4	1.1251000000000001E-4	1.2E-4	1.2750000000000001E-4	1.35E-4	1.4249999999999999E-4	1.4999999999999999E-4	0	13691000	46654000	92333000	142760000	171540000	183940000	190990000	197260000	200240000	193290000	142970000	97060000	117270000	124690000	102680000	72116000	112030000	129450000	95085000	76182000	Time  (s)


Stress (Pascals)



Max Principal Strain - Scenario A

Average [Pa]	1.1755E-38	7.5128999999999997E-6	1.5000999999999999E-5	2.2501E-5	3.0003999999999999E-5	3.7503999999999999E-5	4.5003999999999998E-5	5.2503999999999997E-5	6.0003999999999997E-5	6.7501000000000003E-5	7.5005000000000004E-5	8.2503000000000006E-5	9.0005000000000003E-5	9.7502000000000003E-5	1.05E-4	1.1251000000000001E-4	1.2E-4	1.2750000000000001E-4	1.35E-4	1.4249999999999999E-4	1.4999999999999999E-4	0	3528000	12267000	38681000	73807000	102840000	135400000	157240000	163980000	164510000	159440000	113030000	46699000	33712000	34209000	30756000	38319000	86258000	101390000	69559000	33488000	Time (s)


Strain (Pa)



Projectile Velocity - Scenario B

Average [m/s]	1.1755E-38	7.5163000000000004E-6	1.5004999999999999E-5	2.2507E-5	3.0003999999999999E-5	3.7503999999999999E-5	4.5005E-5	5.2502E-5	6.0003999999999997E-5	6.7503999999999996E-5	7.5005000000000004E-5	8.2504999999999997E-5	9.0000000000000006E-5	9.7502000000000003E-5	1.05E-4	1.125E-4	1.2E-4	1.2750000000000001E-4	1.35E-4	1.4249999999999999E-4	1.4999999999999999E-4	600	559.57000000000005	459.45	299.86	153.71	52.811999999999998	4.6147999999999998	-8.4898000000000007	-14.361000000000001	-21.225999999999999	-28.451000000000001	-31.834	-32.555	-31.847000000000001	-32.008000000000003	-32.040999999999997	-32.07	-32.055999999999997	-32.082000000000001	-32.087000000000003	-32.119999999999997	Time (s)


Velocity (m/s)



Projectile Acceleration - Scenario B

Average [m/s²]	1.1755E-38	7.5163000000000004E-6	1.5004999999999999E-5	2.2507E-5	3.0003999999999999E-5	3.7503999999999999E-5	4.5005E-5	5.2502E-5	6.0003999999999997E-5	6.7503999999999996E-5	7.5005000000000004E-5	8.2504999999999997E-5	9.0000000000000006E-5	9.7502000000000003E-5	1.05E-4	1.125E-4	1.2E-4	1.2750000000000001E-4	1.35E-4	1.4249999999999999E-4	1.4999999999999999E-4	0	-15020000	-15515000	-21111000	-20537000	-8154000	-4278200	-1964400	-485150	-2161900	-1380700	-206640	81441	37550	26391	6105.9	24668	35351	13370	-52347	18781	Time (s)


Accelerration (m/s²)



Equivalent Stress - Scenario B

Average [Pa]	1.1755E-38	7.5163000000000004E-6	1.5004999999999999E-5	2.2507E-5	3.0003999999999999E-5	3.7503999999999999E-5	4.5005E-5	5.2502E-5	6.0003999999999997E-5	6.7503999999999996E-5	7.5005000000000004E-5	8.2504999999999997E-5	9.0000000000000006E-5	9.7502000000000003E-5	1.05E-4	1.125E-4	1.2E-4	1.2750000000000001E-4	1.35E-4	1.4249999999999999E-4	1.4999999999999999E-4	0	32477000	131640000	269740000	424250000	575680000	633920000	620500000	595660000	498300000	359450000	262830000	275310000	326170000	356690000	347910000	310310000	262680000	210890000	207560000	261710000	Time (s)


Avg Stress (Pa)



Maximum Principal Strain - Scenario B

Average [Pa]	1.1755E-38	7.5163000000000004E-6	1.5004999999999999E-5	2.2507E-5	3.0003999999999999E-5	3.7503999999999999E-5	4.5005E-5	5.2502E-5	6.0003999999999997E-5	6.7503999999999996E-5	7.5005000000000004E-5	8.2504999999999997E-5	9.0000000000000006E-5	9.7502000000000003E-5	1.05E-4	1.125E-4	1.2E-4	1.2750000000000001E-4	1.35E-4	1.4249999999999999E-4	1.4999999999999999E-4	0	12856000	58652000	122650000	222410000	345540000	397760000	394700000	375520000	309170000	205320000	123430000	116770000	143130000	161820000	162660000	143840000	119410000	99248000	105840000	144570000	Time (s)


Avg Max Principal Strain (Pa)






	[image: A black and yellow shield with blue flowers

Description automatically generated]
	CAE – Ballistics in Composite Armour
	PAGE 4
	



image1.png
[/

L]





image2.png




image3.png
020

[ 1.20

All Dimensions in Calibers
(1 caliber = 5.69 mm)





image4.png




image5.png
0050(m)





image6.png




image7.png
@
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