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[bookmark: _Toc134458385]1 – Introduction
As a part of the OME Physics course, an assignment was given to investigate Dynamic Stress and Strain using computational modelling of ballistic impacts. This was done using Abaqus, a finite element analysis software. The investigation was conducted by creating a high velocity collision between 2 models: a steel projectile like a bullet and an aluminium target plate. Different simulations of this collision were executed for comparison. To keep a fair test only the velocity was changed in increments of 400ms-1 for 3 simulations total. 
This report will cover the how the simulation was initially created, how the simulations were manipulated for different results, the results found and then the implications of these will be discussed.

[bookmark: _Toc134458387]2 – Creating the Simulation
This section will provide an overview of how the simulation was created.
2.1 – PART
The first step is to create the 2 parts in the part module: the projectile and the target. The plate was created as an extrusion from a cross sectioned area and the projectile was made as a revolution of a closed profile around a central axis.
Firstly, the plate:
[image: Chart, diagram, schematic, treemap chart

Description automatically generated]
[bookmark: _Toc135084614]Figure 1 - Plate Sketch
Extruded by 0.3 to create this: 
[image: A picture containing text, businesscard

Description automatically generated]
[bookmark: _Toc135084615]Figure 2 - Extruded Plate
Next, the projectile:
[image: Chart, diagram, schematic

Description automatically generated]
[bookmark: _Toc135084616]Figure 3 - Projectile Sketch
Revolved around axis (360) to give:
[image: Icon

Description automatically generated with medium confidence]
[bookmark: _Toc135084617]Figure 4 - Revolved Projectile

2.2 – PROPERTY
Next, in the property module material properties must be created and assigned to each model.
First, the plate was made from aluminium, values taken from a paper by BS Simulia [1]:
[image: Graphical user interface, application
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[bookmark: _Toc135084618]Figure 5 - Johnson-Cook Damage (Plate)
[image: Graphical user interface, text, application, email
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[bookmark: _Toc135084619]Figure 6 - Density (Plate)
[image: Graphical user interface, text, application, email
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[bookmark: _Toc135084620]Figure 7 - Elastic (Plate)
[image: Graphical user interface, application, table
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[bookmark: _Toc135084621]Figure 8 - Plastic (Plate)

Next, the projectile was given values for Steel [1]: 
[image: Graphical user interface, text, application, email
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[bookmark: _Toc135084622]Figure 9 - Density (Projectile)

[image: Graphical user interface, text, application, email
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[bookmark: _Toc135084623]Figure 10 - Elastic (Projectile)

These material properties were created as sections and assigned to the appropriate models. 
2.3 – ASSEMBLY
In the Assembly module, the centre of the projectile was lined up with the centre of the largest side of the plate. Shown below is a view of the alignment [1].
[image: A picture containing screenshot, rectangle, line

Description automatically generated]
[bookmark: _Toc135084624]Figure 11 - Diagram of Component Alignment
The projectile shown above is a lot longer than the model used in this experiment which is more like a 9mm handgun round [2]. The target plate is similar to tank armour. Usually, not made of aluminium as it corrodes too quickly and isn’t as strong as the usual titanium alloys used in explosive reactive armour, for example [3]. 

2.4 - STEP
In the STEP module, an Explicit Dynamics Solver step was created. It had a maximum simulation time of 5ms as this seemed sensible for what is essentially a bullet colliding with metal. The simulation was set to record 200 frames as it would be clear to see changes and observe emerging patterns.
2.5 – LOAD
In the LOAD Module, the projectile was given a velocity of -400ms-1 as this allowed the projectile to hit the plate due to its direction. It will be hereafter referred to by its absolute value for simplicity. The plate was not given a velocity.
2.6 - INTERACTION
Within the INTERACTION Module, a Surface-to-Surface contact interaction was created between the projectile and the target element nodes. This essentially creates the collision geometry between the 2 models within ABAQUS.
2.7 – MESH
The finite element analysis comes into play here with the MESH module. Each part was given a simple mesh to show all the different stresses and compressions within the visualiser module. Elements were not deleted when fully damaged and elements were not converted into SPH particles.


3 – Lab Methodology
Now that the base set up has been completed, the variations between each simulation can be shown.
3.1 - JOB
In the JOB module, the simulation can be carried out. Each simulation needs its own job and they can be switched between in the VISUALIZER module which can be accessed by running the job and then viewing the results. 
3.2 – VISUALIZER
The last step for every simulation is the VISUALIZER module. Here, the different stress components can be viewed.
Velocity-Time Graphs of each collision can also be created to view patterns and can be related to specific frames. 
3.3 – Editing Velocity
The key difference between each simulation is the velocity. This can be changed by re-entering the LOAD module and changing the velocity from 400ms-1 to 800 and then 1200ms-1. Then starting from the JOB module again until enough simulations are gathered. Simulations are saved within the VISUALIZER module and can be easily accessed.

[bookmark: _Toc134458394]4 – Results

Shown below is the raw data from each simulation. Each section contains 4 figures:
1. A graphic showing the “S, Max Principal” view.
2. A graphic showing “S, S23” view.
3. A view of the plate at the end of the simulation to show overall damage.
4. A velocity-time graph of the projectile over the course of the simulation.
[bookmark: _Toc129273021][bookmark: _Toc134458395]4.1 - Simulation 1: 400ms-1
[image: Chart, surface chart
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[bookmark: _Toc135084625]Figure 12 - 400m/s Max Principal


[image: A picture containing graphical user interface
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[bookmark: _Toc135084626]Figure 13 - 400m/s S23
[image: Chart, surface chart
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[bookmark: _Toc135084627]Figure 14 - 400m/s Overall Damage



[image: A picture containing chart
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[bookmark: _Toc135084628]Figure 15 - 400m/s Velocity-Time Graph



[bookmark: _Toc129273022][bookmark: _Toc134458396]4.2 - Simulation 2: 800ms-1
[image: Chart, surface chart
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[bookmark: _Toc135084629]Figure 16 - 800m/s Max Principal


[image: Graphical user interface, chart, surface chart
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[bookmark: _Toc135084630]Figure 17 - 800m/s S23
[image: Surface chart
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[bookmark: _Toc135084631]Figure 18 - 800m/s Overall Damage
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[bookmark: _Toc135084632]Figure 19 - 800m/s Velocity-Time Graph





[bookmark: _Toc129273023][bookmark: _Toc134458397]4.3 - Simulation 3: 1200ms-1
[image: Chart, surface chart
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[bookmark: _Toc135084633]Figure 20 - 1200m/s Max Principal
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[bookmark: _Toc135084634]Figure 21 - 1200m/s S23
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[bookmark: _Toc135084635]Figure 22 - 1200m/s Overall Damage
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[bookmark: _Toc135084636]Figure 23 - 1200 m/s Velocity-Time Graph





[bookmark: _Toc134458398]5 - Discussion 
Between all the simulations the most obvious observation is that as the velocity of the projectile increased, the visible damage to the target plate also increased. While this is common sense, it is harder to detail as there as we cannot quantify “damage” itself. One way to show this is through Kinetic Energy. This follows the equation:

It follows that the kinetic energy would exponentially increase as the velocity increases. This can correlate to damage from a chemical perspective as the greater energy would be able to break more chemical bonds in the aluminium structure causing more “damage.” 

The Max Principal view shown in each simulation displays the tensile stress and compression in the target plate. Tensile stress is defined as “Tensile stress is a quantity associated with stretching or tensile forces. It is responsible for the elongation of the material along the axis of the applied load.” [4] It can be seen clearly in Figure 12 that the bottom of the plate is being pushed out and the key tells us that the force is positive and is therefore tensile stress. It can also be seen in Figure 12 that the area around the bullet is dark blue which they key describes as a negative force which in this case is compression. Compression is defined as “the application of balanced inward ("pushing") forces to different points on a material or structure, that is, forces with no net sum or torque directed so as to reduce its size in one or more directions.” [5] The effects described in this defined can be seen in the blue area of Figure 12.

The S23 view shows the shearing stress component of the force in the plate. Shearing Stress is “A type of stress that acts coplanar with cross section of material.” [6]. What this means is this force stretches the material and when there are 2 opposing shearing stresses this is where cracks are formed. For example, figure 21 shows opposing shearing stresses in the black and yellow areas. The middle is there a crack would be expected to form. This progresses to look like Figure 24 where the crack has fully formed in the predicted position. 
[image: Graphical user interface

Description automatically generated]
[bookmark: _Toc135084637]Figure 24 - Sheer Stress Cracks Developed

Another observation made is that as the simulations played there was a noticeable pattern to the stresses in the plate. This implies that the force moved through the plate outward in an expanding circle like a wave. As the wave begins, the projectile decreases in velocity until it hits its low, the wave then begins to travel back through the material which increases the velocity until it maxes out again and the cycle repeats. This is further supported by the velocity-time graphs as the peaks and troughs of the projectile velocity also follow a pattern which lines up with the wave.

ABAQUS is a powerful software but there are limitations. Mainly when running a job, the simulation can crash or take a very long time to finish for a multitude of reasons, prevalently to do with the finite elements (the mesh) creating too many calculations for the software to handle. This can occur if the mesh is too small, and the software needs to account for what happens to each one and how they all interact with each other. Another cause of error in ABAQUS is if there are errors with the material property values as if these create an unrealistic material then it becomes improbable or even impossible to evaluate the problem. 


[bookmark: _Toc134458399]6 - Conclusion
In conclusion, 3 simulations of varying velocity were carried out in the finite element analysis software, ABAQUS.  The problem was described and visually represented. It was shown how the simulations were set up and varied with descriptions of the materials used. The results of the 3 simulations were shown from multiple views and analysed for trends and differences. Finally, these comparisons were explored along with a critical analysis of the software and the simulations.
The results found that the faster the projectile travelled the more damage was done to the target plate, a breaking point for the velocity of the projectile not ricocheting off the target plate was discovered. Finally, it was found that waves in the plate caused by the resistive force in the plate correlated to variations in the velocity of the bullet in the velocity time graphs.
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