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This report explores a dynamic stress-strain investigation of a projectile hitting a target plate, specifically a bullet hitting an armour plate. This is simulated with the ABAQUS design program. Stress and strain will be investigated whilst exploring the concepts of Hooke’s Law, Young’s Modulus and Johnson-Cook Damage Models.
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[bookmark: _Toc134816973]1.Objective
[bookmark: _Toc134816974]1.1 Task
 A task was set to contextualise the syllabus content relating to computational modelling of ballistic impact and the dependence of stress on strain and strain-rate. The emphasis in this assignment is the complementary analysis of appropriate problem examples, specifically the high-speed ballistic impact of a projectile on a target plate.
[bookmark: _Toc134816975]1.2 Background
After considering the task it was observed that this task could be applied to the simulation of a scene from the film “Back to the Future Part III” . In the scene two characters stand roughly twenty metres apart and one fires a Colt .45 Single Action Army or ‘Peacemaker’ handgun at the other. Pre-empting this, the other character makes a bulletproof vest from a steel stove door that feel off in a previous scene, hiding it under his shirt, when the bullet hits the steel door, it works, and the character survives [1] [2]. In this report the scene will be simulated, and the results may show what might have happened in the real world when looking at stress and stain values for failure.
[bookmark: _Toc134816976]1.3 Scene Analysis
After reviewing the scene there are four key details that were obtained in order to input into the ballistic simulation. These details are:
· Distance to target
· Bullet material
· Bullet velocity
· Armour plate material
[bookmark: _Toc134816977]2.Stress and Strain
In this report the material mechanics will be investigated, and focus will be put on how stress and strain effects the projectile and the armour plate.
[bookmark: _Toc134816978]2.1 What is Stress?
Stress can be defined as “when a material has an applied force, uneven heating or permanent deformation put upon it as a force per unit area. This allows for an indication of elastic, plastic, and fluid behaviour.” [3]. When the material is stretched it’s known as tensile stress and material deformation is compressive stress, shear stress is when “the material is subjected to equal and opposite forces tangentially across a section” [4]. The formula used to work out stress is:
[image: ]
σ is the stress applied.
F is the force applied. 
A is the area of the applied force. 
[bookmark: _Toc134816979]2.2 What is Strain?
Strain can be described as “when a material has an external force or load put upon it and the change in the original dimension of the material.” [4]. This change is shown as a ratio and so has no unit:
Strain = Change in dimension : Original dimension
[bookmark: _Toc134816980]2.3 Stress/Strain Relationship
Now that stress and strain has been explained, the relationship between the two can be explored. Some terms that are used when looking at material mechanical properties include, hardness “the resistance of indentation and scratching” [5], strength “resistance to applied force” [5], brittleness also called toughness “resistance to impact loads” [5], elasticity or stiffness “temporary deformation under load” [5] and plasticity “permanent deformation under load” [5]. Figure 1 below shows the relationship between stress and strain in graph form.
[bookmark: _Toc134816908]Figure 1 Stress/Strain Curve Graph
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[bookmark: _Toc134816981]2.4 Hooke’s Law and Young’s Modulus
When analysing the graph in Figure 1, it can be seen that it is broken down into the elastic and plastic regions. The Elastic Region is explained as “when an object or material returns to it’s normal shape and size when a load is no longer present” [6] and the Plastic Region being “when the material irreversibly deforms and does not return to its original shape and size” [6].
Augustyn describes The Law of Elasticity or Hooke’s Law as “that for relatively small deformations of an object material, the deformation or size of the deformation is directly proportional to the deforming force or load. When this load or force is removed, which can be stretching, compressing, squeezing, bending, or twisting. The object material returns to its original shape.” [7]
Young’s Modulus or The Modulus of Elasticity is described as “the measure of the ability of a material to withstand changes in length under lengthwise tension or compression in one direction and returning to its original length ” [8]. This value is calculated using the following formula:
[image: ]
This value is used in the Abaqus simulation.
[bookmark: _Toc134816982]3. Material Properties
From basic analysis and observations of the scene, it can be determined that the distance to target is roughly twenty metres, the other variables required further research and analysis.
[bookmark: _Toc134816983]3.1 Johnson-Cook Damage
The Mechanical Engineering Department, GRIET, India describes The Johnson Cook model as being “used to forecast how the material might behave and is an extensively used model for predicting material behaviour and failure to initiate. Flow behaviours, high strain rates, temperature of metals, deformation of diverse materials are predicted by the parameters acquired by the Johnson cook model.” [9] There are two models with the Johnson-Cook Model that will be used in the Abaqus simulation in this report.
The Johnson-Cook Material model states that “within the constraints of large deflection, strain rate, and extreme heat, the Johnson-Cook model may represent the material interactions between stress and strain” [9] and “The Johnson-Cook fracture model in the Johnson-Cook model states that fracture strain usually relies on the stress triaxiality ratio, the temperature, and the strain rate and D values are the damage type constants.” [9]
[bookmark: _Toc134816984]3.2 Bullet Properties
In an article by Hawks [10] and a blog by Gordon [11] it can be presumed that on average the Colt .45 SAA fires at on average at a muzzle velocity of 225 m/s. As explained in these reports it was often the practice at the time to forge their own rounds as ammunition was expensive. Because of this, an assumption can be made that the bullet was made from cast lead as it was relatively easily available.
Now this has been established, the bullet material properties stated by MATWEB [12] and ResearchGate [13] will be used in the simulation. The values can be seen in the table in Figure 2.
[bookmark: _Toc134816909]Figure 2 Table for Johnson-Cook Model of Lead Bullet Material Properties.
	A
	24
	Young’s Modulus
	14 GPa
	d 1
	0

	B
	300
	Poissons Ratio 
	0.42
	d 2
	0.33

	n
	1.0
	Density
	1130
	d 3
	-1.5

	c
	0.1
	Melting Point
	328 °C
	d 4
	0

	m
	1.0
	Transition Temperature 
	183 °C
	d 5
	0



[bookmark: _Toc134816985]3.3 Armour Properties
The target armour plate used in the scene after review is determined to be made from tool steel as this was a common material used in stoves in the 1890’s. The dimensions were assumed to be a 30cm square at 2.5cm thick.
 Now this has been established, the armour target plate material properties stated by MATWEB [12] and ResearchGate [13] will be used in the simulation. The values can be seen in the table in Figure 3.
[bookmark: _Toc134816910]Figure 3 Table for Johnson-Cook Model of Steel Armour Target Plate Material Properties.
	A
	859
	Young’s Modulus
	200 GPa
	d 1
	0.361

	B
	329
	Poissons Ratio 
	0.33
	d 2
	4.768

	n
	0.579
	Density
	7750
	d 3
	-5.107

	c
	0.0
	Melting Point
	1420 °C
	d 4
	0.0013

	m
	1.4
	Transition Temperature 
	844 °C
	d 5
	0



[bookmark: _Toc134816986]4. Abaqus Build
Now that all the relevant data inputs have been collated, the modelling program Abaqus was used the create the simulation. The first step was to create the component parts and assign the properties of lead to the projectile bullet and tool steel to the armour target plate. The bullet size was set at 3.5cm, length at 6.2cm with a circumference of 71mm. The target plate was set at 30cm square and 2.5cm thick. The components were then assembled and orientated and then an Explicit Dynamic Solver step was made with the maximum simulation time. The predefined field was assigned to the projectile at a velocity of 225m/s. The surface-to-surface contact interaction between the two parts was then created with the target element nodes. This then allowed for the meshing of the parts with element deletion chosen to be switched off. The job was then executed and in the visualizer module a probe was used to inspect various direct and sheer stress components as well as a velocity graph of the projectile being plotted.
[bookmark: _Toc134816987]5.Results and Observations
Figures 10 to 115 show the running of the simulation and the evolution over time of the bullet hitting the target plate and from different views. The red in the images shows tension in the plate and leads to propagation of the crack in the plate after good contact was created. This indicates that metals do not fail under compression they fail under tension. This can also be seen on the back of the plate as the crack propagates in Figure 4 and 5. 







[bookmark: _Toc134816911]Figure 4 ABAQUS Image showing tension in the plate.
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[bookmark: _Toc134816912]Figure 5 ABAQUS Image showing tension in the reverse of the plate.
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These figures also show the force traveling through the plate, hitting the edge of the plate, and coming back again this may also show shear forces. If this simulation were run again, more detail would need to be added in the material properties to gain a more accurate representation.
Figures 6,7 and 8 show the forming of a Hertzian Cone, which is described by Hertz as “a cone of force that propagates through a brittle, amorphous or cryptocrystalline solid material from a point of impact, eventually removing a full or partial cone” [14]. This is often seen when a stone hits a car windscreen for example.





[bookmark: _Toc134816913]Figure 6 ABAQUS image showing Hertzian cone forming.
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[bookmark: _Toc134816914]Figure 7 ABAQUS image showing Hertzian cone forming.
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[bookmark: _Toc134816915]Figure 8 ABAQUS image showing Hertzian cone forming.
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In Figure 9 it shows a velocity graph of the projectile. The lines show a deceleration of the projectile at 0.6 seconds as it hits the plate and then a negative phase as the force travels back though the bullet due to the deformation at impact.
[bookmark: _Toc134816916]Figure 9 Velocity Graph of Projectile
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[bookmark: _Toc134816988]6. Conclusion
In conclusion, it can be seen that through simulation that the improvised armour plate that the character chose would probably have been successful if this situation were to occur in real life. It was found that metals fail under tension and not compression.
[image: Discover University of Wales Trinity Saint David]
If this simulation were to be recreated, to gain greater accuracy, more research into material properties of the lead bullets and steel plates would need to be undertaken, as well as better note taking to allow for a more concise report. 
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[bookmark: _Toc134816917]Figures 10 - 115 Timeline of ABAQUS Simulation from various viewpoints, including the underside of the armour plate.
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