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Effect of Velocity on Stress and Strain


















Abstract
The purpose of this investigation was to determine the affect altering the velocity of a projectile had on the stress and strain experienced by a metal plate upon impact. Prior to the investigation, it was hypothesised that increasing the velocity would increase the stress and strain values experienced by the plate upon being struck by the projectile. This was done using theoretical physics discussed in the paper. The computer assisted engineering software Abaqus was used to simulate the projectile colliding with the plate at varying velocities. The result of the simulations clearly showed that a greater velocity results in the plate experiencing a greater degree of stress and strain as a result of the impact. 
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Aim
To determine how stress and strain of a metal sheet is affected by altering the velocity of an impacting projectile.

Theory 
In physics, stress is the counterforce to distortion due to the application of an external force acting upon a material. These counterforces act oppositely and proportionally to the applied external force, restoring the materials to its original position atomically. Stress can be calculated by the following equation: 
σ = F / A 
Where σ (sigma) is stress (Pa), F is the magnitude of force (N), and A is the cross-sectional area of the material (m2)
According to Learncram, “The fractional change in configuration is called strain” [1]. Strain is the response of a material to applied stress from an external load. When a load is applied, stress is created which causes the material to deform which produces deformation. Strain is calculated by the change in configuration divided by the original configuration which can be either longitudinal, volumetric or shearing strain. As strain is a dimensionless quality, it had no units. 

Longitudinal strain is simply the change in length of a material in relation to its original length. It can be written as: 
ε = Δl / l
Where ε (epsilon) is the longitudinal strain of a material, Δl is the change in length (metres) and l is the original length of the material (metres).

Volumetric strain is the same as longitudinal strain but in relation to volume instead of length. The equation for volumetric strain can be written as:
 εvol = ΔV / V
Where εvol is the volumetric strain, ΔV is the change in volume (m3) and V is the original volume (m3). 

Shear strain is the angular distortion of lines that were once perpendicular to each other due to shear stress. It is the fractional change of a material's original dimensions due to an external force. The relationship of shear can be written as:
 γ = Δx / x
[bookmark: _Int_D8zoMAwe]Where γ (gamma) is shear strain, Δx is the change in dimension following the direction of the applied shear force (metres) and x is the dimension perpendicular to the plain being acted upon by the shear force (metres). 

                                                [image: ]

[bookmark: _Int_A4lBHGLf][bookmark: _Int_ARGK09Qf]Young’s modulus, also known as the modulus of elasticity, is a physical property that quantifies the tensile and compressive nature of solid materials when under the influence of an external force acting longitudinally. It provides a number for the relationship between the tensile stress and axial strain. Materials with a high Young’s modulus will produce a greater increase in length when placed under increasing pressure where materials with a low Young’s modulus will yield a lower increase in dimension when placed under the same increasing pressure. Young’s modulus can be calculated using the equation: 
E = σ / ε
[bookmark: _Int_r6nS9qfK]Where E is Young’s modulus (Pa), σ is stress (Pa) and ε is strain (unitless). 

Poisson’s ratio is the numerical expression of the expansion or contraction of a material under an applied force. The deformation occurs in a perpendicular direction to the applied force and is the inverse of the ratio of lateral strain and axial strain. 

Hertzian cones are formed when an object passes through a solid medium and the resultant force is propagated through the material from the point of contact. The force travels in a cone shape trajectory and will remove the material under the propagating force. 
[image: ]

Impact force is dependent on a variety of conditions, one of which is impact velocity. Using the equation Ek = ½mv2 it can be observed that increasing the velocity of a projectile will result in a value of higher kinetic upon impact. Due to the conservation of energy, which states that energy cannot be created nor destroyed, it can be said the kinetic energy (Ek) of a projectile is equal to the work energy (Ew) done by said projectile. Work energy can be calculated using the equation Ew = Fd, where work done equals force (N) multiplied by distance travelled by the projectile (m). Using this equation, it can be observed that due to the increase in the kinetic energy of the projectile, the projectile will strike with an increased force and travel a greater distance through the material. Due to the increased force, the stress exerted on material will be greater due to the relationship between impact force and impact area (σ = F / A). 

Procedure
Utilising the computer assisted engineering (CAE) software Abaqus a sheet of aluminium was simulated with a steel bullet travelling at variable velocities on a collision trajectory perpendicular to the aluminium sheet. The physical properties of the materials were provided and are as follows: 

Steel
	Property
	Value 

	Density (Kgm3)
	7860

	Young’s modulus (GPa)
	210

	Poisson’s ratio
	0.3



Aluminium
	Property
	Value 

	Density (Kgm3)
	2699

	Young’s modulus (GPa)
	68

	Poisson’s ratio
	0.36


The velocities of the bullet were set to 300ms-1 and 1300ms-1 in order to simulate the muzzle velocities of black powder muskets and modern rifles, respectively [2][3]. After running the simulation, the cross-section of the impact was shown mapping maximum principal stress and shear stress. A velocity time graph of the impact was also produced. These graphs were produced for both velocities and compared. 

Results
The cross-sectional diagrams and velocity-time graph of the 300ms-1 bullet are shown below:

Maximum principal stress (1a)
[image: ]
Sheer stress (1b)
[image: ]
Velocity-time graph (1c)
[image: ]

The cross-sectional diagrams and velocity-time graph of the 1300ms-1 bullet are shown below:

Maximum principal stress (2a)
[image: ]
Sheer stress (2b)
[image: ]
Velocity-time graph (2c)
[image: ]

Observations
Immediately, it can be observed that the projectile travelling at a larger velocity penetrates the aluminium sheet to a greater degree. Upon examining the cross-sectional diagram for the shear stress of the 300ms-1 projectile (1b), it was observed that a hertzian cone was beginning to propagate as suggested by the shape of the stress wave. When comparing the velocity-time graphs for both projectiles (1c, 2c), it was recorded that the 300ms-1 velocity projectile ricocheted off the aluminium sheet in a trajectory opposite to its initial path, inversely, the 1300ms-1 projectile was slowed by the aluminium sheet but managed to completely penetrate the material. 

The cross section of the 1300ms-1 projectile shows the aluminium plate beginning to spall. This is shown by the curling of the aluminium plate at the point of failure as the projectile begins to protrude out the other side of the plate.  

The maximum principal stress and maximum value for shear stress in the 300ms-1 projctile was recorded to be 2.842x108 Pa and 3.752x108 Pa respectively, while the 1300ms-1 bullet experienced a maximum principal stress of 2.310x1010 Pa and a maximum shear stress value of 6.752x108 Pa. 

Conclusion
In conclusion, it can be stated that an increase in the velocity of an impacting projectile would cause the impacted material to experience greater values of stress and strain. As Young’s modulus is a constant value for aluminium, strain can be calculated using the equation E = σ / ε. For the value of Young’s modulus to remain constant, as stress increases, so too must strain. This experimental result matches the theoretical physics discussed previously. 

Evaluation
The experiment was, however, no without its faults. The provided model was not a realistic representation of a bullet, being too stubby and rounded, even for the likes of a 9mm round. To obtain a more realistic simulation of a bullet impacting a plate, a more accurate model would have to be used. It did, however, demonstrate the purpose of the experiment which was to investigate how velocity affected the stress and strain experienced by an aluminium plate when struck with a projectile, the hypothetical outcome of which was confirmed by result of said experiment. 

Due to the large values of the stress exerted on the aluminium sheet, upper and lower limits for the cross-sectional reading had to be made to properly show the range of stress values the plate was experiencing.  As shown by the cross-sectional diagrams of the projectiles (1a, 1b, 2a, 2b) the limits could be altered to better show the range of stress being experienced by the plate. This would make it easier to identify where the stress was concentrated within the plate. 

When gathering diagrams from Abaqus to support the hypothesis of the experiment one of the diagrams had a tab covering the table showing the range of values for the maximum principal stress experienced by the plate (2a). This meant that it was impossible to read the true value for the maximum principal stress experienced by the plate. In hindsight, another diagram should have been made without the table being obscured which would allow the values to be read properly. 
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