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This report looks at the shearing forces present within a ballistic simulation using an explicit solver. The ballistic was made from a simple steel material by defining its density (7850Kg m-3), poisson ratio (0.29) and Young’s modulus (202 GPa). The impacted body was a cuboid made from 500HB steel, which is a typical alloy used in armoured vehicles, and included a Johnson-Cook failure model to define its deformation. The study further justifies its use of an explicit solver and suggests future improvements for simulations. The results of the experiment show the presence of internal shear waves and discusses the strain that follows.
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When a material experiences an internal force, it will undergo material deformation. For the case of ballistic impact, the kinetic energy of the projectile causes a stress wave to propagate throughout the impacted body, with deformation being localised at the wavefront. The type of stress wave produced is classified based on the general motion relative to the propagation as either longitudinal or transverse, which can result in both elastic and plastic deformation [1].  Elastic deformation (Eq. 1)

		(Eq. 1)

takes place when the material experiences a change but can still return its atoms to their original positions. This happens as the amplitude of the stress wave is under the critical valve for the yield stress of the material. When the stress wave exceeds this value, it causes plastic deformation (see Figure 1) and then results in permanent deformation and alters its dimensions.
 

Figure 1. Stress-Strain graph for an average material. Between 0 and the Yield Point (x axis) holds elastic deformation, onwards is plastic deformation.
Shear forces can be identified as either shear stress or shear strain. Shear stress represents the force per unit area acting parallel to the materials surface (Eq. 2).

		(Eq. 2)

Shear strain represents the deformation of the material in response to the shear stress (Eq. 3).

		(Eq. 3)

This study focuses on the effects of the transverse stress waves, or shearing forces, on the deformation of a steel-on-steel ballistic impact with two varying velocities. The velocity was varied by applying separate forces to the projectile; 45 N and 800 N. The simulation with the higher force applied (800 N) is expected to have a larger shear force due to the increased kinetic energy of the projectile. The finite element analysis performed for the experiment was done using Abaqus/CAE, as empirical approaches fail to capture the full physical effects and phenomena present in ballistic problems [2]. Ballistic problems typically contain large deformations and high strain rate nonlinear material behaviours. Abaqus is excellent for such problems as it contains an explicit solver that takes an iterative approach in calculating nodal forces and displacements with respect to time. The explicit solver works by ignoring the global equilibrium and instead calculates the local nodal forces and displacement values as individual eigenvectors based on their previous timestep. Johnson-Cook parameters were used to create a more realistic representation of the mechanical behaviours. 
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The initial setup for the ballistic impact consisted of a cuboid of 0.30m by 0.05m by 0.30m (X, Y, Z) which would act as the impacted body. The distance from the centre point and the corners in the X-Z plane was therefore  m, and from the X-Z centre point to the corners in the X-Y and Z-Y planes the distance was m. The original shape of the impacted body was only set to be a cuboid for simplicity of the study. The material properties of the cuboid’s surface were then set using Johnson-Cook parameters (See Table 2) as 500HB steel [3]. This is a high hardness, and relatively cheap, steel alloy that is typically used in armoured vehicles as ballistic protection [4]. 

The bullet was drawn using a revolution (see Figure 2) with a body of width 0.12m, length 0.23m, and the tip was drawn using an arc adjacent to the tangential curve at point (-0.002, 0.028) m. This was then solid resolved around the Y axis by 360 degrees. This formed a soft tip which minimised any sudden tears from occurring within the material, preventing extreme strain values from arising. The material surface was set to steel, using simple parameters (see Table 1).
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Figure 2. The sketch used to revolve the bullet, with each square having length 0.002m.
The bullet tip was then offset to the centre of the X-Z surface of the steel plate by 0.01m, allowing for almost instantaneous impact. The simulation was then run twice, once with a force moving the bullet at a constant 45 N, and once with 800 N, both in the Y direction. 

	
	Symbol
	Value
	Unit

	Density
	ρ
	7850
	Kg m-3

	Young’s Modulus
	E
	202
	GPa

	Poisson’s Ratio
	v
	0.29
	--


Table 1. Simple Steel material parameters
	
	Symbol
	Value
	Unit

	Density
	ρ
	7850
	Kg m-3

	Young’s Modulus
	E
	206
	GPa

	Shear modulus
	G
	80
	Gpa

	Poisson’s ratio
	v
	0.3
	--

	Strain Hardening
	A
	1200
	MPa

	
	B
	1580
	MPa

	
	n
	0.175
	-

	Strain rate hardening
	C
	0.004
	-

	Reference strain rate
	ε̇₀
	0.0001
	s-1

	Temperature softening
	Cp
	450
	J Kg-1 K-1

	
	Tr
	300
	K

	
	Tm
	1800
	K

	
	m
	1
	-

	Johnson-cook parameters
	D1
	0.1
	-

	
	D2
	0.4
	-

	
	D3
	-1.3
	-

	
	D4
	0.05
	-

	
	D5
	0
	-

	
	ε̇₀
	0.0001
	s-1


Table 2. 500HB Steel material parameters including Johnson-Cook failure model.
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Figure 3. The magnitude of the velocity over time for the 800 N simulation.
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Figure 4. The magnitude of the velocity over time for the 45 N simulation
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Figure 5. Frame 402 of the 45 N simulation, showing S23 forces and demonstrating the shearing force causing deformation.
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Figure 6. Frame 437 of the 45 N simulation, showing SPM forces and demonstrating the stress wave.
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Figure 7. Frame 384 of the 800 N simulation, showing SPM forces and demonstrating the turbulent internal stress.
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Figure 8. Frame 384 of the 800 N simulation, showing S23 forces and demonstrating the wavefronts causing deformation.
SPM represents Max Principal Stress, which shows the largest value (non absolute) amongst the principal stress values and can be used to predict the yielding within the material. S23 shows the transverse shear stress forces within the material and can highlight potential points of failure. The model used elements with a continuum response (3D stress as compared to uniaxial), which outputs non-zero S23 values for direct through-thickness and transverse strains only. 

There were many extra data points collected during both simulations, but for the purpose of the report only the screengrabs that demonstrate key concepts have been chosen.

 It should be noted that the model was drawn using standard SI units (m, Kg, s) and therefore the resulting stress values will be in Pa (Kg m-1 s-2). Strain is a dimensionless variable and can only be interpreted from the images as a ratio of deviation from its original position (Eq. 3).

[bookmark: _Toc192262326]Discussion

As seen in Figure 3, the magnitude of the velocity of the bullet for the 800 N simulation contained a lot of noise. This could be due to the high-amplitude internal stress waves propagating through the material, due to its initially large kinetic energy. The waves would propagate through the material and hit the bullet, causing its velocity to waver in response to the normal force applied by the pressure waves. This is also shown in Figure 7, where the pressure wave is expanding outwards (and later returns to the bullet once it hits the plate boundaries). The noise may also be due to the simple parameters used to model the steel bullet, as they do not have many conditions the forces changes drastically. Another reason the noise may arise is the mesh; as it is tetrahedral, the simulation has a harder time processing the forces and has to extrapolate based on the triangular shape. The mesh density also adds to this, as a finer mesh may have resulted in a smoother transfer of forces. Compared to Figure 4, the velocity is a lot smoother, and this may be due to the lack of initial kinetic energy resulting in a smaller amplitude pressure wave, providing less interference to the bullet. Figure 4 also contains a large jump from 0 to 20, showing a ricochet. Typically this suggests a greater stiffness in the impacted material, however in this case it stems from the lack of penetration.	

Figure 5 and Figure 6 are within a few moments of each other and show the difference of SPM and S23. The S23 forces in Figures 5 and 8 represent the stress resulting in deformation within the bullets path. The highest points of stress can be found closest to the bullet (such as element 9902, 4.0e+08 pa) and the weakest can be found further out (such as element 14403, 1.6e+7 Pa). On the other half of the material the magnitude of the stress values are swapped, acting as a shearing force. This is symmetric around the contact point of the bullet and suggests that it is the origin of the internal stress waves, radiating out with time. The point of highest intensity suggests a wavefront for the pressure wave, which propagates through the impacted body, reflects off the boundaries, and causes rarefaction. This can be seen in Figures 6 and 7 which clearly shows the wave reflecting off the bottom of the material; this will also interfere with incoming waves and reach other boundaries, reflecting again. The speed at which the wave travels can be found by comparing the shear modulus with the density (Eq. 4) however this only holds true initially during elastic deformation. For 500HB steel, this comes to 3192 m s-1. For the steel bullet, this comes to 5073 m s-1.

		(Eq. 4)

The difference in stress between simulations is proportionate to the difference in magnitude of the initial force – around 10-20 times. This suggests that the shearing force needed to cause plastic deformation lies somewhere between 1x107 and 1x108 (typical magnitudes found in either simulation), while also providing a rough estimate to the yield point. 

The size and quality of the mesh used is a typical constraint when it comes to physics simulations. The quality of the mesh dictates the number of nodes – the points which transfer the data and contain information on the system. The quality of the mesh can be controlled by either setting more divisions (smaller distance between nodes) or by selecting a better element shape. The plate had a mesh with an approximate global size of 0.005m, of hexahedral shape and structured technique. This is in comparison to the bullet, with approximate global mesh size of 0.002m, of tetrahedral shape and free structure. A hexahedral mesh is typically more accurate and is ideal for geometries of well-defined boundaries (such as a cuboid). The tetrahedral mesh on the other hand is harder to compute and less accurate (given the same number of elements) but fits a body of irregular geometry better (such as a bullet). The plate contained a localised node area which allowed for a smaller computing time; only the area which will be affected by the bullet contains nodes. To increase the fineness of the study a larger density should be used, as this would allow for greater replication of an atomic like structure. 

The model was not able to simulate both the bullet and the plate with Johnson-Cook parameters. This is because the Johnson-Cook values were only set to the surface of the materials, and when they collided the surface was destroyed, creating contact with an object with no set parameters. To mitigate this, the simple steel parameters were used on the bullet instead, and this created a more basic and simple simulation. If Johnson-Cook parameters were to be used, the strain rate of the material would need to be modified to eliminate any premature erosion from the contact surface of the bullet. Another error in not using Johnson-Cook parameters is that it furthers the difference between true and engineering stress. The Johnson-Cook model helps get closer to true stress, as it defines the deformation more precisely. It can also be seen that the parameters set for the bullet were drastically less detailed (compare Table 1 and Table 2), which were set in order to lower the computational time and power of the simulation. This resulted in a bullet which did not deform, nor apply physical properties (such as friction or fragmentation), in a life-like way. 

Explicit solvers do not need to converge and therefore do not contain a non-zero force solution. This means that when the system is computing the resultant eigenvectors that form the basis of the nodal forces and displacements, it may contain uncontrolled growth that is not proportionate to the system. The explicit solver does try to work around this by implementing pseudo time scales, known as amplitudes, which help with simulations containing small time scales (such as element by element or global estimation), as well as using techniques such as mass scaling. No mass scaling was done for this report, and only the automatic time incrementation was used. To fine-tune the results of this report, a smaller time scale should be used with potential mass scaling. The magnitude of the values therefore may be disproportionate with other values, which have also been independently propagated. An implicit solver could be used to mitigate this, such as the Newton-Raphson method, but this would need a large computing power to solve the overall global equation. Furthermore, the explicit Abaqus solver expresses the continuity equation in its Lagrangian form, which allows for discontinuity to happen during simulation - such as projectile fractures and frictional sliding. This could be a reason for the asymmetry of stress within the material (aside from the noise created by the pressure wave) as the explicit model does not apply artificial smoothing. This can be altered for future studies by applying numerical damping methods, however this would still affect the precision of the results.
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Conclusion

The simulation achieved its initial intention to show the difference in shearing forces between identical ballistics fired at distinct velocities. This resulted in the estimation of the yield point to be somewhere between 10 and 100 GPa for 500HB steel. No complex modelling techniques were used for this simulation, which resulted in stress values (of unknown error) full of noise. 

The shearing effect is shown to be due to opposite magnitude stress values. This arises when an external force acts on a body and creates internal stress waves within the impacted body. If the stress is below the yield point of the material, it deforms elastically and will return to its previous position. Once this yield point is passed (the external pressure is greater), the material plastically deforms and changes permanently. This is seen when the slower bullet fails to penetrate the steel plate, resulting in it bouncing off. Initially it provided enough shearing force to break through the surface of the block, but as the energy was absorbed by the material it lacked the energy to continue penetration. On contrast, the high speed bullet had enough energy to penetrate deeper into the block and caused a greater strain to the material.
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