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[bookmark: _Toc197530096]Introduction
High velocity impact events represent a critical area of study across a diverse range of engineering disciplines, including but not limited to automotive engineering, where they are fundamental to understanding vehicle crashworthiness and safety, aerospace engineering, where the risk of bird strikes and foreign object damage are present, and the defence industry, where improving ballistic design, armour design, and understanding explosive effects are required. Understanding complex responses of materials and structures when subjected to sudden loads is beneficial for ensuring the correct level of performance and safety. 
Conventionally, testing these responses relied heavily on the use of physical experimentation. However, this can present a number of challenges. Experimentation can often be expensive, necessitating the use of specialised facilities, equipment, and personnel. They can also be time consuming and require lengthy analysis. In some cases, physical experimentation may not even be possible. 
Computer Aided Engineering (CAE) offers the capability to model and simulate complex engineering problems, such as dynamic and non-linear behaviours. There are however a number of limitations which require careful consideration. 
This study displays some CAE capabilities when used to simulate a high velocity projectile impact onto a metallic plate. The primary objectives are multifaceted and aim to provide an understanding of the simulated even and the factors influencing the results: 
1. Analyse the dynamic response of the plate – this involves examining performance indicators such as the total deformation, the distribution, and magnitude of stress within the material
2. Understand the influence of simulation parameters – the accuracy and efficient of CAE simulations are significantly affected by the input parameters. The study aims to investigate how varying the inputs impacts the simulation results.
3. Evaluate the impact of assumptions/simplifications on the accuracy of results – all engineering models (including CAE) rely on assumptions to simplify complex real-world phenomena. This study aims to assess how simplified assumptions influence the fidelity of the results. 
The comparison of simulation results shall be compared against theoretically calculations, using various fundamental engineering principles/methodologies. 
[bookmark: _Toc197530097]Background
The application of CAE has advanced significantly in recent years, enabling the modelling and analysis of complex engineering problems. However, several challenges persist that can affect the reliability and accuracy of simulation results, particularly when dealing with high-velocity impacts per this Study.
[bookmark: _Ref197497587][bookmark: _Toc197530098]Material 
Accurate simulation of high velocity impacts requires constitutive models that can capture material behaviours under the most extreme of conditions of strain rate, temperature, and pressure. The Johnson-Cook (JC) model is a widely used for simulating high strain rate impacts. The JC model defines flow stresses as a function of strain, strain rate, and temperature. This is given in the following equation: 

where:






Due to the JC models relative simplicity and ability to incorporate both strain rate and temperature effects, however several limitations exist:
· Empirical Nature – the JC model relies on material parameters derived from experimental testing. These are often specific to particular material testing conditions, such they may not accurate represent behaviour outside of those conditions. This can lead to inaccuracies within the simulation [1]. 
· Limitations in Capturing Complex Material Behaviours – while the JC model accounts for strain rate against temperature, it does not capture more complex properties/behaviours such as strain hardening, phase transformations, and geometry evolution. These challenges are particularly prevalent in ductile materials or materials which are undergoing extremely high load conditions [2]. 
· Homogeneity assumptions – the simulation/model assumes uniform material properties, neglecting microstructures such as grain boundaries and voids [Figure 1] which can influence failure mechanisms [3].
[image: Schematic diagrams illustrating how voids and grain-boundary grooves... |  Download Scientific Diagram]
[bookmark: _Ref197350705]Figure 1 - Voids and Grain Boundaries
[bookmark: _Toc197530099]Meshing
Meshing is critical in capturing the effects of CAE simulations. Generally, a fine mesh will resolve stress and deformation more accurately than coarse. The downside to this is increased computational efforts and numerical instability due to element distortion [4]. An example of a typical mesh is given in [Figure 2].
[image: ABAQUS/CAE User's Manual (v6.6)]
[bookmark: _Ref197351951]Figure 2 - Typical Meshing
Adaptive meshing techniques can be used to mitigate the computational requirements whilst still retaining a good amount of accuracy. Nevertheless, these methods can also introduce complexities in the simulation which could lead to discontinuities in the mesh interfaces. Tetrahedral meshes adapt easily to complex geometries but can cause issues in bending style problems. Structured meshes which typically follow a grid pattern allow for easy convergence. 
Additionally, element deletion can show material failure but can results in non-physical mass loss and affect the conservation of energy and momentum in the simulation [4].
A mesh study was conducted at [Section 4.2] to determine the optimal balance between result accuracy and computational effort/efficiency. 
[bookmark: _Toc197530100]Boundary Conditions
The accuracy of simulations is heavily influenced by the applied boundary conditions. Rigid supports and perfect constraints are often assumed, which do not reflect the real-world behaviours. Over-simplified or overly rigid constraints can artificially inflate or suppress stress results. 
Typical types of boundary constraints:
· Fully fixed – translational and rotational degrees of freedom are restricted. This is useful in this use case, as in the real world, the target plate would be clamped in a test rig.
· Symmetry bound – helpful to reduce computational demand as only a section of the components is modelled.
· Frictional contact – simulates energy loss through thermal generation due to interactions
[bookmark: _Toc197530101]Solver Type
There are generally 2 types of simulation solver, explicit and implicit. Explicit solvers are generally more suitable for the modelling of dynamic events due to their ability to handle complex contact interactions. They require small time steps and solve equations forward in small increments. Implicit solvers are more efficient for quasi-static problems but can struggle with convergence in highly dynamic simulations like the case study. 
[image: How to Check Convergence of a CFD Simulation? | SimScale]
Figure 3 - Poor and Good Convergence diagram
ANSYS Explicit Dynamics was chosen for the case study due to its ability to handle rapid deformation and complex contact behaviours. 
[bookmark: _Toc197530102]Validation
Validation serves as the main link between computational simulations and real-world behaviours. Without validation, simulations may yield inaccurate or non-physical outcomes therefore undermining their use. Validation provides confidence in the simulation results by demonstrating that the model can accurately produce known behaviours. 
Analytical and Experimental are the two main types of validation. In the example of the case study, an analytical model such as the Techt-Ipson model can provide an empirical relationship between the residual velocity of the projectile, based on the initial impact velocity and material properties [5]. Similarly, this can also be observed using the Forrestal-Warren model, which theorises the relationship between the penetration depth and ballistic limits [6]. This is quite useful when a rigid projectile impacts a ductile target. Experimental testing remains to be the benchmark for these kinds of simulations. Controlled proofing/testing can provide supporting data to validate the simulation. 
There are however some challenges in validation processes, some of which are captured in [Section 3.1]. Additionally, analytical models may not account for complex material behaviours which can be exponential when used in use cases per this study. Lack of comprehensive validation in some studies can reduce confidence in simulation outcomes [7].
[bookmark: _Ref197502136][bookmark: _Toc197530103][bookmark: _Ref195364540]Case Study 
In this case study, a steel plate shall be subjected to a high-velocity projectile impact. This scenario is representative of many real-world defence applications. Models are constructed and defined within SolidWorks CAD software, and simulations conducted using ANSYS Explicit Dynamics CAE software to show the dynamic interaction between the projectile and the plate. 
Test subject properties are as follows:
· Projectile – Copper (CU-OFHC2), homogenous single piece, 7.62x51mm NATO geometry (9.46g)
This material was selected primarily for its associated JC model data. It is acknowledged that real-world projectiles are generally multi-part assemblies, using various materials. This has been simplified into a homogenous single piece projectile.
· Plate – Steel (1006), homogenous single piece, 150mm x 150mm x 35mm
1006 is a low carbon steel, often used in applications where formability/ductility is required. It is typically not used for ballistic protection or testing, but again, has been selected due to the JC model data provided. 
· Boundary Conditions
a. plate fixed around all perimeter faces rigidly. This means that nodes and elements along the perimeter are prevented from translating or rotating in any direction. 
b. projectile initial velocity of 828m/s (per NATO requirements). This reflects the NATO muzzle velocity requirements 
The aim of the case study is to investigate the deformation and stress distribution upon the plate and observe how the material behaves under high strain. The study aims to gain insights into the materials resistance to penetration and the performance of the projectile. 
[bookmark: _Toc197530104]Assumptions
· Frictionless contact between the components
· Adiabatic conditions (no heat transfer is considered)
· Homogenous plate and projectile, with no internal voids and consistent grain boundaries
· Modelled with explicit formulations
[bookmark: _Ref197519984][bookmark: _Toc197530105]Mesh Independence
To ensure that the results are not dependant on the mesh size, a mesh convergence study was performed, where 3 different element sizes were used:
· Coarse – 5mm element size 
· Medium – 3mm element size
· Fine – 3mm element size (with tetrahedral projectile)
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Figure 4 - Coarse mesh
[image: A computer screen shot of a computer
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Figure 5 - Fine mesh

[image: A computer screen shot of a computer
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Figure 6 - Medium mesh with Tetrahedral Projectile


	Mesh Size
	Maximum deformation (mm)
	Peak Stress (MPa)

	Coarse
	2.454
	35.765

	Medium
	2.916
	32.791

	Fine
	3.224
	31.806


The deformation and stress results are similar across the tested subjects. The maximum deformation increases slightly from the coarse to fine mesh, whilst the peak stress decreases. This suggests that with the given modelling assumptions and material properties, that simulation results are becoming less sensitive to further mesh refinement. Based on this convergence, it can be reasonably concluded the mesh convergence has been achieved for the purposes of this study. 
[bookmark: _Toc197530106]Boundary Condition
As stated in [Section 4], the boundary conditions were considered as fully fixed and rigid around the perimeter of the plate. This mimics real-world scenarios which can be seen in proof testing, where the plate is rigidly constrained within a framework as seen in [Figure 4]. The rigid clamping aims to prevent the plate from undergoing additional movement/rotation, thus focussing the energy absorption and deformation to the plate alone.
[image: Projectile penetration of reinforced concrete blocks: Test and analysis -  ScienceDirect]
[bookmark: _Ref197502305]Figure 7 - Typical Projectile Plate penetration configuration
A fully fixed perimeter boundary provides a good approximation of the behaviour of the plate under impact, specifically when trying to understand the localised deformation at the point of impact. 
[bookmark: _Toc197530107]Theory validation
[bookmark: _Hlk197503115]The deformation of the plate can be estimated using basic stress analysis principles, momentum conservation, and the theory of elastic collision. Maximum stress inducted in the plate can be simply given as follows:
[bookmark: _Ref197508369][bookmark: _Toc197530108]Kinematic Energy of Projectile
 
where:


 kJ
This calculation represents the total kinetic energy possessed by the projectile immediately prior to impact.
[bookmark: _Ref197509245][bookmark: _Toc197530109]Maximum Stress in the Plate
The maximum stress in the plate is estimated on the assumption that all kinematic energy from the projectile is induced on impact. Such that all the kinetic energy is absorbed by the plate and distributed over the contact area. This approach ignores the energy losses due to material deformation, heat generation, and other dissipation effects.
Contact area of the projectile will be considered as using the largest diameter of the projectile, of 7.62mm. Again, this is another area of simplification.

where: 



To calculate the Maximum stress, first the Force and Area values must be calculated. Force can be derived using the momentum principle, which states that the change in momentum is equal to the exerted impulse, given by:

For simplicity, assuming that the plate is rigid, the projectile comes to an immediate stop upon impact, therefore the change in velocity will be equal to the initial velocity. Delta t will be assumed to be 2ms.



Stress can therefore be given by:

where:


= 
This calculation provides a single static value for the maximum stress based on highly simplified assumptions about energy transfer, force application, and contact area during the impact event. 

[bookmark: _Toc197530110]Results
[bookmark: _Toc197530111]Maximum Stress
[image: A computer screen shot of a computer program
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Figure 8 – Maximum Stress, Medium mesh
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Figure 9 – Maximum Stress, Fine mesh
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Figure 10 – Maximum Stress, Medium mesh with Tetrahedral Projectile
[bookmark: _Toc197530112]Total Deformation 
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Figure 11 - Total Deformation, Coarse mesh
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Figure 12 - Total deformation, Fine mesh
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Figure 13 - Total Deformation, Medium mesh with Tetrahedral Projectile
[bookmark: _Toc197530113]Comparison
Key results obtained from both the simulation and hand-calculated theory are summarised as follows:
	Calculation method
	Maximum Stress (MPa)
	Deformation (mm)

	Analytical
	85.877
	-

	Simulation (fine mesh)
	31.806
	3.224


For the simulation results, the values from the fine mesh convergence study were used as the represent the most converged solution.
The comparison shows a significant discrepancy between the maximum stress predicted by the simplified hand-calculated example and the simulation. A delta of ~50MPa is observed. Given this disparity, it was deemed that the simplification of the theory would not result in an accurate representation of deformation. It was therefore not calculated. 
The delta highlights the limitations of simplified analytical approaches when attempting to conduct complex physics of a high-velocity impact event. 
[bookmark: _Toc197530114]Discussion
The difference in maximum stress is not immediately apparent. It is expected that if the materials yield strength were exceeded, then the simulation might show lower stresses. In this case, the yield of 1006 steel is 285MPa, which is higher than both the analytical and simulated stress values. This suggests that the discrepancy is not due to the material yielding. 
[bookmark: _Toc197530115]Theoretical Limitations
The deviation between the analytical and theoretical values could be attributed to several factors: 
· Oversimplified assumptions – the theoretical approach assumed instantaneous momentum transfer and a uniform distribution of force over the plate area. In reality, the contact area changes dynamically as the plate and projectile deform and yield.
· Neglect of dynamic effects – high speed impacts include wave propagation, localised strain, and inertia, none of which have been accounted for in the simple stress calculations. The Johnson-Cook material model used within ANSYS includes rate sensitive strain data. 
· Plastic deformation ignored – complete elastic deformation was assumed, however the simulation showed a permanent plastic deformation. Plastic work and strain hardening are mechanisms were not accounted for.
· Energy dissipation mechanisms – kinetic energy has only been considered. In reality, energy is dissipated through head, sound, microstructure changes, and material yielding
· Contact modelling discrepancies – the contact area was assumed simplistically, given the geometry of the projectile was complex.
· Impact duration assumptions – the impact duration was unknown and is difficult to estimate accurately without additional physical testing.
[bookmark: _Toc197530116]CAE Limitations
Whilst CAE provides valuable insights, it is important to acknowledge its limitations which may impact the accuracy of results. A simulation is only ever as good as the data that is inputted into it, and the assumptions that are made. 
Frictionless contact between the components – the simulation always assumes a perfectly smooth and frictionless contact between the projectile and plate. This is an idealisation that generally doesn’t hold true in real-world situations. Friction plays a significant role during in the energy transfer between components during an impact. Friction can reduce velocity and distribution forces.
Adiabatic conditions (no heat transfer is considered) – the simulation assumes adiabatic conditions, thus there is no heat transfer between the components. In high-velocity impacts, especially those greater than the speed of sounds, an amount of heat and light is produced. Heating can reduce the materials yield strength which impacts deformation. Incorporating thermal effects into additional simulations would be beneficial to the accuracy of the results. 
Homogenous plate and projectile, with no internal voids and consistent grain boundaries – the use of Johnson-Cook models within the simulation is appropriate for high strain rate events, however, does not capture all the complex material interactions/behaviours under dynamic loading conditions. In this case study, materials were selected which do not truly represent real-world components, given the limited availability of the Johnson-Cook data. A single piece projectile was used, where generally these are of multiple part construction using a variety of materials. 
Modelled with explicit formulations – explicit calculation formulas used in the simulation are effective at capturing rapid impacts, but are based on the simplified assumptions of contact mechanics. Contact conditions in real-world situations are believed to be more complex, such as the plate deforming inconsistently as the projectile penetrates further and further into the surface. 
[bookmark: _Toc197530117]CAE as a Design Tool
Despite the limitations, CAE is an indispensable tool in modern Engineering. It provides engineers with the ability to simulate sometimes complex problems under controlled conditions. With additional physical testing, a CAE model can move closer to reality. It should not be used as the sole design tool for this reason unless the considerations and assumptions are fully understood.
[bookmark: _Toc197530118]Conclusion
This case study has investigated some of the dynamic interactions between a high velocity projectile upon a steel plate using CAE FEA within ANSYS Explicit Dynamics environment. The simulation accuracy modelled the deformation and maximum stress within both the projectile and plate which demonstrated a degree of effectiveness. The results showed slight deformation of the steel plate, but this is to be expected given its thickness and material properties. The projectile showed high amounts of energy loss due to total deformation. 
The analysis highlights the importance of material properties and geometry when predicting an impact response. Further investigations could be explored to understand the influence of the plate thickness and projectile assembly/construction. A comparison with experimental data would provide a valuable validation step to further enhance the accuracy of the accuracy and reliability of the FEA model. The findings of the study are limited, and not likely to contribute significant insight into dynamic material behaviours, as this is studied to a much greater extent elsewhere throughout academia and industry. 
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