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[bookmark: _Toc229986366]ABSTRACT

This report presents a computational modelling study of two similar shaped-charge liner designs using Abaqus. Both 2D designs used the same diameter, material values and general mesh scale, so the main variable was liner shape. This controlled comparison allowed the influence of liner geometry to be assessed without confusing the result with material or size changes. Both liners formed jets, but one design was selected for the 3D stage because it gave a stronger balance between a coherent jet and a supported collapse region. The report also discusses mesh sensitivity, including the observation that a coarser mesh sometimes gave a smoother velocity response. This is interpreted as improved numerical stability rather than automatic proof of higher physical accuracy. After conversion into 3D, mesh and contact issues were encountered, including incompatible tetrahedral element warnings and distortion sensitivity. The final 3D results show pressure-wave development, liner deformation, velocity gradients, and increasing plastic strain at the jet tip and mid-jet. The study concludes that the selected liner geometry was a reasonable candidate for 3D modelling.

[bookmark: _Toc229986367]INTRODUCTION 

Shaped charge modelling is a challenging computational problem because it combines shock loading, high strain-rate metal deformation, large plastic strain, contact, material separation, severe mesh distortion and very short time scales. In this project, Abaqus was used to investigate how two similar liner geometries affected liner collapse and jet formation. The intention was not to compare completely different devices, but to isolate the effect of the liner shape. This is important because a fair numerical comparison should change only one main variable at a time. In the present work the two 2D designs had the same overall diameter, the same basic assembly arrangement, the same material assignments and the same general mesh scale. The case was modelled as steel, the liner as copper, and the explosive region using an RDX-based high explosive description. The important design difference was the liner profile.
The modelling problem is linked to high strain-rate engineering because the materials deform very quickly. In a shaped-charge simulation, the pressure wave from the explosive pushes against the liner and causes it to collapse rapidly towards the centreline. Part of the liner stretches forward to form a fast-moving jet, while the remaining material forms a slower slug behind it.
Abaqus is often used for this type of simulation because the event happens very quickly and involves strong dynamic loading [1]. However, when modelling, it must be set up carefully. The mesh quality, contact settings, material data and stable time increment all affect the result. Very small or badly distorted elements can make the stable time increment very small, which can cause the simulation to become unstable or fail.
The report is structured around the modelling process followed in this work. The 2D designs are then compared using pressure, maximum principal stress, velocity magnitude and plastic strain outputs. The report next discusses the mesh-sensitivity results, including the observation that a coarser mesh produced a smoother velocity history for one model. The selected second design is then taken into a 3D model. The 3D section discusses the pressure development, liner-only response, velocity histories, pressure-time histories, and plastic strain at the jet tip and mid-jet. Finally, the limitations are evaluated, especially the mesh and contact warnings that affected the reliability of the 3D results.

[bookmark: _Toc229986368]MODELLING APPROACH

The numerical modelling was carried out in stages. The first stage compared two 2D designs. The second stage selected one design and transferred it into 3D. This staged approach was adopted because 2D models are faster to run, easier to inspect and better suited to initial design comparison. A full 3D model is more realistic geometrically, but it is also more computationally expensive and more sensitive to contact and mesh problems. Therefore, it was sensible to use the 2D simulations as a screening stage before committing to the 3D model.

The two 2D designs were deliberately similar. Both designs had the same charge diameter, meaning that the overall model scale was unchanged. They also used the same material values, so the material response of the steel case, copper liner and explosive region was not a variable in the comparison. The same general mesh scale was also used for the initial comparison. This means that when differences appeared in pressure distribution, stress, velocity and jet shape, those differences could be linked mainly to the liner geometry. This is an important point for the validity of the comparison.

Table 1. Properties of Steel & Copper. [14],[15], [16].
	Materials
	A MPA
	B MPA
	n
	C
	m
	Tm
	Transition temp
	Density
	Young Modulus
	Poissons Ration

	Steel
	452
	694
	0.311
	0.0067
	0.996
	1673K
	293
	7930
	193e9
	0.28

	Copper
	90e6
	292e6
	0.31
	0.025
	1.09
	1083
	293
	8913
	117.2e9
	0.33



Table 2. Properties of RDX. [6]
	Materials
	Density
	Detonation Wave Speed
	A
	B
	Omega
	R1
	R2 
	Detonation Energy Density
	Pre-Det Bulk Modulus

	RDX
	1.667
	8353
	334.8e9
	9.5e9
	0.25
	6.71
	1.26
	5638872
	9.4e9




The output variables were chosen to show different parts of the same physical process. Pressure was used to observe the loading wave and how it reached the liner. Maximum principal stress was used to identify regions of strong tensile stress and stress concentration. Velocity magnitude was used to examine the speed of the forming jet. PE maximum principal strain was used to measure permanent plastic stretching of the liner material. Graphs were extracted from selected nodes to compare the time histories of velocity, pressure and plastic strain. When interpreting these node histories, it is important to state that changing the selected node changes the measurement location; it does not change the actual physical wave speed in the model.

The explicit step time was also adjusted during the project. The original analysis time of 0.0001 s was useful for early liner collapse, but it did not always show the later jet development clearly. The step time was therefore increased from 0.0001 s to 0.001 s to allow the jet to develop further. This was useful because the longer simulation showed clearer jet extension and plastic stretching. However, longer explicit simulations also increase the risk of mesh distortion, contact instability and accumulated numerical error. The extended time results were therefore interpreted alongside the solver warnings and the mesh-sensitivity observations.
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Figure 1. Initial comparison of the two 2D shaped charge geometries. The two designs used the same charge diameter, material definitions and general modelling approach; the main design variable was the liner profile.
[image: ]
Figure 2. Early 2D liner-shape comparison. The left liner has a longer/sloping profile, while the selected second design has a more compact and defined liner shape.
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Figure 3. 2D velocity magnitude comparison during jet formation at the same simulation time. Both models form jets, but the selected second model gives a better balance between jet focus and supported liner collapse.
[image: ]
Figure 4. 2D maximum principal stress comparison. The stress patterns differ mainly due to liner geometry because other modelling variables were kept constant.
[image: ]
Figure 5. Early pressure distribution in the two 2D models. The second design shows stronger pressure concentration, while the first design shows a smoother field.
[image: ]
Figure 6. Velocity-time histories for Shape Charge 1, extracted at multiple selected nodes.
[image: ]
Figure 7. Velocity-time histories for Shape Charge 2, extracted at multiple selected nodes.

Figure 1 is included to show the difference in geometry between the two 2D shaped charge designs, particularly the change in liner shape. Although the mesh is visible in the screenshot, it should not be interpreted as the final mesh used in the completed simulations, as the mesh was later adjusted during model development. The two models share the same overall diameter and the same material system. The main difference between the two designs is the shape and angle of the liner cone. The first liner has a longer and smoother shape, which helps create a faster and more stretched jet during collapse. The second liner has a steeper and shorter shape, causing the liner to collapse more quickly and produce a thicker, more compact jet. These differences affect how the pressure is focused, how stable the jet remains, and the overall penetration performance of the shaped charge. This difference in liner profile is the main variable in the 2D comparison. Figure 2 further illustrates the difference in liner shape. The first design appears to guide the liner over a longer collapse path, while the second design concentrates the liner geometry into a more compact profile. 
The jet formation comparison in Figure 3 shows that both designs produce jet-like deformation. The first design on the left forms a narrow and elongated projection. At first sight this appears very effective because a thin jet suggests good focusing. However, the jet also appears more slender and less supported by the material behind it. The second design on the right produces a slightly broader but more developed jet and retains a wider collapsing liner/slug region behind the jet. This is important because the purpose of choosing a 3D candidate was not simply to pick the thinnest jet in one frame, but to select a design that showed a balance between jet coherence and numerical robustness. The second design was therefore selected because it appeared more stable and better supported, even though the first design sometimes looked sharper.
The maximum principal stress comparison in Figure 4 adds further detail. The stress plots show where the largest tensile principal stress develops. Since the model diameter, mesh scale and material values were the same, differences in stress concentration can be linked mainly to the liner geometry. The first design shows stronger localised stress around the liner collapse region, whereas the second design shows a slightly more distributed stress pattern. A highly concentrated stress field can help create a sharp jet, but it can also indicate a risk of localised distortion. The second design's more distributed stress response suggests a more controlled collapse of the liner material, which is valuable when transferring the model into 3D.
The early pressure comparison in Figure 5 shows that the second design receives stronger pressure concentration around the lower liner region. A larger high-pressure region does not automatically mean a better design, because pressure must be directed usefully into liner collapse rather than simply spread through the model. In this case the second design appears to use the pressure to drive a supported collapse. The first design shows a smoother field, but its later jet appears more slender and potentially less robust. Therefore, the pressure, stress and velocity evidence together support the selection of the second design for the 3D phase.
Figures 6 and 7 compare velocity histories for the two shape charges. Both graphs show the expected pattern: velocity begins near zero, rises rapidly during liner collapse, reaches a peak, and then gradually decreases as the jet stretches and the motion becomes less impulsive. Shape Charge 1 reaches high peak velocity and shows a strong acceleration response. Shape Charge 2 also reaches a clear peak, with a slightly different spread between selected nodes. These graphs reinforce the point that both designs were successful in generating high-speed liner motion. The choice of the second design was therefore not because the first failed, but because the second gave a more balanced response when considering jet shape, material support, pressure loading and suitability for 3D modelling.
[image: ]
Figure 8. Mesh-sensitivity comparison for the same liner shape. The mesh was changed while the liner shape was kept constant.
[image: ]
Figure 9. Peak jet-velocity graph for the same design with different mesh settings. The coarser mesh gave a smoother response but does not automatically prove higher physical accuracy.
[image: ]
Figure 10. Extended step-time jet formation result. The analysis time was increased from 0.0001 s to 0.001 s to observe longer jet development.

Mesh sensitivity was a significant part of the study. Figure 8 compares the same liner shape with a changed mesh. Since the liner shape was held constant, the differences in the result are mainly due to the mesh rather than geometry. The left view appears noisier, while the right view appears smoother and more coherent. This suggests that the changed mesh improved the readability and stability of the pressure field. However, it is important not to treat a smoother image as automatic proof of physical accuracy. A coarse mesh can smooth out local gradients and hide small-scale deformation, while a fine mesh can show more detail but become unstable if the elements distort severely.
The peak jet-velocity graph in Figure 9 shows why the mesh issue mattered. The same design was assessed with different mesh settings, and the coarser mesh produced a smoother velocity response that reached a clearer peak. In Abaqus, the stable time increment is strongly controlled by the smallest and most distorted elements. A finer mesh contains smaller elements, and during severe liner collapse these elements can become distorted quickly. This can produce local velocity spikes, contact noise and solver sensitivity. A coarser mesh may have fewer highly distorted small elements, which can allow the explicit calculation to proceed more smoothly. This explains why the coarser model appeared more stable.
The correct interpretation is that the coarser mesh improved numerical stability in this case, not that it is necessarily more accurate. Accuracy would require a formal mesh convergence study, where peak velocity, jet length, strain and energy behaviour are compared across several mesh densities. The current result is still useful because it shows that the model is mesh-sensitive, and that mesh quality has a direct effect on the velocity history. This links strongly to Molinari's observation that shaped-charge jet simulation can require remeshing to follow the high-deformation copper jet, and to wider literature on large-deformation numerical methods [7].
The step time was also changed to observe longer jet development. Figure 10 shows the result after the step time was increased from 0.0001 s to 0.001 s. The longer step time allowed the jet to extend further and made it possible to see whether the jet remained coherent after the initial collapse. The result shows a long, narrow jet and a remaining liner/slug region near the top. This demonstrates that the liner does not only begin to collapse; it continues to deform into a jet over a longer period. 

[bookmark: _Toc229986370]3D DESIGNS

The second 2D design was selected for 3D modelling because it gave the best overall balance between jet formation and stability. The selection was not based on one image alone. It was based on the combined interpretation of geometry, pressure, stress, velocity and plastic strain. Both 2D designs used the same diameter, same material values and same general mesh scale. This allowed the liner shape to be isolated as the main design variable. The first design produced a very thin jet in some images, but the second design showed a more supported jet and a more controlled liner collapse region. For a 3D model, this robustness was important because 3D simulations are much more likely to suffer from contact problems and mesh distortion.
The decision can be summarised as follows. Shape Charge 1 showed strong jet focusing, but its very slender jet and localised stress response suggested a greater risk of instability. Shape Charge 2 generated a coherent jet while retaining a broader, more stable collapse region behind the jet. Because the 3D stage required a design that could survive more demanding contact and mesh conditions, Shape Charge 2 was selected. This is a critical modelling decision rather than a simple visual preference.
[image: ]
Figure 11. 3D mesh-development stage after the selected 2D design was converted into a three-dimensional model.

After the second 2D design was selected, it was developed into a 3D model. Figure 11 shows the 3D mesh-development stage. During this process Abaqus produced several errors and warnings. One important error was that modified tetrahedral elements were incompatible with regular tetrahedral elements if they shared the same nodes. This means that different tetrahedral element formulations were connected in a way that Abaqus could not treat as compatible. In a complex 3D model, this type of issue can occur when mesh controls, element formulations or local mesh transitions are inconsistent.
To address these problems, the mesh was adjusted many times. Coarsening the mesh reduces the number of problematic elements and allowed the simulation to progress further. However, a coarser mesh may lose detail around the jet tip and pressure gradients. Finer mesh has also shown some issues. When modelling the 2D designs, a finer mesh was chosen and Abaqus was able to form a jet. However, when modelling the 3D design, a lot of elements was distorted, and the jet formation of the liner was not formed. This is due errors at the early stage.
The 3D modelling stage also produced contact and mesh distortion issues, which are common in simulations involving large deformation. In a Lagrangian model, the mesh moves with the material. As the liner collapses and forms a jet, the mesh elements can become stretched and distorted. In some cases, contact surfaces may overlap or boundary conditions may conflict with contact constraints, causing sudden local accelerations that increase the distortion further. Because of this, the 3D results were not considered perfect final predictions. Instead, they were used to show the general behaviour of the selected design while recognising the limitations of the model.
This troubleshooting process is important because it demonstrates practical use of Abaqus rather than only presenting successful simulation results. The modelling issues also explain why shaped-charge simulations often use ALE, Eulerian, or SPH methods instead. Eulerian methods reduce mesh distortion by allowing material to flow through a fixed mesh [2]. ALE methods help minimise mesh tangling by allowing the mesh and material to move more independently [7]. SPH methods are useful for highly distorted regions because they do not rely on a fixed mesh structure [9]. In future work, these methods could improve the accuracy and stability of the liner and explosive modelling.
[image: ]
Figure 12. 3D pressure distribution, early stage. The pressure wave is concentrated in the upper charge region before it acts strongly on the liner.
[image: ]
Figure 13. 3D pressure distribution, intermediate stage. The pressure field has moved further towards the liner region.
[image: ]
Figure 14. 3D pressure distribution, later stage. The pressure field spreads through the charge body and interacts more clearly with the liner.
Figures 12 to 14 show the pressure development in the 3D model. These images are important because they demonstrate that the selected 2D design was successfully transferred into a three-dimensional analysis and that pressure outputs could be extracted. Figure 12 shows an early stage where a high-pressure region is concentrated in the upper part of the charge. The liner region is still comparatively lower on the pressure scale. Figure 13 shows the pressure field moving further towards the liner. Figure 14 shows a later frame where the pressure field has spread through the model and is interacting more clearly with the liner and lower charge region.
The sequence shows how the pressure wave changes and moves through the model over time rather than remaining constant. This is important because the collapse of the liner is caused by the pressure reaching and loading the liner surface. In the contour plots, red and orange areas represent higher pressure regions, while green and blue areas represent lower pressure levels. The pressure distribution appears mostly symmetrical, which is a good result because the shaped charge geometry itself is symmetrical. A symmetric pressure wave helps the liner collapse evenly and improves jet formation.
The pressure results also show that high pressure alone does not guarantee good jet performance. The pressure must also create a stable velocity field and proper plastic deformation within the liner material. For this reason, the pressure plots were analysed together with the liner stress, velocity, and strain results. The pressure contours confirm that the explosive loading reaches the liner, while the later simulation outputs show how the liner responds to that loading.
Some irregular contour patterns can be seen near the liner and boundary regions. These are likely caused by mesh changes, contact interactions, or the tetrahedral mesh used in the model. Such behaviour is common in 3D explicit simulations involving very large deformation and should be recognised as a modelling limitation. Overall, the pressure results support the selected design by showing that the pressure wave successfully reaches the liner and causes deformation, while also highlighting the sensitivity of the model to numerical settings.
[image: ]
Figure 15. 3D liner-only velocity magnitude. The selected liner collapses into a jet-like region, with the highest speed concentrated along the jet.
[image: ]
Figure 16. Velocity-time histories for selected 3D liner nodes. Different liner nodes accelerate at different rates, showing a velocity gradient.
[image: ]
Figure 17. Pressure-time graph for selected liner nodes in the 3D model. The initial spike represents the pressure impulse reaching the liner.

[image: ]
Figure 18. PE maximum principal strain at selected nodes near the jet tip.
[image: ]
Figure 19. PE maximum principal strain at selected nodes in the mid-jet region.

[image: ]
Figure 20. 3D velocity magnitude output for the final selected design.
[image: ]
Figure 21. 3D PE maximum principal strain output for the final selected design.

[image: ]
Figure 22. 3D pressure output for the final selected design.
Figure 15 shows the 3D velocity magnitude of the liner. Velocity magnitude represents the overall speed of the material, regardless of direction. The results show that the liner material accelerates into a jet-like shape, with the highest velocities concentrated near the jet region. This indicates that the liner is not only deforming but also moving rapidly in a focused direction during collapse.
Figure 16 shows the velocity-time history for selected liner nodes. The graph demonstrates that different parts of the liner accelerate at different rates and times. This behaviour is expected because the jet forms progressively during collapse. The front of the jet usually travels faster than the material behind it, causing the jet to stretch and elongate. Changing the selected node from node 1 to node 10 changes the location being measured, allowing comparison of how the acceleration moves through different parts of the liner.
Figure 17 shows the pressure-time history for selected liner nodes. The pressure rises rapidly when the explosive wave reaches the liner, creating a strong loading effect. After the peak, the pressure decreases as the liner begins to deform and the initial loading passes. Some parts of the graph drop below zero, which may be caused by unloading effects or numerical behaviour during large deformation. One node shows a much larger pressure spike than the others, which could be due to a local pressure concentration or sensitivity in the mesh or contact conditions. Therefore, the graph should be interpreted carefully.
Figures 18 and 19 show the maximum principal plastic strain at the jet tip and mid-jet regions. Plastic strain represents permanent deformation in the material. The jet-tip graph increases rapidly during the initial collapse and continues rising as the jet stretches further. The mid-jet region shows a similar pattern but with smoother behaviour, which is expected because the jet tip experiences the highest acceleration and deformation. These results show that the entire jet is deforming and elongating during collapse, not only the tip.
Figures 20 to 22 present the final 3D results for velocity magnitude, plastic strain, and pressure. Together, these outputs show the overall collapse process. The pressure wave drives the liner collapse, the liner experiences large plastic deformation, and the velocity results show the material accelerating into a jet. These results demonstrate that the selected liner design successfully produced directional jet formation in 3D. However, some distorted and uneven regions are visible in the final model, indicating sensitivity to the mesh, contact conditions, and element distortion. Therefore, while the overall collapse behaviour is captured successfully, some smaller details may be less reliable due to numerical limitations in the simulation.
One of the main strengths of this study is that the 2D comparison was kept consistent. Both liner designs used the same diameter, material properties, and similar mesh settings. This meant that the main difference between the simulations was the liner shape itself. Keeping the other conditions the same is good modelling practice because it allows a fair comparison between the two designs. The results showed that both liners could form jets, but the second design produced a more stable and reliable response for further 3D modelling.
The main limitation of the study is mesh sensitivity. In both the 2D and 3D simulations, changing the mesh affected the pressure and velocity results. In some cases, the coarser mesh produced smoother and more stable-looking graphs, especially for peak jet velocity. This happens because larger elements are less affected by local distortion and can reduce numerical noise. However, a coarse mesh also reduces the level of detail in the model. Therefore, the results suggest that the simulation is sensitive to mesh quality and would benefit from a proper mesh convergence study.
Another limitation is the use of a Lagrangian modelling approach in areas with very large deformation. During collapse, the liner stretches into a jet. The explosive and contact regions deform significantly. This can cause severe mesh distortion and numerical instability. Previous studies have shown that shaped-charge simulations often use Eulerian, ALE, or SPH methods to improve stability in highly deformed regions [1], [6]-[8]. The current model was suitable for comparison and learning purposes, but future work could improve the simulation by using ALE or SPH methods in the most distorted regions.
The model was also sensitive to contact behaviour. During development, the 3D simulation produced warnings and errors related to contact conditions, tetrahedral elements, and mesh distortion. These issues can influence the calculated pressure, velocity, and strain results. Because of this, the final graphs should be treated as indicators of overall trends rather than exact validated predictions. The results are still useful because they show the main behaviour of the liner, including acceleration, pressure loading, and plastic deformation during jet formation.
There is also uncertainty in the material models used. The Johnson–Cook and JWL material parameters depend on the data source, material condition, and unit consistency. Although literature values were used, they may not perfectly represent the exact material properties in the simulation. For this reason, the study focuses on comparing the two liner designs under the same assumptions rather than claiming fully accurate real-world predictions.
Despite these limitations, the project demonstrates strong practical modelling skills. The work includes geometry creation, material modelling, mesh development, explicit dynamic simulation, result extraction, graph interpretation, and critical evaluation of the model. The limitations do not reduce the value of the project; instead, they help explain what the model can reliably show and where improvements could be made in future work.
[bookmark: _Toc229986371]CONCLUSION

This report compared two different 2D shaped charge liner designs before developing the selected design into a 3D model. Both 2D models used the same diameter, material properties, and similar mesh settings so that the comparison mainly focused on the effect of the liner shape. This made it possible to compare how the different geometries affected pressure distribution, stress, jet velocity, and plastic deformation.
The 2D results showed that both liner designs could form jet-like deformation. The first design produced a very narrow jet in some results, indicating strong focusing behaviour. However, the second design provided a better overall balance between jet formation and stable liner collapse. It produced a clear and consistent jet while maintaining a more stable collapse region behind the jet. Because of this, the second design was selected for the 3D simulation.
The mesh sensitivity study showed that a coarser mesh sometimes produced smoother and more stable velocity results. This is because larger mesh elements are less affected by local distortion and numerical instability. However, smoother numerical results do not always mean the simulation is more physically accurate. A proper mesh convergence study would be needed to confirm the accuracy of the model.
The 3D model allowed the selected liner design to be studied in a more realistic geometry. The pressure results showed how the pressure wave moved through the shaped charge, while the liner-only outputs showed jet formation, velocity concentration, and increasing plastic strain during collapse. The velocity and strain graphs showed that different parts of the liner accelerated and deformed at different rates, creating a velocity and strain gradient along the jet. Increasing the simulation step time from 0.0001 s to 0.001 s also allowed the later stages of jet development to be observed more clearly.
Overall, the second liner design was considered the better option because it provided the best balance between jet formation and numerical stability in the 2D simulations. The 3D results supported this choice by showing directional liner collapse, pressure transfer, jet acceleration, and plastic deformation. However, the model still had limitations caused by mesh sensitivity, contact behaviour, and element distortion. Future improvements could include a detailed mesh convergence study, improved contact settings, and the use of ALE, Eulerian, or SPH methods for regions experiencing very large deformation.
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