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Shaped charges are explosive devices that exploit geometric focusing to generate high-velocity jets through the controlled collapse of a metallic liner under detonation loading. The physics governing this process involves shock wave propagation, extreme pressures, and material deformation at very high strain rates, presenting significant challenges for numerical simulation. This report investigates the modelling of shaped charge jet formation using explicit dynamic methods, with a focus on the interplay between physical fidelity and numerical robustness.
An initial series of two-dimensional axisymmetric simulations was conducted to explore liner collapse behaviour, mesh sensitivity, and the influence of explosive equation of state (EOS) selection. High-performance explosives such as HMX were found to induce severe mesh distortion in purely Lagrangian formulations, motivating the use of TNT as a substitute explosive. The study then progressed to three-dimensional modelling, removing axisymmetric constraints and improving the physical representation of liner collapse and jet kinematics. Despite improved fidelity, mesh distortion and adaptive meshing limitations persisted.
To address these challenges, Smoothed Particle Hydrodynamics (SPH) was employed as an advanced mesh-free technique. SPH simulations demonstrated superior robustness, enabling stable simulation of liner collapse, pressure wave propagation, and coherent jet formation under extreme deformation. The results highlight that, for shaped charge problems, simulation technique is often a greater constraint than material model fidelity. Overall, the study demonstrates a critical understanding of blast physics, high strain-rate modelling, and the limitations of numerical methods in high-energy-density simulations.
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[bookmark: _Toc218553455][bookmark: _Toc51833421]Introduction
Shaped charges are explosive systems designed to transform the energy release of a detonation into a highly directional effect [1, p. 1], [2, p. 7], [3, p. 179]. This is achieved through the controlled interaction between a high explosive charge and a liner, whose geometry focuses the detonation-driven pressure field to produce a narrow, high-velocity jet [4].
Jet formation in shaped charges is described by the Munroe effect, in which the detonation wave interacts with a hollow or lined cavity to concentrate explosive energy along the charge axis [4, p. 2], [5, p. 4]. As the detonation front reaches the liner, pressures on the order of tens of gigapascals are generated within the explosive products [4, p. 2]. These pressures accelerate the liner material inward to at velocities comparable to the particle velocities induced in the detonation products, causing the liner to collapse, invert, and flow in a predominantly hydrodynamic manner [6, pp. 483–491]. During collapse, the liner material separates into a leading jet and a trailing slug: the inner portion of the liner forms a high-velocity jet, while the remaining material forms a slower slug containing a larger fraction of the original liner mass [7]. The resulting behaviour is governed by conservation of mass and momentum across shock fronts, as expressed by the Rankine-Hugoniot relations, coupled with the constitutive response of the material under extreme pressure, temperature, and strain-rate loading [8, p. 61], [9], [10].
Although experimental testing provides essential validation, it is constrained by cost, safety, and limited access to internal field variables on microsecond timescales. Numerical modelling therefore enables systematic variation of geometry, material models, and numerical formulation, with direct access to quantities such as pressure, stress state, and particle velocity that are difficult to measure experimentally [3], [11].
The purpose of this report is to model and analyse shaped charge jet formation using explicit dynamic simulations, with emphasis on the underlying physical mechanisms rather than performance metrics. Two 2D simulations are first used to explore numerical behaviour and design sensitivity, followed by the development of a three-dimensional model of the selected configuration. Pressure evolution, liner stress response, and jet velocity are examined, and the capabilities and limitations of different approaches are critically evaluated.

[bookmark: _Toc218553456] Literature Review
[bookmark: _Toc218553457]History of Shaped Charge Theory
The shaped charge concept traces its origins to the late 19th century, with early observations that cavities in explosive charges could concentrate the effects of detonation. Charles Munroe’s experiments in 1888 demonstrated that indentations on the surface of an explosive could focus blast energy and produce unusual damage patterns in adjacent materials, a phenomenon now known as the Munroe effect [12]. Parallel work by Egon Neumann in the early 20th century confirmed that conical indentations in high explosives could substantially increase penetration into steel plates, laying the foundations for what would become modern shaped charge technology [2], [4].
Although these early studies revealed the directed nature of shaped charge energy, predictive analytical models for jet formation were absent until the mid-20th century. In 1948, Birkhoff and co-workers developed one of the earliest theoretical frameworks for shaped charge jets using a hydrodynamic approximation, treating the collapsing liner and resulting jet as ideal fluids, and treating the target hydrodynamically under conditions where impact pressures greatly exceed material strength [13]. The Birkhoff model provided insight into jet formation and penetration but neglected material strength and rate effects, limiting its applicability to real materials [13].
Subsequent refinements, such as the unsteady PER (Pseudo-steady) theory, introduced variable collapse velocity along the liner surface, improving fidelity but still rooted in idealised assumptions [14]. These analytical formulations highlight the compression-dominated mechanics governing shaped charge jets but also expose their core limitation: neglect of detailed material behaviour at high strain rates and shock loading, necessitating numerical approaches for comprehensive physical modelling [14], [15]. This justifies the present use of computational methods that can explicitly account for complex behaviour and shock interactions.
[bookmark: _Toc218553458]Modelling a Shaped Charge
The development of high-performance computing enabled the transition from analytical shaped charge models to numerical simulation, which is now central to investigating jet formation and explosive–structure interaction. Solutions must resolve shock propagation, evolving material interfaces, extreme deformation, and high strain-rate response within a single framework [16].
Lagrangian finite element methods (FEM) are commonly adopted as an initial approach because they naturally track material deformation and permit direct evaluation of stresses, pressures, and velocities within explosive and liner components [17]. Commercial explicit solvers such as Abaqus/Explicit and LS-DYNA provide robust contact algorithms and high strain-rate constitutive models, making them attractive for shaped charge simulations [18]. However, severe mesh distortion arises as the liner collapses and stretches into a jet, often leading to negative element volumes and premature solver termination [19]. This limitation motivates the investigation of alternative formulations.
Eulerian methods address mesh distortion by fixing the computational grid and allowing materials to flow through it, enabling robust treatment of large deformation and shock propagation [20]. Multi-material Eulerian approaches have successfully captured detonation wave propagation, liner collapse, and jet formation for both conical and linear shaped charges [19], [20]. although at increased computational cost and with reduced resolution of material history variables.
Arbitrary Lagrangian–Eulerian (ALE) methods attempt to combine both approaches through controlled mesh motion and remapping [21]. While ALE formulations can improve stability, their effectiveness depends strongly on remapping quality and mesh relaxation strategies under shock-dominated conditions [22].
More recently, mesh-free methods such as SPH have gained prominence. By discretising the continuum into particles, SPH avoids mesh distortion and is well suited to extreme deformation and jet elongation [23, pp. 5, 12–13]. This robustness is achieved at significant computational cost and requires careful numerical treatment to resolve shock fronts accurately [23, p. 16].
Overall, the literature demonstrates that shaped charge simulations are dominated by extreme deformation and shock physics, rendering purely Lagrangian approaches inherently fragile and motivating the progressive transition to more robust numerical formulations adopted in this study.
[bookmark: _Toc218553459]Material Models and Equation of State
A critical component of any shaped charge simulation is the selection of material constitutive laws and EOS, which govern how explosive products, liner metals, and casings respond under shock loading and high strain rates.
For explosives, the Jones–Wilkins–Lee (JWL) EOS is widely adopted in shaped charge simulations [24], [25], [26]. The JWL formulation captures both the high initial detonation pressure and subsequent expansion, making it suitable for modelling shock loading of shaped charge liners [27], [28]. Published JWL parameter sets for explosives such as TNT and HMX exhibit significant variation in predicted Chapman–Jouguet pressures and detonation velocities [25], [29], [30]. indicating that EOS selection has a strong influence on liner collapse severity and simulation stability.
Metal liners such as copper or aluminium require models that account for elastic–plastic behaviour, strain rate sensitivity, and temperature effects [31], [32]. The Johnson–Cook model is a widely used phenomenological constitutive law characterised by strain hardening, strain-rate sensitivity, and thermal softening terms, making it suitable for high strain-rate metal deformation typical of shaped charge liner collapse [33], [34]. To be phenomenological means that the Johnson–Cook model is empirical: it fits experimental high strain-rate behaviour using calibrated parameters, rather than modelling the underlying internal physical structure.
Overall, the literature demonstrates that both EOS and constitutive model selection strongly influence predicted pressure fields, collapse dynamics, and solver robustness. These findings directly informed the modelling decisions in the present study, motivating the use of TNT as a replacement explosive and the exploration of mesh-free techniques.

[bookmark: _Toc218553460] Problem Definition and Modelling Approach
[bookmark: _Toc218553461]Geometry and Design Choices
The geometric representation of the shaped charge fundamentally influences both the physics captured and the computational resources required. In this study, the explosive assembly consists of a high-explosive charge surrounding a thin metallic liner, which collapses under detonation pressure to form a high-velocity jet. The liner geometry was chosen as axisymmetric and classically conical, but with a cylinder shape in the center. Conical liners are widely studied because they produce coherent jets and provide clear metrics for evaluating jet formation kinematics; however this cylindrical variant is of interest for the unconventional shape with a reported increase in performance in simulation [35]. The chosen profile for the simulations can be seen in figure 3-1.
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[bookmark: _Toc218553487]Figure 3‑1 Shape Charge Profile
The decision to adopt a two-dimensional (2D) axisymmetric model initially was driven by the need to explore alternative design configurations with high computational efficiency. Axisymmetry reduces the full three-dimensional problem to a planar representation by exploiting geometric symmetry about the charge axis, thereby significantly reducing the number of degrees of freedom and simulation cost. For shaped charges, this assumption remains valid insofar as the liner and explosive are radially symmetric and the jet propagation occurs along the central axis, a simplification commonly used in CAE studies of such devices [17].
It should be emphasised that these 2D models were intended as design exploration tools, not as final predictive models of performance. The axisymmetric approximation cannot inherently capture non-axisymmetric effects such as asymmetrical collapse, three-dimensional jet break-up phenomena, and strain localisation mechanisms that arise in full 3D systems. Nonetheless, 2D axisymmetric models permit efficient parametric studies of geometry, mesh resolution, and material model behaviour prior to committing to computationally intensive three-dimensional analyses.
Once a nominal design had been identified from the 2D exploration, this configuration was translated into a three-dimensional (3D) model to capture the essential physics of three-dimensional collapse and jet evolution. The transition from 2D to 3D is necessary because true jet formation inherently involves three-dimensional stress states, variations in velocity components away from the rotational axis, and contact interactions that cannot be fully represented in axisymmetric analyses.

[image: ]
[bookmark: _Toc218553488]Figure 3‑2 3D Model
Boundary conditions in both 2D and 3D models were defined to reflect free explosive expansion and symmetric constraint along the axis. The detonation was initiated at the  rear dead centre of the charge.
[bookmark: _Toc218553462]Numerical Framework in Abaqus
The numerical framework for all simulations was implemented in Abaqus/Explicit, an explicit dynamics solver appropriate for shock-driven, high strain-rate problems. Abaqus/Explicit employs a conditionally stable explicit time-integration scheme, avoiding iterative equilibrium at each increment but requiring small time steps governed by the smallest element dimension and local wave speed [21]. The explosive–liner interaction was modelled using general contact, enabling transmission of detonation-driven pressures from the explosive products into the liner. The explosive charge was defined using a JWL EOS (Figure 4-1), and the liner and casing were assigned a Johnson–Cook model (Figure 4-2).
Model construction required sustained engagement with the Property and Mesh modules to define material assignments, element types, and local mesh refinement. In the 2D axisymmetric models, both triangular and quadrilateral Lagrangian meshes were trialled; no consistent improvement in stability was observed between element types for the collapse regime considered. Mesh refinement was concentrated in regions expected to exhibit steep pressure and velocity gradients, particularly within the cylindrical segment of the liner and the jet formation zone. Contact behaviour was defined as hard in the normal direction to prevent penetration, with tangential behaviour configured to permit sliding during collapse, supporting stable liner inversion and early jet development.

[bookmark: _Toc218553463]Modelling Methodology
The methodology and selection of material models and EOS is critical in high-strain-rate simulations, as these choices govern the response of both explosive products and structural materials under extreme pressure, temperature, and deformation. In shaped charge modelling, the explosive must be described by an EOS capable of capturing detonation wave propagation and post-detonation expansion, while the metallic liner requires a model that accounts for large plastic strains and strong strain-rate sensitivity. The following subsections describe the evolution of modelling choices adopted in this study, with emphasis on the physical and numerical implications of each decision.
[bookmark: _Toc218553464]Choices made from the literature
Following the literature review, HMX and TNT were selected as representative high explosives for the simulations, both modelled using the JWL equation of state with parameters taken from published sources. The shaped charge liner and casing were modelled using Johnson–Cook, and copper and 4340 steel were chosen for the liner and casing respectively. The EOS and constitutive parameters employed are summarised in Tables 4-1 and 4-2.

[bookmark: _Toc218553517]Table 4‑1 EOS Parameters
	Explosive
	A
(Pa)
	B
(Pa)
	R1
	R2
	ρ₀ (kg/m³)
	E0 (J/m3)
	ω

	HMX[35]
	7.7828e^11
	7.071e^9
	4.2
	1
	1891
	10.5e^9
	0.3

	TNT[36], [37]
	6.09e^11
	1.3e^10
	4.5
	1.4
	1600
	6e^9
	0.25




[bookmark: _Toc218553518]Table 4‑2 Johnson-Cook Values
	Material

	A
(Pa)
	B
(Pa)
	n
	C
	m
	ε̇0
(s-1)
	ρ 
(kg/m3)
	Tmelt
(K)

	Copper [32], [38]
	2.5e^8
	3.44e^8
	0.51
	0.066
	0.91
	1
	8900
	1356

	Steel 4340 [35], [39]
	7.6e^8
	5.07e^8
	0.28
	0.064
	1.06
	1
	7850
	1793



[bookmark: _Toc218553465]Initial Use of HMX
The initial simulations employed HMX as the explosive fill, published JWL parameter sets for HMX indicate a high Chapman–Jouguet detonation velocity and peak detonation pressure relative to other military explosives, making it an attractive choice for modelling high-performance shaped charges [29].
HMX was selected initially due to its high detonation velocity and pressure, which are known to produce strong momentum transfer to the liner and high jet tip velocities in both experiments and numerical studies [40]. These characteristics are desirable from a physical standpoint, as the jet formation process is directly driven by the pressure loading imparted by the detonation products.
However, the high pressures generated by the HMX EOS caused problems within a purely Lagrangian finite element framework. Upon interaction of the detonation wave with the liner, extremely rapid liner collapse occurred at the liner edge and apex, leading to intense localisation of strain and severe element distortion. This distortion progressed rapidly, particularly in the cylindrical region, resulting in negative element volumes and early termination of the explicit solver. Such behaviour is consistent with documented limitations of Lagrangian methods when applied to problems involving extreme deformation and shock-dominated loading [23, p. 5].
The key insight from these simulations is that while the use of HMX with literature-consistent JWL parameters is physically realistic, the resulting detonation pressures exceeded the capability of the available Lagrangian mesh to accommodate the associated deformation at the chosen resolution. In this context, instability arose not from incorrect physical modelling, but from the inherent limitations of the approach.
[bookmark: _Toc218553466]Adaptive Meshing
To address the mesh distortion observed in the initial HMX simulations, adaptive meshing was explored. Adaptive meshing aims to maintain element quality by allowing the mesh to move independently of the material and by redistributing nodes to reduce distortion while preserving connectivity [41]. In this problem, liner collapse was highly localised and occurred over microsecond timescales under simultaneous shock loading and evolving contact, such that mesh smoothing and node redistribution could not prevent element inversion. Moreover, remapping of state variables across a moving mesh in the presence of strong shock fronts and contact interfaces can introduce noise and instability in explicit dynamics [42]. Consequently, adaptive meshing did not extend simulation runtime in either 2D or 3D, indicating that adaptive Lagrangian approaches were not robust enough for the coupled detonation–collapse–jet formation regime considered here. 
This outcome highlights a fundamental limitation of adaptive meshing for shaped charge modelling: although adaptive Lagrangian techniques can delay mesh degradation in moderately deforming systems, they are poorly suited to problems dominated by extreme deformation, shock-driven flow, and rapidly evolving contact conditions, particularly when solved using explicit time integration.
[bookmark: _Toc218553467]Transition to TNT
In light of the instability associated with HMX, the modelling strategy was revised to employ TNT as the explosive, again represented using a JWL EOS. TNT is characterised by a lower detonation velocity and peak pressure compared with HMX, with well-established EOS parameters available in the literature [25], [43]. This reduction in detonation severity results in a less aggressive pressure loading on the liner, thereby moderating the rate and extent of liner collapse.
The use of TNT significantly reduced the severity of mesh distortion in the liner region, allowing simulations to progress further in time without encountering negative element volumes. This improved stability enabled the capture of data, including pressure wave propagation, liner inversion, and early jet formation, albeit with lower jet velocities than would be expected from an HMX-driven charge.
The decision to employ TNT represents a deliberate modelling judgement rather than a physical simplification. TNT was selected as a replacement explosive to enable further analysis of jet formation within the constraints of a Lagrangian finite element framework. This approach allows meaningful comparison of pressure fields, stress evolution, and jet velocity trends, while acknowledging that absolute performance metrics would differ from those associated with higher-energy explosives.
This progression of material and EOS selection illustrates the necessity of balancing physical fidelity against numerical robustness in shaped charge simulations, with the results from these simulations reinforcing the importance of aligning modelling choices with both physical objectives and numerical constraints.

[bookmark: _Toc218553468] 2D Simulation Results and Analysis
This section presents and critically analyses the results obtained from two axisymmetric two-dimensional shaped charge simulations employing identical liner geometry but different explosive formulations: HMX and TNT. The purpose of these 2D models was not to generate quantitatively predictive penetration metrics, but rather to explore jet formation behaviour, mesh sensitivity, and the influence of explosive choice on simulation stability. These simulations therefore function as design exploration tools that inform the subsequent three-dimensional modelling strategy.
[bookmark: _Toc218553469]Description of the 2D Designs
Both 2D designs consisted of the cylindrical-conical copper liner, modelled axisymmetrically, as seen in figure 3-1. Both triangular and quadrilateral Lagrangian meshes were explored in order to assess mesh sensitivity and element distortion behaviour.
Figure 5-1 shows the assembled 2D HMX model discretised using quadrilateral elements, while Figure 5-2 presents the equivalent assembly using triangular elements.
It can be seen that there is higher element quality near the liner cylinder, where deformation is expected to be most severe.
[image: ]
[bookmark: _Toc218553489]Figure 5‑1 2D Mesh with HMX and Quads
[image: ]
[bookmark: _Toc218553490]Figure 5‑2 2D Mesh with HMX and Tris
[bookmark: _Toc218553470]HMX Simulations
In both triangular and quadrilateral HMX simulations, detonation generated extremely high pressures at the explosive–liner interface, consistent with published HMX data [43]. This drove rapid liner collapse at the apex, producing intense plastic deformation over a highly localised region. Velocity plots extracted from selected liner nodes (Figures 5-3 to 5-6) indicate the onset of jet initiation in both mesh types.
[image: ]
[bookmark: _Toc218553491]Figure 5‑3 Velocity-Time plot of selected nodes (HMX, Quads)
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[bookmark: _Toc218553492]Figure 5‑4 Selected Nodes for Velocity Plot (HMX, Quads)
[image: ]
[bookmark: _Toc218553493]Figure 5‑5 Velocity Time Plot for selected nodes (HMX, Tris)

[image: ]
[bookmark: _Toc218553494]Figure 5‑6 Selected Nodes for Velocity Plot (HMX, Tris)
Despite this, both simulations terminated prematurely due to severe element distortion and the formation of negative element volumes. Failure initiated at the liner cylinder, where shock loading, plastic flow, and contact effects coincided. Quadrilateral elements exhibited stronger hourglassing and distortion, while triangular elements showed marginally improved robustness but failed for the same underlying reason.
These failures do not indicate incorrect physical behaviour, but rather reflect the fragility of a purely Lagrangian formulation under extreme detonation pressures. Although HMX provides a physically realistic driver, its pressure levels exceeded the capability of the chosen mesh resolution, directly motivating the transition to alternative formulations in later sections.
[bookmark: _Toc218553471]TNT Simulations: Improved Stability and Jet Development
Replacing HMX with TNT significantly reduced the peak detonation pressure and the rate of liner collapse. As a result, the TNT simulations using triangular elements went further without premature termination and produced more coherent jet formation.

[image: ]
[bookmark: _Toc218553495]Figure 5‑7 Triangular Mesh for TNT simulation
Velocity histories extracted from the liner indicate the formation of a high-velocity jet followed by a slower trailing slug, consistent with classical shaped charge theory [4].
[image: ]
[bookmark: _Toc218553496]Figure 5‑8 Velocity-Time Plot (TNT, Tris)
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[bookmark: _Toc218553497]Figure 5‑9 Selected Nodes for Velocity Plot (TNT, Tris)

Pressure contour plots tracking shock propagation and liner collapse at four time instances are presented in Figures 5-10 to 5-13.
[image: ]
[bookmark: _Toc218553498]Figure 5‑10 Pressure Contours at Early Stage Detonation (TNT)
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[bookmark: _Toc218553499]Figure 5‑11 Pressure Contours 2 (TNT)
[image: ]
[bookmark: _Toc218553500]Figure 5‑12 Pressure Contours at Liner Collapse (TNT)
[image: ]
[bookmark: _Toc218553501]Figure 5‑13 Pressure Contours at Jet initiation (TNT)
These figures clearly show stress concentration at the liner cylinder, as it collapses to begin forming the jet.
[bookmark: _Toc218553472]Critical Discussion and Limitations
The comparison between HMX and TNT simulations demonstrates that explosive choice has a strong effect on both physical response and stability. While HMX provides a more realistic representation of high-performance shaped charges, its use exceeded the capability of the Lagrangian mesh to accommodate the resulting deformation. TNT, by contrast, enabled stable qualitative analysis of jet formation mechanisms and stress evolution.
Several limitations must be explicitly acknowledged:
· The axisymmetric assumption neglects inherently three-dimensional instabilities and asymmetries.
· No material failure, damage, or erosion models were included, limiting the realism of jet breakup behaviour.
· Results are sensitive to EOS parameter selection and mesh density.
· Jet velocities are interpreted qualitatively rather than as validated quantitative predictions.
Despite these limitations, the 2D simulations successfully fulfilled their intended role as exploratory tools. They informed mesh strategy, explosive selection, and solver limitations, directly motivating the subsequent transition to three-dimensional modelling and the adoption of mesh-free techniques.

[bookmark: _Toc218553473]3D Simulation
While the two-dimensional axisymmetric simulations provided valuable insight into liner collapse behaviour and numerical sensitivity, the assumption of perfect axisymmetry imposes inherent physical limitations. In particular, axisymmetric models suppress non-uniform deformation modes and constrain the stress state in a manner that does not fully represent the three-dimensional nature of shaped charge jet formation. To improve physical fidelity and assess the associated computational trade-offs, a three-dimensional model was therefore developed.
[bookmark: _Toc218553474]Development of the 3D Model
The three-dimensional geometry was generated by revolving the two-dimensional axisymmetric profile about the charge axis. The resulting assembly, shown in Figure 6-1, allows the liner to collapse freely in three dimensions, enabling more realistic stress redistribution and material flow during detonation. The corresponding mesh, also shown in Figure 6-1, necessarily involved a substantially larger number of elements than the 2D models, particularly in the liner region where high spatial resolution is required to capture jet initiation.
[image: ]
[bookmark: _Toc218553502]Figure 6‑1 Assembly and Mesh (3D)
Despite the increased computational cost, removal of the axisymmetric constraint permits the development of three-dimensional stress states and deformation patterns that are suppressed in 2D analyses.
[bookmark: _Toc218553475]Comparison between 2D and 3D
A key observation from the three-dimensional Lagrangian simulations is that liner collapse and jet formation proceeded in a more gradual and physically interpretable manner than in the corresponding 2D models. Whereas the 2D simulations terminated prematurely due to severe mesh distortion, the 3D model employing TNT as the explosive driver progressed further in time and exhibited improved stability.
The final deformation state of the three-dimensional simulation is shown in Figure 6-2, illustrating the overall liner collapse and the formation of a developing jet. Velocity histories extracted from representative nodes on the jet (Figures 6-3 and 6-4) show a increasing separation between the high-velocity jet and the slower trailing material than was observed in the axisymmetric simulations. This improvement arises because deformation and stress redistribution are no longer artificially constrained to remain axisymmetric. This enabled a longer simulation, allowing the faster elements of the jet to make distance on the slower elements, making it more apparent in the plot.
[image: ]
[bookmark: _Toc218553503]Figure 6‑2 End State of 3D Lagrangian simulation
[image: ]
[bookmark: _Toc218553504]Figure 6‑3 Velocity-Time Plot (3D)
[image: ]
[bookmark: _Toc218553505]Figure 6‑4 Selected Nodes for Velocity Plot (3D)

[bookmark: _Toc218553476]Pressure and Shock Behaviour
Pressure wave propagation in the 3D simulation was more stable and physically interpretable than in the corresponding 2D models. Figures 6-5 to 6-7 show the evolution of the detonation pressure field and its interaction with the collapsing liner. Due to a further simulation more pressure data can be gathered as the jet begins to form.

[image: ]
[bookmark: _Toc218553506]Figure 6‑5 Shockwave Propagation 1 (3D)
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[bookmark: _Toc218553507]Figure 6‑6 Shockwave Propagation 2 (3D)
[image: ]
[bookmark: _Toc218553508]Figure 6‑7 Shockwave Propagation 3 (3D)
[bookmark: _Toc218553477]Adaptive Meshing in 3D
Although the three-dimensional formulation improved physical fidelity and delayed failure, mesh distortion remained a limiting factor in regions of intense liner collapse and jet elongation. Adaptive meshing techniques were therefore investigated as a potential means of extending simulation runtime and preserving element quality.
As in the two-dimensional case, adaptive meshing proved ineffective. The liner collapse is highly localised, occurs over microsecond timescales, and is accompanied by strong shock loading and rapidly evolving contact conditions. Under these circumstances, adaptive remeshing algorithms were unable to redistribute the mesh sufficiently to prevent element inversion. Representative solver error message and mesh failure behaviour are shown in Figure 6-5.
[image: ]
[bookmark: _Toc218553509]Figure 6‑8 Adaptive Meshing failure (3D)
These results demonstrate that, even in three dimensions, mesh-based Lagrangian formulations remain fragile when applied to shaped charge problems dominated by extreme deformation and shock-driven flow. This limitation motivated the adoption of a fundamentally different technique, discussed in the following section.

[bookmark: _Toc218553478]Smoothed Particle Hydrodynamics
The limitations encountered in mesh-based Lagrangian simulations motivated the adoption of SPH as an advanced technique for modelling shaped charge jet formation. SPH is a mesh-free Lagrangian method in which the continuum is discretised into particles carrying mass, momentum, and state variables. Because no fixed mesh connectivity exists, SPH naturally avoids the element distortion and inversion that limited the finite element simulations, making it well suited to problems involving extreme deformation and material flow.
[bookmark: _Toc218553479]SPH Setup
In the SPH formulation, both the liner and explosive domains were discretised into particles at a specific point in time during the simulation, allowing the collapse and subsequent jet formation to proceed without the geometric constraints imposed by finite element meshes. This approach eliminated the need for adaptive meshing or element deletion strategies, enabling uninterrupted simulation through the critical stages of liner collapse and jet development.
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[bookmark: _Toc218553510]Figure 7‑1 Initial Point before SPH initiates
[bookmark: _Toc218553480]Jet Formation
A principal improvement observed in the SPH simulations was the formation of a coherent and continuous shaped charge jet. Unlike the Lagrangian finite element models, which either terminated prematurely or exhibited severe artefacts, the SPH simulations progressed through liner inversion and the beginning of jet elongation without numerical failure. Representative stages of jet development are shown in Figures 7-2 and 7-3.
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[bookmark: _Toc218553511]Figure 7‑2 SPH Initiates
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[bookmark: _Toc218553512]Figure 7‑3 SPH Simulation End State
Maximum principal stress fields extracted at early and late stages of the SPH simulation (Figures 7-5 and 7-6) illustrate the transition from compressive stress dominance during liner collapse to tensile stress regimes during jet stretching. This behaviour is consistent with classical shaped charge theory and demonstrates the ability of SPH to track stress evolution through extreme deformation.
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[bookmark: _Toc218553513]Figure 7‑4 Max Prinicipal Stress Start State
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[bookmark: _Toc218553514]Figure 7‑5 Max Principal Stress End State

[bookmark: _Toc218553481]Velocity Analysis
Velocity histories extracted from representative particles along the cylinder (Figures 7-6 and 7-7) show a clear velocity gradient, with leading particles achieving higher velocities than trailing material. Compared with the finite element results, the SPH velocity profiles exhibit reduced unwanted variance, enabling more reliable qualitative interpretation of jet kinematics.
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[bookmark: _Toc218553515]Figure 7‑6 Velocity-Time Plot for SPH Particles
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[bookmark: _Toc218553516]Figure 7‑7 Selected Nodes for SPH Velocity-Time Plot
[bookmark: _Toc218553482]Computational Cost
The primary disadvantage of the SPH approach is its computational cost. The large number of particles required to resolve the liner and jet, combined with neighbour search and kernel evaluation procedures, resulted in significantly increased simulation time and memory usage relative to finite element methods. In addition, the intrinsic smoothing of SPH can obscure fine-scale features unless particle resolution is further increased, compounding computational expense.

[bookmark: _Toc218553483] Discussion of Results
The 2D, 3D, and SPH simulations enable direct comparison of the approaches for shaped charge modelling in terms of stability, physical fidelity, and computational cost. This comparison is critical, as jet formation combines shock-driven loading with extreme, localised deformation.
The 2D Lagrangian models were computationally efficient and effective for early-stage exploration of mesh sensitivity, explosive choice, and jet initiation. However, stability was limited under high-pressure loading, and axisymmetry constrained deformation modes and stress redistribution. These models are therefore best suited as screening tools rather than predictive simulations.
The 3D Lagrangian model improved physical fidelity by removing axisymmetric constraints and enabling more realistic stress states and jet kinematics. Stability improved when TNT was employed, but severe mesh distortion remained the dominant failure mechanism in collapse and jet-elongation regions, and computational cost limited achievable resolution.
SPH provided the highest robustness by eliminating mesh tangling, enabling stable simulation of liner collapse, jet formation, and pressure-wave propagation. This robustness was achieved at increased computational cost and with some smoothing of sharp shock features.
Overall, solver robustness emerged as the primary constraint in shaped charge modelling, justifying the adoption of SPH as the final analysis approach in this study.

[bookmark: _Toc218553484] Limitations and Recommendations
[bookmark: _Toc51833419]Despite the insights gained from the simulations, several limitations must be acknowledged. Uncertainty in explosive EOS parameters remains significant: although literature-consistent JWL parameters were adopted for both HMX and TNT, published values vary, and predicted detonation pressures and liner collapse velocities are sensitive to EOS choice. For this reason, the present study emphasises qualitative trends rather than absolute performance metrics.
A further limitation is the absence of experimental validation. No direct comparison with measured jet velocities or penetration data was performed, restricting assessment of quantitative accuracy. While observed trends are consistent with established shaped charge theory, experimental validation would be required for predictive use.
In addition, the liner material was modelled using a Johnson–Cook constitutive law without damage, fracture, or erosion models. Consequently, late-stage jet breakup and fragmentation were not physically represented, and interpretation is limited to early jet formation and elongation.
[bookmark: _Toc290554257][bookmark: _Toc299621222][bookmark: _Toc299631447][bookmark: _Toc299631509][bookmark: _Toc299631599][bookmark: _Toc299631675]Future work could address these limitations through improved EOS calibration, incorporation of damage and failure models, and adoption of coupled Eulerian or hybrid SPH–FEM formulations to balance robustness and efficiency.. 

[bookmark: _Toc218553485]Conclusion
This study has presented a critical investigation into the modelling of shaped charge jet formation, with emphasis on blast loading, shock propagation, and material response under extreme strain-rate conditions. A structured progression from two-dimensional axisymmetric simulations to three-dimensional modelling and mesh-free techniques enabled systematic assessment of both physical behaviour and technical limitations.
The 2D Lagrangian models provided an efficient framework for exploring liner collapse behaviour, mesh sensitivity, and explosive selection, but were constrained by axisymmetry and severe mesh distortion under high detonation pressures. Transitioning to three-dimensional modelling improved physical fidelity by permitting more realistic stress redistribution and jet kinematics, although mesh-based formulations remained numerically fragile in regions of extreme deformation.
The adoption of SPH represented a decisive improvement in simulation robustness. By eliminating mesh distortion, SPH enabled stable simulation of liner collapse, jet formation, and pressure-wave propagation in regimes where finite element approaches failed, albeit at increased computational cost.

Overall, the work demonstrates a strong understanding of blast and shock physics, high strain-rate material behaviour, and the importance of numerical method selection. It highlights that, for shaped charge problems, solver robustness is often as critical as material fidelity in achieving physically interpretable results.
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