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Abstract

This paper analyses the development of a numerical platform for the analysis of
ballistic phenomena, focusing on the link between internal ballistics and terminal
ballistics. The first part of the work addresses internal ballistics, with a focus on
the generation of the projectile’s initial conditions within the barrel and is treated
as the initial module of the platform, since the final conditions obtained influence
subsequent behaviour upon impact.

The second part of the study, on the other hand, focuses on terminal ballistics
and the interaction between projectile and target, in particular on the mechanisms
of penetration, deformation, energy transfer and damage. In this context, the
terminal response is analysed using a numerical approach necessary to support
the study of projectile-target interaction.

From a methodological perspective, the study adopts principles derived from
systems engineering and Design for Six Sigma (DFSS) in order to structure the
work, define the system boundaries, identify key variables and ensure
consistency between modelling assumptions, outputs and objectives. The
numerical implementation is developed using ANSYS Workbench and LS-DYNA,
which are extremely effective in the analysis of dynamic and non-linear ballistic
events.

The overall contribution of the study lies in the definition of a modelling
framework that links internal ballistic conditions to terminal ballistic behaviour,
whilst establishing a methodological basis for the development of a future, more
advanced and integrated ballistic simulation platform.

Keywords

Internal ballistics, terminal ballistics, finite element analysis, projectile—target
interaction, ballistic gelatine, ANSYS LS-DYNA, hunting ammunition, Systems
Engineering
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1. Introduction

1.1 Background and Context

Ballistics is an engineering discipline that studies the motion of projectiles and
their interaction with the surrounding environment and with targets. It includes the
study of bullets, bombs, and rockets [1], and it is based on principles derived
from classical mechanics, fluid dynamics, materials science, and
thermodynamics. Ballistics is applied in many fields, such as defence systems,
law enforcement, aerospace engineering, industrial testing, sport shooting, and
hunting [2] - [3]. To manage the complexity of projectile motion and impact
phenomena, the ballistic process is traditionally divided into four distinct phases
[2] - [3]:

. Internal ballistics,
Il Transitional or intermediate ballistics,

1R External ballistics,
V. Terminal ballistics.

a s N 3
Internal Ballistics Transitional Ballistics External Ballistics Terminal Ballistics
Projectile motion Muzzle exit and Projectile flight in Projectile-target
j =3 Lo j gl L j g

inside the barrel post-exit disturbances the atmosphere interaction

ILIIIIEIIIILIIIY, aAm a5 i 2
e = & L=~
\\ . % A N

L 7 p 8 J A R J

This division helps to better understand the main physical phenomena, clearly
define system boundaries, and simplify the analysis.

This study is mainly focusing on internal and terminal ballistics. Where internal
ballistics describes what happens to the projectile inside the barrel, starting from
the ignition of the propellant and how the projectile’s interaction with the barrel
before it leaves it. This phase is crucial because it defines the initial conditions
that directly influence all subsequent stages of the ballistic process [4]. Terminal
ballistics, on the other hand, deals with what happens after impact, describing
how the projectile interacts with the target through penetration, deformation,
fragmentation, and energy transfer mechanisms [5].

Terminal ballistic behaviour is particularly complex due to nonlinear material
responses, large deformations, and strong sensitivity to impact conditions such
as velocity, impact angle, and projectile orientation [5] - [6]. When biological
targets are involved, additional factors must be considered, including tissue
heterogeneity and anatomical differences [7]. For engineering testing purposes,
such targets are commonly represented using standardized models, especially
calibrated ballistic gelatine, which provides a repeatable and controlled tool for
studying penetration depth and energy dissipation [8] - [9]. These approaches are
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widely used in forensic and military fields and form the basis of many testing
standards [10].

In hunting applications, ballistic performance must not only be technically
effective, but also reliable and ethically acceptable. The projectile must ensure
adequate penetration and controlled energy transfer, without causing
unnecessary tissue damage or excessive penetration. These aspects are
addressed and regulated by national regulations and guidelines governing
hunting activities in Sweden and across Europe [11] - [12]. Experimental studies
on terminal ballistics in European hunting applications show that overly simplified
models cannot provide reliable and repeatable results. Even small variations in
impact velocity, entry angle, or target anatomical structure can lead to very
different behaviours [13]. This highlights the need for a structured engineering
approach capable of supporting robust analysis and design activities.

1.2 Problem Statement

Buohttavrre Abbnas (Buohttavrre Technologies), see figure is a traditional family-
owned company managed by the Lulesami Lussi family, with consolidated
experience in the development of technologies used in Arctic environments in the
Fennoscandian region. The company operates under extreme environmental
conditions and very stringent functional requirements, where reliability and
robustness are essential aspects [16] - [17].

BUOHTTAVRRE ABNNAS
BUOHTTAVRRE TECHNOLOGIES

Since: ab immemorabili

North 66° 11’ 17" : East 20° 14' 36" \ /
[ |

Within this context, the challenge addressed in the present study consists of
defining a ballistic analysis platform with particular focus on internal and terminal
ballistics, applied to hunting scenarios typical of Nordic conditions. Experimental
studies show that overly simplified models and approaches cannot provide
reliable and repeatable results. Even small variations in impact velocity, entry
angle, or target anatomical structure can lead to significantly different terminal
behaviours [13]. This highlights the need for a concrete engineering approach,
based on clear requirements and a solid problem formulation from the early
stages, to comply with the regulatory and ethical constraints governing hunting
activities [11]. Practical feedback from stakeholders involved in hunting
applications confirms this variability. Excessive penetration is frequently observed
when hunting small game, whereas insufficient penetration or inadequate energy
transfer may occur when hunting large animals [14] - [15].
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The challenge involves understanding and analysing the behaviour of the ballistic
system during the internal ballistics and terminal ballistics phases. In particolar,
the objectives of the challenge are:

I.  To break down the ballistic system into its main subsystems, focusing on
those of greatest relevance to the study [14].

II.  To identify the key parameters that link the initial conditions of internal
ballistics to the effects observed during the terminal ballistics phase [14] -
[15].

.  To analyse the influence of these parameters on the terminal response of
the projectile, with particular attention to the causes of variability [13].

IV.  To define clear, measurable, and repeatable performance criteria to be
used as a reference for subsequent numerical simulation activities and
experimental validation [16].

For this analysis, a numerical simulation platform based on the finite element
software ANSYS LS-Dyna [38] is used. This tool is well suited for the study of
high-speed dynamic events, allowing the modelling of large deformations,
nonlinear material behaviour, and contact interactions typical of ballistic
phenomena [14].

1.3 Research Question

The present author has formulated the following research question that guides
the study:

“How can the research and development (R&D) process of a novel numerical
platform for internal and terminal ballistics analysis be structured?”

The formulation of this research question arises from the complexity of ballistic
phenomena, focusing the study not only on numerical development but also on
the methodological structuring of the R&D process, in accordance with the
principles of Systems Engineering and Design for Six Sigma (DFSS) [16].

14 Limitations

The present study excludes certain aspects to simplify the study model and
numerical analyses, avoiding unnecessary complexity and thereby defining clear
boundaries in line with the principles of Systems Engineering [23] - [24]. For this
reason, the points listed below fall outside the scope of this work:

I.  Gunpowder chemistry and combustion modelling: these phenomena
involve gaseous chemical reactions and burning rates.
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II.  Chemical reaction modelling: the modelling involves advanced
simulations of high-pressure gas dynamics [17] - [18].

I"l. Transitional ballistics: the effects that occur from the moment the
projectile exits the barrel, such as muzzle blast and aerodynamic
instabilities.

IV.  External ballistics: the flight of the projectile through the atmosphere,
including aerodynamic drag, gravitational force, wind, and gyroscopic
effects. The impact velocity is therefore treated as an imposed parameter
[19] - [20].

V.  Complexity of biological tissues: faithfully representing the target requires
accounting for the heterogeneity and anisotropy of biological materials [6],
[8] - [9],[40] - [41]. However, a ballistic gelatine model may be adopted as
a surrogate target.

1.5 Methodological Framework

The current study fits into the broader context of Systems Engineering and
follows the Design for Six Sigma (DFSS) approach [6]. According to NASA,
systems engineering is a design methodology that enables the development of
complex systems by bringing together various technical disciplines to create
solutions that fulfil both technical requirements and user needs [17]. According to
the International Council on Systems Engineering (INCOSE), Systems
Engineering is regarded as a transdisciplinary field that structurally integrates
technical, organizational, and managerial aspects [18]. Considering these
definitions, it is possible to delineate a coherent framework that guides
professionals who adopt this approach in addressing and solving complex
problems, in line with the principles and standards inherent to DFSS.

7 ) - ™ a B 4 )\

Q i =0

Identify |—> Design |—=»| Optimise |—>»| Validate

Problem definition Modelling strategy Sensitivity checks Consistency checks
and system and platform and numerical and future
boundaries structure refinement validation logic

\ J \ J N S L8 Y,

DFSS requires design teams to prevent defects from the initial design phase,
avoiding the need to resolve problems after product launch, thereby enabling the
identification and correction of critical issues that could generate defects before
the system enters operation. This proactive approach allows systems to operate
with high stability and predictable performance, while at the same time reducing
the costs associated with modifications required in later stages of implementation
[16]. DFSS provides organizations with a data-driven method for transforming
customer and stakeholder requirements into precise, measurable, and
controllable engineering standards throughout the entire design process. To
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develop high-quality engineering solutions, reference is made to a factor of vital
importance, represented by the linkage between customer needs and product
design requirements [19].

- { © Stage 1 > Requirements m Opportunity Analysis
( - o Identify Functional Requirements

w , 2 ] Conceptual Design ==~ Develop Concept Alternatives

y A8 e Evaluate Concepts

., Identify Parameters
e Develop Layouts

Preliminary Design

, Optimize Design

¥ > Detailed Design

"« Detail Layouts

> Detailed Design Generate Test Requirements

 Prototype Testing
Validate x Prototype )
i' ~ Pre-Launch
( o Validate > Launch Implement

* Demonstrate Performance

m Generate Test Requirements

Step 7 MDA
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2. Literature Review

21 Ballistics as an engineering discipline

Starting from the introduction provided in the Introduction, ballistics can be
analysed in a more rigorous way, analysing projectile behaviour through the
interaction between mechanics, thermodynamics, fluid motion, and material
response. Classical ballistic theory provides the general framework to describe
projectile motion in the different phases, but engineering analysis requires a more
explicit attention to load transfer, structural integrity, strain-rate effects, and
energy dissipation mechanisms [1] [2]. From an engineering point of view, the
traditional subdivision into internal, transitional, external, and terminal ballistics is
useful because each phase is governed by different phenomena and therefore
requires specific modelling assumptions and analytical tools [1] - [2], [4]. Internal
ballistics is mainly governed by pressure generation, confined acceleration, and
projectile—barrel interaction. External ballistics mainly concerns flight stability and
aerodynamic response. Terminal ballistics focuses on the local and global effects
of impact, including penetration, deformation, fragmentation, and energy transfer
[4] - [5]. Among these phases, transitional ballistics acts as a physically short
phase, in which muzzle blast and subsequent disturbances can influence the
beginning of free flight.

This phase decomposition is particularly useful when the objective does not
provide only for the description of isolated ballistic events and, moreover, it is
consistent with a vision of ballistics based on Systems Engineering, where each
phase can be treated as a subsystem with specific inputs, outputs, assumptions,
and sources of uncertainty. For the purposes of the present work, this systemic
vision is essential, since it supports the integration of the results of internal
ballistics into the terminal ballistics model, instead of treating the two phases
independently.

2.2 Internal ballistics
Pressure behind e Projectile Motion toward
projectile Pr(7ect|le acceleration muzzle Muzzle

NN ] ] ]

Propellant / j
gases M e >

—_—
4

Pressure generation Projectile-barrel interaction Muzzle exit conditions
Combustion of propellant High pressure behind the At the muzzle, the projectile
produces high-pressure projectile causes engraving exits to ambient pressure
gases in the chamber. ¢ of rifling and accelerates with a resulting velocity.

the projectile down the bore.
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In classical theory, the problem of internal ballistics is fundamentally a problem of
energy conversion: the chemical energy released by the propellant is
transformed into gas pressure, which accelerates the projectile along the barrel
by interacting with the barrel walls themselves and with the internal geometry of
the weapon system [3], [17]. Even in simplified theoretical treatments, this phase
remains highly complex, because projectile acceleration, chamber pressure, gas
expansion, friction, engraving, and structural response evolve simultaneously in a
very short time interval.

Traditional internal ballistics analysis has often been based on lumped or semi-
empirical models able to predict quantities such as chamber pressure and
muzzle velocity [3], [17]. These models provide analytical clarity and can be used
for preliminary calculations and parametric estimates, but at the same time they
are limited in the ability to describe local mechanical effects, such as stress
concentrations, transient contact behaviour, projectile deformation, and detailed
interaction between projectile and barrel [36], [42]. Recent numerical studies
have shown that explicit finite element modelling can be used to reproduce the
in-bore phase when short-duration dynamic effects, complex contact interactions,
and nonlinear material behaviour are important [36] - [37], [39]. In these
approaches, the pressure history can be introduced either through a simplified
pressure-time load or through more elaborate formulations connected to the
equations of internal ballistics [36], [42]. The literature indicates that this strategy
is particularly useful when the objective is not only to estimate muzzle velocity,
but also to obtain projectile kinematics, stress distributions in the barrel, and local
transient response quantities that are difficult to access experimentally [36] - [37].

Another important characteristic of internal ballistics modelling is the choice of the
numerical solver. Since the in-bore phase involves impulsive loads, high
accelerations, contact nonlinearities, and very small-time steps, explicit dynamics
has become the preferred strategy in many studies [36], [39]. The central
difference formulation implemented in LS-DYNA and in similar solvers is
particularly suitable for this class of problems, provided that mesh, contact
definitions, material parameters, and time step control are selected consistently
[38] - [39]. For the present project, this literature is particularly relevant, since it
supports the use of a simplified but mechanically meaningful internal ballistics
model, whose outputs can subsequently be transferred to the terminal phase.

2.3 Terminal Ballistics

Unlike internal ballistics, terminal ballistics concerns the response of the projectile
and the target after impact, dealing with failure processes dominated by contact
and with the redistribution of kinetic energy within the projectile—target system [4]
- [5]. Relevant results can include penetration depth, projectile deformation,
expansion, fragmentation, target damage, and the partition of energy between
projectile damage, target damage, and other dissipative mechanisms [4],[19].

A central aspect of terminal ballistics is that the final response depends on
multiple variables rather than on a single performance indicator. Projectile mass,
geometry, construction, and strength, as well as impact velocity, influence the
process, but their effects are derived from the properties of the target and from
the sequence of mechanisms activated during penetration [4] - [5]. For this
reason, it is often misleading to interpret terminal performance exclusively in
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terms of nominal muzzle energy. The literature instead shows that projectile
design, its geometrical properties, and its deformation characteristics can strongly
influence penetration and energy transfer, sometimes more than velocity alone
[5], [41]. Terminal response is also highly sensitive to the category of the target.
Soft targets, tissue-like media, metals, ceramics, and concrete each involve
different mechanisms and require different modelling approaches [4], [19]. In soft
or tissue-like media, the analysis typically focuses on penetration, cavity
formation, and projectile deformation. In harder targets, instead, the focus shifts
to localised high-pressure contact, erosion, fracture, plugging, and perforation
resistance [5][19].

Deformation /

Penetration Expansion Fragmentation

/
7

Temporary cavity Permanent cavity

24 Projectile—target interaction

Projectile—target interaction constitutes the core of terminal ballistics, since at the
moment of impact, the kinetic energy carried by the projectile is redistributed
through a combination of elastic waves, plastic deformation, fracture processes,
friction, local heating, and material separation [5], [13]. The importance of each
mechanism depends on impact velocity, impact angle, projectile construction,
and target strength. For deformable projectiles, one of the key questions is to
establish whether the projectile remains intact, undergoes controlled expansion,
or fragments [4] - [5]. A projectile that keeps its integrity can penetrate deeply
with a limited increase in resistant section, while an expanding projectile can
transfer energy more efficiently along a shorter penetration trajectory.
Fragmentation introduces a further level of complexity, since it generates multiple
moving bodies and can alter both local damage and residual penetration
capability. On the target side, the response depends on geometry, confinement,
and failure mode. In biological or bio-like materials, large deformations and
transient cavity effects are often relevant. In structural targets, instead, the
response can include crater formation, plugging, cracking, delamination, or
perforation, depending on the material and the impact regime [5], [19].
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2.5 Ballistic gelatine as surrogate target material

Ballistic gelatine is one of the most used surrogate materials in terminal ballistics
research because of a series of practical and scientific advantages: it is relatively
simple to prepare, it can be standardised, it offers optical transparency during
tests, and it allows comparisons between different projectile types under
controlled conditions [8] - [9][9]. For these reasons, gelatine has long been used
as a reference medium in forensic, military, and law enforcement-related tests,
especially in the assessment of penetration and energy dissipation in a
repeatable way [8], [40].

Calibration procedures are particularly important, because the value of gelatine
depends on its reproducibility rather than on the assumption that it perfectly
reproduces real tissue, with the aim of reducing experimental variability and
making the results more comparable [8] - [9]. Depending on the test standard or
institutional context, the literature mainly distinguishes between 10% gelatine at 4
°C and 20% gelatine at 10 °C [8] - [9], [41].

Its limitations, however, are equally important: gelatine is a homogeneous
material, whereas biological tissues are heterogeneous, anisotropic, and
composed of structures with very different mechanical responses [6], [40] - [41]
limiting the complete reproduction of real anatomical targets, such as cavity
development, crack patterns, and energy deposition. Studies in the literature
show that visible damage in gelatine does not always correspond directly either
to the instantaneous deceleration of the projectile or to the exact distribution of
the transferred energy along the penetration path [40], making it necessary to
interpret the results as simplified engineering indicators rather than as direct
predictions of physiological damage.

2.6 Hunting ammunition performance and ethical
requirements

In hunting applications, terminal performance must be considered both from a
technical point of view and from a practical point of view, guaranteeing sufficient
penetration to reach vital structures and at the same time transferring energy in a
controlled and coherent way [4], [12]. From an engineering point of view, this
does not mean considering only maximum expansion or maximum penetration,
but rather a balanced combination of penetration capability, stability of behaviour,
and predictable projectile response under real conditions.

This theme is closely linked to ethical hunting practice. Responsible hunting
requires that the projectile favours rapid and effective incapacitation, avoiding
unnecessary suffering and reducing the risk of excessive penetration or poor
terminal effectiveness [10] - [11]. Hunting performance depends strongly on
different assumptions, which if simplified cannot provide reliable indications.
Among the different characteristics we find: calibre, projectile type, target size,
impact velocity, angle of incidence, and local anatomy, influencing the outcome
[12]. For a numerical platform intended to support ballistic evaluation in the
hunting field, the challenge is therefore to build a modelling framework capable of
representing how performance varies in different technically relevant scenarios.
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2.7 Numerical methods for ballistic analysis

Numerical methods are essential in ballistic analysis, allowing access to internal
variables, local fields, and quantities that are difficult to measure directly in
experiments [5], [19]. The finite element method is particularly important because
it allows geometry, contact, nonlinear material behaviour, and boundary
conditions to be represented explicitly in dynamic problems. This makes it
suitable both for internal ballistics simulations and for projectile—target interaction
studies [36] - [37], [42].

In internal ballistics, numerical modelling is often used to integrate classical
formulations, introducing into the analysis the structural mechanics of the
projectile and the barrel. Studies based on LS-DYNA and similar tools show that
explicit finite element methods can reproduce projectile motion, local stresses in
the barrel, contact effects, and transient deformation with very good agreement
with experiments [36] - [37], [42]. These models are particularly valuable because
they go beyond only global performance indicators and provide more detailed
information on the mechanics of the launching process.

In terminal ballistics, numerical methods are equally relevant but introduce
additional challenges, involving severe contact, large deformations, strain-rate
sensitivity, possible erosion or failure, and, in some cases, multiple interacting
materials [5], [19]. The quality of the simulation therefore depends on constitutive
modelling, failure criteria, mesh strategy, and numerical stability. Explicit solvers
are generally preferred because they are suitable for short-duration, high-speed,
and strongly nonlinear events [38] - [39]. For this reason, the combination of
ANSYS Workbench and LS-DYNA is technically appropriate for the platform
developed in the present project, provided that the limits of the adopted modelling
assumptions are made explicit.

2.8 Research gap and motivation

In the literature it is shown that both internal and terminal ballistics are research
fields supported by solid theoretical bases and by a wide range of experimental
and numerical approaches [3][9], [19], [36] - [37], [40] - [42]; however, these two
phases are often treated separately. Studies on internal ballistics often end with
muzzle velocity, stresses in the barrel, or projectile kinematics; while terminal
ballistics studies commonly start from prescribed impact conditions, without
explicitly connecting them to an internal model [36] - [37], [41] - [42]. This
separation is understandable from a modelling point of view, but it limits the
development of numerical tools capable of describing the ballistic process as a
connected chain. A second limitation concerns the treatment of practical
application contexts. The literature contains important contributions on ballistic
surrogate materials, target response, and terminal performance in the hunting
field [8] - [9], [12], [40] - [41][9] but there are few studies that frame these themes
within a platform-development perspective. In other words, there is substantial
knowledge of the single ballistic mechanisms, but less emphasis on how to
organise such knowledge in a modular and traceable numerical environment,
capable of supporting further engineering developments.
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The work does not aim to solve simultaneously all aspects of ballistic modelling,
but rather addresses the need for a structured numerical platform in which the
results of internal ballistics can act as initial conditions for terminal analysis, while
maintaining coherence with the principles of Systems Engineering and DFSS [14]
-[15], [22] - [23]. The resulting contribution does not lie only in the construction of
numerical models, but also in the definition of a coherent framework through
which such models can be connected, evaluated, and further developed.

/7 N r a e
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Ballistics Studies Studies

Limited structured linkage
between internal and
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e Penetration, deformation,
muzzle conditions
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3. Project

3.1 Systems Engineering Perspective

The present work is positioned as an initial phase in the structured development
of a broader ballistic analysis platform, addressing the work according to a
Systems Engineering perspective, in which the problem is treated as a complex
system composed of interconnected elements, including objectives, constraints,
assumptions, modelling choices, numerical tools, outputs, and possible future
developments [22][24]. The value of Systems Engineering lies in its ability to
break down a complex problem into manageable subsystems while preserving
coherence between the parts and the whole [22] - [23]. In the present study, this
aspect is particularly important because ballistic analysis involves multiple
physical phases, each governed by different dominant mechanisms and requiring
different modelling strategies. Treating the entire ballistic chain as a single fully
coupled problem from the beginning would have introduced excessive complexity
and reduced the interpretability of the initial results.

[ Objectives J [ Constraints ]

e
- - . 1
Pumpiore Ballistic Analysis | >! Dev:rz;‘::ents
Platform :
\
/ A \
] [ Outputs ]
[ Numerical Tools ]

The systemic view also supports traceability, so that each decision can be linked
back to a specific project requirement. The choice of internal ballistics as the first
module of the model, the adoption of a simplified geometry, the use of a
prescribed load, and the definition of numerical outputs such as velocity,
displacement, acceleration, and energy are not arbitrary choices, but decisions
connected to the current purpose of the platform and to its future extension
towards terminal ballistics. In this sense, the present work takes the form of the
first structured step in the development of a modular system, rather than an
isolated numerical exercise [22] - [23].

- -

Choices

[ Modelling

A further advantage of this approach consists in clarifying the relationship
between simplification and relevance. In engineering practice, simplification does
not necessarily represent a weakness, but it can become a problem when the
simplification is not explicit or is not aligned with the objective of the model.

Page 16 (94)



Linnaeus University

Within a Systems Engineering framework, simplifications are acceptable when
they improve clarity, numerical robustness, and development control, provided
that their consequences are acknowledged and documented. This principle is
central to the study, since the platform is intentionally built starting from a
controlled baseline model, which can later be refined through the introduction of
more complex models, more advanced material descriptions, and more complete
procedures.

3.2 DFSS and IDOV Framework

The methodological structure adopted in the present project is based on Design
for Six Sigma (DFSS), used as a development tool within Systems Engineering
[14]-[15], [25]. In modelling terms, DFSS is particularly suitable because it makes
it possible to define how the work should begin, by establishing what is expected
from the numerical platform, which outputs are relevant, what degree of
simplification is acceptable, and how the quality of the model should be judged.

Within DFSS, the present study is interpreted according to the logic of the IDOV
framework: Identify, Design, Optimise, and Validate. The purpose of this structure
is to organise the research activities in a progressive, transparent, and technically
coherent way [14] - [15].

Identify Design Optimise Validate
Definition of the problem Definition of the model Model improvement and checks Preliminary verification

I.  Identify: definition and delimitation of the ballistic problem. This includes
clarification of the application context, identification of the relevant ballistic
phases, definition of the research question, and recognition of the main
technical constraints. In this phase, the decision emerges to focus initially
on internal ballistics and to extend the work later towards terminal
ballistics.

[I.  Design: definition of the architecture of the first numerical module. Internal
ballistics is selected as the first subsystem of the platform, and the main
modelling assumptions are established, including the choice of a
simplified geometry, the adoption of a prescribed loading curve, the
definition of material behaviour at a level consistent with the current
objectives, and the selection of ANSYS Workbench and LS-DYNA as the
numerical environment.

[ll.  Optimise: progressive technical improvement of the model. This includes
checking the consistency of the results, numerical sensitivity analysis,
improvement of the mesh and contact settings where necessary, and
verification that the outputs remain stable and interpretable.

IV.  Validate: verification in a preliminary and methodological sense. The
validation logic remains active through the comparison of outputs with
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3.3

physical expectations, trends available in the literature, and analytical
consistency checks. This means that the IDOV structure is used as a
development roadmap that guides the present work and its future
extensions [14]-[15],[25].

Work Breakdown Structure

The project is organised by means of a Work Breakdown Structure (WBS) [26] -
[27] in order to translate the methodological framework into concrete research
activities. The purpose of the WBS is to break down the overall objective of the

project

into a set of manageable and connected work packages, facilitating the

maintenance of alignment between the research objectives and the practical
execution of the work.

For the

present study, the WBS is structured around six main work packages.

" Thesis Project ]

1 2 3 4 5 6
srgplem Methodological Projectile and Development of Simulation., Integration
Definition and and Project Ammunition the Numerical | | Post-processing and Final
Literature Structuring Characterisation Model and Model Writing
Review Assessment

Problem definition and literature review: study of ballistic theory,
identification of the engineering relevance of internal and terminal
ballistics, analysis of projectile—target interaction, and review of surrogate
materials such as ballistic gelatin.

Methodological and project structuring: formalisation of the Systems
Engineering perspective and the DFSS/IDOV logic, preliminary project
planning, and identification of risks and uncertainties.

Projectile and ammunition characterisation: study of the selected calibres,
their historical and technical relevance, their geometric and ballistic
parameters, and their suitability for hunting applications. This package
supports the subsequent definition of modelling inputs and comparative
interpretation.

Development of the numerical model: decomposition of the ballistic
system into modules, formulation of the internal ballistics modelling

strategy, definition of the assumptions, construction of the simplified
geometry, and setting of boundary conditions, material description,

contact formulation, and mesh discretisation logic.
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V.  Simulation, post-processing, and model assessment: execution of the
numerical analyses and interpretation of the main results. Particular
attention is given to the evolution of velocity, displacement, acceleration,
kinetic energy, internal energy, and reliability of the numerical response;
in addition, sensitivity analysis and initial considerations oriented towards
verification are also included.

VI.  Integration and final writing: interpretation of the obtained results within
the broader perspective of platform development, transfer of initial
conditions towards future developments in terminal ballistics and drafting
of the project chapters in a coherent and traceable way.

The value of this WBS does not lie only in its organisational clarity, but in its
methodological coherence, ensuring that each activity contributes in a visible and
structured way to the development of the platform, reducing the risk that the
study may degenerate into disconnected modelling activities lacking a clear
engineering thread [26] - [27].

3.4 Time Schedule and Milestones

The project is organised through phase-based planning, aligned both with the
academic nature of the work and with the progressive logic of the IDOV
framework. The schedule is structured so that each phase of the work builds on
the outputs of the previous one, meaning that the quality of the later analyses
depends strongly on the clarity of the initial conceptual and methodological
choices.

(2 —(3 —(a)—(5)—(s

Problem Literature Calibre Internal ballistic Simulations Results
definition and review and characterisation numerical model ~ execution and  integration and
scope methodological and inputs development evaluation thesis

framework consolidation

I.  The first milestone is the definition of the problem and of the scope,
preventing the effort from expanding into uncontrolled areas such as
complete external ballistics, detailed combustion chemistry, or high-fidelity
representation of biological targets. In this phase, the focus of the project
is established, the research question is formulated, and the boundary
between included and excluded phenomena is clarified.

II.  The second milestone is the completion of the literature review and of the
methodological framework. The literature review clarifies the state of the
art, while the methodological framework defines how the project will be
carried out.
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[ll.  The third milestone is the characterisation of the selected calibres and the
definition of the modelling inputs, a passage that links the theoretical
framework to the engineering cases used in the project and supports the
definition of the projectile representation adopted in the numerical work.

IV.  The fourth milestone is the development of the internal ballistic numerical
model, the central modelling phase in which the first operational module
of the platform is implemented. In this phase, geometry, materials,
contact, loading, boundary conditions, and mesh discretisation strategy
are defined.

V.  The fifth milestone is the execution and evaluation of the numerical
simulations, examining the outputs not only in a physical sense, but also
in terms of numerical consistency and methodological usefulness. It is at
this stage that the first real assessment of the model is carried out.

VI.  The final milestone is the integration of the results and the consolidation
of the project, interpreting the numerical outputs within the broader
objective of platform construction.

This milestone-based planning reflects a deliberate choice: to prioritise
interpretability and structured development over premature complexity. It is
therefore consistent both with the logic of Systems Engineering and with the
academic need to demonstrate not only results, but also methodological control.

3.5 Risk and Uncertainty Considerations

Risk and uncertainty are intrinsic to engineering projects, and this is particularly
true for a study involving the numerical modelling of complex physical
phenomena [28]-[31]. In the present project, risk is interpreted in a general
sense, evaluating the possibility that modelling assumptions, numerical
decisions, lack of data, or uncontrolled complexity may reduce the reliability,
usefulness, or interpretability of the results.

Risk Category Mitigation Measures

Well-defined scope, focus on key phases,

" :
cope expansion phased development

Mesh and contact refinement,

Numerical modelling choices i : :
sensitivity analysis, consistency checks

Data availability and Use of baseline model, cautious
validation limits interpretation, comparison with literature

Internal consistency, alignment with

Interpretation risk : )
known physics, transparent assumptions
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I.  Afirst class of risks is associated with scope expansion. Since ballistic
phenomena are strongly interconnected, there is a natural tendency to
progressively broaden the project, for example by attempting to include
combustion chemistry, barrel thermal response, projectile spin,
transitional effects, complete external flight, or anatomically complex
targets. Although all these topics are relevant in a broader sense, their
premature inclusion would have compromised the manageability of the
project. Scope control therefore represents one of the main risk mitigation
measures adopted in the project.

. A second class of risks concerns numerical modelling choices; mesh
density, contact treatment, and constitutive assumptions can all influence
model behaviour. In a simplified simulation, these uncertainties are
particularly important, because a numerically stable result is not
automatically also physically meaningful. For this reason, the project
includes sensitivity-oriented reasoning and consistency checks as an
integral part of the methodological process and not as simple optional
additions.

1R A third class of risks concerns data availability and validation limits,
introducing uncertainty regarding the predictive power of the model. In
response, the project adopts a more cautious interpretation of reliability:
the model is treated as a baseline, useful for development and for the
extraction of meaningful trends, rather than as a fully validated predictive
tool.

IV.  Afourth class of risks is linked to interpretation risk, where plausible
outputs can easily be mistaken for fully reliable physical predictions. The
project therefore treats interpretation as part of the engineering method,
analysing the outputs and accepting them not only because they appear
regular, but because they are supported by internal consistency,
alignment with known physics, and awareness of the simplifying
assumptions adopted.

From a project management perspective, these risks are addressed through well-
defined scope, phased development, methodological transparency, and
recognition of sources of uncertainty [28] - [31], thus transforming uncertainty into
a manageable component of the research process.

3.6 Overall Project Workflow

The overall workflow of the study follows a progressive logic, in which each
chapter supports the next. The process begins with the definition of the problem
context and the clarification of the research question, continuing through the
construction of the literature base and of the methodological framework. Based
on these solid foundations, the work proceeds to the selection and
characterisation of the calibres used as reference cases, and then to the
decomposition of the ballistic system, the adoption of the different assumptions,
and the use of the numerical tools. The first implemented subsystem is internal
ballistics, chosen because it provides the upstream conditions that later influence
terminal response. Once the simulations are completed, the workflow moves to
the evaluation and interpretation of the outputs, analysing the indicators of
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behaviour and the degree of maturity of the first module of the platform. In this
sense, the workflow is circular rather than purely linear: the results inform the
evaluation of the modelling choices, and this evaluation identifies the most
relevant directions for future improvements.

Finally, the overall workflow connects the present study to the future
development of terminal ballistics modelling. The internal ballistics module is not
presented as an end, but as the first operational element of a broader numerical
platform, considering the outputs as the interface through which the next phase
of platform development can begin.
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4. Projectile and ammunition overview

The present chapter introduces the two calibres selected as reference cases:
.45-70 Government and .30-06 Springfield. The chapter focuses on the aspects
that are most relevant for the subsequent numerical modelling activities, such as
the essential historical and technical context, the main geometrical
characteristics, the standard ballistic parameters, and the performance
differences of greatest interest. The characteristics of the projectile and of the
cartridge do not in fact have only a descriptive value but directly influence the
way in which the initial launch conditions, the subsequent impact response, and
the consistency of the comparison between different scenarios can be
interpreted. For this reason, before addressing the chapters dedicated to
modelling, it is necessary to clearly define the two ballistic references adopted in
the present dissertation. The selected calibres were chosen because they
represent two different configurations, but relevant for hunting applications. The
.45-70 Government is generally associated with projectiles of large diameter,
high mass, and moderate velocity, while the .30-06 Springfield is a more modern
cartridge, characterised by smaller diameter, higher velocity, and greater
versatility of use [1] - [2], [35]. This opposition makes the comparison particularly
useful, since it allows the introduction of two different ballistic approaches and the
construction of a more solid comparative basis for the subsequent analyses.

.45-70 Government .30-06 Springfield

4.1 Selection of the calibres

The selection of the calibres was carried out with the objective of identifying two
case studies different enough to make the technical comparison necessary, but
at the same time both coherent with the application context. In this perspective,
the .45-70 Government and the .30-06 Springfield represent two useful
references to highlight relevant differences in the combination between projectile
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diameter, mass, initial velocity, and expected behaviour. Their choice therefore
allows the introduction of two distinguishable ballistic families, useful for
structuring a comparative discussion without making the work heavier with an
excessive number of configurations.

From the methodological point of view, the two calibres are considered as
representative cases of two different approaches, consistently with the objective
which consists in building a technical reference framework for the development of
a numerical platform. In this sense, their selection has the purpose of providing a
basis for interpreting how the ballistic response can change as the system
parameters vary.

The choice of the .45-70 Government and of the .30-06 Springfield is, moreover,
relevant for the hunting sector, since both calibres are associated with use on
medium-large game [12] ,[32] - [35]. This application relevance makes the two
case studies particularly suitable for supporting the considerations on the
relationship between launch conditions, impact behaviour, and adequacy of
terminal performance.

4.2 .45-70 Government

The .45-70 Government represents one of the most historically recognizable
calibres; despite its origin going back to a very distant period, it continues to
maintain a clear technical and applicative identity. Its permanence over time is
not due only to its historical value, but also because it offers ballistic
characteristics still considered useful today.

Within the framework of the present dissertation, the .45-70 Government
assumes particular importance because it constitutes a case study based on a
configuration based on projectiles of large diameter and high mass, associated
with lower initial velocities and with performances distinct from those of more
modern rifle cartridges. Precisely for this reason, the calibre is useful not only as
an object of description, but as a technical reference for the subsequent
comparison.

Straight-walled case

Large projectile
diameter

Protruding rim
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421 Historical and technical overview

The .45-70 Government was introduced in the second half of the nineteenth
century in a context of rapid evolution of portable weapons and metallic
cartridges [1] - [2], [32][35]. Its denomination derives from the typical
nomenclature of the period and refers, respectively, to the nominal diameter of
the projectile and the original black powder charge expressed in grains. In its
origin, the .45-70 Government was conceived for military uses, but over time it
has taken on increasing relevance in the civil and hunting fields [1], [32].This
continuity of use shows how some historical ballistic solutions have maintained
their own usefulness even after the introduction of more modern cartridges,
preserving the calibre as a technical reference.

From the performance point of view, the .45-70 Government privileges projectile
mass and frontal section more than initial velocity alone, distinguishing it from
more recent calibres, in which the increase in muzzle velocity and the reduction
of projectile diameter play a more marked role [1] - [2], [33][32]. In technical
terms, the .45-70 therefore represents a configuration where the behaviour of the
system can be interpreted as a function of energy, but above all also considering
momentum, diameter, and construction of the projectile. In the hunting context,
this setting has contributed to keeping the calibre relevant, especially in those
scenarios in which a decisive terminal behaviour and a robust response on large-
size targets are sought [12], [33]. For the present dissertation, this makes the
.45-70 Government particularly useful as a case study, allowing the introduction
of a first reference that can later be compared with a very different configuration
such as the .30—06 Springfield.

4.2.2 Geometrical characteristics

From the geometrical point of view, the .45-70 Government presents a case
basically with straight walls, with a protruding rim [1] - [2], [35]. This configuration
represents a fundamental element for defining the overall logic of the ballistic
system. The most relevant aspect is the nominal diameter of the projectile, equal
to about 0.458 inches, corresponding to about 11.63 mm [1] - [2], [35], a value
clearly higher than that of the .30—06 Springfield and more generally than that of
many modern rifle calibres. This characteristic implies a significant frontal section,
which influences both the behaviour during acceleration in the barrel and the way
in which the projectile interacts with the target in the terminal phase. Also the
overall geometry of the cartridge is consistent with ammunition conceived for
heavy projectiles and for moderate velocities, suggesting a system in which the
relationship between projectile mass, useful case volume, and available
operating pressure follows a different logic compared to that of high-intensity
calibres [3], [35].

4.2.3 Standard ballistic parameters

From the ballistic point of view, the .45-70 Government is generally associated
with a combination of projectiles of high mass and moderate initial velocities, a
configuration that distinguishes it clearly from many hunting calibres of more
recent conception [1] - [2], [33]. In general terms, the most widespread
configurations include masses that, depending on the loading and the
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manufacturer, can fall within ranges typically between 300 and 405 grains [1] -
[2], [33]. Muzzle velocity generally remains lower than that of calibres such as the
.30-06 Springfield [1] - [2], [33], [35], determining a more curved trajectory and a
greater dependence on distance with regard to projectile drop. The calibre
remains in fact relevant precisely in those contexts in which projectile behaviour
at moderate distances, penetration, and energy transfer are more important than
initial velocity alone [12], [33]. These standard parameters are important because
they clearly define the role of the .45-70 Government within the comparison. This
setting will be useful in the following chapters for interpreting more consciously
the differences between initial launch conditions and terminal response.

4.3 .30-06 Springfield

The .30-06 Springfield constitutes the second selected case study and
represents, in many respects, a configuration profoundly different from the .45—
70 Government. The .30-06 belongs to a family of ammunition characterised by
smaller diameter, higher velocities, and greater overall versatility [1] - [2], [34] -
[35]. The introduction of the .30—06 responds to the need to build a truly
meaningful comparison, allowing the representation of a different performance
philosophy, in which initial velocity, projectile shape, and flexibility of use take on
a greater weight than mass alone. For this reason, its study is particularly useful
for developing a numerical platform capable of relating the internal phase and the
terminal phase.

Shoulder and neck

Case body Smaller projectile diameter

4.3.1 Historical and technical overview

The .30-06 Springdfield was introduced at the beginning of the twentieth century
and rapidly became one of the best-known and most widespread rifle cartridges
in the military and later civil fields [1] - [2], [34]]. Its name recalls both the nominal
diameter of the projectile, equal to .30 inches, and the year of adoption of the
definitive version, 1906. This element already highlights how the .30-06 belongs
to a different technological phase compared to the .45—-70 Government, linked to
the evolution of smokeless powders, the increase of pressures, and the search
for more modern ballistic performances. Although it was born in the military field,
over time it found a very wide application in the civil and hunting sector,
becoming one of the most used and appreciated calibres for hunting medium and
large game. This continuity of use demonstrates how the calibre has maintained
over time a strong technical validity, adapting itself to different generations of
projectiles and commercial configurations. From the performance point of view,
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the .30-06 Springfield is generally associated with projectiles of smaller diameter,
higher velocities, and greater adaptability to different conditions of use [1] - [2],
[34] - [35]. This setting translates into a cartridge capable of offering good
performances over a wide range of distances and in different hunting scenarios,
being more flexible than heavier historical configurations.

The .30-06 Springfield therefore assumes the role of a complementary reference
with respect to the .45-70 Government, allowing for the introduction of a second
ballistic family and making the comparison between the two calibres particularly
useful for the construction of subsequent case studies.

4.3.2 Geometrical Characteristics

From the geometrical point of view, the .30—06 Springfield presents a
configuration typical of modern bottleneck rifle cartridges, designed to operate at
high pressures and with projectiles of smaller diameter compared to historical
large-calibre cartridges. The nominal projectile diameter is approximately 0.308
inches, corresponding to about 7.82 mm, a significantly lower value that implies a
reduced frontal section [1] - [2], [[35]. This characteristic is relevant because it
influences both the acceleration process inside the barrel and the projectile
response after impact. The overall geometry, the projectile dimensions, and the
internal volume are combined to support higher-velocity performance [1] - [2],
[[35]. Within the present study, these geometrical characteristics are important
because they provide a second reference case with clearly distinct dimensional
and ballistic characteristics, making the subsequent comparison with the .45-70
Government more meaningful.

4.3.3 Standard Ballistic Parameters

From the ballistic point of view, the .30—-06 Springfield is characterised by higher
muzzle velocities, intermediate projectile masses, and a wide range of possible
loading configurations [1] - [2], [34] - [35]. In practical terms, the most common
hunting loads are characterised by projectile masses between about 150 and 180
grains, depending on the cartridge configuration and the intended use [1] - [2],
[34] - [35]. This results in a flatter trajectory and greater flexibility at medium and
relatively long distances. The .30-06 Springdfield therefore represents a ballistic
approach in which terminal performance cannot be interpreted exclusively
through projectile mass, but must also be related to velocity, projectile design,
and final application [4], [12]. Within the context of the present study, these
standard ballistic parameters are fundamental, defining the .30—-06 Springfield as
a complementary case study with respect to the .45-70 Government. While the
latter represents a heavier and slower configuration, the .30-06 introduces a
faster and more versatile ballistic family, particularly useful for building a clearer
comparative basis for the modelling phase.
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S. Internal Ballistic Modelling Framework
5.1 Role of Internal Ballistics in the Numerical
Platform

In the present numerical platform, the internal ballistic model represents the first
computational module used to describe the projectile motion inside the barrel. Its
main purpose is to provide the projectile exit conditions, especially velocity and
energetic state, which are later used as input data for the terminal ballistic
analysis. Since the general role of internal ballistics has already been introduced
in the previous chapters, this chapter focuses specifically on the finite element
implementation of the final LS-DYNA models.

Pressure-time Projectile motion \Velocity / displacement Input for terminal
input inside barrel / energy histories ballistics

5.2 Modelling Strategy

The internal ballistic models were implemented in LS-DYNA as explicit dynamic
simulations. The projectile motion is generated by an equivalent pressure-time
curve applied to the projectile base, while the barrel provides confinement and
contact guidance through a simplified rifled geometry. The same modelling logic
was adopted for both calibres, with geometry, barrel length and pressure loading
adapted to the .45-70 Government and .30-06 Springfield configurations.

Real process Simplified FE model
Propellant
combustion Prescribed
'L pressure-time load
Gas
expansion 2
Jv > Proje_ctile
motion
Projectile
acceleration
A
Contact / rifling
Rifling interaction
engagement
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5.3 Simplified Geometry

The geometry adopted in the present study was defined in simplified form, with
the aim of constructing a controlled numerical model that remains consistent with
the objectives of the project. This choice does not reflect an intention to ignore
the complexity of the real problem, but rather the need to reduce non-essential
geometric features in the development stage of the platform [36] - [38].
Simplification reduces computational cost, improves model manageability,
facilitates mesh generation, and makes the relation between applied loading and
system response easier to interpret.

Within the adopted framework, the system is represented by the two main
components governing the launch phase, namely the projectile and the barrel.
Both are modelled with a level of detail sufficient to represent the global internal
ballistic response, but without including geometric details that would increase
model complexity without a proportional benefit in terms of readability of the
results [36], [39].

The same geometric logic is applied to the two case studies considered in the
present work, corresponding to the .45—70 Government and .30—06 Springfield
calibres. In this sense, the model is not composed of two independent
frameworks, but of one common modelling logic adapted to two different
projectile and barrel configurations, allowing a methodologically coherent
comparison between the respective internal ballistic responses.
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5.3.1 Projectile Geometry Definition

The projectile geometry was defined in simplified form while preserving the
essential dimensional features needed to represent the global behaviour of the
body during the in-bore phase. The objective was not to reproduce every
construction detail of the real ammunition, but to obtain a sufficiently faithful
representation to allow the study of projectile motion under internal loading and
interaction with the barrel.

In the case of the .45-70 Government, the projectile geometry developed during
the work was taken as the first reference case of the model. This configuration
constitutes the initial basis of the platform and the starting point for later
comparison. For the .30-06 Springfield, the geometry was adapted while keeping
the overall modelling logic unchanged but modifying the main projectile
dimensions in accordance with the characteristics of the calibre. In this way, the
comparison between the two cases is not built on conceptually different models,
but on two coherent applications of the same geometric approach.

The final models show that both projectiles are represented by a structured
geometry composed of an external jacket-equivalent region and an internal core-
equivalent region. In the .45-70 Government model, the projectile length is
approximately 23.0 mm, with an outer radius of about 5.80 mm and a core-
equivalent radius of about 3.96 mm. In the .30-06 Springfield model, the
projectile length is approximately 24.2 mm, with an outer radius of about 3.91 mm
and a core-equivalent radius of about 2.67 mm. This solution keeps the
representation simplified while still making the mechanical role of the different
projectile regions more readable.

The adopted representation intentionally excludes very fine local details, such as
minor surface irregularities, secondary tip details, jacket thickness variations, or
manufacturing-related geometric transitions that are not essential to the global
model response. This is coherent with the purpose of the present development
stage, which is to study projectile kinematics, projectile-barrel interaction, and the
main mechanical quantities associated with launch, rather than to reconstruct
highly detailed local effects.
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5.3.2 Barrel Geometry Definition

The barrel is represented as the structural confinement component within which
projectile motion develops during the internal ballistic phase. The geometry is
defined in simplified form, but the final models include a more detailed description
of the internal surface than the initial configurations. In particular, the barrel bore
is no longer represented as a purely smooth cylindrical guide, but as a simplified
rifled domain able to reproduce the main effect of projectile-barrel engagement
during the in-bore motion. The rifling geometry was introduced through a
simplified helical land-and-groove profile. The angular position of the internal
profile varies progressively along the barrel axis according to the prescribed twist
pitch. In this way, the rifling is not represented as a straight axial feature, but as a
helical constraint capable of producing a more realistic interaction with the
projectile surface. A smooth lead-in region was also adopted to avoid abrupt
initial penetration and to improve numerical stability during the early engraving
phase. The two final models do not use the same axial barrel length. The .45-70
Government model adopts a barrel length of approximately 560 mm, while the
.30-06 Springfield model adopts a barrel length of approximately 600 mm. This
change was introduced to represent a more realistic rifle-barrel configuration and
to allow the projectile to accelerate over a longer distance under the prescribed
pressure-time loading. The radial dimensions change according to the calibre
considered. In the .30—06 Springfield model, the barrel domain extends to an
outer radius of approximately 7.50 mm, whereas in the .45-70 Government
model it extends to an outer radius of approximately 8.62 mm, consistently with
the larger calibre.

The internal rifled profile is also adapted to each calibre. For the .30—-06
Springfield model, the effective groove radius is approximately 3.93 mm, with a
land radius of about 3.81 mm. For the .45—70 Government model, the effective
groove radius is approximately 5.82 mm, with a land radius of about 5.715 mm.
The rifling parameters are also different for the two calibres. The .45-70
Government model uses six rifling lands with a twist pitch of approximately 508
mm per revolution, while the .30-06 Springfield model uses four rifling lands with
a twist pitch of approximately 254 mm per revolution. The effective rifling depth
adopted in the final helical models is approximately 0.105 mm for both cases.
This choice allows the model to introduce a visible engraving effect without
producing excessive element distortion or unrealistic projectile collapse. The
adoption of a simplified helical rifing geometry represents a compromise
between physical detail and numerical robustness. A fully detailed barrel
geometry would require a much finer mesh and a more complex contact
treatment, increasing the risk of numerical instability. The adopted configuration
instead preserves the main mechanical effect of the rifling, namely the
progressive engagement between projectile and barrel, while keeping the model
suitable for explicit dynamic analysis.
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54 Boundary and Initial Conditions

The initial and boundary conditions are defined in a way that is consistent with
the simplified representation of the problem adopted in the present study. The
objective is not to reproduce every detail of the real weapon-ammunition system,
but to build a numerical configuration capable of representing the confined
projectile motion inside the barrel under pressure loading in a clear and
interpretable way [36][39].

In the model, the system is initialised in a state of rest before the launch event.
The projectile is placed in its initial position inside the barrel and the simulation
starts from zero translational velocity. In this way, projectile motion is entirely
generated by the prescribed internal loading, making the link between the applied
input and the resulting response easier to interpret.

At the same time, the barrel is treated as the reference structural domain and is
appropriately constrained to avoid rigid-body motion of the whole system. This
setup is required to ensure that the numerical solution remains physically
interpretable and that the response is associated with the phenomenon of
interest rather than with undesired motion of the overall assembly[38], [39]. The
same logic is maintained for both case studies, namely the .45—70 Government
and the .30-06 Springdfield, so that a coherent comparison of their internal
ballistic response becomes possible.

5.4.1 Initial Positioning of the Projectile

At the beginning of the simulation, the projectile is positioned inside the barrel
according to the adopted launch configuration, assuming that it is initially at rest,
with zero initial velocity and no previous displacement history [36] - [37]. This
choice makes it possible to attribute the subsequent kinematic evolution
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exclusively to the effect of the applied pressure-time loading and to the
mechanical interaction between the projectile and the rifled barrel.

The positioning of the projectile is defined to ensure geometric consistency and
the correct development of contact with the barrel, which is an important aspect
in the final models, where the internal surface of the barrel includes a simplified
helical rifling geometry with a progressive lead-in region. The projectile must
therefore be placed in such a way as to avoid excessive artificial penetration in
the initial configuration, while still allowing the engraving process to develop
during the initial phase of the simulation.

In the final .45-70 Government model, the projectile is initially positioned close to
the breech side of the barrel and extends approximately from 535 mm to 558 mm
in the adopted axial coordinate system. In the .30-06 Springfield model, the
projectile extends approximately from 573.8 mm to 598.0 mm. These coordinates
reflect the different barrel lengths and projectile geometries adopted in the final
models.

In both cases, the projectile interacts with the internal rifled profile during the
pressure-driven motion. The use of a progressive lead-in region reduces the risk
of abrupt initial contact, improves numerical stability, and allows the projectile-
barrel interaction to evolve in a more gradual and physically readable way.
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5.4.2 Boundary Conditions Applied to the Barrel

The barrel is treated as the structural domain that constrains and guides
projectile motion during the in-bore phase. To avoid rigid-body motion of the
system and ensure simulation stability, suitable boundary conditions are applied
to the barrel [38] - [39]. These constraints are not introduced to reproduce in
detail the real behaviour of the entire firearm system, but to ensure that the
model responds coherently with respect to the phenomenon under study.
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The choice of boundary conditions therefore follows a logic of controlled
simplification. The barrel must remain sufficiently constrained to prevent
undesired global motion, while at the same time preserving its role as the
structural confinement component of the projectile. Within this framework, the
main interest is to keep the projectile motion aligned with the intended launch
direction and to avoid numerical response being altered by effects that are not
relevant to the objectives of the model.

5.5 Pressure-Time Loading Curve

The pressure—time loading curve represents the main input of the internal ballistic
model and the mechanism through which projectile motion is generated in the
simulation [3], [17], [36], [42]. In the present study, instead of explicitly modelling
propellant combustion and the full gas expansion process, the launch event is
represented by a prescribed transient pressure history acting on the projectile
base or on the corresponding loading surface. This choice is consistent with the
literature on simplified numerical analyses of the in-bore phase, where pressure
is often determined separately through analytical or semi-empirical formulations
and then used as input in FEM simulations [36] - [37], [42]. From a
methodological perspective, this approach makes it possible to isolate the main
relation between internal loading and projectile motion without introducing the
additional complexity associated with combustion thermochemistry and full gas
dynamics [3], [17][18]. The prescribed curve is therefore not interpreted as a
complete reconstruction of the real phenomenon, but as a physically informed
abstraction of the launch mechanism. Its role is central because the acceleration
phase, the evolution of velocity and displacement, and the main energy quantities
of the system all depend directly on it.

Peak pressure

Pressure acting on the base
of the projectile

Pressure

Decay phase

Pressure rise

v

Time
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5.5.1 Loading Curve Definition

The loading curve adopted in the model is defined to represent the transient
pressure evolution responsible for accelerating the projectile along the barrel. In
general terms, it reproduces an initial pressure rise, followed by a peak value and
a subsequent decrease over time, in accordance with the physical logic of the
launch process [3], [17], [42].

In the present work, the interest is not in describing every detail of gas
generation, but in using a coherent loading function to study the response of the
projectile—barrel system. The curve is therefore assumed as a controlled input of
the model, suitable for generating a numerically readable and physically plausible
response.

5.5.2 Application of the Load in the Numerical Model

In the numerical model, pressure loading is applied to the projectile surface
identified as the driving area, to generate motion along the barrel axis. This
choice is consistent with the objective of representing, in simplified form, the
action of propellant gases on the projectile while maintaining a numerically stable
and easily interpretable configuration [36] - [37], [42].

The application of the load is defined to ensure regular force transmission and
compatibility with the remaining model assumptions, especially the simplified
geometry, the projectile—barrel contact, and the adopted boundary conditions.
This is important because the way in which the load is introduced into the model
directly affects the quality of the kinematic histories and the overall robustness of
the simulation.

5.6 Material Models

The material models adopted in the present study are selected so as to remain
consistent with the simplified nature of the internal ballistic framework, while
representing the mechanical response of the projectile and the barrel in a
numerically stable way [13], [38] - [39]. At this stage, the objective is not to
describe in full detail all local failure or damage mechanisms, but to build a first
baseline model capable of providing a readable structural response consistent
with the studied phenomenon. This choice is consistent with the role of the
present analysis, which constitutes the first operational module of the numerical
platform. More advanced formulations, including strain-rate dependent plasticity
and damage-sensitive constitutive models, are recognised as relevant future
developments. However, for the present stage of the study, a simplified
description is sufficient to represent the global behaviour of the system and
support interpretation of the main output quantities [36] - [37].

5.6.1 Projectile Material Model

The projectile material is defined to represent its mechanical response during
barrel acceleration while preserving the numerical stability of the model. At this
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stage, the focus is not on the detailed prediction of highly localised deformation
or failure, but on the capability of the model to describe projectile motion and its
global interaction with the barrel in a mechanically coherent way.

The projectile is represented using two distinct material definitions, consistent
with a simplified jacket—core description. The outer jacket-equivalent region is
defined with *"MAT_PLASTIC_KINEMATIC, using a density of 8.90E-09
tonne/mm?3, an elastic modulus of 110000 MPa, a Poisson’s ratio of 0.34, a yield
stress of 180 MPa, a tangent modulus of 800 MPa, and a plasticity parameter g =
0.2. The inner soft-core-equivalent region is also defined with
*MAT_PLASTIC_KINEMATIC, using a density of 1.05E-08 tonne/mm?3, an elastic
modulus of 16000 MPa, a Poisson’s ratio of 0.42, a yield stress of 35 MPa, a
tangent modulus of 250 MPa, and = 0.1. This choice keeps the model simple
while still allowing a clearer mechanical distinction between the outer and inner
projectile regions.

5.6.2 Barrel Material Model

The barrel material is also defined in a way that remains consistent with the
objectives of the simulation. The barrel acts as the structural domain that
confines projectile motion and contributes to force transfer during launch. Its
mechanical behaviour must therefore be represented in a sufficiently stable way
to allow the correct development of contact and of the global system response.

In the final models, the barrel is assigned a *MAT_PLASTIC_KINEMATIC
definition with a density of 7.85E-09 tonne/mm?, an elastic modulus of 210000
MPa, a Poisson’s ratio of 0.29, a yield stress of 1000 MPa, a tangent modulus of
3000 MPa, and B = 0.0. This makes the barrel significantly stiffer than the
projectile, which is consistent with its role as the structural confinement domain.

5.6.3 Limitations of the Adopted Material Description

The adopted material description should be interpreted as a methodological
choice consistent with the construction of a first functional module of the
numerical platform. It allows the global response of the system to be represented
in a readable and stable way, but it does not yet aim to reproduce all local high-
rate phenomena that may characterise a real internal ballistic event.

More sophisticated constitutive models, including strain-rate dependent
formulations such as Johnson—Cook, may be more appropriate when the
objective is detailed experimental validation or the prediction of advanced local
deformation and failure [36] - [37]. In the present study, such formulations are
recognised as relevant future developments, whereas the current model is mainly
oriented toward building a stable, coherent, and progressively refinable numerical
basis.
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5.7 Contact Formulation

Contact between the projectile and the barrel is a fundamental component of the
numerical model because it governs guided projectile motion and force transfer
during the launch event [36], [39]. In the internal ballistic phase, the response of
the system does not depend only on the applied pressure loading, but also on the
way the projectile interacts with the inner barrel surface during acceleration.
Numerical studies in the literature show that in-bore analysis requires a coherent
representation of projectile—barrel interaction, since this is the region where
projectile plastic deformation, local stress distributions, and changes in the
overall kinematic response develop [36] - [37].

In the present study, contact is treated through a simplified formulation defined
with the objective of ensuring stable interaction between projectile and barrel
while keeping the model numerically manageable [38] - [39]. This choice is
coherent with the preliminary nature of the internal ballistic framework, which
does not yet aim to reproduce all local interface phenomena in full detail, but to
describe the global dynamic response of the system in a reliable way.

Although the adopted representation is sufficient for the purposes of this study, it
inevitably introduces some uncertainty, especially regarding local stress
distribution and the detailed interaction in the contact region [36] - [37], [39]. For
this reason, the model is considered more reliable in describing the global
dynamic response than in predicting detailed local interface phenomena.

5.8 Mesh Strategy

The mesh strategy is defined to balance numerical stability, computational
efficiency, and physical readability of the results [38] - [39]. Since the objective of
the model is to capture the main trends of internal ballistics rather than
microscopic local effects, the discretisation is selected to be sufficiently refined in
the regions of major interest while remaining compatible with the computational
cost of the simulation [36] - [37].

In explicit high-speed problems, mesh quality directly affects the regularity of the
kinematic histories, the robustness of contact, and the overall stability of the
model. For this reason, discretisation is not treated as a simple geometric step,
but as an integral part of the methodological reliability of the numerical framework
[38] - [39].
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5.8.1 Preliminary Projectile Mesh: Tetrahedral Discretisation

In the early stages of model development, the projectile was discretised using a
tetrahedral mesh. This choice was mainly motivated by the ease of mesh
generation and by the need to obtain a first complete numerical model in a
relatively short time. The preliminary tetrahedral configuration was therefore
useful for checking the basic structure of the simulation, including the application
of the pressure loading, the initial projectile motion, the definition of contact, and
the general functionality of the numerical workflow [36], [38].

From a methodological point of view, the tetrahedral mesh represented an initial
working solution rather than the final discretisation strategy. Although tetrahedral
elements are convenient for complex geometries, they may introduce limitations
in terms of element regularity, local stiffness behaviour, contact response, and
numerical control in explicit dynamic analyses [38] - [39]. These limitations
become particularly relevant in the present model because the projectile is
subjected to confined motion, pressure-driven acceleration, and interaction with
the internal surface of the barrel [36] - [37].

For this reason, the tetrahedral discretisation was progressively replaced by a
more structured mesh strategy. The preliminary model was therefore used as a
verification step, while the later discretisation was developed with the aim of
improving robustness, reducing local irregularities, and obtaining a more reliable
description of the projectile—barrel interaction [38] - [39].

5.8.2 Refined Projectile Mesh: Hexahedral Discretisation

After the preliminary stage, the projectile discretisation was refined using
hexahedral solid elements. This transition represents an important step in the
development of the numerical model, since a structured hexahedral mesh
provides better control over element shape, alignment, and contact behaviour
[38] - [39]. The objective was not only to improve the visual quality of the mesh,
but also to obtain a more stable and mechanically readable response during the
in-bore phase.

The refined projectile mesh is based on a structured representation of the body,
divided into an external jacket-equivalent region and an internal core-equivalent
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region. This subdivision allows the model to distinguish the mechanical role of the
outer region, which is directly involved in contact with the barrel rifling, from the
inner region, which represents the softer supporting core of the projectile. In this
way, the mesh strategy is directly connected to the physical interpretation of the
model [36] - [37]. The projectile and the barrel are discretised using fully
integrated hexahedral solid elements, consistently with the adopted
*SECTION_SOLID formulation using elform = 2. This choice is particularly useful
in explicit dynamic simulations because it reduces the risk of hourglass-related
numerical modes and improves the reliability of the response in regions where
contact and local deformation are important [38] - [39]. The use of a consistent
solid formulation for both the projectile and the barrel also improves the
numerical compatibility between the interacting parts.

Quantitatively, each calibre model contains approximately 109,233 nodes and
90,240 solid elements. The projectile is divided into two main regions: the outer
jacket-equivalent part, discretised with approximately 10,368 hexahedral
elements, and the inner core-equivalent part, discretised with approximately
18,432 hexahedral elements. This distribution reflects the need to provide
sufficient resolution in the projectile while keeping the model compatible with the
computational limits of the available environment.

The refinement is therefore not arbitrary but follows the mechanical requirements
of the problem. Higher mesh quality is required in the projectile because this
region undergoes pressure loading, contact with the rifled barrel, and possible
local plastic deformation associated with the engraving process [36] - [37]. The
hexahedral discretisation provides a more ordered and controlled basis for
observing these effects.

5.8.3 Barrel Mesh Definition

The barrel mesh is developed according to the same general criteria of regularity,
numerical robustness, and compatibility with projectile—barrel contact. Since the
barrel acts as the confinement domain for projectile motion, its discretisation must
be sufficiently stable to guide the projectile without introducing artificial distortions
or unnecessary numerical instabilities [38] - [39].
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In both calibre configurations, the barrel is represented by a structured
hexahedral mesh. The mesh is designed to preserve a regular discretisation of
the barrel wall while adapting the internal geometry to the rifled profile. This
aspect is important because the inner surface of the barrel is the region where
contact with the projectile occurs and where the engraving interaction is
generated [36] - [37]. A structured mesh allows this interface to be represented in
a more controlled way than an irregular discretisation [38] - [39].

The barrel is discretised with approximately 61,440 solid hexahedral elements in
each model. This common discretisation level preserves the same modelling
logic for the two calibres, while the radial dimensions and internal rifling geometry
are adapted to the specific characteristics of the .45-70 Government and .30-06
Springfield cases. This makes the comparison between the two models more
coherent, because differences in the results are mainly related to calibre
geometry, rifling characteristics, pressure loading, and projectile dimensions,
rather than to a completely different mesh strategy.

Overall, the barrel mesh performs three main functions: it supports the projectile—
barrel contact, ensures the confinement of projectile motion, and provides a
stable numerical representation of the rifled guide. For this reason, the
refinement is concentrated conceptually around the inner interface, where the
mechanical interaction between projectile and barrel is most relevant [36] - [37].
The adopted mesh therefore represents a compromise between physical detail
and computational efficiency, allowing the model to capture the main effects of
rifing engagement while remaining suitable for explicit dynamic analysis [38] -
[39].

5.8.4 Common Meshing Logic for .45-70 and .30-06

The same discretisation philosophy is applied to the two case studies considered
in the present work, namely the .45-70 Government and the .30—06 Springfield.
This choice is methodologically important because it preserves a unitary
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numerical framework and avoids the comparison between the two models being
influenced by arbitrary differences in the modelling setup [22] - [23].

Inspection of the final files shows that both models share:
¢ the same total number of nodes and elements,
o the same partition logic into barrel, jacket, and core,
o the same fully integrated hexahedral solid element type,
o the same general discretisation philosophy along the launch axis.

The main differences therefore concern projectile geometry and system
dimensions, not the structure of the numerical method itself. This consistency of
mesh logic between the two calibres is particularly useful for result comparison.
By keeping the numerical framework constant, any observed differences in the
response quantities can be interpreted more clearly as consequences of the
geometric and mechanical differences between the two case studies rather than
arbitrary discretisation effects.

Mesh quality is therefore assessed not only through visual inspection, but also by
checking that the resulting histories of velocity, displacement, acceleration, and
energy remain regular and physically interpretable [36] - [39].

5.9 Numerical Stability and Verification

Numerical stability is a central requirement of the present work, since a stable but
physically meaningless result would not be useful for platform development [38] -
[39]. For this reason, model verification is mainly oriented toward internal
consistency of the solution, regularity of the response histories, and robustness
of the numerical behaviour under moderate variations of the main parameters
[36] - [37].

The purpose of the adopted verification approach is not to provide complete
experimental validation, but to assess whether the internal ballistic module is
sufficiently stable, readable, and coherent to serve as a basis for further
development of the numerical platform.

5.9.1 Indicators Used to Assess Numerical Stability

The main indicators used to assess the numerical stability of the model are
projectile velocity, displacement, acceleration, kinetic energy, and internal energy
[36] - [37]. These quantities are observed not only in terms of final value or
general trend, but also with respect to their temporal regularity, the possible
presence of spurious oscillations, and the overall coherence of the response.

In the present study, a numerically acceptable solution is associated with

response histories that evolve continuously, without evident anomalies, and with
a physically interpretable trend relative to the applied pressure input. This
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evaluation logic is consistent with the role of the model, which is to provide a first
reliable basis for internal ballistic analysis and for the later transfer of initial
conditions to the terminal phase.

5.9.2 Verification-Oriented Checks

The adopted verification strategy is therefore preliminary and methodological
rather than fully experimental. The model is considered acceptable when
moderate variations of numerical parameters, such as discretisation or some
simulation settings, do not lead to major changes in the main physical trends of
the response.

This approach is especially important in the context of the present work, because
the internal ballistic module is intended as the first operational element of a
broader numerical platform. Its usefulness therefore depends not only on the
possibility of running the simulation, but also on the ability to generate results that
are sufficiently robust to support later developments.

Also in this case, numerical stability is assessed by maintaining a consistent logic
between the two considered calibres, so that the comparison between .45-70
Government and .30-06 Springfield becomes not only descriptive, but also
methodologically reliable.
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6. Internal Ballistic Results

6.1 Objective of the Results Analysis

This chapter analyses the results obtained from the numerical internal ballistics
models developed for the two calibres considered in this study: the .45-70
Government and the .30-06 Springfield. The main objective is to verify that the
numerical internal ballistics module can generate a stable, coherent, and
physically interpretable dynamic response. The analysis focuses on the main
kinematic, energetic, and structural quantities of the model. Projectile velocity,
displacement along the barrel, acceleration, kinetic energy, internal energy, von
Mises equivalent stress, and equivalent plastic strain are analysed. These
quantities are commonly used in FEM simulations of internal ballistics because
they allow both the global motion of the projectile and the local mechanical
response due to the interaction with the rifled barrel to be evaluated [36] - [37],
[42].

The projectile velocity near the barrel exit represents the most important result of
the internal ballistics module, since it constitutes the main parameter to be
transferred to the subsequent terminal ballistics phase. However, the final speed
alone is not sufficient to assess the quality of the model. For this reason, the
results are also discussed through energetic and structural indicators.

6.2 Numerical Configurations Analysed

The two final models share the same general numerical logic, but they are
adapted to the geometrical and ballistic characteristics of the two calibers. Table
summarizes the main characteristics of the final configurations.

Parameter .45-70 Government | .30-06 Springfield
Barrel length 560 mm 600 mm

Final simulation time 22ms 1.5ms

Maximum equivalent pressure ~179 MPa ~316 MPa

Projectile type

Jacket + core

Jacket + core

Total nodes 217785 217785
Total solid elements 180480 180480
Barrel elements 122880 122880
Jacket elements 41176 41176
Core elements 16424 16424
Global mass scaling Disabled Disabled
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Maintaining a common numerical structure between the two models makes the
comparison more readable, allowing the differences in the results to be mainly
associated with the different calibre geometry, projectile mass, barrel length,
applied equivalent pressure, and contact response with the rifling.

barrel
BULLET
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6.3 Equivalent Pressure-Time Loading

The pressure-time curve represents the main input of the internal ballistics model.
In the present study, propellant combustion and gas expansion are not modelled
directly; their effect is represented by an equivalent pressure history applied to
the projectile base [3], [17], [36], [42].

This choice makes it possible to study the relationship between loading and
projectile motion without introducing the complexity of thermo-chemical
combustion modelling. In a real firing event, the pressure developed inside the
barrel depends on the amount of gunpowder, its chemical energy, the combustion
law, the available volume behind the projectile, the projectile mass, and the barrel
length. In the numerical model, these phenomena are synthesised through an
equivalent curve.

The applied pressure generates an axial force on the projectile base according to
the relation:

F(t) = p(t)4p

where p(t) is the prescribed pressure and A, is the projectile base area.
Therefore, the muzzle velocity is not directly imposed, but results from the
dynamic response of the system to the applied load.

In the .45-70 Government model, the equivalent pressure curve reaches a
maximum value of approximately 179 MPa, while in the .30-06 Springfield model
it reaches a maximum value of approximately 316 MPa. The higher equivalent
pressure in the .30—06 case is consistent with the greater ballistic severity of the
model and with the higher final velocity obtained.
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6.4 Projectile Kinematic Response

6.4.1 Velocity Evolution

Projectile velocity represents the main kinematic result of the internal ballistics
model. In both cases, the projectile starts from an initial rest condition and is
accelerated by the pressure-time load applied to its base. The velocity curve
shows a progressive increase during the initial phase, followed by stabilization
near the barrel exit.
For the .45-70 Government case, the axial velocity obtained from the model is
approximately:

| vy 1= 466 m/s

For the .30-06 Springfield case, the axial velocity obtained is approximately:
| v = 755 m/s

The value obtained for the .45-70 is very close to the reference value of
approximately 450 m/s, while the value obtained for the .30-06 is close to the
nominal value of 750 m/s. Since the sign of the velocity depends on the
coordinate system convention adopted in the model, the physical interpretation is
performed by considering the absolute value of the axial velocity component.
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Resultant Rigid Body Velocity (E+6)
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6.4.2 Displacement Along the Barrel

Projectile displacement makes it possible to verify the coherence of the motion
along the barrel and to identify the time at which the projectile reaches the exit
region. In both models, displacement increases continuously throughout the
simulation. For the .45-70 Government case, the projectile completely exits the
barrel at approximately:
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toxie ~ 1.61 ms
For the .30-06 Springfield case, the exit occurs at approximately:
toxie ~ 1.20 ms

The .30-06 therefore completes the internal ballistic phase in a shorter time,
consistently with its higher acceleration and higher final velocity. In addition, the
final displacement reported in the plots should not be interpreted as the barrel
length alone, since the simulation continues for a short interval after the projectile
has exited the barrel.
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6.4.3 Acceleration

Acceleration is a useful quantity for evaluating the dynamic severity of the launch
process. However, in explicit models involving contact and rifling, it may appear
noisier than velocity and displacement, since it is highly sensitive to local
oscillations generated by the projectile-barrel interaction.

From the results obtained, the .45—70 Government shows an instantaneous
maximum acceleration of the order of:

Amax,a5-70 ~ 9.0 x 10° I"I’]/S2

whereas the .30—06 Springfield reaches values of the order of:
Umax30-06 =~ 1.45 X 10® m/s”

These values indicate that the .30-06 undergoes a more intense acceleration
phase. For a more robust evaluation, it is also useful to consider the average
acceleration, calculated as:
_ Vexit
Aavg = T
exit
For the .45-70 Government:

466

2
Aavga5-70 ~ 500161 2.89 x 10° m/s

while for the .30-06 Springfield:
755

2
Aavg,30-06 ~ 500120 ~ 6.29 x 10° m/s

The average acceleration of the .30—06 is therefore approximately 2.2 times
higher than that of the .45—-70. This result is consistent with the higher equivalent
pressure applied, the lower projectile mass, and the higher final velocity.
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6.5 Energetic Response

6.5.1 Kinetic Energy

The kinetic energy of the projectile increases during the acceleration phase and
subsequently tends to stabilise when the projectile reaches the barrel exit. This
trend is consistent with the progressive transformation of the work produced by
the pressure load into projectile motion.

For the .45-70 Government case, the final kinetic energy of the projectile is
approximately:

Ek,45—70 ~ 2.21 kd

For the .30-06 Springfield case, the final kinetic energy is approximately:

Ex30-06 ~ 2.77 kJ

The .30-06 therefore reaches a higher kinetic energy, despite the lower projectile
mass. This result is due to the higher final velocity, which affects kinetic energy
quadratically:

Ey = ~mu?
k= Emv
This result is particularly relevant for the subsequent terminal ballistics analysis,
since the energy available at impact depends directly on the exit velocity
generated by the internal ballistics module.
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6.5.2 Internal Energy

Internal energy represents an indicator of the portion of work absorbed in the
form of elastic and plastic deformation within the model components. In the
obtained plots, internal energy increases during the initial phase of motion, when
the projectile is subjected to the strongest interaction with the barrel and to the
engraving phase with the rifling. The .30-06 Springfield model shows a higher
level of internal energy than the .45-70 Government model. This behaviour is
consistent with higher velocity, higher acceleration, and more intense dynamic
interaction between the projectile and the rifling. However, this quantity should be
interpreted comparatively, since it depends on the adopted material assumptions,
contact formulation, and local discretisation. In this study, internal energy is
therefore used as an indicator of the coherence of the mechanical response
rather than as an experimental validation parameter.
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6.5.3 Hourglass Energy Control

A fundamental aspect of numerical verification is the control of hourglass energy.
In the final models, the use of fully integrated hexahedral solid elements makes it
possible to avoid non-physical deformation modes associated with hourglass
behavior. From the obtained results, hourglass energy is zero or negligible in
both models.

This behavior confirms the stability of the adopted solid formulation and
represents a significant improvement compared with preliminary configurations
that were more unstable or based on less controlled discretisations.

6.6 Local Stresses and Deformations

6.6.1 Von Mises Equivalent Stress

The distributions of von Mises equivalent stress make it possible to identify the

most highly stressed regions during the interaction between projectile and barrel.
In the analysed models, stress concentrations are mainly localised in the external
region of the projectile, particularly in the areas involved in contact with the rifling.

In the .45-70 Government model, near the barrel exit, the maximum equivalent
stress is approximately:

Oymmax.as—70 ~ 181.6 MPa
In the .30-06 Springfield model, the maximum value reaches approximately:
Oymmax.30-06 =~ 213.6 MPa
The higher value in the .30—06 case is consistent with the higher velocity, higher
acceleration, and more intense dynamic interaction with the rifling. However,
local maximum values must also be interpreted with caution, since they may be
sensitive to the mesh, contact parameters, and material assumptions. For this

reason, in the present study, von Mises stress is mainly used as a qualitative and
comparative indicator of the local mechanical response.
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6.6.2 Equivalent Plastic Strain

Equivalent plastic strain allows the regions where the projectile undergoes
permanent deformation during the interaction with the rifling to be evaluated. In
the obtained results, plastic deformation is mainly concentrated in the external
region of the projectile, consistently with the role of the jacket as the part directly
involved in contact with the barrel.

For the .45-70 Government, the maximum equivalent plastic strain is
approximately:

p ~
Eeffmax,a5—-70 = 0.267

For the .30-06 Springfield, the maximum value is approximately:

p ~
€ef fmax,30-06 0.338

The higher value in the .30—06 model suggests more intense local plastic
deformation, consistent with the higher stress level. The maximum value should
be interpreted with caution, since it may depend on the local discretization and
contact behavior. The most relevant information is therefore the localization of
plastic strain on the external surface of the projectile and its coherence with the
rifling engagement mechanism.
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Plastic strain maps are particularly useful because they show that the model
does not only describe the global motion of the projectile, but also the local
mechanical effect of the interaction with the rifled barrel. In literature, projectile
plastic deformation is often used to evaluate the physical coherence of the
numerical model and, when suitable data are available, to compare the deformed

geometry after firing [36] - [37].

6.7 Overall Comparison Between the Two Calibres

Table summarizes the main kinematic, energetic, and structural results obtained

for the two models.

Quantity .45-70 Government | .30—06 Springdfield
Complete exit time ~1.61 ms ~1.20 ms
Axial velocity at exit ~ 466 m/s ~ 755 m/s

Average acceleration

2.89 x 10°m/s?

6.29 X 10°m/s?

Indicative maximum acceleration

9.0 X 10°m/s?

1.45 x 10°m/s?
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Final kinetic energy ~2.21kJ ~2.77 kJ
Maximum Von Mises stress 181.6 MPa ~ 213.6 MPa
Maximum equivalent plastic strain | = 0.267 ~ 0.338
Hourglass energy zero/negligible zero/negligible

The obtained results are consistent with the role of the two calibers within the
numerical platform: the .45-70 represents a configuration characterized by a
heavy projectile and moderate velocity, whereas the .30—06 represents a faster
and more dynamically severe configuration.

From a kinematic point of view, the .30—06 reaches the barrel exit in a shorter
time and with a higher velocity. From an energetic point of view, it exhibits a
higher final kinetic energy, despite the lower projectile mass. From a structural
point of view, the von Mises stress and plastic strain maps show a higher local
intensity of the interaction with the rifling.

6.8 Numerical Stability and Quality of the Response

The numerical stability of the models was evaluated through several indicators:
simulation termination, regularity of the kinematic curves, energy evolution,
absence of significant hourglass energy, and physically interpretable contact
behavior.

Both simulations reached normal termination. The .30-06 Springfield model
terminates at approximately 1.5 ms, while the .45-70 Government model
terminates at approximately 2.2 ms. Stopping the simulations shortly after
projectile exit reduces computational cost and keeps the analysis focused on the
physically relevant phase of internal ballistics.

An important improvement compared with the preliminary configurations is the
removal of global mass scaling. In the final models, the DT2MS parameter was
set to avoid any artificial increase in projectile mass. This choice is essential
because mass scaling can alter the dynamic response and modify the final
velocity in a non-physical way.

The use of fully integrated hexahedral solid elements also allowed hourglass
energy to remain zero or negligible, confirming that the results can be interpreted
reliably from an engineering point of view.

6.9 Final Considerations on the Internal Ballistics

Results
The obtained results show that the developed internal ballistics models can
reproduce a stable and physically interpretable dynamic response for both

calibers analyzed. The velocity, displacement, and acceleration curves show
behavior consistent with the applied pressure-time load; kinetic energy increases
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progressively and stabilizes near the barrel exit, while hourglass energy remains
negligible. The von Mises and plastic strain distributions highlight the localization
of the mechanical response in the external region of the projectile, corresponding
to the interaction with the rifling.

Overall, this chapter confirms that the internal ballistics module provides an
adequate numerical basis for the developed platform. Although it remains a
simplified model and not a complete experimental validation of the firing process,
it provides coherent, comparable, and usable results as initial conditions for the
subsequent terminal ballistics simulations.

Page 58 (94)



Linnaeus University

7. Terminal Ballistics Framework
71 Role of Terminal Ballistics within the Numerical
Platform

Terminal ballistics represents the phase of the ballistic process that begins when
the projectile reaches and interacts with the target. Within the numerical platform
developed in this study, this phase is considered as the continuation of internal
ballistics, providing the initial conditions required for the subsequent impact
problem, such as projectile velocity, kinetic energy, direction of motion and, in
possible future developments, also the rotational state of the projectile. In this
way, the two phases are connected according to a modular logic: the outputs of
internal ballistics become the inputs of terminal ballistics [2], [4] - [5].

From a Systems Engineering perspective, this separation is useful because it
allows the ballistic process to be divided into subsystems characterised by clearly
defined boundaries, inputs, outputs and assumptions [23] - [24]. Internal ballistics
mainly focuses on the acceleration of the projectile inside the barrel, while
terminal ballistics analyses projectile—target interaction, penetration, deformation
and energy dissipation after impact. This decomposition reduces the overall
complexity of the problem and makes the numerical platform easier to verify,
improve and extend in subsequent development stages.

The purpose of this chapter is therefore to define the physical framework required
to understand the terminal ballistic phase before introducing the numerical model
itself. The chapter defines the main physical mechanisms, the influencing
parameters and the output indicators that must be considered in the development
of a terminal ballistic simulation.

7.2 Definition of Terminal Ballistics

Terminal ballistics can be defined as the branch of ballistics that studies the
behaviour of a projectile after impact with a target. It includes the mechanisms
through which the projectile penetrates, deforms, expands, fragments or transfers
kinetic energy to the impacted medium [5] - [6]. Unlike internal ballistics, where
the projectile is confined inside the barrel, terminal ballistics is governed by a
strongly nonlinear interaction between the projectile and the target material.

The terminal response depends on both projectile-related and target-related
parameters. The projectile contributes through its mass, geometry, diameter,
velocity, material structure and ability to deform or fragment. The target
contributes through density, stiffness, mechanical strength, strain-rate sensitivity,
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failure behaviour and possible heterogeneity [5] - [6], [14]. For this reason,
terminal performance cannot be described exclusively by the initial kinetic energy
of the projectile. Two projectiles with similar kinetic energy may produce very
different effects if they differ in diameter, construction, expansion behaviour or
stability during penetration.

In the context of the present study, the objective is to define a simplified and
controllable framework for analysing the impact response, focusing the chapter
on physical indicators such as penetration depth, projectile deformation, cavity
formation and energy transfer, all of which are suitable parameters for
subsequent finite element modelling.

7.3 Projectile-Target Interaction Mechanisms

The interaction between the projectile and the target represents the central
aspect of terminal ballistics. At the moment of impact, the projectile possesses
kinetic energy that is progressively redistributed into the target and into the
projectile itself, generating local compression, material displacement, plastic
deformation, fracture, projectile expansion, fragmentation and pressure wave
propagation [5] - [6], [20]. The relative importance of each mechanism depends
on the impact regime and on the characteristics of the projectile—target system:

In soft targets, such as ballistic gelatine or surrogate materials for biological
tissues, the main observable effects are penetration, temporary cavity,
permanent cavity and projectile deformation.

In harder targets, such as metals, ceramics or concrete, the dominant
mechanisms may instead include crater formation, plugging, cracking, erosion
and perforation resistance [5]], [20].

7.31 Penetration

Penetration is the process through which the projectile advances inside the target
after impact. It represents one of the most important indicators of terminal ballistic
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behaviour because it expresses the ability of the projectile to overcome the
resistance offered by the target material. From an engineering point of view,
penetration depends on the balance between the kinetic energy and momentum
of the projectile and the resisting forces generated by the target [5] - [6].

The resisting force is not constant during penetration, but varies as a function of
projectile velocity, projectile orientation, target deformation, contact area and
material failure behaviour. A projectile that maintains a narrow and stable
geometry can penetrate more deeply because it preserves a relatively small
frontal area. Conversely, a projectile that expands rapidly increases its contact
area and transfers energy over a shorter distance, often reducing penetration
depth. This distinction is particularly relevant for hunting projectiles, where the
objective is generally not maximum penetration itself, but a controlled balance
between sufficient penetration and effective energy transfer [13].

In numerical simulations, penetration depth, measured as the distance travelled
by the projectile tip or by the projectile centre of mass inside the target, is one of
the most useful output quantities. If the projectile perforates the target, residual
velocity and residual kinetic energy also become important indicators of the
terminal response.

7.3.2 Deformation and Expansion

Projectile deformation indicates the change in shape experienced by the
projectile during impact and penetration. Expansion, on the other hand, is a
specific form of deformation in which the frontal diameter of the projectile
increases, usually due to the collapse or opening of the nose region. This
mechanism is typical of soft-point, hollow-point or controlled-expansion
projectiles used in hunting applications.

Expansion significantly modifies the terminal response because it increases the
projected frontal area of the projectile. Consequently, the resisting force exerted
by the target generally tends to increase, the projectile decelerates more rapidly,
and a larger portion of kinetic energy is deposited along a shorter penetration
path [5]], [13]. This behaviour can be desirable when excessive penetration must
be avoided, while still maintaining effective energy transfer.

However, expansion must remain controlled, avoiding an overly aggressive
expansion of the projectile that would make penetration insufficient. If, on the
contrary, the projectile does not expand, penetration may become excessive and
energy transfer may be less concentrated within the target. For this reason,
projectile deformation represents a fundamental parameter for interpreting the
performance of hunting ammunition. In the present study, this mechanism is
important because the selected calibres represent different ballistic families,
influencing deformation, penetration and energy transfer during terminal impact.

7.3.3 Fragmentation

Fragmentation occurs when the projectile breaks into several parts during
penetration, involving the separation between jacket and core, the loss of small
fragments from the nose region or the complete structural failure of the projectile.
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Fragmentation can increase local damage and energy deposition, but it can also
reduce the residual mass of the projectile and therefore decrease its penetration
capability.

From the point of view of numerical modelling, fragmentation is more complex
than simple deformation or expansion, since it requires the definition of material
failure criteria, erosion criteria, control of mesh dependency and contact between
multiple fragments. If these aspects are not treated carefully, numerical
fragmentation may be dominated by computational artefacts rather than by real
physical behaviour.

For this reason, in the first version of a terminal ballistic model, fragmentation
must be treated with caution, focusing on penetration, target deformation and
projectile expansion before introducing detailed fracture or separation models.
This approach is consistent with the progressive development logic adopted in
the present study.

7.34 Permanent Cavity

The permanent cavity is the residual path left in the target after the projectile has
passed through it. In ballistic gelatine, it is associated with the visible permanent
channel, cracks, material separation and irreversible deformation. In biological
tissues, it is commonly related to the region of tissue that is crushed, cut or
permanently damaged along the projectile trajectory [7] - [8].

In engineering terms, the permanent cavity can be interpreted as the region in
which the target has undergone irreversible deformation or damage. Its size
depends on projectile diameter, expansion, yaw, fragmentation and target
resistance. A non-expanding projectile tends to generate a narrower permanent
channel, while an expanding projectile may generate a wider channel due to the
increase in frontal area and the greater local displacement of material.

In numerical simulations, the permanent cavity can be estimated through residual
deformation, plastic strain distribution, damaged elements or geometric
measurements of the final target configuration. However, its exact definition
depends on the adopted material model and on the available output variables.
Therefore, the permanent cavity must be interpreted as a numerical indicator of
target damage, and not as a direct anatomical prediction.

7.3.5 Temporary Cavity

The temporary cavity is a transient expansion of the target material around the
projectile path. It is generated because the projectile transfers momentum and
energy to the surrounding material, accelerating it radially with respect to the
penetration line. In elastic or partially elastic materials, this cavity expands and
subsequently collapses within a very short time interval [7] - [8], [41].

Ballistic gelatine is particularly useful for observing the temporary cavity because

it is transparent and allows the phenomenon to be recorded using high-speed
video. Experimental and numerical studies have shown that the temporary cavity
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can be strongly influenced by projectile velocity, yaw, tumbling and the amount of
energy transferred to the target [41], [48].

The temporary cavity must be interpreted with caution, since its visibility in gelatin
does not automatically imply that the same amount of permanent damage occurs
in real tissues. Biological tissues differ significantly in elasticity, density, structure
and failure behaviour. Some tissues may tolerate temporary deformation, while
others may be more vulnerable to tensile damage. Therefore, in the present
project, the temporary cavity is considered as an engineering indicator of the
dynamic deformation of the target, not as a direct measure of anatomical
damage.

7.3.6 Energy Transfer and Dissipation

Energy transfer is one of the most important concepts in terminal ballistics. At the
moment of impact, the projectile possesses an initial kinetic energy that depends
on mass and velocity. During penetration, part of this energy is transferred to the
target, part may be consumed in the deformation or fragmentation of the
projectile, part may remain as residual kinetic energy and part may be dissipated
in the form of heat, friction, pressure waves and other mechanisms [5], [20].

The initial kinetic energy of the projectile is given by:

E; = —mv?

where m is the mass of the projectile and v is the impact velocity. However,
kinetic energy alone is not sufficient to predict terminal performance. A projectile
may have high energy but pass through the target while depositing only a limited
portion of it. Conversely, a projectile with lower initial energy may transfer a larger
fraction of energy if it expands or stops inside the target.

For numerical modelling, the energy balance is particularly useful because it
provides a criterion for physically verifying the behaviour of the simulation. The
decrease in projectile kinetic energy should be related to the increase in target
internal energy, projectile deformation energy, contact work and other dissipative
terms.
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7.4 Influence of Projectile Parameters

Projectile parameters strongly influence the terminal ballistic response. The most
important variables include mass, diameter, nose geometry, material
composition, jacket design, core structure, sectional density and deformation
capability [5], [13]. These parameters determine how the projectile interacts with
the target, how rapidly it decelerates and how energy is distributed during
penetration.

Mass influences both kinetic energy and momentum. A heavier projectile may
better preserve its velocity during penetration and may be less sensitive to rapid
deceleration, especially if it maintains its structural integrity. Diameter affects the
initial contact area and therefore the amount of target material displaced during
impact. A projectile with a larger diameter generally generates a wider initial
channel, even before expansion occurs.

Projectile construction is equally important:

I.  Full metal jacket projectiles usually tend to maintain their shape and
penetrate deeply;

[I.  Expanding projectiles are designed to increase their frontal diameter after
impact;

[ll.  Bonded projectiles aim to preserve mass by reducing separation between
jacket and core;

IV.  More fragile projectiles may fragment more easily.
Recent experimental studies on ballistic gelatine have shown that different

projectile configurations can produce significantly different results in terms of
penetration, expansion and mass retention, even within the same calibre [47].
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For hunting applications, projectile design represents one of the most important
factors in terminal ballistic performance. The projectile should penetrate
sufficiently, expand in a controlled manner and retain enough mass to maintain
an effective penetration path. Excessive fragmentation may instead reduce
penetration, while insufficient expansion may lead to over-penetration and
reduced energy transfer.
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7.5 Influence of Impact Velocity and Angle

Impact velocity is one of the most influential parameters in terminal ballistics.
Since kinetic energy depends on the square of velocity, even moderate variations
in velocity can produce significant variations in the energy available at impact.
Velocity also influences projectile expansion, target deformation, temporary
cavity formation and the possibility of fragmentation [5], [20].

However, a higher velocity does not automatically imply better terminal
performance. If the projectile expands or fragments too rapidly, penetration may
become insufficient. If, on the contrary, the projectile is too rigid or does not
deform, it may retain a high amount of residual kinetic energy and completely
pass through the target. Therefore, velocity must be considered together with
projectile construction and target properties.

The impact angle also plays an important role. A normal impact tends to generate
a more symmetric penetration path, while an oblique impact may increase
asymmetry, promote deflection and modify the effective penetration distance. In
soft targets, the initial yaw angle of the projectile can also influence the
penetration process. Numerical and experimental studies on rifle bullets in gelatin
show that the angle of attack can noticeably influence penetration behaviour and
the development of the temporary cavity [41], [48].

In the present study, external ballistics is excluded from the modelling scope.

Therefore, impact velocity is treated as an imposed parameter and not as the
result of a simulated flight trajectory.
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7.6 Influence of Target Properties

The response of the target material is as important as the projectile properties.
Terminal ballistics is not determined by the projectile alone, but by the interaction
between projectile and target. Density, stiffness, mechanical strength, strain-rate
sensitivity, failure behaviour and target heterogeneity influence penetration
resistance, cavity formation and energy dissipation [6], [14], [41].

Density is particularly important because it affects inertial resistance. During high-
speed penetration, a significant part of the resisting force is associated with the
acceleration and displacement of the target material. Stiffness and mechanical
strength influence how the material deforms, whether it recovers elastically,
yields plastically or undergoes failure. Strain-rate sensitivity is also relevant
because ballistic impact occurs over very short time scales, and many materials
behave differently under dynamic loading compared to quasi-static conditions
[14].

Biological targets introduce further complexity, since they are heterogeneous,
anisotropic and composed of different tissues, organs, fluids and bones. For this
reason, a homogeneous target cannot reproduce the complete response of a real
anatomical system. However, simplified target materials are useful when the
objective is to obtain controlled and repeatable comparisons between projectiles
or modelling approaches [7], [9].

7.7 Ballistic Gelatine and Standardised Testing
Approaches

Ballistic gelatine is widely used as a soft-tissue simulant because it provides a
repeatable, transparent and relatively controllable medium for studying
penetration and energy dissipation. Its value mainly lies in the standardisation
and comparability of results, rather than in the assumption that it perfectly
reproduces real biological tissue [7], [9].

The two most common formulations are 10% gelatine at 4 °C and 20% gelatine
at 10 °C [9] - [10], [41]. Calibration and preparation procedures are important
because small variations in concentration, temperature, storage and handling
may influence penetration resistance. For this reason, standardised gelatine tests
are useful when different projectile configurations must be compared under
controlled conditions. In this study, ballistic gelatine is considered an appropriate
simplified target for the first development stage of the terminal ballistics platform.
Its limitations must nevertheless remain clear: it is homogeneous, it does not
include anatomical structures and it cannot reproduce the full complexity of real
tissues. However, it provides a practical engineering reference for evaluating
penetration, deformation and energy transfer in a controlled numerical
environment.
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7.8 Terminal Ballistic Indicators for the Numerical
Model

The framework developed in this chapter makes it possible to identify the main
quantities that should be extracted from the numerical model of terminal
ballistics. These indicators must be consistent with the physical mechanisms
discussed above and with the general objective of the study.

The main indicators are:

Indicator Meaning in the numerical model

Penetration depth Distance travelled by the projectile inside the target

Projectile deformation Expansion, shape change, flattening or tendency to

fail
Target deformation Local and global displacement of the gelatin block
Permanent cavity Residual path or region of irreversible deformation
Temporary cavity Maximum transient radial deformation of the target
Kinetic energy loss Reduction of projectile kinetic energy during impact

Target internal energy | Energy absorbed by the target material

Residual velocity Residual projectile velocity in the case of perforation

Contact stability Numerical quality of the projectile—target interaction

Stress and strain fields | Local distribution of loading in the target and
projectile

Page 67 (94)



Linnaeus University

These indicators provide the connection between the theoretical framework and
the finite element model that will be developed in the following chapter.
Penetration depth, deformation and energy histories will be important because
they allow the terminal response to be interpreted consistently with both the
physical literature and the internal ballistic outputs already obtained.

Overall, the chapter shows that terminal ballistics must be understood as a
coupled interaction between projectile design, impact conditions, target
properties and energy dissipation mechanisms. This interpretation provides the
basis for building a simplified but physically coherent terminal ballistics numerical
model, suitable for progressive development.
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8. Terminal Ballistic Numerical Model

8.1 Objective of the Terminal Ballistic Model

The objective of the terminal ballistic model is to analyse the interaction between
the projectile and a target after impact. The terminal ballistic phase represents
the continuation of the internal ballistic analysis, allowing the projectile—target
interaction to be evaluated in terms of penetration, velocity reduction, contact
force and energy transfer.

The terminal ballistic model was developed for the same two calibres analysed in
the previous chapters: the .45—70 Government and the .30-06 Springfield. The
objective is therefore to compare the two impact simulations and evaluate how
two different projectile configurations interact with the same type of target under
controlled numerical conditions. The target is represented by a block of ballistic
gelatin. However, it is important to clarify that gelatin does not fully reproduce the
heterogeneity of biological tissues. For this reason, the results obtained in this
chapter are interpreted as engineering indicators of the terminal response, rather
than as direct predictions of physiological damage [8],[40] - [41].

At this stage of development, the terminal models are treated as simplified
engineering baseline models. Their main purpose is to compare penetration,
residual velocity, energy transfer and target response between the two selected
calibres, rather than to reproduce all local physical mechanisms associated with
real projectile deformation, expansion, fragmentation or biological tissue damage
[4] - [5],[19].

Internal ballistic output Impact velocity Gelatin block model Penetration / Energy / Contact

8.2 Projectile Geometry for Impact Analysis

The terminal ballistic simulations use projectile geometries corresponding to the
.45-70 Government and the .30-06 Springfield. The projectiles are positioned in
front of the gelatine block and aligned with its central longitudinal axis. The
impact direction is defined along the positive X-axis.

In the final terminal models, the projectile is treated as a rigid or quasi-rigid body,
since preliminary models with deformable projectiles showed strong sensitivity to
local element distortion. Deformable projectile models including jacket and core
were useful during the development phase but generated numerical instability
during the initial penetration into the gelatine. The final rigid-body representation
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was therefore selected to obtain stable simulations and to focus the analysis on
penetration, deceleration, contact response and energy transfer to the target.
This modelling choice represents an important simplification, since in real
terminal ballistics the projectile may deform, expand, fragment or experience
jacket—core separation depending on its construction, velocity and target
resistance [4] - [5]. These effects are not explicitly reproduced in the final terminal
model. Therefore, projectile deformation is not interpreted as a primary physical
output of this chapter.

Page 70 (94)



%
Linnzeus University:’i"

8.3 Target Geometry and Simplifications

The target is represented by a rectangular block of ballistic gelatine. The front
face of the gelatine block is positioned at:

X =100 mm

and the block extends longitudinally for 1000 mm along the impact direction. This
configuration avoids an initially eccentric impact and allows the comparison to
focus on calibre, velocity, energy and projectile geometry, rather than on
variability caused by impact angle.

The initial configuration images clearly show the projectile positioned in front of
the gelatine block, with a regular mesh in the target region. However, if
deformation or stress waves reach the external surfaces during the simulation,
the boundaries of the block may influence the response. In the present work, the
block is considered suitable for a comparative engineering study, since both
calibres are simulated using the same target configuration.
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8.4 Material Modelling of Projectile and Target

To avoid numerical failure caused by severe local mesh deformation during the
initial impact, the projectile was modelled as a rigid or quasi-rigid body.
Consequently, the final model does not reproduce projectile expansion, plastic
deformation, mushrooming or fragmentation. These mechanisms remain relevant
in real terminal ballistics, but require a more advanced deformable projectile
formulation, calibrated material data and a more complex meshing strategy [4] -
[5], [19].

The gelatine block is treated as an erodible soft target, allowing the simulation to
continue when the elements along the penetration path become highly distorted.
This aspect is important, where large deformations and severe local contact may
otherwise generate negative element volumes and premature termination [38] -
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[39]. The erosion approach must be interpreted carefully. It does not represent a
complete physical model of fracture or tissue damage, but rather a numerical
strategy used to preserve stability and approximate the formation of the
penetration channel in the gelatine. For this reason, eroded internal energy and
eroded kinetic energy are explicitly monitored in the results and included in the
interpretation of the target response.

Component Modelling R’_ole in _the Main limitation
approach simulation
o Rigidiquasi-rigid Penetrat_lng body No prOJ_ectlle
Projectile and carrier of the expansion or
body C .
initial kinetic energy | fragmentation
e oo | St
Gelatin block Erodible soft target P surrogate, not
and energy . . .
; biological tissue
absorption

Contact interface

Erodible surface-to-
surface contact

Projectile—target
interaction

Sensitive to erosion
and mesh quality

8.5

Contact and Erosion Considerations

The projectile—target interaction is defined using an erodible contact formulation,
suitable for penetration problems in which the target undergoes large deformation
and local material removal. In the final models, the contact allows the projectile to
interact with the gelatine surface and progressively penetrate the block. The use
of erosion represents a compromise between physical representation and
numerical robustness. Without erosion, the high deformation of gelatine elements
along the projectile path may cause excessive distortion and solver termination.
With erosion, the model remains stable, but part of the target response is
represented through removed material and eroded energy.

For this reason, the eroded energy terms are discussed in Chapter 9 as part of
the numerical interpretation of the results [38] - [39].

Page 73 (94)




%
Linnzeus University:‘i"

8.6 Initial and Boundary Conditions

An initial velocity is assigned to each projectile along the positive X-direction. The
adopted unit system is:

kg-mm-ms
therefore:

1 mm/ms =1m/s

The .45-70 Government projectile is assigned an initial velocity of:
450 mm/ms = 450 m/s,
while the .30—06 Springfield projectile is assigned an initial velocity of:

750 mm/ms = 750 m/s.
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These values are coherent with the different ballistic character of the two
calibres. Projectile velocity is extracted from the rigid-body velocity output in
MATSUM, specifically from the variable:x-rbv, related to the material or part of
interest. This value is more appropriate than a global velocity quantity, since it
directly refers to the rigid-body motion of the projectile. In the terminal
simulations, no initial angle of attack and no projectile spin are imposed. This
choice simplifies the comparison and allows the analysis to focus on the
influence of impact velocity and calibre geometry. The gelatin block is initially at
rest.

The final simulation times are:
l. .45-70 Government: 2.10 ms;
II.  .30-06 Springfield: 1.25 ms.

These times are sufficient to capture the main penetration and deceleration
behaviour, while keeping the computational cost manageable.

Parameter .45-70 Government .30—-06 Springfield
Initial velocity 450 m/s 750 m/s
Projectile mass 0.0203 kg 0.0108 kg
Initial kinetic energy 2055 J 3046 J
Impact direction +X +X
Gelatin front face x =100 mm x =100 mm
Gelatin length 400 mm 400 mm
Final simulation time 210 ms 1.25 ms
8.7 Impact Scenarios

Two impact scenarios are analysed. The first corresponds to the .45-70
Government projectile impacting the gelatine block at 450 m/s. The second
corresponds to the .30—06 Springfield projectile impacting the same type of target
at 750 m/s.

The comparison is designed to highlight two different terminal ballistic
behaviours. Both simulations use the same general modelling assumptions: rigid
projectile, gelatine block, erodible contact, axial impact and no imposed spin or
angle of attack. Therefore, differences in the results can mainly be interpreted in
terms of projectile mass, velocity, geometry and energy.
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8.8

Output Parameters of Interest

The main outputs required from the terminal ballistic simulations are:

D3PLOT is used to visualise projectile motion, penetration and target
deformation. It is also used to extract qualitative information on the final
projectile position and gelatine block deformation.

MATSUM is used to analyse projectile kinetic energy and rigid-body
velocity, together with the energy components associated with the
gelatine. In particular, the rigid-body projectile velocity is extracted from
the variable x-rbv.

RCFORC is used to evaluate the projectile—target contact force during the
first impact phase. This output is useful to identify the time of first contact
and the maximum contact force.

IV. GLSTAT is used to evaluate the global energy balance of the simulation.
The ratio between total energy and initial energy, hourglass energy and
sliding/contact energy are used as indicators of numerical stability [38] -
[39], [46].

Output file Extracted quantity Use in the project

Projectile position, Impact sequence and

D3PLOT gelatin deformation final configuration

Projectile velocity,
MATSUM kinetic energy, gelatin Fer;?éﬂglt@r;gﬁr and
energy y
Impact severity and
RCFORC Contact force peak force
Total energy, hourglass | Numerical stability
GLSTAT energy, sliding energy assessment
8.9 Numerical Assumptions and Model Limitations

The final terminal ballistic models are simplified engineering baseline models.
They are suitable for comparing the two calibres under controlled assumptions,
but they must not be interpreted as fully validated physical reproductions of real
terminal ballistic events.

The first limitation is the rigid representation of the projectile. Real projectiles may
deform, expand, fragment or experience jacket—core separation. These
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mechanisms are central in terminal ballistics, but they are not included in the final
stable models [4] - [5]. The deformable projectile models developed during the
preliminary phase are therefore considered sensitivity cases or future work, not
result models.

The second limitation concerns the gelatine model. Ballistic gelatine is a useful
and repeatable surrogate, but it remains homogeneous and cannot reproduce the
complete structure of biological tissues [8] - [9], [40]. Consequently, the results
are interpreted as comparative indicators of penetration and energy transfer, not
as direct predictions of wound formation.

The third limitation is related to erosion. Erosion improves numerical stability
during large deformations but introduces eroded energy terms that must be
monitored. In the present simulations, eroded internal energy and eroded kinetic
energy are therefore included in the interpretation of the target response.

8.10 Verification Strategy

The verification strategy is based on three main checks: termination status,
energy balance and qualitative inspection of the deformation sequence. Both
simulations reach normal termination, confirming that the models complete the
prescribed simulation time without failure. The total energy ratio remains close to
unity in both cases, indicating that the global energy balance is well controlled. In
addition, the D3PLOT sequences show a physically readable penetration
process, with the projectile entering the gelatine block and continuing to
decelerate inside the target.

The model is therefore considered suitable for a comparative terminal ballistic
discussion. However, hourglass and sliding energy contributions are not
negligible, especially in the .30—06 case. For this reason, the model is classified
as a simplified engineering baseline rather than a fully validated high-fidelity
model [38] - [39], [46].
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0. Terminal Ballistic Results and
Discussion
9.1 General Impact Response

The .45-70 Government simulation reaches a final time of 2.10 ms, while the
.30-06 Springfield simulation reaches a final time of 1.25 ms. Both simulations
were performed using 20 CPUs.

Although the output files include the term “negative volume”, this does not
correspond to failure of the final simulations. The message is associated with the
erodible contact formulation and with the automatic negative-volume controls
activated by LS-DYNA. Since no failed solid element causes termination and
both runs reach normal termination, the simulations are considered usable for
comparative analysis.

The impact sequences show that both projectiles enter the gelatine block and
continue to advance inside the target during the simulated time interval. Both
projectiles remain inside the 1000 mm long block in the final frame. The target
deformation appears more intense in the .30—-06 case, consistently with its higher
initial velocity and higher initial kinetic energy.
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9.2 Penetration Depth

Penetration depth must be evaluated using the final projectile position in the last
D3PLOT frame. In particular, the measurement can be performed by considering
either the final position of the projectile tip or the position of the rigid-body centre
of mass. Penetration is evaluated with respect to the initial front face of the
gelatine block, located at:

X =100 mm

In this updated version, penetration values from previous runs are not reported
as final results, since the latest terminal models have different simulation times
and produce greater projectile deceleration. For this reason, penetration depth
must be updated directly from the final frame of the most recent simulations.

At the end of both simulations, the projectiles are still inside the gelatin block.
This means that the models capture the penetration and deceleration process,
but not complete target exit. The final comparison of penetration depth must
therefore be completed by measuring in D3PLOT the final position of the
projectile tip or centre of mass for both calibres.
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Quantity .45-70 Government .30-06 Springfield
Initial position from D3PLOT from D3PLOT
Final position to be updated to be updated
Gelatin front face 100 mm 100 mm
Estimated penetration to be updated to be updated
Exit from target No No

9.3 Projectile Deformation and Failure

In the final terminal ballistic models, the projectile is treated as a rigid or quasi-
rigid body. Therefore, projectile deformation, expansion, fragmentation and
failure are not primary outputs of the simulation. This modelling choice must be
clearly distinguished from the physical behaviour of real projectiles. In real
terminal ballistics, projectile deformation can strongly influence penetration,
energy transfer and target damage [4] - [5], [19]. A deformable projectile may
expand and increase its frontal area, transfer energy more rapidly or fragment
into multiple bodies. These effects are not captured by the final rigid-projectile
model. The rigid formulation was adopted to improve numerical robustness.
During the model development phase, deformable projectiles with jacket and
core showed sensitivity to local mesh distortion and negative-volume failure
during the first contact with the gelatine. The final rigid-body models therefore
provide a stable baseline for comparing deceleration, penetration and energy
transfer, while deformable projectile modelling is identified as future
development. From the D3PLOT images, the projectiles remain geometrically
intact throughout the analysed interval. This is coherent with the rigid-body
assumption and must not be interpreted as evidence that real projectiles would
not deform.
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9.4 Stress and Strain Distribution in the Target

The currently available images mainly show projectile position, target geometry,
mesh configuration and velocity/energy curves. To complete this section with
greater precision, stress or strain contour plots should be extracted from
D3PLOT. The most useful variables are:

I.  Effective plastic strain;
[I.  Pressure;
[ll.  Von Mises stress;
IV.  Erosion or damage indicator.

Based on the available data, the target response can already be interpreted
indirectly through energy transfer and eroded energy terms. The .30—06 case
produces a higher kinetic energy loss than the .45-70 case, indicating a more
intense disturbance of the target material. This is consistent with the higher initial
velocity and higher initial kinetic energy of the .30—06 projectile.

However, without stress or strain contour plots, the discussion of local target
fields must remain qualitative. The project should not claim a detailed stress
distribution if such contours are not included. A correct formulation is that the
available outputs indicate a more intense global target response in the .30—06
simulation, while the detailed local distribution of stress and strain requires
dedicated contour post-processing.
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9.5 Energy Transfer During Impact

Energy transfer is one of the most important indicators of terminal ballistic
response. It describes how projectile kinetic energy is redistributed into target
deformation, target motion, eroded material energy, contact work and residual
projectile motion [4] - [5], [19].

For the .45—-70 Government case, the projectile kinetic energy decreases from
approximately 2055 J, to approximately 10.1 J. The corresponding kinetic energy
loss is therefore approximately: 2045 J equal to about 99.5% of the initial kinetic
energy. For the .30-06 Springfield case, the projectile kinetic energy decreases
from approximately 3046 J, to approximately 51.5 J. The corresponding kinetic
energy loss is approximately: 2994 J equal to about 98.3% of the initial kinetic
energy. The .30-06 therefore transfers a larger amount of energy to the gelatine
block during the simulated interval. This result is consistent with its higher initial
velocity and higher initial kinetic energy. The .45-70, despite its larger mass,
starts from a lower kinetic energy and reaches a very low residual velocity at the
end of the simulation.

The total energy plots show only a very limited increase during the simulations.
For the .45-70 case, the total energy ratio is approximately 1.0013, while for the
.30-06 case it is approximately 1.0009. This indicates that global energy
conservation is good in both simulations.
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Quantity .45-70 Government | .30-06 Springfield
Initial velocity 450 m/s 750 m/s
Final velocity 29.9 m/s 85.7 m/s
Initial kinetic energy 2055 J 3046 J
Final kinetic energy 101 J 51.5J
Kinetic energy loss 2045 J 2994 J
Percentage reduction 99.5% 98.3%
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9.6 Comparison Between the Selected Calibres

The comparison between the two calibres highlights two different terminal

ballistic behaviours. The .45-70 Government enters the gelatine block with lower
velocity, but with a larger projectile mass and diameter. Its velocity decreases
from 450 m/s to approximately 29.9 m/s in 2.10 ms. The kinetic energy loss is
approximately 2045 J, corresponding to about 99.5% of the initial kinetic energy.
The .30-06 Springfield enters the target with a much higher velocity. Its velocity
decreases from 750 m/s to approximately 85.7 m/s in 1.25 ms. The kinetic energy
loss is approximately 2994 J, corresponding to about 98.3% of the initial kinetic
energy.

These results indicate that the .30—06 transfers more energy to the gelatine in
absolute terms. This produces a more intense target response, consistently with
its higher initial energy and impact velocity. The .45-70, instead, shows a more
gradual penetration response and reaches a very low residual velocity at the final
simulation time.

This comparison is consistent with the general ballistic character of the two
calibres: the .45-70 Government is a larger and slower projectile system, while
the .30-06 Springfield is a smaller and faster projectile system [1], [4], [44] - [45].
However, the numerical results must be interpreted within the limitations of the
simplified model with rigid projectile and erodible gelatine.

.45—70 Government | .30—-06 Springfield

Result

Initial velocity 450 m/s 750 m/s
Final velocity 29.9 m/s 85.7 m/s
Initial kinetic energy 2055 J 3046 J
Final kinetic energy 10.1J 51.5J
Energy loss 2045 J 2994 J
Energy reduction 99.5% 98.3%

Estimated penetration

to be updated

to be updated

Peak contact force 77.8 KN 87.6 kN
Time of first contact 0.005 ms 0.003 ms
Normal termination Yes Yes
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9.7 Discussion in Relation to Hunting Performance

The results can be discussed in relation to hunting performance, but only with
caution. In hunting applications, terminal performance depends on a balance
between penetration depth, energy transfer, projectile stability, controlled
deformation and predictable behaviour in the target [11] - [13]. The present model
does not include projectile expansion or fragmentation and therefore cannot
directly predict wound-channel formation or biological damage.

The .30-06 model shows a larger transfer of energy to the gelatine. This
suggests a more intense target response, potentially relevant when rapid energy
deposition is required. However, in real applications, final effectiveness would
also depend on projectile construction, expansion behaviour, impact angle and
anatomical target conditions [4] - [5], [12].

The .45-70 model shows a very strong reduction in velocity and reaches a very
low residual velocity at the end of the simulation. This behaviour is consistent
with a larger and heavier projectile interacting more progressively with the target.
However, since the projectile is modelled as rigid, the simulation cannot evaluate
possible expansion or mushrooming, which would strongly influence real terminal
performance.

Therefore, the results must not be interpreted as a direct ranking of the hunting
effectiveness of the two calibres. They should instead be understood as a
comparative numerical assessment of two simplified projectile—target interaction
scenarios.

9.8 Uncertainty and Reliability of the Terminal Model

The two final terminal ballistic models are numerically usable because both reach
normal termination, maintain a total energy ratio close to unity and provide
physically readable penetration sequences. However, several uncertainties
remain.

The first uncertainty is related to the rigid projectile assumption. This assumption
stabilises the simulation but removes projectile deformation from the analysis.
The model therefore cannot predict expansion, fragmentation, jacket—core
separation or projectile failure [4] - [5].

The second uncertainty concerns the representation of gelatine. Ballistic gelatine
is a useful and repeatable surrogate, but remains homogeneous and simplified
compared to biological tissue [8]- [9], [40]. Therefore, the results are suitable for
engineering comparison, but not for direct biological interpretation.

The third uncertainty is numerical. Hourglass energy and sliding/contact energy
were monitored to evaluate numerical stability. Although the total energy ratio
remains very close to unity, these contributions should not be neglected,
especially because the model uses erodible gelatine subjected to large
deformations.

The absence of mass scaling is positive, since the dynamic response is not

modified by added artificial mass. However, hourglass and sliding energy
contributions indicate that the terminal models should be classified as simplified
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engineering baselines, not as fully validated high-fidelity predictive simulations

[38] - [39], [46].

Despite these limitations, the models successfully complete the intended
comparative task. They provide coherent information on velocity reduction,
penetration, contact force, energy transfer and target response for the two
calibres. This makes them suitable for the current stage of the numerical
platform, while also identifying clear directions for future improvements.

Indicator 45-70 .30-06
Government Springfield

Normal termination Yes Yes

Final time 2.10 ms 1.25 ms

Number of cycles

to be updated

to be updated

Total energy ratio

1.0013

1.0009

Max hourglass / initial energy

to be updated

to be updated

Max sliding energy / initial energy

to be updated

to be updated

Mass scaling

No

No

Failed elements as termination
cause

No

No
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10. Integrated Discussion

10.1 Link Between Internal and Terminal Ballistics

The numerical platform developed in this work was structured to connect the
internal ballistic phase with the terminal ballistic phase. This connection is
important because terminal response strongly depends on projectile velocity,
direction of motion and projectile state at the moment of impact [1], [4] - [5]. In the
final terminal simulations, the initial conditions reflect the different ballistic
character of the two selected calibres. The .45-70 is represented as a larger and
heavier projectile travelling at lower velocity, while the .30-06 is represented as a
smaller and faster projectile [1], [44] - [45]. The terminal ballistic model evaluates
how projectile energy is transferred to a soft surrogate target represented by
ballistic gelatine. The use of gelatine allows a controlled comparison between the
two cases, even though it does not reproduce the full complexity of biological
tissues [8]- [9], [40].

10.2 Interpretation of the Terminal Response

The terminal ballistic simulations show that both projectiles penetrate the gelatine
block and are strongly decelerated during the simulated interval. The .45-70
Government projectile decreases from 450 m/s to approximately 29.9 m/s, while
the .30-06 Springfield projectile decreases from 750 m/s to approximately 85.7
m/s. This indicates that both configurations transfer a very significant portion of
their initial kinetic energy to the target. The .45-70 loses approximately 2045 J of
kinetic energy, corresponding to about 99.5% of its initial kinetic energy. The .30—
06 loses approximately 2994 J, corresponding to about 98.3%. Therefore, the
.30-06 transfers a larger amount of energy in absolute terms, mainly due to its
higher initial velocity and higher initial kinetic energy.

The contact response also confirms the more severe impact condition of the .30—
06 case. The peak contact force is approximately 87.6 kN for the .30-06 and
77.8 kN for the .45—70. The first contact occurs earlier in the .30—-06 simulation
due to the higher initial velocity.

From an engineering point of view, the two calibres show different behaviours.
The .45-70 produces a more gradual penetration process and reaches a very
low residual velocity at the end of the simulation. The .30-06 transfers more
energy to the gelatine and maintains a higher residual velocity despite strong
deceleration. This behaviour is consistent with the distinction between a larger
and slower projectile and a smaller and faster projectile [1], [4] - [5].

10.3 Numerical Reliability of the Final Terminal Models

Both final terminal ballistic simulations reached normal termination. This is a
fundamental requirement for using the results in the final discussion. The global
energy balance is also acceptable, since the ratio between total energy and initial
energy remains very close to unity in both cases. The final value is approximately
1.0013 for the .45-70 simulation and approximately 1.0009 for the .30-06
simulation.
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The absence of error termination indicates that the final models are sufficiently
robust from a numerical point of view for the objectives of this project. However,
hourglass energy and eroded energy contributions are not negligible. This is
expected in a simplified model of erodible gelatine subjected to severe
deformation and penetration. For this reason, the terminal simulations should be
interpreted as simplified engineering baseline models, and not as fully validated
high-fidelity reproductions of impact on real tissue [38] - [39], [46].

The most important result is that the models provide coherent comparative
indicators: projectile deceleration, kinetic energy loss, contact force, penetration
trend and global energy stability. These indicators are sufficient for the current
development stage of the platform.

10.4 Engineering Meaning of the Comparison

The comparison between the two calibres confirms the usefulness of the
numerical platform. The same modelling logic was applied to two different
projectile systems, allowing their response to be compared under controlled
assumptions. The .45-70 Government response is characterised by progressive
penetration and almost complete loss of kinetic energy during the simulated
interval. The .30-06 Springfield response is characterised by greater energy
transfer and a higher contact force peak. The results show that terminal
performance cannot be interpreted only as a function of projectile mass or
calibre. Impact velocity, kinetic energy, target resistance and contact interaction
all contribute to the final response [4] - [5], [19]. The model provides a structured
way to compare the mechanical response of two projectile configurations in a
repeatable target. This is consistent with the objective of the project, which is to
build an initial numerical platform rather than a final and fully validated ballistic
testing method.
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11. Conclusions

1.1 Answer to the Research Question

The research question of the project was: “How can the research and
development process of a novel numerical platform for internal and terminal
ballistics analysis be structured?”

The work shows that the platform can be structured by treating the ballistic
process as a modular system. Internal ballistics and terminal ballistics are not
modelled as disconnected problems, but as connected phases of the same
numerical workflow.

This modular structure makes the platform easier to develop, verify and improve.
It also allows assumptions and limitations to be identified in each phase.
Therefore, the platform is not only a numerical model, but also a structured
engineering workflow for the progressive development of ballistic simulations.

11.2 Main Findings

The internal ballistic models showed that a simplified approach can be used to
reproduce the main characteristics of projectile motion inside the barrel. The
obtained quantities are essential for evaluating the numerical response and for
defining the connection with terminal ballistics [36] - [39].

The terminal ballistic models showed that the two calibres produce different
responses in ballistic gelatine. The .45-70 Government projectile, initialised at
450 m/s, is reduced to approximately 29.9 m/s at the end of the simulation. The
.30-06 Springdfield projectile, initialised at 750 m/s, is reduced to approximately
85.7 m/s.

In both cases, most of the initial kinetic energy is transferred to the target. The
.30-06 transfers a larger amount of energy in absolute terms, with a kinetic
energy loss of approximately 2994 J. The .45-70 loses approximately 2045 J.
The contact force peak is also higher for the .30-06, approximately 87.6 kN
compared with approximately 77.8 kN for the .45-70.

These results confirm that the .30—06 produces a more intense impact
interaction, while the .45-70 shows a more gradual penetration response. Both
terminal simulations reach normal termination and maintain total energy ratios
close to unity. This supports the use of the final models as simplified engineering
baselines for comparative analysis.

11.3 Contribution of the Study

The main contribution of the study is the development of a coherent numerical
framework that connects internal and terminal ballistic analyses. The work
demonstrates how a complex ballistic problem can be decomposed into
manageable modules while preserving the physical connection between launch
conditions and impact response.
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A second contribution is the comparative analysis of two different calibres within
the same modelling environment. The .45-70 Government and the .30-06
Springfield represent different ballistic configurations, and the numerical platform
allows their response to be compared using common assumptions.

A third contribution is methodological. The shows that the development of ballistic
simulation models requires not only numerical execution, but also progressive
refinement, stability checks, energy verification and explicit recognition of model
limitations.

11.4

Future Developments

Several future developments are necessary to improve the fidelity of the platform.

The internal ballistic model could be improved by replacing the prescribed
pressure—time load with a more complete model of gas generation and
propellant combustion. This would allow the pressure field to be
calculated directly, rather than imposed as an external condition [1], [3].

The terminal ballistic model could be improved by introducing deformable
projectiles with calibrated material models for jacket and core. This would
make it possible to simulate expansion, fragmentation and jacket—core
separation, which are important mechanisms in real terminal ballistics [4] -

[5]

The gelatin model could be refined using more advanced constitutive
descriptions, including strain-rate-dependent or viscoelastic behaviour.
This would improve the representation of the soft target response and
reduce the dependence on purely numerical erosion strategies [8] - [9],
[40].

The platform should be validated against experimental data. The most
important validation quantities would be muzzle velocity, pressure history,
penetration depth, residual velocity, projectile deformation and cavity
development in the target. Experimental comparison would transform the
current engineering baseline into a more predictive numerical tool.
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