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ABSTRACT

The Design of Effect of Shimming on Fatigue Life

Anushree Gharat

This paper reports on a finite element study of the effect of an epoxy resin
shim on the characteristics of fatigue performance of aluminum alloy
components, using ANSYS Workbench 19.2. The finite element study consisted
of two configurations, a monolithic aluminum alloy structure, and a shimmed
configuration (which includes an epoxy resin shim) both models were loaded
under the same loading and boundary conditions. These two configurations
ultimately necessitated two configurations be developed where the mechanical
effect of the shim could be isolated.

Mesh convergence studies were undertaken with both configurations to further
understand the stability of the solution using stress, strain and deformation
analysis to ensure the data is reliable and accurate. The fatigue performance
evaluation was performed using the strain-life (¢-N) method with the Morrow
mean stress correction. The results from the study indicate that epoxy resin
shimming not only reduces areas of high stress concentration, provides evidence
for strain distribution across the structure, but most importantly proves that it
vastly improves fatigue resistance properties while subjected to cyclic loading.
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I. Introduction

Modern aerospace engineering represents a fascinating intersection of advanced materials and
sophisticated analytical methods, as exemplified by the Boeing 787 Dreamliner's development
and analysis. Hailed as one of the great technological breakthroughs in aerospace engineering,
this aircraft was, as the first, manufactured in unthinkable dimensions with composite materials.
The crux of the innovation lies in the Carbon Fiber Reinforced Polymers (CFRPs), developed
especially to provide high strength-to-weight ratios for better operational performance and fuel
economy.

1.1 Literature Review

Aluminum alloys have been a primary material in aerospace engineering because they are low
density and high strength, corrosion-resistant and malleable. They have been the material of
choice in all of aerospace when performance and weight needed to be minimized, especially
airframe structural components. Aviation usage of aluminum can be traced back to the first
planes of the 19th century, and the understanding of this material was greatly improved during
WW II. The first alloy developed that became widely accepted for acrospace use was duralumin
(Al-Cu), before the introduction of higher-performing aluminum alloy series such as the 2000
and 7000 series [1].

The 2000 series aluminum alloys including 2024-T3 represent an aluminum-copper system
which has good fatigue strength and fracture toughness. These are well suited to fuselage skins,
wing panels and structures and components under cyclic loading. The 7000 series alloys such as
7075-T6 and 7050 7451, are aluminum-zinc-magnesium alloys which have very high tensile
strength. They are frequently used in high-stress critical structural applications like wing spars
and supporting structures for landing gears. The introduction of advanced processing and heat
treatment techniques, each have contributed to their improvements and the reduced potential for
loss of structural integrity due to stress-corrosion cracking [2].

The mechanical properties of these alloys can be considerably changed on heat treatment, either
through solution heat treatment, age hardening, and annealing. This gives an engineer the ability
to customize the yield strength, ductility and fatigue life of components made of aluminum alloy
so that they are in line with the desired performance specifications. A common tempering for
aluminum alloys such as 6061 and 7075, is T6 (solution heat treated and artificial aging),
because it is often a good compromise between strength and toughness [3].

The aerospace industry also began to look into alloying aluminum with lithium and the effects
this has in improving the modulus of aluminum while lowering the density. Al-Li alloys like
AA2195 and AA2090 have found uses in commercial and space aviation with notable reductions
in weight from normal aluminum alloys of approximately 10% with comparable fatigue strength
[4].

New fabrication technologies such as friction stir welding (FSW) have also enhanced fatigue
properties for structural joints. FSW employs mechanisms that eliminate defects that come with
fusion, while keeping the fine grain structure intact, resulting in better fatigue life relative to
other welding techniques [5]. The Federal Aviation Administration (FAA) guidance and the
Metallic Materials Properties Development and Standardization (MMPDS) databases provide
validated design allowables for fatigue design of aluminum alloys, imparting sufficient
confidence for engineering substantiation of fatigue design of aluminum alloys in aerospace



structures [6]. The introduction of hybrid materials systems, specifically aluminum alloys in
combination with carbon fiber reinforced polymers (CFRPs), further intensifies complexity
associated with stress compatibility and fatigue durability at the material interfaces, as there is a
critical need to mitigate stress concentration at joints, often concerning the associated use of a
compliant interlayer approach or shimming to reduce differential loading during fatigue to
possibly enhance fatigue performance [7].

In summary, the evolution of aluminum alloys for aerospace applications has been driven by the
need for higher strength, better fatigue performance, and lower weight. These developments have
been enabled by alloy innovation, processing control, and structural design enhancements—all of
which underpin the continued use of aluminum alloys in fatigue-critical aecrospace components.

1.1.1. Stress Concentration and Fatigue Mechanisms in Aluminum Structures

Fatigue failure is a significant concern in aerospace structures, especially in components that
experience cyclic loading. While aluminum alloys have better fatigue characteristics than steel,
they are both still subject to fatigue crack initiation, particularly at locations with geometric
discontinuities. Stress concentrations occur at geometric features (e.g., bolt holes, notches, or
sudden changes in cross-sectional area) where the local intensity levels of the stresses exceed any
nominal stress level. These stress concentrations are almost always where structural components
will see the initiation and early propagation of fatigue cracks [8].

The most commonly used measure to represent the effects of the discontinuity along with the
intensity of the defects or feature is the stress concentration factor (SCF). The SCF is defined as
the ratio of the peak stress at the discontinuity to the nominal applied stress. In general, SCF
values can differ significantly, depending on the geometry and loading mode of the feature. For
example, a thin plate with a circular hole in the direction of tension will produce an SCF of
approximately 3.0 in an ideal case. However, in real aerospace structures, SCFs can greatly
exceed this due to compounded aspects of surface roughness, residual stress, or adverse loading
conditions [9].

Aluminum alloys like 7075-T6, and 2024-T3, are very sensitive to micro-structural
characteristics that impact fatigue behavior. Inclusions, inter-metallic particles, and precipitates
of second phases can act as internal stress risers that facilitate fast crack nucleation. Environment
also significantly degrades fatigue life through factors such as humidity, temperature variation,
and exposure to corrosive conditions. Environment can make crack growth performance under
multi-axial loading or spectrum loading even worse compared to uniaxial or constant loading
[10].

Fatigue crack growth typically happens in two stages. The first stage is microstructurally short
crack growth in the inter-granular and/or trans-granular on the slip band. The second stage of
crack growth is longer and typically dominated by mode I crack growth across the crack width,
perpendicular to the principal stress direction. Crack growth rates can typically be fitted to the
Paris-Erdogan Law for most aluminum alloy, whereby crack growth rate shown in the log-log
plot of crack growth rate versus the applied stress intensity factor range (AK), which for
aluminum alloys, threshold crack growth rates are 2-5 MPaVm, varying by alloy compositions
and surface quality [11].

Quantitatively describing SCFs and predicting fatigue behavior will be rooted in numerical
methods, particularly finite element analysis (FEA). FEA is capable of providing substantial
modelling of intricate geometries, load paths, and boundary conditions. In the numerical



simulation of crack initiation and propagation in an aluminum structure, extended FEM(XFEM)
and cohesive zone modelling(CZM) are the most commonly used methods. Model validation of a
FEA will often occur in the experimental test using digital image correlation(DIC), thermoelastic
stress analysis(TSA), and strain gauges[12].

Methods to lessen the effects of stress concentrations on fatigue are available. Geometric design
optimization, such as fillets, gradual changes in cross-section, and optimized fastener placement
may reduce SCFs. Surface enhancement techniques, such as shot peening and laser shock
peening may have beneficial compressive residual stresses which help delay crack initiation. For
example, in aerospace uses, laser peening has been shown to increase the fatigue life of 7075-T6
by over 30%[13].

In conclusion, fatigue behavior in aluminum alloy structures is intricately linked to stress
concentration phenomena, microstructural characteristics, and environmental influences.
Understanding and managing these factors through modeling and design mitigation techniques is
essential for ensuring long-term structural integrity in fatigue-critical aerospace components.

1.1.2 Shimming Techniques in Aerospace Structures

In the aerospace assembly sector it is common for mating parts to have unintentional gaps or
misalignments with due to very small tolerances and complex geometries. Shimming is a useful
technique to compensate for these conditions in order to achieve full contact and equally transfer
load across the interfaces. A shim is a thin layer of material of precise size and shape that is
inserted in between structural elements to make small corrections while keeping the structural
integrity and alignment of an assembly intact. Traditionally, shimming was used to create
physical offsets in geometrical compensation, yet more recently shimming has been utilized to
elongate performance by reducing fatigue, redistributing stress, and sometimes to support
limiting interface failure modes. In principle, the most common form of shimming would be a
metallic shim (stainless steel, aluminum or titanium) which are used at high loads, they provide
high stiffness and strength; however, once integrated into structural systems they produce
significant localized stress concentrations due to the mismatch of stiffness in materials.
Additionally, shimming utilizing dissimilar materials (like composites) could also create galvanic
corrosion, when used with metal shims, making it unsuitable for hybrid structures and longevity
[14].

Polymeric shims are more frequently being specified by engineers, manufacturers and repairers
for their conformability to design and chemical resistance. Two of the plastics PTFE and
polyimides are able to reduce the stress concentrations at the adhesive interfaces, however their
usefulness as shim materials are rather limited in their degradation under specific conditions,
creep and relatively low tensile strength under cyclic loading. More recently, researchers have
explored epoxy resin shims which upon curing are much more conformable than other
thermosetting adhesive shims and will provide a compromise between adhesion strength and
conformability and could either be a pre-cured solid shim or a paste adhesive shim curing in
place to provide a custom load bearing interface [15].

Epoxy resin shims have good resistance to solvents and hydraulic fluids at elevated temperature
as well makes them as an option in military and commercial aerospace applications. Because
they can be viscoelastic, epoxy shims also provide an opportunity to be dampers or crack
arresters where cyclic or impact loading is likely. There are studies to suggest epoxy resin shims



influence the distribution of interfacial stresses at bonded joints as well as bolted joints, and have
been shown to reduce the initiation.

Recent findings in the use of finite element analysis of structural joints have validated the
positive effects of epoxy shims/laminates. Modeling of both shimmed and un-shimmed
configurations with crack-like stress-concentration revealed a lower interfacial stresses and more
uniform stress fields with compliant shim layers, thus yielding greater damage tolerance and a
delayed crack initiation under cyclic loading [16].

In aerospace manufacturing, epoxy-based shimming has follow-out protocols practiced in a
variety of applications, including fuselage assembly and wing-box assembly. Aircraft
manufacturers, such as Boeing and Airbus, engage in controlled shimming at the final assembly
phase that is standardized and formally controlled, to meet geometric fit-up, load path continuity,
and other requirements. Conventional detached epoxy shims, and uses of epoxy shims in
automotive manufacture that often includes bonding systems, are usually combined ( i.e. use as
filler and adhesive) to create a more consistent and reliable joint as a result of greater area of
bond, as bonding is not an airtight process and produces fewer results of any other bond
development. Studies have even noted the documented use of functionalizing a particular epoxy
system (e.g. epoxies populated or reinforced with carbon nanotube (CNT) or graphene oxide)
into shimming systems designed for mechanical strength, electrical conductivity, and thermal
interface stability in designs. As well there are testable proofs of concept potential for
multifunctional shims to provide standardized, components of integrated sensing or damage
monitoring to new aerospace structures [17].

In summary, shimming has evolved from a dimensional adjustment tool to a functional design
element in aerospace structures. The application of epoxy resin shims, in particular, provides a
proven means to improve fatigue performance, reduce stress concentrations, and ensure
structural reliability at critical joints.

1.1.3 Fatigue Performance Enhancement Using Epoxy Resin Shims

Fatigue is a predominant mode of failure in aerospace structures due to repeated cyclic loading
encountered in service. Components constructed of aluminum alloys are light weight and
structurally efficient; however, they are at risk of fatigue damage especially in areas with a
geometric discontinuity, or high stress concentration. Regarding this concern, epoxy resin shims
have long been recognized as potential contributors to fatigue performance at mechanical joints,
but as gap-fillers or alignment shims. Fatigue cracks in bolted of riveted joints develop near
fastener holes due to stress corrosion cracking that occurs from localized stress concentrations
and micro-movements at the joints interface. The addition of an epoxy resin Shim imposed a
compliant interlayer which redistributed the applied in such a way as to achieve more uniform
stresses along the contact surface by smaller peak stresses. This experimental research
demonstrated that epoxy shims added to mechanically fastened aluminum joints, offered
increased fatigue life by delaying crack initiation and by reducing crack propagation under cyclic
load.

Epoxy resins can positively impact fatigue life in three specific ways, namely stress
redistribution due to compliance, dissipation of interfacial energy, and suppression of fretting
fatigue. The reason for the stress redistribution is that the epoxy can deform slightly, which
reduces local stress spikes where the fasteners are applied. At the same time, the viscoelastic
nature of epoxy materials allow them to dissipate energy partially, which leads to a lesser driving



force for cracks to nucleate. When the epoxy shims are applied, they also lessen movement
between contacting surfaces and lessen wear and surface damage, which can eliminate fretting
fatigue a common predicament in bolted joints [18].

There is numerical evidence in finite element modeling to support this, as the simulations
indicated up to 25% reductions in maximum interfacial stresses going from an unshimmed to a
shimmed state due to using compliant epoxy layers. This allows the stress distribution to be more
homogeneous and better fatigue life of the whole joint under cyclic loading. Specifically, the
study showed that energy storing and dissipating potential of epoxy materials led to some strain
energy being absorbed in the context of cyclic loading and also noticed that there was a
measurable reduction of the J-integral close to the possible nucleation sites [19].

When optimizing fatigue behavior in epoxy shims, this means material formulation is an
essential driver for performance. Crosslink density, type of filler, and curing conditions will
influence mechanical properties, such as toughness, modulus, and fracture resistance. Work has
indicated that epoxy shims with moderate stiffness and high fracture toughness provide the
optimal balance between load transfer capability and energy dissipation. A high crosslink
density can deliver high stiffness, but will not extend crack energy absorption as opposed to
lower crosslinking, which improves ductility at the expense of overall strength [20].

Efforts to improve the performance of epoxies have also seen the addition of nano-fillers such as
carbon nanotubes (CNTs), graphene nanoplatelets, and silica particulates. These reinforcements
have improved interfacial bonding, thermal conductivity, and fatigue resistance. The
experimental results suggest that CNT- reinforced epoxy composites improve resistance to
fatigue crack growth and stiffness degradation with time, and therefore can be used in critical
aerospace applications [21].

In addition, the long-term confidence to be placed in epoxy shims under aerospace environments
has been demonstrated in previous research through environmental testing. The mechanical
properties of aerospace-grade epoxies do not significantly degrade over service life from
exposure to hydraulic fluids, thermal cycling, and UV exposure. Therefore, epoxy products
maintain their strength command in both external and internal structures on an aircraft that are
exposed to varying and extreme conditions in operation. [22]

In conclusion, epoxy resin shims do more than fill dimensional gaps—they actively contribute to
the fatigue resistance and durability of acrospace joints. Their ability to redistribute stress, absorb
strain energy, and mitigate micro-damage under cyclic loading positions them as a
multifunctional solution in fatigue-critical aerospace structures.

1.2 Project Objectives

This project, therefore, seeks to:

» To assess fatigue performance for aluminum alloy structures with and without epoxy resin
shims by finite element analysis (FEA).

» To simulate cyclical load conditions and assess the impact loading conditions have on stress,
strain, deformation, and fatigue life of each configuration.

 To evaluate the effectiveness of epoxy resin shims to relieve stress concentrations and enhance
fatigue resistance.

* To establish if shims improve the structural durability and reliability of aluminum alloy
components under cyclic and repetitive loading conditions.



1.3 Methodology
The methodology for the project was to advance knowledge of the fatigue performance for
aluminum alloy structures with and without epoxy resin shims by finite element analysis (FEA)
with ANSYS Workbench 19.2. The purpose was to model the loading conditions, obtain the
structural response parameters of stress, strain, and deformation and to participate in strain-life
based fatigue analysis to observe the impact of shimming on fatigue life.

e  Geometry Modeling
Two separate three dimensional models were created, one for the monolithic aluminum product,
and one with a shim of epoxy resin between the two aluminum components. The geometry was
modeled to ensure the same dimensions specifications for consistency to ensure that it would be
possible to directly compare the two configurations. The geometry with the shim was modified
locally to accommodate the shim region, while the rest of the geometry remained identical.

e Material Specification
The properties of the material were based upon published literature values and standard database
values available. The mechanical properties of the aluminum alloy presented in both
configurations were based upon the known properties, including Young’s modulus, Poisson’s
ratio, yield strength, and ultimate tensile strength. The shim conditioned model had an epoxy
resin material defined distinctly, with the elastic modulus, Poisson’s ratio and the fatigue
properties defined.

e Boundary Conditions and Loading
Fixed supports were assigned at one face of the component to prevent all movement. The vertical
cyclic load, simulated loading during operational conditions, was applied with an additional
pressure based loading on another face to replicate the distribution of the service like stresses.
The loading conditions were consistent through each model to eliminate the variation of the shim
on structural behavior and fatigue behavior.

e Mesh Study and Mesh Convergence
A mesh convergence study was conducted to help ensure accuracy in results without the
excessive computing time and processing costs. Different mesh refinements were applied, and
values for deformation, stress and strain were tracked at key locations on both configurations.
The most optimal mesh was chosen based on the convergence of the three key variables and used
in the fatigue analysis in the final portion of the project.

e Structural Analysis
Before conducting the fatigue assessment, a structural statics assessment was conducted for the
two configurations to determine the key response parameters of total deformation, von Mises
stress and equivalent elastic strain. The structural analysis revealed the deviation and strain
distribution behaviour of, and areas of stress concentration that were useful for the fatigue
simulation.

e Fatigue Analysis
Fatigue life prediction used the strain-life (e-N) method for the ANSYS Workbench. The fatigue
properties were defined for the aluminum and epoxy resin materials. The Morrow mean stress
correction model was selected so that the mean stresses could be evaluated during the cyclic
loading process. The solver was configured to include fatigue life, fatigue damage and safety
factor contour calculations.



e (Comparative Analysis
The structural assessment and fatigue assessment results for the shimmed and non-shimmed
geometries were compared. The comparison considered the differences in stress distribution,
total deformation behaviour and fatigue predictions. The results enabled an assessment of the
relative improvement in the fatigue life of the composite part and the relative reduction of stress
concentrations of the epoxy resin shim.



II. Finite Element Method

The Finite Element Method (FEM) is established as an essential computational analysis tool in
engineering. FEM breaks down complicated geometries to discretize them into finite elements,
allowing for the in-depth analysis of how structures behave under applied loads (these also
include break load and each load path). FEM can evaluate stress distributions, deformations, and
strain in very complicated structural components with complex geometries and materials. In
many aerospace applications, such as the pressurized fuselage design of the Boeing 787, FEM
was critical for assessing stress redistribution on the fuselage from structural features, such as
shims, and effects from cyclic loading.

Besides structural analysis, FEM is also quite powerful in thermal analyses, fluid dynamics, and
electromagnetic simulations. This versatility allows engineers to assess various design scenarios
comprehensively without relying on building physical prototypes in the initial stages. With
optimization refinement and an analytical examination of forces and loading conditions,
engineers are capable of predicting system behavior and making informed decisions about design
changes. This computational approach has fundamentally changed the way the design process in
engineering is carried out. It substantially reduces the number of physical prototypes needed
while improving the understanding of complex structural behaviors.

In the case of the Boeing 787 composite fuselage, the combination of advanced material science
with sophisticated FEM analysis enables engineers to optimize both aircraft assembly practices
and maintenance protocols. This coupling of materials design and analytical methods represents
the very state of the art in aerospace engineering, wherein theoretical understanding and practical
application meld to create safer, more efficient aircraft structures.

The equations underpinning FEM stem from the fundamental principles of physics, such as
equilibrium, compatibility, and constitutive relations.

For structural mechanics, the equilibrium equation ensures that the internal stresses and external
forces are balanced within the body:

Vo + {F} =0 (2.1)
Here, o represents the stress tensor, and F represents external forces such as gravity or applied
loads.
The strain-displacement relation links deformations to strains:

e = V{u} (2.2)
Where € is the strain tensor, and u is the displacement vector.
Finally, the constitutive equation defines the material behavior. For linearly elastic materials,
Hooke’s law is often used:
c=C-¢€ (2.3)
Where C is the stiffness matrix which connects the strain tensor to the stress tensor.

In modern engineering, the need for optimized structural designs has intensified as industries
strive for lighter, stronger, and more cost-effective solutions. Materials like Aluminum Alloy are
widely used due to their excellent strength-to-weight ratio, corrosion resistance, and
machinability. However, the growing complexity of engineering applications often necessitates
the use of composite assemblies that combine multiple materials to achieve desired properties.
These assemblies provide an opportunity to tailor mechanical behavior by strategically
leveraging the strengths of different materials, enhancing overall performance while addressing



specific challenges such as weight reduction or thermal stability. Finite element analysis has
become an indispensable tool for evaluating structural performance, enabling engineers to
simulate real-world conditions with high accuracy. Advanced simulation software like ANSYS
facilitates the modeling of complex geometries, the assignment of material properties, and the
application of realistic boundary conditions. By employing FEA, engineers can predict potential
failure points, validate designs, and identify opportunities for optimization before physical
prototypes are created, saving time and resources. This study builds on these principles by
investigating the structural behavior of a single component and a composite assembly under
identical static loading scenarios. The single component, constructed entirely of Aluminum
Alloy, serves as a baseline for comparison, offering a straightforward design with uniform
material properties. The composite assembly, on the other hand, introduces complexity with its
multi-material composition, aiming to demonstrate the advantages of combining materials to
improve load distribution and structural integrity. The analysis methodology encompasses key
steps such as geometry definition, material assignment, meshing, and the application of loads and
boundary conditions. Results from the simulations, including total deformation, von Mises stress,
and equivalent elastic strain, provide valuable insights into the mechanical performance of both
models. The findings not only validate the designs but also highlight areas for improvement,
offering recommendations for enhancing durability and safety. In addition to assessing structural
integrity, this study contributes to the broader understanding of how material selection, geometric
configuration, and meshing strategies influence mechanical behavior. The comparative approach
underscores the trade-offs between simplicity and adaptability, offering guidance for engineers
tasked with designing components for diverse applications. The results of this study have
practical implications for industries such as aerospace, automotive, and civil engineering, where
lightweight, high-strength designs are paramount. By evaluating the strengths and limitations of
single-material and composite designs, this research aims to inform future development efforts,
paving the way for innovative and efficient engineering solutions.

The Finite Element Method is a powerful numerical tool whereby engineers and scientists can
adequately model complex engineered and scientific problems, which are too difficult or even
impossible for analytical solutions. The advent of this technique revolutionized the way
engineers and scientists approach problem-solving across all engineering and scientific
disciplines, from structural analysis to heat transfer, fluid dynamics, and electromagnetics.

2.1 Basic Concepts and the Discretization Process

The concept which forms the heart of FEM is discretization. This is the process of partitioning
the complex system or domain into small, manageable parts, known as a finite number of
elements. The elements themselves are held together at discrete points called nodes; this
configuration together is termed a mesh.
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Figure 1- Schematic of a finite element mesh.
[23]

Figure 1 demonstrates the discretization process applied to a 3D solid geometry using the finite
element method. The model is divided into smaller subdomains called elements, shown here as
structured hexahedral (brick) elements. These elements are connected at their vertices and edges
through nodes, forming a continuous mesh across the domain. This meshing enables numerical
approximation of the governing field equations, providing detailed insight into structural
behavior under loading

Let us take an example to explain the process of discretization. Consider a simple problem beam
subjected to a distributed load.
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Figure 2- Discretization of a cantilever beam subjected to a distributed load.
1. The first step is to discretize the beam; divide it into several smaller parts
(elements)(Elements are denoted by E).
2. Each element is defined by the nodes on its endpoints (Nodes are denoted by N).
3. A simple trial function (called the shape functions) describes the displacement field in each
element.

4. The total response of the beam, subjected to the loading, is described by this assemblage of
element behaviors.

This discretization allows for such complex geometries to be approximated by a constellation of
simple shapes, such as triangles or quadrilaterals in 2D and tetrahedra or hexahedra in 3D.
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2.2 Types of Elements and Their Formulation

FEM analysis has elements that are known as the building blocks of the analysis. There is more
than one basic type of element available for use, and the suitable element selection depends on
how accurately the numeric solution is needed and the structural application of the element.

e The linear element is the basic first-order (linear) interpolation between the nodes of the
element to approximation of the displacement field. The linear element is
computationally fast to run and is generally suitable for problems where stress gradients
are not large. However, in the areas of high geometric complexity and/or curvature, the
linear element would be less accurate unless a very fine mesh is defined.

e (Quadratic elements utilize a second-order polynomial that includes mid-side nodes as
well as corner nodes to interpolate and capture curved geometries and variable stresses in
an element. Because of the increased accuracy, they are effective where detail is needed,
but with no significant increase in total elements.

e Shell elements are best used for structures that are thin-walled in order of magnitude with
respect to the other two sizes. A shell element accounts for both bending and membrane
behaviours. Shell elements are likely the best choice for representations of most
aerospace elements such as fuselage skins, wing surfaces, and stiffened panels. It allows
for modelling fatigue behaviour and accuracy in thin structures with minimal
computational effort.

e Solid elements, also referred to as 3D or brick elements, are used to model thick or
volumetric structures. In contrast to shell elements, solid elements can take into account
stress variation throughout the entire body, including through the thickness. In this project
solid elements were useful for modeling the shimmed and non-shimmed equivalent
aluminum alloy geometries allowing for a comprehensive evaluation of deformation,
stress concentration, and fatigue behaviour in response to cyclic loading. Solid elements
can be more practical when modelling joints, interfaces or assemblies with multiple
materials, such as with epoxy resin shims.

The way field variables, such as displacement or stress, are interpolated inside each element
affects the performance and accuracy of these element types. This interpolation is carried out
using shape functions, which are mathematical tools that define how values like displacement
vary within an element. These shape functions differ for linear, quadratic, or higher-order
elements, depending on how accurately the variation needs to be captured.

uE UEI‘X) L‘F
_ i !
Merde 1 X Node 2

Figure 3- Displacement interpolation in a cantilever beam.
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For example, in a one-dimensional linear element with two nodes, the displacement u(x) at any
point within the element can be approximated as:
u(x) = Nl(x)u1 + Nz(x)u2 (2.4)

Where N ) and N ,are shape functions, and ul and u2 are nodal displacements.

To understand this intuitively, consider a cantilever beam fixed at one end and free at the other,
as shown in figure 3. If we model this beam using just two nodes one at the fixed end and one at
the free end we can compute how any point in between those nodes moves using the shape
functions. These functions act like a smart weighting system: the closer a point is to Node 1, the
more influence u, has; the closer it is to Node 2, the more it depends on u,. This results in a

smooth and continuous estimate of displacement throughout the beam.

2.3 Types of Solutions and Problem-Specific Approaches

FEM solutions vary with the problem type and phenomena to be modeled:

e Static analysis to solve equilibrium conditions under constant loads.

e Dynamic analysis accounting for time-dependent effects and inertial forces.

e Linear analysis which assumes small deformations and linear behaviour of the material.

e Nonlinear analysis, which considers large deformations, material nonlinearity, or contact
problems.

e Steady-state heat transfer is used to solve for distributions of temperatures in thermal
equilibrium.

e Transient analyses, which solve time-dependent problems of heat propagation and vibrations.

In this context, solution type can largely influence the problem formulation and computational

approach: Static structural analysis may be described by simple linear equations, while a

non-linear dynamic analysis would likely require iterative solution algorithms with

time-stepping.

2.4 Advanced Techniques and Applications

Several advanced techniques for different applications in FEM have arisen since its inception.

e Adaptive Mesh Refinement (AMR): Self-reforming mesh that improves accuracy in areas
where the solution gradient is higher.

e Extension of the finite-element method (XFEM): Methods that allow cracks and interfaces to
be modeled without remeshing using rich, discontinuous enrichment functions.

e Multiphysics coupling: Formulation techniques that allow simultaneous analysis of different
physical phenomena (for example, fluid-structure interaction or thermo-mechanical
problems).

FEM is a widely used and used software in several sectors:

e Aecrospace: Aircraft component structural analysis, aerodynamic simulations.

e Automotive: Crash simulations, noise and vibration analysis, thermal management.

e Civil Engineering: Structural analysis of buildings and bridges, along with studies of seismic
response.

e Biomedical Engineering: Modeling of prosthetics and analysis of blood flow and tissue
mechanics.

e Electronics: Thermal Management of Electronic Components, Electromagnetic Simulations.

12



2.5 Limitations and Considerations

While a powerful tool, FEM does have limitations of which users should be aware. The

following should be considered.

e Solution accuracy is dependent on mesh quality and element formulation.

e Understanding the underlying physics is necessary to interpret results properly.

e Fatigue analysis using fine meshes and strain-life methods can become computationally
intensive, especially when working with detailed 3D geometries, or involving several load
cycles.

e Some phenomena, such as fractures and large deformations, may require specialized
techniques for modeling.
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III. Geometry, Materials, and Loading Conditions

This chapter will describe the geometric configurations, material assignments, load conditions,
and mesh convergence strategy used in the finite element analysis of the aluminum alloy
component, with and without epoxy resin shims. It includes comparisons where two models were
created, one a monolithic aluminum alloy structure and the other a shim interface where a shim
of epoxy resin replaces a section of aluminum alloy. The properties for the aluminum alloy and
epoxy resin were developed using materials properties references and fatigue data. Loading and
boundary conditions were used to define favorable simulations of service environments, allowing
a full evaluation of stress distributions, deformations, and fatigue life in that service
environment. A mesh convergence study was determined to verify the simulation accuracy was
independent of mesh size and was numerically stable.

3.1 Geometry without shim.

The metal component is modeled as a three-dimensional solid body with dimensions measuring
150 mm along the length (X-direction), 18 mm along the width (Y-direction), and 50 mm in
height (Z-direction), which corresponds to a volume of 5.349 x 10 m? with a mass of 0.14817
kg. The geometry is shown in Figure 4. Aluminum Alloy has been selected in this analysis for its
excellent strength-to-weight ratio and common use in engineering applications. The material
properties are listed in Table 1.
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Figure 4- Geometry of component without shim

Table 1: Material properties of Aluminum Alloy

Particulars Unit
Density 2770 kg/m’
Young’s Modulus 71 GPa
Poisson’s Ratio 0.33

Tensile Yield Strength 280 MPa
Tensile Ultimate Strength [310 MPa

14



3.2 Geometry with shim.

The composite assembly model, shown in Figure 5, considers epoxy resin shimming, resulting in
a modified geometry. The dimensions of the assembly model are consistent with those of the
single component, measuring 150 mm in the length X-direction, 18 mm in width Y-direction, and
50 mm in height Z-direction. But given the shimming, the character of the component drastically
changes:

e Total volume: 5.7862 x 10°m’

e Mass: 0.15324 kg

The interaction of those units in a concocted form establishes multicentric attributes, one of the
best examples of a heterogeneous body in the resin, allowing flexibility in certain local regions,
depicted in Figure 5. With this high contrast in stiffness between materials, starting from Young's
Modulus values of 71 GPa and 3.78 GPa, respectively, it is expected that the stress concentration
and deformation behavior for the composite assembly would change. The material properties of
Epoxy Resin are listed in Table no 2.

........................................... e WA o e

Figure 5- Geometry of component with Epoxy Resin

Table 2: Material properties of Epoxy Resin.

Particulars Units
Density 1160 kg/m
'Young’s Modulus 3.78 GPa
Tensile Yield Strength  |54.6 MPa
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Figure 6- Material distribution on component with Epoxy Resin

3.3 Boundary Conditions and Loads without Shim

The loading conditions chosen for this project are based on simplified assumptions that typically
appear in academic studies and as preliminary design-level studies of aerospace components.
The vertical force of 1500 N approximates the load due to the weight or the combined forces of
mounting small- to medium-sized aluminum structures, and is consistent with the common
assumptions of static structural analysis. The added horizontal force of 300 N was included to
capture the effect of secondary shear forces potentially resulting from operational misalignments
or possible lateral load paths through the actual joint configurations. Both values similarly fall
within the forces seen in typical aerospace simulation studies that included structural loading
[24].

A cabin pressure of 50,000 Pa (0.5 bar) was chosen as a scaled value from standard fuselage
pressurization conditions in commercial aircraft that are about 0.75 bar (75,000 Pa). The scaled
pressure value permits computational convenience at the expense of producing an accurate
mechanical representation of internal pressure loads for use in stress analysis [25].

In the model, these loads were ramped up to prevent numerical instability during the loading
phase and better simulate real loading conditions.
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Figure 7- Boundary conditions and loads for the component without a shim
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3.4 Boundary Conditions and Loads with Shim
Loading and boundary conditions applied to the composite assembly, as demonstrated in Figure
8, were identical to those used in the single-component test to facilitate direct comparisons
between results:

e Fixed support: Applied to one face of the model, constraining all degrees of freedom.

e Vertical force: 1500 N

e Horizontal Force: 300 N

e (Cabin pressure: 50000 Pa distributed across specific surfaces.

These conditions imitate real-world application scenarios, allowing the analysis of the shimming
effect on the structural behavior of the component in the loaded condition.
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Figure 8- Boundary conditions and loads for the component with Epoxy Resin

3.5 Mesh Convergence.

3.5.1 Introduction

Mesh convergence represents an important process in Finite Element Analysis (FEA) to ensure
the numerical results are accurate and reliable. Finite Element Analysis is defined as a process in
which the structure is broken down into small elements, named a mesh. The accuracy of the
solution is dependent on the size and quality of the mesh, with the trade-off being that finer
meshes require a higher computational cost. The purpose of the mesh convergence study is to
determine the appropriate mesh size for an optimal balance of accuracy and expertise. The mesh
convergence is achieved when the mesh refinement does not significantly affect the results of the
parameters of interest, such as deformation, stress, or strain. Mesh conversion is important
because using a too coarse mesh can lead to incorrect or inappropriate results, while an
excessively fine mesh causes unnecessary computational costs. Mesh convergence occurs when
the numerical solution approaches the theoretical or experimental value within an acceptable
range of the target value. In this study, we follow this process by refining the mesh and analyzing
the effects on deformation, stress, and strain. A mesh convergence study often involves looking
at the rate of convergence of a solution variable (e.g, stress o, or a displacement u) as the mesh
refines, and can be assessed statistically by the following relation:
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Where:
e E, = Percent error between two successive mesh refinements
e (Q, = Computed value (stress, strain, deformation) for current mesh size
e (Q, , = Computed value for the previous mesh size
The solution is said to be converged when E, falls below a predefined threshold (typically 1-5%)
[27].

3.5.1.1 Importance:
The importance of mesh convergence is highlighted in multiple engineering applications:
e Ensures Accuracy: Without mesh convergence, FEA results may be misleading, leading
to poor design decisions [28].
e Reduces Computational Cost: A fine mesh increases accuracy but can be computationally
expensive, making convergence studies essential for optimizing resources [29].
e Validates FEA Models: Mesh convergence serves as a validation step, ensuring that the
results are not an artifact of mesh resolution but reflect real physics [30].
e Prevents Over-Refinement: Without a convergence study, one might use an excessively
fine mesh that increases solution time without significant accuracy improvement [31].
For example, in structural simulations, improper mesh selection can lead to underestimation of
stress concentrations, which may result in unexpected failures in real-world applications [32].

3.5.1.2 Purpose:
This study aims to analyze the effect of mesh refinement on the deformation, stress, and strain
results in a structural component. The specific goals are:

1. Determine the optimal mesh size where results stabilize.

2. Analyze deformation, stress, and strain using strategically placed probe points.

3. Compare "with shim" and "without shim" cases to understand their effect on structural

behavior.

A shim is a thin piece of material used to adjust spacing or alignment. In this study, the presence
of a shim affects stress distribution and stiffness of the component. Understanding how the mesh
influences results with and without the shim will provide insights into the mechanical behavior
of the system [33].

3.5.2 Probe Selection for Deformation, Stress, and Strain Analysis

To obtain a reliable representation of the mechanical response of the structure, specific points
were chosen at which to extract deformation, stress and strain values from the finite element
analysis. Point probes were chosen to be located in the critical zones where mechanical
behaviors were expected to occur. The specific locations of points were selected based on stress
concentration areas, notable deformation patterns, and strain value distribution to see a complete
model response.

3.5.2.1 Probe Selection for Deformation Analysis

Deformation in finite element analysis takes into consideration both the boundary conditions and
the consistently applied loads. Since we want to consider the deformation trend, the probe points
can be seen in the corners of the free end of the structure in Figure 9. The placement of these
points was significant as the free end would experience maximum displacement under the
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applied loading conditions, while the opposite end of the free sample would be restrained and
provide a point of reference for relative displacement values.

Fixed
End

@ - Corners used for calculating deformation
Figure 9- Probe selection for deformation

The deformation measuring points selected are favorable indicators of the structural
formulation's flexural characterization. In structural mechanics, deformation consistently
increases as the distance from the anchored end increases, which makes the free-end measuring
corners suitable areas to span probes. Since the deformation across the selected measuring
corners was sustained at several mesh refinements, the authors ensured that these observed
values of displacement would not significantly change due to numerical error from mesh at
coarser mesh. Measuring the deformation recorded at measuring probe points was achieved
across several mesh sizes to observe convergence trends. Ideally, the deformation values would
remain constant as the mesh is refined to achieve a converged solution. Any significant
variations greater than a mesh size would signify the result of a converging solution that requires
further refinement to overcome the discretization error.

3.5.2.2 Probe Selection for Stress Analysis

To conduct the stress analysis, probe points were allocated to areas of high stress concentration,
primarily at the interfaces, locations of bolts, and significant load transfer locations. Stress
concentrations are known to occur at locations where there is a discontinuity in geometry, either
with holes, sharp corners, or contact. As identified in the structure under investigation, the fixed
end was identified as one of the critical areas where it was expected that the stress values to be
the highest. The probe points' stress values obtained in Figure 10 were analyzed too to verify that
the mesh refinement process reported appropriate stress variances as intended. It is a known
methodology in finite element analysis that stress values begin to deviate if the element mesh is
too coarse (especially at sharp corners with a singularity). In systematically refining the mesh
and capturing probe values at critical locations where we expect high stress induced, the study
confirmed that converging values began to reach an asymptote.
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Figure 10 - Probe selection for stress

In addition, an average stress value was calculated from the selected probe points to reduce
localized variability in stress estimates and to yield a more representative estimate of stress for
evaluating the structural response. The stress convergence plot was subsequently inspected to
confirm it tended toward the expected theoretical value asymptote.

3.5.2.3 Probe Selection for Strain Analysis
Likewise, for strain analysis, strain probe points were placed at locations showin in the figure 11.

Fixed
End

@ - Corners used for calculating strain

Figure 11 - Probe selection for strain
Strain values were taken over multiple mesh refinements to establish trends for convergence.
With the relative sensitivity of strain values to both element distortion and irregularities in mesh,
attention was paid to the quality of the elements at the probe location. An average strain value
could then be estimated by taking the mean value of the strain from all probes that had been
selected to gather strain at the probe points. This approach might have reduced the localized
numerical variation and led to a more stable estimate of the strain.

3.5.2.4. Conclusion of the Probe Selection Strategy

The probe selection strategy followed in this study is in accordance with typical finite element
analysis principles, where probes or strain gauges are placed in regions where it is deemed to be
important to measure deformation, stress, and strain across differing refinements in the mesh.
The data from the probes were used to generate convergence plots, which confirmed that the
mesh refinement process resulted in the stability and accuracy of the numerical solution.

20



3.5.2.5. Interpretation of Results from Probe Analysis

After the probe locations were strategically chosen for the deformation, stress, and strain
measurement of the study's structure, the next step was to interpret the numerical results from
those points in order to assess the effects of the induction of the deformation on the accuracy and
stability of the solution using different mesh sizes. By probing the information, we were able to
gain additional insights into the mechanical response of the structure of interest. Results were
compared, trends were established, and convergence was established for the purpose of verifying
the numerical stability of the finite element analysis process. Tables 4 report the mesh sizes used
to obtain the analysis, including element size, number of elements, and nodes.

Table 3: Mesh details for geometry with shim

Mesh Element size (m) Number of Elements | Number of nodes
A 0.004 12247 17138
B 0.002 49898 66846
C 0.0015 82743 112041
D 0.001 195020 262542
Table 4: Mesh details for geometry without shim
Mesh Element Size (m) | Number of Elements | Number of Nodes
A 0.004 10042 15519
B 0.002 38684 57424
C 0.0015 69101 102160
D 0.001 163990 240938

3.5.3 Probe Analysis for Geometry without Shim

3.5.3.1 Deformation Analysis and Interpretation

The deformation results at each probe location were measured based on the mesh size, starting
from the coarsest to the finest mesh. Generally, it can be stated that the deformational results
became more consistent with increasing mesh refinement. The displacement values recorded on
coarser meshes experienced larger oscillations, which is to be expected through averaging effects
on element stiffness. Since larger elements will result in a lower resolution of displacement
gradients, the resultant deformation may be overestimated. This was most obvious in the free end
corners where maximum deformation occurred. Table 5 shows how the deformation results of
different mesh sizes are compared, with percentage error as the convergence accuracy indicator.

Table 5: Deformation values for geometry without Shim

Mesh Deformation (mm) % Error
A 4.8086 0.97
B 4.84215 0.28
C 4.8486 0.15
D 4.8558 0

Concerning mesh refinement, the deformation values of the free end progressively increased to
more converged values, as can be seen in Figure 12. The differences in deformation between
consecutive mesh refinements became less and less, which indicated that the numerical solution
was approaching the asymptotic limit. Experimental results showed that after a specific mesh
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size, there was little noticeable difference in deformation as the mesh was refined; this indicates
that a sufficiently accurate value has been determined.
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Figure 12: Graph representing deformation for geometry without shim

A mesh convergence plot was created to study deformation by plotting deformation values on the
y-axis versus mesh size on the x-axis. The mesh convergence plot showed a monotonic
convergence behavior with deformation values remaining stable as the element size decreased.
At the finest mesh, the deformation values were nearly identical to the step before, implying that
further mesh refinement would not enhance the solution but would increase computational cost
and resources. This finding corroborated the theory of Finite Element Analysis, which states that
deformation convergence typically occurs faster than stress convergence due to the fact that the
mechanics are calculated from an integral.

3.5.3.2 Stress Analysis and Interpretation

The subsequent analysis focused on stress values that were determined from the probe locations
that had been defined, and specifically concentrated on areas of elevated stress. The analysis
showed that stress values were more sensitive to mesh density than deformation, which was most
pronounced in regions around contact faces, the locations of bolts, and in the vicinity of other
sharp edges, where high stress gradients existed. For example, the stress values, as interpreted
from the probe location, were much lower than anticipated for a relatively coarse mesh due to the
averaging of stress obtained from having an inadequate number of elements in the high-gradient
regions where stress concentrations exist. As the mesh density increased, the stress values began
to reflect higher values, as the mesh was able to appreciate the sharp stress variations by having
more mesh points, as demonstrated in Figure 13. Notably, stress values did not show smooth
convergence trends as did deformation; rather, there were greater fluctuations in stress
convergence. This is well documented in finite element literature in that stress is a computed
quantity that relies on displacement gradients, meaning that stress appears to experience more
numerical instability when employing coarse meshes.
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Table 6: Stress values for geometry without Shim

Mesh Stress (MPa) % Error
A 79.296 13.90
B 83.343 9.50
C 89.175 3.18
D 92.104 0

A notable feature of the stress analyses was the asymptotic behavior of the mesh convergence
curve. Ideally, as the mesh is refined, stress values should converge to a theoretical limit. In some
instances, the stress convergence curve would intersect the theoretical, asymptotic line,
suggesting potential numerical artifactual or even numerical singularities. These instances were
carefully examined to ensure that they were not due to mesh distortions of shape complications
of the underlying elements, or even potential solver instability.

To assure the accuracy of the stress results, an average stress value was calculated by taking the
mean of the stress values from multiple probe points. The average was taken to dampen the
effect of localized variations around the probe point while giving a reasonable estimate of the
stress distribution. The results demonstrated that stress values, after a given mesh size, had
flatlined to a stable level, thereby indicating the solution had fully converged.
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Figure 13: Graph representing stress for the geometry without the shim

3.5.3.3 Strain Analysis and Interpretation

The strain results followed a trend similar to stress but showed even greater sensitivity to mesh
refinement. It is shown in Figure 14. Since strain is derived as the derivative of displacement,
then translating variations that can happen in displacement can be enhanced in strain
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calculations. That said, strain calculations were particularly sensitive in areas that endured
localized deformation as a result of applied loads and boundary conditions.

Table 7: Strain values for geometry without Shim

Mesh Strain (pe) % Error
A 4.2763 6.79
B 4.0138 0.24
C 4.0106 0.16
D 4.0041 0

In the coarsest configurations, strain values were extensively underestimated, which was simply
due to the element resolution capability in areas of high strain gradients. As the mesh was
refined, strain values continually increased until they approached a stable limit. Despite this, in
certain instances, fluctuations persisted in strain values even amongst the relatively fine meshes.
This behavior was likely due to element distortions, and/or numerical oscillations that can occur
when using relatively high refinement levels, particularly when good reasoning can be used
towards a highly localized concentration of strain.

In order to lessen the variation, a single strain value was calculated as the average strain for
multiple probe locations, which lessened the impact of the localized variations and created more
uniformity in the strain distribution estimate. The strain convergence plot exhibited a similar
curve to the stress convergence plot. It began with deviation or fluctuation, but once interfering
fluctuations began to become less prevalent, it came together and reached consistency and
convergence with further mesh refinement.
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Figure 14: Graph representing strain for geometry without shim

One of the practical questions concerning strain analysis includes the necessity for appropriate
elements in the refinement steps of the mesh, especially in locations that are experiencing large
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strain gradients, and having elements that are poorly shaped in such locations may compromise a
predictable strain and may contribute to some numerical issues. This study also ensured that
those poorly shaped elements in high-strain areas had the lowest possible aspect ratio and
minimal skewness, which all contributed to a more reliable outcome.

3.5.4. Probe Analysis for Geometry with Shim
3.5.4.1 Deformation Analysis and Interpretation
Plotting deformation values vs mesh size produced a mesh convergence plot for deformation. As
the element size shrank, the deformation values stabilized, and the figure showed a monotone
convergence trend. The deformation values, however, only slightly differed from the prior
refining stage at the finest mesh level. This suggested that additional refinement would just raise
computing costs rather than produce noticeable advantages. This observation was consistent with
well-established finite element analysis principles, which state that because displacement
computations are integral, deformation convergence typically happens more quickly than stress
convergence. The deformation results for various mesh sizes are compared in Table 8, where the
precision of convergence is shown by the percentage error.

Table 8: Deformation values for geometry with shim

Mesh Deformation (mm) % Error
A 4.5685 0.71
B 4.5931 0.17
C 4.5975 0.08
D 4.6011 0

The deformation values in Figure 15 seemed to grow incrementally with each subsequent mesh
refinement, but they began to level off, approaching a more converged value. The numerical
solution was approaching an asymptotic value and the deformation range again approached "0"
for the difference between the successive (deformation) mesh refinements. The increased mesh
refinement is showing the results were converging to an acceptable level since the deformation
or maximum difference in the actual deformation hadn't changed appreciably as a range or wrt
total number.
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Figure 15: Graph representing deformation for geometry with shim

Deformation versus mesh size was plotted generating a mesh convergence plot for deformation,
which exhibited a monotonic convergence trend and increasing stabilization as the element size
decreased. However, at the finest mesh, the values for deformation were not meaningfully
different from the previous refining stage and suggested that refinement would only increase
computational demands without substantial benefit. This observation is aligned with the
understood principles of finite element analysis, that is, since displacement values are computed
as an integral, the convergence values are usually achieved at a faster rate for deformation as we
move toward lower element sizes.

3.5.4.2 Stress Analysis and Interpretation

Subsequently, it became necessary to evaluate the stress values acquired from probe locations
while identifying regions of high-stress accumulation. Results indicated that stress was more
sensitive to the refinement of mesh than deformation. This effect was more prominent in regions
of high-stress gradient, such as regions towards and in contact, bolt locations, and sharper
geometrical locations. As a result of stress averaging due to the low element resolution in
high-stress gradients, stress values in the coarse mesh were, in fact, lower than what could be
anticipated. As mesh density increased, the stress readings began to increase, indicating the
improved ability of the mesh to detect the abrupt stress transition (indicated in Figure 16). Stress
convergence values varied more than deformation convergence, which bumped up against a
consistency of convergence.

Table 9: Stress values for geometry with shim

Mesh Stress (MPa) % Error
A 52.29 47.67
B 86.508 13.43
C 95.605 4.32
D 99.927 0
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Figure 16: Graph representing stress for the geometry with shim

The asymptotic property of the mesh convergence curve was an important observation in the
stress analysis. The stress value should ideally converge toward a theoretical value at finer
meshes. The stress convergence curve, when plotted against the theoretical value, occasionally
visited the predicted asymptotic line, which suggested that there were either some singularities in
the solution, instability in the numerical computation. The research made sure to investigate
these occurrences to avoid them being attributed to element shapes, mesh deformations, or solver
issues. To ensure accuracy, an averaged stress value was computed by averaging the stress values
from many probe locations. The averaged value minimized the effect of isolated variability and
better approximated a value for the distribution of maximum bending stress. Results indicated
that the program was converging once stress values stabilized for the refinement level.

3.5.4.3 Strain Analysis and Interpretation

While the strain results were even more mesh refinement sensitive, they also followed the same
trend as the stress results. Figure 17 illustrates this. Any discrepancy in displacement estimates
gets magnified in strain calculations since strain is calculated as the derivative of displacement.
This sensitivity was most pronounced where applied loads and boundary conditions were causing
localized deformation.

Table 10: Strain values for geometry with shim

Mesh Strain (pe) % Error
A 4.6922 0.05
B 4.7758 1.83
C 4.7289 0.83
D 4.6898 0

Due to the absence of element resolution in regions of high strain gradients, values of strain were
severely underestimated in the coarsest mesh configurations. As the mesh was refined
progressively, strain values increased and converged towards a limiting value. To dampen these
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oscillations, an average value of strain was achieved by taking the mean strain at a number of
probe points. This approach gave a more stable determination of the distribution of strain while
reducing, at the same time, the influence of localized anomalies. Like stress, the convergence
curve of strain exhibited initial oscillations that stabilized with mesh refinement.
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Figure 17: Graph representing strain for geometry with shim

The necessity to pick elements of high quality in areas of high strain gradients was one major
outcome of the strain analysis. The presence of poorly formed elements in some parts can lead to
unrealistic predictions of strain and numerical instability in such regions. To enhance accuracy,
the research made sure that the elements in the areas of high strain had a low aspect ratio as well
as low skewness.

3.5.5. Verification of Mesh Convergence

To confirm mathematically the convergence of the finite element solution, a percent error
analysis was carried out. The percent error was calculated by comparing the numerical solutions
with different mesh sizes to the results of the finest mesh (the most refined solution). This
analysis provided a quantitative measure of convergence, which assured that the selected mesh
size provided adequately accurate results.

The percentage error of deformation reduced notably as the mesh was refined, with the readings
going below 1% at the last level of refinement. This observation corroborated the fact that the
results of deformation had attained a stable and correct solution. The values of stress and strain
initially had higher percentage errors at the beginning levels of mesh refinement; however, the
errors progressively decreased as the mesh was further refined to the level of convergence
stabilization.

Among the significant observations was that stress and strain required a finer refinement of the
mesh to converge than deformation. This agrees with classical FEA concepts in which stress and
strain fields are more susceptible to mesh density since they are based on derivatives of
displacement.

3.5.6 Computational Efficiency and Practical Considerations
Mesh refinement was the cause of higher accuracy but at the same time also brought about a
large rise in computational time and memory demands. Computational cost grew tremendously
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as finer meshes were employed because of the larger number of elements and degrees of freedom
within the system. It was a situation that demanded a balance between accuracy and efficiency,
and the selected mesh delivered sufficient accuracy without exorbitant computational cost.
Figures 18 and 19 show the mesh selected after the mesh convergence study for both geometries.

Figure 18- Selected mesh for geometry without shim

Figure 19- Selected mesh for geometry with shim
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IV. Computational Analysis for Deformation, Stress, and Strain.
The analysis showed that a mesh with an element size of 0.0015 m was determined to be the
most favorable arrangement for the final analysis. The chosen mesh size provided a proper
trade-off between accuracy and computational cost, ensuring in this way that the results were
reliable without causing unnecessary computational effort.

4.1 Analysis of Geometry without a Shim.
4.1.1 Deformation
Mesh convergence test determined that the ideal mesh C of 0.0015 m is most suitable for the
finite element analysis (FEA). The following section gives a comprehensive analysis of
deformation, stress, and strain of both geometries. The aim is to analyze the two cases from the
perspective of determining the effect of the shim on structural stability, load carrying capacity,
and performance.

Table 11: Results of deformation of geometry without shim

Without Shim Minimum (mm) Maximum (mm) Average (mm)

Deformation 0 11.496 4.6299

The deformation analysis provides important data regarding the displacement of the structure
under the applied external loads. When no shim is used, the maximum deformation occurs in the
regions that are farthest from the fixed support, especially in the vicinity of the load points. The
phenomenon follows expectation as these regions experience maximum bending moments and
are more prone to displacement. The absence of additional reinforcement provides greater
flexibility in the system, leading to increased deformation under the same loading conditions.
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Figure 20- Deformation contour of geometry without shim.

Also, the absence of additional system stiffness causes localized regions to have

characteristically more displacement than the adjacent areas. The uneven deformation is an
indication that portions of the structure may undergo considerable deflection, which may affect
performance and structural safety. The deformation pattern observed reflects a smooth
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changeover from the shimmed area to the unrestrained boundaries, which indicates that the
numerical model performs well and doesn't show any computational abnormalities. However, the
overall level of deformation suggests that without the presence of a shim, the structure can
experience displacements that go beyond tolerable limits, causing operational inefficiencies or
increased exposure to structural collapse in the long run.

4.1.2 Stress

Stress analysis is of the utmost importance in comprehending the internal distribution of forces in
the structure. Without a shim, the stress distribution is extremely non-uniform, with peak stress
concentrations located in the region of the points of load application and abrupt changes in
geometry. Such areas of high stress are significant in that they may be points of failure in case of
long-term loading or cyclic stress oscillations within the material.

Table 12: Results of the stress of geometry without a shim
Without Shim Minimum (MPa) Maximum (MPa) Average (MPa)

Stress 0.038235 426.65 61.629

Furthermore, the values of the von Mises stress in some areas are beyond the allowable stress
limits of the material, showing that the structure is susceptible to failure when subjected to
sustained or high loads. The stress distribution patterns show that zones with sudden changes in
geometry, i.e., corners and edges, have higher stresses than those with smoother surfaces. The
high stress gradient indicates that the structure is exposed to a non-uniform distribution of stress,
which can cause local failure or premature fatigue of the material.
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Figure 21 - Stress contour of geometry without shim.
In general, the study shows that the component, without a shim, has poor reinforcement in

certain critical areas with ensuing greater concentrations of stress, which can make structural
realignment necessary to increase durability and safety.
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4.1.3 Strain

Strain analysis complements the results obtained from stress analysis by highlighting areas where
the material is subjected to significant elongation or compression. Without a shim, the strain
measurements are higher in areas that are subjected to bending and local stresses. The areas
showing the highest strain correspond well to the regions of high stress, thus confirming that
these locations have the highest material deformation under load.

Table 13: Results of the strain of geometry without a shim

Without Shim Minimum (pe) Maximum (ue) Average (u€)

Strain 0.53853 6022.2 912.38

The other noteworthy observation is the localized concentration of strain in certain regions,
meaning that elongation of the material is not evenly distributed. The phenomenon presents a
potential risk of surpassing the elastic limit of the material, thereby resulting in plastic
deformation or damaging the structure in the long term. Thinner sections of the structure,
specifically, undergo higher strain because of the lack of extra support, thereby elevating the risk
of failure.
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Figure 22 - Strain contour of geometry without shim.

The results show that, without a shim, the structure becomes more prone to serious deformation,
stress accumulation, and potential failure, all of which can weaken its mechanical integrity over
time.

4.2 Analysis of Geometry with a Shim.

4.2.1 Deformation.

The utilization of a shim tremendously changes the structural behavior by adding support and
stiffness, consequently decreasing overall deformation. The findings indicate that maximum
deformation readings are considerably reduced compared to instances where no shim is utilized.
Having the shim enables the applied load to be more evenly distributed, such that no specific
region is under an excessive displacement.
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Table 14: Results of deformation of geometry with shim

With Shim

Minimum (mm)

Maximum (mm)

Average (mm)

Deformation

0

10.642

4.3541

Unit: m

Time: 1
25/04/2025 15:51

0.010612 Max
0.0004331
0.0082539
0.0070748
0.0058957
0.0047165
00033374
0.0023583
00011791
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I

Moreover, with the shim inserted, the structure has greater rigidity, thereby limiting excessive
deflection. The deformation pattern remains even, confirming the assertion that the load-carrying
capacity of the structure has been enhanced. The decrease in displacement confirms that the
structure is able to bear higher loads without losing shape and functionality, hence enhancing
overall performance. Including the shim also produces a more uniform transfer of load, reducing
the likelihood of localized weaknesses that could lead to the structure becoming unstable.
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Figure 23- Deformation contour of geometry with shim.

4.2.2 Stress

The stress analysis for the situation with a shim shows a noticeable reduction in the maximum
stress levels compared to the previous case. The shim works to transfer the load over an extended
surface area, thus reducing the intensity of localized stress concentrations. The design in this way
averts any specific area from withstanding extremely high stresses, which can lead to material
fatigue or failure.

Table 15: Results of the stress of geometry with the shim
Minimum (MPa) Maximum (MPa)

With Shim Average (MPa)

Stress 0.049335 413.48 42.246

In this case, the von Mises stress values are within acceptable material limits, which implies that
the structure is functioning in the safe region. The stress distribution patterns exhibit a smoother
stress transition among various areas, proving that the introduction of the shim decreases abrupt
stress gradients. By reducing such stress variations, the likelihood of stress-related failures, like
cracking or yielding, is greatly diminished.
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Figure 24- Stress contour of geometry with shim

The above argument reinforces the idea that the presence of a shim is paramount in increasing
the structural strength of the component and minimizing the risk of mechanical failure when
subjected to working loads.

4.2.3 Strain

The strain distribution for the case with a shim shows a considerable improvement in structural
effectiveness. The levels of measured strain are much lower in comparison with the no-shim
case, which means that there is less elongation of the material under the same loading conditions.

This strain reduction makes the structure stronger in resisting forces from the outside and holding
its original shape.

Table 16: Results of the strain of geometry with the shim

With Shim Minimum (pe) Maximum (ue) Average (u€)

Strain 2.5057 13296 681.85
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Figure 25- Strain contour of the geometry with the shim

The results indicate that strain distribution is relatively evenly distributed throughout the
structure, indicating that there is no region that deforms excessively. This condition ensures that
the material is well within its elastic limits, thus eliminating the possibility of permanent
deformation. Additionally, the inclusion of the shim provides strength to key points, hence
reducing localized strain concentrations that are likely to result in long-term structural
degradation.

The detailed strain analysis corroborates that the shim greatly enhances the longevity of the
component, minimizes the likelihood of failure, and enhances the overall structural stability
under loads.

4.3 Comparative Analysis.
The results from both cases highlight the crucial role that the shim plays in improving structural
performance.

e In the case when there is no shim, the structure has higher deformation, higher stress
concentrations, and higher strain values, which all point toward an increased probability
of failure. The load distribution is not ideal, leading to unnecessary elongation of the
material and buildup of stress in certain regions.

e The application of the shim results in a remarkable enhancement of the structural stress,
strain, and deformation responses. The distribution of loads is made more uniform, the
maximum levels of stress are reduced, and the material receives decreased elongation,
hence supporting an extended working life.
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Table 17: Comparative analysis of geometries with and without shim

Parameter Without Shim With Shim
Deformation Higher, localized in weak regions Lower, more evenly distributed
Stress High, with sharp gradients Lower, more uniformly distributed
Strain Significant, with risk of material Reduced, ensuring material
failure stability
Structural Integrity Less stable, prone to excessive More stable, improved load
bending and stress distribution
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V. Fatigue Analysis Techniques in FEM and ANSYS

Fatigue analysis is an important consideration of finite element analysis when determining
durable components that have been subjected to cyclic loads. ANSYS provides different methods
to perform fatigue analysis; some use empirical equations while others use numerical methods to
estimate the fatigue life and crack growth. Insight into the mechanics of these equations will help
the engineer in interpreting results and thus designing components that can last longer. Generally,
ANSYS uses the Stress-life (S-N) Method, the Strain-life (e-N) Method, and fracture mechanics
for crack growth analysis.

5.1 Stress-Life (S-N) Method

The stress-life (S-N) approach is used exclusively in high-cycle fatigue situations, where the
material will experience elastic deformation over the duration of loading cycles. The S-N
approach is based on experimental data which relates the stress amplitude applied to a specimen
and the number of cycles to failure. The result is known as an S—N curve or Wdhler curve, a
graphical representation of its fatigue behavior. A typical S-N curve is presented in Figure 26,
highlighting sections for low-cycle fatigue (LCF) and high-cycle fatigue (HCF). In the LCF
section, the material will experience plastic deformation, and will fail in fewer cycles by
producing a higher stress amplitude, whereas the HCF section has longer life under lower stress
amplitudes, resulting in a largely elastic response from the material. Thus, this figure is integral
to understanding fatigue analysis, while visually separating sections for each regime for an
evaluation of structural fatigue in an aerospace application.
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Figure 26 -Example of a S-N curve
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In practice, the high-cycle fatigue region of the S-N curve can be represented mathematically
using Basquin’s equation, which relates the stress amplitude to the number of reversals to failure.
ANSYS implements this formulation for fatigue life prediction under elastic conditions as:
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6. = o (2N,)! 6.1)

Where o, represents the stress amplitude, o, is the fatigue strength coefficient, N, is the number
of cycles to failure, and b is the fatigue strength exponent. These values are derived from
material properties and experimental data.

To consider the mean stress effects from fatigue analysis, ANSYS has various correction models
available — Goodman, Gerber, and Soderberg. The Goodman relation adjusts the allowable
fatigue stress when there is a non-zero mean stress and the fatigue strength decreases as mean
stress increases.

I | (6.2)

Where o, 1s the mean stress, o, 1s the fatigue strength at a given life, and o, 1s the ultimate tensile
strength.
The Gerber model has improved accuracy over the Goodman relationship, primarily because the
Gerber model assumes a parabolic relationship between the mean stress and alternating stress.
This assumption makes the Gerber model particularly useful for predicting the fatigue life of
components that will undergo moderate to high plastic deformation. Still, the Gerber model is
empirical in nature and could lack conservativeness in other critical applications. In contrast, the
Soderberg criterion is prevalent because it has a larger measure of conservativeness. It's use of
the yield strength in place of the ultimate tensile strength that Goodman and Gerber models used
circumvents a more conservative limit for the fatigue stress that can be utilized. Especially when
dealing with critical aerospace components, the need to prevent failure is paramount even when
considering the worst-case loading as a fatigue loading. The Soderberg line is not an exact line
because it is linear; however, it can be used purely as a preliminary design sketch point that
defines appropriate limits of fatigue strength where there is uncertainty in loading or material
behavior.
Although the models described above are fitted for constant amplitude loading, a great number
of real-world applications will involve a variable amplitude fatigue scenario with cumulative
damage effects. The Goodman and Gerber models replaced ultimate tensile strength with yield
strength, so the Soderberg relationship provides an even more limiting bound on assumed
allowable fatigue stress. This is especially important for safety-critical aerospace applications,
whereby failure under the worst-case loading must be avoided. As the Soderberg line is the
straight-line approximation of the Goodman and Gerber models, they are often used in
preliminary design phases or in situations where significant uncertainty exists surrounding
loading or material response.
However, if the variable amplitude loading on a given component causes uneven damage due to
fatigue, then ANSYS assumes Palmgren-Miner's Rule as a one-dimensional, linear damage
accumulation approach. When the cumulative damage reaches a certain value, failure occurs:
n
D = ETl' (6.3)

13

38



Where n; represents the number of applied cycles at a given stress level, and N, is the
corresponding fatigue life at that stress level. When the summation of fatigue damage reaches 1,
the material is predicted to fail.

5.1.1 Advantages:

1) Simplicity and Efficiency:
The procedure is quite simple and computationally efficient, which makes it a perfect candidate
for a preliminary design concept analysis. It requires a small number of parameters, and the main
input for them is the S-N curves from standardized tests.

2) Well Established Data:
Large amounts of experimental data on many materials exist in engineering handbooks, thereby
limiting the number of complicated tests that have to be performed for specific materials.

3) Ideal for High Cycle Fatigue Conditions:
Most effective in determining fatigue life in components subjected to cyclic loads in which stress
levels do not exceed the yield strength.

5.1.2 Disadvantages:

1) Limited Applicability in Low Cycle Ftigue Conditions:
The S-N method proves ineffective in situations of low-cycle fatigue (LCF), during which plastic
deformation is characterized as significant.

2) Mean Stress Effects Require Corrections:

Since the majority of the S-N curves were obtained under fully reversed loading conditions
(R=-1), adjustments such as the Goodman, Gerber, or Soderberg correction models would be
necessary in the presence of mean stresses.

3) Environmental and Surface Overlooked:
The method does not inherently take into account factors such as surface roughness, temperature
variations, or corrosive environments, all of which would heavily influence the fatigue life.

5.1.3 Limitations:

1) Lacks Crack Initiation Insight:
With the S-N method, fatigue failure is predicted without modeling the crack initiation and
propagation stages. It is less efficient for defect-sensitive materials or notched components, in
which local plastic deformation is possible.

5.2 Strain-Life (¢-N) Method

Low-cycle fatigue, in any given case, prevails when the Strain-Life approach is applied. This
method does, however, take plastic deformation into account, as opposed to the Stress-Life
analysis, which relies purely on elastic behavior. This indicates its critical importance in
predicting the failure of any component that has to sustain high stresses and strains.

Fatigue life in this regime is governed through the Coffin-Manson equation, which is based on
the contribution of both elastic and plastic strains.
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e = %(an)” + ef 2N (6.4)

a

Where, £ is the strain amplitude o f' is the fatigue strength coefficient, E Young’s modulus N P is

the number of cycles to failure, and b the fatigue strength exponent. The second term introduces
€ f" which is the fatigue ductility coefficient and the fatigue ductility exponent, to capture the
effects of plastic deformation.

To improve the accuracy of estimating fatigue life under mean stress conditions, ANSYS
implements mean stress correction models in the strain-life approach. The mean stress correction
can be included in one of two ways: Morrow's method and the Smith-Watson-Topper (SWT)
method. The Morrow method modifies the elastic portion of the strain-life equation by
subtracting the mean stress from the fatigue strength coefficient. This modification results in a
more accurate estimate of fatigue life in cases of tensile mean stresses, particularly in regimes of
high-cycle fatigue where elastic strains dominate.

The modified strain-life equation incorporating Morrow’s correction is given as:

teorr =9 T Op (6.5)

In contrast, the Smith-Watson-Topper approach allows for consideration of both the straining
maximum stress and the amplitude of variabilities in strains.
max(c -€) = constant (6.6)
max a

These corrections serve as improvements for damage-prone fatigue life predicted at every
material undergoing plastic straining.

5.2.1 Advantages:
1) Accurate for LCF conditions:
The &-N method considers both elastic and plastic strains, ensuring correct values and predictions
for components at high stress with local plastic deformation.
2) Captures Crack Initiation:
The &-N approach, unlike the S-N method, models the initiation of the crack, giving insight into
the early stages of the fatigue damage process.
3) Material Behavior in Plastic Deformation:
The combination of elastic strain components with the Coffin-Manson equation allowed for
accurate predictions of fatigue behavior for materials undergoing cyclic hardening or softening.
4) Mean Stress Corrections Integrated:
Methods such as Morrow's correction and Smith-Watson-Topper (SWT) increase their accuracy
under mean stress conditions.

5.2.2 Disadvantages:

1) Complex and Computationally Intensive:
The strain-life method requires comprehensive, detailed material properties like fatigue strength
coefficient and fatigue ductility coefficient, some of which may be scarce for some materials.

2) Material Testing required:
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Accurate &-N curves demand specialized testing, thereby escalating time and cost in material
characterization.

3) Less reliable in HCF Conditions:
The &-N method is of limited applicability for predicting fatigue life in conventionally treated
materials with insignificant plastic strains, such as high-strength steels under conditions of low
stress.

5.2.3 Limitations:
1) Limited Crack Propagation Prediction: The &-N method gives attention to crack initiation
only and not detailed crack growth modeling. For components where crack propagation is
the key mechanism of failure, features of fracture mechanics would be warranted.

5.3 Fracture Mechanics Approach (Crack Growth Analysis)
Once a crack has formed on its own, fracture mechanics methods come into play to predict

further growth of the crack, using cyclic loading. Such a situation is highly applicable in
damage-tolerant designs, as every engineer wishes to provide themselves with the sort of
information that makes it possible to assess how long a crack can further develop before
producing an effect characterized as catastrophic. Crack growth rates are defined in terms given
by Paris' Law, employed by ANSYS.

da _ m
- = C(AK) (6.7)
Where Z—; represents the crack growth rate per cycle, AK is the stress intensity factor range, and

C and m are material-specific constants. By integrating this equation, ANSYS determines the
number of cycles required for a crack to grow from an initial size to a critical size.

In more advanced fatigue crack growth predictions, ANSYS supports other modeling
frameworks, such as those by NASGRO and Walker equations, in refining estimates by
considering load ratios and loading conditions specific to a certain material.

5.3.1 Advantages:

1) Accurate Crack Growth Prediction:
The principle outlines the fracture mechanics method of growth as Paris' Law, which is utilized
to find defects in critical structures effectively.

2) Applicable for Defect-Sensitive Materials:
Certain fracture mechanics are rated very high in incidences of rapid development of sudden
cracks, precisely in the case of aerospace alloys or welded structures.

3) Ideal for Predicting Residual Life:
By estimating the number of cycles taken for a crack to extend till it has reached a borderline,
engineers can predict its remaining life and thus plan the subsequent checks.
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5.3.2 Disadvantages:

1) Requires detailed crack information:
For a precise prediction, the initial crack size and geometry, along with stress intensity factors,
must be measured carefully, which is quite difficult at times.

2) Computational Complexity:
Simulating crack growth involves a high computational load, especially under non-linear
conditions or under multi-axial stress states.

3) Material-specific Calibration Required:
The variables C and m in Paris' Law need extensive calibration through experiments for each
material.

5.3.3 Limitations:

1) Poor at predicting Crack Initiation:
Irrespective of whether there is a flaw or crack present, fracture mechanics does not predict when
or how cracks would occur. For cases wherein crack initiation is the dominant mode of failure,
the best alternative is to apply the strain-life methodology.

5.4 Fatigue Analysis Implementation in ANSYS

A short introduction to the fatigue analysis tools available in ANSYS will follow next. The
Workbench Fatigue Module presents basic fatigue analysis based on the S-N or S-N method or
e-N method. This includes advanced functionality incorporating rainflow counting, a method for
extracting useful fatigue cycles from complex history paths, along with various methods for
mean stress correction for improved life predictions.

Table 18: Comparison of fatigue methods.

Method Best for Advantages Disadvantages Limitations
Stress-life | High-Cycle Simple, fast, widely Poor for LCF Cannot predict
(S-N) Fatigue available data requires mean stress | crack initiation
corrections
Strain-life [ Low-Cycle Accurate for plastic Complex material Limited for
(E-N) Fatigue deformation, models data required, HCEF conditions
the crack initiation computationally
intensive
Fracture Crack Accurate for Requires crack size | Does not predict
Mechanics Growth defect-prone materials, data, demanding crack initiation
Prediction effective for residual computation
life prediction
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Finally, ANSYS Paris Law for Crack Growth is utilized in a fracture mechanics-based fatigue
analysis. It assists by giving engineers a forecasting tool for crack propagation and component
failure due to fatigue per se.

5.5 Choice of Fatigue Assessment Techniques Guided by Structural Information

Fatigue analysis is critical to predicting the failure of components under cyclic loading
conditions. Selection of the appropriate methodology is critical in making accurate life
predictions and supporting component design to withstand operational loads. The following
report compares different fatigue analysis methods on the basis of the provided values of
deformation, stress, and strain for two designs: one with a shim and one without a shim.

5.5.1 Structural Data Overview

As discussed in the structural analysis, both the shimmed and non-shimmed aluminum alloy
models were subjected to equivalent loading and boundary conditions to evaluate their
mechanical behavior. The results are maximum, minimum, and average values for deformation,
von Mises stress, and equivalent elastic strain. These values, discussed in Chapter 4, assist in
choosing the proper method of fatigue analysis in this study.

Without Shim:

- Maximum deformation: 11.496 mm

- Maximum stress: 426.65 MPa

- Maximum strain: 6022.2 pe

With Shim:

- Maximum deformation: 10.612 mm

- Maximum stress: 413.48 MPa

- Maximum strain: 13296 pe

5.5.2 Methodological Choice for the Fatigue Analysis

Fatigue analysis methods can be broadly categorized into three main approaches: the Stress-Life
(S-N), Strain-Life (e-N), and Fracture Mechanics approaches. The choice of method depends on
parameters like stress levels, strain characteristics, and the expected number of cycles to failure.

5.5.2.1 Stress-Life (S-N) Approach

The S—N method is applicable to HCF conditions in which the material is sufficiently elastic and
the stress amplitudes are at low levels, or during HCF with the HCF maximum stress, given the
study's data. The maximum stress values, 4.2665x10° Pa for the non-shimmed, and 4.1348x10°
Pa for the shimmed geometry, demonstrated that the material has remained below the typical
yield strength of the aluminum alloy of which it is made, so is still in the HCF regime for the
S—N method. However, raw stress values are not enough to characterize the fatigue response, in
particular when localized plastic strain is evident. Therefore, while it is appropriate to apply the
S—N method in purely elastic conditions, the evaluation of S—N must be reconsidered based on
these strain-based observations.
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5.5.2.2 Strain-Life (¢-N) Methodology

The strain-life (e-N) method is utilized to analyze fatigue behavior under plastic-response
circumstances and is generally known as low-cycle fatigue (LCF) conditions. In this study, the
structural model maximum strain values were 6.0222 % 107 (non-shimmed geometry) and
1.3296 x 102 (shimmed geometry). These strains are much larger than the elastic strain limit of
roughly 0.002 (0.2%) generally seen for aluminum alloys. We can assess that both the
non-shimmed and shimmed geometrics experience some degree of plastic strain. Again
considering the effects of plastic deformation, the e-N method has the least complex and most
applicable conditions to predict fatigue life by examining the effects of elastic strain and plastic
strain under cyclic loads.

5.5.2.3 Fracture Mechanics Approach

This method is utilized in environments where existing cracks pose difficult challenges, thus
enabling the evaluation of crack propagation rates and predicted failure times. Since the
information presented does not have specific details about the cracks, this method is not the most
appropriate for this evaluation.

5.5.2.4 Suggested Methodological Framework for Investigation

The strain-life method was selected instead of the stress-life method because the strain-life
method is a better framework for analysing components that typically undergo localized plastic
deformation. The stress-life method is more common for high-cycle fatigue under purely elastic
conditions, particularly for fatigue evaluation of components that typically remain elastic.
However, the strain-life method provides a better representation of fatigue behaviour when
material experience both elastic and plastic strain. Regarding the loading type and material
behaviour observed in this study, the strain-life method was the more suitable framework for
evaluating fatigue performance.
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VI. Strain-Life Analysis.
This chapter describes the strain-life fatigue evaluations performed on both shimmed and no
shim geometries. The approach to the evaluation utilizes strain-life (e-N) method of fatigue
analysis because it can better model the fatigue response in an area where the material
experiences plastic strain. The body of the chapter describes the material data, implementation of
the Morrow mean stress correction method and the evaluation parameters of fatigue life, damage
and safety factor.

6.1 Engineering data and Fatigue Analysis Setup.

Engineering data for the strain-life fatigue analysis was defined individually for the two
materials used in this study: aluminum alloy for both geometries, and epoxy resin specifically for
the shimmed configuration.

The material properties for the aluminum alloy were obtained from MMPDS-13, which is
recognized as a database on aerospace materials and included Young's modulus, Poisson's ratio,
yield strength and ultimate tensile strength. For strain-life fatigue evaluation, the fatigue
parameters of aluminum, such as the fatigue strength coefficient, fatigue ductility coefficient, and
their respective exponents, were adopted from literature sources [35][36]. The properties for
epoxy resin were obtained from composite material handbooks and fatigue research on
polymer-based shims.

The Morrow mean-stress-correction procedure was chosen for use in the fatigue analysis to
account for the action of non-zero mean-stress, which is significant when analyzing load cases
with effects from pressurization and considering multiaxial loading and loading paths. Three
output parameters were analyzed: fatigue life (the estimated number of cycles a material can
withstand in the defined load conditions), fatigue damage (the measure of how much of total
fatigue life has been used after the defined cycles have been imposed), and safety factor (the
measure of how close the structure is to fatigue failure) with consideration to that when safety
factor values fall below one, those are regions of concern.

For consistent and meaningful comparison, the same loading conditions were applied to both
geometries. A total of 50,000 load cycles was chosen for the fatigue simulation for each
configuration. This value is consistent with previous fatigue literature for aluminum alloy
components in the low-cycle fatigue (LCF) regime, where plastic deformation is substantial in
affecting the fatigue life. Defining 50,000 cycles assures meaningful accumulation of fatigue
damage in the fatigue analysis while remaining feasible for strain-life based evaluations of
aerospace structures [37][38].

The load magnitudes, loading type, and boundary conditions were constant to both geometries in
order to isolate the epoxy resin shim and ensure any differences in fatigue life, stress
distributions or damage evolution could be assigned that the shim's presence or absence. The
following sections discuss fatigue analysis results of both configurations and describe their
fatigue response under cyclic loading in aerospace service conditions.
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6.2 Analysis of Geometry without Shim
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Figure 27- Fatigue life contour of the geometry without the shim

Table 19: Results of fatigue life of gecometry without shim

Without Shim Minimum Maximum Average

Fatigue life 0 1 x10° 2.207 x 10°

Using the strain-life (e-N) approach including the Morrow mean stress correction, the fatigue
behavior of the non-shimmed aluminum alloy geometry was determined to represent a
structurally undesirable fatigue behavior given the applied loading conditions. Low-cycle fatigue
endurance was indicated across much of the geometry, as evidenced in Figure 27 with the fatigue
life contour showing large areas of low cycle fatigue endurance, and a large area of critically low
fatigue life across the component. The fatigue life contour is dominated by areas coded red
indicating the early onset of fatigue failure across the component. The fatigue critical areas are
concentrated approximately where the fixed boundary and load application regions are located,
these regions are also where high stress concentrations were determined from the structural
analysis.

Table 19 shows the numerical results associated to the fatigue life contour. The reported
minimum fatigue life is 0 cycles. This means that the specified failure occurred immediately in
certain localized areas, likely because of geometric discontinuities and stress risers. The
maximum life reported was 1 x 10° cycles but this was only in the least load bearing areas Agian
the average fatigue life reported of 2.21 x 10° cycles is a number far less than the expected
design life of components subjected to service and failure from fatigue. Therefore it was clear
that the design, and in its unshimmed state was very sensitive to degradation from fatigue after
service. The results confirm the limitations of a component from solely utilizing aluminum alloy
where no stress relieving interfaces are established and confirms the need to modify to evaluate
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another configuration like the introduction of shimmed epoxy resin underneath the face pot to
improve fatigue behavior.

Table 20: Results of fatigue damage of geometry without shim

Without Shim Minimum Maximum Average

Fatigue Damage 5%10° 1x10% 9.9777%x10°!
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Figure 28- Fatigue damage contour of the geometry without the shim

The fatigue damage distribution for the model without shim geometry is provided in Figure 28.
The contour plot provides a two-dimensional visualization of the accumulated fatigue damage
from 50,000 load cycles. The non-dimensional modelling had higher damage levels towards the
edge and near the load application area which were determined to be the areas of major stress
concentrations previously and were reflected in those loads. The contour plot clearly shows that
a significant area of the structure has moved into critical fatigue levels. The table below (Table
20) shows the minimum damage is 5.0x107°, the maximum is 1.0x10%? and the average is
9.9777x10%'. The damage values shown are not nominally normalized, but the exponential nature
of the damage results, reinforces that significant corrosion had occurred over a the entire length
of the component, further confirming the ineffectiveness of the non-shimmed application in
cycling loads.
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Figure 29- Fatigue safety factor contour of the geometry without the shim

Table 21: Results of fatigue safety factor of geometry without shim

Without Shim Minimum Maximum Average

Fatigue Safety Factor 1x10° 5.0664 2.5127%10*

The high levels of accumulated damage at this early fatigue and load application stage highlight
the structural inadequacies of the non-shimmed configuration under cyclic load. Figure 29 offers
the fatigue safety factor contours for the same geometry. The contour is useful in identifying the
amount of safety margin until fatigue failure occurs. The lower the safety factor, the greater the
risk zone for fatigue failure. For most regions of the model, we can see from Figure 28 that
safety factor contours are all well below 1.0, as would be expected especially near high-stress
regions. This implies the non-shimmed condition does not possess adequate fatigue strength to
endure cycles of loading. As noted in Table 21, with a minimum of 1.0 x 10-3, a maximum of
5.0664, and an average of 2.51 x 10-2. These results support the conclusion that much of the
component operates below-stated safety limits and thus are highly prone to fatigue failure.
Overall, fatigue life, damage, and safety factors confirm that the unshimming the aluminum alloy
structural capability to endure cyclic loading is highly limited for aerospace applications.

6.3 Analysis of Geometry with Shim

The strain-life fatigue analysis of the shimmed geometry exhibited significantly better fatigue
performance compared to the non-shimmed geometry. The average total fatigue life observed in
figure 30, while subjected to cyclic loading, was a significant approx 5.1502 x 10" cycles.
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Figure 30- Fatigue life contour of the geometry with the shim
Table 22: Results of fatigue life of geometry with shim
With Shim Minimum Maximum Average
Fatigue life 0 1x10° 5.1502x107

The reason for the fatigue performance is attributed to the use of the epoxy shim, aiding in
promoting and distributing stresses equally and lowered critical concentrators. This increases the
fatigue life, and is even more prevalent at locations with high load transitions.
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Figure 31- Fatigue damage contour of the geometry with the shim
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Table 23: Results of fatigue damage of geometry with shim

With Shim Minimum Maximum Average

Fatigue damage 5107 1x10°* 9.4471x10°

The mitigation of where fatigue damage is distributed, figure 31 indicates that the shimmed
geometry, has better fatigue life properties. Although there are discrete locations with damage
values, the average damage value determined based on hypothesis testing, is less than that of the
non-shimmed configuration, due to the structure only using a smaller fraction of its fatigue life,
under the same number of loading cycles. Therefore, it means it was generally slower moving
towards fatigue failure, and therefore were more serviceable in terms of sustained durability and
scheduled maintenance.
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Figure 32- Fatigue safety factor contour of the geometry with the shim

Table 24: Results of fatigue safety factor of geometry with shim

With Shim Minimum Maximum Average

Fatigue Safety Factor 1x10° 15 0.52275

In terms of safety factor, as in figure 32, the shimmed geometry had a higher number, an average
of roughly 0.52, as compared to the non-shimmed geometry and indicates the component has a
greater distance before fatigue failure, albeit still below the safety factor of 1.0 but which
illustrates further that a shim is beneficial in a load sharing scenario.

Overall, the results indicate that shims are increasing their fatigue life, continue to aid reduce
damage accumulation and continuing to improve the safety factor. There is a strong case, further
support for using epoxy shims in fatigue critical aerospace applications generally, and
particularly with composite thick-plate joints, to promote load uniformity for improving the
reliability of the structure.
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6.4 Comparative Discussion of Shimmed and Non-Shimmed Geometries

The comparison of the strain-life fatigue results from the shimmed and non-shimmed geometries
clearly indicates that shimming is beneficial in the context of structural fatigue performance. The
average fatigue life of the shimmed geometry was well more than two orders of magnitude
higher than the average fatigue life from the non-shimmed configuration. The dramatic
difference serves to highlight the ability of the shim to redistribute stress more uniformly and
minimize the impact of peak strain zones that can be a big contributor to fatigue failure from
those early cycles.

When gauging fatigue damage the items that had a shim, relative to the same geometry but
without a shim, demonstrated less accumulation of damage from pre-continuous inspection
loaded testing over the 50,000 interval. This further supports that the shimmed structure
consumes less of its fatigue life compared to the identical components that were not shimmed,
and also demonstrated that the shimmed item degraded at a much slower rate. These factors
ultimately contributed to the shimmed assemblies representing more robust longevity under the
same load and stress compared to assemblies subjected to fatigue-critical conditions.

The safety factors comparing the two configurations also show the improvement due to the shim.
The safety factors were below the desired 1.0 safety factor level for both models. However, the
shimmed model had a safety factor on average twenty times greater than the non-shimmed
model. Hence, the shimmed structure would possess far more fatigue resistance and reliability
than a non-shimmed structure. This is important for the aerospace industry where airframe safety
and reliability are critically important.

The findings suggest that the epoxy shim does have a significant impact on the fatigue
performance of structures while extending in service life under realistic loading scenarios.
Therefore, the findings of this study provide a significant reason to include shimming practices
for composite-metal joints (like those found in today's airframes) because of the criticality of
longevity and fatigue resistance.
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VII. Conclusion

This research successfully analyzed the role of shimming in the fatigue response of aluminium
alloy structures using a strain-life fatigue analysis methodology. The static structural analysis
investigated how the presence of a shim changed the deformation, stress, and strain responses of
both models. The non-shimmed configuration reached higher maximum deformation and
exhibited higher stress concentrations with thinner strain gradients, while also indicating a
structural response that was more vulnerable under the specified loading conditions, and the
shimmed configuration provided a relatively better stress distribution, although the local strain
gradients were still large due to the presence of a shim, which is required for fatigue life.

In the fatigue analysis, with respect to the strain-life (e-N) method with the Morrow mean stress
correction, the results established a vast improvement in fatigue life and the safety margins of the
shimmed model versus the non-shimmed model. The non-shimmed configuration had an
averaged fatigue life that reached roughly 220,000 cycles and an average critical safety factor of
0.025. In contrast, the shimmed configuration had an averaged life of over 51 million cycles and
a safety factor of roughly 0.52. Ultimately, the results distinctly demonstrate the ability of the
shim to delay fatigue damage of the composite-metal hybrid structures while also enhancing the
overall structural reliability when utilized as a shim.

The damage results underscored the benefits of the shimmed condition. Under a similar number
of applied cycles, the shimmed component progressed through fatigue relatively slower and
exhibited a more consistent damage distribution. The critical damage zones decreased and are
entirely related to the durability and the service life of the components, relative to repeated
loading as encountered in an aircraft.

The results are relevant to structural approaches for aircraft assemblies, such as the fuselage
sections of the Boeing 787 Dreamliner, where composite fuselage sections utilize metal frames
to connect sections, while shims to improve fit and load transfer. The results from this study
validated the engineering reasons for shim use in fatigue components and assemblies in
aerospace applications, and highlighted how shims can affect the performance and durability of
advanced aircraft structures.

The data from the strain-life fatigue evaluation demonstrates clearly that employing an epoxy
shim greatly improves the structural performance of composite-metal joints under cyclic loading
conditions. The shimmed geometry showed longer fatigue life, less damage accumulation, and a
much higher safety factor when compared to the non-shimmed shape. This increase in structural
performance is predominantly due to the shim's ability to redistribute stress and strain more
uniformly across the rivet joint preventing significant local stresses leading to the nucleation of
fatigue cracks.

The results from employing the strain-life method with a Morrow mean stress correction
provided a way to realistically represent the material behavior under the specified loads and
counts. The fatigue analysis results (life, damage, and safety factor) revealed straightforward
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measures of component reliability and showed that it was beneficial to add a shim for
fatigue-critical joints.

These results support the engineering practice of using compliant shimming materials in
multiaxial and cyclic loading applications, such as fuselage frame and stringer joints in aircraft,
as in the Boeing 787. The presence of shims in these regions extends the service life of structural
joints and safety margins.

Future studies should validate the simulations using actual experimental fatigue testing of actual
specimens. Other studies may measure the effect of shim thickness, shim material, and loading
spectrum to further enhance the fatigue performance of aerospace joints. In addition, thermal
effects and environmental degradation of shim materials would improve future studies.
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