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ABSTRACT

The use of Hi-Lok fasteners in aircraft structure assemblies is widespread and crucial,
necessitating accurate and computationally efficient modelling technique to analyse
thelr dynamic behaviour. This study proposes and evaluates finite element (FE)
modelling techniques specifically tailored to Hi-Lok fasteners, amed at representing
and investigating the dynamic behaviour of a physical Hi-Lok fastened structure in
terms of natural frequencies and mode shapes. Four distinct techniques, each employing
different FE representations, are created using MSC Software packages to represent the
physical structure. The predicted dynamic behaviour obtained from the four FE models
are systematically evaluated with experimental modal analysis (EMA) counterparts
with respect to natural frequency discrepancies, computing time, and disk storage
requirements. The evaluation demonstrates that Technique 4, which uses simplified
one-dimensional beam representations of Hi-Lok fasteners, accurately predicts the
dynamic behaviour of the physical structure with 98.4% accuracy, while maintaining
low computational speed and the lowest disk space consumption among the approaches
investigated. This validated modelling strategy proposed in this study therefore offers
practical guidance for researchers and engineers seeking to efficiently and accurately
predict the dynamic behaviour of aircraft structures incorporating Hi-Lok fasteners.
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CHAPTER 1
INTRODUCTION

1.1 Resear ch Background

Mechanical fasteners, especially bolted joints and Hi-Lok fasteners have been
widely used for decades in various industries for the assembly of structures[1]. Thisis
due to the essential feature of fastenersthat it is easy to assemble and disassemble [2],
aswell astheir simple configuration and low cost [3]. In addition, they play an essential
role in the dynamic response of the structure. The added flexibility that fasteners bring
has a strong effect on the dynamic response of the structure. This is because much of
the energy is lost at the joint during dynamic loading [4], [5]. Despite the fact that
fasteners improve damping properties and minimise the size of a structure [6], the
dynamic behaviour of assembled structures with fasteners is not well understood.

The dynamic behaviour of afastened structure can be efficiently predicted using
appropriate FE modelling. Severa factors, such as the modelling of bolts, joint
interfaces, damping and boundary conditions, can contribute to the development of an
efficient FE model of bolted joints[6]-[8]. Nonethel ess, no study has combined all these
main factors to create an efficient FE model of the structure with Hi-Lok fasteners and
integrate it into the FE model updating.

Efficient FE modelling can be developed using the FEM, which is also an
effective tool for predicting the dynamic behaviour of an assembled structure through
norma modes analysis. However, the FEM has its limitations as simplification of the
model is always required to minimise the high computational cost. At the same time, it
must produce an accurate representation of the assembled structure with fasteners [9],
[10]. A simplified FE model leads to different assumptions and needs reference data for
validation [11]. Therefore, an EMA is required as a reference to accurately determine
the modal parameters of the assembled structure with fasteners.

EMA is amethod for extracting the modal parameters of the substructures and
the assembled structure with fasteners. The measurements of the input and the resulting
responses translated into FRF can be used to determine the natural frequencies, mode
shapes and damping ratio [11], [12]. EMA isnot only an important means of validating
the results of the FE model but also serves as reference data for the FE model updating.



The FE model updating is used to improve the accuracy and reliability of the
initial FE model so that the predicted dynamic behaviour matches the experimentally
measured modal parameters as closely as possible [13], [14]. Material and physical
properties such as Young's Modulus, Poisson's ratio, shear modulus, mass density,
thickness and stiffness are the updating parameters commonly used by researchers. The
parameters obtained must respond to the modal parameters of the FE model. They can
be systematically adjusted within the specified range to be as close as possible to the
experimental results [15]. However, the selection of potential candidates for the
updating parameters and the determination of the appropriate number of updating
parameters and responses to improve a FE model of afastened structure considering the
test model remains challenging and requires a methodol ogically rigorous approach.

1.2 Motivation for ThisWork

The design and performing capability of load-bearing structures under high-
performance sectors such as aerospace and automotive together with defence relies
heavily on mechanical joints. The joints operate to transmit weight between supporting
components and modify system flexibility along with resonance features and lifespan
expectancy. The Hi-Lok fastener stands out today as a common solution in aerospace
applications because it presents lightweight design benefits combined with easy
installation along with reliable preload outcomes. The insufficient understanding of
joints that use Hi-Lok fasteners exists despite their status as a widespread solution.

This investigation examines aerospace structures under escalating stress
conditions because joints suffer complex dynamic responses from aerodynamic changes
as well as engine vibrations together with temperature variations. The high-frequency
and high-amplitude dynamic loads exhibit gaps in understanding regarding the long-
term behaviour of joints assembled with Hi-Lok fasteners because of their torque-
limiting break-off collar design which enables enhanced preload consistency. The
dynamic response of these joints demands complete understanding because it directly
affects the structural system integrity and reliability in all safety-critical applications
particularly wing-body attachments and fuselage sections.

During dynamic loading the system manifests several complications including
fretting wear combined with preload relaxation and joint stiffness degradation and
resonance-induced failures which remain hard to identify through standard inspections.



The energy dissipation process takes place primarily at joints which also modifies the
way the entire structure responds to its global modal behaviour. The assessment of Hi-
Lok fastened structures requires detailed studies regarding their vibrational and modal
characteristics. Scientists must understand how different joint parameters influence both
the short-term system dynamics and long-term product durability through investigative
analyses of clamping force and material interface and installation accuracy.

EMA now receives recent advancements alongside FE modelling of joint
interfaces that offer new possibilities to conduct in-depth studies about these effects.
The research uses validated simulations in conjunction with experimental testing to
produce an extensive understanding of Hi-Lok jointed structures during dynamic
performance. The study will provide better predictability of the joint damping
mechanisms and joint stiffness changes alongside failure risks when structures undergo
operational loading.

This research needs to fill existing knowledge deficits about the dynamic
behaviour of mechanical joints fastened by Hi-Lok fasteners. Investigating the vibro-
acoustic behaviour and structural mode coupling enables the research to develop
valuable knowledge that can help design advanced mechanical assemblies for high-
performance systems.

Moreover, the results of the current study are likely to assist the further
advancements of structural health monitoring and predictive modelling in aerospace
engineering where the number of available computational resources is usually limited.
The simulations used to establish smplified joint representations therefore contribute
to the optimized work on dynamic testing and the calibration of the model.

1.3 Problem Statement

The presence of Hi-Lok fasteners in an arcraft assembled structure has a
significant effect on changing the dynamic behaviour of the structure, and investigation
of the behaviour is crucial to avoid failure of the structure due to resonance [16], [17].
However, the dynamic behaviour of Hi-Lok fastened structure is highly dependent on
the stiffness of the fastener interfaces and the fasteners.

Hi-Lok fasteners have wide scope of usage in assembled structures of the
aircraft and the role that they play in the dynamic behaviour of the structure is critical.
Inaccurate prediction of the dynamic characteristics of such fastened structures may



give rise to resonance-related failures with serious risks about structural integrity and
flight safety [16], [17]. The dynamic response of Hi-Lok fastened assembliesis strongly
governed by the stiffness for the fasteners, the joint interfaces, which need to be
modelled accordingly to get reliable results.

Despite their importance, currently there is a lack of an accurate and
computationally efficient modelling technique for representing Hi-Lok fasteners in the
dynamic analysis. Existing approaches are mostly based on detailed FE models based
on three-dimensional solid elements. Although these models are able to represent local
fastener behaviour, they are impractical for representing large or complex structures
because of the large number of degrees of freedom, high computational cost and large
data storage requirements [18], [19]. As aresult, such approaches are not appropriate
for repeated analyses, models update and early-stage design applications.

Furthermore, the joint interface stiffness properties of joint interfaces and Hi-
Lok fasteners are not easy to quantify and are usually over simplified or ignored in the
traditional simplified models, yielding incorrect predictions of natural frequencies and
mode shapes. This limitation exposes an important relationship between the accuracy
of the modelling and the feasibility of the computation that is a crucia limitation in
existing fastener modelling practices.

Therefore, a clear need exists for a simplified, yet reliable modelling approach
able to accurately model the stiffness effects of Hi-Lok fasteners, as well as joint
interfaces, that can significantly involve simplification and reduction of computational
complexity. Addressing this problem would make it possible to perform more efficient
dynamic analysis, experimental model validation and update, and increase confidence
for the prediction of resonance behaviour of the aircraft assembled structures.

14 Resear ch Objectives

The goa of this study is to propose an accurate and efficient modelling
technique for Hi-Lok fasteners that can be reliably used to investigate the dynamic
behaviour of the assembled structure with Hi-Lok fasteners. To achieve this goal, the
following three specific research objectives are defined:



a)

b)

c)

15

To develop a 1D element-based FE modelling technique for accurately
representing the natural frequencies and mode shapes of the physical Hi-Lok
fastened structure.

To determine the natural frequencies and mode shapes of the Hi-L ok fastened
structure using the proposed modelling technique, and EMA.

To evaluate the efficiency and accuracy of the proposed modelling technique
by comparing the predicted natural frequencies and mode shapes with their
EMA counterparts.

Resear ch Question

In an attempt to propose an efficient, economical and reliable modelling capable

of representing the dynamic behaviour of an assembled structure with Hi-L ok fasteners

and to

achieve the objectives of this research, the investigation revolves around the

following research questions:

a)

b)

16

How can 1D elements be formulated to accurately represent the stiffness and
mass of Hi-Lok fasteners for predicting the natural frequencies and mode
shapes of the Hi-L ok fastened structure?

How accurately can the proposed modelling technique predict the natural
frequencies and mode shapes?

How well does the proposed modelling technique predict the natura
frequencies and mode shapes in terms of accuracy and computational
efficiency when compared with their EMA counterparts?

Significance of Study

This study proposes an accurate and efficient analytica model capable of

representing the dynamic behaviour of Hi-L ok fastened structures. The development of

an accurate and efficient modelling and prediction for the dynamic behaviour of Hi-Lok

fastened structures remain a major research challenge. Thereis a need to carry out this

research because the research results will:



a)

b)

1.7

Contribute to the current body of knowledge in structural dynamics, especially
to FE modelling and updating the dynamic behaviour of an assembled structure
with Hi-Lok fasteners.

Contribute to solving industry-wide problems, eg., in the aerospace,
automotive, machinery, energy, construction and marineindustries, which face
numerous challenges in the design, manufacture, operation and maintenance
of structures with Hi-Lok fasteners.

Thesis Scope and Limitation

This study is limited by the following:

b)

d)

f)

The study uses an assembled structure with Hi-Lok fasteners. The assembled
structure consists of two components, made of aluminium, joined with four
Hi-Lok fasteners.

The investigation shall include the determination of the modal parameters
(natural frequencies and mode shapes) of the substructures and the assembled
structure with Hi-Lok fasteners using FE normal modes analysis and EMA.

FE normal modes analysis is performed with the NASTRAN programme of
the available commercial packages, while the EMA is performed with an
impact hammer using the roving accelerometer method.

Both FE normal modes analysis and EMA are performed with freefree
boundary conditions. No constraint is assigned for the normal modes analysis,
while for the EMA, the test specimens are suspended from the test rig with

rubber bands and springs.

The frequency of interest for comparison and correlation in this research is
within 1500Hz for Normal Modes Analysis and EMA.

1D element connectors are used in this study instead of 3D elements to
represent the Hi-Loks in the assembled structure.



1.8 Thesis Outline

This thesis is divided into five chapters which are arranged in such a way that
each topic developslogically in building aframework to analyse the dynamic behaviour
of a Hi-Lok fastened structure experimentally as well as numerically.

In chapter 1, the background to the research, motivation, objectives, scope and
significance of the study are presented. It also presents the structure and the
methodology of the thesis.

Chapter 2 is a detailed literature review of the literature as far as structural
dynamics, FE modelling of joints, and assembled structures, dynamic testing
methodologies as well as past research results concerning Hi-Lok fasteners is
concerned. The chapter defines main knowledge gaps and locates the present research
in the big context.

Chapter 3 provides an in-depth account of the research methodology that entails
the layout of the test structure, the preparation of EMA, FE modelling processes, and
the model updating method. There are also equipments, software tools, boundary
conditions, and element types discussed.

In chapter 4 the results of the experimental and the numerical analysis are given
and discussed. It consists of a contrast in the natural frequencies and mode shapes, the
assessment of the various FE modelling methods of the study, talk about the discussion
of mesh convergence, and the results that came out of the undertaking of model
updating. The present chapter demonstrates the strength of the suggested strategy of
modelling and its confirmation using experimental data.

Chapter 5 concludes the study towards the conclusion of the study by
summarising the magjor findings of the study, the contribution to the study and providing
recommendations for future research of dynamic modelling of fastened aerospace

structures in future.



CHAPTER 2
LITERATURE REVIEW

21 I ntroduction

The proposed literature review will seek to synthesis the current state of
knowledge regarding the dynamic behaviour of Hi-Lok fastened structures. It has the
following structure: Section 2.2 embodies introduction to the fundamentals of structural
dynamics; Section 2.3 discusses modelling approaches to substructures, assembled
systems, joints and matching interfaces; Section 2.4 is devoted to prediction of
structural dynamics within norma modes and FRF; Section 2.5 describes techniques of
modal updating; and Section 2.6 reviews experimentation in modal analysis. This
systematic way of reviewing points out mgor problems, recent solutions, and
weaknesses to Hi-Lok fastened assemblies modelling and analysis subjected to dynamic
loading.

2.2 Structural Dynamics

The dynamics of structuresis the study of the response of structures to dynamic
loads i.e. forces or loads that are time-varying. The basic parameters that determine
dynamic behaviour are natura frequencies, damping ratios and mode shapes. Such
parameters are of specia concern to the aerospace field where even the dightest
resonance or dynamic instability may result in structura fatigue or failure.

Dynamic equation of motion in alinear system is usualy expressed as.

Mx(t)+ Cx(t) + Kx(t) = F(t) (2.1)
with M, C, and K representing mass, damping and stiffness matrices respectively, x(t)
representing displacement vector and F(t) being a time-varying driving force. In the
case of assembled structures with fasteners the equation is complicated by the added
localised flexibility and energy dissipation at thejoints [42].

Some studies demonstrated that mechanical joints play a big role in world
structure as they change stiffness adding nonlinear damping properties [43], [44]. In
bolts and other joints, and in Hi-Lok fastened assemblies, the contact interface, preload

conditions, and surface roughness al have an influence upon the moda behaviour of



the whole systems [45], [46]. As an example, frequency shift and damping behaviour
may come about through loading variation and this makes modelling and prediction to
be consistent [47], [48].

Moreover, dynamic behaviour of both individual substructures and fully
assembled systems may vary dramatically. It is more intensified in Hi-Lok fastened
structures where the stiffness of the joint is very much dependant on installation, which
is controlled by the use of torque and interface frictional forces. This means that the
behaviour of substructure and interface dynamics would be required to characterise
them in a predictable manner to predict full systems[49], [50].

Experimental results and computer-based modelling examinations remain to
indicate that, just as resonance avoidance and fatigue life determination are vital to the
joint dynamics of aerospace fuselage and wing assemblies in high load and high
frequency conditions [51], [52]. The structural dynamics thus constitutes the level of
analysis upon which therest of the studies on joint modelling, modal tests, and updating
is carried in the next sections.

2.3  Modelling of Structural Dynamics

The term modelling used in this section takes into account as the FE modelling
used in predicting the dynamic behaviour of Hi-Lok fastened structures. To be able to
predict how the assembled structures behave during dynamic loading accurately,
structural modelling should be done properly. Joints, interfaces and material properties
as well as boundary conditions should be considered in the modelling process and it
will affect modal parameters and response of the system. With Hi-Lok fastened
structures these considerations are more important especially because of the nature of
the fasteners and the high significance of the fasteners in transferring load.

2.3.1 Modelling of Substructures

Substructuring requires dividing of acomplicated structure into a set of simpler
ones (known as substructures), e.g. Substructure A and Substructure B. In practice, each
of these substructures is individually modelled and analysed before they are assembled
to form a full system. Each substructure is characterized by local stiffness, mass and
damping. In Hi-Lok fastened assemblies, substructuring can be particularly valuable



when modelling the effect of individual components [53], [54]. The approach enhances
efficient computation and gives a possibility to model the jointsin detail at the interface
resolution.

Component mode synthesis (CMS) is usually applied in substructure models to
maintain key dynamic behaviour at alower complexity of the model. The CM S methods
assist in dynamic coupling on the interface, so that an accurate ssimulation of a jointed
behaviour can be performed. When used on aerospace assemblies, this has worked well
to determine mode localisation and estimation of energy damping as a result of joint
flexibility [55], [56].

2.3.2 Modeling of Assembled Structure

After defining substructures, the global system is made by enforcing suitable
connection constraints and interface representations. For bolted and Hi-Lok fastened
assemblies, these formulations must account for preload influences, frictional contact
and micro-dip phenomena [57], [58]. Redlistic joint modelling assumptions are
therefore essential to ensure that the FE dynamic model of assembled structures
accurately represent the physical model.

Assembled structures may be modelled using FEM which typically include
model elements of contact to depict the interplay between elements. Interface elements
(zero thickness or cohesive zone elements) can also be introduced wherever
sophisticated solution is needed to model separation and stick-slipstransition at the joint
[59], [60]. It has been found that correlation between numerical predictions and
experimental modal data is better when joint behaviour is modelled realistically [61],
[62].

2.3.3 Modelling of Bolted Joints

Bolted joints also provide local compliance and energy loss. both issues
influence the overal dynamic response. To model such joints well, preload, friction,
joint shape, and surface roughness effects must be appropriately represented. To address
these requirements, a variety of elements are available in FE commercial software
packages for modelling bolted joints. Among these, 1D elements such as CBAR,
CBEAM, and RBE2 elements are commonly used to represent bolted joints. In this

10



study, the Hi-Lok fasteners are represented using both one-dimensional elements
(CBAR or CBEAM) and solid elements in order to represent the Hi-Lok fasteners as
detailed as possible but required to achieve the desired computational efficiency. RBE2
elements are mainly deployed to simulate software constrictions among head or collars
of the bolts and the structure. Typica methods are the incorporation of nonlinear contact
elements, multi-point point constraints and approximations to the stiffness matrix [63],
[64].

There are more difficulties with Hi-Lok fasteners because of its mechanism of
installation, which is called a collar, as well as consistent preloading features of
fasteners. One of the studies has constructed parametric models and experimentally
validated them to enhance dynamic representation of joints to Hi-Lok [65], [66]. Such
models frequently incorporate preload calibration, interface damping and bolt-hole
clearance.

System-level simulations are occasionally performed with simpler models, e.g.
spring and damper systems. These are however usualy revised with the use of
experimental datawith theam of taking account of joint behaviour. Combined analyses
using EMA with FEM updating are very successful hybrid methods that have been used
in modelling bolted and Hi-Lok joints, particularly in the aerospace sector [67], [68].
These modelling strategies are a wide area on which the issue of proper models of Hi-
Lok fasteners are adopted in structural modelling.

234 Modeélling of Interfaces

Previous studies have demonstrated that interfaces in jointed structure are the
main cause of damping and nonlinear stiffness when subjected to dynamic loads. The
interfaces of such systems are modelled through the ssmulated stick slip process and
micro slip effects at the point of contact as well as frictiona energy loss. An interface
modelling is common in thin-layer elements, cohesive zone models, and in the surface-
based contact method [69], [70].

In addition to contact behaviour, the type and size of meshing at interface are
also very important to determine the simulation accuracy and numerical efficiency.
Accurately representing stress gradients, and small-scale slip phenomena requires finer
meshes, at the expense of computation time. Increased mesh size can create a
simplification of contact behaviour and low estimation of variation of stiffness.
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Tetrahedral elements are widely used, and hexahedral ones, but they perform poorly in
the local geometry, as well as within the solver capabilities. This is because different
types of the meshing and different mesh sizes were tested in the study in order to
generate the most effective combination that could capture the dynamics of the Hi-Lok
interface correctly.

The presence of Hi-Lok fastened in an assembled structure, interface behaviour
is also dependent on the installation torque together with material combinations (e.g.
metal to composite). These conditions need to be modelled accurately to obtain realistic
expectation of dynamic response [71], [ 72]. Numerical experiments have revealed that
the accuracy of FRF and mode shape prediction can be very highly enhanced by the
consideration of detailed interface behaviour.

Hi-Lok fasteners are also more difficult because of the collar-based method
required to install them and their steady behaviour of preload. Different modelling
techniques are advanced to model fasteners in FE analysis. As an example, connectors
axial and bending siff properties may be simulated with CBAR and CBEAM elements,
which bear less cost in computational effort than full 3D solid elements. RBE 2 elements
are frequently used whererigid connectivity is required especialy in applications where
the geometry is not as important. The reasoning behind the trade-offs of simpler and
more detailed representations has been discussed in sources like [84], [85] and [107].
Although 3D modelswith detailed representation of contact nonlinearities and localized
stress fields are better represented through detailed 3D models, these models consume
far more computation resources. In the environment of aerospace applications that
require many fasteners, simplified representations in terms of 1D elements can instead
be used, as done in e.g. [115]. To enhance the dynamic modelling of Hi-Lok joints,
some studies have formulated parameters and checked them by an experiment [65],
[66]. These are usually with preload calibration, interface damping effects and bolt-hole
clearance.

Altogether, the realistic dynamic behaviour of the Hi-Lok fastened structures
can only be attained through their effective modelling at substructures, assembled
configurations, joint, and interface levels addressing the significant effects of the
deformation rates at these levels.



24 Prediction of Structural Dynamics

Structural dynamics prediction isvery important when it comes to analysing the
behaviour of structure when exposed to different frequencies and excitation type. Some
of the most basic tools which are applied in the context are norma mode analysis or
FRFs. Such analyses can give an insight on the vibrational behaviour of structures and
enable precautionary structural design changes in reducing resonance induced failures,
particularly to jointed structures such as those employing Hi-Lok fasteners.

2.4.1 Normal Modes

Normal mode analysisisamethod used to find natural frequencies and the mode
shapes of a structure. These are the parameters of the natural overall vibration of a
structure that does not have damping and external excitation. High stiffness joints,
interface friction and contact condition play a key role in normal mode in structures
when Hi-Lok joints are involved [73], [74]. Deviations small as compared to overall
joint preload or surface conditions may produce apparent changes in natural frequencies
or even the occurrence of |ocalised mode shapes [75], [76].

The likes of noise control, fatigue evaluation and certification are some of the
areas where determining these modal parameters are critical in the aerospace
applications. It has been shown in a number of works that variations on the
representation of joints may result into great differences between the predicted and
actual properties of the modalities [77], [78]. Therefore, modal validation by high-
fidelity modelling and analysis of modal characteristics, together with subsequent
experimental verification is routine practice when considering Hi-Lok fastened

components.

2.4.2 Frequency Response Function

FRFs are frequency domain representations of the steady-state response of a
structure to harmonic excitation and are popular for identification and analysis of the
dynamic response of the structure such as natural frequencies, damping and mode
shapes. A FRF describes the behaviour of input forces (at a range of frequencies) and
resulting displacements, velocities, or accelerations found at certain points of the
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structure. This information is especidly important for identifying nonlinearity
behaviour, local flexibility and damping effect added by joints [79], [80].

In the case of Hi-Lok fastened structures, FRFs can further show changesin the
dynamics of the system arising from bolt loosening, loss of preload, or due to the wear
of the structure. In addition, FRFs are widely used as critical inputs associated with FE
updating model and the structural health monitoring system [81], [82]. Both simulation
and experimental studies have shown that the FRFs of conventional bolted joints are
often unstable and difficult to represent, whereas Hi-Lok joints whose consistent
prel oad mechanisms, exhibit more stable and predictable FRF characteristics[83], [84].

Finaly, use of both normal mode analysis and FRF assessment divulges a
complete overview of dynamic behaviour of astructure. These forecasting tools provide
the basis of model verification and revision as well as vibration control measures
throughout Hi-Lok fastened assembly.

25 Modal Updating of Structural Dynamics

FE models tend to not match well with experimental data because
simplifications, parameter uncertainty, or unmodelled boundaries were made. One
lessens this gap through modal updating techniques by finer tuning numerical models
with experimental data. Such methods make the predicted dynamic responses more
accurate and increase confidence on simulations of Hi-Lok fastened structures.

25.1 Modal Based Updating

The am of modal-based updating is to correlate well the predicted and
experimental modal properties such as natural frequencies and mode shapes. Typical
methods are sensitivity updates, least squares fits and matrix corrections [85], [86].

Stiffness and damping characteristics in jointed structures, in particular those
where Hi-Lok fasteners are used, usually are the primary factors contributing to the
modelling error. Within the scope of this study, a modal-based updating approach is
adopted, with particular emphasis on variations in material properties such as Y oung
modulus, density and Poisson ratio. Migudged assumptions about material stiffness,
distribution of mass and damping coefficients may induce serious differences between
simulation and experimental comparisons[87], [88].
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In addition to jointed stiffness and damping effects, the properties of materials
are also predominant in the determination of dynamic response of Hi-Lok fastened
assemblies. Variations in aloy composition, manufacturing processes, and composite
layups can lead to significant differencesin modal characteristics, even when the overall
geometry and fastener configuration remain unchanged. Thus, the material properties
such as'Y oung modulus and other material proprieties, like density and loss factor, must
be correctly updated to improve the accuracy of the predicted responses [89].

Researchers have shown that where material property identification is included
in the updating procedure, an improved fit to test data can be achieved especially where
joint effects are secondarily fixed or calibrated independently. These methods are
mostly categorized into the following, sensitivity-based techniques, response surface
techniques and direct matrix updates. An output gradient on some uncertain parameters
(such as material properties) lies behind sensitivity-based methods, and one can observe
that this approach was adopted in the present study. Examples of results of studies of
such kind include [49], [50], and [81], whose findings have demonstrated that the
approach provides a reasonabl e trade-off between accuracy and computational expense.
In comparison the direct schemes such as those described in [13] and [14] are more
rigorous but can be sensitive to noise and may be not robust. Technical tools such as
FEMtools and Nastran were also available to give convenient structures that could be
followed in the effective implementation of the strategies. Even though they vary, all
the methods strive to reduce test and FE data error, which normally result in cost
functions depending on differences in frequencies or MAC values. Thiswill prevent the
overcompensation in joint modelling and will place emphasis into the parameters that
are of the most significant influence in the structural dynamics. Also, parameterised
models under the flexibility of variable material stiffness and damping are moreflexible
in the updating process. To reduce the difference between testing results and analysis
ones, iterative algorithms and methods of optimisation are usually utilised [90], [91].

Moreover, more flexibility during updating process is given by the use of
parameterised ssmpler models where interface stiffness, contact area and damping ratios
can be varied. Similar strategies are usually applied to the test and results of analysis,
as iterative algorithms and optimisation procedures are used to minimise the difference
between the test and the analysis[90], [91]. Considering that it is a proven method with
a good balance between computational cost and the accuracy of the results, the
sensitivity-based approach is utilized in the proposed study.
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25.2 FRF Based Updating

The FRF-based updating technique improves FE models by directly using the
measured FRFs rather than relying on modal parameters extracted from modal data.
This approach is particularly suitable for structures for which modal identification is
difficult, such as systems exhibiting closely spaced modes, high damping levels, or
complex damping behaviour that does not follow simple assumptions. These
characteristics are commonly observed in Hi-Lok fastened joints, making FRF-based
updating a more reliable method for refining the FE model in such applications [92],
[93].

The current FRF based updating normally entails relating a purposeful capacity,
measuring the distinction of measured and computed FRFs. Thisis then optimised under
some optimisation methods like genetic algorithms, gradient-based solvers, or response
surface methods [94], [95].

Research has demonstrated that FRF based updating can register the minor
modification of thejoint characteristics as aresult of preload | oss, interface deterioration
or fastener wear [96], [97]. Consequently, it is predominantly installed in structural
health monitoring and damage detection projects based on complicated joined systems.

Conclusively, modal and FRF based updating methods present very useful tools
of enriching the performance of dynamic models. The application of these methods to
Hi-Lok fastened structures allows improved predictive capacity; therefore, more

sensible design and analysis of aircraft parts in the condition of motion.

2.6 EMA of Structural Dynamics

In order to validate analytical and numerical models of structural dynamical
models, EMA is imperative. It is the technique of extracting parameters, including
natural frequencies and damping ratios and modes shapes in physical structures by
controlled excitation and measurements of response. In jointed systems, EMA is
particularly significant because near interface properties in modelling can oversimplify
the true situation. With a stable preload and the configuration associated with Hi-Lok
fastened structures, it is quite advantageous to EMA to sense joint stiffness, damping

behaviour, and fastener performance in assembled structures [98].
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EMA is mostly done within the boundaries of operation to achieve real-life
dynamic responses. This process becomes more accurate depending on the type of
excitation, how far the sensors are positioned and what signa processing techniques are
applied to acquire the FRFs [99], [100].

26.1 Impact Hammer

The impact hammer method is a simple and portable experimental technique
and is therefore one of researchers favourite approaches for EMA. It involves exciting
a structure with an instrumented hammer, and measurement of the resulting acceleration
response. It is a perfect means of identifying modal parameters at early stages and
forma systems that possess simple, low-frequency modes [101], [102]. Nevertheless, it
might not be so efficient in higher frequencies or in highly damped structures, where
energy is finite, and not constant.

Hammer testing is a convenient method of identifying globa modal behaviour
in Hi-Lok fastened structures, but it is not likely to be as sensitive to fine nonlinearities
or elaboratejoint behaviour as can be achieved using shakers [103].

2.6.2 Shaker

The shaker-based excitation provides variable input on awide frequency range
continuoudly. It is frequently deployed in the high-resolution test, applicable especially
in the detection of closely spaced modes or high-damping behaviour [104]. In the case
of Hi-Lok fastened structures, shaker testing can be successfully used to consider the
diffness at the frequency and damping behaviour of joint when interpreting interfaces
between composite and metals [105].

Depending on the force range and size of structure, the electrodynamic or
hydraulic shakers can be employed. Shaker methods by maintaining force control and
instrumentation allow one to gather the modal properties which are both globa and

local in accurate ways.

17



2.6.3 Excitation

The choice of excitation method such asimpact, shaker or random input depends
on the number of responses to be measured, and the structural complexity under
investigation. For Hi-Lok fastened assembled structure, it isessential to apply adequate
excitation to ensure that sufficient energy is transmitted across the entire structure,
particularly to modes affected by joint flexibility, bolt preload as well as interface slip.
Consequently, multiple-point excitation has been employed in many studiesin order to
enhance observability in the mode shapes [106].

2.6.4 Measurement Nodes

The attachment of sensors is crucial for measuring the full dynamic behaviour
of jointed structures. In particular, the regions around Hi-Lok joints are carefully
selected for accelerometer attachment to effectively monitor local flexibility and
identify joint nonlinearity [107]. The resolution of mode shapes and the accuracy of
damping estimations are strongly influenced by both the number and placement of
accelerometer at the measurement nodes.

A number of guidelines call to install sensors at antinodes of anticipated modes
in order to optimise the response amplitudes and enhance the MAC in comparisons
between mode shapes. Intricate structures can have spatial resolution enhanced by an
advanced technique such as roving hammer, roving accelerometer or dense grid
scanning.

In EMA for measuring the mode shapes a structure. the key distinction between
the roving hammer and roving accelerometer methods lies in which instrument moves
while the other stays at a fixed reference point. The roving hammer method involves
moving an impact hammer to different points on the structure while a single
accelerometer remains stationary at one location. This approach is generally considered
more convenient and efficient for simple structures like beams, as it avoids the time-
consuming process of repeatedly unmounting and remounting the accelerometer [2, 5] .

Conversely, the roving accel erometer method keeps the impact hammer fixed at
asingle reference point and moves the accelerometer to various locations. This method
can smplify the acquisition of a complete set of FRFs needed for afull 3D mode shape
analysis because the input force is always applied at the same point and direction for all
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measurements[ 1, 4]. However, this method is more |abour-intensive and may introduce
"mass loading" effects, potentialy altering the structure's dynamic properties,
especially when testing small or lightweight objects [3].

Ultimately, both methods can yield the same theoretical results if the
measurement approach is thorough and follows the principles of reciprocity, but careful
consideration of the test setup is needed to ensure complete mode shape information is
captured [2].

2.6.5 Boundary Conditionsin EMA

Boundary conditions in EMA are the set of conditions that directly affect the
modal characteristics. Thetype of boundary conditions that will be used in this study is
two conditions which are free-free and free-hanging. The configurations are chosen
where the dynamic behaviour of the structure is isolated and less artificial constraints
introduced to distort the results.

Free-free conditions are basically unconstrained states and used to provide an
insight of how a structure behaves naturally without external binding. Thisarrangement
is created when the structure is suspended with elastic cords, foam blocks or soft springs
in a manner which imitates a floating state [114]. It is most helpful in realizing the full
set of global modes and also in the validation of numerical mode where the boundary
constraints are not explicitly specified.

Free-hanging installations are put in place to reduce the constraint force yet
maintaining the physical stability of structure. This would be feasible in large or odd
shape test articles (particularly in aerospace). The structure can be suspended vertically
or at certain support points in order to minimize boundary effects so as to be able to
simulate more realistic conditions in-service [112].

Both systems work effectively when experiments are carried out on Hi-Lok
fastened structures since they serve to bring out causes and effect of the fasteners on the
dynamic response without disturbing the boundaries with artefacts. These boundary
conditions should be well-implemented so that these can be consistent with FE models
and also to improve the quality of the correlation and model updating processes [113].

19



2.7 Correlation Techniques

In structural dynamics, the correlation techniques can be used to evaluate and
refine the correspondence between numerical and experimental models. They play a
fundamental role in assessing the validity of models in FE, as it compares a model
predicted outcome against those measured experimentaly in modal parameters or
FRFs.

The MAC, COMAC and Orthogonality Check are the most popular of them.
The MAC measures the correlation between EMA and FE mode shapes, and the value
approaches to one show perfect correlation. It is calculated with dot product of two
mode shape vectors and gives out a value that lies between zero and one. The value of
one identifies perfect correlation whereas zero is an utter orthogonality. MAC plays a
significant role in the experimental practice to confirm the identity of modes shapes as
analysed and experimentally identified. It can be especially helpful in complex jointed
structures in which locally the mode shapes can deviate because of the joint flexibility
or contact nonlinearity. In the case of Hi-Lok fastened structures, MAC values provide
a quantitative measure for evaluating the accuracy of joint modelling by explicitly
indicating mismatches in localised modal behaviour. The value of MAC in Hi-Lok
fastened structures can vary alot due to the manner in which the flexibility and damping
of the joints have been modelled [114].

The other fundamental method pertains to the FRF correlation especially when
implementing the FRF based model updating. A difference in amplitude and phase of
FRF with frequency bands is used to determine amismatch in either stiffness, damping
or boundary conditions. The differences frequently are related to the joint properties,
e.g. preload or friction with the contact [112], [113].

The recent development of advanced correlation methods merges modal and
FRF data to give the strong indicators of model accuracy. There are methods that have
objective functions that are based on the two sets of data and minimised in optimisation
procedures to update models. Such methods are used when the validity of the predictive
dynamic simulation performance needs to be increased when applied to Hi-Lok
assemblies[114].
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2.8 Concluding Remarks

This chapter has summarised the dynamic modelling, anaysis as well as
validation methodologies that may be used in relation to Hi-Lok fastened structure. It
started with the presentation of basic foundations of dynamic structural analysis and
further advanced to elaborate issues of the modelling approaches, predictive techniques
and model updating schemes. EMA and correlation tools were also considered to
implement their functiondity to the field of verification and refinement of the
simulation results.

The literature points out that Hi-L ok fasteners have unique dynamic behaviours,
as their preload is always uniform and the device is installed in a specialised manner,
so these variations need to be considered carefully during numerical models. The
smplified joint representations can be used in preliminary analyses but there is need to
have high fidelity modelling of joint interface, damping in materials and preload effects
to have realistic dynamic prediction.

Some of these issues still have to be resolved such as a quantification of the joint
damping and identification of preload-dependent changes in siffness and scale able
model ateration of intricate assemblies. Combined experimental, numerica methods
will lend themselves to subsequent work with the am of improving these models, as
well as having greater faith in how they may be used to anayse high-performance
aerospace structures.

This is an important gap in research by any standards unless one takes into
account a large presence of Hi-Lok systems in aerospace structures nowadays.
Moreover, the existing research either focuses on detailed 3D modelling or only on the
experiments, omitting any organized comparison of severa simplifications strategies.
The present research answers this question by comparing four of the FE methods used
to model a Hi-Lok fastened structure and comparing each method to experimental
modal data as well as comparing the methods in terms of accuracy and computational
cost.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Introduction

The study of FE modelling and updating the dynamic behaviour of the structure
with Hi-Lok fastenersis carried out in several phases. It includes the modelling of the
substructures and the assembled structure, the measurement of their natural frequencies
and mode shapes through Normal Modes Analysis and EMA, and the updating of the
FE models to minimise the errors between FE and experimental results. This section
describes in detail the methodology used in this study.

3.2  Research Design and Approach

This study is an analytical and experimental investigation aimed at devel oping
a reliable, efficient and economical FE model capable of representing the dynamic
behaviour of the assembled structure with Hi-Lok fasteners. In this study, an attempt is
made to solve a structural dynamics problem using an established approach and theory.
Therefore, the am of this study is developed around the experimental and numerical
anaysis methods with reference to the theories of modal analysis and FE model
updating.

The main data for this study are collected using EMA and norma modes
analysis, both of which were used recently by other researchers [46], [50], [90]. Data
collection is carried out in the laboratory where the experimental tools and test rig are
set up. The substructures were fabricated in a machining shop using the design
drawings. The same components were assembled as they are intended for the assembled
structures.

The data, which consists of natural frequencies and mode shapes, is further
analysed to provide theinformation required for MAC analysis. The analysis of the data
and the FE model updating are carried out using the dedicated computer-based systems
Simcenter TestLab and MSC PATRAN /NASTRAN for the data obtained from the
experiment and numerical methods respectively. The results of the analyses are further
evaluated for the comparison and visualisation of the results such as the total error and
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the sengitivity analysis.

Figure 3.1 illustrates the flow of research activities in this study. They are the
analysis of the normal modes, EMA and FE model updating at two different levels,
namely the substructure level and assembled structure level. At the substructure level,
normal modes analysis and EMA are performed separately before the results of both
methods are compared. The comparison determines the degree of correlation between
the two results, which then leads to the need for the FE model updating to reduce
uncertainty. Once the FE model updating is completed, the updated FE model is
subjected to the normal modes analysis of the substructure, again comparing the result
to the experimental counterpart. In case of uncorrelated or strongly deviating results,
the FE model updating must be performed with a different setting of the updating
parameters.

After the correlation result with the minimum total error between experimental
and numerical analysis is satisfactory, the updated FE models of the substructures are
used to form an assembled structure with Hi-Lok fasteners. The FE model of the
assembled structure is subjected to normal modes analysis while EMA is performed for
the physically built assembled structure. Both results are then compared to determine
the degree of correlation and the value of the total error. The comparison processisthe
same as the process performed for the substructure. However, the difference is mainly
in the parameters of the Hi-Lok fasteners, as the substructure errors are normally
minimised before updating the assembled structure.

The total error resulting from the comparison between the normal modes
analysis results and EMA of the assembled structure is reduced by the FE model
updating. Asexplained earlier, the updated FE model of the assembled structureisagain
compared with its experimental counterpart. At this stage, a lower overall error of the
updated FE model is expected, indicating that the selected updating parameters of the
Hi-Lok fasteners are successfully updated with respect to the EMA data. The process
ends at this stage where the updated FE model can be used for subsequent analysis.
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3.3 Overview of EMA

EMA was conducted to determine the natural frequencies, mode shapes as well
as the damping ratios of the structure. The test arrangement was performed with
Simcenter Testlab Impact Testing software combined with a Simcenter SCADAS data

acquisition component (Plate 3.1) where measurements could be conducted

synchronously and the progression of FRF wasin real time.

Plate 3.1 Simcenter Testlab Impact Testing Software on a Laptop and Simcenter
Scadas Data Acquisition

An impact hammer (PCB 086C02) as shown in Plate 3.2 was used to excite the
structure controlled impulse forces at specifically assigned nodes. Dynamic behaviour
of the structure was measured with three monoaxia accelerometers (MMF KS91C) as
shown in Plate 3.3. The accelerometers were carefully attached in order to measure the
vibration in the x and y directions at important locations of the test structure.
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Measurements were acquired at a sampling rate of 2048Hz. The frequency
range of interest was limited to O - 1000 Hz, because the targeted modes of the test
structure were expected to occur within this frequency range. Appropriate windowing
techniques and anti-aliasing filtering were used to ensure accurate estimation in the
selected frequency range. The HI estimator was used to calculate the FRFs as it
provides robust estimation where the response measurements are more affected by noise
than the input force, which is typically the case in impact hammer testing using
accelerometers. A total of 18 measurement nodes were chosen on the structure to ensure
sufficient spatia resolution for accurate the mode shape identification.

Synthesis of moda parameters was performed with modal parameter estimation
tools in Simcenter Testlab, in case of initial estimates, Peak Picking was used, and then
the PolyMAX curving tools were used. The obtained mode shapes and frequencies were
confirmed by the coherence analysis and repeatability under a wide range of
measurement settings.

34 Overview of FEM

In this study, the dynamic properties of the test structure were predicted using
the FE model developed. To evauate the accuracy of the FE model, the predicted results
are compared with their EMA counterparts. The FE modelling work was carried out
using Altair HyperMesh, MSC Patran, and MSC Nastran.

FE mesh generation was carried out using Altair HyperMesh where there was
amix of 2D shdl elements and 3D solid elements in the model. Thin plate-like regions
where the thickness is small in comparison with in-plane dimensions were modelled
using shell elements, while the solid elements were assigned to the regions where the
representation needs to be three-dimensional and the through-thickness effects have an
influence on the diffness distribution. Mesh refinement was performed to reach the
element size of 5 mm while still keeping the computational cost at a reasonable amount.
Mesh convergence was confirmed by observing the stabilisation of the first few natural
frequencies for decreasing element size. The mesh details with number of elements and
nodes using each of the modelling techniques is summarised in Table 3.1.

The meshed model was next trandated to MSC Patran which acted as pre-
processing system of assignment of materia property, boundary condition and analysis
parameterization. It was assumed that the material behaviour was linear, homogeneous,
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and isotropic, which is aso standard when it comes to the modal analysis. The FE
boundary conditions were set as free-free to mimic the EMA set-up using rubber bands
and springs to suspend the test structure. In this case, no translational and rotational
restriction constraints were imposed in the Normal Modes Analysis.

Modal analysis was conducted by using MSC Nastran Solution 103 (Normal
Modes Extraction) used to compute the undamped natural frequencies and its
corresponding mode shapes. The FE and EMA analysis represent free vibration, and
thus no external loads were applied. The natural frequencies and eigenvectors that
resulted out of the FEM simulation were subsequently compared to the experimentally
identified modal parameters used in validation and cross-correlation.

Table 3.1
Detailed Information on the Four FE Models of Hi-Lok Fasteners
Detail Technique 1 Technique 2 Technique 3 Technique 4
2D
Type of Element 3D 3D 2D
CQUAD4 +
(Substructures A & B) CTETRA4 CTETRA4 CQUAD4
CTRIA3
Type of Element N 3D 1D 1D
one
(Hi-Lok) CTETRA4 RBE2-CBAR  RBE2 Spider
Number of Elements 14642 451507 19654 1214
Number of Nodes 3869 96091 4990 1361

3.5 Overview of Model Updating

Model updating is performed with the purpose of achieving a better agreement
between experimentally obtained modal parameters and FE model. Despite careful
inittal modelling, apparent differences in natural frequencies and mode shapes
inevitably remain due to uncertainties in material properties, boundary conditions, and
geometric ssimplifications. To address these discrepancies, updating process was carried
out via FEMTools, with the objective of improving the accuracy and robustness of the
FE model predictions.

In this study, model updating was carried out. with the purpose of varying
selected material properties, namely the Y oung's modulus, the Poisson's ratio, and the

mass density, because these parameters were observed to have a strong influence on the
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predicted moda characteristics. These parameters were chosen as updating parameters
because the natural frequencies and mode shapes were sensitive to them.

The updating procedure was guided by two correlation parameters. percentage
error in natural frequencies and the MAC that can be used to compare the experimental
and numerical mode shapes. In this study acceptable frequency discrepancy of < 5%
was targeted while MAC value > 0.90 and above was considered to be in good
agreement. The final updated model showed the demonstration of the better correlation
with the experimental results and therefore was suitable for further analysis and

predictive purposes.

3.6 EMA of the Substructure

Before performing experimental tests on the assembled Hi-Lok fastened
structure, EMA was performed initially on individual substructures (Substructure A and
Substructure B) in order to determine their baseline dynamic properties. The
experimentally identified natural frequencies and mode shapes of the substructures were
taken as reference data for the validation of the FE models of the individual components
and for the interpretation of changes of dynamic behaviour after the assembly.

Both substructures were built using Aluminium 7075 aloy, which was chosen
because of its very broad use in aerospace structural applications and its favourable
strength to weight ratio. The test specimens included flat rectangular plates with through
holes located at the joint interface to be covered by the Hi-Lok fasteners. The detailed
dimensions and the geometric configuration of Substructure A and Substructure B are
in Figure 3.2 and Figure 3.3 respectively. Tolerancesin fabrication and surface finishing
were aso carefully controlled to reduce geometric variations, which can cause changes
in contacts condition and dynamic response.

In order to approximate to free-free boundary conditions during EMA, each
substructure was suspended by rubber bands and threads. This suspension method was
adopted as it adds minima stiffness and damping to the system and therefore the
measured dynamic response of the system is close to the inherent moda behaviour of
the structure under free-free conditions.

The structures were excited with an instrumented impact hammer (PCB
086C02) and the roving accelerometer technique with varying excitation location and
fixed response transducers was used. For the tests of the substructure, a tota of 10
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measurement points (nodes) were referred to represent the mode shapes adequately as
shown in Figures 3.4. The points of measurement were distributed to represent the
global patterns of deformation of the dominant modes and to avoid being placed at
expected nodal lines.

Following the substructure tests, EMA was performed on the assembled Hi-L ok
fastened structure following the same approach of measurement to achieve consistency.
For the assembled configuration, 18 measurement points (nodes) were chosen to have
a good spatial resolution in order to obtain a good identification of the global bending
and torsional modes in the structure. The structure of the measurement point plan for
the assembled structure is shown in Figure 3.5.

Accelerometers (MMF KS91C) were positioned at suitable positions to obtain
measurable amplitudes of response and different impact excitations were carried out at
each measuring position to ensure repeatability and minimize the contribution of
random measuring noise. Data acquisition and processing was performed using
Simcenter Testlab in conjunction with the Simcenter SCADAS system. The FRFs were
computed using the H1 estimator, because it provides reliable results for the FRFs when
the response measurements are more subject to the noise than the input force as usually
is the case during impact hammer testing.

Modal parameter extraction was carried out following the PolyMAX agorithm
which was chosen because of its capability to accurately identify closely separated
modes and stable modal parameter extraction in the presence of measurement noise.
The extracted modal parameters were verified using the coherence and repeatability.
Such experimentally identified modal parameters were then employed for FE model
validation purposes, and also for model updating processes as explained in the next

sections.
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Figure 3.3 Isometric Drawing for Substructure A and B
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Figure 3.4 Measurement Points (Nodes) Layout for EMA of the Substructure (10
Points)

Figure 3.5 Measurement Points (Nodes) Layout for EMA of the Assembled Hi-Lok
Fastened Structure (18 Points)
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3.7 EMA of the Assembled Structure

Experimental investigationstypically provide robust information about dynamic
behaviour of assembled structures [6, 15]. In the present investigation, the assembled
structure was made of two identical aluminium 7075 substructure joined together with
aloy steel Hi-Lok pins and aluminium Hi-Lok collars. The general geometry and size
of assembled are shown in Figure 3.6 to 3.7.

EMA was performed on the assembled structure to measure the natural
frequencies and mode shapes of the structure. The measured results were then used for
further comparison with FE analysis predictions to assess the effect of the Hi-Lok
fasteners on the global dynamic behaviour. Thetesting was donewith Simcenter Testlab
for the impact testing coupled with the Simcenter SCADA S data acquisition system, an
instrumented impact hammer, and three accelerometers.

To approximate free-free boundary conditions, the assembled structure was
suspended from atest rig with rubber bands and threads. The roving hammer method
was used, and 18 measurement points (nodes) were defined on the assembled structure
as shown in Figure 3.5 in order to have a sufficient spatial resolution to identify the
global bending and torsional modes. The schematic representation of the experimental
set up and instrumentation for the impact test is shown in sections 3.7.1 to 3.7.3.

Figure 3.6 Detailed Dimensions for Assembled Structure
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Figure 3.7 Isometric Drawing for Assembled Structure
3.71 Vertical

Thefirst EMA set-up, the assembled structure was a vertical position using two
rubber bands with springs joined at one end as shown in Figure 3.8. This vertica
suspension configuration was chosen to (i) approximate free-free boundary conditions,
and (i) test the gravitational effects on the measured dynamic response. Although
gravity cannot be completely eliminated in practical testing, the use of flexible rubber
bands and springs minimises external constraint and the structure can vibrate in largely
its natural modes.

For this configuration excitation was applied using an instrumented impact
hammer in vertical, out-of -plane direction, and accel erometers were oriented to measure
the vertical out-of-plane response. The excitation and the placement of the sensors were
selected to minimise the signal-to-noise ratio and to ensure that the measured FRFs
enabled reliable identification of the mode shapes.
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Figure 3.8 Schematic Diagram of EMA for Vertical Direction

3.7.2 Horizontal

In the second setup, the assembled structure was suspended in the horizontal
orientation by four rubber bands and springs, with both ends attached at the edges of
the test rig, as can be seen in Figure 3.9. This symmetric suspension configuration was
used, allowing a stable and repeatable configuration while minimising external
constraint and thus to approximate free living (free - free boundary conditions) more
closely. The combination flexibility of the rubber bands and the springs diminished the
stiffness that was created by the support system and enabled the structure to vibrate
mostly in its natural modes.



For this case, excitation was delivered by an instrumented impact hammer in the
out-of-plane direction, the accelerometers were directed to measure the associated

response at the prescribed measurement nodes.
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Figure 3.9 Schematic Diagram of EMA for Horizontal Direction

3.7.3 Horizontal 2 Corners

In the third setup, the structure was in a horizontal orientation; however, it was
suspended with the use of only two corners instead of all four corners used in the
previous setup (Figure 3.10). Two rubber bands with springs were used and one was
attached at each end edge of the structure. This arrangement caused a small asymmetry

36



in the suspension stiffness and support locations which was predicted to increase the
variability of the boundary conditions and may potentially affect the measured modal
response, especialy at lower frequencies. This configuration was used to examine the
robustness of the modal parameter identification for lesser uniform support conditions.
To ensure consistency amongst all the tests, the effect of impact excitation and the
accelerometer location was the same measurement procedure as the previous
configurations.

Accelerometers
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Figure 3.10 Schematic Diagram of EMA for Horizontal 2 Corners Direction
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3.8 FE Modelling of the Substructures

The 3D CAD models of Substructure A and Substructure B were developed
using CATIA V5 software and these models were used as the basis for the generation
of their FE models. Both substructures were modelled based on the properties of
Aluminium 7075 in accordance with the manufactured specimens used in the EMA
tests. The information regarding the CAD representation of the test structure and the
Hi-Lok fastened region is displayed in Figure 3.11.

FE discretisation for the substructures was conducted using solid elements with
an edement size of 5 mm, selected based on mesh (element size) convergence
verification. Details of the mesh, including the number of nodes and elements are
summarised in Table 3.1.

To make sure that the component FE models represent the test substructures
properly before moving on to modelling the assembled structure, an FE model updating
procedure was applied at the component level. The updating process was carried out in
accordance with the methodology reported in [16-22, 29]. With the aim of reducing the
difference between the modal parameters predicted by the FE and those obtained by
EMA of the respective substructures.

Figure 3.11(b) is included to illustrate the physical configuration of the Hi-Lok
fastener at the joint interface with the Hi-Lok pin (aloy steel) passing through the
substructures and Hi-Lok collar (aluminium) seated on the outside surface to provide
clamping. The material specifications typically adopted for modelling Hi-Lok fastener
are summarised in Table 3.2, which lists the reference values (Young's modulus,
Poisson's ratio and density) that are used in representing the Hi-Lok fastener in the FE-
models.




(b)
Figure 3.11 (a) CAD Model of the Test Structure, (b) Hi-Lok Fastened Structure

Close-Up
Table 3.2
Standard Values of Parameters of Hi-L ok
Description Value Unit
Modulus of Elasticity 190000 MPa
Poisson coefficient 0.3 Unitless
Density 7.85 X 10 kg/mm?

39 FE Modelling of the Assembled Structure

A total of four different FE models were created in order to examine the dynamic
behaviour of the Hi-Lok fastened structure. The models were developed and analysed
using MSC Patran as the pre-processing software and MSC Nastran as the solver. The
four modelling techniques considered in this study include the solid Hi-Lok
substructure model (Technique 1), the combined Hi-Lok substructure model
(Technique 2), the simplified Hi-Lok substructure mode (Technique 3) and an
enhanced simplified Hi-Lok substructure model (Technique 4). Reference [115] is cited
to acknowledge preliminary studies that motivated the choice of these four modelling
strategies. However, dl models used in this thesis were independently developed,
analysed, and evaluated within the scope of the present work.

Following a range of mesh convergence tests, a combination of an element size
of 5 mm with a tolerance of +-1 mm was selected, providing a trade-off between
accuracy and computation efficiency. Convergence was assessed by monitoring the
stabilisation of the first five natura frequencies as the element size was reduced. All the
models were analysed using MSC Nastran Solution 103 (norma modes extraction)
under free - free boundary conditions and the predicted natural frequencies and mode
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shapes were subsequently validated with the EMA results, which are presented in
Chapter 4.

Technique 1, which is illustrated in Figure 3.12, represents the most detailed
modelling technique. Both the substructures and the Hi-Lok fasteners were modelled
using 3D 4-noded tetrahedral solid elements (CTETRAA4), forming a full volume mesh.
This technique yields a high-fidelity model of the joint region that can be used for
comparison with the simplified models.

In Technique 2, which is presented in Figure 3.13, the substructures were again
modelled using CTETRA4 elementsin 3D and the fastener region was also represented
using 3D solid elements. Compared to the other techniques, this approach retains afully
three-dimensional representation, but the modelling arrangement for the connection
definition differs, leading to a larger model size and increased computational demand
asreflected in Table 3.1.

Technique 3, shown in Figure 3.14 was developed in order to reduce the
computational cost by modelling Substructures A and B using 2D 4-noded quadrilateral
shell elements (CQUADA4). In this technique, the Hi-Lok pins and collars were
smplified by 1D CBAR-element and the connection between the 1D fastener
representation and shell substructures were represented by RBE2-element. This
approach results in a significant reduction in the number of degrees of freedom while
maintaining effective stiffness transfer between the substructures.

Technique 4, which is illustrated in Figure 3.15, is an enhanced version of the
simplified modelling technique. In this technique, 3-noded triangular shell elements
(CTRIA3) were introduced locally at the interface between Substructure A and
Substructure B to improve mesh conformity around the fastener region and CQUAD4
elements were retained for the rest of the substructures. In addition to this, the 1D CBAR
elements used in Technique 3 were replaced with RBE2 spider elements to represent
the Hi-Lok fasteners between Substructures A and B. The RBE2 spider formulation
distributes the connection constraints across multiple surrounding nodes, resulting in
more readistic stiffness transfer within the joint region without increasing the mass,
thereby improving the correlation with the EMA results at low computational demand.

A summary of the element formulations, model sizes, and the corresponding
nodes and elements for each technique is given in Table 3.1. This table facilitates
comparison of the modelling fidelity and computational cost associated with the four
techniques.
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Figure 3.12 (a) FE Model of the Solid Substructures - Hi-Lok Model (Technique 1),
(b) Meshing at the Hi-Lok Fasteners of Technique 1, (c) Close-Up View of the Hi-
Lok Fasteners of Technique 1
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Figure 3.13 (@) FE Model of the Hybrid Substructures - Hi-Lok Model (Technique 2),
(b) Cross Section at the Hi-Lok Fasteners of Technique 2, (c) Close-Up View of the
Hi-Lok Fasteners of Technique 2
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Figure 3.14 (a) FE Model of the Simplified Substructures - Hi-Lok Model (Technique
3), (b) Meshing at the Hi-Lok Fasteners of Technique 3, (c) Close-Up View of the Hi-
Lok Fasteners of Technique 3
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Figure 3.15 (a) FE Model of the Improved Simplified Substructures - Hi-Lok Model
(Technique 4), (b) Meshing at the Hi-Lok Fasteners of Technique 4, (c) Close-Up
View of the Hi-Lok Fasteners of Technique 4
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3.10 Model Updating of the Substructures

The measured geometries of Substructure A and Substructure B were used
together with the nominal material properties of Aluminium 7075 to develop theinitial
FE models of the individual components. Model updating was then carried out to
increase the correlation between the values predicted by the FE and those
experimentally measured through EMA. At this stage, only material properties, namely
Young's modulus, mass density, and Poisson's ratio were selected as updating
parameters.

No joint interfaces parameters were included in the updating process, as the
substructures were tested without fasteners or contact interfaces. Consequently, the
dynamic behaviour of each of the substructures was governed solely by its material
properties and geometry. For this reason, MAC analysis was not utilized at this stage,
as the goal of the updating of the substructures was to match the natural frequencies
rather than to correlate assembled mode shapes.

The process of performing the update was to minimise the differences between
the experimentally measured and FE-predicted natural frequencies by iterative changes
in the selection of the material parameters within physically realistic limits. At each
iteration, the new FE results were compared with the corresponding experimental
frequencies and the parameter values were adjusted until satisfactory agreement was
obtained.

Model updating was performed using FEMTools which uses a sensitivity-based
updating approach to determine the optimal set of material properties that minimise
frequency errors. Once good frequency correlation between the updated FE models and
the EMA results of the substructures was achieved, these updated component models
were subsequently used as the base line for constructing the FE model of the assembled

structure.

3.11 Model Updating of the Assembled Structure

The assembled structure was constructed by linking the previously validated
substructure FE models using smplified representations of the Hi-Lok fasteners. These
connections were implemented using different element formulations such as CBAR,
CBEAM, RBE2 elements as introduced in Section 3.9, to represent the transfer of



mechanical stiffness across the joint while maintaining computationally efficient. The
use of simplified connector elements allowed the predominant dynamic effect of Hi-
L ok fasteners to be represented without the need to explicitly model contact and preload
effects.

Similar to the substructure level updating, the model updating procedure for the
assembled structure considered only variations in material properties, namely Young's
modulus, mass density and Poisson's ratio. The values of the updating parameters were
varied in the physically realistic limits, based on the value of material datasheets and
acceptable engineering tolerances, to ensure that the updated model accurately
represented the physical test structure.

To assess the level of agreement between the updated FE model and
experimental results of the study, percentage error in natural frequencies and the MAC
were used as correlation metrics. An acceptable frequency discrepancy of 5% or less
was targeted, whileaMAC value of 0.90 or higher was adopted as an indicator of good
agreement between FE and EMA mode shapes.

EMA results obtained from the three suspension configurations, namely:
horizontal, horizontal two corners, and vertical, wereincorporated in the correlation and
updating process. These different orientations were taken into account for variations in
the boundary condition sensitivity and gravitational effects, particularly at the lower
frequencies. Inclusion of results from different suspension configurations prevented the
updated FE model from being turned to a single experimental setup, resulting in amore
robust fina model.

Material properties were iteratively adjusted until satisfactory agreement was
reached between experimentally identified modal parameters and the approximations
of the numeric method from the FE analysisin all test configurations. The fina updated
model showed acceptable correlation with the EMA results, providing confidencein the
dynamic accuracy of the FE model of the assembled Hi-Lok fastened structure.

3.12 Concluding Remarks

This chapter has introduced the experimental and FE approaches used to
investigate the dynamic behaviour of the Hi-Lok fastened structure. EMA was carried
out on individual substructures as well as the assembled structure under three different

suspension configurations, namely vertical, horizontal and horizontal two corner
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arrangements. These configurations were chosen to approximate free-free boundary
conditions and to account for the effect of boundary sensitivity and gravitational
influence, thereby providing a complete experimental basis for validating the FE
models.

FE models of the substructures as well as the assembled structure were
developed using the measured geometries and nominal materia properties Updating of
the FE models of the substructures was carried out by varying the selected material
parameters to improve correlation with the experimentally measured natural
frequencies. The validated substructure models were then assembled by means of four
different Hi-Lok fastener modelling techniques, ranging from detailed three-
dimensional modelling to ssmplified (connector-based) modelling. This enabled a
systematic investigation of the trade-off between modelling accuracy and
computational efficiency.

Validation of the FE models was carried out using the EMA results through
frequency error metrics and MAC, with MAC evauation applied specificaly to
assembled structure. The combination of several FE modelling techniques and diverse
EMA suspension arrangements prevented model tunning to a single test condition,
thereby enhancing the robustness of the validation process. The methodology devel oped
in this chapter directly supports the research objectives and provide a reliable
foundation for the results analysis and discussion provided in the next chapter.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the outcomes of both experimental and FE studies of the
dynamic behaviour of the Hi-Lok fastened structure. This chapter focuses on the
comparison of the modal parameters, namely natural frequencies and mode shapes,
between measured and predicted results, for both the individual substructures and of the
assembled structure.

The result of EMA of the individual substructures (Substructures A and B) and
assembled structure under different suspension conditions are presented at the
beginning of the chapter. These figures provideinitial dynamic parameters and illustrate
the effect of the jointed assembly on the overall response.

The corresponding FE investigation outcomes are then presented for both the
substructure and the complete assembly. The reliability and accuracy of the FE models
are accessed through comparison with the experimental results. To improve the
correlation with experimental results, model updating was performed by tuning material
properties using the FEM framework.

The last parts of this chapter point to the progress that was made after updating
the models, where the correlation of the numerical and experimental outcomes is
addressed. This evaluation models that can be further applied in the dynamic prediction
and structural evaluation.

4.2 Correlation of EMA and FE Resultsfor the Substructures

Table 4.1 shows the correlation between the experimentally measured natural
frequencies by EMA and FE predicted results for Substructure A. The comparison is
restricted to the first four modes, as these were the modes identified with a high level
of coherence and repeatability within the selected frequency range during the test.

The individua frequency errors range between 0.27% and 3.96% with the
largest deviation observed in the third mode. This deviation might be due to modelling
idealisations and uncertainties in the representation of the local stiffness characteristics.
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The total error of 7.63%, reported as the sum of the modal errors for each individual
sub-structure, indicates that the FE model reproduces the dominant dynamic characters
of sub-structure A with acceptable accuracy for further assembly level analysis.

The results of the correlation performed for Substructure B are summarised in
Table 4.2. Consistent with Substructure A, the comparison is made with respect to the
first four identified modes. The corresponding percentage errors lie between 0.13 and
2.19%, resulting in a total error of 5.15%. Slightly larger deviations observed in the
second and fourth modes could be affected by experimental variability and modelling
approximations. Overall, good agreement between the FE predictions and EMA
measurements is observed for Substructure B, confirming the suitability of the model
for subsequent assembled structure analysis.

The results for both substructures demonstrate the consistency with which the
FE models reproduce the experimentally measured dynamic behaviour. These verified
component-level FE models were thus used as the baseline for the modelling,
correlation, and updating of the Hi-Lok fastened structure presented in the following

sections.
Table 4.1
Comparison of Natural Frequencies Between the EMA and FE for Substructure A
Substructure A
Mode EMA (H2) FE (Hz) Error (%)
1 413.90 414.99 0.27
2 986.55 1004.46 182
3 1320.97 1373.29 3.96
4 1724.20 1751.67 159
Total Error (%) 7.63
Number of Nodes 6458
CPU Time (s) 4
Memory Used (MB) 111
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Table 4.2
Comparison of Natural Frequencies Between the EMA and FE for Substructure B
Substructure B

Mode EMA (Hz) FE (Hz) Error (%)
1 413.75 414.29 0.13
2 985.00 1006.32 2.16
3 1321.72 133043 0.66
4 1720.10 1757.79 219
Total Error (%) 515
Number of Nodes 6803
CPU Time(s) 4
Memory Used (MB) 115

4.3 Correlation of EMA and FE Resultsfor the Assembled Structure

This section presents a comparative assessment of the assembled Hi-Lok
fastened structure by EMA and four FE modelling techniques. The objective isto assess
the accuracy and computational efficiency of each modelling approach in predicting the
modal characteristics of the assembled structure. The EMA results are considered asthe
experimental reference, while the FE results are computed from the four modelling
techniques described in Chapter 3. The comparison focuses on the first five
experimentally identified modes, which consistently reproduced with acceptable
coherence within the measured frequency range.

Table 4.3 presents the results of the correlation for Technique 1 in which both
the substructures and the Hi-Lok fasteners are represented by completely three-
dimensional solid elements. This approach results in very large discrepancies between
FE and experimental natural frequencies, with atotal error of 253.7% and an individual
error of 80.4% in the first mode. The low correlation is attributed to excessive stiffness
introduced by the fully solid fastener representation and the large number of degrees of
freedom, which leads to a significant overprediction of the structural stiffness. Despite
its very detailed geometric representation, the high computational cost and low level of
prediction accuracy render this modelling approach unsuitable for efficient modal
analysis of Hi-Lok fastened assemblies.

Theresultsfor Technique 2 aresummarised inthe Tablein 4.4. In thistechnique,
the substructures are modelled using three-dimensional solid elements whereas the Hi-
Lok fasteners are modelled using one-dimensional connector elements. This hybrid
modelling approach significantly reduces the model size and computational cost (CPU
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time reduces from 353 s to 10 s and the total frequency error reduces to 167.5%).
Although the overall accuracy remains insufficient, the improvement relative to
Technique 1 shows that simplifying the representation of the fastener reduces the
stiffness of the artificial joints and improves correlation of the results with experimental
data.

Table 4.5 presents the results of the correlation performed for Technique 3 in
which the substructures are modelled with two-dimensional shell elements and the Hi-
Lok fasteners modelled with one-dimensional connector elements. This modelling
strategy yields a significant improvement in the accuracy, with atotal frequency error
of 4.6% with individual modal errors of less than 3.3%. The improved correlation is
attributed to the more appropriate stiffness representation of the thin plate substructures
using shell elements and the removal of redundant three-dimensional constraints at the
joint interface. The huge reduction in the number of degrees of freedom also yieldsvery
low computational time, making this an example of physically informed simplification
that enhances both accuracy and efficiency.

The best overall performance is achieved using Technique 4, as summarised in
Table 4.6. This technique keeps shell elements for the substructures, while introducing
alocally refined joint modelling strategy to improve the stiffness distribution between
the connected components. The total frequency error is further reduced to 1.6%, with
individual modal errors ranging between 0.1% and 0.7%. The model yields a low
computational cost and the highest level of agreement with the experimental data. These
results show that carefully designed refined representations of smplified fastener
models can significantly improve predictive accuracy without increasing the demand of
computation.

Based onthe aboveresults, it can be clearly concluded that modelling techniques
using smplified one-dimensional and two-dimensional elements, as implemented in
Techniques 3 and 4, provide superior correlation with EMA results compared with
fully three-dimensional solid models. Technique 4 offers the best balance between
accuracy and computational efficiency, making it a practical and reliable modelling
technique for investigating the modal behaviour of assembled structures with multiple
Hi-Lok fasteners.
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Table 4.3

Comparison of Natural Frequencies Between EMA and FE Predictions for Technique

1
Technique 1
Mode EMA (Hz) FE (Hz) Error (%)
1 86.430 155.901 80.4
2 303.346 429.882 41.7
3 533.100 831.532 56.0
4 610.247 863.792 41.5
5 762.325 1022.157 3.1
Total Error (%) 253.7
Number of Nodes 96091
CPU Time (s) 353
Memory Used (MB) 5696
Table 4.4
Comparison of Natural Frequencies Between EMA and FE Predictions for Technique
2
Technique 2
Mode EMA (H2) FE (Hz) Error (%)
1 86.430 130.888 514
2 303.346 420.344 38.6
3 533.100 695.152 304
4 610.247 754.723 23.7
5 762.325 941.118 235
Total Error (%) 167.5
Number of Nodes 4990
CPU Time(s) 10
Memory Used (MB) 2800




Table 4.5
Comparison of Natural Frequencies Between EMA and FE Predictions for

Technique 3

Technique 3
Mode EMA (H2) FE (Hz) Error (%)

1 86.430 86.572 0.2
2 303.346 304.579 04
3 533.100 535.435 04
4 610.247 630.166 33
5 762.325 759.689 0.3
Total Error (%) 46

Number of Nodes 1361

CPU Time (s) 3
Memory Used (MB) 1500
Table 4.6

Comparison of Natural Frequencies Between EMA and FE Predictions for Technique
4

Technique 4
Mode EMA (H2) FE (Hz) Error (%)

1 86.430 86.349 0.1
2 303.346 304.705 04
3 533.100 536.824 0.7
4 610.247 608.283 0.3
5 762.325 761.710 0.1

Total Error (%) 16

Number of Nodes 14736
CPU Time(s) 6
Memory Used (MB) 896

44  FE Mode Shape Comparison for the Substructures

This section covers a qualitative comparison of the mode shapes obtained from
EMA and FE analysis for Substructures A and B. The primary objective of this section
is to provide a visual evaluation of the mode shape similarity for the validated FE
models before the analysis of the assembled structures, rather than reproducing the
frequency correlation results already discussed in Section 4.2.
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The FE models of Substructure A and B were prepared to represent undamped
free vibration behaviour and were analysed using M SC Nastran Solution 103, based on
nominal material properties and smplified boundary conditions. No model updating
was performed at this stage. As shown in Tables 4.7 and 4.8, the visual comparison
focuses on the first four modes, which were consistently identified in the EMA tests,
exhibiting stable frequency estimates and clearly defined deformation patterns. These
lower order modes dominate the dynamic response of the substructures in practical
applications and are therefore the most relevant for validating the baseline FE
representations.

The comparison shows good visual agreement between the EMA and FE mode
shapes for thefirst, second modes of both substructures, especially in the characteristics
of global bending. Differences observed in the third and fourth modes are attributed to
the increased sensitivity of higher-order modes to local diffness variations,
experimental noise and modelling idealisations, such as simplified boundary
assumptions and uniform material properties. Such discrepancies are commonly
encountered in component-level modal validation and do not undermine the overall
suitability of the FE models.

Quantitative MAC values are not presented for the individual substructures,
because the main goal of the component level validation was to achieve accurate
frequency matching prior to assembly. Mode shape correlation using MAC is instead
performed on the assembled structure level, where joint interaction and global
deformation behaviour become significant, as discussed in the following section. The
consistent visual agreement of the mode shapes observed in this section shows that the
FE models of Substructures A and B provide an adequate basic for assembled-structure
modelling and subsequent updating.
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Table 4.7
Comparison of Mode Shapes Between EMA (left) and FE (right) Models for

Substructure A
Mode EMA Mode Shape FE Mode Shape




Table 4.8
Comparison of Mode Shapes Between EMA (left) and FE (right) Models for
Substructure B

Mode EMA Mode Shape FE Mode Shape
>
1 ’
~
2 ‘
\
3
4

45 FE Results and M odel Refinement of the Assembled Structure

The results reported in the present Section are based directly on the validated
component level FE models presented in Sections 4.2 and 4.4 and extend the study to
the assembled Hi-L ok fastened structure. MAC values of the correlation results between
EMA and FE predictions are presented in Table 4.9. These results show that Technique
4 provides the highest degree of mode shape correlation among the modelling
approaches investigated. Modes 1 to 4 produce high MAC values (0.92, 0.98, 0.85 and
0.95, respectively), indicating strong agreement between experimental and numerical
mode shapes. These findings confirm that the assembled-structure FE model, derived
from the validated substructure models, successfully retain the dynamic characteristics
of the component level.
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Mode 5 shows a lower MAC value of 0.65, indicating reduced correlation
compared with the lower modes. This mode was found to be a predominantly in-plane
vibration mode, whereas the mgjority of EMA excitation was applied in the out-of-plane
direction. Asimpact hammer testing is generally more effective at exciting out of plane
bending responses, the limited excitation energy in the in-plane direction likely
contributed to the reduced quality of the measured response for this mode.
Consequently, the lower MAC vaue for the Mode 5 is attributed to limitations of the
experimental excitation, rather than deficiencies in the FE model representation.

To further study the effect of mesh refinement on both the prediction accuracy
and the computational efficiency for Technique 4, a mesh convergence study was
performed. Two strategies of meshing were examined. Thefirst strategy involved local
mesh refinement around the Hi-Lok joint interface, while a coarser mesh was used
elsewhere. The second strategy applied the same mesh size throughout the whole
structure. These configurations are shown in Figures 4.1 and 4.2, and the corresponding
convergence results are summarised in Table 4.10 and Figure 4.3. The frequency error
values presented in the convergence study were computed as the percentage difference
between the FE-predicted and EMA-measured natural frequencies, using the same
formulation adopted earlier in third chapter.

The results show that reducing the element size results in reduced frequency
error, with a minimum eror of 1.61 %, obtained for the 3mm + 1mm mesh
configuration. However, this configuration is associated with a significant increase in
computing cost, involving 31,718 elements, 16,269 nodes, and approximately 97,600
degrees of freedom. In this context, the degrees of freedom represent the total amount
of independent displacement variables retained in the FE-model, which directly affect
memory usage and solution time. Although this mesh configuration produces the most
accurate numerical results, its computational demand renders it impractical for routine
modal analysis.

By comparison, a5 mm + 1 mm locally refined mesh configuration achieves a
comparable level of accuracy of 1.64% with significant lower computational expense.
This set-up provides an effective compromise between accuracy and efficiency by
concentrating mesh refinement in areas of high stiffness gradients, such as. the fastener
interface, while avoiding unnecessary refinement in less influence areas. The uniform
mesh refinement strategy (shown in Table 4.11 and Figure 4.4) demonstrates a

continuous reduction in frequency error with decreasing element size; nevertheless, this
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improvement is consistently followed by a large increment in the number of elements
and degrees of freedom. This observation confirms that uniform mesh refinement isless
efficient than selective local refinement for the present application.

Overall, these results justify the proposed sel ective mesh refinement strategy at
the joint interface as a more efficient and practical technique for dynamic analysis of
Hi-L ok fastened structures. Although the finest mesh configuration produces the lowest
frequency error, the 5 mm plus 1 mm locally refined mesh configuration achieves the
most balanced solution, in terms of accuracy and computational efficiency. Therefore,
this meshing strategy was adopted as the optimal configuration for Technique 4,
supporting its suitability as a reliable and computationally efficient FE modelling
approach for predicting the modal behaviour of assembled structures with multiple

fasteners.

Table 4.9
Comparison of Mode Shapes Between EMA (left) and FE (right) Models with MAC

values
Mode EMA Mode Shape FE Mode Shape MAC

1 0.92
2 0.98
3 0.85
4 0.95
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Table 4.10
Detailed Informations on New Technique 4

) Number of
Element Size (mm) Error (%) Number of Nodes Number of DOFs
Elements
10mm + Imm 3.066 27168 13870 83220
5mm + 1mm 1643 28794 14736 88416
3mm + 1mm 161 31718 16269 97614

12
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Figure 4.4 Convergence Test for Initial Technique 4

Table4.11 . . .
Detalled Informations on Initial Technique 4
) Number of
Element Size (mm) Error (%) Number of Nodes Number of DOFs
Elements
10mm 11.295 654 417 2502
5mm 5.061 2468 1402 8412
3mm 3121 6772 3662 21972

4.6 Model Updating of the Substructures

Model updating of the substructures was performed after correlating the EMA
and FE results presented in Section 4.2, with the aim of enhancing the level of
agreement between the FE predictions and the experimental measurements. The
updating process was performed separately on Substructure A and Substructure B
before assembled structure modelling. The calculations were performed using
FEMTools, which adopts a sensitivity-based updating approach.

In this study, only material properties, namely Y oung's modulus, mass density
and Poisson's ratio, were selected as updating parameters. These parameters were
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selected because the predicted natural frequencies were senditive to them, consistent
with the approaches adopted in previous studies [18, 53]. Theupdating parameters were
varied within physically redity limits; defined by material datasheet values for
Aluminium 7075 and commonly used engineering tolerances. The mesh configuration,
boundary conditions, and modelling assumptions, such as no damping, were kept
constant during the updating process to ensure that the observed improvements of the
correlation were only due to changes in material properties.

The standard and updated material properties, obtained by the modd updating
process for Substructure A and Substructure B are summarised in Table 4.12 and Table
4.13, respectively. All the material properties are presented in consistent Sl units. The
updated values yield only small deviations from the nominal properties, indicating that
minor parameter adjustments were sufficient to improve frequency correlation.

The updating process effectiveness is evidenced by the reduction in frequency
discrepancies between the FE predictions and the experimental results. Improved
agreement is observed for dl identified modes when compared with the pre-updated
models, as discussed in Section 4.2. At this stage, MAC analysis was not performed,
because substructure-level updating focused exclusively on matching natura
frequencies, rather than matching mode shapes. By contrast, mode shape correlation
using MAC was conducted at the assembled-structure level, wherejoint interaction and
global deformation behaviour is more important.

The updated material properties obtained from the substructure-level updating
were subsequently adopted as the final parameter values for modelling the FE model of
the Hi-Lok fastened structure. This ensured that the assembled-structure analysis was
based on substructure models that were already calibrated against experimental data,
thereby providing a consistent and reliable base for the assembled-structure updating
and validation presented in the following sections.

Table 4.12
Parameters Used in Substructure A
Description Standard Value Updated Value Unit
Modulus of Elasticity 70,200 69,895.02 MPa
Poisson coefficient 0.3 0.384811 Unitless
Density 2.72X 10 2.71 X 10 kg/mm®
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Table 4.13
Parameters Used in Substructure B

Description Standard Value Updated Value Unit

Modulus of Elasticity 70,200 69,902.26 MPa
Poisson coefficient 0.3 0.379136 Unitless
Density 2.72 X 10 2.71 X 10° kg/mm®

47 Model Updating of the Assembled Structure

Following the substructure-level updating presented in Section 4.6, the model
updating was performed on the assembled Hi-Lok fastened structure to further improve
the agreement between the FE predictions and the EMA. The assembled FE moddl was
built using the updated substructure models and Hi-Lok fasteners as smplified
connector elements, namely CBAR, CBEAM, RBEZ2, as described in Chapter 3. The
process of updating was conducted using FEMTools, which uses a sensitivity-based
updating method.

In the assembled structure updating, only the material properties were adjusted
only, consistent with the substructure- level updating strategy. Y oung's modulus, mass
density, and Poisson's ratio were varied within physically realistic bounds, defined by
Aluminium 7075 material datasheet values and acceptable engineering tolerances. The
mesh configuration, connector definitions, and boundary condition assumptions were
fixed. This ensured that any improvement in correlation was solely due to changes in
material properties, rather than to modifications in modelling topology, contact
modelling and interface giffness assumptions, which were outside the scope of this
study.

The updated assembled model was validated by using the frequency error
metrics and also MAC in order to quantify the similarity between the EMA and FE
mode shapes. As it can be seen from table 4.9, the post-updated model achieved MAC
values in the range of 0.65 - 0.98, indicating generally good mode shape correlation for
the dominant modes. The lower MAC vaue corresponds to the fifth mode, which is
predominantly an in-plane mode and was more difficult to excite and measure reliably
using the impact testing configuration. In addition to the improvement in the mode
shape correlation, the updated assembled model achieved a dramatic reduction in
frequency differences compared to the pre-updated model. This improvement is
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characterised by the reduction of large initial errors, observed in the least suitable
modelling approaches, to low residua errors in the updated assembled model, thereby
confirming a substantial enhancement in predictive accuracy after updating the
assembled model.

Overall, the results confirm that substructure-level updating provides robust
foundation for assembled-structure modelling, and the assembled-structure updating
further enhances agreement in both frequencies and mode shapes. The final updated
assembled model therefore constitutes a consistent and computationally efficient model
of the dynamic behaviour of the Hi-L ok fastened structure used in subsequent analysis.

4.8 Concluding Remarks

This chapter has presented the experimental and numerical evaluation of the
dynamic behaviour of the Hi-Lok fastened structure for both substructure and assembly
levels. EMA provided the reference modal parameters for Substructures A and B, and
for the assembled configuration under the selected suspension arrangements, enabling
systematic correlation with the FE predictions. The substructure-level results confirmed
that the baseline FE models reproduced the predominant dynamic behaviour of the
substructures with acceptable frequency agreement, thereby providing a reliable
foundation for subsequent assembled-structure modelling.

The assembled structure comparisons showed that the modelling strategy plays
a decisive role in determining both prediction accuracy and computational cost. Fully
three-dimensional solid modelling of the fasteners introduced excessive stiffness and
falled to yield good h correlation with the EMA and resulted in high computational
demand. In contrast, simplified representations based on one-dimensional and two-
dimensional elements achieved substantially improved agreement. Technique 4 was
found to provide the most favourable balance, yielding the lowest overall frequency
error, and strong mode shape correlation for the dominant modes, as indicated by the
reported MAC values. The lower MAC value obtained for the fifth mode pointed out
sensitivity of in-plane modes to the excitation direction and measurement quality, rather
than indicating a fundamental limitation of the modelling approach.

Sengitivity-based model updating using FEMTools further improved the
agreement between the FE and EMA results. The updating strategy focused on
physically realistic changesin the material properties, while maintaining the modelling
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topology and boundary assumptions, thereby, increasing confidence that the observed
improvements resulted from updated stiffness and mass properties rather than numerical
tunning without physical justification. The mesh convergence study demonstrated that
selective local refinement around the joint interface is more efficient than uniform mesh
refinement. The adopted meshing strategy resulted in near optimum accuracy without
incurring unnecessary computational cost, thereby supporting the use of simplified
models for practical modal prediction of fastened structures.

Overall, the results of this chapter confirm the feasibility of accurately and
efficiently modelling the dynamic behaviour of Hi-Lok fastened structures using
physically informed simplification of the fastener representations, the targeted mesh
refinement, and systematic experimental validation. The validated and updated models
developed herein establish a strong foundation for and support the broader objective of
developing computationally efficient modelling methodologies for aerospace-type
fastened structures.
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CHAPTER 5
CONCLUSION AND FUTURE WORK

51 Conclusions

The aim of this work was to study the dynamic behaviour of a Hi-Lok fastened
structure by a combined experimental and numerical approach through the aim of
developing an accurate and computationally efficient FE modelling technique for such
assemblies. EMA was performed in order to derive reliable information regarding the
natural frequencies and as well as the mode shapes and these measurement data were
used to test and validate the proposed modelling approach.

A one dimensional, element-based FE modelling technique was developed and
used for an accurate modelling of the natural frequencies and mode shapes of the
physical Hi-Lok fastened structure. In the current approach, the Hi-Lok fasteners were
modelled by using one-dimensional elements whereas the substructures were modelled
by appropriate structural elements. The results demonstrate that the necessary dynamic
behaviour of the fastener and joint region can be reproduced using a physicaly
motivated simplification of the fastener and joint region without having the high
stiffness and high computational costs often related to fully three-dimensional solid
modeller to model fasteners and surrounding substructures.

The natural frequencies and the mode shapes of Hi-L ok fastened structure were
then determined using the proposed modelling technique as well as EMA. EMA was
able to provide uniform modal parameters for the assembled configuration that were
used to provide a robust experimental baseline. Using the proposed FE strategy, the
predicted modal characteristics exhibited good agreement with the experimental ones
and interpret the dominating dynamic features of structure, while the mode shape
comparisons signify good correlation over the frequency range of interest.

The prediction capability for efficiency and accuracy of the proposed modelling
technique was assessed by comparing the natural frequencies and the mode shapes,
directly predicted and EMA associated ones. Systematic FE-EMA correlation showed
the good balance between restoring the predictive accuracy and the efficient
computation for the simplified fastener representation. Compared with the solid-
fastener approaches with a high level of detail, the proposed technique reduced the
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computational cost and agreed well in terms of frequency prediction and mode shape
correlation.

Overall, results of this study show that it is possible to accurately predict the
dynamic behaviour of Hi-Lok fastened assemblies by an accurate and smplified
physically informed FE modelling strategy validated with EMA data. The results
confirm that the proposed one-dimensional fastener representation gives a practical and
scalable way of analysing large, fastened aerospace structures where the predictive
capability aswell as the computational demand are critical.

5.2 Future Work

Although this study has been valuable in developing and validation of effective
FE models in studying the dynamic behaviour of Hi-Lok fastened structures, there are
still some areas in which further research and enhancement can be carried out:

1. Incorporation of Joint Interface Modelling:

Future research can be done to incorporate the joint interface characteristics like the
contact stiffness and friction so as to represent the complex nature of fastened assembly
when subjected to dynamic loads. This would increase the model capabilities to be

applied to a more readlistic aerospace joint condition.
2. Extension to Higher Modes and Broader Frequency Ranges:

The analysis was performed to pay attention to the initial severa natural frequencies
and the mode shapes. The wider frequency bands and the higher-order modes in the
analysis would give a comprehensive dynamic characterization particularly in the case
of wide-spectrum excited structures.

3. Experimental Testing with Alternate Excitation Techniques:

Thefindings were that the in-plane modes showed low MAC accuracy. Such modes can
be better seen and correlated with alternative excitation techniques offerings, including
shaker testing, or multi-directional hammer impacts.



4. Nonlinear Dynamic Behaviour and Damping Effects.

In this work linear elastic behaviour of material and undamped responses are assumed.
Future model could include damping models and possible non-linearitiesin the form of
joint slip, preload loss or bolt relaxation.

5. Application to Full-Scale Aerospace Structures:

The model that has been proved to work may be applicable to more complicated and
higher-sized aerospace assemblies where there are numerous Hi-L ok fasteners. It would
enable them to evaluate scalability, resilience and feasible application in engineering
practice.

6. Fatigue and Stress Analysis Integration:

By application, the finer mesh structures evolved in this research can be exploited to
determine the fatigue life of various structures and calculations of stress concentration
particularly in some areas close to the fastener interfaces.

Tackling these elements will help to improve the dynamic modelling of fastened
structures even more in future and will help towards more accurate design, durability
analysis and optimization with respect to aerospace and other mechanical engineering
applications.
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