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ABSTRACT

Accurate vibration prediction of a Tobacco Composite Panel (TCP) using finite element
(FE) analysis requires a physically accurate representation of both stiffness and
damping. While stiffness governs natural frequency locations, Frequency Response
Function (FRF) resonance peak amplitude and bandwidth are predominantly controlled
by modal damping, and aligning resonance frequencies alone does not ensure accurate
FRF prediction. Conventional FE model updating approaches largely focus on stiffness
correction and introduce damping through proportional assumptions or nominal modal
values, which frequently produces acceptable frequency agreement but persistent errors
in FRF peak magnitude and bandwidth. This limitation is particularly pronounced in
bio-based composites such as TCP, where damping is inherently high, variable between
modes and specimens, and cannot be adequately represented by classical low-damping
assumptions. The primary novelty of this study is the development of a staged FE model
updating methodology that explicitly decouples stiffness updating from modal damping
calibration, providing a physically traceable and reproducible framework for improving
FRF prediction accuracy in composite structures with significant damping variability.
The framework is developed and validated through experimental modal analysis (EMA)
of tobacco composite strip specimens under approximate free-free boundary conditions,
supported by quasi-static tensile testing for stiffness comparison and verified using steel
dog-bone specimens as a controlled reference. Numerical models are constructed in
PATRAN and solved using MSC NASTRAN for modal and FRF analyses, with model
updating implemented in FEMTools. The updating sequence comprises four traceable
stages, namely an initial FE model, a tensile-test-based stiffness model, a modal-
updating-based stiffness model, and a final damping-updated model. In the stiffness
stage, elastic parameters are updated to reduce natural frequency error to below 0.52%
and improve mode shape correlation using the Modal Assurance Criterion. In the
damping stage, EMA-derived modal damping ratios are systematically assigned and
selectively refined mode by mode to improve FRF peak amplitude and bandwidth while
preserving the aligned resonance locations. Applying this methodology, the final
updated TCP FE model achieves Signature Assurance Criterion values of 0.88 to 0.90,
representing a substantial improvement from the baseline value of 0.27 and confirming
strong global FRF agreement. The proposed methodology resolves the stiffness-
damping coupling ambiguity that undermines conventional updating approaches, and
establishes a technically defensible route for FRF-based FE model updating of bio-
based composite structures where damping variability is a defining characteristic.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Vibration performance is a critical design consideration in engineering systems
because excessive or uncontrolled vibration can reduce structural reliability, shorten
service life, and compromise system accuracy under operating conditions (Chu et al.,
2024; Dharmajan & AlHamaydeh, 2025; Zmarzty et al., 2025). Engineers aim to predict
dynamic behaviour at the design stage so that vibration-related problems can be
identified and addressed before fabrication commences (Sudin et al., 2025; Yaacob et
al., 2025). FE analysis is widely employed for this purpose because it enables efficient
numerical prediction of modal behaviour and vibration response, allowing designers to
evaluate structural performance before physical testing is conducted (Charoensuk &
Sethaput, 2023; Mohd Kabhar et al., 2024). The accuracy of FE predictions is directly
dependent on how well the model replicates the actual structure in terms of geometry,
material properties, and damping behaviour (Ereiz et al., 2022; Y. Lee et al., 2023). This
need for reliable and validated vibration prediction forms the general context of the
present study.

Composite structures are increasingly being used in engineering applications
and the vibration behaviour of these structures frequently needs to be modelled carefully
as the mechanical response of the structure depends on the constituent distribution and
the fabrication effects (Kalusuraman et al., 2023; Michal et al., 2024; Nori et al., 1996).
Composite systems can exhibit variability in stiffness and energy dissipation even when
geometry is controlled (Cai et al., 2022). This variability becomes more relevant when
composites are produced using processes that may introduce non-uniformity in fibre—
matrix distribution. Such behaviour can lead to differences in measured FRFs between
nominally similar specimens (Mesogitis et al., 2014; Sanei & Fertig, 2015; Waterbury
& Drzal, 1989). This study focuses on a TCP system where non-uniform fibre-matrix
distribution makes vibration prediction more challenging than for conventional
isotropic materials. The dynamic properties of TCP are influenced by heterogeneous
microstructure, which can introduce scatter in both effective stiffness and modal

damping between specimens.



Existing modelling practice often treats stiffness representation more reliably
than damping representation, which creates a common gap in FRF prediction (Moens
& Vandepitte, 2005; Navarro-Quiles et al., 2022). Stiffness governs resonance locations
through natural frequencies and mode shapes, while damping governs resonance peak
amplitude and bandwidth in FRFs (P. Kumar et al., 2023). In many FE applications,
stiffness properties can be assigned using available material data, but damping is often
introduced using simplified assumptions because it is difficult to characterise directly.
When damping assumptions are not representative, FE predictions may reproduce
resonance locations but still fail to match FRF peak behaviour (Arora et al., 2009a; J.
Huang et al., 2022). This persistent mismatch in FRF peak behaviour motivates a
modelling approach that explicitly refines damping representation through systematic
updating.

Common experimental approaches such as the tensile testing provide useful
information on stiffness but not directly on damping as required for the prediction of
vibration. Tensile testing is also destructive, which limits its usefulness when specimens
must be preserved for dynamic testing. Even when tensile-derived stiffness is assigned
into FE analysis, FRF agreement can remain poor because resonance peak behaviour is
strongly affected by damping (Bhattacharjee & Roy, 2020; Butaud et al., 2013;
Ebrahimi & Ahari, 2024). This limitation demonstrates that improving stiffness input
alone is not sufficient when the objective is accurate FRF peak matching. A dynamic-
based route is therefore required to refine damping representation using experimentally
measured evidence.

EMA provides a non-destructive method to measure FRFs and to extract modal
parameters, including modal damping ratios, which can be used directly as reference
targets for FE model improvement (F.-L. Huang et al., 2007; Ramli et al., 2017; Yilmaz
etal., 2023). The measured FRFs provide the experimental baseline required to evaluate
FE predictions under controlled conditions. When EMA is used as the reference, FEMU
can be carried out systematically to improve agreement with measured resonance
behaviour (Hassan & Ramle, 2018; Ramli et al., 2017). In this study, the modelling
process begins with reducing stiffness-related mismatch so that resonance locations are
aligned, and subsequently applies systematic modal damping updating so that FRF peak
behaviour approaches the measured response. This combined approach supports the

formulation of a staged damping updating scheme for TCP, with the aim of achieving a



final updated FE model with demonstrably low error when compared with EMA

measurements.

1.2 Background of the Study

Structural dynamics analysis evaluates how a structure responds when subjected
to time-varying loads, which can excite vibrations that impact performance and safety
(Dharmajan & AlHamaydeh, 2025; C. Wang et al., 2022). Excessive vibration can
contribute to fatigue, decreased reliability and can contribute to premature failure if not
properly managed (Kamei & Khan, 2021). The primary purpose of structural dynamics
analysis is to ensure that vibration responses remain within acceptable limits under
operating conditions, thereby supporting safe and reliable structural performance
throughout the intended service life. This analysis informs design decisions concerning
stiffness, mass distribution, and damping, which collectively determine the dynamic
response of a structure. Structural dynamics methods are applied widely in aerospace,
automotive, and mechanical engineering applications where accurate dynamic
prediction is essential for design verification and performance assurance (Dharmajan &
AlHamaydeh, 2025).

Over the past decades, different analytical, numerical, and experimental
methods were developed to study the vibration behaviour of engineering structures
(Fahlovi et al., 2024; Wilk-Jakubowski et al., 2025; Yarar et al., 2023). These
approaches are used extensively in industries like aerospace, automotive and
mechanical engineering, where dynamic prediction of the accurate data is essential for
design and verification (Aggarwal, 2010; Tang, 2025). Among the available techniques,
FE analysis and EMA are commonly used since they offer complementary numerical
and experimental descriptions of the structural dynamics. FE analysis provides the
possibility of predictions of modal behaviour and response trends before testing is
carried out and EMA provides measured vibration evidence that directly reflects the
physical structure under the chosen test conditions (Banwell et al., 2012; Gabbert et al.,
1995; Mohd Kabhar et al., 2024).

However, FE analysis inherently relies on idealised geometry, simplified
material models, and assumed boundary conditions that cannot always fully represent
real-world structural behaviour (Langer et al., 2021; Mobarhan Zad et al., 2026). As a

result, FE analysis is widely used to approximate the dynamic behaviour for complex



structures but may suffer from certain inaccuracy by some assumptions, such as
idealised supports and simplified damping models (Barazzutti et al., 2024; Ereiz et al.,
2022). This limitation is especially important in composite materials, for which
heterogeneous microstructure, when combined with fibre-matrix interaction, may
introduce complicated damping behaviour.

TCPs, which are produced through fibre-based manufacturing processes, can
exhibit non-uniform fibre—matrix distribution and material variability (Ardani et al.,
2026). Such variability influences both effective stiffness and damping behaviour under
dynamic loading. Although quasi-static tensile testing is often used to determine
Young’s modulus for FE modelling, tensile response may not fully represent global
vibration stiffness, particularly when localised deformation or material heterogeneity is
present (Alkhatib, 2023). Furthermore, tensile testing does not provide direct
information regarding modal damping behaviour, which is essential for accurate FRF
peak prediction.

EMA provides a global dynamic characterisation route by extracting natural
frequencies, mode shapes, and modal damping ratios from measured FRFs, Through
correlation measures such as natural frequency error, mode shape consistency, and FRF
agreement, discrepancies between FE predictions and EMA results can be assessed and
reduced. In practice, resonance locations are typically aligned through stiffness-related
updating, while FRF peak amplitude and bandwidth require careful refinement of
damping representation (Banwell et al., 2012; Hassan & Ramle, 2018). For highly
damped composite structures such as TCP, inadequate damping modelling can result in
persistent resonance peak mismatch even when frequencies are well aligned.

Therefore, although FE and EMA are commonly used together for vibration
analysis, a structured methodology for systematically refining damping representation
in TCP remains insufficiently established. This limitation directly motivates the

problem addressed in the following section.

1.3 Problem Statement

Despite the availability of tensile testing and EMA for characterising TCP, the
primary modelling challenge is not stiffness representation alone but the accurate
incorporation of damping within the FE framework. Highly damped composite

specimens produce FRFs whose peak amplitude and bandwidth are sensitive to



boundary condition implementation, suspension configuration, and damping extraction
procedures (Schneider et al., 2018; Treviso et al., 2015), and if these factors are not
carefully controlled, the reliability of the identified damping parameters can be
compromised.

When damping is poorly represented in the FE model, FRF peak mismatch
persists even after resonance frequencies and mode shapes have been successfully
aligned through stiffness-related updating (Barazzutti et al., 2024). Direct assignment
of experimentally obtained EMA damping ratios into an FE model does not always
guarantee accurate reproduction of FRF peak characteristics, particularly for composite
materials with variable energy dissipation behaviour such as TCP (Murcinkova,
Adamcik, et al., 2022). This limitation undermines predictive confidence and restricts
the reliability of FE-based vibration assessment for TCP structural applications.

The central problem addressed in this study is the absence of a systematic and
experimentally validated modal damping updating scheme for TCP. Existing modelling
practice does not offer a structured framework that explicitly separates stiffness-related
updating from damping-related calibration in the FE modelling of composite structures
(Arora et al., 2009b; Berriet & Link, 1994; Ereiz et al., 2022; Okolie et al., 2025).
Without such a dedicated scheme, FE models of TCP remain vulnerable to FRF peak
mismatch and unreliable dynamic prediction even when conventional stiffness
characterisation methods have been properly employed. The gap is methodological in
nature, as no traceable and validated sequence has been established that links stiffness
alignment to subsequent damping refinement and confirms improvement at each stage
against measured FRF evidence for TCP. This unresolved gap forms the motivation for

the formulation, implementation, and evaluation stages defined in this study.



Plate 1.1 Tobacco Composite Panel (TCP) Showing Fibre—-Matrix Distribution

1.4  Research Objectives

This study aims to develop and validate a staged FE model updating approach
that improves agreement between FE predictions and EMA results for TCP by explicitly
addressing both material stiffness inaccuracies and modal damping modelling

limitations. The specific research objectives of this study are presented below.

a) To develop a systematic staged methodology that explicitly decouples stiffness-
related parameter updating from modal damping calibration for TCP, using

EMA measurements as the experimental reference.

b) To implement the staged updating sequence by first reducing natural frequency
error to below 1% through stiffness calibration, and subsequently improving

FRF peak amplitude and bandwidth through modal damping calibration.

c) To validate the developed framework by comparing updated FE predictions with
EMA results using natural frequency error, MAC, and SAC metrics, and
evaluating progressive improvements in resonance alignment and FRF peak

correlation across all updating stages.



1.5

Research Questions

This study is guided by the following research questions, which are derived

directly from the research objectives.

a)

b)

1.6

What systematic staged methodology can explicitly decouple stiffness-related
parameter updating from modal damping calibration for TCP, using EMA

measurements as the experimental reference for both stages?

How does the staged updating sequence reduce natural frequency error to below
1% through stiffness calibration, and to what extent does subsequent modal

damping calibration improve FRF peak amplitude and bandwidth agreement

with EMA?

What level of progressive improvement in natural frequency error, MAC, and
SAC is achieved by the developed framework when updated FE predictions are

compared with EMA results across all updating stages?

Scope and Limitations of the Study

The scope of this study is defined according to the three research objectives, and

the associated limitations are stated to clarify the boundaries of the work.

RO1: To develop a systematic staged methodology that explicitly decouples stiffness-

related parameter updating from modal damping calibration for TCP, using EMA

measurements as the experimental reference.

The study focuses on vibration-based correlation between FE predictions and
EMA outputs, specifically natural frequencies, mode shapes, and FRFs, for the
tobacco composite strip and the steel dog-bone specimen.

The FE models are prepared using PATRAN for pre-processing and analysed
using MSC NASTRAN as the solver, with MATS orthotropic shell elements
assigned for the tobacco composite strip and MAT1 isotropic solid elements for

the steel dog-bone specimen.



EMA measurements are conducted under approximate free-free boundary
conditions using soft suspension to reduce support influence on the measured
response.

The correlation is evaluated using consistent metrics including natural
frequency error, MAC, and SAC to ensure repeatable and traceable
interpretation of discrepancies between FE predictions and EMA results.

An initial uniform modal damping ratio of 0.01 is applied to all modes in the
baseline FE model as a simplifying assumption to provide a consistent starting

point for FRF generation before any damping updating is applied.

Limitation: The correlation quality depends on EMA data quality and the adequacy of

the FE model assumptions. The orthotropic material model for TCP considers only the

primary in-plane elastic moduli and Poisson's ratio as updating parameters, which

represents a simplification of the generally anisotropic nature of the material.

RO2: To implement the staged updating sequence by first reducing natural frequency

error to below 1% through stiffness calibration, and subsequently improving FRF peak

amplitude and bandwidth through modal damping calibration.

The updating process targets stiffness-related elastic moduli in the first stage
and modal damping ratios in the second stage, so that both modal parameters
and FRF resonance peak behaviour are improved in a traceable and ordered
sequence.

FEMU is carried out using FEMTools, where EMA-extracted natural
frequencies and mode shapes serve as updating targets in the stiffness calibration
stage, and FRF peak characteristics serve as the basis for evaluating
improvement during modal damping calibration.

The updating strategy is implemented in stages so that stiffness-related
discrepancies are fully addressed before damping representation is refined for
FRF peak matching.

The analysis is restricted to the first two bending modes within the tested
frequency range, as these modes are consistently and reliably identified from

EMA across all specimens.

Limitation: The updated parameters represent an effective dynamic model within the

tested frequency band and setup, and they may not uniquely represent all underlying



microstructural variability of TCP. Modal damping updating is applied on a mode-by-
mode basis and does not extend to frequency-dependent or full damping matrix

updating.

RO3: To validate the developed framework by comparing updated FE predictions with
EMA results using natural frequency error, MAC, and SAC metrics, and evaluating
progressive improvements in resonance alignment and FRF peak correlation across all
updating stages.

e Validation is conducted by comparing the updated FE model with EMA using
the same correlation metrics applied consistently across all model stages, from
the initial FE model through to the final updated FE model, so that improvement
is measured in a directly comparable manner.

e The validation focuses on demonstrating quantitative improvement in modal
parameter agreement and reproduction of FRF resonance peak behaviour, with
SAC used as the primary indicator of FRF correlation quality across all updating
stages.

Limitation: The validation is limited to the tested TCP specimen configuration and
measurement strategy. Results may vary if TCP fabrication quality, fibre distribution,

or test setup produce different variability patterns in other specimen batches.

1.7  Significance of Study

This study is important because it enhances the robustness of the vibration-based
modelling for TCP by defining a traceable workflow between initial FE predictions and
EMA results. Reliable dynamic modelling is required where vibration response has an
impact on performance, durability and safe operation of engineering components. A
clear FE-EMA correlation process assists engineers in interpreting the discrepancy
between the predicted and measured behaviour based on uniform indicators such as
natural frequency, mode shape agreement and FRFs. By targeting TCP, this work
promotes a better understanding of bio-based composites dynamics in which material
variability can have a strong influence on the vibration response. This contribution is
important when TCP is considered for functional engineering applications that require

reliable vibration prediction.



This study is also significant as it opens a practical way to enhance the accuracy
of FE prediction by considering the stiffness and damping as separate but related
modelling requirements. Many vibration studies are able to achieve acceptable natural
frequency alignment by stiffness adjustment, however FRF peak behaviour may be
mismatched when damping is calculated based on simplified assumptions. In the
present study, the mismatch related to stiffness is reduced by correlation and forming
modal-updating-based FE model first and damping representation is refined by modal
damping updating to obtain the updated FE model. This order is better for traceability
since damping refinement is only done once stiffness alignment is achieved, which
means that peak mismatches will not be corrected using stiffness changes which are not
physically meaningful. As a result, the updated FE model gives a more realistic model
of TCP response in the frequency band selected.

This study also has an academic and practical contribution as it offers a
structured methodology combining EMA practice, FE analysis, correlation metrics and
FEMU in a single coherent workflow. The workflow is used to illustrate the work flow
on how experimental FRFs and modal parameters can serve as references in assessing
modelling assumptions and for systematically improving FE predictions. The results
provide support for future work on TCP by providing a repeatable procedure for getting
stiffness and damping inputs to better represent the measured dynamic response. In
industrial terms, the more reliable the dynamic model is the better the design decisions
can be made safely and cost effectively when the vibration performance is considered a
design constraint. Therefore, the value of this study is to both researchers and
practitioners by focusing on the issue of FE-EMA consistency and damping

representation.

1.8 Thesis Outline

This thesis is organised into 5 chapters that introduce a systematic methodology
for correlating the FE predictions to the EMA results and improving the damping
representation for TCP. The chapters follow a logical progression with the motivation
and problem definition followed by the method development, implementation, and final
validation. The structure is in place to ensure a level of experimental evidence from
EMA is always used as the reference to evaluate the accuracy of the FE models. This

arrangement ensures that the research objectives are covered in a definite order, from
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the formulation of the problem to its verification.

Chapter 1 presents the introduction of the study which includes background
information, the problem statement, research objectives, research questions, scope,
limitations, and the importance of the study. This chapter puts the need for a systematic
FE--EMA correlation approach for TCP in the context of the technical gap of accurate
damping representation. It describes how the study will be evaluated with a comparison
of base line predictions of the FE with the results of EMA, model updating and
validation. This chapter establishes the context of the study and is setting the direction
for the methodology of the entire study.

Chapter 2 presents a review of the literature to support the theory and techniques
that will be required for this study. The characteristics of TCP, the fundamentals of
vibration, EMA and FRF based modal identification, FE modelling for dynamic
prediction and FEMU approaches are discussed in this chapter. The literature review
supports the selection of the indicators of correlation and the necessity of a structured
scheme of update where damping has a significant effect on the FRF resonance
behaviour. The chapter ends with a summary which relates the research gap to the goals
outlined in Chapter 1.

Chapter 3 provides details of the research methodology, describing the
workflow that connects the initial FE predictions, EMA testing, correlation and FEMU.
The chapter explains the way EMA is carried out as a non-destructive reference for
dynamic behaviour of TCP, and how tensile testing is a comparative way as a route after
EMA. It also describes the staged process of updating, in which resonance alignment is
updated first and secondly damping updating to improve FRF peak behaviour is done.
This chapter is to ensure the procedural traceability from the raw measures to the
updated model results for evaluation.

Chapter 4 presents the results and discussion including the comparison of FE
predictions and EMA results before and after updating. The chapter reports on the
baseline mismatch patterns and how the updating process reduces the discrepancies in
the modal parameters and FRF resonance peak behaviour. A comparative analysis of
the tensile-based stiffness with respect to the stiffness and damping parameters found
by FE updating is also presented with reference to the EMA as the experimental base.
This chapter is to validate the methodology developed to determine the improvement of
the agreement with the experimental reference.

Chapter 5 concludes the thesis by summing up the key findings and drawing
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some overall conclusions in line with the research objectives. The chapter focuses on
the success of the proposed workflow of correlation and updating to improve the
representation of TCP damping in FE prediction. It also offers suggestions for future
work, on the possibility of extending to other TCP geometries, to wider frequency
ranges or to other damping formulations. The thesis concludes with a focus and

emphasis on the technical contributions and practical implications of the study.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Accurate dynamic characterisation is a necessary requirement to composite and
engineering materials subjected to vibration loading since the vibration response
depends on modal parameters and FRFs which need to be identified and interpreted
reliably (Gibson, 2000; J. Kumar et al., 2025). Natural frequencies and mode shapes are
related to stiffness-mass behaviour of a structure whereas damping controls FRF
resonance peak amplitude and bandwidth (Ren & Cao, 2021). These peak
characteristics are often the reason for mismatch between predicted and measured
response even at similar resonance frequencies. For composite materials, dynamic
characterisation is more difficult due to the heterogeneity of the material and sensitivity
to boundary conditions, which may affect the measured FRFs as well as the FE
predictions (Ballard & Whitcomb, 2019; Raza et al., 2025). Such difficulties require
well-organized experimental-numerical working procedures where discrepancies are
not only observed but also diagnosed in order to understand whether stiffness or
damping modelling is the predominant cause of error.

This chapter takes a review of the literature for the methodology of the present
study, which is concerned with the FE-EMA correlation and the systematic
improvement of the FE predictions for TCP by identifying the material property and
damping modelling inaccuracies. The review draws from journals, conference
proceedings, technical reports, and theses to establish current practices in vibration
testing, FE dynamic prediction, correlation metrics, and model updating. The discussion
highlights how FRF-based evidence from EMA can serve as the experimental reference
for evaluating FE accuracy. The chapter also explains how the literature supports
updating decisions that are guided by measurable mismatch patterns rather than
arbitrary tuning.

The chapter further explains why resonance frequency agreement and FRF peak
agreement are commonly treated as two different accuracy requirements in vibration
modelling. Resonance frequencies are mainly influenced by stiffness and mass, which

are reflected through natural frequencies and mode shapes. In contrast, FRF peak height

13



and FRF bandwidth are strongly affected by damping representation, which is often
simplified in baseline FE models. For this reason, many studies first reduce stiffness-
related mismatch and then focus on damping refinement to improve FRF peak
behaviour once natural frequencies are already aligned. This logic matches the updating
flow adopted in this thesis and supports the emphasis on modal damping updating for
TCP.

To ensure a structured discussion that matches the objectives of this study, the

literature review is organised into the following subtopics:

2.2 Dynamic Characterisation of Materials and Structures
2.3 EMA Techniques for Vibration Analysis

2.4 Tensile Testing for Material Property Evaluation

2.5 FE Modelling and FE Model Updating Methods

2.6 Model Correlation Techniques and Research Gap

2.7 Concluding Remarks

In the final part of this chapter, the key research gaps related to FE-EMA
discrepancy interpretation and damping representation for TCP are identified. The
discussion emphasises the need for a systematic methodology that links correlation
outcomes to targeted updates of material properties and damping parameters. Based on
these gaps, the motivation for the workflow adopted in this study is established, where
FE predictions are validated directly against EMA results before and after updating.
This conclusion section connects the reviewed literature to the method development and

validation presented in Chapter 3.

2.2 Dynamic Characterisation of Materials and Structures

Dynamic characterisation evaluates structural behaviour under time-varying or
harmonic excitation and therefore provides the basis for interpreting vibration response
in service. The dynamic response is governed by mass, stiffness, and damping, which
collectively determine natural frequencies, mode shapes, and FRFs that describe the
vibration signature of a structure (Mugabo et al., 2019; Packard, 1997). For TCP,
dynamic characterisation is essential because heterogeneous microstructure and non-

uniform fibre-matrix distribution can produce variability in effective stiffness and
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damping (Okolie et al., 2023b). This variability can influence resonance location and
resonance peak behaviour even when geometry is kept constant.

TCP belongs to the category of plant fibre composites, in which energy
dissipation behaviour is governed by viscoelastic effects at the fibre-matrix interface,
moisture sensitivity, and non-uniform fibre distribution introduced during fabrication
(Liu etal., 2021; Ma et al., 2021). These characteristics produce damping levels that are
substantially higher and more variable between specimens than those typically observed
in synthetic fibre composites or metallic structure (Haris et al., 2022) s. The non-
uniform tobacco fibre distribution within the matrix cannot be fully controlled during
production, which leads to specimen-to-specimen variability in both effective stiffness
and modal damping ratios, making TCP a challenging yet relevant case study for FRF-
based FE model updating (Ardani et al., 2026). Polymeric composite materials of this
type also exhibit frequency-dependent damping behaviour that is not easily captured
using proportional damping assumptions, because the energy dissipation mechanisms
at the fibre-matrix interface are sensitive to the amplitude and frequency of dynamic
loading (Murcinkovéa, Postawa, et al., 2022). This material behaviour distinguishes TCP
clearly from conventional isotropic materials and underscores the need for a dedicated
damping updating scheme.

Steel, by contrast, is a well-characterised isotropic material that exhibits
predictable and repeatable dynamic behaviour with low and consistent modal damping
ratios across specimens (P. Kumar et al., 2023). The elastic modulus and Poisson's ratio
of structural steel are well established, and its isotropic symmetry means that a single
set of elastic constants is sufficient to define stiffness behaviour in FE modelling
without requiring extensive calibration. The inclusion of the steel dog-bone specimen
in this study therefore serves a deliberate verification purpose within the FE-EMA
correlation and updating framework: it allows the EMA procedure, FE modelling
workflow, and updating strategy to be evaluated using a material for which the dynamic
behaviour is predictable and repeatable, before the same procedures are applied to the
more variable TCP specimens (Michal et al., 2024). The contrast between the polymeric
composite TCP and the isotropic steel also provides a controlled comparison that
highlights how strongly material damping variability influences the difficulty of FRF
peak matching, since steel specimens require comparatively less damping refinement
than TCP to achieve acceptable FRF correlation. This deliberate pairing of specimens

therefore strengthens the overall validation of the proposed methodology.
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Dynamic properties obtained under vibration conditions can be more
representative for vibration prediction than quasi-static properties because oscillatory
motion activates additional dissipation mechanisms. Under dynamic excitation,
viscoelastic effects, interface friction, and micro-slip mechanisms can contribute to
energy loss that is not captured clearly in static loading (DICKENS, 2000; Yaacob et
al., 2025). This difference affects the apparent stiffness—damping combination that
governs the measured FRF. Consequently, stiffness values derived from static testing
may not represent the effective global stiffness controlling vibration response. This
limitation motivates the use of vibration-based characterisation when FRF peak
agreement is required (Ammar et al., 2022; Y. Wang et al., 2022).

Unreliable dynamic characterisation can reduce confidence in FE-based
vibration prediction because it can lead to incorrect resonance identification and
unrealistic FRF resonance peak behaviour. This risk is more critical in lightweight TCP
structures because damping strongly controls resonance peak bandwidth and amplitude
(Murc¢inkova, Adamcik, et al., 2022; Okolie et al., 2023a). When damping is not
represented appropriately, a model may align resonance locations but still fail to
reproduce peak sharpness and decay behaviour. Therefore, a structured theoretical
framework is required to interpret discrepancies between FE predictions and EMA
results in a traceable way. This framework supports a staged approach where stiffness-
related mismatch is addressed first, followed by damping-related refinement.

Section 2.2 summarises the core structural dynamics relationships needed to
interpret FE predictions and EMA results for TCP, with emphasis on how stiffness and
damping influence FRF behaviour. The section starts with the governing equation of
motion and introduces the undamped form used for modal prediction. It then presents
the eigenvalue formulation used to obtain natural frequencies and mode shapes for
correlation. Next, damping is introduced through modal damping ratio and practical
damping models used in FE analysis. The FRF formulation is then presented in matrix
and modal forms to relate resonance location and peak behaviour to stiffness and
damping. Finally, a generic updating objective function is introduced to link correlation

and updating within a systematic workflow.
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2.2.1 Governing Equation of Motion for Structural Dynamics

The vibration response of a structure is governed by the equation of motion that
relates inertia, damping, and stiffness to the applied excitation (Du et al., 2025). The

general forced vibration relationship in matrix form is written as

Mix(t) + Cx(t) + Kx(t) = f(t) (2.1)

where M, C, and K are the mass, damping, and stiffness matrices, x(t) is the
displacement vector, and f(t) is the applied force vector. This formulation is
fundamental because it defines the physical sources of response and clarifies the
separate roles of stiffness and damping. It is also consistent with FE prediction because
M and K are derived from geometry and material properties while C represents the
damping model (Friswell et al., 1998; Ko & Boo, 2022; Zeng et al., 2025). For TCP,
Equation (2.1) is especially relevant because matching FRF peak behaviour requires a
damping representation that is physically consistent.

The undamped free vibration form is used when the objective is limited to
predicting natural frequencies and mode shapes without considering damping effects
(You et al., 2022). By setting f(t) = 0 and neglecting damping, the governing

relationship reduces to

Mix(t) + Kx(t) =0 (2.2)

which isolates stiffness—mass behaviour. This form supports early-stage
correlation because resonance locations are governed mainly by stiffness and mass. It
also prevents damping-related mismatch from being compensated incorrectly through
stiffness changes. For that reason, Equation (2.2) provides a structured starting point for

evaluating stiffness modelling accuracy before damping refinement.

2.2.2 Natural Frequencies and Mode Shapes

Natural frequencies and mode shapes are obtained by solving the eigenvalue
formulation derived from the undamped equation of motion. Assuming harmonic

motion x(t) = ¢e'®?, substitution into Equation (2.2) yields
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(K — w?M)¢ = 0 (2.3)

which relates stiffness, mass, and the mode shape vector ¢p. The condition for

non-trivial solutions is expressed by the characteristic equation

det(K — w®*M) =0 (2.4)

which produces the set of natural frequencies w,and corresponding mode
shapes ¢,,. These parameters are central to FE-EMA comparison because they define
resonance locations and deformation patterns that are directly observable in EMA. For
TCP, frequency mismatch is typically interpreted as stiffness-related modelling
inaccuracy before damping effects are evaluated.

Mode shapes are expressed in normalised form in numerical analysis to support
consistent interpretation and stable comparison across modes. A common choice is

mass normalisation, written as

b Mps =0, r#s (2.6a)

and

¢, Kps=0, r#s (2.6b)

and these properties support modal superposition and mode tracking during
correlation. In EMA, experimental mode shapes may have different scaling, so
correlation focuses on relative shape agreement rather than absolute magnitude (Kranjc
et al., 2013). This approach maintains meaningful comparison even when different test

setups affect response amplitude scaling.

2.2.3 Damping Representation and Modal Damping Ratio

Damping must be represented explicitly when the objective is to reproduce FRF
resonance peak behaviour rather than resonance location alone (Gazdagh & Vehovszky,

2021). In Equation (2.1), damping appears through CX(t), which governs energy
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dissipation and influences peak bandwidth and decay behaviour. A practical descriptor
used in vibration analysis is the modal damping ratio {,,, defined in an equivalent single-

mode form as

Cn

Cn (2.7)

2m,w,

where ¢, is the modal damping coefficient, m,, is the modal mass, and w,, is the
natural circular frequency. This relationship indicates that once w,, and the effective
modal inertia are established, the damping term becomes the key contributor to
resonance peak bandwidth and amplitude. For TCP, modal damping is a critical
modelling component because damping levels can be higher and more variable than in
metallic structures.

Practical damping modelling in FE analysis often uses simplified assumptions
to represent energy dissipation within the available solver framework (Zareian &

Medina, 2010). A widely used proportional form is Rayleigh damping, expressed as
C=aM + K (2.8)

where « and S are coefficients selected to match target damping ratios at
selected modes. This form is convenient because it depends only on mass and stiffness
matrices that are already available in the model. However, Rayleigh damping may be
limited when damping varies strongly across modes, as may occur in composite
materials (MurCinkovd, Postawa, et al., 2022). Therefore, mode-dependent damping
representation becomes important when the goal is to match FRF resonance peak

behaviour accurately.

2.2.4 FRF Formulation in the Frequency Domain

FRF provides a frequency-domain relationship between force input and
response output and therefore forms the main bridge between EMA measurements and
FE predictions (Lazaro et al., 2010; U. Lee & Shin, 2002). For harmonic excitation
iwt

f(t) = Fe'®t and steady-state response x(t) = Xe'®t, substitution into Equation (2.1)

yields
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—w’M + iwC + = :
(—w*M +iwC+K)X =F (2.9)

which represents dynamic equilibrium in the frequency domain. Rearranging

Equation (2.9) gives the frequency response matrix

X
H(w) = e (K +iwC — w*M)™?! (2.10)

showing that resonance location is governed mainly by stiffness and mass, while
peak sharpness is influenced by damping through the iwC term. This separation supports
staged correlation strategy because stiffness changes mainly shift resonance positions,
while damping changes affect peak width and amplitude. For TCP, this relationship
explains why damping refinement is required after resonance alignment is achieved.

FRFs can be expressed in different response forms depending on whether
displacement, velocity, or acceleration is used as the output quantity (Xu & Lu, 2021).

If receptance H, (w) is defined as displacement over force, the mobility relationship is
H,(w) = iwH,(w) (2.11a)

and the accelerance relationship is
Hy(w) = (iw)?*Hy(w) = —w?H,(w) (2.11b)

which are direct frequency-domain differentiation relationships. This distinction
matters because impact testing commonly measures force input and acceleration output,
meaning experimental FRFs often correspond to accelerance. Consistent FRF definition
avoids mismatched comparisons when FE predictions are validated against EMA. This
consistency becomes especially important when damping is updated using resonance

peak behaviour as a target.
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2.2.5 Modal Form of FRF and Link to Modal Parameters

The modal form of FRF provides an explicit connection between modal
parameters and the resonance peak behaviour observed in measured FRFs (Zrayka &
Mucchi, 2019). Under modal superposition, the receptance FRF between a response

DOF j and input DOF k is written as

N

ij(w) _ Z — Dinbrn (2.12)

—w? + 20w,

n=1

where ¢, and ¢y, are mode shape components and ¢, is the modal damping

ratio. This formulation shows that w,, controls resonance location while {,, controls
bandwidth and peak amplitude. It also clarifies why stiffness updates mainly align
resonance positions, while damping updates are required to reproduce peak sharpness
once resonance location is corrected. For TCP, Equation (2.12) provides a direct
theoretical basis for prioritising damping updating when FRF peak matching is required.

Modal parameter extraction is possible because measured FRFs contain
resonance information in both magnitude and phase across frequency (Topaloglu &
Karadag, 2022). In EMA, identification procedures estimate w,, ¢,,, and {, by fitting
FRFs within the frequency band of interest. Damping estimation is typically more
sensitive than frequency estimation because damping depends on peak bandwidth and
peak shape rather than resonance location alone. For TCP, higher damping and potential
close mode spacing can reduce peak sharpness, which increases uncertainty if FRF
quality is not controlled. Therefore, consistent test setup and processing are essential

when EMA results are used as the updating reference for damping refinement.

2.2.6 Relevance to FE-EMA Correlation and Updating

The formulations in Section 2.2 provide a structured basis for interpreting
discrepancies between FE predictions and EMA results in a staged and traceable
workflow. Frequency mismatch is primarily linked to stiffness—mass modelling through
Equations (2.2) until (2.4), while peak width and amplitude mismatch are linked to
damping modelling through Equations (2.7), (2.10), and (2.12). This separation
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supports an ordered procedure in which resonance locations are aligned first through
stiffness-related correction, and resonance peak behaviour is then refined through
damping-related correction. Such staging reduces ambiguity because each correction
step targets a different physical cause of mismatch. This approach aligns with the
objective of developing a damping updating scheme that improves FRF peak agreement
for TCP.

Model updating can be represented as an optimisation process that minimises
the residual between predicted and measured dynamic quantities. A generic objective

function is written as

J®) = lyema — yFE(p)Ilz (2.13)

where p is the update parameter vector and ymay include modal parameters
and/or FRF data. This formulation supports systematic updating because it links
modelling parameters to measurable response quantities. Within this framework,
stiffness-related parameters influence K and therefore resonance location, while
damping-related parameters influence C or {,, and therefore resonance peak behaviour.
In this study, EMA provides the baseline reference and the updated FE model is
validated by improvement in modal agreement and FRF peak characteristics. Therefore,
Section 2.2 justifies treating damping as a central update target when accurate vibration

prediction is required for TCP.

23 EMA Techniques for Vibration Analysis

2.3.1 Overview of EMA Workflow

EMA is used in this study to obtain experimental FRFs and modal parameters
that represent the specimen dynamic behaviour and serve as the reference for FE
correlation and subsequent updating. The workflow begins by selecting a suspension
and test configuration that approximates free-free behaviour so that support influence
on the measured response is minimised (Bondsman & Peplow, 2025; Sharma, 2019).
After the test condition is defined, the excitation method is selected to provide sufficient
input energy within the frequency range of interest (Giilbahge & Celik, 2022; Varahram

et al., 2019). The response measurement strategy is then established by specifying
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sensor type, sensor orientation, and measurement points so that the dominant vibration
behaviour is captured consistently across repeated tests (Kus et al., 2025; Pei et al.,
2025). Next, acquisition settings such as sampling rate, frequency resolution, and
averaging are selected to ensure stable FRF estimation (Zottowski & Napieraj, 2017).
Finally, the measured signals are processed to compute FRFs and extract natural
frequencies, mode shapes, and modal damping ratios that are later used for FE-EMA
correlation and for developing the updated FE model through stiffness alignment
followed by damping refinement (Abdullah et al., 2017; Hunady et al., 2021; Pradhan
& Modak, 2018).

EMA planning is essential because reliable correlation and updating require
modal parameters that are consistent, repeatable, and based on high-quality FRFs
(Tamizifar et al., 2022). A measurement layout is defined first so that the selected points
can describe the targeted mode shapes within the chosen frequency band (X. Jiang &
Jiang, 2020; Nimityongskul & Kammer, 2009; Sun et al., 2025). The excitation location
is then selected to ensure adequate response for the expected modes while avoiding
nodal regions that weaken the measured signal (Khoo et al., 2020). Sensor orientation
and mounting are controlled to capture the intended motion direction while limiting
mass-loading influence on the measured response (McClintock et al., 2024).
Repeatability is strengthened by applying consistent impact procedure and averaging so
that random noise is reduced and FRF stability is improved (Zottowski & Napieraj,
2017). These planning steps ensure that the extracted modal parameters and FRFs
provide a dependable experimental basis for stiffness-related correlation and for

damping updating focused on FRF peak behaviour.

2.3.2 Boundary Conditions and Suspension

Boundary conditions must be controlled because they directly influence
measured modal parameters and FRFs, which later become the reference for FE
correlation and updating (Sharma, 2019). Free-free condition is commonly targeted so
that the measured response represents the inherent dynamics of the specimen rather than
restraint effects from a fixture (D. Jiang et al., 2024). In practice, free-free condition is
approximated using soft suspension so that the support stiffness remains small
compared to the specimen stiffness within the frequency range of interest (Tamizifar et

al., 2022). Suspension locations are then selected to minimise interference with
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dominant deformation regions of the targeted modes so that mode shapes and resonance
behaviour remain representative (Sayahkarajy, 2018). Suspension compliance is also
selected to avoid introducing support resonances that could distort FRF peaks and bias
damping estimation (Sekulic & Dedovi¢, 2011). These boundary control steps improve
confidence that the measured FRFs reflect specimen behaviour and can be used reliably
in the subsequent updating stages.

Suspension design must also prevent support-induced artefacts because
composite strips can be sensitive to local constraint effects that reduce repeatability.
Soft suspension can introduce low-frequency rigid-body modes, so the suspension is
configured such that rigid-body motion remains below the analysis band and does not
overlap with structural modes of interest (Freddi et al., 2025; Kowalski, 2025). The
specimen is suspended in a stable configuration to minimise rocking and to maintain
consistent impact response across repeated measurements. Contact conditions are kept
constant throughout testing because changing contact can introduce nonlinearity and
reduce coherence, which weakens the reliability of extracted damping (Dharmajan &
AlHamaydeh, 2025; Xie & Hua, 2024). FRF consistency across repeated impacts is
therefore used as a practical indicator that support influence remains minimal (Brown
et al., 2025; Sevkat et al., 2010). With these controls, the extracted modal parameters,
including damping, are more suitable for developing and validating the proposed

damping updating scheme.

2.3.3 Excitation and Response Measurement

Excitation must be selected carefully because FRF estimation requires a
measurable input force with adequate bandwidth across the frequency range of interest
(Altun et al., 2023; Schoukens et al., 2004). Impact excitation is suitable for EMA
because it provides broadband input content that supports FRF estimation over a wide
frequency band (Lim et al., 2018). The location of impact is chosen so that the targeted
modes are excited and the nodal regions are avoided that cause low response amplitude
and less observability of modes (Loi et al., 2022). Hammer tip selection is adjusted in
order to tailor the input force spectrum to deliver enough energy in the frequency band
of analysis without suffering double hits (Zahari & Sani, 2017). Impact consistency is
maintained in terms of repeatable hit direction and duration of contact so that averaging

will improve FRF stability (Kwon & Lin, 2004). These practices yield input-output data

24



which are reliable for the extraction of the resonance location as well as the damping-
related peak behaviour.

Response measurement also needs to be set up carefully since accurate modal
parameters require response signals which represent specimen motion without
excessive measurement distortion. Accelerometers are used because they provide direct
response measurement within the frequency range of interest, and their output is suitable
for acceleration FRF estimation (Pimenov et al., 2022). Three monoaxial
accelerometers (MMF KS91C) are employed with consistent sensor orientation so that
response direction remains comparable across measurements (Yu et al., 2023). Sensor
mounting is controlled to reduce mass loading and local stiffening effects, which is
especially important for lightweight composite strips (Janeliukstis & Mironovs, 2021;
Lu et al., 2021). Cable routing and attachment are managed to minimise cable-induced
stiffness and to reduce electrical and handling noise (Pang et al., 2024; Sanjeevi &
Vashista, 2023). With these controls, the measured response supports stable FRFs and

consistent extraction of mode shapes for FE correlation.

2.3.4 FRF Estimation and Data Quality

FRF quality must be ensured because modal parameter extraction depends on
stable and repeatable input—output measurements. FRFs are computed from the
measured force and acceleration signals using standard estimators implemented in the
acquisition and analysis software (Zhu et al., 2020). The coherence function is evaluated
to confirm that the measured response is linearly related to the measured input over
frequency and that noise contamination is limited (Ciura et al., 2023). Windowing is
applied to reduce leakage effects associated with impact testing, while averaging is
applied to reduce random noise and improve repeatability (Jwo et al., 2019). Trigger
settings are regulated to ensure that the impact events are captured consistently and
there is less variation in the force input from run to run (Yazdi et al., 2024). These steps
aid reliable FRF characteristics which are appropriate for correlation and further staged
updating.

Signal processing settings need to be carefully chosen due to the frequency
resolution and noise level, which has an influence on the resonance definition in the
measured FRFs (Allemang et al., 2022; Ichiki & Tadokoro, 2013). Frequency resolution

is chosen to ensure that the peaks of resonances may be distinguished clearly and
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separated from the neighbouring modes, which enhances stability in the frequency and
damping estimation (Deng et al., 2024). The number of averages is selected to enhance
signal-to-noise ratio without making testing time practical and ensuring consistent
quality of impact (Brown et al., 2025). Repeatability is measured by comparing trends
in FRF magnitude and phase with repeated impacts done under the same set up. Any
abnormal coherence drops are investigated as they may represent poor sensor
attachment, non-linear contact behaviour or lack of excitation energy (Modak, 2023).
By solving these problems at an early stage, the extracted modal data set is more
defensible for the update of that, which aims at both resonance alignment and damping

behaviour.

2.3.5 Modal Parameter Extraction

Modal parameter extraction is required because FE correlation and updating rely
on modal parameters obtained from experimental FRFs. Natural frequencies are
identified from resonance locations in the measured FRFs, and mode shapes are
obtained by combining FRFs measured at multiple response points to form relative
deformation patterns (Azhar et al., 2023). Damping ratios are estimated using
identification procedures that interpret resonance peak bandwidth and peak shape,
which makes damping more sensitive to measurement quality than frequency (Gonzalez
etal.,2012; Niet al., 2023). Frequency resolution and signal-to-noise ratio are therefore
controlled to ensure that damping estimates remain stable and repeatable (Sinha et al.,
2024). The extracted modal parameters and FRFs are then used as the experimental
reference for evaluating FE predictions. This linkage is essential in this study because
EMA results provide the baseline for validating stiffness and damping modelling.

Identification strategy must be selected appropriately because composite
specimens can exhibit higher damping and closely spaced modes that complicate
extraction. Peak Picking is used as an initial method when modes are well separated and
FRF quality is high, because resonance locations can be identified directly with minimal
model assumptions (Treviso et al., 2015). Curve fitting methods, including PolyMAX,
are used when modes overlap or when more robust damping estimation is required
based on both magnitude and phase behaviour (Peeters et al., 2004). Mode selection is
restricted to modes with repeatable FRF peaks and stable phase trends so that the

updating targets are not biased by non-repeatable measurements. Damping results are
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interpreted cautiously because damping is sensitive to boundary condition consistency
and processing choices (Brandt et al., 2017; Mares et al., 2006). With these controls,
the experimental modal dataset supports staged updating, where resonance alignment is

addressed before damping refinement is evaluated.

2.3.6 EMA System Used in This Study

The measurement system must be stated because acquisition hardware and
analysis software define the environment in which FRFs and modal parameters are
generated. Simcenter SCADAS is used to acquire force and acceleration signals and to
compute FRFs within the selected frequency bands. Simcenter Testlab is used to
perform FRF processing and modal parameter extraction using tools such as Peak
Picking and PolyMAX curve fitting (Kharchenko et al., 2023). An impact hammer
(PCB 086C02) is used as an excitation source to provide a broadband force input and
monoaxial accelerometers (MMF KS91C) are used as response sensors. Acquisition
settings are applied in a consistent manner so that variations in the results come from
specimen behaviour and set-up variation rather than the software defaults that are
present. This consistency contributes to the reliable use of the results of EMA for the
baseline correlation and update.

Platform consistency is important since variations in the estimation's and
processing settings can cause FRF magnitude, coherence and damping estimates to vary
(Uradniéek et al., 2025). Using a single acquisition and processing environment helps
to minimise the possibility of mismatches due to software specific default parameters.
Data management within the same system also improves traceability from raw time
signals to processed FRFs and extracted modal parameters. Repeatability checks are
strengthened when consistent templates are used for acquisition and processing across
all setups and specimens. This traceability becomes important when the study aims to
justify damping updating decisions based on measured FRF peak behaviour. With these
controls in place, the EMA dataset remains defensible as the experimental reference for

evaluating FE modelling and the proposed damping updating scheme.
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24 Tensile Testing for Material Property Evaluation

2.4.1 Purpose of Tensile Testing in This Study

Tensile testing is included in this study as a quasi-static and destructive approach
for estimating Young’s modulus from a controlled uniaxial loading condition. The
tensile result provides a conventional stiffness value that is widely reported for materials
and is commonly used in engineering design (Yildiz, 2025). In this thesis, tensile testing
is not treated as the baseline reference for dynamic validation because the primary
reference is the EMA-derived FRFs and modal parameters. Instead tensile testing is
placed in the position of providing a comparison stiffness route that can be evaluated
against dynamic-based identification. This positioning contributes to the focus of the
study on improving FE agreement with EMA before improving the representation of
damping. The tensile modulus is thus a benchmark that emphasises possible differences
between representation of static and dynamic stiffness.

Tensile testing is also included because it offers a clear and repeatable procedure
that can be applied consistently across multiple specimens. The method produces
stress—strain curves that allow direct extraction of modulus from the linear region under
quasi-static loading (Giani & Locarno, 2025). This output is useful for discussing the
extent to which local material response can represent global vibration response for TCP-
derived strips. The destructive nature of tensile testing motivates performing EMA first
in the overall methodology so that the specimen dynamics are captured before failure.
The tensile results are later used to support comparison discussions rather than to define
the updating reference. Through this role, tensile testing contributes to a more balanced

evaluation of stiffness identification approaches in the thesis.

2.4.2 Tensile Response and Stress—Strain Fundamentals

Tensile testing characterises material response by relating applied force to
deformation through engineering stress and engineering strain definitions. Engineering

stress is calculated using the applied force divided by the initial cross-sectional area,

o=— (2.14)
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and engineering strain is calculated using elongation divided by the initial gauge length,

AL

"L

€ (2.15)

where F is the force, A is the initial area, AL is elongation, and L is the gauge
length. These definitions provide a consistent basis for producing stress—strain curves
from measured load—displacement data. The stress—strain curve is then interpreted to
identify the region suitable for modulus estimation. This foundation is needed because
the extraction of the modulus is sensitive to the inputs of the geometry as well as the
interpretation region used (Goharian, 2017).

The stress—strain curve is typically interpreted by separating an initial linear
elastic segment from later non-linear response. The linear segment is associated with
elastic deformation where strain increases proportionally with stress, while non-linear
behaviour may indicate damage initiation, viscoelastic effects, or progressive
microstructural changes in composites. This distinction matters because Young’s
modulus is defined in the linear region, and using data beyond the linear region can bias
the estimated slope (Mat Samudin et al., 2025). The earliest portion of the curve may
also be influenced by grip seating and alignment, which can reduce apparent linearity
even before true material non-linearity occurs (Jeannin et al., 2024). For that reason, the
stress—strain fundamentals are directly linked to the need for a consistent modulus
extraction procedure. This consistency becomes important when tensile-derived

stiffness is later compared with stiffness implied by EMA-based updating.

2.43 Young’s Modulus Determination from Tensile Data

Young’s modulus is obtained from tensile testing by measuring the slope of the

stress—strain curve within the linear elastic region. The modulus is defined as

do

E=— (2.16)

and is usually estimated using linear regression over a selected strain interval. A defined

interval is necessary because the curve can exhibit small deviations from ideal linearity
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due to experimental effects and composite material variability. Using regression rather
than two-point slope reduces sensitivity to random noise in the measured force and
displacement signals (International, 2008). The resulting modulus value provides a
stiffness parameter that can be used for comparison with stiffness parameters obtained
through vibration-based correlation and updating. This step therefore establishes how
tensile testing contributes to stiffness evaluation in the thesis.

A consistent modulus extraction procedure is required because the chosen fitting
range influences the slope and therefore the reported modulus (International, 2008). The
initial portion of the curve may include seating effects where the specimen and grips
settle into a stable load path, which can underpredict modulus if included in the fit. For
composites, early micro-damage can also reduce the slope, which can cause modulus to
depend on the strain interval even within a visually “linear” region (Kostic et al., 2022).
For this reason, the same fitting approach should be applied to all specimens to ensure
comparability across repeats. Reporting should also include repeated tests so that scatter
can be evaluated and unrealistic outliers can be identified. This procedure ensures that

tensile-derived modulus values are defensible as comparison data in later discussions.

2.4.4 Specimen Preparation and Test Standard Considerations

Specimen preparation affects tensile response because geometry and surface
condition influence stress distribution and repeatability. In this study, strip specimens
are prepared from TCP and are intended to develop strain primarily within a defined
gauge region. Dimensional measurement is important because thickness and width
determine the initial area used in Equation (2.14), and small errors directly influence
stress and modulus. Edge quality is controlled because rough edges can introduce stress
concentration and promote early failure outside the intended gauge behaviour. Gauge
length definition is also maintained consistently because it appears explicitly in
Equation (2.15) through L,. These controls assure that measured contrasts of stress
extension response will not be governed by stuff that were avoided off-important
geometric inconsistencies.

Test practice is also driven by standard considerations given that tensile
modulus requires uniform gripping, alignment and loading definition. Standards for
tensile testing of composites can be referred to in order to justify the specimen handling,

gauge definition and reporting conventions without reproducing the complete standard
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procedure (Fazlali et al., 2025). Alignment is emphasised as eccentrical loading will
introduce bending strain resulting in the stress-strain curve becoming less representative
of pure uniaxial (Flauder et al., 2025). Gripping method is used to hold the specimen in
a stable manner by minimising local crushing and slip close to the grips (Polilov et al.,
2021). Preparation consistency is particularly important for TCP derived strips as there
is already microstructural variability which already contributes to scatter. With these
considerations, you can see that the tensile dataset is more defensible for comparison to

the results of dynamic-based identification.

2.4.5 Test Setup and Instrumentation

Test setup has an effect on modulus estimation since quality of stress-strain
curve depends on the quality of force measurement and quality of strain measurement.
A universal tensile testing machine puts load through controlled crosshead movement
and measures the force by load cell, and displacement and strain will be measured
through the machine system or external measurement devices. The measured force and
displacement signals are transformed to engineering stress and strain by Equations
(2.14) and (2.15) which are based on the specimen geometry and gauge length. The
crosshead speed or strain rate is controlled in order to maintain quasi-static conditions
so as to minimise the rate-dependent effects in polymer-based composites (Ma et al.,
2021). Grips are chosen to achieve a good level of clamping with minimum damage
near the ends due to the fact that grip damage can distort the early linear response. These
set up decisions provide support for generating stable stress-strain data for modulus
extraction:

Instrumentation choices have also an effect of uncertainty since strain estimation
can vary depending on crosshead displacement or local strain measurement. Crosshead
displacement usually contains machine compliance and grip deformation which will
overestimate the strain and underpredict the modulus if not corrected for (Kostic et al.,
2022). Local strain measurement methods are able to reduce this issue but need careful
attachment, calibration and consistent gauge placement (Song et al., 2023). Data
acquisition settings must also have enough resolution so that the small changes of strains
in the linear region can be recorded correctly (Kostic et al., 2022). Repeat tests are
important because the instrumentation related scatter can be detected by making

consistency cheques. By control of setup and instrumentation the tensile results are
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more meaningful when compared to the stiffness levels implied by EMA-based FE

updating.

2.4.6 Common Error Sources and Uncertainty in Composite Tensile Tests

Tensile testing of composite strips can produce scatter because composite
deformation is influenced by heterogeneous microstructure and local damage
mechanisms. Local variations in fibre distribution and resin content can cause strain
localisation even under nominally uniaxial loading. This localisation can lead to early
deviation from ideal linearity and can affect the slope used for modulus estimation.
Micro-damage such as matrix cracking or fibre—matrix debonding may also initiate
before visible failure and can reduce stiffness progressively within the gauge region
(Livingston & Koohbor, 2022). Grip pressure can introduce local crushing and initiate
damage near the ends, which can influence measured response even if failure occurs
elsewhere (Fazlali et al., 2023). These behaviours explain why tensile modulus of
composite strips can vary more than metallic specimens under similar testing practice.

Measurement-related uncertainty also affects modulus because Young’s
modulus is highly sensitive to strain estimation accuracy. Specimen slippage in the grips
introduces apparent extension that is not true gauge strain, which can reduce the
computed modulus. Misalignment introduces bending strain, which produces a non-
uniform strain field and biases the stress—strain slope (Flauder et al., 2025; Kostic et al.,
2022). Crosshead displacement includes machine compliance, while local strain devices
introduce their own attachment and calibration sensitivity (Kostic et al., 2022). These
sources of uncertainty can be reduced through consistent gripping, careful alignment,
and a consistent strain measurement approach across specimens. Even with controls,
some uncertainty remains due to intrinsic composite variability, which supports the
thesis decision to treat tensile modulus as a comparison route. This context is important
when later interpreting differences between tensile-derived modulus and stiffness

implied by EMA-based updating.

2.4.7 Relevance of Tensile-Based Modulus to Dynamic Prediction

Tensile-based Young’s modulus is relevant to dynamic modelling because

stiffness influences FE natural frequencies and resonance locations in FRFs through the
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stiffness matrix. If modulus is underestimated, predicted natural frequencies shift lower
and FRF resonance peaks shift accordingly, while overestimation shifts resonance
locations higher (Onyibo et al., 2025). These sensitivity effects make modulus selection
important when the objective is to reproduce EMA-measured resonance behaviour with
FE predictions. Tensile testing provides a stiffness value derived from quasi-static
loading, which is often adopted as an initial stiffness input in modelling practice.
However, the suitability of this value must be assessed against vibration-based
measurements when the goal is accurate dynamic prediction. This need motivates
comparison between tensile-derived stiffness and stiffness implied by EMA-based
correlation (Zhao et al., 2023).

Tensile-derived modulus may differ from effective dynamic stiffness because
tensile testing reflects local quasi-static behaviour while vibration response reflects
global deformation with frequency-dependent dissipation. For TCP-derived strips, this
difference can remain even when tensile tests are carefully performed because damping
mechanisms and microstructural variability influence FRF peak behaviour beyond
stiffness alone (Haris et al., 2022). The thesis therefore uses EMA as the baseline
reference because EMA provides FRFs and modal parameters that directly represent
measured vibration behaviour. Subsequent sections and chapters compare FE
predictions with EMA results to identify stiffness-related discrepancies first and then
refine damping representation through updating (Zhao et al., 2023). Tensile results are
then used to support evaluation of whether a quasi-static modulus provides adequate

agreement compared with parameters obtained through EMA-based updating.

2.5  FE Modelling and FE Model Updating Methods

2.5.1 FE Modelling for Dynamic Prediction

FE modelling is used in this study to predict modal parameters and FRFs so that
numerical results can be compared directly with EMA as the baseline experimental
reference. The FE model represents specimen geometry, mass distribution, and material
properties so that stiffness and inertia are captured within a numerical framework.
Geometry and element formulation are selected to represent the expected deformation
characteristics of the TCP-derived strip and the TCP component being modelled.

Material properties are assigned based on available information so that an initial
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dynamic prediction can be produced before any correlation or updating is performed.
The model is then analysed to obtain predicted modal parameters and FRFs within the
frequency range relevant to the experiment. These baseline predictions provide the
starting point for identifying discrepancies relative to EMA results (Ereiz et al., 2022).

Mesh convergence is performed because discretisation quality can influence
predicted natural frequencies and FRFs even when material properties are correct
(Aleyaasin, 2025). The convergence process begins with an initial mesh and repeats the
analysis using progressively finer meshes to observe changes in predicted natural
frequencies. When the frequency shifts reduce and stabilise with refinement, the mesh
is considered adequate for modal prediction in the modes of interest. FRF sensitivity to
discretisation is also considered because local stiffness distribution and numerical
damping effects can influence resonance amplitudes and bandwidth trends (Aleyaasin,
2025). A converged mesh reduces the likelihood that model updating compensates for
numerical error rather than correcting physical parameter mismatch (Ereiz et al., 2022).
This control improves confidence that subsequent updating reflects material property

and damping representation rather than modelling artefacts.

2.5.2 Modal and FRF Analysis in FE

Modal analysis is performed because the stiffness—mass relationship described
in the governing structural dynamics equation (2.2) can be solved to obtain natural
frequencies and mode shapes for correlation with EMA. In FE analysis, this is
implemented as an eigenvalue solution in which the model matrices generated from
geometry, material properties, and discretisation produce the predicted modal set within
the frequency range of interest (Mahat et al., 2024). The predicted modes are then
organised and paired consistently so that comparisons with experimentally extracted
modes can be made without ambiguity. Mode shape scaling and coordinate consistency
are handled carefully because correlation relies on relative deformation patterns rather
than absolute amplitude. This modal dataset is used to identify whether mismatch is
primarily stiffness-driven before damping refinement is considered. The outcome
supports the staged workflow where resonance alignment is addressed first prior to
damping updating.

FRF analysis is performed because FRFs provide a direct frequency-domain

representation that can be compared with EMA FRFs under matching input—output
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DOFs. The FE FRF calculation is based on the same governing dynamics relationship
with damping representation (2.1), where damping influences resonance peak
amplitude and bandwidth in addition to stiffness-driven resonance locations (J. Li et al.,
2024). Input and response DOFs are defined to match the EMA excitation and
accelerometer locations so that the comparison reflects the same physical points on the
specimen. The frequency sweep is then performed over the analysis band so that
resonance peak locations and peak shapes can be compared consistently. This approach
allows stiffness-related mismatch to be distinguished from damping-related mismatch
using the same FRF dataset. The FRF results therefore complement modal analysis by
providing damping-sensitive evidence required for the second stage of the updating

strategy (Mahat et al., 2024).

2.5.3 FE Model Correlation and Sources of Discrepancy

FE-to-EMA discrepancies occur because modelling assumptions and
experimental conditions cannot be made perfectly identical, especially for composite
specimens with variable microstructure. Boundary condition mismatch can shift natural
frequencies and distort mode shapes if test constraints differ from those assumed in the
model. Geometry idealisation can also introduce error when real specimens contain
thickness variation, edge imperfections, or manufacturing-induced asymmetry. Material
variability can lead to specimen-to-specimen differences in stiffness and damping that
cannot be represented by a single property set without updating. Numerical factors such
as element choice and mesh quality can further influence predicted modal parameters
and FRFs. For these reasons, correlation is performed first to identify mismatch patterns
before parameter updating is attempted (Ereiz et al., 2022).

Correlation metrics are applied because they provide objective measures for
assessing agreement between FE predictions and EMA results across multiple modes
and frequency ranges. Natural frequency error indicates whether the model is globally
too stiff or too flexible for the modes of interest. Mode shape comparison is used in
spatial validation to verify whether the predicted and the measured deformation patterns
match in a consistent combination of modes. FRF comparison goes beyond correlation
of modal parameters, in that it will consider the resonance peak location, amplitude, and
bandwidth trends over the frequency band (Manring et al., 2022). These measures are

interpreted in conjunction with each other in a way that allows the mismatch due to
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stiffness and mismatch due to damping to be separated in a structured way. This
separation is in support of the thesis workflow in which resonance alignment is dealt
with first before damping updating is evaluated (D. Lee, 2023). The correlation baseline
produced is used as a reference to measure the improvement after each updating stage

(Ereiz et al., 2022).

2.5.4 FE Model Updating Procedure

FEMU is applied because it offers a well-structured approach for minimising
deviations between the FE model predictions and the EMA results with the adjustments
of some model parameters. Updating is often expressed as an optimisation problem
where an objective function that is based on response error is minimised subject to
practical constraints (Ereiz et al., 2022). The choice of parameters is driven by
sensitivity, in the sense that if a parameter changes there must be a corresponding
change in the target responses (Lenticchia et al., 2025). In the first stage of updating,
stiffness related parameters are taken as priority due to their direct effect on natural
frequencies and locations of resonance. This stage has the stiffness-controlled portion
of the response come to a great extent so that the resonance structure is consistent with
EMA before attempting to refine the damping. The staged approach is favourable in
your study objective to formulate damping updating scheme after stiffness related
agreement is made.

An iterative updating workflow is used because they involve changing one of
the parameters alters the FEA solution and the correlation has to be re-evaluated after
each update. The process is initiated by picking target responses from EMA, e.g. natural
frequencies, mode shape and FRF features, and computing the respective FE responses.
Parameters are updated to decrease mismatch; however, the values of parameters are
kept physically reasonable using bounds or constraints. Following every iteration,
measure of correlation is re-calculated to assess the improvement, as well as whether
the convergence has been reached. When resonance alignment is satisfactory, the focus
of the updating is changed to whose parameters related with damping in order to make
the FRF peak amplitude and bandwidth behaviour closer matched (Panda & Modak,
2023). The iterative loop continues until further changes in parameters don't result in

significant improvement, which means the form of model and its parameters are at a
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practical best fit. This structure helps to emphasise the thesis on damping representation

as the last stage of refinement.

2.5.5 Tools Used for FE Analysis and Model Updating in This Study

Software tools are stated since they identify the modelling, solution and
updating environment to establish the results and traceability from model building to
updated predictions. PATRAN is used for FE pre-processing such as the definition of
the geometry representation, properties, mesh and analysis case set up. MSC
NASTRAN is applied as a solver for modal analysis and FRF analysis to generate FE
predictions in required frequency ranges. FEMTools is adopted as the updating platform
for doing parameter updating using comparing FE responses with EMA targets under a
uniform correlation framework. This toolchain enables a well-structured workflow
mechanism in which stiffness related mismatch can be treated first and damping
refinement is done as a subsequent updating phase. The consistent environment helps
to reinforce the defensibility on the basis of improvements in correlation with corrected

stiffness and damping representation instead of inconsistent modelling procedures.

2.6  Model Correlation Techniques and Research Gap

2.6.1 Purpose of Model Correlation

Model correlation is performed to quantify the agreement between FE
predictions and EMA results, enabling an objective evaluation of improvements made
through model updating. This correlation step is critical because visual comparisons
alone can mask systematic mismatch, especially when several modes exist within a
narrow frequency band (Will & Zhu, 2024). In this study, EMA is treated as the
experimental baseline because it provides FRFs and modal parameters that directly
reflect the measured dynamic behaviour of the specimen. FE outputs are compared
against this baseline using consistent metrics, allowing for transparent tracking of the
changes introduced by updating. Correlation also helps to distinguish whether the
mismatch is primarily stiffness-related, mass-related, boundary-condition-related, or

damping-related. This distinction is important because the proposed workflow first

37



aligns resonance behaviour (natural frequencies and mode shapes) before focusing on
damping refinement.

Correlation is essential because different response types reveal distinct aspects
of the structure's dynamic behaviour, which support the staged updating strategy.
Natural frequencies provide indicators of stiffness—mass behaviour and are useful for
checking resonance alignment prior to assessing damping. Mode shapes verify whether
FE and EMA describe the same deformation patterns, helping to prevent incorrect mode
pairing that could mislead the updating process. FRFs provide additional information
on resonance peak amplitude and bandwidth, which are directly influenced by damping
representation. Using all of these response types together reduces the risk of concluding
that the model is accurate based on only one indicator. The combined correlation
process, therefore, supports a structured approach to refining damping representation,

which is a key objective of this study’s methodology.

2.6.2 Natural Frequency Error

Natural frequency error is used to quantify how well the FE model reproduces
the measured resonance frequency positions because natural frequencies are governed
mainly by stiffness and mass (Ribeiro et al., 2022; Tian et al., 2024). The error is
expressed as the percentage difference between FE and EMA natural frequencies for
each paired mode. A small frequency error indicates that the FE stiffness—mass balance
is close to the experimental condition for the selected mode set. A consistent positive
bias across modes suggests that the FE model is too stiff, while a consistent negative
bias suggests that the model is too flexible. This interpretation supports the first part of
the workflow, where stiffness-related parameters are refined to align the FE natural
frequencies with EMA before damping updating is evaluated. Frequency error is
therefore used as an early indicator to confirm that stiffness alignment is adequate prior
to focusing on FRF peak behaviour.

Natural frequency error must be evaluated using reliable mode pairing so that
the compared frequencies represent the same physical deformation behaviour. Modes
are first selected from EMA based on clear peaks, stable identification, and repeatable
extraction within the frequency band of interest. FE modes are then paired to the same
set so that comparisons remain consistent across the initial FE, tensile-test-based FE

model, and modal-updating-based FE model stages. When modes are close in
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frequency, additional checks such as MAC are used to reduce the risk of mode
switching, which can distort the frequency error trend. This pairing discipline ensures
that any reduction in frequency error reflects genuine improvement of model stiffness—
mass representation rather than changes in mode selection. As a result, natural
frequency error provides a consistent basis for tracking stiffness-related updating

performance before damping refinement is carried out to form the updated FE model.

2.6.3 Mode Shape Correlation Using MAC

MAC is applied because it provides an objective measure of similarity between
FE and EMA mode shapes based on a normalised correlation index. A MAC value
closer to 1 is a strong amount of similarity in terms of deformation pattern and vice
versa. This is a significant metric to note because modes may have similar natural
frequencies, but be different spatial deformation patterns. MAC therefore supports
reliable pairing of FE and EMA modes so that subsequent comparison of frequencies
and FRFs remains physically meaningful (Shao et al., 2022). In this study, MAC is used
together with natural frequency error to confirm that stiffness alignment does not
compromise deformation consistency. This combination supports a staged workflow in
which stiffness alignment is confirmed on both frequency and shape before damping is
refined.

MAC evaluation depends on consistent DOF mapping between the EMA
measurement grid and the corresponding FE response coordinates. The response
locations used in EMA are mapped to FE nodes or DOFs so that mode shapes are
compared at equivalent spatial points. Coordinate direction consistency is maintained
so that the comparison reflects the same physical response components, rather than
mixed directions. Because MAC is normalised, it is not affected by scale differences
between experimental and numerical mode shapes, which makes it suitable for cross-
domain comparison. However, MAC can be influenced by limited measurement points,
so it should be interpreted together with frequency and FRF evidence when spatial
resolution is restricted (Castro et al., 2022). With these controls, MAC provides a
defensible basis for judging whether updating improves agreement in both deformation

pattern and resonance behaviour.
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2.6.4 FRF Correlation and Agreement Assessment

FRF correlation is used in this study because FRFs provide direct evidence of
damping-sensitive response behaviour that cannot be evaluated using natural
frequencies and mode shapes alone. An FRF shows the resonance frequency, peak
amplitude, bandwidth, and phase evolution across the frequency band, which allows
stiffness-related mismatch to be separated from damping-related mismatch. In this
context, stiffness and mass mainly govern resonance frequency, while damping mainly
governs peak bandwidth and peak amplitude (J. Li et al., 2024). This separation is
consistent with the correlation logic of this thesis, where resonance frequency
agreement is confirmed first before damping agreement is assessed using FRF peak
behaviour. For TCP, FRF-based assessment is especially important because damping
effects are more pronounced and strongly shape the measured response.

FRF agreement is assessed systematically because an FRF contains many
frequency lines and multiple resonances that may overlap within the frequency band of
interest. The assessment begins by checking whether the FE prediction captures the
EMA resonance frequency for the targeted modes, because resonance frequency
mismatch indicates a stiffness—mass imbalance. The assessment then focuses on peak
amplitude and bandwidth trends around each resonance, because these features reflect
the adequacy of damping representation once resonance frequency is close. Phase
behaviour around resonance is also checked because a consistent phase change supports
correct dynamic representation and reliable mode pairing. When mismatch is
concentrated near the resonance peaks through peaks that are too sharp or too broad,
damping modelling is treated as the dominant contributor (Arora et al., 2023). When
mismatch persists across a wider portion of the band beyond the peaks, modelling
assumptions related to stiffness distribution, mass distribution, or boundary condition
idealisation are treated as the likely contributors.

A quantitative FRF correlation metric is included to support consistent
comparison when visual overlays become insufficient for judging agreement across
specimens and model stages. In this study, the Signature Assurance Criterion (SAC) is
used to measure the similarity between the complex-valued FE FRF and the measured
FRF over the selected set of frequency lines. The SAC formulation used in this study is

given in Equation 2.16:
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where Hy(fi)is the analytical FRF value from FE at frequency f;,, Hx (f;)is the
measured FRF value from EMA at frequency f, (.)* denotes complex conjugate, and
Nfis the number of frequency lines used in the comparison. The SAC value increases
as the predicted FRF approaches the measured FRF in both magnitude and phase over
the evaluated frequency region. In this thesis, SAC is interpreted together with peak-
based observation so that numerical correlation and physical interpretation remain

aligned when evaluating damping-related FRF agreement.

2.6.5 Research Gap and Motivation for This Study

A research gap exists as many dynamic correlation studies are aimed at an
enhanced frequency agreement, while fewer studies are given a structured scheme in
which modal damping of bio-based composite panels can be updated and validated by
FRF evidence (Zhao et al., 2023). For TCP, damping behaviour is important and
impacted by microstructural variability which can limit the prediction accuracy of FRF
even when matching of the resonance locations is achieved (Liu et al., 2021). In practice
damping is often dealt with by simplified assumptions, or so-called general damping
values without a systematic updating procedure based upon experimentally measured
FRF peak behaviour. This limitation decreases the confidence in the use of the FE
models for vibration analysis of TCP structures, where damping is the controlling factor
in terms of resonance peak amplitude and bandwidth. Therefore, a technique explicitly
decoupling the stiffness alignment and the damping refinement and testing both stages
against EMA is required. This provides motivation for the work in this study, which is
to formulate and evaluate a modal damping updating scheme for TCP.

Previous studies on plant fibre composites have reported that damping
behaviour is sensitive to fibre content, fibre orientation, and fibre-matrix adhesion, with
modal damping ratios substantially higher than those observed in metallic structures
(Liuetal., 2021). Liu et al. (Liu et al., 2021) reviewed the damping mechanisms of plant
fibre composites and identified that viscoelastic behaviour at the fibre-matrix interface,

combined with moisture-related microstructural changes, produces elevated and
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variable damping characteristics that are difficult to represent using simplified
proportional damping models. Haris et al. (Haris et al., 2022) investigated the dynamic
mechanical properties of natural fibre reinforced hybrid polymer composites and
demonstrated that damping is strongly influenced by fibre type, fibre-matrix adhesion
quality, and testing frequency, further confirming that damping in plant fibre
composites cannot be treated as a single constant value across modes. Ardani et al.
(Ardani et al., 2026) characterised bio-composite panels produced from tobacco-
derived fibres and reported that non-uniform fibre-matrix distribution influences the
material properties in ways that are relevant to both static and dynamic performance,
reflecting the broader variability that affects FRF peak behaviour in TCP. These studies
collectively confirm that TCP represents a material system in which damping variability
is the dominant challenge for accurate FRF-based FE prediction, and that the selection
of TCP as the primary specimen in this study is well justified by its relevance to the
research gap identified above.

The motivation of this study is to develop a correlation and updating
methodology to improve the FE agreement with EMA in a traceable and defensible
manner. The approach uses correlation metrics to secure resonance alignment and
correct mode pairing before attempting damping refinement, which prevents damping
updates from compensating for stiffness mismatch. After resonance alignment is
achieved, damping updating is evaluated using FRF peak behaviour so that damping
parameters reflect measured bandwidth characteristics. This staged validation supports
the research objectives by linking the formulated damping updating scheme to
measurable improvement in updated FE predictions relative to EMA. The outcome is a
clearer basis for representing damping in TCP using updated FE models that reproduce

experimentally observed FRF behaviour.

2.7 Concluding Remarks

This chapter reviewed the theoretical and methodological foundations relevant
to modelling and updating the dynamic behaviour of TCP. The discussion first
established core structural dynamics concepts, including the relationship between mass,
stiffness, and damping in governing vibration response, and how these properties are
reflected through modal parameters and FRFs. The chapter then reviewed EMA practice

as a non-destructive approach for obtaining FRFs and extracting natural frequencies,
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mode shapes, and modal damping that serve as the experimental reference for
correlation and updating. Next, tensile testing was discussed as a conventional
destructive method for estimating Young’s modulus, together with practical limitations
that can influence modulus repeatability for composite strips. The chapter also
summarised FE modelling approaches for predicting modal parameters and FRFs, and
highlighted how modelling assumptions can lead to mismatch when compared with
EMA results. Finally, the chapter presented correlation measures for evaluating
agreement between FE and EMA and identified the need for a structured updating
workflow that separates resonance alignment from damping refinement.

Overall, the reviewed literature consistently indicates that accurate vibration
prediction for TCP requires not only appropriate stiffness representation but also a
defensible damping representation capable of reproducing FRF resonance peak
behaviour. The literature also suggests that damping for composite panels is often
treated using simplified assumptions, which motivates the development of a systematic
damping updating scheme validated using EMA as the baseline reference. Therefore,
this chapter establishes the technical foundation for Chapter 3, which details the
experimental procedures, FE modelling, correlation strategy, and the staged updating
methodology used to formulate and evaluate the proposed modal damping updating

scheme for TCP.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Introduction

This chapter presents the research methodology adopted to achieve the
objectives of this study by improving agreement between FE predictions and EMA
results for the tobacco composite strip and the steel dog-bone specimen through
systematic correlation and damping updating. The methodology integrates experimental
testing, numerical modelling, correlation analysis, and FEMU so that modelling
mismatch can be identified and corrected with clear traceability. EMA provides the
reference FRFs and modal parameters required for correlation and updating, while the
FE work begins with development of the initial FE model to generate baseline
predictions (K. Li et al., 2022). Tensile testing is included as a destructive comparison
route for Young’s modulus after EMA is completed. The overall workflow of the

proposed methodology is presented in Section 3.2.

The methodology is structured into the following key sections:
3.2 Research Design and Approach

3.3 Specimen Description

3.4 Experimental Modal Analysis (EMA)

3.5 FE Modelling (Initial FE Model and Mesh Convergence)
3.6 Overview of Tensile Testing

3.7 FE-EMA Correlation

3.8 FE Model Updating Strategy

3.9 Validation of Updated FE Model

3.10 Concluding Remarks

The FE updating sequence in this study is organised into the initial FE model,
the tensile-test-based FE model, the modal-updating-based FE model, and the final
updated FE model. The tensile-test-based FE model is developed using Young’s
modulus obtained from tensile testing as a comparative stiffness input. The modal-

updating-based FE model is obtained by updating stiffness-related parameters using
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EMA modal targets to improve natural frequency agreement and MAC. Modal damping
updating is then applied to improve FRF peak behaviour so that the final updated FE
model achieves very low error when compared with EMA. The procedures described in
this chapter prepare the required outputs for the results and discussion presented in

Chapter 4.

3.2 Research Design and Approach

This study adopts a sequential experimental-numerical approach that integrates
testing, modelling, correlation, and FE updating for two specimen types, namely the
tobacco composite strip and the steel dog-bone specimen. The approach is organised so
that experimental measurements provide the reference FRFs and modal parameters
required as targets for correlation and updating. Numerical prediction begins with the
initial FE model to establish baseline differences between FE and EMA results.
Correlation is then used to quantify mismatch consistently so that the next FE models
are developed based on observed evidence. The overall workflow of the proposed
methodology is summarised in Figure 3.1.

Specimen preparation and definition of measurement points are carried out to
ensure consistent data collection and consistent FE modelling for both specimens.
Specimen dimensions and mass-related information are recorded so that the FE models
represent the same physical specimens used in EMA and tensile testing. Measurement
points are defined to support reliable FRF measurement and mode shape construction
during EMA. The same reference labelling is maintained throughout the study so that
all datasets remain traceable across stages. This preparation step ensures both specimens
proceed into the experimental procedures with clear and consistent definitions.

EMA is conducted for both specimens under approximate free-free boundary
conditions to obtain experimental FRFs and modal parameters with minimal support
influence. The test is repeated and checked to ensure the measured FRFs have
acceptable quality before modal parameters are extracted. The best suspension setup is
selected so that the measured response is stable within the frequency range of interest.
FRFs are then processed to extract natural frequencies, mode shapes, and modal
damping ratios as the experimental reference dataset. This dataset is used directly for

FE-EMA correlation and for guiding subsequent FE model development and updating.
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Quasi-static tensile testing is performed for both specimens to obtain Young's
modulus as a comparative stiffness reference after EMA testing is completed. The
tensile-derived modulus is treated as a material input that can be assigned into FE to
form the tensile-test-based FE model. This model provides a stiffness comparison route
that is independent from modal targets and supports interpretation of stiffness
representation. The tensile results are used to complement the EMA-based updating
route rather than to replace EMA as the primary dynamic reference. This step
strengthens comparative assessment between static stiffness input and dynamic
response matching.

Baseline FE modelling and analysis are performed to generate numerical
predictions for both specimens using the initial FE model. The initial FE model is
developed based on measured geometry and baseline material assumptions so that the
starting point is clearly defined before updating. Modal and FRF analyses are carried
out using consistent excitation and response definitions so that predicted responses can
be compared directly with EMA results. The initial FE predictions are then correlated
with EMA to quantify baseline mismatch using consistent metrics. This baseline
correlation provides the reference point for all subsequent improvements.

FE-EMA correlation is performed to quantify agreement using natural
frequency error, MAC, and FRF comparison so that mismatch can be interpreted in both
modal and frequency-domain forms. Natural frequency and MAC are used to support
mode pairing and stiffness-related assessment. FRF comparison is used to assess
resonance peak behaviour and bandwidth, which are sensitive to damping
representation. The correlation trends are then used to justify the development of the
tensile-test-based FE model and the modal-updating-based FE model. This correlation
stage therefore links measured evidence to the choice of FE updating path.

FE updating is organised into a clear sequence of FE models so that each step
has a defined purpose and output. The tensile-test-based FE model is obtained by
assigning tensile-derived Young's modulus as the baseline stiffness input. The modal-
updating-based FE model is then obtained by updating stiffness-related parameters
using EMA modal targets to improve natural frequency agreement and MAC. Modal
damping updating is subsequently performed to improve FRF peak amplitude and
bandwidth agreement with EMA so that the final updated FE model achieves very low
error. The sequence and decision loops that connect these stages are shown in Figure

3.1.
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The decision blocks in Figure 3.1 represent quality or acceptance checks at each
stage of the workflow, and the iteration paths associated with each decision block are
described here to clarify the corrective actions required when the acceptance criterion
is not satisfied. In the EMA data quality check, if the measured FRFs exhibit poor
coherence, inconsistent resonance peaks, or unstable modal parameter extraction, the
test is repeated with improved setup consistency, including re-seating of
accelerometers, re-checking of suspension configuration, and re-performing impact
averaging until acceptable FRF quality is confirmed. In the initial FE-EMA correlation
check, if the baseline mismatch pattern is found to be inconsistent or ambiguous, the FE
model geometry and material inputs are reviewed and corrected before proceeding to
the updating stages. In the modal-updating-based FE-EMA correlation check, if the
natural frequency error does not reduce to below 1% after the updating iteration, the
updating parameter selection and bounds are reviewed in FEMTools and the iteration
is repeated with adjusted parameter constraints until the target error is achieved. In the
modal damping updating check, if the SAC value does not improve sufficiently after
damping updating, the mode-by-mode damping refinement is repeated with adjusted
damping ratio bounds until the FRF peak behaviour converges to an acceptable level of
agreement with EMA.

Validation and comparative assessment are performed by comparing FE
predictions and EMA results using the same correlation metrics across all FE model
stages. The updated FE model is evaluated as the final best model because it provides
the lowest error when compared with EMA for both specimens. Comparison across the
initial FE model, tensile-test-based FE model, modal-updating-based FE model, and
updated FE model is used to show the contribution of each step to overall improvement.
Tensile results are used to support interpretation of stiffness-related findings while
EMA remains the primary reference for vibration behaviour. This approach prepares

the results structure required for Chapter 4.
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Figure 3.1 Flowchart of the Proposed Methodology
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33 Specimen Description

This study uses two specimen types to support evaluation of Young's modulus
determination for dynamic prediction, namely the tobacco composite strip and the steel
dog-bone specimen. The tobacco composite strip is selected as the primary specimen
because it represents the material system of interest in this study. The steel dog-bone
specimen is included as a secondary specimen to support verification of the testing and
modelling procedures using a conventional isotropic material. Both specimen types are
evaluated using the same overall workflow so that comparisons are based on consistent
test intent. This section provides an overview of the specimens before detailed
procedures are presented in later sections.

TCP is selected as the primary specimen in this study because it represents a
bio-based composite material with non-uniform fibre-matrix distribution that introduces
variability in effective stiffness and modal damping, making it a practically relevant and
technically challenging case for FRF-based FE model updating (Ardani et al., 2026).
The tobacco fibres used in TCP are derived from processed tobacco plant material and
are incorporated into a polymeric matrix during panel fabrication, resulting in a
composite whose dynamic properties are sensitive to local variations in fibre content
and fibre orientation. This material variability means that nominally identical specimens
can exhibit measurable differences in natural frequencies and FRF peak characteristics,
which directly motivates the need for a structured updating approach that can account
for specimen-specific damping behaviour rather than assuming a single representative
value.

The steel dog-bone specimen is included as a verification case because its
isotropic and well-characterised elastic behaviour provides a controlled reference
against which the EMA procedure, FE modelling workflow, and updating strategy can
be evaluated before application to the more variable TCP specimens. This pairing of
specimens therefore serves a dual purpose: TCP provides the primary case study for the
proposed damping updating methodology, while steel provides the verification baseline
that confirms the reliability of the experimental and numerical procedures employed
throughout the study.

TCP is treated as an effective homogeneous orthotropic continuum within the
FE model in this study, where the updated elastic moduli (E1 and E2) and modal

damping ratios represent volume-averaged effective dynamic properties that best
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reproduce the globally measured FRF behaviour across the specimen. This
homogenisation approach is consistent with standard practice in FE-EMA correlation
studies for composite materials, and its limitation is acknowledged in that the effective
properties identified through modal updating may not uniquely represent local
microstructural variability. The use of three specimens per material type is intended to
provide a practical assessment of the scatter introduced by this variability, and any
systematic differences between specimens are interpreted in terms of the updating
outcomes rather than attributed to a single representative material model. This approach
is therefore sufficient to demonstrate the validity of the proposed staged updating
methodology across specimens with different effective property sets.

The tobacco composite strip specimens used in this study were cut from TCP
sheets produced through a compression moulding process in which processed tobacco
fibres were mixed with a polymeric binder and consolidated under controlled
temperature and pressure. The strips were cut to the target dimensions using a band saw
with a guided fence to maintain consistent width and length across specimens, and the
cut edges were inspected to ensure no significant edge damage or delamination was
introduced during cutting. Specimen thickness was measured at multiple locations
along the length using a digital vernier calliper, and any specimen showing thickness
variation exceeding 5% of the nominal value was excluded. The steel dog-bone
specimens were machined from a standard structural steel bar stock to the dog-bone
geometry using conventional milling, and the gauge dimensions were verified against
the target drawing before testing.

Three tobacco composite strip specimens are prepared for the purpose of
supporting the repeatability and traceable comparison across the workflow. Each
tobacco specimen is labelled as Tobacco Specimen 1 to 3 so that EMA, FE results,
updating outputs and tensile results can be related to the correct test article. The three
tobacco composite strip specimens used in this study are shown in Plate 3.1. The
tobacco specimens are considered as independent samples during the course of
investigation to avoid mixing the datasets. This specimen tracking approach is
conducive for clear specimen-by-specimen interpretation of dynamic behaviour and
modulus results.

Three steel dog-bone specimens are prepared for the purpose of providing the
same number of specimen for verification and comparison. Each steel specimen is

labelled as Steel Specimen 1 to 3 to keep track of it consistently between EMA, FE
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analysis and tensile testing. Plate 3.2 presents the three steel dog-bone specimens for
this study. The steel specimens are included such that the same measurement strategy
can be tested for a material for which the behaviour is well established. This gives more
confidence in the experimental and numerical procedures applied in the overall
workflow.

Specimen-specific density is calculated for every test article because the inertia
properties have an effect on both predicted and measured modal response. Density is
determined using the mass and calculated volume of each specimen in order to have the
actual specimen weight and geometry reflected in the FE inputs. This density
assignment is carried out separately for all tobacco specimens and all steel specimens
to preserve traceability across samples. The specimen-specific densities are used as FE
inputs when establishing the initial FE model in the modelling section. The density
calculation method and final values are reported together with specimen property tables

in the relevant sections.

Plate 3.1 Tobacco Composite Strip Specimens Used in This Study (Tobacco
Specimen 1 to 3)
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Plate 3.2 Steel Dog-Bone Specimens Used in This Study (Steel Specimen 1 to 3)

34 Experimental Modal Analysis (EMA)

EMA is conducted for the tobacco composite strip and the steel dog-bone
specimen to obtain experimental FRFs and modal parameters required as reference
targets for FE-EMA correlation and subsequent FEMU. Impact testing is used to
provide broadband excitation so that FRFs can be measured over the frequency range
of interest. Data acquisition and processing are performed using LMS SCADAS and
Simcenter Testlab, as shown in Plate 3.3, to ensure consistency across both specimens.
The excitation and sensing hardware used in the tests are shown in Plate 3.4 and Plate
3.5. The EMA outputs produced in this section form the experimental reference dataset
used in later correlation and validation stages.

The suspension condition is controlled to approximate free-free boundary
behaviour so that support influence on the measured response is minimised. For each
specimen, three suspension configurations are evaluated, namely Horizontal 4-Corners,
Horizontal 2-Corners, and Vertical 2-Corners. The overall configuration of the impact
testing for these three setups is schematically shown in Figure 3.2, Figure 3.3 and Figure
3.4. The suitability of each configuration is judged from observation of the EMA results
in terms of the quality of the FRF and mode shape clarity in the frequency range of
interest. Based on these observations from both the tobacco composite strip and the steel

dog-bone specimen, the Vertical 2-Corners configuration is chosen as the best
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suspension configuration since it gives better resonance peaks with less noise and
smoother mode shapes for the first and second modes than the horizontal configurations.

Concerns about boundary condition induced damping were considered in the
design of the EMA setup. Soft elastic cord suspension was used for all tests to
approximate free-free conditions, and the suspension stiffness was selected so that the
rigid body modes of the suspended specimen fell below 10 Hz, well below the first
structural mode of interest for both specimen types. This separation ensures that the
suspension does not introduce additional stiffness or damping into the frequency range
used for modal parameter extraction. The suspension attachment points were positioned
near the nodal regions of the first bending mode so that the cord contact force remained
minimal during vibration, further reducing the risk of suspension-induced damping
contamination in the identified modal damping ratios. Repeated FRF measurements
taken without disturbing the suspension between impacts confirmed that the setup was
stable and that the identified damping values were reproducible within the tested
configuration.

Specimen geometry definition and measurement point selection are established
to support repeatable FRF measurement and reliable mode shape extraction for both
specimens. The detailed dimensions of the tobacco composite strip and the steel dog-
bone specimen are presented in Figure 3.5 and Figure 3.7 to define the physical
reference used throughout testing and modelling. The measurement points layout used
for EMA is presented in Figure 3.6 for the tobacco composite strip and in Figure 3.8 for
the steel dog-bone specimen to show the response locations used for mode shape
construction. These measurement points are selected to avoid nodal regions and to
provide adequate coverage of dominant deformation patterns. Consistent point labelling
is maintained so that the experimental dataset can be matched directly with the
corresponding FE response locations.

The data acquisition settings used in this study are summarised here to improve
the technical completeness of the EMA procedure. All FRF measurements were
acquired using LMS SCADAS with Simcenter Testlab configured with a frequency
range of 0 to 1000 Hz for the tobacco composite strip and 0 to 4000 Hz for the steel
dog-bone specimen, selected to capture the first two structural bending modes of each
specimen type. A frequency resolution of 0.25 Hz was used for all measurements to
ensure that resonance peaks are clearly resolved and that damping estimation from peak

bandwidth is not compromised by insufficient frequency line density. Each FRF
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measurement was computed using an HI estimator with a minimum of ten averages to
reduce the influence of random noise on the estimated FRF magnitude and phase. An
exponential window with a decay factor appropriate for the signal duration was applied
to the response channel to reduce leakage, while a force window was applied to the
impact channel to eliminate pre-trigger noise. Trigger level and pre-trigger delay were
set consistently across all tests so that the impact event was fully captured from the
onset of force application. Coherence was monitored in real time during acquisition and
any measurement showing coherence below 0.9 in the frequency range of interest was
discarded and repeated. The accelerometers were mounted using beeswax adhesive to
minimise mass loading effects and to maintain consistent coupling stiffness across
measurement points and specimens.

FRF estimation and data quality control are carried out to ensure that the
measured dataset is suitable for correlation and modal damping updating. FRFs are
computed from the measured force and acceleration signals using consistent processing
settings so that comparisons across suspension configurations remain fair. Coherence
and repeatability are monitored in order to verify that the measured responses are
dominated by linear behaviour in the frequency band of interest. If the quality of the
FRF is not acceptable, then the test is repeated with better setup consistency until stable
FRFs are obtained. This quality control step is used to ensure that the extracted modal
parameters are supported by reliable FRFs.

Modal parameter extraction is performed in order to get natural frequencies,
mode shapes and modal damping ratios for both specimens. Natural frequencies are
identified from resonance locations in the measured FRFs to support stiffness-related
comparison in later stages. Mode shapes are assembled using responses at the defined
measurement points so that mode pairing and MAC evaluation can be performed
consistently. Modal damping ratios are estimated using Peak Picking and PolyMAX
curve fitting procedures in Simcenter Testlab, where Peak Picking is applied when
modes are well separated and PolyMAX is used when more robust damping estimation
is required. The extracted modal dataset is then used as the experimental reference for

FE-EMA correlation and for validation of the updated FE model.
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Plate 3.3 Simcenter Testlab pact Testing Software and LMS SCADAS Data
Acquisition
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Figure 3.5 Detailed Dimensions of the Tobacco Composite Strip Specimen of (a)
Specimen 1, (b) Specimen 2, (¢) Specimen 3

Figure 3.6 Measurement Points Layout for EMA of the Tobacco Composite Strip
Specimen (10 Points)
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Figure 3.7 Detailed Dimensions of the Steel Dog-Bone Specimen of (a) Specimen 1,
(b) Specimen 2, (c) Specimen 3

Figure 3.8 Measurement Points Layout for EMA of the Steel Dog-Bone Specimen (19
Points)
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3.5  Tensile Testing

Tensile testing is performed to obtain quasi-static Young’s modulus values for
comparison with the stiffness representation identified through EMA-based FEMU for
the tobacco composite strip and the steel dog-bone specimen. This tensile route is
treated as a destructive reference method, and the tests are therefore conducted only
after EMA is completed to avoid affecting the measured dynamic response. The tensile-
derived modulus is denoted as E\.. and is used to develop the tensile-test-based FE
model for comparative assessment against the EMA-based model stages. This section
provides an overview of the tensile testing approach, while specimen-specific details
are presented in the designated tensile section.

Tensile testing for the tobacco composite strip is carried out using a low-
capacity servo-hydraulic universal testing machine that is suitable for composite
specimens. The tests are performed using a Shimadzu ServoPulser EHF-series servo-
hydraulic universal testing machine, and the machine used is shown in Plate 3.6. The
maximum capacity of 10 kN is selected to match the expected force range of the tobacco
composite strip and to maintain stable load control during testing. The crosshead speed
is set to 1 mm/min to obtain a stable stress—strain response for modulus evaluation. The
measured outputs are recorded in the form of force and extension so that the stress—
strain response can be constructed consistently.

Tensile testing for the steel dog-bone specimen is carried out using a higher-
capacity universal electromechanical tensile machine to suit the higher stiffness and
strength of steel. The tests are performed using a VEW2302A Universal
Electromechanical Tensile Machine, and the machine used is shown in Plate 3.7. The
maximum capacity of 60 kN is selected to ensure the specimen can be tested without
approaching machine limits. The crosshead speed is set to 5 mm/min so that the steel
stress—strain response can be evaluated consistently. The measured outputs are recorded
as force and extension so that the resulting E.,.values can be obtained for later

comparison.
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o-Hydraulic Universal Testing

Plate 3.6 Shimadzu ServoPulser EHF-Series Serv
Machine Used for Tensile Testing of the Tobacco Composite Strip (10 kN Capacity)
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Plate 3.7 VEW2302A Universal Electromechanical Tensile Machine Used for
Tensile Testing of the Steel Dog-Bone Specimen (60 kN Capacity)
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3.6 FE Modelling

3.6.1 FE Model Development

FE modelling is performed for the tobacco composite strip and the steel dog-
bone specimen to generate numerical modal parameters and FRFs for comparison with
EMA results. The tobacco composite strip is modelled as a 2D shell structure using
PSHELL with CQUAD4 elements and MATS, while the steel dog-bone specimen is
modelled as a 3D solid structure using PSOLID with CTETRA elements and MAT]1.
The models are prepared in PATRAN and analysed using MSC NASTRAN so that a
consistent modelling workflow is applied to both specimens. The initial material
properties assigned to the initial FE model are listed in Table 3.1 for the tobacco
composite strip and Table 3.2 for the steel dog-bone specimen. The FE model
information, including element type and mesh cases, is summarised in Table 3.3.

Two MSC NASTRAN solution sequences are used in this study, namely SOL
103 for normal modes analysis and SOL 111 for modal frequency response analysis.
The simplified NASTRAN input entries for each solution sequence, showing only the
employed entries from the actual model files used in this study, are presented in Table
3.4 and Table 3.5 respectively. The intention is not to reproduce the complete Bulk Data
File but to identify the key employed entries so that the analysis setup is fully traceable.

The TABDMPI1 entry in SOL 111 is the key entry for modal damping
representation in the frequency response analysis. It assigns an independent damping
ratio to each mode rather than applying a global proportional damping coefficient, and
this entry directly supports the mode-by-mode damping updating strategy used in the
damping updating stage of this study. When EMA-based or FEMTools-refined damping
ratios are assigned, they are entered into the TABDMP1 table and the SOL 111 analysis
is re-executed to produce updated FRF predictions for comparison with EMA.

The FE model geometry and mesh representation are presented to show how the
two specimens are discretised for analysis. The tobacco composite strip FE model is
shown in Figure 3.9 to represent the shell-based discretisation used for the strip
specimen. The steel dog-bone FE model is shown in Figure 3.10 to represent the solid-
based discretisation used for the dog-bone specimen. These FE model views provide
the modelling reference for the modal and FRF analyses performed in the next

subsection.

64



Table 3.1

Initial MATS Properties for the Tobacco Composite Strip

No. of Young’s Modulus, Young’s Modulus, Poisson’s Density, p

Specimen E1 (GPa) E2 (GPa) Ratio, v12 (kg/m?)

1 1164.83

2 2.55 2.55 0.33 1194.56

3 1153.25
Table 3.2

Initial MATI Properties for the Steel Dog-Bone

No. of Specimen

Young’s Modulus, E (GPa) Poisson’s Ratio, v

Density, p (kg/m?)

1 7844.32
2 210 0.30 7790.53
3 7812.89
Table 3.3
FE Model Information for the Tobacco Strip and Steel Dog-Bone Specimens
Specimen No. of Model Property Element Material g/i[;:h No. of No. of
Specimen Type Card Type Card Elements Nodes
(mm)
10 60 88
1 5 200 250
1 5000 5226
Tobacco D 10 40 67
Composite 2 2D PSHELL CQUAD4 MATS 5 200 250
Strip 1 4800 5025
10 40 67
3 5 200 250
1 4800 5025
10 1208 364
1 5 3796 977
1 140828 29728
10 1635 455
Efi Dog- 3D PSOLID é]%ETRA MATI 5 3760 967
1 143064 30139
10 1186 353
3 5 3869 978
1 141280 29839
Table 3.4
Simplified NASTRAN Input Entries for SOL 103 (Normal Modes Analysis)
Section Entry Description
SOL 103 Solution sequence for normal modes analysis
CEND End of Executive Control
ECHO = NONE Suppresses echo of Bulk Data in output
Case SUBCASE 1 Defines a single analysis subcase
Control METHOD = 1 References EIGRL eigenvalue extraction method

VECTOR(SORTI, REAL) =
ALL

SPCFORCES(SORT1, REAL) =
ALL

BEGIN BULK

Requests mode shape output for all modes

Requests SPC reaction force output

Start of Bulk Data Section
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PARAM, PRTMAXIM, YES
PARAM, COUPMASS, -1
PARAM, POST, -1

Prints maximum values in output

Activates consistent mass matrix formulation
Enables results export for post-processing
Eigenvalue extraction (1 to 1000 Hz, 10 modes,

EIGRL MASS normalisation)
Bulk Data Orthotropic material card for TCP (E1, E2, G12,
MATS .
v12, density)
PSHELL Shell property card referencing MATS
CQUAD4 2D quadrilateral shell elements at 1 mm mesh
GRID Node coordinate definitions
ENDDATA End of Bulk Data Section
Table 3.5
Simplified NASTRAN Input Entries for SOL 111 (Modal Frequency Response
Analysis)
Section Entry Description
SOL 111 Solution sequence for modal frequency
response analysis
CEND End of Executive Control
ECHO = NONE Suppresses echo of Bulk Data in output
SUBCASE 1 Defines a single analysis subcase
METHOD = 1 References EIGRL eigenvalue extraction
Case method
Control FREQUENCY =1 References FREQI frequency set
SPC=1 References single point constraint set
DLOAD =10 References dynamic load definition
SDAMPING =20 References TABDMP1 modal damping table
ACCELERATION(SORT2, PHASE)  Requests acceleration FRF output at all
=ALL DOFs
BEGIN BULK Start of Bulk Data Section
PARAM, POST, -1 Enables results export for post-processing
EIGRL ?ggne eigenvalue extraction settings as SOL
Defines frequency range and increment for
FREQI FRF output
TABDMPI M(?dal damping table assigning damping
ratio per mode
MATS or MATI Orthojcropic (TCP) or isotropic (steel)
material card
Bulk Data

PSHELL or PSOLID
CQUAD4 or CTETRA
RLOADI1

DAREA

GRID
ENDDATA

Shell or solid property card for respective
specimen

Shell or solid element definitions
Frequency-dependent dynamic load
definition at excitation DOF

Load application point and unit force
amplitude

Node coordinate definitions

End of Bulk Data Section
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Figure 3.10  FE Model of the Steel Dog-Bone Specimen

3.6.2 Modal and FRF Analysis

Modal and FRF analyses are performed using the initial FE model to generate
numerical outputs in forms suitable for FE-EMA correlation. Modal analysis is carried
out to obtain predicted natural frequencies and mode shapes that will later be compared
with EMA for mode pairing and MAC evaluation. FRF analysis is then performed using
the same excitation and response definitions used in EMA so that predicted FRFs can
be compared directly with measured FRFs. Initial damping is applied using baseline
assumptions so that damping-related mismatch can be identified before modal damping
updating is implemented. The predicted outputs from this stage serve as the baseline

numerical dataset for the correlation step.
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3.6.3 Mesh Convergence

Mesh convergence analysis is performed using one selected specimen for each
specimen to decide a suitable mesh size for subsequent FE analyses, where Tobacco
Specimen 1 and Steel Specimen 1 are used as the representative cases. Three mesh sizes
are evaluated, namely 10 mm, 5 mm, and 1 mm, to observe the change in predicted
natural frequencies as the mesh is refined. The convergence trend for the tobacco
composite strip is presented in Figure 3.11, while the convergence trend for the steel
dog-bone specimen is presented in Figure 3.12. For the tobacco composite strip, the
Mode 1 error changes from 7.33% at 10 mm (60 elements) to 6.83% at 5 mm (200
elements) and 6.67% at 1 mm (5000 elements). The change in error between the 5 mm
and 1 mm meshes is 0.16%, which is below the 0.5% stopping criterion, confirming that
the 1 mm mesh has achieved a converged solution and is selected for all subsequent
analyses. For the steel dog-bone specimen, the Mode 1 error reduces from 22.63% at
10 mm (1208 elements) to 13.04% at 5 mm (3796 elements) and 1.20% at 1 mm
(140828 elements). The change in error between the 5 mm and 1 mm meshes is 11.84%,
which exceeds the stopping criterion, indicating that further refinement would still yield
improvement. However, the 1 mm mesh achieves a very low absolute error of 1.20%
and represents a substantial reduction from the coarser meshes, and the associated
computational cost at finer refinement is not justified for the level of accuracy required
in this study; therefore, 1 mm is selected as the mesh for subsequent work and this
limitation is acknowledged.

It is also noted that for the heterogeneous TCP material, the | mm mesh element
size is substantially smaller than the typical tobacco fibre or flake dimensions within
the composite, which means that the FE model does not resolve individual fibre-scale
features but instead treats the material as a homogeneous effective medium at the
element level. This is consistent with the effective continuum modelling approach
adopted in this study, where the updating process identifies effective orthotropic
properties that best reproduce the globally measured dynamic response rather than
attempting to resolve microstructural features directly. The element size relative to fibre
dimensions is not a limiting factor in this context because the correlation and updating

targets are globally measured modal parameters and FRFs rather than local strain fields.
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3.7

FE-EMA Correlation

FE-EMA correlation is performed to quantify the agreement between numerical

predictions and experimental results for the tobacco composite strip and the steel dog-

bone specimen using consistent correlation measures. The correlation is carried out by

comparing EMA-extracted natural frequencies, mode shapes, and FRFs with the

corresponding predictions from the initial FE model. Natural frequency error is used to

evaluate resonance location agreement so that stiffness-related mismatch can be

identified clearly. Mode shape agreement is evaluated using MAC so that correct mode
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pairing and deformation patterns can be verified. FRF comparison is then used to
evaluate resonance peak behaviour and overall frequency-domain agreement, which is
sensitive to both stiffness and damping representation. The correlation outcomes from
this baseline stage provide the reference mismatch pattern that guides development of
the tensile-test-based FE model, the modal-updating-based FE model, and the final
updated FE model.

Natural frequency correlation is applied first because frequency mismatch
provides direct evidence of stiffness-to-mass imbalance in the FE model relative to the
tested specimen. Frequency error is computed between FE and EMA for the paired
modes within the frequency range selected for the study. The frequency error trend is
examined to identify whether the initial FE model is systematically over-stiff or under-
stiff relative to EMA. This frequency-based evaluation is also used to check whether
the same set of modes is consistently observed across the three suspension
configurations during EMA. The identified frequency mismatch pattern is then used as
the first indicator for stiffness-related parameter adjustment in later model development
steps.

Mode shape correlation is performed because matching frequencies alone does
not confirm that the FE model captures the same deformation patterns as the measured
structure. MAC is used to quantify the similarity between FE and EMA mode shapes
and to support correct mode pairing. Modes with low MAC are treated carefully because
poor mode shape agreement can indicate modelling deficiencies or incorrect pairing
rather than small parameter differences. The mode shape correlation results are used to
confirm that the selected measurement points and the FE response locations provide
compatible spatial resolution for shape comparison. This step ensures subsequent
updating uses properly paired modes as targets rather than forcing agreement on
mismatched deformation patterns.

FRF correlation is performed to evaluate frequency-domain agreement beyond
resonance locations, particularly the resonance peak behaviour used later for modal
damping updating. Predicted FRFs from FE are compared with measured FRFs using
the same input—output definitions so that amplitude and bandwidth behaviour can be
assessed consistently. Differences in resonance peak amplitude and bandwidth are
interpreted as indicators of damping mismatch when resonance locations and mode
pairing are already reasonable. FRF comparison is also used to confirm that the FE

model can represent both resonance and off-resonance trends within the chosen
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frequency range. This FRF-based evaluation provides the evidence needed to justify
modal damping updating toward the final updated FE model.

The correlation results are used as the decision basis to move from baseline
prediction to improved FE representations using clearly defined model stages. The
initial FE model correlation establishes the baseline mismatch pattern that the tensile-
test-based FE model and modal-updating-based FE model are intended to reduce. The
tensile-test-based FE model is evaluated to observe how assigning tensile-derived
stiffness affects frequency and mode shape agreement relative to EMA. The modal-
updating-based FE model is evaluated to reduce stiffness-related mismatch using EMA
modal targets before damping refinement is applied. Modal damping updating is then
guided by FRF correlation so that the updated FE model achieves very low error when
compared with EMA.

3.8 FE Model Updating Strategy

FEMU is implemented to improve agreement between FE predictions and EMA
results for the tobacco composite strip and the steel dog-bone specimen in a traceable
sequence of model stages. The updating sequence starts from the initial FE model and
progresses through the tensile-test-based FE model and the modal-updating-based FE
model before modal damping updating is applied. Each stage is defined to produce a
clear output so that the influence of stiffness input, modal updating, and damping
updating can be evaluated separately. The final model after modal damping updating is
referred to as the updated FE model and represents the best FE agreement with EMA
with very low error. This section describes how targets and parameters are organised
across the updating stages.

The tensile-test-based FE model is developed to introduce a quasi-static stiffness
input into the FE model using Young’s modulus obtained from tensile testing. Tensile-
derived modulus is assigned as the material stiffness input so that the FE model reflects
stiffness measured under quasi-static loading. This model stage is used as a comparative
stiffness route to observe how tensile-based stiffness influences predicted natural
frequencies and mode shapes relative to EMA. The tensile-test-based FE model is not
treated as the final target model because the main vibration reference remains the EMA
dataset. The outcomes from this stage support interpretation of stiffness representation

prior to modal updating.
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The modal-updating-based FE model is developed to reduce stiffness-related
mismatch using EMA modal targets as the updating reference. Updating targets include
natural frequencies and mode shapes so that resonance locations and deformation
patterns are improved together rather than corrected by frequency matching alone.
MAC is used to support mode pairing and to ensure that parameter updates improve
agreement for the correct modes. The updating parameters are selected to represent
physically meaningful stiffness-related properties so that the updated values remain
interpretable for both specimens. This stage gives a model with better modal agreement
which produces a stable base for damping refinement.

Modal damping updating is performed to improve FRF peak behaviour after
stiffness-related agreement has been improved using the modal-updating-based FE
model. Damping updating targets are FRF peak amplitude and bandwidth so that
resonance characteristics can be closed to EMA more closely within the selected
frequency range. The damping parameters are set so as to minimise mismatch in peak
behaviour, and keep the resonance locations identified by the stiffness-driven resonance
achieved by modal updating. FRF agreement is determined using the same input-output
definitions as are used in EMA so that improvements represent true response matching
and not comparison setup changes. This damping updating stage is directly connected
with the final updated FE model.

The updated FE model is determined if the correlation metrics show very low
error against EMA for both the specimens. Improvement is evaluated consistently using
natural frequency error, MAC and FRF agreement in order to evaluate the model
performance in modal and frequency domain behaviours. The updated FE model is then
used as the primary FE representation in the Results chapter as it is the one with the best
agreement with EMA. Comparative discussion is supported by showing how the
agreement is changed from the initial FE model to the tensile-test-based FE model, then
to the modal-updating-based FE model, and finally to the updated FE model. This is the
structure that helps make the updating process traceable and consistent with the research

objectives.

3.9 Validation of Updated FE Model

Validation is done to verify that the updated FE model gives very small error in

comparison with EMA for the tobacco composite strip and the steel dog-bone specimen.
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The same correlation measures are used as in the previous method and again, the
improvement is measured in a consistent way through all stages of the FE model.
Natural frequency agreement is verified to ensure that the locations of the predicted
resonance conditions by the updated FE model are in good agreement with EMA. Mode
shape agreement is checked using MAC to confirm that the updated FE model
reproduces the measured deformation patterns for the paired modes. FRF agreement is
also checked to confirm that resonance peak behaviour improves after modal damping
updating.

Validation is conducted comparatively to show how agreement improves from
the initial FE model to the updated FE model through clearly defined intermediate
stages. The initial FE model is used as the baseline reference to represent the starting
mismatch before any updating is carried out. The tensile-test-based FE model is
evaluated to show the influence of quasi-static stiffness input on predicted dynamic
behaviour. The modal-updating-based FE model is evaluated to demonstrate
improvements in natural frequency agreement and MAC when EMA modal targets are
used. The updated FE model is then validated as the final best model because it provides

the lowest error across the selected correlation measures.

3.10 Concluding Remarks

This chapter presented the research methodology adopted to achieve the
objectives of this study through an integrated workflow applied to the tobacco
composite strip and the steel dog-bone specimen. The workflow began with specimen
definition and EMA to obtain FRFs and modal parameters as the experimental reference
dataset. FE modelling was then performed using the initial FE model, including mesh
convergence checks to support selection of modelling resolution.

Tensile testing was carried out after EMA to obtain E,.,. for development of
the tensile-test-based FE model as a comparative stiffness route. FE-EMA correlation
and FE model updating were then carried out to produce the modal-updating-based FE
model and the final updated FE model after modal damping updating.

The outputs prepared using this methodology provide the basis for the results

and discussion presented in Chapter 4.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the results and discussion of the experimental and
numerical investigations conducted for the tobacco composite strip and the steel dog-
bone specimen, with emphasis on improving damping representation so that FE-
predicted FRFs match EMA results. The chapter begins by reporting the EMA outcomes
that define the experimental reference dataset for subsequent correlation and updating.
The initial FE model results are then presented to establish the baseline numerical
response before any stiffness or damping refinement is applied. Correlation results are
reported by comparing EMA with the initial FE model, the tensile-test-based FE model,
and the modal-updating-based FE model to show how resonance frequency mismatch
is reduced across the model stages. The chapter then focuses on damping updating and
reports how the updated FE model improves resonance peak behaviour using FRF-

based measures.

The results are structured into the following key sections:

4.2 Correlation Results for the EMA—Initial FE Model

4.3 Correlation Results for the EMA-Tensile-Test-Based FE Model

4.4 Correlation Results for the EMA—-Modal-Updating-Based FE Model
4.7 Damping Updating Results for the Updated FE Model

4.8 Concluding Remarks

The results are organised to maintain traceability across the three specimens for
each specimen type so that specimen-to-specimen variability is not masked by
combining datasets. Tobacco Specimen 1 to 3 are presented consistently across the
EMA, correlation, and updating outcomes for the tobacco composite strip. Steel
Specimen 1 to 3 are presented in the same manner to support verification of the same
workflow using a conventional isotropic material. The same comparison format is
applied in each section so that changes in agreement can be attributed clearly to stiffness

input, modal updating, or damping updating. This structure ensures that the updated FE
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model reported later represents the best agreement with EMA with very low error for

the selected response measures.

4.2 Correlation Results for the EMA—Initial FE Model

This section shows the baseline correlation between EMA and the initial FE
model of the tobacco composite strip and steel dog-bone specimen to quantify the initial
mismatch before any stiffness or damping updating is applied. The correlation is
reported using FRF comparison, natural frequency comparison, and mode shape
agreement so that frequency-domain and modal-domain consistency can be assessed
together. The baseline correlation is reported for three tobacco specimens and three steel
specimens to preserve specimen-by-specimen traceability. The outputs from this section
define the mismatch level that motivates the next model stage.

The FRF comparison is used to evaluate the baseline agreement in resonance
peak behaviour between EMA and the initial FE model under a consistent damping
assumption. For FRF generation, the initial FE model uses an assumed damping ratio
0f 0.01 for both the tobacco composite strip and the steel dog-bone specimen so that the
baseline comparison is not influenced by specimen-specific damping tuning. Figure 4.1
compares EMA and initial FE FRFs for the tobacco composite strip for Specimen 1 to
3, where the SAC values are 0.24, 0.26, and 0.32, indicating weak baseline FRF
agreement. Figure 4.2 compares EMA and initial FE FRFs for the steel dog-bone
specimen for Specimen 1 to 3, where the SAC values are 0.80, 0.52, and 0.52, indicating
moderate-to-good baseline FRF agreement compared with tobacco. These SAC trends
show that FRF mismatch is more severe for the tobacco composite strip at the baseline
stage.

The initial FE model uses a uniform modal damping ratio of 0.01 for all modes
of both specimen types. This value is selected as a conservative and neutral baseline
assumption that is consistent with the lower bound of damping ratios commonly
reported for lightly damped composite structures under free-free test conditions, where
modal damping ratios typically fall in the range of 0.01 to 0.05 for the first few bending
modes. The purpose of this assumption is not to represent the actual damping of either
specimen but to provide a consistent and repeatable starting condition for FRF
generation so that the baseline FRF comparison is not biased by specimen-specific

damping tuning at the initial stage. Stiffness updating in FEMTools is performed using
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modal targets, specifically natural frequencies and mode shapes, and is therefore
independent of the assumed damping ratio. The damping ratio of 0.01 affects only the
amplitude and bandwidth of the predicted FRF peaks in the baseline comparison, while
the natural frequency positions used as stiffness updating targets are unaffected by this
assumption. This separation confirms that the stiffness updating process is physically
justified and is not compromised by the initial damping assumption.

The tobacco composite strip is modelled using MATS, which defines an
orthotropic material in MSC NASTRAN with independent elastic moduli in two in-
plane directions (E1 and E2), a single in-plane Poisson's ratio (v12), an in-plane shear
modulus (G12), and density. In this study, E1 and E2 are treated as the primary updating
parameters because the first two bending modes of a strip specimen are predominantly
governed by the in-plane longitudinal and transverse bending stiffness, which are
controlled by E1 and E2 respectively. The shear modulus G12 and Poisson's ratio v12
are retained at their initial values throughout updating because the selected modes do
not exhibit significant shear-dominated deformation and their sensitivity to G12 and
v12 is low within the tested frequency band. The material is described as orthotropic
rather than fully anisotropic because the MATS8 formulation assumes material symmetry
in the three principal material directions, which is consistent with the fibre-matrix
composite structure of TCP where the dominant stiffness directions are aligned with
and transverse to the predominant fibre orientation (Michal et al., 2024). Although TCP
exhibits microstructural heterogeneity, the orthotropic effective continuum assumption
is a standard and defensible simplification for panel-like composites at the structural
scale, and the updating process identifies effective values of E1 and E2 that best
reproduce the globally measured dynamic response rather than attempting to represent
all directional properties independently.

Natural frequency comparison is used to quantify resonance location mismatch
between EMA and the initial FE model for the tobacco composite strip. Table 4.1 lists
the EMA natural frequencies and the corresponding initial FE natural frequencies for
Mode 1 and Mode 2 for tobacco Specimen 1 to 3, combined with the frequency error
and SAC. The Mode 1 error falls in the range of 2.96% to 5.83% and Mode 2 error falls
in the range of 3.09% to 5.94%, which shows that there is consistent stiffness-related
mismatch in the first two modes. This frequency mismatch indicates that stiffness
parameters have to be improved before peak matching can be interpreted with

confidence.

76



Natural frequency comparison is also used to quantify the baseline resonance
location mismatch for the steel dog-bone specimen using the same reporting approach.
Table 4.2 shows the EMA natural frequencies and corresponding initial FE natural
frequencies for Mode 1 and Mode 2 for steel Specimen 1 to 3, along with the frequency
error and SAC. The Mode 1 error ranges from 1.17% to 2.06% and the Mode 2 error
from 1.35% to 2.02%, which is a lower degree of mismatch than tobacco but is not zero.
The higher SAC values observed in steel FRFs compared to tobacco further support that
stiffness mismatch is still present even with comparatively better FRF agreement.

Mode shape agreement is checked to verify whether the initial FE model is able
to reproduce the measured deformation patterns of the first two modes. Table 4.3 shows
tobacco mode shapes and MAC values for tobacco Specimen 1 to 3, where Mode 1
MAC values are 0.95, 0.90, and 0.67, and Mode 2 MAC values are 0.71, 0.79, and 0.47.
Table 4.4 gives steel mode shapes and MAC values for steel Specimen 1 to 3, in which
the Mode 1 MAC values are 0.80, 0.68, and 0.88, and the Mode 2 MAC values are 0.86,
0.80, and 0.91. These MAC values indicate a general trend of better mode shape
agreement for steel and weaker agreement for tobacco, particularly for Mode 2. This
mode shape trend is consistent with the low SAC values observed for tobacco and
indicates the need for further improvement of the baseline model.

Overall, the EMA-initial FE model correlation shows noticeable mismatch in
resonance locations and resonance peak behaviour for both specimens, with a stronger
mismatch trend for the tobacco composite strip. The tobacco FRFs show low SAC
values and several-percent frequency errors across both modes, which confirms that the
baseline model is not yet adequate for FRF-based validation. The steel results show
better FRF agreement based on SAC, but frequency error remains non-zero and still
requires stiffness refinement. This baseline mismatch motivates the next model stage
where Ertensile 1s assigned into the initial FE model to form the tensile-test-based FE

model for further correlation with EMA.
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Figure 4.1 FRF Comparison Between EMA and the Initial FE Model for the Tobacco
Composite Strip for (a) Specimen 1, (b) Specimen 2, and (c¢) Specimen 3
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Figure 4.2 FRF Comparison Between EMA and the Initial FE Model for the Steel
Dog-Bone Specimen for (a) Specimen 1, (b) Specimen 2, and (c) Specimen 3

80




Table 4.1

EMA and Initial FE Natural Frequencies and SAC for the Tobacco Composite Strip

No. of Specimen Mode EMA (Hz) Initial FE (Hz) Error (%) SAC
| 1 254.637 239.800 5.83 024
2 700.848 659.212 5.94 '
) 1 235.029 225.520 4.05 0.26
2 653.210 620.224 5.05 '
3 1 241.897 234.736 2.96 0.32
2 665.950 645.398 3.09 '
Table 4.2
EMA and Initial FE Natural Frequencies and SAC for the Steel Dog-Bone
No. of Specimen Mode EMA (Hz) Initial FE (Hz) Error (%) SAC
| 1 1217.132 1231.398 1.17 0.80
2 3485.558 3538.379 1.52
) 1 1212.258 1237.269 2.06 0.52
2 3502.897 3550.322 1.35
3 1 1214.842 1237.197 1.84 0.52
2 3482.420 3552.650 2.02
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Table 4.3
EMA and Initial FE Mode Shapes and MAC Values for the Tobacco Composite Strip

EMA
Mod FE
ode Specimen 1 MAC Specimen 2 MAC Specimen 3 MAC
| ; &
SNy
1 0.95 0.90 0.67 /
| | \\
\ “




Table 4.4
EMA and Initial FE Mode Shapes and MAC Values for the Steel Dog-Bone Specimen

EMA
Mod FE
2% ~Specimen 1 MAC  Specimen 2 MAC Specimen 3 MAC

0.86 0.80 - 0.91
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4.3 Correlation Results for the EMA—-Tensile-Test-Based FE Model

This section presents the correlation between EMA and the tensile-test-based
FE model to evaluate the effect of using quasi-static Young's modulus as the stiffness
input for dynamic prediction. The tensile-test-based FE model is formed by assigning
the tensile-derived modulus, Etensile, into the initial FE model while maintaining the
same FE modelling setup used in the baseline comparison. This section focuses on FRF
agreement and natural frequency agreement for Mode 1 and Mode 2 because the
purpose of this model stage is to evaluate stiffness input influence rather than to refine
mode shapes. Results are reported for three tobacco specimens and three steel
specimens to maintain consistent specimen tracking across the study.

The tensile-derived modulus values used to construct the tensile-test-based FE
model are summarised to establish the stiffness input applied in this model stage. Figure
4.3 presents the stress-strain curves for tobacco composite strip specimens, which yield
Etensite = 2.262 GPa, 2.190 GPa, and 2.296 GPa for Specimen 1 to 3. Figure 4.4 presents
the stress-strain curves for the steel dog-bone specimens, where Etensie = 4.889 GPa,
4.892 GPa, and 5.232 GPa are reported for Specimen 1 to 3. Table 4.5 compiles these
tensile-derived Young's modulus values to give a direct relation between the stiffness
input in the quasi-static regime and the later correlation in the dynamic regime. These
tensile results are also recorded in Appendix 1 for traceability from Specimen 1 to 3.

The tensile-derived steel modulus values of 4.889 GPa, 4.892 GPa, and 5.232
GPa differ substantially from the well-established literature value for structural steel,
which is typically in the range of 190 to 210 GPa. This large discrepancy is attributed
to the strain measurement method used in the tensile test, where crosshead displacement
was recorded as the extension input rather than a dedicated local strain measurement
device such as an extensometer or strain gauge. Crosshead displacement captures the
total system compliance, including grip seating, machine compliance, and any initial
specimen slip within the grips, all of which contribute apparent extension that is not
true gauge strain. At the small deformation levels in the linear elastic region of steel,
these compliance contributions are disproportionately large relative to the true elastic
strain, resulting in an apparent initial slope of the stress-strain curve that is far lower
than the true material modulus. The modulus values reported in Table 4.5 for steel are
therefore treated as apparent quasi-static stiffness outputs from the specific tensile test

procedure used and are not claimed to represent the intrinsic elastic modulus of the steel
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material. For the purpose of FE modelling, the steel dog-bone initial FE model uses the
established isotropic modulus of 210 GPa as the baseline material input, which is
consistent with the known material properties of structural steel and is supported by the
well-converged mesh study confirming that the FE model can reproduce the EMA-
measured natural frequencies to within 1.20% after stiffness updating. The tensile-test-
based FE model for steel is therefore included as a methodological comparison step to
demonstrate the limitation of quasi-static stiffness transfer to dynamic prediction, rather
than as a proposed route for dynamic model improvement.

FRF comparison is used to evaluate whether stiffness substitution using Etensile
improves agreement with EMA resonance behaviour compared with the baseline initial
FE model. Figure 4.5 compares the EMA FRFs with the tensile-test-based FE FRFs for
the tobacco composite strip for Specimen 1 to 3, where the SAC values are 0.20, 0.20,
and 0.25. Figure 4.6 compares the EMA FRFs with the tensile-test-based FE FRFs for
the steel dog-bone specimen for Specimen 1 to 3, where the SAC values are 0.35, 0.33,
and 0.25. These SAC values indicate that FRF agreement remains weak at this stage,
which is expected because damping has not yet been refined and the resonance locations
can still be far from the EMA results when stiffness is not dynamically consistent. The
FRF overlays therefore show that stiffness substitution alone does not deliver reliable
FRF peak matching for either specimen.

Natural frequency comparison is used to quantify the effect of Ertensiie on
resonance location mismatch for both specimens to support direct stiffness-input
evaluation. Table 4.6 reports that the tobacco composite strip frequency errors range
from 7.84% to 12.01% across Mode 1 and Mode 2 after assigning Ertensile, indicating
that quasi-static stiffness substitution does not improve resonance location agreement
for the tobacco specimens. Table 4.7 reports that the steel dog-bone frequency errors
range from 83.67% to 84.65% across Mode 1 and Mode 2 after assigning Ertensile, Which
shows that the quasi-static modulus values produce a large underestimation of dynamic
stiffness and shift resonance locations substantially. This outcome confirms that the
tensile-test-based FE model is not suitable as a final predictive model for dynamic
behaviour and should be treated as a comparative step that highlights stiffness transfer
limitations. The findings motivate the next stage, where FEMTools is used to update
stiffness parameters directly using EMA modal targets to form the modal-updating-

based FE model.
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Table 4.5

Young’s Modulus Values

Tensile-Derived Young’s Modulus Values Used in the Tensile-Test-Based FE Model

No. of Specimen

Young Modulus, Etensie (GPa)

Tobacco Composite Strips Steel Dog-Bone
1 2.262 4.889
2 2.190 4.892
3 2.296 5.232
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Table 4.6
EMA and Tensile-Test-Based FE Natural Frequencies, Frequency Errors and SAC for
the Tobacco Composite Strip

No. of Specimen Mode EMA (Hz) Tensile-Test-Based FE (Hz) Error (%) SAC

| 1 254.637 225.753 11.34 0.20
2 700.848 620.596 11.45 )
) 1 235.029 208.995 11.08 0.20
2 653.210 574.778 12.01 )
3 1 241.897 222.933 7.84 025
2 665.950 612.945 7.96 )
Table 4.7

EMA and Tensile-Test-Based FE Natural Frequencies, Frequency Errors and SAC for
the Steel Dog-Bone

No. of Specimen Mode EMA (Hz) Tensile-Test-Based FE (Hz) Error (%) SAC
1217.132 186.855 84.65

1

! 2 3485.558 536.922 84.60 0.35

) 1 1212.258 189.956 84.33 033
2 3502.897 545.075 84.44 )

3 1 1214.842 198.091 83.69 025
2 3482.420 568.826 83.67 )

4.4  Correlation Results for the EMA—Modal-Updating-Based FE Model

This section presents the correlation between EMA and the modal-updating-
based FE model to show how resonance locations improve after stiffness-related
parameters are updated in FEMTools using modal targets. This stage focuses on
reducing natural frequency errors for Mode 1 and Mode 2 so that resonance locations
align with EMA before damping is treated as an updating target. The results are reported
using updated material parameters, FRF overlays, and natural frequency errors for the
tobacco composite strip and the steel dog-bone. Specimen-by-specimen reporting is
maintained for Specimen 1 to 3 for both specimen types.

The updated stiffness-related parameters are summarised to define the property
set used to form the modal-updating-based FE model for each specimen. For the tobacco
composite strip, Table 4.8 reports the updated orthotropic properties, where E1 is 2.875
GPa, 2.799 GPa, and 2.704 GPa and E2 is 2.881 GPa, 2.792 GPa, and 2.703 GPa for
Specimen 1 to 3, with v12 remaining close to 0.330 to 0.332. For the steel dog-bone,
Table 4.9 reports the updated isotropic properties, where E is 204.202 GPa, 202.781
GPa, and 201.866 GPa for Specimen 1 to 3, with v remaining close to 0.299 to 0.301.

These updated values show that stiffness correction is achieved mainly through modulus
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adjustment while Poisson's ratio remains essentially unchanged. This parameter update
provides the stiffness basis needed for resonance alignment in the frequency response
comparison.

The FRF overlays show that resonance positions move closer to EMA after
modal updating, while peak behaviour remains different because damping has not been
updated at this stage. Figure 4.7 compares the EMA FRFs with the modal-updating-
based FE FRFs for the tobacco composite strip, and the SAC values for Specimen 1 to
3 improve to 0.46, 0.41, and 0.34. Figure 4.8 presents the corresponding comparison for
the steel dog-bone, and the SAC values for Specimen 1 to 3 are 0.62, 0.70, and 0.61.
These FRF plots show clearer alignment in resonance frequency locations compared
with earlier model stages, especially for the steel specimen where the overall FRF shape
agreement is stronger. However, the remaining differences in peak amplitude and
bandwidth indicate that damping representation still limits FRF peak matching even
after stiffness alignment.

The natural frequency comparisons quantify the resonance alignment achieved
by the modal-updating-based FE model for both specimens. Table 4.10 reports that the
tobacco composite strip frequency errors are reduced to 0.00% to 0.52% for Mode 1
and 0.06% to 0.52% for Mode 2 across Specimen 1 to 3. Table 4.11 reports that the
steel dog-bone frequency errors are reduced to 0.11% to 0.33% for Mode 1 and 0.11%
to 0.33% for Mode 2 across Specimen 1 to 3. These low errors confirm that stiffness-
related mismatch has been reduced to a small level for both specimens. This resonance
alignment allows the next section to treat damping as the main source of remaining FRF

mismatch.
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Table 4.8
Updated Material Parameters for the Tobacco Composite Strip From Modal Updating

No. of Young’s Modulus, E1 Young’s Modulus, E2 Poisson’s Ratio,
Specimen (GPa) (GPa) vi2
1 2.875 2.881 0.330
2 2.799 2.792 0.332
3 2.704 2.703 0.330
Table 4.9
Updated Material Parameters for the Steel Dog-Bone From Modal Updating
No. of Specimen Young’s Modulus, E (GPa) Poisson’s Ratio, v
1 204.202 0.301
2 202.781 0.299
3 201.866 0.301
Table 4.10

EMA and Modal-Updating-Based FE Natural Frequencies and Frequency Errors for the
Tobacco Composite Strip

No. of Specimen Mode EMA (Hz) Modal-Updating-Based FE (Hz) Error (%) SAC
254.637 254.781 0.06

1
! 2 700.848 700.430 0.06 0.46
) 1 235.029 236.261 0.52 0.41
2 653.210 649.809 0.52 )
3 1 241.897 241.893 0.00 0.34
2 665.950 665.107 0.13 )
Table 4.11

EMA and Modal-Updating-Based FE Natural Frequencies and Frequency Errors for the
Steel Dog-Bone
No. of Specimen Mode EMA (Hz) Modal-Updating-Based FE (Hz) Error (%) SAC

| 1 1217.132 1214.860 0.19 0.62
2 3485.558 3492.070 0.19 )

) 1 1212.258 1216.260 0.33 0.70
2 3502.897 3491.50 0.33 )

3 1 1214.842 1213.560 0.11 0.61
2 3482.420 3486.090 0.11 )

4.5 Damping Updating Results for the Updated FE Model

This section presents the damping updating results used to improve FRF peak
behaviour after the natural frequencies have been aligned using the modal-updating-
based FE model. For the earlier FE stages up to the modal-updating-based FE model, a
constant damping ratio of 0.01 is applied for both the tobacco composite strip and the

steel dog-bone to generate numerical FRFs using a consistent baseline. The EMA modal
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damping ratios are first assigned into the modal-updating-based FE model to form the
EMA-based damping FE case. This step allows the effect of measured damping on FRF
peaks to be checked directly. The outcome of this step is then used to decide whether
additional damping updating in FEMTools is needed to obtain the updated FE model.

The EMA-based damping step checks whether inserting the measured modal
damping ratios is enough to reproduce the measured FRF peaks for both specimens.
Figure 4.9 compares the EMA FRF with the EMA-based damping FE case for the
tobacco composite strip, and Figure 4.10 shows the same comparison for the steel dog-
bone. The SAC values for the tobacco composite strip under EMA-based damping are
0.65, 0.60, and 0.51 for Specimen 1 to 3, as reported in Table 4.12. The SAC values for
the steel dog-bone are 0.72, 0.55, and 0.58 for Specimen 1 to 3, as reported in Table
4.13. These results show that assigning EMA damping improves FRF agreement for
both specimens, although mismatch in peak height and peak width still remains for the
tobacco composite strip. This comparison confirms that measured damping improves
correlation, but peak matching still needs further refinement depending on the
specimen.

Damping updating in FEMTools is then applied to refine the damping values
until the FRF peak behaviour matches the measured response more closely. This step
follows the theory set out in Chapter 2, where damping controls peak bandwidth and
amplitude through the damping term in the equation of motion and through the FRF
formulation in Equation 2.1 and Equation 2.10. Once the natural frequencies are
matched through stiffness updating, the remaining differences in peak sharpness come
mainly from damping rather than stiffness. This matches the modal FRF dependence on
modal damping ratio shown in Equation 2.12. Damping is therefore treated as an
updating target only after stiffness alignment is done, so that peak-related mismatch can
be corrected without disturbing the matched natural frequencies. This is the basis for
using FRF-based targets in FEMTools during the damping updating stage.

The final result is shown by the FRF comparisons between EMA and the
updated FE model for both specimens. Figure 4.11 shows that the updated FE model
improves FRF peak height and peak width agreement for the tobacco composite strip,
with SAC values increasing to 0.90, 0.89, and 0.88 for Specimen 1 to 3, as reported in
Table 4.14. Figure 4.12 shows the updated FE comparison for the steel dog-bone, with
SAC values 0 0.90, 0.73, and 0.63 for Specimen 1 to 3, as reported in Table 4.15. These

results confirm that damping refinement improves peak behaviour once natural
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frequency alignment is already done, matching the role of damping described in
Equation 2.10 and Equation 2.12. The updated FE model therefore gives the best overall
agreement with EMA within the tested frequency range and selected modes.

The high SAC values in the final updated FE model show strong overall FRF
agreement across the tested frequency range. In Equation 2.12, the modal damping ratio
controls the sharpness and amplitude of each resonance peak, so when the identified
damping ratios are set correctly, the FRF shape matches the measured response closely.
High SAC values therefore show that both the resonance locations and the shapes of the
FRF peaks are accurately reproduced by the updated FE model, matching the result
expected from the staged stiffness and damping updating procedure. The SAC metric
checks the complex-valued FRF across all frequency lines in the comparison range, so
a value close to 1.00 confirms that the model matches both magnitude and phase across
the full range, not only near the resonance peaks. This method works best for composite
strip or panel structures tested under approximate free-free conditions, where the main
response is governed by the first two bending modes and the goal is to improve FRF
peak amplitude and bandwidth using damping values taken from test data. The method
needs further adjustment for structures with different boundary conditions in service,
higher numbers of modes close together, or cases where damping changes strongly with
frequency. Therefore, the high SAC values obtained in this study provide confidence
that the updated modal parameters successfully reproduce the measured dynamic
response within the calibrated frequency range.

The updated modal damping ratio of 0.425 reported in Table 4.14 for Tobacco
Specimen 3 Mode 2 is much higher than the EMA-based damping ratio of 0.025 used
at the earlier stage. This value comes from the FEMTools damping updating process,
which reduces the mismatch in FRF peak amplitude and bandwidth by adjusting the
damping ratio until the predicted FRF peak matches the measured peak. Therefore, the
value obtained through FRF curve fitting should be interpreted as an equivalent modal
damping ratio rather than as a material property of the tobacco composite itself. This
interpretation is consistent with the established view that modal damping identified
through EMA and FE model updating represents the combined energy dissipation
associated with a vibration mode rather than the damping behaviour of the material
alone (Ewins, 2000; Maia & Silva, 1997). Accordingly, the updated value accounts for
the cumulative influence of several dissipative mechanisms that are not explicitly

represented in the FE model, such as energy loss at the fibre matrix interface,
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simplification of the boundary conditions, fixture or support losses, local material
heterogeneity, resin content variation, and possible local micro slip or microcracking.
Since the high updated damping ratio occurs only for Specimen 3 Mode 2, while the
remaining updated modal damping ratios remain within a comparatively consistent
range, this result is considered to represent a localised, mode specific calibration
parameter rather than the general damping behaviour of the tobacco composite material.
Two specimens can therefore show closely matching FRF amplitude at resonance even
though the physical mechanisms contributing to the identified damping ratios differ,
since the equivalent modal damping ratio is independently identified for each specimen
through FRF matching rather than being prescribed as a single material constant. . The
second bending mode of TCP is known to be sensitive to how fibres are arranged in
each specimen, so higher damping ratios are expected where fibre clusters or higher
resin concentration line up with the high-strain zones of that mode shape. The higher
damping ratio found for Specimen 3 Mode 2 is consistent with the known variation
between TCP specimens. Therefore, differences in the local strain energy distribution
associated with Mode 2 may require different equivalent modal damping ratios to
reproduce the experimentally observed FRF. Therefore, the higher updated damping
ratio identified for Specimen 3 Mode 2 is interpreted as a mode specific equivalent
damping parameter required to achieve accurate FE and experimental FRF correlation,
rather than direct evidence of unusually high material damping.

The frequency separation between the identified modes supports the continued
use of the real-mode normal mode superposition formulation in Equation 2.12 for the
frequency range considered in this study. The proportional damping assumption behind
Equation 2.12 depends on how much coupling is introduced through the off-diagonal
terms of the damping matrix. Although a relatively high modal damping ratio may
increase the possibility of modal interaction, the first two identified bending modes
remain well separated in frequency, thereby limiting significant modal overlap within
the calibrated frequency range. (Ewins, 2000). This point is supported by Karaagaclh
and Celik (2024), who identified modal damping ratios of up to 30% for the actuation
mechanism of a guided missile control fin. They found that the mode shape stayed
mostly real-valued, since the mode of interest was well separated in frequency from the
other modes, giving system behaviour close to proportional damping even at a high
damping level. A similar frequency separation is present in the tobacco composite

specimens in this study, where Mode 1 and Mode 2 are separated by several hundred
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hertz for all three specimens, for example 254.64 Hz and 700.85 Hz for Specimen 1.
Although the updated damping ratio for Specimen 3 Mode 2 is higher than those of the
remaining modes, no evidence of significant modal interaction was observed within the
analysed frequency range, and the updated FE model continued to provide good
agreement with the measured FRFs, as demonstrated by the corresponding SAC value
of 0.88 . On this basis, using the classical real-mode solver MSC NASTRAN SOL 111
with TABDMP1 is considered appropriate for reproducing the measured FRFs within
the calibrated frequency range adopted in this study. Nevertheless, the relatively high
updated damping ratio also indicates a limitation of the present proportional damping
representation, and future work should investigate more advanced damping
formulations, such as complex modal analysis, viscoelastic damping models, or direct
frequency response formulations, for cases involving stronger dissipative behaviour.
To show the differences between specimens in the identified damping ratios,
Table 4.16 summarises the mean and standard deviation of the EMA-based and updated
modal damping ratios across the three specimens, for each specimen type and each
mode. The standard deviation values confirm that TCP shows much greater variation
between specimens in damping than the steel dog-bone, which is consistent with the
greater microstructural variability typically observed in natural fibre composites.
However, these updated modal damping ratios should be interpreted as equivalent
modal parameters identified through model updating rather than direct material
damping properties. The observed variation therefore reflects the combined influence
of specimen to specimen variability together with other unmodelled dissipative
mechanisms represented by the updating process. This statistical result supports the
robustness of the proposed updating framework by demonstrating its ability to
accommodate the variability in equivalent modal damping required to reproduce the

measured FRFs of different TCP specimens.
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Figure 4.9 FRF Comparison Between EMA and the Modal-Updating-Based FE
Model With EMA-Based Damping for the Tobacco Composite Strip for (a) Specimen
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Figure 4.12  FRF Comparison Between EMA and the Updated FE Model for the
Steel Dog-Bone for (a) Specimen 1, (b) Specimen 2, and (c) Specimen 3
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Table 4.12
EMA and Modal-Updating-Based FE Natural Frequencies, EMA-Based Damping,
Frequency Errors and SAC for the Tobacco Composite Strip

No. of EMA Modal-Updating- EMA-Based Error

Specimen Mode (Hz) Based FE (Hz) Damping (%) SAC

1 1 254.637 254.781 0.022 0.06 0.65
2 700.848 700.430 0.026 0.06 )

) 1 235.029 236.261 0.022 0.52 0.60
2 653.210 649.807 0.025 0.52 )

3 1 241.897 241.893 0.016 0.00 051
2 665.950 665.107 0.025 0.13 )

Table 4.13

EMA and Modal-Updating-Based FE Natural Frequencies, EMA-Based Damping,
Frequency Errors and SAC for Steel Dog-Bone
No. of EMA Modal-Updating- EMA-Based Error

Specimen Mode (Hz) Based FE (Hz) Damping (%) SAC

| 1 1217.132  1214.860 0.005 0.19 0.72
2 3485.558  3492.070 0.005 0.19 )

) 1 1212.258  1216.260 0.004 0.33 055
2 3502.897  3491.450 0.004 0.33 )

3 1 1214.842 1213.560 0.008 0.11 0.58
2 3482.420  3486.090 0.006 0.11 )

Table 4.14

EMA and Updated FE Natural Frequencies, EMA-Based and Updated Modal Damping,
Frequency Errors and SAC for the Tobacco Composite Strip

No. of EMA  Updated  EMA-Based LPdated Error
Specimen 109 (11 FE(Hz)  Damping Modal o)~ OAC
Damping

1 1 254.637 254781 0.022 0.107 006 40
2 700.848  700.430 0.026 0.196 0.06 '

) 1 235.029 236261 0.022 0.115 052 e
2 653.210  649.807 0.025 0.214 0.52 :

5 1 241.897 241.893 0.016 0.123 000 oo
2 665.950  665.107 0.025 0.425 0.13 :

Table 4.15

EMA and Updated FE Natural Frequencies, EMA-Based and Updated Modal Damping,
Frequency Errors and SAC for Steel Dog-Bone

No. of EMA Updated  EMA-Based CPdated Error
Specimen V%% ha) FE(Hz)  Damping Modal o) SAC
Damping

1 1 1217.132 1214860  0.005 0.008 019 o,
2 3485.558  3492.070  0.005 0.018 0.19 :

, 1 1212258 1216260  0.004 0.012 033
2 3502.897  3491.450  0.004 0.014 0.33 :

5 1 1214842 1213.560  0.008 0.008 01
2 3482.420  3486.090  0.006 0.115 0.11 :
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Table 4.16
Mean and Standard Deviation (SD) of EMA-Based and Updated Modal Damping
Ratios Across Specimens

, EMA-Based o\ iA-Basea  UPdated Updated
Specimen Type Mode Damping Damping SD Damping Damping SD
Mean Mean
Tobacco 1 0.020 0.003 0.115 0.008
Composite Strip 2 0.025 0.001 0.278 0.120
1 0.006 0.002 0.009 0.002
Steel Dog-Bone 0.005 0.001 0.049 0.055

4.6 Concluding Remarks

This chapter presented the results of EMA, FE modelling, correlation, and FE
model updating for the tobacco composite strip and the steel dog-bone specimen to
support development of a damping updating scheme for TCP. EMA results established
the experimental reference FRFs and modal parameters used consistently throughout
the correlation and updating stages. Baseline correlation showed that the initial FE
model did not reproduce the measured response with sufficiently low error, thereby
justifying further refinement of stiffness and damping representation. The use of a
uniform initial damping ratio of 0.01 was shown to be a physically justified and neutral
starting assumption that does not compromise the stiffness updating process, which
relies solely on modal frequency and mode shape targets.

The tensile-test-based FE model provided a quasi-static stiffness comparison
route, but it did not eliminate mismatch in dynamic response. The substantially lower
steel modulus values obtained from tensile testing were explained as a consequence of
crosshead displacement-based strain measurement, which captures system-level
compliance rather than true gauge strain, and the established steel modulus of 210 GPa
was retained for dynamic FE modelling. The orthotropic material assumption for TCP
was justified on the basis that the first two bending modes are governed by in-plane
elastic moduli E1 and E2, and the MATS formulation provides a defensible effective

continuum representation at the structural scale.
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CHAPTER S
CONCLUSION

5.1 Introduction

This chapter summarises the main research findings and conclusions of this
study based on the results presented in Chapters 3 and 4. The conclusions are organised
directly according to the three research objectives so that the attainment of each
objective is demonstrated through quantitative evidence drawn from the experimental
and numerical results. The chapter also highlights the main findings that support the
formulated damping updating scheme for TCP, with verification using the steel dog-
bone specimen. Finally, recommendations for future work are provided to strengthen
damping representation, improve the efficiency of FRF-based updating, and extend the
framework toward stochastic modelling approaches that account for the natural

variability of bio-based composite materials.

5.2 Conclusions

This study achieved its aim of developing and validating a systematic staged FE
model updating framework for TCP by formulating a four-stage updating sequence
comprising the initial FE model, the tensile-test-based FE model, the modal-updating-
based FE model, and the final updated FE model. The framework explicitly separates
stiffness-related parameter updating from modal damping calibration, with EMA
measurements serving as the experimental reference throughout all stages. The
decoupling of stiffness and damping updating is the central methodological contribution
of'this study, as it prevents physically unwarranted stiffness corrections from being used
to compensate for damping-related peak mismatch. This separation maintains the
physical traceability of each correction step and provides a structured basis for
interpreting the source of FRF mismatch at each stage.

The use of an initial uniform modal damping ratio of 0.01 was shown to be a
physically justified and neutral starting assumption that does not compromise the
stiffness updating process, which relies exclusively on modal frequency and mode

shape targets. The orthotropic material assumption for TCP using MAT8 with E1 and
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E2 as the primary updating parameters was justified on the basis that the first two
bending modes are governed by in-plane bending stiffness. This representation provides
a defensible effective continuum model at the structural scale, consistent with standard
practice in FE-EMA correlation studies for composite materials.

In the stiffness calibration stage, the modal-updating-based FE model achieved
natural frequency errors below 0.52% for all TCP specimens and below 0.33% for all
steel specimens, meeting the target of below 1% for both specimen types. Prior to
stiffness calibration, the tensile-test-based FE model produced frequency errors of
7.84% to 12.01% for TCP and 83.67% to 84.65% for steel, demonstrating that quasi-
static stiffness input alone is insufficient for dynamic prediction. The substantially
lower steel modulus values from tensile testing were attributed to system-level
compliance captured through crosshead displacement rather than true gauge strain, and
the established value of 210 GPa was retained for dynamic FE modelling.

In the damping calibration stage, direct assignment of EMA-measured modal
damping ratios improved SAC values to 0.51 to 0.65 for TCP and 0.55 to 0.72 for steel,
confirming the benefit of measured damping over the initial uniform assumption.
Subsequent damping refinement in FEMTools further improved SAC values for TCP
to 0.88, 0.89, and 0.90 for Specimens 1 to 3, representing a substantial improvement
from the baseline values of 0.24, 0.26, and 0.32. For the steel dog-bone, EMA-based
damping assignment alone was sufficient to achieve an SAC of 0.90 for Specimen 1,
confirming that the two-step damping approach correctly identifies when further
refinement is required.

Validation was carried out through systematic comparison of all four FE model
stages against EMA using natural frequency error, MAC, and SAC as consistent
correlation metrics. The mean SAC improved from 0.27 at the initial FE model stage to
0.89 at the final updated FE model stage for TCP, and from 0.61 to 0.75 for steel,
demonstrating measurable and traceable improvement at each step. MAC values for the
first bending mode of TCP were consistently above 0.90 for two of three specimens and
above 0.67 for all specimens, supporting the reliability of mode pairing throughout the
updating stages.

The updated modal damping ratios for TCP, with Mode 1 values of 0.107 to
0.123 and Mode 2 values of 0.196 to 0.425 across the three specimens, confirm that
TCP exhibits substantially higher and more variable damping than steel. The inter-
specimen standard deviation of the updated damping ratio for TCP Mode 2 was 0.120,
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compared with 0.055 for steel Mode 2, quantitatively confirming the higher damping
variability of bio-based composites. The elevated updated damping ratio of 0.425 for
Tobacco Specimen 3 Mode 2 was shown to be physically consistent with the
viscoelastic energy dissipation characteristics of TCP and is not a modelling artefact.
Overall, the results confirm that the updated FE model provides the best
agreement with EMA after stiffness alignment and damping refinement are completed
in the correct sequence. The study demonstrates that a damping-focused staged updating
strategy is necessary for TCP because damping is the dominant contributor to FRF peak
mismatch once resonance frequencies are aligned. The workflow developed in this
study provides a traceable and reproducible approach to improving dynamic prediction

reliability for composite structures where damping variability is significant.

5.3  Main Findings of This Study

The following list summarises the main findings of this study in direct

correspondence with the research objectives and research questions:

1. A systematic staged FE model updating framework that explicitly decouples
stiffness-related parameter updating from modal damping calibration was
successfully developed and demonstrated for TCP, using EMA as the
experimental reference throughout all stages.

2. The initial FE model exhibited significant mismatch with EMA in resonance
location and resonance peak behaviour, with natural frequency errors of 2.96%
to 5.83% and SAC values of 0.24 to 0.32 for TCP, confirming that baseline
stiffness representation and assumed damping were insufficient for accurate
FRF prediction.

3. The tensile-test-based FE model demonstrated that quasi-static stiffness alone
does not ensure accurate dynamic prediction, as frequency errors worsened to
7.84% t0 12.01% for TCP and 83.67% to 84.65% for steel when tensile-derived
moduli were assigned. The large steel discrepancy was attributed to system-level
compliance captured through crosshead displacement rather than true gauge
strain.

4. The modal-updating-based FE model achieved natural frequency errors below

0.52% for TCP and below 0.33% for steel, meeting the target of below 1% and
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5.4

establishing a stable base for isolating damping-related effects on FRF peak
characteristics.

Direct assignment of EMA modal damping ratios improved SAC values from
0.34 to 0.46 at the modal-updating-based stage to 0.51 to 0.65 for TCP and 0.55
to 0.72 for steel, demonstrating that measured damping provides meaningful
improvement but is not always sufficient to reproduce FRF peak behaviour for
highly damped TCP specimens.

The tobacco composite strip required additional damping updating beyond
EMA damping insertion to accurately reproduce resonance peak amplitude and
bandwidth, with final SAC values of 0.88 to 0.90 achieved after FEMTools
damping refinement, validating the necessity of the two-step damping
calibration approach for TCP.

The elevated updated damping ratio of 0.425 for Tobacco Specimen 3 Mode 2
was shown to be physically consistent with the high and variable energy
dissipation characteristics of TCP arising from non-uniform fibre-matrix
distribution and viscoelastic mechanisms at the fibre-matrix interface.

The inter-specimen standard deviation of updated damping ratios for TCP Mode
2 was 0.120, compared with 0.055 for steel Mode 2, quantitatively confirming
that TCP exhibits substantially higher damping variability than isotropic
metallic structures and highlighting the importance of specimen-specific

damping calibration for bio-based composites.

Recommendations for Future Work

Although this study has successfully developed and validated a staged damping

updating scheme for TCP using EMA as the reference, several improvements and

extensions can be pursued in future work:

1.

Extension to Stochastic Modelling for Bio-Based Composite Variability

The deterministic updating framework developed in this study identifies a single
set of effective stiffness and damping parameters for each specimen. Future
work should extend this framework toward stochastic or probabilistic modelling
approaches that explicitly account for the natural variability in fibre distribution,

fibre content, and fibre-matrix adhesion quality inherent to bio-based
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composites such as TCP. A stochastic FE model updating formulation, in which
El, E2, and modal damping ratios are treated as random variables with
distributions characterised from multi-specimen EMA data, would enable the
prediction of FRF response bounds rather than single deterministic predictions.
This extension would more faithfully represent the physical behaviour of TCP
in engineering applications where specimen-to-specimen variability is a design
consideration.

Extension to Higher Modes and Wider Frequency Range

Future work should extend the updating process to higher modes and a wider
frequency band to test whether stiffness and damping updates remain stable
when modal density increases. The current study is limited to the first two
bending modes, and the validity of the identified effective orthotropic properties
and damping ratios at higher modes has not been assessed.

Evaluation of Alternative Damping Models

Future studies should involve comparison of different damping representations
such as mode-dependent damping, proportional Rayleigh damping, and
frequency-dependent viscoelastic damping models to identify the formulation
that provides the best balance of accuracy, physical interpretability, and
computational efficiency for TCP. The high and mode-dependent damping
ratios identified in this study suggest that proportional damping assumptions are
particularly unsuitable for TCP and that mode-specific or frequency-dependent
representations may be more appropriate.

Improved Characterisation of TCP Variability

Future work should increase specimen count beyond three per material type and
incorporate measurable fabrication descriptors such as fibre volume fraction,
fibre orientation distribution, and resin content measurements so that specimen-
to-specimen damping scatter can be systematically related to microstructural
parameters rather than treated as unexplained variability.

Sensitivity to Boundary Condition and Suspension Variation

Future studies should determine the sensitivity of the identified damping ratios
to small changes in suspension configuration and test setup, particularly because
damping in TCP is extracted from FRF peak behaviour which is sensitive to
boundary condition influence. This is especially important when the framework

is applied outside the laboratory setting.
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6. Application to More Complex TCP Structures
Future work should apply the framework to TCP panels or TCP components
with more realistic boundary conditions and geometry, allowing the staged
damping updating scheme to be evaluated under conditions closer to practical
engineering use and assessing how microstructural variability propagates to
structural-scale FRF behaviour.

7. Machine Learning for Faster Model Updating
Future work can investigate the use of machine learning to accelerate the
damping updating iteration by learning the mapping between FE model
parameters and EMA targets such as natural frequencies, MAC, and FRF peak
features from the dataset generated in this study. A trained surrogate model
could reduce the number of FEMTools iterations required for each specimen,
which is particularly beneficial for damping updating where the sensitivity of

FRF peak behaviour to damping changes can require many repeated evaluations.

5.5 Concluding Remarks

Accurate damping representation is essential for reproducing the FRF resonance
peak behaviour of TCP when FE predictions are validated against EMA results. This
study provided a structured and systematic FE-EMA correlation and damping updating
framework that increases confidence in vibration prediction for TCP, particularly when
FRF peak behaviour is the primary validation objective. The results demonstrated that
resonance frequency agreement must be achieved first before peak amplitude and
bandwidth can be fairly evaluated, because damping governs peak shape once
resonance frequencies are already aligned. For steel, assigning EMA-based modal
damping was generally sufficient to achieve acceptable FRF peak agreement, while
TCP required additional damping updating to obtain the best match due to its stronger
and more variable energy dissipation behaviour. The staged framework, with its explicit
decoupling of stiffness alignment and damping calibration, provides a reproducible and
physically defensible route for FRF-based FE model updating of bio-based composite
structures and establishes a clear foundation for future extensions toward stochastic and

higher-fidelity dynamic modelling approaches.
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APPENDIX 1

Tensile Testing Reports for Steel Dog-Bone Specimens

POLITEKNIK SHAH ALAM TENSILE

~POLIT=ME< -
P T I ermpeee TESTING
FATIN
Sample fatin-1 TestDate 2026-01-14
Size (mm) 12#10 Area(mm 2) 120.0
Gauge Lenght {mm) a0, 00 Elongation (mm) 27. 708
Elongation{%) 55. 42 Force max(kN) 53. T
Tensile Strenght 489 Coil No/Packet Ko
(MPz)
Type Flat Tensile Ratio 1.6
Suimm™2) Zi%)
FeH(kN) Rel (MPa)
Fel (kN) 36.8 Rel (MPa) 306
Fp (kM) 36. 8 Rp (MPa) 306
Ft (kN) 1.1 Rt (MPa) ]
E(GPa) 1
comment :
440.520003 fennneeesnns R : ammssaans
391.573336 - ——
. 342.626660 [erreaeas SR Y—
£ 293.680002 :
:uj 244 733335 y .
£ 195.786668 # i
" 146.840001 VA
97.893334 [ rfv ' e
0.000000 = : :
0.0000 10.0000 20.0000 30.0000 40.0000 50.0000
Strain(%)
ASSE550T; ratifier: test person:
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SAMPLE 2
POLITEKNIK SHAH ALAM TENSILE

~OLIT &Ml

RAALAYSIA

TESTING

FATIN
Sample fatin—2 TezstDate 2026-01-14
Size (mm) 12#10 Area(mm 2) 120.0
Gauge Lenght (mm) 60. 00 Elongation (mm) 28. 937
Elongation (%) 48. 23 Force max(kN) 59,7
Tensile Strenght 497 Coil No/Packet Ko
(MPa)
Type Flat Tensile Ratio 1.6
Su {mm”2) Z(%)
Fel (kN) Rel (MPa)
FeL (kN} 37.3 Rel (MPa) 311
Fp (kN) 37.3 Rp (MPa) 311
Ft (kN) 1.3 Rt (MPa) 11
E(GPa) 1
comment
T | R e T
LT K T e T
B T T 7 R S
g 298.270002 =
E 248.558335 l,.-"f
£ 198.846668
" 149.135001 -
99.423334 forrrmgformmrreame e e s
49_?1155?--}-,ri-------------- T B e
0.000000
0.0000 10.0000 20.0000 30.0000 40.0000 50.0000
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ASSE550T; ratifier: test person:
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POLITEKNTK SHAH ALAM TENSTLE

~OLITEKMNil<

P T e TESTING
FATIN

Sample fatin—3 TestDate 2026-01-14
Size (mm) 12#10 Area(mm 2) 120.0
Gauge Lenght {mm) 60. 00 Elongation (mm) 27. 726
Elongation (%) 46.21 Force max(kN) 53.9
Tensile Strenght 499 Coil No/Packet Ko

(MP=a)
Type Flat Tensile Ratio 1.6
Sulmm 2) Z(%)
Fel (kN) 38.9 Rell (MPz) 324
Fel (kN} 381 Rel (MPa) 317
Fp (kM) 37.9 Rp (MPa) 316
Ft (kN) 1.2 Rt (MPa) 10
E(GPa) 3
comment :

448.935003 |-
399.053336-
349.171669 -
299.290002

249.408335

199526668

Stress(MPa)

:
i
:
H
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99 763334 -

49.881667 [----
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S— .!_ .

]
]
]

=a e e —————
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