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ABSTRACT

Modal analysis is an excellent technique for determining the natural vibration characteristics of a
structure. By understanding modal parameters such as natural frequencies, damping ratios, and mode
shapes, engineers can fully characterize a structure's dynamic behaviour, predicting performance and
identifying potential issues. This technique is applicable in various fields, including civil engineering,
aerospace, and automotive industries, where it aids in improving design, performance, and ensuring
structural integrity. Nonetheless, the process can be time-consuming and heavily reliant on user
subjectivity in selecting modal parameters. As structural complexity escalates, interpreting stabilization
diagrams becomes increasingly challenging, necessitating expert-level knowledge for accurate analysis.
Additionally, performing modal analysis on large infrastructures for long-term monitoring is often
impractical due to these challenges.

Considering the challenges of traditional modal analysis, this work develops an Automated Modal
Analysis (AMA) methodology using a density-based machine learning clustering technique, coupled
with modal verification steps inspired by expert judgment. This approach aims to minimize user
interaction, reduce human error, and decrease the time required for the process. Consequently, it enables
long-term monitoring of structures without significant effort.

In this thesis, AMA methodology was initially validated within an Experimental Modal Analysis (EMA)
context. The methodology was applied to eight distinct industrial datasets, ranging from simple
structures like a metallic plate to more complex ones such as an F16 jet. This validation aimed to assess
the methodology's applicability across diverse structural scenarios. Additionally, a benchmark
validation study, incorporating results from manually selected modes by engineers of varied expertise
levels, was conducted to bolster the obtained findings.

In the context of Operational Modal Analysis (OMA), the AMA methodology developed in this work
was applied to the Infante Dom Henrique bridge in Porto for long-term monitoring purposes. This
application aimed to demonstrate the methodology's effectiveness in real-world scenarios.

In this thesis, expert-level results were achieved in the jury test conducted for benchmark validation,
affirming the efficacy of the proposed AMA methodology. Additionally, successful long-term
monitoring of the bridge was achieved, demonstrating the methodology’s viability in both EMA and
OMA contexts. Overall, the study highlights the successful implementation of the AMA methodology
across diverse modal analysis scenarios.

KEYWORDS: Automated Modal Analysis, Industrial VValidation, Jury Test, Long-term Monitoring, Arch-
Bridge.
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RESUMO

A andélise modal é uma excelente técnica para determinar as caracteristicas naturais de vibracdo de uma
estrutura. Ao compreender os parametros modais, como frequéncias naturais, amortecimento e formas
modais, 0s engenheiros podem caracterizar completamente o comportamento dindmico de uma
estrutura, prevendo o desempenho e identificando potenciais problemas. Esta técnica é aplicavel em
varias areas, incluindo engenharia civil, aeroespacial e industrias automaveis, onde ajuda a melhorar o
design, o desempenho e a garantir a integridade estrutural. No entanto, o processo pode ser demorado e
depender fortemente da subjetividade do utilizador na selecdo dos pardmetros modais. Conforme a
complexidade estrutural aumenta, a interpretacdo dos diagramas de estabilizacdo torna-se cada vez mais
desafiadora, exigindo conhecimento especializado para uma analise precisa. Além disso, realizar analise
modal em grandes infraestruturas para monitorizacdo a longo prazo é frequentemente impraticavel
devido a estes desafios.

Considerando os desafios da analise modal tradicional, neste trabalho desenvolve-se uma metodologia
de Analise Modal Automética (AMA) utilizando uma density-based machine learning clustering
technique, aliada a etapas de verificagdo modal baseadas em estudos anteriores. Esta abordagem visa
minimizar a interacdo do utilizador, reduzir erros humanos e diminuir o tempo necessario para o
processo. Consequentemente, possibilita a monitorizacdo a longo prazo de estruturas sem um esforco
significativo.

Nesta tese, a metodologia de AMA foi inicialmente validada no contexto da Analise Modal
Experimental (EMA). A metodologia foi aplicada a oito conjuntos de dados industriais distintos, que
variaram desde estruturas simples como uma placa metélica até estruturas mais complexas, como um
avido F16. Esta validacdo teve como objetivo avaliar a aplicabilidade da metodologia em diversos
cenarios estruturais. Além disso, um estudo de validagdo de benchmark, incorporando resultados de
modos selecionados manualmente por engenheiros de diferentes niveis de experiéncia, foi conduzido
para reforcar os resultados obtidos.

No contexto da Andlise Modal Operacional (OMA), a metodologia AMA desenvolvida neste trabalho
foi aplicada a ponte Infante Dom Henrique, no Porto, para fins de monitorizacéo a longo prazo. Esta
aplicacdo teve como objetivo demonstrar a eficacia da metodologia em cenarios do mundo real.

Nesta tese, foram alcancados resultados de nivel de especialista no Jury Test realizado para validacao
de benchmark, confirmando a eficacia da metodologia proposta de AMA. Além disso, foi alcancada
uma monitoriza¢do bem-sucedida a longo prazo da ponte, demonstrando a viabilidade da metodologia
em contextos de EMA e OMA. No geral, o estudo destaca a implementacdo bem-sucedida da
metodologia AMA em diversos cendrios de analise modal.

PALAVRAS-CHAVE: Analise Modal Automatica, Validacao Industrial, Jury Test, Monitorizacéo a Longo
Prazo, Ponte.
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1

INTRODUCTION

1.1. MOTIVATION

Modal analysis became a critical important topic in what concerns to the analysis of structural dynamics
and their characterization, commonly used to studying the behaviour of mechanical and civil structures
(Chen, W. [et al.], 2011). Experimental modal testing has been a commonly used technique to identify
the modal parameters of large engineering structures. However, this method requires knowledge of both
input and output data, which can be challenging and costly for the analysis of big structures such as
bridges, wind turbines, dams, and airplanes. The expense and logistical complexity of performing these
tests on large structures often limit their feasibility (Zhang, G. [et al.], 2014).

To address the limitations mentioned above, certain algorithms have been developed that estimate modal
parameters using only the structural response to ambient excitation, such as wind or traffic. When both
input and output data are available, experimental modal analysis (EMA) can be performed. However,
when only the output data is known, the process falls under operational modal analysis (OMA). One of
the main advantages of OMA compared to EMA is that it avoids causing damage to the structure. This
is because OMA measurements are performed under operational conditions, without interrupting the
structure's functionality.

The modal analysis process encompasses several stages, beginning with data acquisition, followed by
signal pre-processing and data assessment, and culminating in system identification through the
calculation of a valid set of modal parameters. This methodology finds widespread application across
various fields, including automotive design and vehicle Noise Vibration Harshness (NVH) testing,
prognostics for industrial machinery, monitoring of various civil structures such as bridges, wind
turbines, and stadiums, as well as numerous other domains (Tavares, A. [et al.], 2024).

Over the years, many civil structures undergo degradation and are exposed to various dynamic loads,
including traffic, wind, or pedestrian activity. As a result, there is a growing need for monitoring systems
in such structures, along with a well-planned monitoring programs (de Magalhdes, F.M.R.L., 2010).

With the implementation of monitoring systems and the collection of their data, it becomes possible to
evaluate the evolution of modal parameters over time using automated modal analysis (AMA)
methodologies, as further discussed in the next section. This analysis provides valuable insights into the
behaviour of structures, enabling better decision-making regarding their operation, optimizing
maintenance scheduling, and predicting end-of-life dates (Steenackers, G. and Guillaume, P., 2005).
Ultimately, this enhances the safety of the structure and reduces operational costs (Dederichs, A.C. [et
al.], 2022).
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Due to the reasons mentioned above, an Automated Modal Analysis (AMA) methodology was
developed in this dissertation to monitor the structural response of the Infante Dom Henrique bridge in
Porto. To validate the applicability of this AMA methodology across different types of structures, it was
applied to various industrial datasets and evaluated through an extensive benchmark comparison with
multiple modal analysis engineers.

1.2. STATE-OF-THE-ART

As mentioned earlier in section 1.1, modal analysis is a crucial technique in structural dynamics and
vibration engineering. However, as this technique advances and is applied to increasingly complex
structures, the process becomes more time-consuming and prone to human error. Automating modal
analysis is essential to address these challenges. It enables engineers of all expertise levels to create
precise modal models for a wide variety of structures. Furthermore, automation allows for the efficient
processing of large datasets with consistent results and minimal user intervention. (Tavares, A. [et al.],
2024).

Automated modal analysis (AMA) consists of three steps: a) Modal Parameter Estimation (MPE), b)
Automated Modal Parameter Selection (AMPS), c) Automated Modal Tracking (AMT).

In the past years, numerous variants for modal parameter estimation of structures have been studied.
Parameter estimation can be performed using time domain functions, which process data based on the
input-output time histories, or frequency domain functions, which estimate the modal parameters based
on the frequency domain representation of the input-output relationships. (Heylen, W. and Sas, P.,
2006). The time domain functions are not the focus of this study, which relies only on frequency domain
functions.

In the frequency domain functions, there are some methods implemented, like the frequency domain
decomposition (FDD) (Brincker, R. [et al.], 2000), the State-Space ldentification (SSI) methods
(Peeters, B. and De Roeck, G., 1999) (Boonyapinyo, V. and Janesupasaeree, T., 2010) (Zhang, G. [et
al.], 2012) and the polyreference least-squares complex frequency-domain (p-LSCF) (Peeters, B. [et
al.], 2007).

Most AMPS techniques use clustering approaches after processing the frequency domain functions.
These clustering methods create clusters to identify the modal parameters of the structure. The
hierarchical clustering is one of the most commons to proceed with the AMPS methodology (Verboven,
P. [et al.], 2004). Other types of centroid-based clustering algorithms, as K-means and fuzzy c-means
(FCM) clustering also had relevance in the development of the AMPS (Favarelli, E. and Giorgetti, A.,
2020) (Reynders, E. [et al.], 2012) (Verboven, P. [et al.], 2002). Different approaches as the density-
based clustering techniques are being applied too, like the Density-Based Spatial Clustering of
Application with noise (DBSCAN) (Tavares, A. [et al.], 2024) and Ordering Points to Identify the
Clustering Structure (OPTICS) (Teng, J. [et al.], 2019). Another type of clustering technique was also
developed based in the hierarchical and density-based clustering approaches, the Hierarchical DBSCAN
(HDBSCAN) (Campello, R.J. [et al.], 2013).

After the AMPS process, Automated Modal Tracking (AMT) allows for understanding the evolution of
the structural modal parameters over time. This is valuable not only for recognizing the structural mode
parameters but also for identifying significant variations (Dederichs, A.C. and Qiseth, O., 2024). The
AMT methodology can be performed based on the calculation of distances, where the most common
parameters to proceed to the tracking are the natural frequency and the Modal Assurance Criterion
(MAC). This procedure can be performed based on the calculation of the distances between the two
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parameters mentioned above, as was done in a concrete arch dam by (Pereira, S. [et al.], 2020).
Alternatively, it can be based solely on the frequency as demonstrated in a bridge study by (Teng, J. [et
al.], 2019). Other parameters can also be used, as shown in the work by (He, M. [et al.], 2022).

AMA methodologies are becoming highly relevant due to their accuracy and speed in processing modal
parameters without user interaction. These procedures can be implemented in modal analysis softwares
as an add-on, allowing users to utilize this method to streamline the process (Rainieri, C. [et al.], 2008,
Tavares, A. [et al.], 2023).

1.3. OBJECTIVES
The main objectives of this dissertation are:

e Improvement of an in-house Automated Modal Analysis (AMA) methodology based on a
density-based clustering technique (Tavares, A. [et al.], 2023).

e Validation of the AMPS method proposed conducted on 8 industrial datasets within an
experimental modal analysis (EMA) context through a Benchmark Validation study.

e Extra validation in a case of operational modal analysis (OMA), on the Infante Dom Henrique
bridge.

e Application of the AMA approach in the Infante Dom Henrique Bridge, for the monitoring of
modal parameters across time.

1.4. THESIS OUTLINE
The present dissertation is divided in six chapters.

Chapter 1 outlines the main motivations behind this work and provides context for the subsequent
chapters. It also includes a list of objectives to guide the research.

Chapter 2 is constituted by the theoretical background that sustains the topics discussed in the next
chapters. The modal analysis theory, such as the modal model, the Polyreference Least Squares Complex
Frequency Domain, the difference between the Experimental and Operational modal analysis and the
modal assurance criterion. Moreover, the theory behind DBSCAN algorithm is also explained.

Chapter 3 holds the process behind the automated modal analysis methodology to be further validated
in the two upcoming chapters. The method is divided into two main parts, the automated modal
parameter selection, and the automated modal tracking.

Chapter 4 starts with a brief explanation of the industrial datasets used to corroborate the automated
modal parameter selection method presented in section 3.1, as well as the results. The chapter also
presents the results of the benchmark study conducted using the industrial datasets.

Chapter 5 begins with a description of the geometry and the monitoring system implemented in the
Infante Dom Henrique bridge. Following this, the methodology presented in chapter 3 is implemented
to further validate the methodology and proceed to the identification of the modal parameters of the
structure.

Chapter 6 provides the final conclusions and some ideas for future work.
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2

THEORETICAL BACKGROUND

2.1. MODAL ANALYSIS

Modal Analysis is the study of the dynamic behaviour of a structure, providing a set of modal parameters
such as natural frequencies (f), damping ratios (§) and mode shapes (¢) (Avitabile, P., 2017). This
technique can be applied to several industrial scenarios.

In the field of modal analysis, it is possible to determine the modal parameters with two techniques:
experimental modal analysis (EMA) and operational modal analysis (OMA). EMA involves providing
a known excitation to the structure and measuring the response. In contrast, OMA performs modal
analysis using only the output data, with the assumption of white noise excitation. A detailed explanation
of these two techniques is provided in later sections.

2.1.1. MODAL MODEL

In the procedure of measuring the modal parameters, the Frequency Response Functions (FRFs)
obtained are curved-fitted by a modal model (Heylen, W. and Sas, P., 2006) present in equation (2.1).

& QW) (WY | G
L Go-2)  Go-2)

[H(w)] = (2.1)

Where, N is the number of modes; Q,- the modal scaling factor; {¥},- the modal vector r; A,. the system
pole, that can be defined by the natural frequency f,- and the damping ratio ¢&,., as defined in equation
(2.2) (Heylen, W. and Sas, P., 2006).

Ar'/ﬁ: = _frf;“ i]\/ 1- E)g r (22)

In the field of experimental modal analysis, the study is typically conducted over a limited frequency
band that encompasses only a subset of the structure's modes. This limitation arises from the constraints
of the Frequency Response Functions (FRF) matrix, which includes a finite subset of inputs and outputs
(de Magalhées, F.M.R.L., 2010). As a result of this limitation, the modal model for a specific frequency
band is defined in equation (2.3).
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where N, is the number of modes in the frequency band under analysis; {¢;} are the mode shapes;
=T -H are the conjugate, transpose, and the complex conjugate transpose of a matrix, respectively; { [%)
are the modal participation factors. UR (Upper Residues) and LR (Lower Residues) represents the
influence of the modes below (LR) and above (UR) the frequency band. These residues can be defined
in various ways, depending on the measured output quantity, such as displacement, velocity, or
acceleration (NV, S.1.S., 2015).

2.1.2. POLYREFERENCE LEAST SQUARES COMPLEX FREQUENCY DOMAIN (P-LSCFD)

The polyreference least-squares complex frequency-domain method, commonly referred to as
"PolyMax" is a frequency-domain parameter estimation method that can be implemented in two steps.
Firstly, the construction of the stabilization diagram involves gathering frequency, damping, and
participation information. Then, based on the selection of stable poles from this diagram, the mode
shapes are determined. (Peeters, B. [et al.], 2004).

With the first input being frequency response functions (FRFs), this method identifies a matrix-fraction
model shown in equation (2.4).

[H(@)] = [B()][A(w)]™ (24)

Where, H (w) is a matrix that contains the FRFs between all the inputs and outputs, B (w) is de numerator
matrix polynomial and A(w) is the denominator matrix polynomial. Each row in right matrix-fraction
model can be represented as represented in equation (2.5).

YO = 1,2, ..., 1: (H(w)) = (By(0))[A(w)] ™ (2.5)

Where the numerator row-vector polynomial of output (O) and the denominator matrix polynomial are
defined as presented in equation (2.6) and (2.7), respectively.

p

(Bo@)) = )" 2(@){Bor) (26)
p

[A@)] = ) 0 @)a] 27)

Where p is the polynomial order, and 0, (w) are the polynomial basis functions. When a z-domain
model is used, £2,-(w) should be considered as shown in equation (2.8) (At is the sampling time).
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0, (w) = e/@Atr (2.8)

In the process of solving the set of equations presented, the coefficient ,. is eliminated, with the focus
solely on determining a,. This last coefficient provides an estimate of the system poles and the modal
participation factor (Heylen, W. and Sas, P., 2006).

To control the parameter redundancy in the right matrix-fraction formulation (equation (2.4)) is defined
one constrain, [a,] = [I].

In Figure 2.1 it is possible to visualize a PolyMax stabilization diagram provided by Simcenter™
Testlab™ software. PolyMax provides very clear stabilization diagrams that make very simple selection
of the physical modes. Another advantage of the method is the estimation of the non-physical modes
with a negative damping, what permits the previous elimination of this modes before the construction
of the stabilization diagram (Peeters, B. [et al.], 2004).

The basic idea behind a stabilization diagram involves conducting multiple iterations of the complete
pole identification process, employing models of increasing order. Through extensive experience across
diverse problem sets, it was observed that the pole values corresponding to "physical" eigenmodes
consistently appear around a nearly identical frequency. Conversely, mathematical poles tend to disperse
across the frequency spectrum. By consolidating the pole values obtained from analyses at various
orders into a single diagram, with the pole frequency on the horizontal axis and the solution order on the
vertical axis, a comprehensive visualization is achieved. Physical poles are distinctly visible in this
diagram. The poles can be categorized using different letters, as illustrated in Figure 2.1, based on how
many stability criteria they meet. Typically, these stability criteria include 1% for frequency, 5% for
damping, and 2% for eigenvector stability. The letter 'f' denotes a pole stable in frequency, 'd' indicates
stability in damping, '0’ signifies a newly-discovered pole, 'v' represents stability in both frequency and
modal participation vector, and 's' indicates stability across all criteria. (Lau, J. [et al.], 2007).

- CL ='W
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w

Figure 2.1 - Example of a stabilization diagram in Siemens Simcenter™ Testlab™ software.
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In the present work the utilized software to implement PolyMax was MATLAB. In Figure 2.2 it is
possible to see a stabilization diagram provided by MATLAB, where the blue dots represent the stable
poles, and the red curve, the sum of the measured FRFs with the main resonance peaks (Tavares, A. [et
al.], 2024).
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Figure 2.2 — Example of a stabilization diagram in MATLAB.

2.1.3. EXPERIMENTAL MODAL ANALYSIS VS. OPERATIONAL MODAL ANALYSIS

Experimental modal analysis and Operational modal analysis, also known as EMA and OMA,
respectively, are methods that use measured data to build a mathematical model of the structure’s
dynamic characteristics. This model is built based in a family of frequency-domain functions.

For EMA, PolyMax or other frequency-domain modal parameter estimators calculate the stabilization
diagrams with respect to the Frequency Response Functions (FRF), a frequency domain representation
of the relation between input and output response of a structure. In contrast, for OMA, Cross-Power
Spectra (CPS) functions are used, which are calculated with respect to the cross and auto-correlation
functions between the output-only data. The main difference between the two processes is the
characterization of the system transfer function, H. In Figure 2.3, it is possible to see the summary of
both methods.

In EMA, as already was referred above, through the interpretation of FRFs and stabilization diagrams it
is possible to estimate the modal parameters of a physical structure. These FRFs are obtained calculating
the frequency ratio between the inputs and outputs of the measurements, and for this reason it is
necessary to know both input and output forces. This last one, can be presented as acceleration, velocity,
or displacement.

Overall, these functions represent the structure response in each measurement location per unit force at
the input location. As complex frequency domain functions, FRFs have magnitude and phase
information.
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One of the particular advantages of EMA is the possibility to represent each mode shape rightly mass-
normalized or arbitrarily scaled, and to calculate the modal participation factors, due to the fact that the
input force is known (Center, S.S., 2020b).

Considering the challenges associated with accessing the input of large infrastructures, such as Civil
Engineering structures, where conducting Experimental Modal Analysis (EMA) may necessitate costly
and cumbersome equipment (Magalh&es, F. and Cunha, A., 2011), Operational Modal Analysis (OMA)
emerges as a practical alternative. OMA is an output-only method, relying on white noise input. By
assuming this input condition, OMA characterizes the response solely through "ambient™ excitation
sources like wind or traffic (Brincker, R. and Ventura, C., 2015). This approach enables the analysis of
structures under operational conditions, as they are naturally stimulated in real-world environments
without the need for additional excitation devices. Moreover, OMA allows the continuous monitoring
(Di Lorenzo, E., 2017).

Due to the white noise assumption is also possible to define the mathematical model that permits the
calculation of the modal parameters. In this case, as the input force is unknown, it is impossible to define
the FRFs in the same way as EMA, so with the response is possible to create time domain functions,
known as correlations functions. The method works knowing only the response, such as accelerations
signals.

Experimental Modal Analysis Operational Modal Analysis
Input (Force) Responses (Acceleration) Reference (Acceleration) Responses (Acceleration)
Measure: Measure:
(Time Domain) (Time Domain)
Auto correlation Cross correlations
Time domain ¥
Correlation: ‘m‘w‘““w""““ pas) s -
Erequency Auto Power (Syy) Cross Powers (Syy) Auto & Cross Power Spectra
Domain:
Frequency
Domain:

FRFs:

Curve Fit FRFs: Curve Fit Spectra:

Natural Frequencies Natural Frequencies
Mode Shapes Mode Shapes (unscaled)
Damping Damping

Figure 2.3 - Summary of EMA vs. OMA processes (Center, S.S., 2020b).

In a simple explanation, OMA is based on the structure response [Y] and in the assumption of the white
noise, to be able to characterize the structure, as is possible to see in Figure 2.4, based in this two known
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parameters it is possible to reconstruct the signal in the frequency domain, using an autocorrelation
function (ACF) or a cross-correlation function (CCS).

X * H Y

[ A s

X

White noise System Matrix Output Matrix

Figure 2.4 - For white noise input, output matrix [Y] is equal to system
matrix [H] (Center, S.S., 2020b).

An ACF is a statistical function that quantifies the correlation between two a signal and a delayed copy
of itself as a function of delay, providing a value between -1 and 1. If the original signal includes periodic
components, like natural frequencies, the delay version of the signal will exhibit correlation with the
original at specific intervals (time lags). When the delay increases, assuming the excitation is random,
the correlation is expected to diminish progressively towards zero. While an ACF identifies the
periodicities shared between the two signals, an CCF compares the delayed signal to a reference signal,
extracting the common periodicities to signals from two different measurement locations.

These correlation functions are transformed in frequency domain via the Discrete Fourier Transform,
generating the correlograms or power spectra. Diving the functions used to acquire the original data by
the frequency resolution §f, it is possible to produce the cross-power spectral densities (CPSD) and
auto-power spectral densities (APSD) (Center, S.S., 2020a).

With both methods, and the respective functions calculated, it is possible to compute the stabilization
diagram with resource to a modal parameter estimator method, to obtain the modal parameters of the
physical modes.

2.1.4. MODAL ASSURANCE CRITERION

The Modal Assurance Criterion (MAC) is a popular tool to compare modal vectors in a quantitative way
(Allemang, R.J., 2003). This criterion was developed after the development of the ordinary coherence
calculation associated with the computation of the frequency response functions. The MAC and the
ordinary coherence are statistical indicators. This least squares-based form a linear regression analysis
yields an indicator that is more sensitive to the largest difference between comparative values and results
in modal assurance criterion, than to small changes or small magnitudes.

Initially this parameter was introduced with The Modal Scale Factor in modal testing, as an additional
confidence factor for the evaluation of the modal vector in different excitation locations. When an FRF
is represented using the partial fraction expansion form, each term’s numerator corresponds to the matrix
of residues or modal constants.

The MAC is determined as a scalar product of the two sets of vectors {¥ 4} and {¥y}, being organized
into the MAC matrix presented in equation (2.9).

10
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(2.9)

Where it is possible to recognize the form of the coherence function, indicating the relation between
{¥a} and {Py}.
In this case the modulus in the numerator is taken after the vector multiplication, so that the absolute

value of the sum of product elements is squared. One equivalent formulation is showed in equation
(2.10).
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(2.10)

This criterion has been used as a Mode Shape Correlation Constant to quantify the accuracy of identified
mode shapes. For complex modes of vibration, the MAC can be calculated as demonstrated in equation
(2.11), where is clearly a real quantity, even if the mode shape data are complex.

[{¥ 437 {Px}gl

MAC @) = o T ) (T P00

(2.11)

The MAC takes values between 0 and 1 when there is no consistent correspondence or the opposite,
respectively. Values higher than 0.9 represent consistent correspondence while small values are an
indicator of poor resemblance between the two mode shapes (Pastor, M. [et al.], 2012).

2.2. DENSITY-BASED SPATIAL CLUSTERING OF APPLICATIONS WITH NOISE

The Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm forms clusters
by delineating various density regions. Unlike many other clustering techniques that demand a
predefined number of clusters, DBSCAN relies on two input parameters: the radius £ and the minimum
number of points that should fall within this radius (Ester, M. [et al.], 1996).

In Figure 2.5 are presented the main principles of the methodology. The core point (shown in blue)
described by the hyperparameters mentioned above is easily identifiable. It represents the starting point
of a cluster, containing within its radius the minimum number of points required to form a cluster.
Additionally, any point falling within this radius is automatically included in the cluster. If the added
points meet all the conditions to be considered core points, the procedure is repeated. However, if the
added points do not fulfil the criteria to be core points, they will be designated as border points (black).
Points that fail to meet the criteria for core or border points will be classified as noise and will not be
assigned to any cluster (red) (Tavares, A. [et al.], 2023).

This method will be explained with more detail further on, in section 3.1.1.

11
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Figure 2.5 - Principles of DBSCAN (Tavares, A. [et al.], 2023).
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3

AUTOMATED MODAL ANALYSIS METHODOLOGY

3.1. AUTOMATED MODAL PARAMETER SELECTION

The Automated Modal Parameter Selection (AMPS) methodology is presented in Figure 3.1. This
methodology is composed by three steps. First, it creates the clusters based in the poles represented on
the stabilization diagram, taking as input the modal parameters estimated. A density-based clustering
algorithm, DBSCAN, is employed for this purpose. This technique also discards some poles classified
as noise in the initial process. Afterwards, the resonance modes identified by the clustering methodology
undergo for two verifications steps. First, due to the complexity of some structures, is assured that all
the modes are not split in two or more clusters in case they meet some conditions. Finally, the second
verification step aims to identify and eliminate any potential spurious or numerical modes by analysing
the characteristics of the clusters and their contributions to the final FRF synthesis (Tavares, A. [et al.],
2024). In the next sections, there will be a more detailed explanation of the steps of this AMPS
methodology.

Cluster
e Cluster
verification e
Natural fregs. ) verification
Representative -
contribution
poles

DBSCAN

T X

Figure 3.1 - Methodology for Automated Modal Parameter Selection (AMPS) (Tavares, A. [et al.], 2023).

3.1.1. DBSCAN CLUSTERING TECHNIQUE

Utilising the natural frequencies and damping ratios as inputs, it becomes possible to build the initial
clusters of poles on a stabilization diagram with recourse to DBSCAN. An important step in the
clustering process is the computation of the distance between poles, that is adjusted to the modal
parameters considered as input. This distance is calculated by the sum of the absolute differences in
normalized frequency and damping, owing to the different magnitudes and units of the two inputs. The
formulation to calculate the distance is presented in equation (3.1), where the variables have the next

13
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denotation: p,, p;are the pole-i and pole-j, respectively, and N, is the number of poles in the stabilization
diagram.

|fpi _fpjl + |€pi - fpjl

(PL) f(pl.)+ f(pl) fpi fpi

ji,j €{1,2, .., Ny} 3.1)

To guarantee the versatility of the AMPS methodology implemented to diverse structure’s stabilization
diagram with different characteristics, such as modal densities and model sizes, the DBSCAN has
meticulously chosen hyperparameters. As hyperparameter the methodology has the minimum number
of points (MinPts), that is one-sixteenth (1/16) of the model size, having a lower limit of 3. For DBSCAN
is also defined the epsilon distance (¢), that takes 0.06 as a value established in agreement with the
tolerances for the natural frequency and damping ratio that define a stable pole in the stabilization
diagram (1% for frequency and 5% for damping (Lau, J. [et al.], 2007)) (Tavares, A. [et al.], 2024).

3.1.2. FIRST VERIFICATION STEP

This verification step, focusing on the representative poles of each cluster, aims to ensure that single
modes are not split. Based on the closeness to the median frequency and damping inside the cluster, the
representative pole is selected. When analysing stabilization diagrams computed with high model
orders, like for complex structures as fully equipped cars or airplanes, this step is crucial. In some
situations, significant discrepancies in the damping ratios of poles calculated for the same mode often
occur, enhancing the formation of multiple clusters.

To make the verification, are identified the secondary clusters to associate to the primary ones, excluding
them, at the same time, from the representative pole selection. To execute this, two distance metrics are
computed between the representative poles (rp) of the number of clusters (N.), and then the next
clustering phases are performed: a) frequency distance, equation (3.2) and b) the MAC distance among
the modal participation factors (L), equation (3.3). In the case of this distances present a value below
2% and 20%, respectively, the clusters can be linked and fused if they met some conditions, according
with the scheme presented in Figure 3.2 (Tavares, A. [et al.], 2024).

|frpi - f;‘pjl

df(rpi) = 7 ; 1, € {1,2,...,Np} 3.2)
P

|2

LypiLrp;

(LrPiLrPi) (LTPjLTPj)

dMAc(L)(rpl) =1- ; i,j € {1,2, ...,Np} (33)

Some structures, such as wind turbines (Oliveira, G. [et al.], 2018), exhibit complex structural dynamics
that result in multiple physical modes occurring at very close frequencies. Therefore, for the initial
verification step, with the structure shown in Figure 3.2 was employed to determine whether the
secondary mode should be merged with the primary cluster.

14
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| Condition 1 JI @ -ll Merge Clusters
Yes >| Condition 2 I @

Yes >| Condition 3 No

Yes [ Don’t Merge Clusters ]

Figure 3.2 - First Verification Step.

The conditions, presented in Figure 3.2 - First Verification Step, to be fulfilled are the following:
1. The secondary cluster must have, at least, 50% the number of poles of the primary one.
2. To pass to the condition number 3, the clusters should have a coincidence of the modal orders.

3. The clusters must have a coincidence of poles at the same model order, no less than 50%.

3.1.3. SECOND VERIFICATION STEP

To find and remove potential numerical modes, the second verification step analyses the impact of
modes after the first verification step, on the ultimate mode set and the FRF synthesis. Numerical modes
can appear due to some reasons, such as over-selection of the model order for the computation of the
stabilization diagram, measurement-related problems, or even a combination of the two. The over-
selection of model order to the model parameter estimator (MPE) will affect a proper fitting of the high-
order polynomial to the data, what can tease a sensibility to small dynamics on the data that are not
triggered by the physical resonant behaviour of the structure. Also, the measurement problems can
produce noise in the response data, which will generate spurious poles in the stabilization diagram during
the fits of the MPE to the modal model data (Tavares, A. [et al.], 2024).

An in-house method was applied to calculate the contribution of the modes with respect to the modal
model synthesis. The contribution of a mode is associated to the representative pole of its cluster
(Tavares, A. [et al.], 2024).

To remove the potential numerical modes, classified as dubious by the method, the clusters must meet
the conditions explained in Figure 3.3. Before the classification of each cluster, the reference modes are
selected based on the representative poles that contribute the most to the frequency-domain response.
Afterwards, are defined quantities like the minimum reference contribution (minRef_contribution), the
maximum damping ratio and the minimum number of poles within the reference clusters. There are also
set some important values, such as the limit contribution to start doubting about a cluster
(limDubPolCheck), 0.02, and the fraction of poles that a cluster must have to be classified as a physical
cluster (difPolesRef), 85%, compared with the minimum number of poles of the reference modeset.

15
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Figure 3.3 - Second Step Verification.

Following the process referred above, the cluster are submitted to the next conditions:

1. The damping of the cluster in analysis should not exceed ten times the maximum reference
damping, otherwise it will be considered a dubious cluster.

2. To proceed to the next condition, the cluster contribution must be lower than the minimum
contribution allowed. This value can take two different values, if the minRef_contribution is
higher than the limDubPolCheck, the minimum contribution allowed is the minRef_contribution
minus 0.01, or if the condition is not verified, it will take has value half of the
minRef_contribution.

3. The final condition that a cluster should meet, to be considered dubious, is related to the number
of poles. If the cluster does not have the difPolesRef of the minimum reference number of poles
or at least have less than the double of the MinPts, then the cluster will be classified as dubious.

3.2. AUTOMATED MODAL TRACKING

The modal tracking technique assesses the resemblance between the modal parameters obtained from a
particular measurement and a predetermined set of reference modes across time. In essence, modal
tracking monitors the evolution of modal parameters over time, leveraging correlations established
through this process.

In Figure 3.4 is summarized all the process adopted to the automated modal analysis (AMA), where is
possible to see that the modal tracking is preceded by two steps, first, the modal parameter estimation
(MPE) and then an automated modal parameter selection (AMPS). The first step involves using
PolyMax, as described in subsection 2.1.2, to calculate the modal parameters of all poles and plot them
in a stabilization diagram, being feasible to execute in a context of EMA or OMA (present in subsection
2.1.3). The AMPS step focuses on accessing the final resonance modes through the stabilization diagram
and the corresponding set of poles to characterize the dynamic behaviour of the structure. In the present
work, this step is performed by the methodology defined in section 3.1. Modal tracking permits the
study over multiple measurements to track a set of reference modes over time (Devriendt, C. [et al.],
2014).
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>[ Modal Tracking ] modes
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Figure 3.4 - Automated Modal Analysis (AMA) Process.

To perform the tracking of the resonance modes is calculated the distance between the modal parameters
and, if this value drops below a certain threshold is established a similarity between modes. In the present
work, the modal parameters evaluated are natural frequencies and mode shapes in agreement with the
equations (3.4) and (3.5). Taking into account the two modal parameters referred before, and considering
amode 1 (m) as a set of modes calculated for one measurement, and a mode 2 (m;) from a set reference
modes to be tracked time, it is possible to establish a correlation between mode 1 and mode 2 in terms
of frequency distance (equation (3.4)) and MAC distance (equation (3.5)) if this values are both above
a defined threshold. These thresholds are defined depending on the application in study, because every
structure has a specific behaviour. The MAC distance is the more affected by this statement, because it
can vary considerably depending on the number of Degrees-of-Freedom (DOF) in analysis.

|fm1 - fmzl
dfreq = T (3.4)
By b
dMA =1-= .
= s Bons) o ) (35)
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A

VALIDATION FOR INDUSTRIAL DATASETS

4.1. INDUSTRIAL DATASETS DESCRIPTION

To validate the proposed methodology, presented in section 3.1, 8 experimental industrial datasets were
used. These datasets are presented in Figure 4.1.

(e) Motor 2. (f) Car 1. (g) F16 jet. (e) Wind Turbine Blade.

Figure 4.1 - Images of the datasets used to validate the AMPS methodology (Tavares, A. [et al.], 2024).

The metallic plate (Figure 4.1a) has a symmetrical square shape with a side length of 400 mm. The plate
was suspended to simulate free-free boundary conditions and was excited at two points using a modal
hammer. Fifteen uni-axial accelerometers were used to measure the plate’s acceleration response. For
the airplane model (Figure 4.1b), which measures 733 mm in length and 914 mm in wingspan, sixteen
accelerometers were utilized: thirteen uni-axial and three tri-axial, providing the excitation with two
modal shakers positioned under each wing, delivering a pseudo-random excitation signal. The
measurements in F16 fighter jet (Figure 4.1g), with a length of approximately 15 m and a wingspan of
10 m, were done while it was positioned in the hangar. To proceed to the measurement, the dataset
included thirty-five tri-axial accelerometers placed in various points on the aircraft, such as the fuselage,
wings, flaps, tails, fin, and payloads. To excite the structure with a pseudo-random signal, two modal
shakers were positioned below the wings.
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The remaining datasets, presented in Figure 4.1, such as, the two motors, the two fully trimmed cars and
the wind turbine blade, present a wide range of different characteristics, like various types of sensor
measurements (acoustic microphones, uni and tri-axial accelerometers), types of excitations (impact,
shaker, and Qsource testing), and frequency bands under consideration spanning from below 50Hz to
over 4000 Hz. The structures presented in Table 4.1 vary significantly in size, complexity, and
application, ranging from a small symmetrical plate to fully trimmed cars and airplanes. In the same
table, itis possible to see a summarized overview of all the measurement setups and all the detail aspects,
like number of sensors, type of excitation and frequency band of interest (Tavares, A. [et al.], 2024).

Table 4.1 - Information of the datasets used for validating the second step verification (Tavares, A. [et al.], 2024).

N Data . Frequenc op
Name Description . Excitation q y Difficulty
acquisition Band
Metallic Symmetric metallic 15 uni-axial Modal hammer  [20, 930] Hz 2/5
plate plate accelerometers (2 locations)
Airplane Airplane metallic 13 uni-axial + 3 Modal shaker [0, 400] Hz 2/5
model structure tri-axial (2 shakers)
accelerometers
F16 jet Ground Vibration 35 tri-axial Modal shaker [1.1, 45] Hz 4/5
Testing (GVT) to F16  accelerometers (2 shakers)
fighter jet aircraft
Wind Titanium wind turbine 10 tri-axial Modal hammer [0, 800] Hz 2/5
turbine blade frame accelerometers (1 location)
blade
Motor 1 Casing from industrial 2 uni-axial Modal shaker [400, 4100] 3/5
electric motor accelerometers (2 shakers) Hz
Motor 2 Gearbox from Roving tri-axial Modal shaker [200, 3330] 5/5
convertible car accelerometers (2 shakers) Hz
(30 locations)
Car1l Acoustic 34 microphones Q-MED [30, 550] Hz 4/5
measurement to fully gsource exciter
trimmed sedan car (12 locations)
Car 2 American convertible 125 tri-axial Modal shaker [1.2, 45] Hz 5/5
car accelerometers (2 shakers)
4.2. RESULTS

To better comprehend the influence of the second verification step of the AMPS process, presented in
chapter 3, on the stabilization diagram produced with PolyMax (subsection 2.1.2), there were considered
3 structures as baseline to the analysis. The structures are the metallic plate (Figure 4.1a), the airplane
model (Figure 4.1b) and the F16 jet (Figure 4.1g). The 3 structures will be analysed with some detail in
the present section, as it was done in (Tavares, A. [et al.], 2024).
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In the three cases, first is presented the “(a) Stabilization Diagram”, which represents the original
stabilization diagram, before the AMPS methodology is applied to the data presented in the diagram,
presenting the stabilization diagram generated by PolyMax (subsection 2.1.2). In this diagram every
blue point represents a stable pole, and the red curve the sum of the measured FRFs. Then is presented
“(b) After AMPS methodology”, with the stabilization diagram affected by the AMPS methodology.
This stabilization diagram has poles classified as -2, -1 and positive values. The classified as -2, are the
spurious clusters identified and eliminated by the second verification step of the AMPS methodology
(subsection 3.1.3). The -1 represent the noise points detected by the DBSCAN (subsection 3.1.1), and
the positive values characterize the clusters formed by the AMPS methodology (section 3.1), where the
pink crosses identify the representative pole chosen for each mode.

First, is displayed in Figure 4.2, the results to the metallic plate. Some of the values considered to this
analysis and some specifications of the test performed, principally the frequency band, are already
presented on Table 4.1. It was, also considered a model order of 88 for the analysis, with the purpose of
showing the accuracy of the method on eliminating the spurious modes, as is possible to see in Figure
4.2b. For the analysis of this structure, and only to do the identification of the physical modes it was not
needed to set a high model order as in this case, it was adopted that value due to the reason already
explained.

The columns of poles associated to the main resonance peaks are clear, well defined, and the method
does not eliminate them. Whereas the others, like the ones presented in frequencies around 100 Hz, 350
Hz, 460Hz and 500Hz, with a smaller representation in the diagram that clearly does not represent a
physical mode, are eliminated, and classified as -2. There are two clusters that presents a very marked
presence in the stabilization diagram, with a frequency approximated to 700 Hz, and even in this case,
clusters were eliminated by the method, representing a positive aspect, since these two are not related
to a peak of the FRF sum represented.
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(a) Stabilization Diagram.
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Final St ization Diagram
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(b) After AMPS methodology.

Figure 4.2 - AMPS results for the metallic plate.

The results of the airplane model (Figure 4.3) were obtained to a model order of 80. It was considered a
frequency band of [0, 400] Hz and 2 inputs (shakers). As in the case of the metallic plate (Figure 4.2),
is clear the difference between the physical resonance modes and the numerical ones. It is possible to
find the numerical clusters (-2) in the frequency band [200,350] Hz. Other characteristics of the test
perform to this dataset can be found in Table 4.1.
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Final Stabilization Diagram
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(b) After AMPS methodology.
Figure 4.3 - AMPS results for the Airplane Model.

This last structure, the F16 jet dataset for a frequency interval [1.2,45] Hz, one of the more complex
datasets, considering the 2 inputs (shakers) and a model size of 100, with the AMPS methodology two
spurious modes were identified, one around a frequency of 3 Hz and another one nearby the 15 Hz
(Figure 4.4). The remaining modes are correctly clustered as resonance modes, as in the other examples.
In Table 4.1 are presented the details of the test performed to this structure.
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(b) After AMPS methodology.

Figure 4.4 - AMPS results for the F16 jet.

The remaining structures were also analysed, yielding similarly positive results as those shown in Figure
4.2, Figure 4.3 and Figure 4.4.

The processing time of the AMPS methodology was also recorded for the calculation of the eight
datasets. The minimum time, approximately 0.04 second, was obtained for the wind turbine blade, while
the maximum time, around 0.7 seconds, was recorded for Motor 1.

4.3. BENCHMARK VALIDATION

To better understand the performance of the AMPS methodology proposed in section 3.1, a benchmark
study was performed based in the eight industrial datasets presented in section 4.1. The benchmark study
counted with a participation of multiple engineers of different expertise levels.

When structures are subjected to challenging experimental setups in the modal analysis domain,
establishing a ground-truth modal selection for a given dataset can be demanding. The alignment
between real-world testing and ideal scenarios is often not possible. Characteristics such as fully free-
free or fully fixed boundary conditions can interfere with the interaction between the excitation and the
structure, potentially introducing additional dynamics into the measured data. Therefore, in the
stabilization diagram, modes resulting from the interaction between the structure and these imperfect
boundary conditions may be present. The relevance of this modes always depends on the engineer
judgment, and the diverse goals that he might have in modal analysis of a specific structure (Tavares,
A. [etal.], 2024).

The jury test conducted for this benchmark study included 24 engineers distributed equally across three
expertise levels, as shown in Table 4.2. To categorize the engineers into the corresponding expertise
levels, several factors were taken into consideration, such as the number of datasets analysed, years of
experience, and the frequency with which they work with modal analysis. Level 1 represents a
participant who engages in modal analysis with lower regularity but has a general understanding of the
concepts. They could be an NVH researcher who performs modal analysis yearly and has some
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experience analysing 10 to 20 datasets, even though it is not their main area of expertise. In Level 2,
participants typically conduct modal analysis monthly and have experience with 20 to 60 datasets. They
demonstrate a higher level of expertise and may include PhD researchers or customer support engineers
specializing in structural dynamics testing. In Level 3, participants often hold roles such as product
managers or research managers in structural dynamics, demonstrating a high level of expertise with a
strong focus on modal analysis. They typically have more than fifteen years of knowledge and
experience, having analysed more than 60 datasets (Tavares, A. [et al.], 2024).

The participants also rated the difficulty level of each dataset on a scale from one to five, with one
indicating a very low difficulty and five the high difficulty. The score for each dataset is presented in
Table 4.1.

The results for the three expertise levels mentioned afterwards are derived from a recent study (Tavares,
A. [et al.], 2024), in which the same benchmark study was conducted using different AMPS
methodologies.

Table 4.2 - User levels of the participants in the jury test (Tavares, A. [et al.], 2024).

Level Description Number of users

Novice user: general knowledge of
1 modal analysis 8

Less frequent user

Intermediate user: good knowledge
2 of modal analysis 8

Periodic user

Expert user: very good knowledge
3 of modal analysis 8

Daily User

To draw conclusions about the benchmark validation, four different metrics were analysed: the number
of selected modes, the FRF synthesis error, the number of modes correlated with the expert users (Level
3), and the number of modes uncorrelated with the expert users.

4.3.1. NUMBER OF MODES

As mentioned earlier in this section, one of the most challenging tasks in the field of modal analysis is
the identification of modes for complex datasets by engineers with less experience. Figure 4.5 illustrates
the average number of modes selected by the various expertise levels and the AMPS methodology under
analysis, over the eight different datasets.

By analysing Figure 4.5, a notable difference is evident in the number of modes identified by experts at
level one compared to those at level three, particularly in complex datasets such as 'Car 1 and 2', 'Motor
2',and 'F16 jet'. Overall, expert users (level 3) tend to select a higher number of modes, averaging around
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183 modes across all datasets. Intermediate users (level 2) selected approximately 160 modes, whereas
novice users (level 1) opted for a lower number of modes, averaging around 133.

Considering the AMPS methodology (DBSCAN), it identified approximately 182 modes across all
datasets. Generally, there is a degree of consistency and proximity between the number of modes
selected by expert users (level 3) and this methodology.
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Figure 4.5 - Number of modes identified for the eight datasets by the participants of the different levels and the
AMPS methodology (DBSCAN).

4.3.2. FRF SYNTHESIS ERROR

To evaluate the quality of the modesets selected by the different participants or by the AMPS
methodology, the error between the synthesis FRF (H*) using the chosen modeset M, and the measured
FRF (H™) can be analysed. The FRF synthesis is derived by the modal model equation (equation (2.1))
based on the modal parameters of the selected poles in the modeset M. The evaluation of this parameter
(Herror) permits to analyse how well the chosen modes represent the structure’s dynamics compared to
the measured data. With this information, the user can determine whether the modal model accurately
captures all the important resonance peaks or if extra modes were included. It is possible to assess
whether the selection of extra modes represents the missing dynamics or if it corresponds to the inclusion
of numerical poles related to noise in the measured response.

The analysis of the FRF synthesis error (H,.-,) presented in equation (4.1) aims to evaluate the
capability of selecting poles on a stabilization diagram that closely represent the structure’s dynamics.
By comparing the errors across different types of users and the AMPS methodology, the focus is on this
correspondence, as there are always differences between the experimental data and the modal model.
Therefore, achieving a zero FRF synthesis error is not expected, but a lower value indicates a good
selection of the poles (Tavares, A. [et al.], 2024).
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lH™ — 1)l

H,...(M)=
error (M) &R (4.1)

Figure 4.6 presents the average FRF synthesis error for the three user levels and the adopted AMPS
methodology. Generally, the FRF synthesis error increases from the expert users (Level 3) to the
intermediate users (Level 2) and reaches the highest level in the novice users (Level 1). This trend clearly
reflects the improvement in modal selection with increasing user expertise. It is also notable that novice
users have increased difficulty in selecting the modes on the stabilization diagram, particularly when
dealing with more complex structures such as the two cars, the F16 jet, and Motor 2.

The AMPS methodology generally achieves lower FRF synthesis error values than those obtained by

all user levels. This demonstrates the accuracy of the methodology in identifying modes related to the
structure’s dynamics.
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Figure 4.6 - FRF synthesis for the eight datasets by the participants of the different levels and the AMPS
methodology (DBSCAN).

4.3.3. NUMBER OF MODES CORRELATED WITH EXPERT USERS

Assessing the number of modes and the FRF synthesis error, it is important to understand how the results
obtained by the novice and intermediate levels, as well as the AMPS methodology, align with the choices
of the experts (Level 3). Although the FRF synthesis error indicates how well the selected modeset
represents a system’s dynamics, it is crucial to compare these results with the expert selections to ensure
consistency and accuracy. The main objective of this comparison is to determine whether the selected
modes correspond to the resonant modes or if they are merely numerical modes caused by noise in the
response data, which could lead to a higher FRF synthesis error. To achieve this, the modes selected by
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the users and the DBSCAN method are compared with those chosen by the expert group (Level 3). This
comparison involves calculating a frequency distance (ds.4) under 2% and a MAC distance (dpc)

below 40%, as represented in equations (3.4) and (3.5) (Tavares, A. [et al.], 2024).

In Figure 4.7, the number of modes correlated with those selected by the expert users is displayed. On
average, novice users exhibit a correspondence of 130 correlated modes, while intermediate users have
150 correlated modes. The AMPS methodology presents 181 correlated modes. Generally, DBSCAN
offers a modeset more similar to that of the users than other levels of participants.
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Figure 4.7 - Number of modes correlated to the experts' group (level 3) for the eight datasets by the participants of
the different levels and the AMPS methodology (DBSCAN).

4.3.4. NUMBER OF MODES UNCORRELATED WITH EXPERT USERS

In Figure 4.8 is illustrated the difference between the total number of modes (Figure 4.5) and the ones
correlated with the users level 3 (Figure 4.7) . This difference displayed in the figure can represent the
potential numerical modes. Novice users (level 1) present only around 3 uncorrelated modes, in 5 of the
8 datasets, whereas the intermediate users (level 2), in average, selected 10 more modes on 7 different
datasets. Although these results may seem counterintuitive due to the higher number of uncorrelated
modes selected by intermediate users, the inexperience of novice users leads them to select fewer modes
on the stabilization diagram. This results in fewer additional modes being included, but also in fewer
physical modes being selected. Consequently, this leads to a higher FRF synthesis error, as demonstrated
in subsection 4.3.2. When a low number of physical modes are selected, the modal models they represent
are of inferior quality. (Tavares, A. [et al.], 2024).

The DBSCAN only presents one uncorrelated mode, for one of the datasets.
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Figure 4.8 - Number of modes uncorrelated to the experts' group (level 3) for the eight datasets by the participants
of the different levels and the AMPS methodology (DBSCAN).

4.3.5. RESULTS DISCUSSION

After evaluating the results of the benchmark validation, Table 4.3 presents a summary of all the
outcomes, including the FRF synthesis error, number of selected modes, number of modes correlated
with the experts, number of modes uncorrelated with the experts, and the number of datasets with
selected uncorrelated modes (Tavares, A. [et al.], 2024).

The FRF synthesis error is greatest for novice users (Level 1), decreases for intermediate users (Level
2), and is even smaller for expert users (Level 3). Comparing this value with the AMPS methodology,
it presents the lowest value of all.

In terms of the average number of selected modes, the expert users and the DBSCAN methodology
show similarity in the number of modes selected. The novice users present the lowest value due to their
inexperience in the field.

The number of uncorrelated modes initially seems suspicious because novice users have fewer
uncorrelated modes than intermediate users. However, when this value is correlated with the FRF
synthesis error, it becomes evident that novice users missed some physical modes, leading to a higher
FRF synthesis error. The DBSCAN methodology had only one uncorrelated mode in one of the datasets,
more specifically the 'motor 2'.

In summary, the DBSCAN methodology generally presents the lowest FRF synthesis error and the
lowest number of uncorrelated modes, which supports the validity of the proposed methodology.
Additionally, the calculation times for this methodology (subsection 4.2) are much faster than what can
be achieved through manual selection by a user.
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Table 4.3 - Sum of the results obtained for the metrics used to evaluate the benchmark study, for the eight

datasets.
Level 1 Level 2 Level 3 DBSCAN
FRF synthesis error (%) 200.77 175.49 146.74 138.15
Number of selected modes 133.25 160 183.25 182
Number of correlated modes 129.88 149.88 183.25 181
Number of uncorrelated modes 3.38 10.13 0 1
Number of datasets with uncorrelation 5/8 7/8 0 1/8
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5

INFANTE DOM HENRIQUE BRIDGE MONITORING

5.1. BRIDGE DESCRIPTION

The Infante Dom Henrique Bridge is one of the several impressive works of art that spans the Douro
River, linking the cities of Porto and Gaia, in the north of Portugal. Inaugurated in the beginning of the
21% century, this road bridge lies amidst two centenary metallic bridges, Maria Pia and Luiz I, and it is
near to two concrete bridges of the 20" century, Arrabida and S&o Jodo.

This concrete arch bridge, composed by two key interacting components: a highly rigid prestressed
reinforced concrete box girder, 4.50m deep, supported by a very shallow and thin reinforced concrete
arch, 1.50m thick, as is possible to see in the elevation and cross-sections in Figure 5.1. Between the
abutments the arch spans 280m and rises 25m until the crown, presenting a shallowness ratio higher
than 11/1. The arch and the deck meet up in the 70m central segments, defining a box-beam, 6m deep.
The arch maintains a constant thickness, while its width gradually increases from 10 meters at the central
span to 20 meters at the springs. The structure functions as a beam bridge defined between the abutments
and the intermediate elastic supports 35m apart, due to the high stiffness of the deck compared with the
slenderness of the arch (de Magalhaes, F.M.R.L., 2010).
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Figure 5.1 - Elevation and cross-sections of the bridge (de Magalhaes, F.M.R.L., 2010).
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An important aspect to keep in mind about the bridge is that it serves as one of the main entrances into
the Porto city centre. This means it experiences a high volume of vehicle traffic, especially during
morning and afternoon rush hours.

5.2. MONITORING SYSTEM DESCRIPTION

After the bridge construction, the dynamic monitoring of the bridge was done using 12 force balance
accelerometers (Kinemetrics, Episensor), two digitizers (Kinemetrics, Q330) and corresponding
recording units and an internet router. All the system was placed inside the box girder with the
correspondent distribution present in Figure 5.2. It is possible to find a more detailed information of the
hardware in (de Magalhédes, F.M.R.L., 2010).

Because this monitoring system was later moved to another structure, a new replacement system was
installed in 2018. In this case, it was adopted a customized system developed at FEUP. In addition to
being significantly more affordable than the previous one, it works on batteries, avoiding the need to
install cables throughout the structure.
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Figure 5.2 - Scheme of the monitoring system (Magalh&es, F. [et al.], 2009)

Considering the previous work on the bridge, it is concluded that the use of 2 accelerometers was
adequate for the long-term monitoring. As a result, 2 devices were installed in sections S2 and S4 as
shown in Figure 5.2. The modules that are in operation are formed by an Arduino-based microprocessor
that does all the process of data acquired by an ADXL355 MEMS accelerometer, from Analog Devices
Company.
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The sampling frequency rate considered for this application was set to 60 Hz. The data was collected in
periods of 10 minutes and saved locally on a microSD card (letka, I. [et al.], 2023).

The modules, Figure 5.3, are powered by 9 lithium batteries of 3400 mAmps capacity and, as the
wireless data transmission is disabled it permits a battery saving, allowing an overall nominal autonomy
of 6 months. There is no synchronization between the two modules, because the location of the
accelerometers is inside of the box girder beam, where is not possible to have GPS signal. Therefore,
the synchronization was done in the post-processing stage.

Figure 5.3 - Accelerometer modules.

In Figure 5.4, it is possible to observe the variation in acceleration levels during two distinct periods: at
night, characterized by lower excitation, and during the morning rush hour, marked by high traffic levels
on the bridge.
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Figure 5.4 - Acceleration time series during the night (left) and the morning (right).

5.3. AUTOMATED MODAL PARAMETER SELECTION

The stabilization diagram presented in Figure 5.5, obtained with PolyMax (subsection 2.1.2) represents
the results of a measurement before the automated modal parameter selection (AMPS) methodology,
covered in more detail in section 3.1. The measurement, with a sampling period of 10 minutes, is related
to one of the rush hour periods in the Infante Dom Henrique bridge, in this case 5:10pm. It is possible
to see a clear and clean stabilization diagram due to the higher excitation in this period.
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To obtain the stabilization diagrams presented in Figure 5.5 and Figure 5.6, it was set a model size of
152, an exponential window of 1% was used to minimize leakage errors (Peeters, B. [et al.], 2007), and
time lags of 7168.

In the Figure 5.6 is shown the same stabilization diagram as the one in Figure 5.5, but in this case after
the AMPS methodology. It is possible to visualize the 13 natural frequencies identified in previous
studies (Magalhdes, F. [et al.], 2009). It is possible to see noise points identified by DBSCAN
(subsection 3.1.1), as -1, that clearly does not represent a physical cluster. The physical clusters are
coloured and present pink crosses, that represent the chosen representative poles.
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Figure 5.5 - Stabilization diagram of the bridge before AMPS methodology.
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Figure 5.6 - Stabilization Diagram of the bridge after AMPS methodology.
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Figure 5.7 displays a stabilization diagram of a measurement wherein not all natural frequencies are
clearly identified. However, in proximity to the frequency of 3.03 Hz, a resonance frequency of the
bridge is observed. This resonance frequency exhibits only one mode for that specific frequency. In the
second verification step of the AMPS methodology (subsection 3.1.3), the column of poles representing
the eliminated cluster, identified as -2, is recognized as a numerical one.
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Figure 5.7 - Representative Stabilization Diagram of the Bridge for the Second Verification Step.

Table 5.1 and Table 5.2 present the vertical and bending modes, respectively, of the structure studied in
this chapter. Due to the simplicity of the monitoring system described in subsection 5.2, it was not
feasible to define completely the modes shapes, only the displacement of the points could be determined.
In both tables, two different points are illustrated: the red points represent the lateral displacement at the
sensor location, while the green points represent the vertical displacement. The images displayed behind
the plotted points are derived from an Ambient Vibration Test conducted in a separate study, where the
natural frequencies of the Infante Dom Henrique bridge were identified, and the mode shapes were
calculated and displaced. Further information about the Ambient Vibration Test can be found in
(Magalhaes, F. [et al.], 2009).

In comparison to the referenced study, the adopted methodology in this research did not enable the
correct identification of the modal configuration at the frequency of 2.0 Hz. Similarly, in the lateral
bending, correspondence could not be established for the frequency of 3.31 Hz. This difficulty arises
from the limitation of having only two sensors, which complicates the accurate identification of mode
shapes.

35



An Industrially-Validated Automated Modal Analysis Method Applied to the Monitoring of the Infante Arch-Bridge

Table 5.1 - Lateral view of four vertical bending modes.

f=0.82Hz f=1.15Hz

f=1.40Hz f=3.03 Hz

Table 5.2 - Top view of the two first lateral bending modes.

f=0.78 Hz f=1.76 Hz
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5.4. AUTOMATED MODAL TRACKING

The Automated Modal Tracking (AMT) is conducted following the approach described in the section
3.2. First, the global results of the AMPS methodology (subsection 3.1) for the entire month of July
2018 are depicted in Figure 5.8. Despite the noticeable presence of noise points, the graph clearly
illustrates the thirteen prominent natural frequencies.

Global AMPS Results

Natural frequencies (Hz)

Jul 08 Jul 15 Jul 22 Jul 29
Time (Days)

Figure 5.8 - AMPS Global Results of the bridge.

With the results of the AMPS methodology and a set of reference modes, it is possible to proceed to the
last step of the Automated Modal Analysis (AMA) technique, the automated modal tracking. As a set
of references, were considered the measurement showed in Figure 5.6, that is one of the measurements
that best represent the thirteen modes of the Infante Dom Henrique bridge.

To perform the tracking of the structure under study in the present chapter, this one was performed only
based in the distance frequency calculated as referred in section 3.2. Due to the simplicity of the
monitoring system, which utilizes only two sensors, the MAC value will not be employed in this process
because of the spatial aliasing phenomenon (He, M. [et al.], 2022). The MAC value will be just used in
the case of existence of more than one possible match to the reference modes, in the same measurement.
For the first six modes and the eighth one, a frequency distance variation of 0.02 was allowed. However,
for the remaining modes, only a frequency distance variation of 0.015 was permitted due to the presence
of more spurious modes around these frequencies, as shown in Figure 5.8.

An update of the reference modes was performed based on the 10 previous points in analysis, to adapt
to small variations that could exist. This update of the reference is based on the average frequency of a
certain number of previous points tracked, selecting the new reference as the one whose frequency value
is closest to the average frequency among these points.

In Figure 5.9 and Figure 5.10 is shown the tracked natural frequencies and damping ratios per natural
frequency, respectively, of the Infante Dom Henrique bridge, to the month of July 2018.
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The Table 5.3, show the outcomes of the modal tracking procedure, including the success rate, the mean
natural frequency and damping ratio of every mode detected, and the correspondent standard deviation.

Table 5.3 - Results of the AMT methodology to the period of July 2018.

Modes Success Rate (%) fmean (HZ) fstd (HZ) fmean (%) fstd (%)

1 89.00 0.7799 0.0016 0.3896 0.1457
2 94.94 0.8207 0.0041 0.8856 0.3286
3 99.98 1.1497 0.0022 0.4886 0.1560
4 95.72 1.4098 0.0035 0.4423 0.1992
5 89.42 1.7526 0.0033 0.3348 0.1084
6 99.62 2.0067 0.0051 0.4874 0.1729
7 98.63 2.2204 0.0054 0.4191 0.1321
8 54.72 3.0366 0.0143 0.2352 0.1519
9 82.30 3.3363 0.0074 0.3396 0.1240
10 53.98 3.5337 0.0099 0.2266 0.1186
11 84.27 3.7594 0.0084 0.3086 0.1116
12 70.78 4.3729 0.0171 0.2244 0.1306
13 64.49 4.7398 0.0156 0.2931 0.1231

Generally, the results presented are close to the ones presented in (de Magalhdes, F.M.R.L., 2010). The
success rates for the first 7 modes, 9", and 11" achieve high values, and a clear definition of these modes
is evident in Figure 5.9. However, for the remaining natural frequencies, some gaps are noticeable in
Figure 5.9 , specifically in a metric-oriented manner. This reflects the lower success rate for these
frequencies. These gaps primarily occur at higher frequencies due to reduced excitation during low rush
hours, especially at night, which increases the difficulty in exciting the higher frequencies. This can be
seen in the Figure 5.11, which represents a stabilization diagram of a low rush hour, specifically at 02:30
am. This occurs due to the higher noise levels of the accelerometers (subsection 5.2), which, given the
lower excitation levels, do not allow for the capture of higher frequencies.

In the opposite scenario, the zones of good concentration of poles that are presented in this high
frequencies (Figure 5.9) are tracked due to the high excitation during the rush hours because of the traffic
(section 5.1). It is possible to see an example of a stabilization diagram representative of this situation
in Figure 5.6.

Figure 5.10 shows the evolution of the tracked damping per frequency, where some damping values are
close to zero due to the high levels of noise from the accelerometers used. This noise leads to the
estimation of low values for measurements registered very close to the accelerometers' noise levels.
Additionally, there is a wide range of damping values for each frequency, representing the natural
vibration of the bridge due to the dynamic interaction between the bridge and the stopped vehicles on it
(de Magalhées, F.M.R.L., 2010).
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Figure 5.11 — Representative stabilization diagram of a low rush hour.
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6

CONCLUSIONS

6.1. CONCLUSIONS

In this dissertation, an automated modal analysis (AMA) methodology utilizing Density-Based Spatial
Clustering of Applications with Noise (DBSCAN) was successfully implemented within both
Experimental Modal Analysis (EMA) and Operational Modal Analysis (OMA) contexts. The proposed
methodology for Automated Modal Analysis (AMA) is divided into three crucial steps: Modal
Parameter Estimation (MPE), Automated Modal Parameter Selection (AMPS) and Automated Modal
Tracking (AMT). The AMPS method, based on DBSCAN, includes two additional verification steps.
First, it merges clusters within the same frequency band that have similar characteristics. Second, it
evaluates the contribution of each cluster to eliminate spurious modes. Afterwards, the AMT process is
implemented to monitor the evolution of the modal parameters across the time.

Under EMA context, eight different industrial datasets were analysed using the Automated Modal
Parameter Selection (AMPS) proposed in the AMA methodology. This approach demonstrated excellent
results in extracting resonance modes from stabilization diagrams obtained with PolyMax for multiple
structures such as a metallic plate, an airplane model, and an F16 jet. Additionally, the methodology
was applied to five other datasets, including two motors, two fully trimmed cars, and a wind turbine
blade, each subjected to different types of excitation and frequency ranges of analysis.

The results of this analysis were further validated through a benchmark study involving a group of
engineers with varying levels of expertise in modal analysis. This benchmark validation was supported
by a jury test composed of twenty-four engineers, divided into three expertise levels: novice,
intermediate, and expert. These groups evaluated the eight industrial datasets, and their results were
compared with those obtained through the AMPS methodology (DBSCAN) using various metrics,
including the FRF synthesis error, the number of selected modes, the number of modes correlated with
experts, and the number of modes uncorrelated with the experts.

The expert group, with over fifteen years of experience and significant contributions to the literature in
the field, served as the benchmark for validating the results. Comparing the results obtained by the
experts and the DBSCAN methodology, a high degree of similarity was observed in the FRF synthesis
error, the number of selected modes, and the number of correlated modes. Only one mode was not
correlated with those selected by the experts. This highlights the relevance of the AMPS methodology,
particularly for novice and intermediate users, as it enhances the accuracy of modeset selection, which
can otherwise be challenging due to their inexperience, providing better results. Even for expert users,
this methodology offers the advantage of faster and equally reliable modeset selection compared to
manual methods.
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In the context of Operational Modal Analysis (OMA), long-term monitoring of the Infante Dom
Henrique bridge was conducted using cost-effective accelerometers developed at FEUP. The sensor data
were analyzed using the AMA methodology developed in this thesis.

During July 2018, the dynamic monitoring of the bridge reinforced the accuracy of the method used to
estimate its modal parameters, achieving successful tracking throughout the month. However, the
tracking exhibited gaps at higher frequencies due to a minor limitation of the accelerometers, that
presents higher noise characteristics of the system, compared to the traditional ones. This limitation
affected the ability to capture higher frequencies during low-traffic periods, especially at night when
excitation levels were lower compared to morning and afternoon periods. Despite this, the methodology
still produced good results, comparable to those obtained in a 2010 study on the same bridge. The
tracking results were positive in terms of success rate, natural frequencies, and damping ratios.

Additionally, an example is provided to demonstrate how the second verification step of the AMPS
methodology can reduce spurious modes in the Infante Dom Henrique bridge. This example highlights
the utility of this step in improving results within an OMA context.

The mode shapes were also represented and compared with previous results obtained from an Ambient
Vibration Test conducted in a 2010 study. Generally, it was possible to match the vertical and lateral
bending of the structure at all frequencies with the mode shapes estimated from the data analyzed in this
dissertation.

In summary, the AMA methodology developed in this thesis has demonstrated successful results in both
EMA and OMA contexts.

6.2. FUTURE WORK

A very useful tool to perform Automated Modal Analysis (AMA) was studied in the present work,
presenting successful results. However, full implementation and validation of the AMA methodology
require consideration and analysis of several additional variables that can enhance the robustness of the
method, such as:

e Preforming Automated Modal Analysis (AMA) using data from the accelerometers installed on
the Infante Dom Henrique bridge for an entire year.

e Analysing other possible ways of calculating the contribution in the second verification step of
the automated modal parameter selection (subsection 3.1.3).

e Applying the automated modal analysis methodology to other structures, especially in the
operational modal analysis field.

e Investigating other sensors data, as the current study exclusively utilized acceleration data.
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