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Abstract: Structural health monitoring (SHM) is critical for ensuring the safety and longevity
of structures, yet existing methodologies often face challenges such as high data dimensionality,
lack of interpretability, and reliance on extensive label datasets. Current research in SHM
has primarily focused on supervised approaches, which require significant manual effort for
data labeling and are less adaptable to new environments. Additionally, the large volume
of data generated from dynamic structural monitoring campaigns often includes irrelevant
or redundant features, further complicating the analysis and reducing computational effi-
ciency. This study addresses these issues by introducing an unsupervised learning approach
for SHM, employing an agglomerative clustering model alongside an unsupervised feature
selection technique utilizing box-plot statistics. The proposed method is assessed through raw
acceleration signals obtained from four dynamic structural monitoring campaigns, including
44 features with temporal, statistical, and spectral information. In addition, these features
are also evaluated in terms of their relevance, and the most important ones are selected for
a new execution of the computational procedure. The proposed feature selection not only
reduces data dimensionality but also enhances model interpretability, improving the clustering
performance in terms of homogeneity, completeness, V-measure, and adjusted Rand score. The
results obtained for the four analyzed cases provide clear insights into the patterns of behavior
and structural anomalies.

Keywords: unsupervised learning; anomaly detection; structural health monitoring;
vibration; feature selection

1. Introduction

Structural Health Monitoring (SHM) is a branch of structural engineering dedicated
to identifying damage in aerospace, civil, and mechanical structures [1]. This area plays a
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significant role in structural systems, especially in terms of reliability, service life, and safety
assurance, once factors such as natural wear and tear, extreme weather events, unexpected
overloads, and material failures can jeopardize the safety of structures over time. Therefore,
instead of waiting for the visible occurrence of faults, SHM serves as a tool that enables
preventive measures and targeted repairs to be taken before damage becomes worse, or
even irreversible.

Traditionally, SHM problems involve four levels of assessment [2]: (I) determining the
existence of structural damage, (II) identifying its location, (Il) quantifying its severity, and
(IV) evaluating the structural remaining life (prognosis). In addition, there are two main types
of SHM: model-driven [3] and data-driven [4]. The first usually involves developing a finite
element (FE) model, while the latter employs dynamic measurements of the structure. In this
sense, data-driven approaches typically provide a more practical solution to identifying damage
due to the lower complexity of the computational model and the greater generalizability [5].
Thus, considering the advances in computer and sensor technology, the progress in signal
processing techniques, and the fact that structural modifications or even changes in the physical
parameters of a structure produce variations in its dynamic patterns, the vibration-based
approaches have been widely used for structural monitoring [6].

Data-driven methods have become increasingly important in SHM applications, offer-
ing powerful tools for detecting and diagnosing damage in structures [7,8]. However, their
effectiveness heavily depends on the quality of the data collected. In SHM, sensor data can
often be incomplete, noisy, or biased due to environmental factors, aging equipment, or
inconsistent installation. These issues can lead to unreliable predictions, making it difficult
to detect subtle damage or degradation accurately. Additionally, non-standardized data
across different structures or monitoring systems may require extensive pre-processing,
increasing the time and resources needed for effective implementation [9].

A significant challenge in SHM is the adaptability of data-driven methods to various
structural types and operating conditions. Models trained on data from one structure often
fail to generalize well to others, especially when conditions such as load variations, envi-
ronmental changes, or material properties differ significantly. This is further complicated
by overfitting, where models become customized to the training data and fail to recognize
broader damage patterns [10]. Techniques such as domain adaptation or transfer learning
can help bridge these gaps, but their application in SHM often requires substantial domain
knowledge and computational resources [11]. Furthermore, scaling these methods for use
in complex, large-scale structures, such as bridges or high-rise buildings, adds another
layer of difficulty as, in most fields, real-world environments rarely replicate controlled
training conditions [12].

Still, in this sense, strategies that use frequency, time, and time-frequency domain
information are commonly used in the context of vibration-based SHM [6]. Frequency
domain approaches typically involve modal parameters such as natural frequency and
mode shapes [13-16]. This type of information is suitable for many situations because the
frequency domain properties of the structure are more stable and a relationship between
structural damage and the natural frequencies can also be observed [17]. Time domain
methods are also widely used, especially when considering deep learning models act-
ing directly on the raw signals, such as convolution neural networks (CNNs) [18], long
short-term memory (LSTM) networks, and autoencoders [19-24]. Traditional strategies
for recovering information from signals, like statistical moments, are also found in the
literature [25]. However, such methods are suggested for applications in which structures
are subject to stabilized environmental excitations as variations in excitation can cause
very different dynamic responses, making it difficult to identify damage. Finally, the time—
frequency approaches, like Hilbert-Huang transform and wavelet transform [26-28], have
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the potential to be more powerful once they are able to display changes over time of the
frequency properties. However, these methods require significant computational resources
and data storage capacity.

Given this context, different strategies and machine learning techniques for structural
monitoring have recently emerged, each with its advantages and applications [29]. Al-
though supervised and semi-supervised approaches are more commonly used and have the
advantage of evaluating the quality of learning, they require large labeled datasets, which
are often impractical in real-world scenarios. On the other hand, unsupervised learning,
as used in this paper, provides a useful alternative by enabling clustering and anomaly
detection without labeled data. This makes it particularly suited to SHM applications, as it
is closer to a real-world scenario where only the current state of a structure is known.

This learning strategy has been assessed in different application contexts, such as
beams [30-33], bookshelf structures [32,34], and bridges [33-39]. However, existing unsu-
pervised SHM methods often lack robust feature selection and clear cluster characterization.
Common approaches, such as k-means and PCA-based clustering, focus on clustering
accuracy but provide limited insights into cluster patterns. To address these gaps, this
paper proposes a method that combines agglomerative clustering with an unsupervised
feature selection process based on box-plot statistics.

This paper addresses key limitations in unsupervised SHM by

¢ Introducing an unsupervised feature selection technique that identifies relevant fea-
tures, improving cluster interpretation and reducing data size;

e  Validating the proposed method through diverse case studies, including experimental
and benchmark datasets, to demonstrate its effectiveness;

e  Providing detailed insights into the identified clusters to better understand structural
behaviors and anomalies.

2. Related Works

This section discusses some papers that have used unsupervised learning as a struc-
tural monitoring technique in application contexts similar to those explored in this investi-
gation, such as beams, frames, and bridges. In addition, this section highlights works that
use both dimensionality reduction and feature selection techniques.

In the context of application related to beams, Abu-Mahfouz and Banerjee [30] em-
ployed fuzzy relational clustering for crack detection and location using vibration signals.
The experiment involved introducing cracks of different lengths at three different locations
along a cantilevered steel beam and subjecting it to various forms of excitation at different
levels of amplitude and frequency. The authors used the perspectives of sensitivity and
specificity to evaluate different sets of features, composed of the beam’s dynamic signatures
using statistical moments, frequency spectra, and wavelet coefficients, in two clustering
cases: damage vs. no damage (two groups) and damage location (four groups). Luca et al.
[31], in turn, proposed a novel approach based on unsupervised learning using a Gaussian
mixture model (GMM) for damage detection in axially loaded beam-like structures. The
authors used a multivariate damage feature composed of eigenfrequencies of multiple
vibration modes and used the Mahalanobis squared distance (MSD) as an effective damage
index and a data cleaning algorithm to discard corrupted eigenfrequency estimates.

In an unsupervised learning approach considering different application contexts,
Entezami et al. [32] sought to improve a residue-based feature extraction method through
time series modeling and proposed a multivariate data visualization approach for early
damage detection. To verify the method, the authors used data from a numerical model
of a concrete beam and the benchmark experimental dataset from a three-story bookshelf
structure. In addition, k-means clustering and GMM were used to examine the performance
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of the identified model residuals in damage detection. Khoa et al. [34] studied supervised
and unsupervised methods using support vector machines (SVM) and one-class SVM,
respectively, for damage detection. The authors evaluated three dimensionality reduction
techniques—random projection, PCA, and piecewise aggregate approximation—on high-
dimensional sensor vibration data of the three-story bookshelf structure benchmark dataset
and the Sydney Harbour Bridge.

In the context of monitoring bridge integrity, Diez et al. [39] presented a clustering-
based approach for SHM on the Sydney Harbour Bridge in Australia. The method used
involved a feature extraction process, an outlier removal via the k-nearest neighbors (k-NN)
algorithm, and the clustering of vibration events and joint representatives using k-means.
Entezami et al. [35] proposed a novel unsupervised meta-learning method for long-term
health monitoring of bridges under large and missing data, using a hybrid unsupervised
learner that involved four steps: initial data analysis, data segmentation via spectral
clustering, subspace search via the proposed nearest cluster selection method, and, finally,
an anomaly detection process based on a locally robust Mahalanobis-squared distance.
Delgadillo and Casas [36] used the Hilbert-Huang transform to extract instantaneous
frequencies and amplitudes of the signal for damage detection in a steel bridge under
vehicle-induced vibration. The k-means clustering approach was employed to divide the
dataset into similar subsets based on common pattern features. The average dissimilarity
between clusters was computed to detect damage. Civera et al. [37], in turn, proposed the
Density-Based Spatial Clustering of Applications with Noise (DBSCAN)-based approach
for automated operational modal analysis algorithm in bridge monitoring. That proposal
applied DBSCAN to detect and remove outliers automatically. It also aimed to improve the
reliability of separating “possibly physical” and “certainly spurious” in the modal analysis
of bridges. As a case study to validate the proposed method, the authors opted to use the
ambient vibration data collected from the Z24 road bridge.

Research involving dimensionality reduction as a tool for anomaly detection is also
found in the literature. Chen et al. [40] proposed a damage identification scheme that
combined waveform chain code (WCC) and hierarchical cluster analysis. The WCC uses the
principal component analysis (PCA) to compress the full-size frequency response function
(FRF) data and reduce its dimensionality. The areas under the slope differential value
curves are calculated as damage-sensitive WCC features and, finally, a hierarchical cluster
analysis is then conducted on those features. In a similar way, Siow et al. [41] used PCA and
peak detection on raw FRFs to extract the main damage sensitive feature while maintaining
the dynamic characteristics. The proposed method uses unsupervised k-means clustering
to evaluate the damage sensitivity of the PCA-FRF feature by comparing the clustering
results with those of the FRF resonance peaks.

Roveri et al. [38] used an unsupervised learning method for early-stage damage
detection. This method is based on PCA for automatic clustering of different patterns. The
evaluations were carried out on data obtained through numerical simulations of a Warren
truss bridge using a finite element model, where the presence of damage was simulated
by a sudden reduction in the cross-section at different locations and the numerical data
were corrupted by zero-mean noise proportional to 1% of the mean value of the signals. In
addition, Alves et al. [33] proposed a novelty detection approach combining SDA (symbolic
data analysis) with unsupervised learning methods. The authors evaluated three clustering
algorithms as unsupervised methods: hierarchy agglomerative, dynamic clouds, and soft
fuzzy c-means clustering, and the evaluations were carried out on dynamic data from
the motorway bridge PI-57, located in France. Also, the optimal number of clusters was
defined based on CH, C*, and I indexes [42].
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In the context of using unsupervised feature selection in SHM, Alves and Cury [5]
proposed a method that involves feature extraction in time, frequency, and quefrency
domains, followed by the unsupervised infinite feature selection (Inf-FSU) approach to
build a damage-sensitive index. Also, the authors included an outlier analysis based on
percentile intervals computed from healthy state features to automatically locate anomalies
surrounding the initial state and evaluate the proposed method in five case studies. Hassan
Daneshvar Sarmadi [43], in turn, defined a new anomaly score using local density, unsu-
pervised feature selection, local cutoff distance, and minimum distance value. Also, the
author introduced a probabilistic method based on semi-parametric extreme value theory
for threshold estimation without model selection or parameter estimation. The proposed
method was evaluated through dynamic and statistical features of the Z24 and Chinese
cable-stayed bridges.

3. Materials and Methods
3.1. Agglomerative Clustering

The agglomerative clustering (AC) model is a popular unsupervised learning model
used to group similar data into hierarchical clusters in a bottom-up clustering process. AC
starts by considering each data point as an individual cluster and then iteratively combines
the clusters closest to each other based on some distance metric until all the data points are
in a single cluster or until a stopping criterion is met [44].

Thus, considering a dataset with N elements, where the i-th element is represented by
a vector of characteristics x;, the initial stage of agglomerative clustering, known as linkage,
is used to link the points to form candidate clusters according to a given metric. Therefore,
let D(a,b) be the distance between clusters a and b.In each iteration, the pairs of clusters
that were not previously joined are inspected, and the pair of clusters with the minimum
value in D is joined to form a new cluster a. As a result, the distances D(a, b) between the
new cluster a and all the other clusters need to be recalculated. Thus, taking s and t as the
pair of clusters that have been joined and defining c[i] as the way to represent an object i in
cluster c, the four linkage methods used in this paper [45] are the following:

1. Single: The distance between clusters a and b is given by the smallest distance between
every pair of objects (a[i], b[j]), according to Equation (1). Figure 1 illustrates this

method.
D(a,b) = rr}]i.n{D(a[i],b[j])} 1)
Cluster 1 Cluster 2
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Figure 1. Representations of the single linkage method.

2. Average: Defines the new distance as the average distance between objects in a and b
according to Equation (2), where |c| represents the number of objects in cluster c. This
method is illustrated in Figure 2.

D(a,b) = y 2lil- Bl (Ta[ﬂ'bﬁ ) ©
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Cluster 1 Cluster 2

Figure 2. Representations of the average linkage method.

3.  Complete: Calculates the largest distance between every pair of objects between
clusters a[i] and b[j], according to Equation (3), and as illustrated in Figure 3.

D(a,b) = ml.?x{D(ﬂ[i],b[j])} ©)
Cluster 1 Cluster 2
: @
o — o °

Figure 3. Representations of the complete linkage method.

4. Ward: Joins clusters leading to the minimum increase in within-cluster variance. This
can be performed by setting the distances as Equation (4), where T = |v| + |s| + |¢|.
Figure 4 illustrates this method.

D] + ||
T

D(a,b) = \/|b|JTF|‘C’|D(b,s)2 + D(b,t)? — |—?‘D(s,t)Z (4)

Cluster 1 Cluster 2

Figure 4. Representations of the ward linkage method.

3.2. Principal Component Analysis

Principal component analysis is a widely employed technique in machine learning to
reduce the dimensionality of data without significant loss of information. Its objective is to
transform correlated variables into a new uncorrelated set, known as principal components,
while preserving the original variation of the dataset as much as possible [46]. These com-
ponents are mathematically obtained through weighted linear combinations of the initial
variables, with their coefficients determined by the eigenvectors of the correlation matrix
and their variations associated with the corresponding eigenvalues. This approach aims
to maximize the understanding of the variation in the data, requiring fewer components
when there is a higher correlation among the original variables. The hierarchical structure
of PCA enables the condensation of complex data into independent components, gradually
revealing more specific aspects of the analysis [47].

In practical terms, the first step consists of calculating the covariance matrix (C) from
the data matrix (X;; <) according to Equation (5). Next, the decomposition of the covariance
matrix into a set of orthogonal vectors (principal components) can be performed via the
singular value decomposition (SVD) algorithm, as shown by Equation (6), where A contains
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the ranked eigenvalues of C and V is the orthogonal matrix containing their corresponding
eigenvectors.

Z;(xi —x)(x; —x)" (5)

C =VAV! (6)

Finally, it is possible to determine the number of principal components to be used to
represent the original dataset without significant loss of information. As the eigenvalues
provide information on the variance of the principal components, it is possible to estimate
a relationship between the degree of information that will be preserved (I) and the number
of principal components (r < 1) used, as shown by Equation (7).

T
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3.3. Feature Selection Approach

The implemented algorithm assigns weights to the features based on criteria derived
from box-plot statistics, guiding the decision process for selecting attributes at a later
moment. Essentially, this algorithm classifies the features according to their distribution in
the different predicted clusters based on box-plot statistics (quartiles, interquartile range,
upper and lower limits of the distribution) and assigns relevance scores based on these
comparisons. Finally, the features with the highest scores are considered to be the most
discriminating among the clusters.

The estimation of the relevance of each of the features extracted from the signals was
implemented in a simplified way, as described in Algorithm 1, and basically consists of
two stages:

1.  Calculation of statistics by cluster and feature: For each grouping of each feature, the
first (Q1) and third (Q3) quartiles, the interquartile range (iqr) is calculated. Then,
the upper (UL) and lower (LL) limits of the distribution are estimated according to
Equations (8) and (9):

LL=Q1-15%(Q3—Q1) (8)

UL = Q3+ 15%(Q3— Q1) 9)

2. Assigning scores: This stage begins by evaluating the interquartile ranges of all the
clusters. The existence of at least one null interval invalidates the attribute for further
scoring analyses. If there is no null iqr, the algorithm carries out a pairwise check of
the clusters for a given feature, first comparing the lower limit of one cluster with
the upper limit of the other and then the first quartile with the third quartile of the
respective clusters. The first check consists of assessing whether the minimum value
of the distribution of one cluster (reference) is greater than or equal to the maximum
value of the distribution of the other cluster under analysis. If this is met, the algorithm
bonuses the feature with 2 points and breaks the iteration, moving on to the next
reference cluster. Otherwise, the second evaluation is carried out, checking whether
the Q1 of the reference cluster is greater than the Q3 of the other cluster under analysis.
In this case, the algorithm bonuses the feature with just 1 point and also breaks the
repetition structure to continue analyzing the next reference cluster. In other cases
where none of these behaviors are observed, there is no bonus for the feature.
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Algorithm 1 Algorithm for assigning weights in the process of identifying the relevance of
features.
1: for featurein X do
2: for cluster in N_clusters do
Calculates the first quartile (Q1)
Calculates the third quartile (Q3)
Calculates the interquartile range (iqr)
Calculates the lower limit of the distribution (LL)
Calculates the upper limit of the distribution (UL)
end for
end for
10: for featurein X do
11: if any cluster has igr(feature) = 0 then

12: Continue to the next iteration;

13: else

14: for cluster_i <+ 0 to N_clusters — 1 do

15: for cluster_j <— 0 to N_clusters do

16: if cluster_i # cluster_j then

17: if LL(cluster_i, feature) > UL(cluster_j, feature) then
18: Increases feature weight by +2 points;

19: Break;

20: else if Q1(cluster_i, feature) > Q3(cluster_j, feature) then
21: Increases feature weight by +1 points;

22: Break;

23: end if

24: else

25: Continue to the next iteration;

26: end if

27: end for

28: end for

29: end if

30: end for

To illustrate the feature bonus scheme, Figure 5 shows the behavior of the 5 clusters
of a given attribute so that the algorithm bonuses it with 6 points, considering only a
single iteration of the ML model used. The first comparison takes place between clusters 0
(reference) and 1 so that the feature receives two bonus points, as the lower limit of cluster
0 is higher than the upper limit of cluster 1. This breaks the iteration, and cluster 1 becomes
the reference for comparison. It is first compared with cluster 0, but the checks are not
met. Subsequently, it is compared with cluster 2 in order to fulfill the second check (Q1
> Q3) and accumulate 1 more bonus point. The repetition structure is broken, and the
evaluations are based on cluster 2 as a reference. In this case, comparisons are made with
the other clusters, but none of the criteria are met. Thus, taking cluster 3 as a reference,
the first comparison that meets any criteria is with cluster 2, as quartile 1 of the reference
cluster is higher than quartile 3 of cluster 2. Finally, cluster 4 is analyzed so that the first
comparison (with cluster 0) meets the criterion of the lower limit of the reference cluster (4)
being higher than the upper limit of the other cluster under analysis (cluster 0). Thus, the
feature accumulated 6 relevance points in a single run of the algorithm, with a further 24
evaluations to be carried out with other training sets and predicted labels.
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Figure 5. Illustration of the process of assigning weight to the importance of attributes. Non-
overlapping intervals result in a bonus of 2 points, while non-overlapping interquartiles only result
in 1 point.

3.4. Extrinsic Performance Metrics

Given the knowledge of the true class assignments of the samples, three extrinsic metrics
were used to evaluate the clustering performance: homogeneity, completeness, V-measure, and
adjusted Rand score.

The concepts of extrinsic metrics homogeneity, completeness, and V-measure were intro-
duced by Rosenberg and Hirschberg [48]. In general, homogeneity evaluates if each cluster
contains only members of a single class. Determining how close a proposed cluster is to its
ideal is conducted by evaluating the conditional entropy of the class distribution based on the
proposed clustering. Completeness, in turn, is symmetrical to homogeneity and evaluates if
all members of a given class are assigned to the same cluster. The evaluation of the degree of
distribution distortion of the clusters is calculated using the conditional entropy of the proposed
cluster distribution given the true class of the data points. Finally, the V-measure is defined as
an entropy-based metric that specifically assesses the success with which the homogeneity and
integrity requirements were satisfied. In practice, the V-measure is calculated as the harmonic
average of several homogeneity and integrity values.

The adjusted Rand score calculates a similarity measure between two clusterings by
taking all pairs of samples and counting whether they are allocated to the same or different
clusters in the expected and actual clustering. Thus, this measure has values near 0 for
random labeling, regardless of the number of clusters or samples, and exactly 1 when the
clusterings are equal (up to a permutation).

4. Proposed Approach

The proposed approach basically consists of six steps: (i) the reading and pre-
processing of vibration signals; (ii) the feature extraction in three different domains; (iii)
the application of a correlation filter, eliminating the highly correlated features; (iv) the
execution of the unsupervised computational model; (v) feature selection based on those
importance analyses; and, finally, (vi) extrinsic performance metrics evaluation and the
clusters characterization defined by voting-based process. Figure 6 illustrates these steps in
more detail.
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Figure 6. Flowchart of the methodological process used. The purple squares represent processes that
were executed 5 times independently. The red line indicates a new round of independent runs of the
computer model, considering the dataset formed by the selected features.

First, the files containing the raw vibration signals of the structures are read, i.e.,
imported into Python — version 3.8.1, whose representation consists of a vector of real
values of the amplitudes of the sampled signal. Each signal is then pre-processed. This
process consists of properly partitioning the vibration signals once the data from each case
study have their own particularities and are organized in a specific way. Then, a feature
extraction process is implemented with the aid of the TSFEL (Time Series Feature Extraction
Library) [49] and Scipy [50] libraries, obtaining a total of 44 characteristics from each
signal. Of these, 18 are temporal features, described in Table 1; 10 are statistical indicators,
described in Table 2; and the last 16 are features from the spectral domain, described
in Table 3. After extracting all these features from each signal, a correlation analysis is
carried out, eliminating highly absolute correlated features. Finally, after carrying out these
procedures, the data are ready to be used as input for the machine learning model.
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The computational model is run 5 times independently, considering the cross-
validation procedure with 5 folds in each run. Thus, a total of 25 subsets are evaluated. In
each of these subsets, the features are scaled to values between 0 and 1 (min—-max scale)
and then submitted to principal component analysis, which is used to reduce the dimen-
sionality of the subset to 3 dimensions. After that, a grid search is carried out to optimize
the hyperparameters of the agglomerative clustering model and estimate the number of
clusters that best fit the data, basing the choices on the highest silhouette coefficient. Table 4
shows the parameters evaluated in this optimization process.

Table 1. Description of temporal features extracted from the signals.

Feature Description

X3 Absolute energy of the signal *.

X Area under the signal curve computed with trapezoid rule *.
X3 Autocorrelation of the signal *.

Xy Centroid along the time axis *.

X5 Entropy of the signal using the Shannon Entropy **

Xe Mean absolute differences of the signal.

X7 Mean of differences of the signal.

X3 Median absolute differences of the signal.

X9 Median of signal differences.

X10 Number of negative turning points of the signal.

X1 Number of peaks from a defined signal neighborhood.
X2 Peak to peak distance *.

X13 Number of positive signal turning points *.
X4 Signal traveled distance *.

X5 Slope of the signal *.

X1 Sum of absolute differences of the signal *.

X7 Total energy of the signal *.

X18 Computes the zero-crossing rate of the signal *.

* Feature defined in reference [49]. ** Feature defined in references [49,51].

Table 2. Description of statistical features extracted from the signals.

Feature Description

X19 Compute the interquartile range of the data along the specified axis **.
Xoo Computes crest-factor of the signal.

X0 Computes kurtosis of the signal *.

X Computes skewness of the signal *.

Xo3 Computes the maximum value of the signal *.

X4 Computes the minimum value of the signal *.

X5 Computes root mean square of the signal *.

X6 Computes mean value of the signal *.

Xo7 Computes median of the signal *.

Xog Computes standard deviation of the signal *.

* Feature defined in reference [49]. ** Feature defined in reference [50].

By defining the best model parameters, it is possible to predict and group the data. As
this is an adaptation of a supervised problem to an unsupervised approach, it is possible
to use some extrinsic metrics to assess the model’s clustering performance. At the same
time, for each subset considered, the features are evaluated in terms of their relevance,
according to the feature selection approach previously described. At the end of the runs,
the most important features are identified using a defined scoring threshold and are then
selected to create a new subset of features. This subset, in turn, is evaluated by re-running
the proposed process. Finally, after all the runs, a voting-based process is used to define
the cluster for each sample, based on the definitions made throughout the runs. Thus, the
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characterization of the clusters is carried out based on the definition of the clusters and the
most relevant features.

Table 3. Description of spectral features extracted from the signals.

Feature Description

Xn9 Barycenter of the spectrum *.
X30 Represents the amount of decreasing of the spectra amplitude *.
Computes the signal spectral distance. Distance of the signal’s cumulative

= sum of the FFT elements to the respective linear regression *.
X3 Computes the spectral entropy of the signal based on Fourier transform *.
X33 Measures the flatness of a distribution around its mean value *.

x Computes the number of positive turning points of the FFT magnitude signal
34 *

Computes the spectral roll-off of the signal. The spectral roll-off corresponds

X35 to the frequency where 95% of the signal magnitude is contained below this
value *.
Computes the spectral roll-on of the signal. The spectral roll-on corresponds

X36 to the frequency where 5% of the signal magnitude is contained below this
value *.

X37 Measures the asymmetry of a distribution around its mean value *.
Computes the spectral slope. The spectral slope is computed by finding

X3s constants m and b of the function aFFT = mf + b, obtained by linear
regression of the spectral amplitude *.

X39 Measures the spread of the spectrum around its mean value *.
Computes the amount of variation of the spectrum along time. Spectral

X0 variation is computed from the normalized cross-correlation between two
consecutive amplitude spectra *.

Xu Computes maximum power spectrum density of the signal *.

Xy Computes maximum frequency of the signal *.

X3 Computes median frequency of the signal *.

Computes power spectrum density bandwidth of the signal. It corresponds

X to the width of the frequency band in which 95% of its power is located *.

* Feature defined in reference [49].

Table 4. Candidate values for internal parameters in the grid search process.

Parameters Possible Values
Linkage Ward, Complete, Average, Single
Metric Euclidean, L1, L2, Manhattan, Cosine
Number of Clusters [2,3,4,5,6,7,8]

5. Computational Experiments

The computational experiments were conducted on a computer with the following
specifications: Intel(R) Core(TM) i5-1135G7 CPU @ 2.40 GHz, 8 GB RAM, and Windows 10
Home as an operating system. Additionally, the codes were implemented in Python, based
on pandas [52], NumPy [53], matplotlib [54], seaborn [55], tsfel [49], scikit-learn [56], and
scipy [50] libraries.

As a way of evaluating the proposed approach, four case studies from different civil
structures are considered. The first one consists of monitoring 5 load scenarios of a slender
two-story aluminum frame. This structure was evaluated by Finotti et al. [57], which makes
use of an unsupervised deep learning algorithm based on sparse autoencoders (SAEs) and
the Shewhart T Control Chart (T?) to identify structural changes in a slender frame. Then,
the second and third case studies are based on the database provided by Sun [58], which
presents a set of data to identify anomalies in walls made of different materials and another
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dataset whose purpose is to identify three severity degrees of damage to a wall. Finally, the
last study case refers to the well-known Z24 bridge benchmark database, whose description
is provided by Maeck and De Roeck [59].

5.1. Two-Story Slender Aluminum Frame

An aluminum frame made up of 6 bars measuring 300 mm long x 15.875 mm wide
and 1.587 mm thick was built at the Images and Signals Laboratory (LIS) of the Federal
University of Juiz de Fora. The structure was excited by the impact of a pendulum that
collided with the structure in a certain position after coming to rest from a predetermined
fixed height. Four piezoelectric accelerometers were used to measure the structural re-
sponses resulting from the impact. Figure 7 shows more details of the experimental scheme
described, showing the positioning of the accelerometers (Ac) and the impact height of

the pendulum.
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Figure 7. Detailed illustration of the slender two-story aluminum structure used to acquire the

experimental data [57].

To change the dynamic characteristics of the structure, two supports (1 and my)
were installed on the horizontal bars, as shown in Figure 7, in order to simulate structures
with different external loads. Therefore, masses of 7.81 g were gradually attached to the
structure, which made it possible to consider 5 loading scenarios of the same structure as

described below.

1. Scenario 0: Structure in original condition. No additional mass is attached to the
structure (m, = my = 0).

2. Scenario 1: Only one additional 7.81 g mass is attached to the structure on the upper
horizontal bar (m; =7.81 g and my = 0).
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3. Scenario 2: Two additional 7.81 g masses are attached to the structure on the upper
horizontal bar (m7 =15.62 g and my = 0).

4.  Scenario 3: Three additional 7.81 g masses are attached to the structure: two on the
upper horizontal bar and one in the lower horizontal bar (m; = 15.62 g and my =
7.81g).

5. Scenario 4: Four additional 7.81 g masses are attached to the structure: two on the
upper horizontal bar and two in the lower horizontal bar (m1= 15.62 g and mj =
15.62 g).

The structural dynamic response recordings were collected by the four accelerometers
at a sampling rate of 500 Hz for 8.192 s. Following the same protocol adopted by the reference
paper [57], the reading process analyzed 200 files from each loading scenario. To minimize the
transient portion of the signal coming from the impact on the structure, the initial 100 points
(0.2 s) of each signal were discarded, considering only the next 500 points (1 s). After that,
all 44 features were extracted from each signal, forming a dataset composed of 1000 samples
(200 files x 5 loading scenarios) and 176 columns (44 features x 4 accelerometers). Then, the
correlation filter was applied to this dataset matrix, eliminating 95 features whose correlation
degree was greater or equal to 0.90 and leaving the dataset ready to feed the model.

5.2. Wall Monitoring via Smartphone’s Vibration Response

To monitor the structural health of walls, Sun [58] proposed using a smartphone as an
actuator and sensor, positioning it on the wall and letting it vibrate, while the device’s own
accelerometer and gyroscope collected the dynamic responses.

Basically, two scenarios of data acquisition were considered. The first one, which
composed our case study II—Section 5.2.1, consisted of obtaining dynamic responses from
walls made of three different materials, with the sole aim of identifying whether there
was damage or not. The second scenario consisted of identifying three severity degrees of
damage in a specific wall built for this purpose. Case study III—Section 5.2.2, therefore,
consists of evaluating our unsupervised approach from the database provided by this
second scenario.

The dynamic tests were carried out 100 times on a healthy and on a damaged wall at
5 actuator vibration frequencies (10, 20, 30, 40, and 50 Hz), with a sampling frequency of
100 Hz. Only the z-axes of the acceleration signals were registered and considered in this paper.

5.2.1. Anomaly Detection

In order to differentiate between intact and damaged walls, the data acquired for this
scenario consisted of dynamic tests on modern building walls made of three different materials,
which were labeled as baker bricks, baker hall, and office wall. Thus, a total of 600 samples
were generated, considering the 5 perspectives of excitation frequencies. Of these, 200 samples
refer to each of the walls, so 100 identify an intact wall and the other 100 a damaged wall.

However, an analysis of the length of the signals revealed that some of the files pre-
sented a divergence in the size of their time series. It was, therefore, decided to standardize
the length of the signals to 480 points in the pre-processing stage. As a consequence,
the shorter signals (18 in total) were discarded while the larger signals were truncated.
After that, those 44 features were extracted from each processed signal, considering the
different excitation frequencies as one sample of vibration response. Thus, the final dataset
was composed of 582 samples (600 original samples — 18 shorter signals discarded) and
220 columns (44 features x 5 excitation frequencies). Finally, the correlation filter was
applied, aiming to eliminate those features with a correlation degree greater or equal to
0.90, leaving the final dataset composed of 121 columns and ready to feed the model.
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The proposed model faced significant challenges in effectively grouping the data into
the categories damage x no damage. Then, a second evaluation was conducted after
including the wall materials as input variables for the model. However, the clustering
performance still did not meet expectations. Considering that the physical vibration
model incorporates the stiffness matrix of the wall material, as highlighted by [58], and
that structural damage can affect its stiffness, the inferior performance of the clustering
approach in these scenarios was somewhat expected. This is because the method might
struggle to differentiate between cases, as similar vibration behavior can arise from walls
made of different materials. To clarify, let us consider three materials: A, B, and C, where A
has the highest stiffness, B is intermediate, and C has the lowest. If one of these materials,
such as A, suffers damage, its stiffness would decrease. This damaged material A could
then exhibit stiffness levels (and vibration responses) similar to materials B or even C,
leading to potential misclassification by the model.

In this sense, a third evaluation was carried out, submitting the data for each wall
separately to the model. Thus, the dimensions of the input dataset for each wall, with-
out considering the material as a variable and after the correlation filter, now consist
of 196 rows x 121 columns (Baker Bricks); 194 rows x 121 columns (Baker Hall); and
192 rows x 121 columns (Office Wall). The results achieved by this third approach are
shown in the following Section 6.2.1.

5.2.2. Damage Severity Identification

Unlike the previous case (Section 5.2.1), this perspective aims to identify the severity
of internal damage to a wall. To achieve this, the authors built a brick wall with dimensions
of 1.6 m x 0.85m x 0.20 m, as shown in Figure 8, which made it possible to reproduce a
scenario of a damaged wall with cracks of different depths: 2 mm, 4 mm, and 6 mm. In
addition, a total of 100 samples were generated for the case without damage and, for the
other cases, 50 samples for each type of damage, totaling 250 samples, each containing the
dynamic responses resulting from the 5 excitation frequencies.

Figure 8. The wall sample built to be used in the context of estimating the severity of damage (crack
depth) in a wall [58].

It is worth noting that in this case, a similar analysis of the lengths of the signals was
conducted. However, the files had similar lengths, around 608 points, with the particularity
that they all consisted of 600 or more points (>6 s). In this way, no file was discarded
during the pre-processing stage, which was only responsible for truncating the signals of
greater length than the standard 600 points adopted. After that, all 44 features were extracted
from each signal, and, by combining the different excitation frequencies for the same sample,
the feature matrix then had 250 rows (3 different severity damage levels x 50 dynamic tests
+ 100 undamaged condition tests) and 220 columns (44 features x 5 excitation frequencies).
Finally, the correlation filter was applied to eliminate the features with a correlation degree
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greater than or equal to 0.90, leaving the final dataset composed of 88 columns and ready to
feed the model.

5.3. Z24 Bridge Benchmark

The 724 was a highway in Bern, Switzerland, linking the communities of Koppigen and
Utzenstorf, passing over the A1, which connects Bern to Zurich. The Z24 was a conventional
two-cell post-tensioned concrete box girder bridge with a main span of 30 m and two side
spans of 14 m, as shown by Figure 9. The bridge was built in 1963, but at the end of 1998, it
had to be demolished to make way for a new railway, which required a longer side span.

= Utzenstorf Koppigen =§»

2.?0[ T 14.00 I 30.00 i 14.00 1270

[ { North | ' T
! i !

=110

=450 —T

Figure 9. Front, top, and cross-section view of Z24 bridge [59].

However, with the proposal for the evaluation of the structural condition based
on dynamic monitoring, a series of progressive damage tests were carried out before
demolition. To perform this, it was necessary to install a series of sensors throughout the
bridge structure, arranged as shown in Figure 10. It is also important to note that the
measurements consisted of a complete test of both ambient vibration (AVT) and forced
vibration (FVT), the latter carried out with the help of two shakers placed in the center span
(SH2) on the Koppigen side span (SH1), as is also illustrated in Figure 10.



Infrastructures 2025, 10, 32

17 of 39

Utzenstorf AT » Koppigen
/ z / ZQ' RI#H /
10 1 5 10 20 30 40 43
[Sfpt) | | e Sty | |[Senet | [ppep ] | | Sg] | | Spopd | | geP | (St |
HH3 g fios ——s0a 08; e e L e S it S s a8y
HH2 BT 204 17320 il B B G 8 P IEea A A ral ised O - b S P AR 1 AW
HH1 +—o—o-ro—c—oi-o—o—o—n—ci-ln— 5 i oo  aiaa e
Setup 9 Setyp_8 Setup_T etup_6 tup 5 / Setup_4 / Setup 3 Semfj Setup 1
Utzenst < f {ERIN % Ay Koppigen
U ¥r Rx - Reference Sensors
O SHx - Shakers Position
Koppigen Utzenstorf
FVT FvT

Setup_6 541 0

542 Setup 4 Setup 1 441 [P 442 Setup 9

Setup_7 531 |o 532Setup_3 Setup_2 431 |o o| 432 Setup_8

Setup 8 521|o 522 Setup_2 Setup 3 421 |o =

VT Setu% % 411 |o

422 Setup 7

Setup 9 511 |o 512 412 Setup_6

AVT

etup 1

Figure 10. Monitoring grid installed on the bridge. Adapted from [60].

Among the different damage cases, we decided to consider only the scenarios of pro-
gressive lowering of the pier under the forced vibration test, consisting of 5 severity levels
(20 mm, 40 mm, 80 mm, and 95 mm). However, according to Roeck et al. [60], the 20 mm
lowering of the Koppigen pier appears to have no noticeable effect on the eigenfrequencies,
while an increase in lowering (40 mm, 80 mm, and 95 mm) has a significant influence.
Thus, we opted in this paper to consider only the last 3 lowering levels (40 mm, 80 mm,
and 95 mm) and the undamaged condition, used as a reference measurement, totaling 4
damage scenarios.

According to the documentations provided with the database, the structural dynamic
responses were collected in 9 setups with a sampling rate of 100 Hz. Each setup was composed
of 8 segments of approximately 8192 points. As a consequence, a total of 288 dynamic responses
(9 setups x 8 segments/setup x 4 monitoring scenarios) were used for the evaluations in
this work. Moreover, we chose to consider only the reference sensors: R1 (only vertical
vibration measurement), R2 (3 dimensions vibration measurement), and R3 (only vertical
vibration measurement). After that, each segmented signal was then subjected to the feature
extraction process to obtain those 44 features. As a result, a total of 220 columns (44 features x
5 dynamic responses from the sensors) were obtained from each vibration signal. Then, after
the application of the correlation filter to eliminate features correlation degrees greater or
equal to 0.90, the dataset consisted of 93 columns.

6. Analysis of the Results

This section aims to show the results achieved by applying the computational
method to the four case studies described in Section 5, as well as characterizing the
predicted clusters.

6.1. Two-Story Slender Aluminum Frame

Figure 11 reveals that by selecting just 12 features it is possible to achieve the same
level of performance in this clustering task, as observed from the average results achieved
shown in Table 5.
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Figure 11. Features selected considering a selection threshold defined as 75% of the maximum score.
The number at the end of the attribute name indicates the accelerometer on which the attribute was
evaluated.

Table 5. Average extrinsic performance metrics and their standard deviations referring to the
25 executions before and after the feature selection.

Performance Metric Before Feature Selection After Feature Selection
Homogeneity 1.0 (0.0) 1.0 (0.0)
Completeness 1.0 (0.0) 1.0 (0.0)

Adjusted Rand score 1.0 (0.0) 1.0 (0.0)

V-measure 1.0 (0.0) 1.0 (0.0)

From the results presented, no major difficulties were observed in detecting anomalies
and the severity of the damage, probably because the vibration signals were collected in a
controlled manner in the laboratory, with a very high signal-to-noise ratio. In addition, a
parametric analysis revealed unanimity in the choice of parameters during the grid search
process, resulting in linkage = ward, metric = euclidean, and n_clusters = 5.

A confusion matrix accumulated by the 25 iterations of the model was constructed, as
illustrated by Figure 12. In addition, another confusion matrix was also obtained after a
voting-based decision process. However, for this case, the confusion matrix remained the
same, correctly grouping all the instances.
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Figure 12. Accumulated confusion matrix of the 25 iterations of the model before the voting-based
process for the two-story slender aluminum frame. It should be noted that after the voting-based
process, the matrix remained unchanged.

The process involved identifying relevant features by applying a threshold of 0.75,
which led to the selection of 12 features across signals from the 4 accelerometers. When
the methodological process was repeated with these selected features, the results remained
comparable to those obtained with the full dataset. However, the modeling was compu-
tationally less expensive due to the reduced number of attributes (12 selected features
compared to the original 81).

More specifically, when considering the signals from accelerometer 1, the process
identified the following features as the most relevant: Centroid, Skewness, Spectral Entropy
and Maximum Power Spectrum. The box-plots of those features are shown in Figure 13,
and by looking at these plots, it can be seen that some clusters and behaviors stand out:

*  Centroid: This attribute showed that the structure with the highest load (cluster 4) is
associated with higher temporal centroid values and stands out because there is no
interval overlap with the other cases.

e  Skewness: The same behavior is identified in this attribute, with the difference that the
highlight is cluster 3 (m1 = 15.62 g and my = 7.81 g) and with an even greater difference
between the intervals.

*  Spectral Entropy: In this case, it is possible to identify that there is a difference in the
behavior of the attribute for the cases of a structure with loading. At first, this attribute
could be useful in trying to localize the loading on the structure, as the introduction of
weights in the upper portion of the frame (scenarios 1 and 2) have higher values and
distributions than scenarios 3 and 4, which have both top and bottom loading. The
addition of a mass, both from case 1 to 2 and from scenario 3 to 4, causes an increase
in the entropy value of the signal power spectrum.

e Maximum Power Spectrum: Scenario 2 (m; = 15.62 g and mj = 0) is the cluster that
stands out the most in this attribute, showing the lowest distribution of values.
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Figure 13. Distribution of the most relevant attribute values for accelerometer 1.
For accelerometer 2, five more features were identified as relevant, as shown in Figure 14.
These are Median of signal differences, Zero Crossing Rate, Kurtosis, Skewness, and Power

bandwidth.
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Figure 14. Distribution of the most relevant attribute values for accelerometer 2.

Thus, when evaluating the distribution of the selected features referring to accelerom-

eter 2, some points are also worth highlighting:
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Median of Signal Differences: In this attribute, it can be seen that cluster 3 stands out
from the others, with the lowest values and no overlapping intervals.

Zero Crossing Rate: Scenario 1 does not seem to be as well identified as a structure
subject to external loading. On the other hand, when looking at scenarios 2, 3, and 4,
there is a tendency for the value of the attribute to increase as the external load on the
structure increases.

Kurtosis: This feature shows that scenarios 2 and 3 do not overlap with any other
grouping. It can also be seen that both scenarios have negative kurtosis values, which
is more intense for scenario 2.

Skewness: Cluster 4 stands out among the others, with the lowest skewness values,
which are always negative.

Power Bandwidth: This attribute is particularly noteworthy, as it seems to identify
and represent a clear difference in behavior between an unloaded and loaded structure
at any level. Even when taking into account the distribution’s outliers, it can be seen
that a bandwidth above approximately 44 units identifies the structure as unloaded,
while values below this threshold classify it as a structure subject to external loading.

For accelerometers 3 and 4, only two and one attribute were identified for each of

them, respectively. Skewness and Median Frequency were the most important features for
accelerometer 3, and and Crest factor was the most relevant for accelerometer 4. The

distribution of the values of these attributes is shown in Figure 15.
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Figure 15. Distribution of the most relevant attribute values for accelerometers 3 and 4, which are
identified in the title of the graph by the suffix “—3” and “—4”, respectively.

Due to the symmetry in the positioning of the accelerometers in the structure, the

relevant attributes relating to accelerometers 3 and 4 present some more subtle highlights,

but complement the attributes previously discussed.

1.

Skewness (Ac3): It can be seen in this case that the unloaded structure has a distribu-
tion of values very close to zero, while scenarios 1 and 3 have exclusively positive
skewness values, in contrast to scenarios 2 and 4, whose values were strictly negative.
Median Frequency (Acz): In this feature, the unloaded structure showed the highest
distribution of values and no overlapping of ranges among the other scenarios.
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3. Crest Factor (Acy): Even though the intervals overlap, this seems to be an attribute
that helps identify the unloaded scenario from the cases in which the structure is
loaded. In general, the unloaded structure showed higher wave crest factor values, so
the addition of external loads caused the crest factor values to drop.

6.2. Wall Monitoring via Smartphone’s Vibration Response
6.2.1. Anomaly Detection

The results achieved by the third clustering approach, i.e., considering each wall
separately, are shown in Table 6 and reveal a considerable improvement in unsupervised
damage recognition performance.

Table 6. Average extrinsic performance metrics and their standard deviations referring to the
25 executions, considering each wall separately without the feature selection.

Performance Metric Baker Bricks Baker Hall Office Wall
Homogeneity 0.9921 (0.018) 0.8529 (0.0415) 0.9762 (0.0439)
Completeness 0.9921 (0.0182) 0.6139 (0.0342) 0.9765 (0.0432)

Adjusted Rand score 0.9959 (0.0094) 0.7302 (0.0375) 0.9855 (0.0283)

V-measure 0.9921 (0.0181) 0.7137 (0.0354) 0.9764 (0.0435)

Even so, by considering the process of selecting the most relevant features, it was
possible to increase the average clustering performance, as shown by Table 7, as well as to
reduce the size of the features sets to 4, 3, and 27 columns, respectively, to Baker Bricks,
Baker Hall, and Office Wall cases. It is worth highlighting that to achieve these dimensions,
we used a selection threshold defined as 80% of the maximum score for the Baker Bricks
and Baker Hall cases and a threshold of 70% for the Office Wall scenario.

Table 7. Averages of the extrinsic performance metrics and their standard deviations referring to the
25 executions, considering all data with feature selection.

Performance Metric Baker Bricks Baker Hall Office Wall
Homogeneity 1.0 (0.0) 1.0 (0.0) 1.0 (0.0)
Completeness 1.0 (0.0) 1.0 (0.0) 1.0 (0.0)

Adjusted Rand score 1.0 (0.0) 1.0 (0.0) 1.0 (0.0)

V-measure 1.0 (0.0) 1.0 (0.0) 1.0 (0.0)

For each material scenario, an accumulated confusion matrix was constructed, as
shown by Figures 16a, 17a, and 18a. In addition, another confusion matrix was also
obtained after a voting-based decision process, as illustrated by Figures 16b, 17b, and 18b.
After the voting-based decision on the groupings, all the instances were correctly predicted
in the groupings in all three cases.
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Figure 16. Confusion matrix regarding Baker Bricks scenario.



Infrastructures 2025, 10, 32

23 of 39

1900 0 100.00% 95 0 100.00%
Undamaged Undamaged

48.97% 0.00% 48.97% 0.00%
@ a
S 73 96.31% 8 0 100.00%
O pamaged O Damaged
o Q
2 2
F =

96.30% 100.00% 98.12% 100.00% 100.00% 100.00%

1.88% 0.00%
Undamaged Damaged Undamaged Damaged
Predicted Class Predicted Class
(a) Accumulated. (b) After voting-based decision.

Figure 17. Confusion matrix regarding Baker Hall scenario.
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Figure 18. Confusion matrix regarding Office Wall scenario.

First, considering the Baker Bricks, the process of identifying the relevance of the fea-
tures suggested the selection of 4 from 121 features. Specifically, we selected the Minimum
Value for exciter signals with a frequency of 10 Hz, Peak to Peak Distance referring to the
signals obtained by excitation frequency of 30 Hz, and Absolute Energy and Entropy with
respect to the signals obtained at an excitation frequency of 40 Hz. The distribution of those
features for each predicted cluster is shown in Figure 19. It can be seen that in all these
features, there is practically no overlapping of intervals, except for the outliers present.
Furthermore, the greatest difference between the intervals appears to be for the Minimum
features, where the anomalous behavior of the wall is characterized by higher values, and
the Absolute Energy attribute, where the values for the damaged structure are lower. This
latter behavior is also observed for the other attributes: Peak to Peak Distance and Entropy.

In the context of Baker Hall walls, only the Absolute Energy extract from signals ex-
cited by a 10 and 20 Hz vibration frequency was selected. Their distributions are shown
in Figure 20. It can be seen that the behavior of the attributes is similar so that the structure
without damage has a lower absolute energy than the wall with damage. Furthermore, looking
at the distributions, it seems that the excitation frequency that perhaps best describes this
behavior is 10 Hz, as the overlap of the intervals was the smallest among the three cases.

Finally, considering the Office Wall scenario, a larger number of features was selected.
Specifically, of the 27 attributes selected, 5 are associated with the excitation frequency of
10 Hz, 6 with 20 Hz, 7 with 30 Hz, 4 with 40 Hz, and, finally, 5 of them are associated
with the excitation frequency of 50 Hz. Therefore, as this is a relatively larger number of
attributes than in the previous cases, we decided to first evaluate the features using the
averages of the normalized attributes. Figure 21 shows the graph with the average behavior
of each attribute.
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Figure 19. Most relevant attributes regarding the Baker Bricks scenario. The number at the end of the
feature name corresponds to the excitation vibration frequency for which the feature was evaluated.
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Figure 20. Most relevant attributes regarding the Baker Hall scenario. The number at the end of the
feature name corresponds to the excitation vibration frequency for which the feature was evaluated.
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Figure 21. Behavior of the selected normalized features. The number at the end of the feature name
corresponds to the excitation vibration frequency for which the feature was evaluated.

When analyzing the behavior of the distribution averages, it is possible to notice
certain behaviors. Because they are average values, these behaviors can differ from the
statistical ones, just like the box-plot. However, this type of analysis can also provide us
with very relevant information about groupings, as follows:

*  Entropy (30 and 40 Hz): They show a difference of 56.5% and 36.5%, respectively,
between the average values of the different wall conditions. In addition, the damaged
cases have lower entropy values than the case of the wall in intact condition.

*  Median Frequency (40 and 50 Hz): They show a difference of over 40.8% between the
average values of the different wall conditions. Also, the damaged cases have lower
values than the case of the wall in intact condition, as was expected, as, according to
[61], damaged structures tend to have a lower natural frequency.

*  Spectral Roll-Off (10 and 20 Hz): They show a difference of over 35.0% between the
average values of the different wall conditions.

*  Negative Turning Points (10 and 20 Hz): They show a difference of over 31.3% between
the average values of the different wall conditions.

In addition, Figure 21 shows that at lower frequencies (10 and 20 Hz), the difference
between the average behavior of the attributes is clearer. It can even be seen that in 10
of the 11 attributes selected at these frequencies, the case with the damaged wall has
higher values than the case with the intact structure. From 30 Hz onward, the general
behavior of the attributes starts to become less organized. However, from this frequency range
onward, the greatest differences between the averages were observed, as in the case of Entropy
(30 Hz)—56.5%—and the frequency medians (40 and 50 Hz)—43.4% and 40.8%, respectively.
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6.2.2. Damage Severity Identification

The feature importance analysis suggested selecting 3 of the 88 features using a
threshold of 90% of the maximum score, culminating in an improvement in the performance
of the clustering task, as apprehended from the results shown in Table 8.

Table 8. Averages of the extrinsic performance metrics and their standard deviations referring to the
25 executions before and after the feature selection.

Performance Metric Before Feature Selection After Feature Selection
Homogeneity 0.9111 (0.0326) 0.9686 (0.0104)
Completeness 0.7052 (0.0248) 0.9171 (0.0657)

Adjusted Rand score 0.7413 (0.0314) 0.9251 (0.0680)

V-measure 0.7949 (0.0259) 0.9410 (0.0363)

Finally, after predicting the clustering of each instance, based on the frequency with
which they were clustered throughout the independent runs and cross-validations, it
is possible to take the values of the extrinsic metrics and obtain an overall picture of
the clustering task. Thus, the following values were obtained: Homogeneity = 0.9654,
Completeness = 0.9659, AdjustedRandScore = 0.9767, and V — Measure = 0.9656.

The confusion matrix for this case was also obtained both before (accumulated—
Figure 22a) and after the voting-based decision of the clusters (Figure 22b). However, unlike
the previous cases, it was not possible to obtain a correct prediction for all the instances.
As depicted in Figure 22, the voting-based decision process led to an improvement in the
model’s performance, so that only three instances had their classes wrongly predicted,
classifying signals from a wall with type 1 damage as type 2 damage.
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Figure 22. Confusion matrix for damage severity identification in wall monitoring.
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The cluster characterization stage was based on those three selected features and
the predicted clusters after the definition carried out by the voting-based process. Thus,
the behavior observed for each cluster and each selected feature is shown in Figure 23.
It is possible to note, in these box-plots, that the absolute energy collected from the
10 Hz excitation vibration pattern aids the damage identification task, as there is a large
difference in the distributions of the intact wall and the damaged ones. In general, healthy
walls have a considerably lower absolute energy value than damaged walls. In addition,
by evaluating the spectral centroid and the spectral decrease, it is possible to note that as
the damage increases, the lower the values of those features are. In this sense, the healthy
walls tend to present the highest values of spectral centroid and spectral decrease.
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Figure 23. Distribution of the most relevant features considering the predicted clusters. The number
at the end of the feature name corresponds to the excitation vibration frequency for which the feature

was evaluated.

6.3. Z24 Bridge Benchmark
When analyzing the relevance of the features, it can be seen that, by defining a selection
threshold of 16% of the maximum score, selecting 47 of the 94 features—Figure 24—is

enough to achieve the same level of clustering performance for the model as shown by
Table 9.

Table 9. Average extrinsic performance metrics and their standard deviations referring to the
25 executions, considering the reference sensor in the forced vibration tests condition.

Performance Metric

Before Feature Selection

Homogeneity 0.9925 (0.0087) 0.9987 (0.0043)
Completeness 0.9926 (0.0086) 0.9987 (0.0043)
Adjusted Rand score 0.9944 (0.0066) 0.9991 (0.0031)
V-measure 0.9926 (0.0087) 0.9987 (0.0043)

After Feature Selection



Infrastructures 2025, 10, 32

28 of 39

Absolute energy--
Centroid--

Entro ,%——

Mean qiff--|

X Median diff--
Negative turn|n% points--
eighbourhood peaks--
Signal distance--

. Slope--

Zero crossing rate--
crest-factor--|

kurtosis--|

skewness--

ean--
spectral_centroid--|
spectral_decrease--|
spectral_entropy--
spectral_positive_turning--|
spectral_skewness--
spectral_variation--
max_power_spectrum--|
Centroid--

Entro %

Mean diff--

. Median diff--
Neighbourhood peaks--
Peak to peak distance--
Zero crossing rate--
crest-factor--|

kurtosis--

Mean--
spectral_centroid--
spectral_decrease--|
spectral_entropy--
spectral_positive_turning--|
spectral_roll_on--
spectral_skewness--
spectral_variation--|
max_power_sgectrum--
entroid--

. Median diff--
Neighbourhood peaks--
ero crossing rate--
crest-factor--
skewness--

Mean--
spectral_decrease--
spectral_entropy--|
spectral_positive_turning--
spectral_roll_on--
spectral_skewness--
spectral_variation--|
max_power spectrum--|
power_bandwidth--
Centroid--

Entro _%--

Mean diff--

. Median diff--
Neighbourhood peaks--|
. Slope--|

Zero crossing rate--
est-factor--

kurtosis--

skewness--

Mean--R

spectral_decrease--|
spectral_entropy--|
spectral_positive_turning--
spectral_roll_on--
spectral_skewness--
max_power_spectrum--|

power_BaCndwidth—— 2

entroid--

Entropy--R3

Mean diff--

. Median diff--
Neighbourhood peaks--|
. Slope--

Zero crossing rate--
crest-factor--|

kurtosis--|

skewness--

Mean--R

spectral_centroid--
spectral_decrease--|
spectral_entropy--
spectral_positive_turning--|
spectral_roll_on--
spectral_skewness--|
max_power_spectrum--|
power_bandwidth--

R3V
0

Bl Discarded Feature
[ Selected Feature

60 80 100 120 140
Selection Occurrences

Figure 24. Features selected considering a selection threshold as 16% of the maximum score. Each

feature indicates the sensor to which it refers at the end of its name.

Finally, after predicting the grouping of each instance using the voting-based

procedure, it was possible to obtain the values of the extrinsic metrics and get an

overview of this grouping task. This resulted in Homogeneity = 1.0, Competence = 1.0,
AdjustedRandScore = 1.0, and V — Measure = 1.0. The excellence of the prediction in this
case can also be seen in the confusion matrices illustrated by Figure 25a,b.
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Figure 25. Confusion matrix from bridge Z24 study case.

The cluster characterization stage was based on the 47 selected features and the
definition of the clusters predicted by the voting-based process. After a preliminary analysis
of the selected features, it was found that some of them show interesting distribution
behaviors that are worth highlighting. Therefore, of the 47 attributes selected, only 12 are
presented in this section.

Figures 26 and 27 illustrate the behavior of the distribution of the most prominent
features observed during the preliminary analysis. Figure 28, in turn, shows the distribution
of the characteristics of the signals that have a second level of prominence, but which
provide interesting insights.
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Figure 26. Distribution of the most relevant features in the anomaly detection task, considering the
predicted clusters. The sensor associated with the information retrieved from the signals is indicated
at the end of the attribute name.

Evaluating the attributes showed in Figure 26, the following behaviors can be high-

lighted:

Absolute Energy (R1 Sensor): This feature indicates that there is a distinction between
the damaged and intact bridge scenarios. Higher absolute energy values tend to be
associated with a healthy structure, while lower values of this attribute refer to one of
the cases of lower damage assessed.

Negative turning points (R1 Sensor): As with absolute energy, this characteristic
extracted from the signals also appears to indicate healthy or damaged conditions.
However, the behavior of this attribute is the opposite: lower values are associated
with undamaged conditions, while higher values indicate the presence of one of the
damages assessed.

Power Bandwidth (R3 Sensor): This is yet another case where it is possible to separate
anomalous structures from healthy ones, albeit with a narrow margin. In this case, we
can again see the behavior where the attribute values are lower when the structure is
healthy and higher in cases of damage.

Signal Distance (R1 Sensor): This feature was highlighted in the preliminary analysis
because it showed similar behavior to the previous cases, except for an outlier in the
healthy structure (cluster 0) distribution. However, in general, separability occurs
with the healthy structure, showing higher values for this attribute compared to the
damaged cases.

The attributes assessed so far have only managed to identify the presence of anomalies

in the bridge structure without knowing the degree of severity of the damage. As such,
the attributes shown in Figure 27 were highlighted in the preliminary analysis precisely
because they were able to provide important complementary information for identifying

the degree of severity of the damage.
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Figure 27. Distribution of the most relevant features in the severity damage estimation task, consider-
ing the predicted clusters. The sensor associated with the information retrieved from the signals is
indicated at the end of the attribute name.

e Spectral Centroid (R1 Sensor): This attribute also shows near-separability between the
cases of intact and damaged structures, except for a small overlap of intervals between
the distribution of the intact structure (cluster 0) and the structure with the greatest
severity of damage (cluster 3). However, if we analyze only the damaged cases, there
is a certain tendency for the spectral centroid values to decrease as the severity of the
damage increases.

*  Spectral Centroid (R3 Sensor): The spectral centroid from the perspective of the R3
sensor shows almost total separability of the clusters, except for cluster 0 (healthy
structure) having a small overlapping interval with the distribution of cluster 3 (lower-
ing of 95 mm). Despite this, the behavior of the damaged structure cases is similar to
that observed by the R1 sensor, i.e., the spectral centroid medians show a downward
trend as the severity of the structure increases.

*  Spectral Centroid (R2 Longitudinal Sensor): When analyzing the spectral centroids
again, this time from the perspective of the R2 Longitudinal (R2L) Sensor, and discard-
ing the distribution referring to the healthy structure, it is possible to see a clear trend
and separability between the three levels of damage to the structure. Thus, when
considering a damaged structure from the perspective of the R2L accelerometer, the
greater the degree of severity of the damage, the lower its spectral centroid value
tends to be.

*  Spectral Entropy (R1 Sensor): This attribute deserves to be highlighted, because as
well as being able to identify the presence of damage to the structure with a relatively
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safe margin, the behavior of the distributions also reveals a tendency for spectral
entropy to increase as the degree of severity of the damage increases. Thus, the healthy
structure of the Z24 bridge has low spectral entropy values, while the introduction of
damage causes an increase in this value in proportion to its severity, i.e., the greater
the severity of the damage, the higher the spectral entropy values.

e Zero Crossing Rate (R2 Transversal Sensor): This feature manages to separate cases
of intact structure from cases of damaged structure, albeit with a narrower margin of
difference. Thus, the bridge’s healthy structure is associated with lower Zero Crossing
Rate values, while damaged structures have higher values. Furthermore, it is possible
to see a certain trend in the damaged cases, so that the greater the severity of the
damage, the lower the rate at which the vibration signal crosses the abscissa axis

(coordinate axis equal to 0).

Finally, Figure 28 illustrates some less-prominent attributes, which can provide valu-
able insights. The spectral skewness observed from the perspective of the R2 Longitudinal
Sensor shows an almost separability between the cases of the healthy and damaged struc-
ture, except for a small overlap of intervals between the healthy structure and the damaged
one with 80 mm of lowering (cluster 2). The Spectral Variation and Zero Crossing Rate
attributes, observed, respectively, from the perspective of the R2 Transversal and R3 sensors,
reveal a very similar behavior. As the level of damage to the structure increases, the values
of these attributes tend to decrease. Thus, a healthy structure would have the highest
values, while a structure with a higher severity level would have the lowest values.
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Figure 28. Distribution of the other features highlighted in the preliminary analysis, considering the
predicted clusters. The sensor associated with the information retrieved from the signals is indicated

at the end of the attribute name.

6.4. Performance Comparison

A comparison with the results of other papers in the literature could not be carried out,
as, to the best of the authors’ knowledge, a clustering approach has not yet been evaluated
in the case studies concerning the slender two-story aluminum structure (Section 5.1) and
wall monitoring using the vibration response of a smartphone (Section 5.2. Regarding
the Z24 benchmark dataset (Section 5.3), although it has been extensively evaluated in
the literature from different perspectives of unsupervised learning, including clustering
algorithms [62], the performance metrics generally adopted differ from those we used in
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this research (for example, [37,63]), as different evaluation approaches may require different
performance measures.

In this sense, in order to compare our strategy with another unsupervised method
commonly used in SHM problems, we chose to compare our results with those obtained by
another clustering algorithm, known as Density-Based Spatial Clustering of Applications
with Noise (DBSCAN) [64]. In this experiment, we configured the grid search to optimize
the maximum distance between two samples (eps) and the metric to use when calculating
distance between instances (metric), limiting the search conditions to the following values:
eps = [ 0.1, 0.5, 1, 10 | and metric = [ Euclidean, L1, L2, Manhattan, Cosine ]. No other
adjustments were made to the parameters, with the exception of the selection threshold for
the wall monitoring damage severity identification case (Section 5.2.2), which was changed
from 0.90 to 0.87, and the wall monitoring anomaly detection for the Baker Hall material,
which was changed from 0.8 to 0.73, as this adjustment was necessary. Finally, the results
obtained in this experiment, before and after the selection of features, are shown in Table 10.

Table 10. Averaged performance metrics compared across different scenarios achieved by the
DBSCAN algorithm. The entries are labeled as a/b to distinguish the scenarios of the analysis.

Specifically, “a” represents the results before feature selection, and “b” corresponds to the results
after feature selection.

Adjusted

Case Study Homogeneity Completeness Rand Score V-Measure
Aluminum Frame 1.0/1.0 1.0/1.0 1.0/1.0 1.0/1.0
Wall Monitoring (I)

Baker Bricks 0.9804/1.0 0.8974/1.0 0.9536/1.0 0.9337/1.0

Baker Hall 0.6541/1.0 0.5796/7107  0.6387/0.8450 0.6042/0.8308

Office Wall 0.9809/0.9798  0.8839/0.8801 0.9637/0.9531 0.9244/0.9255
Wall Monitoring (II)

Damage Severity  0.8783/0.9258  0.6784/0.7217  0.7189/0.7810 0.7651/0.8108
724 Bridge 0.8293/0.8196  0.9957/0.9880 0.8026/0.7959 0.9003/0.8884

By comparing the results obtained by DBSCAN—Table 10, it is possible to see that the
agglomerative model used in this research tends to obtain higher clustering performances.
Even though the performances were similar in some cases, such as in the aluminum
frame case, these issues may be related to the data quality, because in this case study,
the data were collected in a controlled environment. Therefore, when taking more com-
plex cases, such as the Z24 bridge, the superiority of the agglomerative model can be
seen more clearly when comparing the average clustering performances: Homogeneity
= 0.9925/0.9987 x 0.8293/0.8196; Completeness = 0.9926/0.9987 x 0.9957/0.9880; Adjusted
Rand score = 0.9944/0.9991 x 0.8026/0.7957; V-measure = 0.9926/0.9987 x 0.9003/0.8884.

Furthermore, in most cases, the feature selection process enhanced DBSCAN's per-
formance, similar to the results observed with the agglomerative model. In cases where
performance improvement was not evident, the differences in the average metric values
before and after feature selection were not statistically significant. The largest observed
difference was 1.19% in the V-measure metric for the Z24 bridge case study.

6.5. Model Strengths and Limitations

The proposed model is based on assumptions about its ability to detect and analyze
structural conditions. It assumes that vibration-based features provide a reliable way
to monitor structural health by capturing important information about how a structure
behaves under dynamic conditions. This aligns with common practices in SHM research,
where features like time-based, statistical, and frequency-based data are used to identify
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damage. Despite its strengths, the model has some limitations, i.e., it depends on the quality
and relevance of the features it selects, and external factors like temperature changes or
varying loads, which can introduce noise into the data, making it harder to detect problems
accurately.

Differences in performance between case studies highlight both physical and technical
factors at play. For example, in a controlled laboratory setting, such as the two-story
aluminum frame experiment, the clean and consistent data made it easier to accurately
group structural conditions. However, in real-world cases, such as monitoring walls made
from different materials, the model was affected by how changes in material stiffness due
to damage could resemble natural differences between materials. This made it harder to
separate damaged from undamaged states.

Although we did not face any major difficulties in running the agglomerative clus-
tering on the databases used in this work, we realized that this model has a limitation
in terms of computational cost, especially when applied to large datasets, once it has a
time complexity of O(N?) and space complexity of O(N?). In this sense, determining a
threshold for the extent to which this method is no longer viable and proposing alternatives
for reducing the computational cost could be explored in future works.

Regarding the dimensionality reduction, we understand that for the adopted method-
ology and with the respective high performance achieved, the use of PCA was sufficient
and it was not necessary to use more sophisticated techniques, such as the non-linear meth-
ods (e.g., t-SNE, Isomap, or UMAP). However, variants of the presented methodology can
be developed in cases where the use of PCA does not lead to a reduced set of parameters
that allow for good performance in classifications.

While the model successfully reduces data size and makes results easier to understand
through feature selection, its ability to handle different structures and environments could
be improved. Future works should focus on refining the model to better handle envi-
ronmental variations and incorporate more physical insights into how structures behave.
These improvements could make the model even more reliable and applicable across a
wider range of SHM scenarios.

Finally, despite the positive findings of this study, the authors emphasize the need for
further evaluations of case studies in other contexts, such as the detection of anomalies
in machinery or rotating components, and also health data such as vital signs, electrocar-
diograms (ECGs), or even voice/cough recordings. The authors also encourage future
works to evaluate state-of-the-art clustering methods and unsupervised feature selection
approaches. Furthermore, as the proposed model is limited regarding the manual choice of
threshold for selecting features, we suggest that future research further investigates this
boundary condition, aiming to automate this identification.

7. Concluding Remarks and Future Works

This paper presented an unsupervised learning approach based on agglomerative
clustering for vibration-based structural health monitoring. Data from dynamic tests from
different civil structures were used for anomaly and damage severity detections. Also, an
unsupervised feature selection approach based on box-plot statistics was proposed and
evaluated in those SHM contexts. Four extrinsic metrics were used to assess the proposed
approach.

The high clustering performances obtained in the four case studies allow us to draw
the following conclusions:

1.  The agglomerative clustering combined with the unsupervised feature selection ap-
proach proved to be an effective unsupervised model for SHM tasks;
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2. The introduced unsupervised feature selection approach proved to be an efficient
process for reducing data dimensionality and improving both clustering performance
and interpretation.

Thus, the main contribution of this paper consists of the proposed approach finding a
reduced set of dynamic signal characteristics capable of improving clustering performance
and increasing the explainability of the machine learning model. This aspect is relevant
because it minimizes user intervention and requires less specialist knowledge, as it provides
an estimate of the most relevant features and their differences in visual plots.

Finally, despite the method showing promising results, further theoretical investiga-
tion is needed to establish a more robust foundation, particularly regarding the sensitivity
of the clustering process to varying conditions. The automation of feature selection thresh-
olds remains an open challenge. Although the current approach reduces dimensionality
effectively, it requires user-defined thresholds, which may limit scalability in large-scale
applications. Addressing this issue would enhance the method’s usability and adaptability.
Therefore, the following points are suggested for future works:

1.  Theoretical improvements: Develop a more robust theoretical framework to enhance
the stability and reliability of the clustering algorithm under diverse conditions.

2. Adaptive automation: Investigate adaptive thresholding techniques for feature se-
lection, enabling a fully automated process that minimizes user intervention and
enhances scalability.

3. Real-world validation: Conduct extensive evaluations of the method in specific appli-
cation scenarios, such as bridge monitoring and industrial machinery health tracking,
to validate its applicability and performance in practical settings.

4.  Integration with other techniques: Explore the integration of the proposed method
with other machine learning techniques, such as semi-supervised and reinforcement
learning, to address a wider range of SHM problems.

5. Scalability studies: Examine the performance of the method on large and complex
datasets to ensure its suitability for real-time SHM systems.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Agglomerative clustering

AVT Ambient vibration test

CNN Convolution neural network
DBSCAN  Density-Based Spatial Clustering of Applications with Noise
FE Finite element

FRF Frequency response function

FVT Forced vibration test

GMM Gaussian mixture model

Inf-FSU Unsupervised infinite feature selection
k-NN k-Nearest neighbors

LL Lower limit

LSTM Long short-term memory

MSD Mahalanobis squared distance

PCA Principal component analysis

SAE Sparse autoencoder

SDA Symbolic data analysis

SHM Structural health monitoring

SVM Support vector machines

TSFEL Time Series Feature Extraction Library
UL Upper limit

WCC Waveform chain code
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