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Abstract: The identification of instability problems in freight trains circulation such as unbalanced
loads is of particular importance for railways management companies and operators. The early
detection of unbalanced loads prevents significant damages that may cause service interruptions
or derailments with high financial costs. This study aims to develop a methodology capable of
automatically identifying unbalanced vertical loads considering the limits proposed by the reference
guidelines. The research relies on a 3D numerical simulation of the train-track dynamic response
to the presence of longitudinal and transverse scenarios of unbalanced vertical loads and resort-
ing to a virtual wayside monitoring system. This methodology is based on measured data from
accelerometers and strain gauges installed on the rail and involves the following steps: (i) feature
extraction, (ii) features normalization based on a latent variable method, (iii) data fusion, and (iv)
feature discrimination based on an outlier and a cluster analysis. Regarding feature extraction, the
performance of ARX and PCA models is compared. The results prove that the methodology is able to
accurately detect and classify longitudinal and transverse unbalanced loads with a reduced number
of sensors.

Keywords: unbalanced vertical loads; freight traffic loads; wayside condition monitoring; train—track
interaction; artificial intelligence

1. Introduction

Rail transport has increased in the last decade, and it is likely to further increase
not only in terms of passenger transportation but also in terms of freight transportation.
The shift from road and air to rail is an important demand due to the rising energy costs,
congestion of roads and sky, and the demand for reducing gas emissions. Vehicle running
safety is a major concern for railway administrations, as a derailment may cause high
financial costs [1]. Moreover, the cost-effectiveness of track maintenance and renewal
activities should be considered, and for that, track degradation and damage need to be
controlled [2]. The presence of unbalanced loads in the track induces damage in the track
components, such as rails, sleepers, and ballast, which has implications in maintenance
periodicity [3]; thus, detection of these instabilities is of major importance. Condition-based
monitoring systems aim to contribute to these two aspects: safety and optimization of
maintenance actions. The identification of instability problems in operation is of particular
importance for railways management companies and operators by increasing the reliability
of this mode of transport and ensuring safety during rail traffic.

Unbalanced loads are an instability problem affecting specially freight trains as they
have the potential for causing vehicle derailment. As important as not exceeding the
overload limit, the load should be properly distributed in the wagons so that neither the
axle nor wheel is overloaded. It is generally accepted that the ideal location of the cargo
gravity centre is laterally and longitudinally at the centre of the vehicle. Despite not existing
universal requirements on the mass distribution for a loaded wagon, loading guidelines of
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several rail organizations specified allowable offset values [4-6]. This is the case of UIC
code [6] which presents limits for the longitudinal and lateral offset of the payload centre
of mass.

An uneven mass distribution could result in an obvious unbalance of wheel load and
deteriorate the curving performance seriously, as shown by Zhang et al. [7,8] in studies
about the effects of mass distribution in curved tracks. According to Pan et al. [9], if
trains remain overloaded or unbalanced loaded for a long period of time, the wheels and
axles will be subjected to fatigue phenomena that can cause axle breaking, axle cutting,
derailment, train subversion, etc. Pagaimo et al. [10] conclude that lateral unbalance of the
cargo is one of the most adverse scenarios in studying the potential derailment of freight
trains. Moreover, the reports presented by the Rail Accident Investigation Branch in the
UK [11] confirm the same conclusion.

Currently, there are several commercial weigh-in-motion systems (WIM), composed of
a series of sensors designed to capture the dynamic vertical forces applied by the passage of
a vehicle over the rail [3,12-15]. Mosleh et al. [13] proposed a method to obtain the weigh-in-
motion of the train, considering different speeds. Moreover, their study showed how train
speed and track unevenness affect the loads assessed by the WIM system. In the study of
Pintao et al. [3], a WIM algorithm developed for ballasted tracks is proposed and validated
with synthetic data from trains that run in the Portuguese railway network. The proposed
methodology to estimate the wheel static load is successfully accomplished, as the load
falls within the confidence interval. Although very widespread and efficient, WIM systems
are more focused on identifying situations of vehicle weighing and overloading [16-19],
and reported literature on systems capable of detecting situations of instability in railway
circulation, such as unbalanced loads, has been limited so far.

Most of the unbalanced systems proposed in the literature are on-board, with some ex-
amples found where the detection devices are mounted on vehicle carbody [20], bogies [21],
or suspensions [22]. Although the high precision for monitoring unbalance loads of these
devices, they require a high installation cost in order to study a wider range of vehicles.
The sensors on the railway track allows extracting a lot of data referring to all circulating
vehicles and thus enabling the methodology to monitor various types of vehicles with a
reduced number of sensors. For example, Alotta et al. [23] show a WIM-based algorithm
to verify all types of loading conditions of a wide variety of vehicles using strain gauges.
Moreover, Pan et al. [9] present an application of Fibre Bragg Grating (FBG) strain gauges
for train overload and unbalanced load monitoring, by comparing the dynamic wheel
axle load values on the two rails. Additionally, Ding et al. [24] propose an overload and
unbalance load detection system composed of load cells that automatically detects loading
weight, total weight, front and rear unbalanced load, and left and right unbalanced load.
Qing et al. [25] designs an innovative detection system of cargo loading position on vehicles
based on CCD (Charge-Coupled Device) image sampling equipment. These examples
show different types of approaches for unbalanced load detection, but to the knowledge of
the authors, none of them use unsupervised automatic methodologies.

Recent technological advances allow the development of automatic methodologies for
detecting and classifying different types of damage in railway systems. These methodolo-
gies rely on advanced signal processing combined with machine learning techniques and
are typically based on the extraction of proper features to distinguish undamaged and dam-
aged situations. Previous studies demonstrate good results in railway defect detection using
these approaches, namely, in the detection of train wheel damages, such as flats [26-31],
out-of-roundness [32], and squats and corrugation [33]. Typically, these damage identifica-
tion techniques require several operations including [34,35]: (i) data acquisition, (ii) feature
extraction, (iii) feature normalization, (iv) feature fusion, and (v) feature classification.
Other innovative techniques for wheel flat fault detection include a time-frequency ridge
estimation method [36] or a multiscale morphology analysis [29] that can effectively ex-
tract the influential features of signals from strong background noise and under variable
speed conditions.
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After acquiring data from the wayside monitoring systems, feature extraction is per-
formed. This operation converts the time-series data into more condensed information,
allowing damage to be more easily observed. Symbolic data, continuous wavelet trans-
form [27,37], principal component analysis (PCA) [38,39], and autoregressive models [34,40]
are examples of effective techniques for extracting damage-sensitive features for both static
and dynamic monitoring. In applications where the measured quantity is acceleration,
autoregressive models (AR) have been widely disseminated, and the autoregressive model
with exogenous input (ARX) [35] shows a higher sensitivity to damage in relation to AR
due to its ability to capture cross information between sensors.

The feature normalization is an important operation because it allows removing
the environmental and operational effects (EOV’s) from the identified dynamic response.
The objective of this procedure is to obtain normalized features sensitive to the damage,
and typically, latent variable methods are used, such as principal components analysis
(PCA) [41] or regressive methods, as well as multiple linear regression (MLR) [42].

In continuation, features fusion operation allows data compression without losing
relevant information. The most used algorithms are kernel-based methods [43], manifold
learning methods [44], neural networks [45], neighbourhood preserving embedding [46],
and Mahalanobis distance [34].

The final operation of the damage detection methodology is feature classification.
Typically, two different approaches are used: (i) unsupervised methods, in which models
are trained using labelled data under the supervision of training data, such as k-means [34],
self-organizing maps (SOM) [47], and cluster analysis [35], or (ii) supervised methods, in
which models are not supervised using training dataset, such as Naive Bayes classifiers [48]
and k-Nearest Neighbour classifier [49].

The present research aims to design a low-cost monitoring system capable of de-
tecting situations of instability in railway circulation, such as unbalanced loads. The
proposed methodology is based on the dynamic rail responses obtained from accelerom-
eters and strain gauges installed on the track. In this research, two different feature
extraction methods are tested. The first one consists of a highly sensitive autoregressive
model, the ARX model, and the second is based on the PCA method, to transform the
time-series measurements into fault-sensitive features. A feature normalization step
is afterward implemented by applying the latent variable method PCA. To improve
unbalanced loads detection and classification, a three-stage fusion process is defined. In
the first and second levels, all features from the same-type sensors are merged, and in
the third level, the different measured quantities (accelerations and strains) are fused to
enhance the sensibility to the unbalances. The last step is feature discrimination which is
achieved by performing an outlier analysis to detect unbalances and a cluster analysis to
classify them.

Thus, this numerical study intends to give innovative contributions to the devel-
opment of an unsupervised Al-based methodology to automatically detect and classify
longitudinally and transversely unbalanced loads from evenly loads, with special emphasis
on the following aspects:

- This automatic Al-based methodology is an improvement regarding the common meth-
ods found in literature, based on direct observations and contact force calculations;

- This methodology is based on responses obtained not only from strain gauges but also
from accelerometers. The use of accelerometers in WIM systems is not so common but
brings some advantages. One is the ease of installation, and another is the possibility
of being used in a wider monitoring system to detect other types of vehicle damages;

- The proposed methodology is tested regarding the number and type of sensors show-
ing a very high accuracy even with a reduced number of sensors.
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2. Modelling
2.1. Freight Vehicle

The vehicle used in this study is a five-freight wagon of the Laagrss type, whose
numerical model was developed by Braganca et al. [50]. The Laagrss wagon is used for
container transportation, as depicted in Figure 1a. Each wagon has a tare weight of 13.5 t,
and a maximum overload of 30 t with one container layout, or 2 x 15 t in a two-container
layout. The three-dimensional (3D) multibody dynamic model, Figure 1b, was developed
in ANSYS® [51] using spring-dashpot elements to simulate the suspensions in all the
directions and mass point elements to represent the mass and inertial effects in the centre
of gravity of each component of the cars (carbody, bogies, and wheelsets). Rigid beam
elements are adopted to link the aforementioned elements.

WLh

k

Ol @myly —kn —k, —k..c.
(b)
Figure 1. Laagrss type freight wagon: (a) double wagon overview; (b) numerical model.

The mechanical properties of the vehicle are presented in Table 1, namely mass (m)
and rotary inertias (I), stiffness (k) and damping (c) of the suspensions, as well as the
longitudinal (L), transverse (W) and vertical (H) geometric distances. The subscripts cb and
w indicate that the respective property is related to the carbody and wheelsets, respectively.
The freight wagon has only one level of suspension, without any bogie, and thus, the
wheelset is connected directly to the carbody through the suspension.

Table 1. Mechanical properties of the freight vehicle model.

Carbody Wheelset Suspensions
Parameter Value Parameter Value Parameter Value
Longitudinal
Mass iy, (ton) 13.5 Mass my, (kg) 1247 stiffness 44,981
k1,x (KN/m)
Roll moment of Roll moment of Lateral stiffness
inertia, I, (t.m?) 49 inertia I, (kg.m?) 312 ki, (KN/m) 30,948
Pitch moment of Yaw moment of Vertical stiffness
inertia, Iy, (tm?) 673 inertia I, - (kg.m?) 312 kyz (KN/m) 1860
Yaw moment of 665 Vertical damping 16.7

inertia Iy, , (t.m?)
Length L. (m) 10
Height Hgj, (m) 2.17
Width W, (m)  2.297

1, (kN.s/m)
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Rail: 4,, 1, p,, E,

Pad/fastner: K, C,

2.2. Track

The track is modelled in ANSYS®, Canonsburg (PA), USA [51] with a multiple-layer
scheme, in which the ballast, sleepers, and rails are linked through elastic elements that
represent the mechanical behaviour of the interface, as shown in Figure 2. Figure 2a
schematically presents the track, while Figure 2b represents the track model in finite
elements. The ballast mass is simulated by discrete mass point elements, while the sleepers
and rails are modelled with beam elements with appropriate properties. The interfaces,
namely, the ballast and pads/fasteners, located below and above the sleepers, respectively,
have been considered by using spring-dashpot elements in the three directions. Finally,
spring-dashpot elements are used to consider the foundation’s flexibility. The properties
of the track model, including the description of the variables presented in Figure 2, are
presented in Table 2.

Sleeper: p,

Ballast: K, C

Ballast mass: g

Foundation: K

N,
I
W W
N ] L] L
\ %
(a) (b)

Figure 2. Numerical model of the track: (a) multi-layer representation and (b) FE model.

Table 2. Stiffness properties of the railway track.

Parameter Value
Ar (m?2) 7.67 x 1074
. or (kg.m3) 7850
Rail B
I, (m*) 30.38 x 107°
E, (N/m?) 210 x 10°
Rail pad K, (N/m) (Kx/Ky Kz) 20 x 10°/20 x 10°/500 x 10°
Cp (N.s/m) (Cx/Cy Cz) 50 x 103/50 x 10%/200 x 10°
Sleeper ps (N/m) 2590
Kb (N/m) (Kx/Ky Kz) 900 x 103/2250 x 103/30 x 100
Ballast Cb (N/m) (Cx/Cy Cz) 15 x 103/15 x 103/15 x 10°
Foundation Kf (N/m) (Kx/Ky Kz) 20 x 10°/20 x 10°/20 x 10°

Four artificial irregularity track profiles are taken into consideration in this study.
Based on accurate data, power spectral density (PSD) curves are generated and then artifi-
cial irregularity profiles in vertical and transverse directions are created in the MATLAB®
software 2018a version [52]. Wavelengths between 1 m and 75 m with a sampling discretiza-
tion of 0.01 m are considered, covering the wavelength ranges D1 (3 m to 25 m) and D2
(25 m to 70 m) defined by the European Standard EN 1384-2 [53]. The four different vertical
irregularity profiles (1 to 4) created for both right and left rails are presented in Figure 3.
The generated irregularity profiles show amplitude peak values between 5-6 mm, which
are lower than those indicated in the European Standard [53].
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Figure 3. Longitudinal irregularity profiles (1-4) for left and right rails.

2.3. Vehicle=Track Interaction

The numerical vehicle-track dynamic interaction simulations are carried out with the
in-house software VSI—Vehicle-Structure Interaction Analysis validated and described
in detail by Montenegro et al. [54] and used in distinct applications [34,55,56]. The key
point of this model lies in the wheel-rail contact element connecting the two subsystems.
This element governs the contact interface, more precisely the evaluation of the wheel-rail
contact forces in the normal and tangential directions. After determining in each time step
the position of the contact point, the algorithm computes the normal contact force through
the Hertz nonlinear theory [57] and the lateral and longitudinal tangential creep forces
through the USETAB routine [58]. This numerical tool is implemented in MATLAB® [52]
and imports the structural matrices from both the vehicle and track previously modelled
in a finite element (FE) package, which in this study is ANSYS® [51]. Note that, although
the models of both subsystems are firstly modelled separately, the VSI software links them
through a fully coupled methodology. The illustrative approach of the VSI tool is shown
in Figure 4.

Vehicle model Vehicle speed Vs
—_—

CAnsys [

‘ VSI dynamic
analysis

% MATL/
k] MATLAB

Wheel-rail contact mode,

S MATLAB

Y

Right rail

Figure 4. Vehicle-track interaction model schematization.

3. Simulation

The automatic unbalanced loads detection methodology is tested and validated in this
research with numerical dynamic rail response that simulates specific and known scenarios
in terms of load scheme. For testing the proposed detection methodology, scenarios
in normal operation conditions (considered into a baseline) and unbalanced scenarios
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are considered. The unbalanced limits defined in the UIC code [6] are used to generate
unbalanced load schemes for the freight wagon and also as a limit to separate permissible
and impermissible unbalance loadings. In the case of two-axle wagons, for longitudinal
unbalances, the ratio of load per axle should be less than 2:1, and for transverse unbalances
the ratio of load between the wheels (left/right) of a given axle should be less than 1.25:1.

3.1. Virtual Wayside Monitoring Device

The virtual wayside monitoring system is considered to detect trains with unbalanced
loads above the limits. The system is composed of a set of 8 accelerometers and 8 strain
gauges mounted on the rail at mid-span between two sleepers, as illustrated in Figure 5.
The numbers 1 to 8 in the figure represent the positions of the measurement points, in the
right and left rails. In order to have a more realistic track response, an artificial noise of
5% is considered in the numerical measurements. To obtain a closer and more reliable
reproduction of the dynamic response and to the sampling frequency of real sensors, a
sampling frequency equal to 10 kHz is used.

| [ ; @® Accelerometer Il Strain gauge
H_" {1 i I} r BB
1 3 5 7

(a) (b)
Figure 5. Virtual wayside monitoring system: (a) top view, (b) lateral view.

3.2. Baseline

In order to define a robust baseline with a broad range of scenarios for detecting
situations of instabilities, several simulations are conducted with different configurations
of loads, track irregularities, and vehicle speeds. Figure 6 summarizes the assumptions for
baseline scenarios, using six load schemes, four irregularity track profiles (1-4), and five
different speeds (40 to 120 km/h in intervals of 20 km/h). A total of 113 simulations are
performed with the Laagrss-type freight train composed of five wagons. The considered
loading scenarios are empty, half-load, and full load plus three other loading schemes
(UNB1, UNB2, and UNB3) with unbalanced loads under the limits prescribed by UIC
code of practice [51]. The load schemes UNB1 and UNB2 have unbalanced loads in the
longitudinal direction and UNB3 in the transverse direction. The full load scheme presented
in Figure 6 corresponds to an even load distribution on the wagon with two containers
with 15 t each, without exceeding the maximum mass per axle.

3.3. Unbalanced Scenarios

Four different unbalanced loads are defined for a Laagrss-type wagon model above
the limits specified by the UIC code of practice [6]. A total of 36 train passages composed of
five wagons are considered with the four unbalanced load schemes, which are summarized
in Figure 7. The first two correspond to a longitudinal offset of the cargo gravity centre
with an unbalance ratio of 2.5 (Long-1) and 3.1 (Long-2), and the other two correspond to
a transverse offset of the cargo gravity centre with an unbalance ratio of 1.45 (Transv-1)
and 1.70 (Transv-2). In total, 9 analyses are performed for each unbalanced load scheme
using the irregularity profile number 2. For each unbalanced load scheme, the unbalanced
loadings are simulated in different localizations, namely, in the first, third, and last wagons,
and the rest are set with the full load scheme, and for three different speeds, 60, 80, and
100 km/h.
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Figure 6. Baseline scenarios.

Load schemes (4 scenarios) Localization (3 scenarios)  Speeds (3 scenarios)
u
o
4 €
] Ratio
= 2.5/1
c
=]
=
£
'g 15 ton
=1 - Ratio
Eﬂ Long-2 g 3071 \ 1=t Wagon 60 (km/h)
A 0 10 m

Freight = .

vehicle - 3Wagon — 80 (km/h)

LAAGRSS | 7.5 ton o4
8 Ratio
E Transv-1 1/1.45 " 5% Wagon 100 (km/h)
3 _Vairmt
=
= 163m
]
4
2 15 ton
£ Transv-2 Ratio

« 5 w 1/1.70
- 4
'217m ¥

Figure 7. Unbalanced load scenarios.

3.4. Track Dynamic Response

In Figure 8, time-series of the baseline scenarios in accelerators and strain gauges
sensors installed in the rail in position 1 are presented. All time-series are filtered based
on a low-pass Chebyshev type II digital filter with a cut-off frequency equal to 500 Hz.
These figures show the influence of different loading schemes, train speeds, and irregularity
profiles on the track response. Figure 8a,b show that the rail acceleration and strain for full
load and UNB2 scheme affect the track responses on the peak acceleration and strain values.
Figure 8c exposes the relevant influence of the train speed especially in acceleration records,
evidencing the need to consider various train speeds in the baseline. In the case of strain
responses, as shown in Figure 8d, the effect of train speed has no significance, as strains
are not sensitive to the dynamic component of the train actions. Finally, in Figure 8ef,
two irregularity rail profiles are considered, and the results show that both profiles induce
similar rail acceleration and strain responses.
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Figure 8. Time-series with accelerations (a,c,e) and strains (b,d,f) measured in position 1 for baseline
scenarios: (a,b) comparison between full and UNB2 load schemes; (¢,d) comparison between 60 and
120 km/h; (e f) comparison between irregularities profile 2 and 3.

Moreover, some results are shown for unbalanced scenarios at measured position 1.
Figure 9a,b compare even full load distribution with longitudinal unbalanced scenario 2,
while Figure 9¢,d show left and right rail responses considering a transverse unbalanced
load scheme. The results show a difference in terms of peak acceleration and strain
values during the first wagon passage, where the unbalanced load exists. In the case of
the transverse unbalanced load, the acceleration and strain peak values are higher for
the right rail than the left rail, a consequence of the load asymmetry. In general, the
strain responses are clearer than the acceleration responses, and visually, the unbalance is
more distinguishable.
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Figure 9. Time-series with accelerations (a,c) and strains (b,d) measured in position 1 for unbalanced

scenarios: (a,b) comparison between full and longitudinal unbalanced load scheme; (¢,d) comparison

between a transverse unbalance recorded in right and left rails.

4. Methodology for Unbalanced Loads Detection

4.1.

Owverview

The Artificial Intelligence (AI)-based methodology for automatic detection and classifi-

cation of situations of unbalanced loads is presented in Figure 10 [35,40]. The methodology
relies on the accelerations and strains measurements acquired by numerical analysis of base-
line and unbalanced train passages in the virtual monitoring system and includes a four-step
procedure developed in MATLAB® [52] to be applied to the measured data, particularly:

6]
(i)
(iii)

(iv)

The feature extraction from the measured data is made by testing two different
indicator extraction techniques, namely, ARX models and PCA.

To remove the effects of operational and environmental variations, the method of
latent variables PCA is adopted.

The Mahalanobis distance is then used for the fusion of all features into one damage
index for each simulation but also to combine features from various sources. Thus, in
the first level is performed the fusion of all features, in the second level, the fusion of
all sensors, and in the third level, the fusion of the different measured quantities, in
this case, accelerations and strains.

For feature discrimination, automatic detection is achieved by combining ARX-based
features and outliers analysis, and for classification, an automatic clustering process
based on the k-means technique and PCA-based features is implemented.
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Figure 10. Methodology for the automatic identification of unbalanced loads.

4.2. Feature Extraction—ARX vs. PCA

ARX models for feature extraction are applied since they can perform a significant
fusion while accurately generalizing the information contained in the data. This is a time-
series analysis method that considers the predictive behaviour of the system in a given
location considering its history at that same measurement point and the predictive response
at other measurement positions in the face of the same event—exogenous inputs. The ARX
model can be defined by the equation below:

Nng ny
Xj = 2 aiXj_j + 2 bkyjfk + H €))
i=1 k=1

1

where Xj, Yj, and ¢ are output, input, and error terms of the model at the signal value j,
respectively. On the other hand, n,, 1, and a;, by represent the orders and the parameters
of the output and input data, respectively. Both order numbers are considered equal to
40, based on the Aaike Information Criteria [59]. Thus, for each event, the total number of
extracted features is 80. The sensor installed in position 5 is used as input and each of the
remaining sensors is defined as output.
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The PCA method is also used as a feature extractor, and a comparison with the ARX
model is performed to test which technique leads to a more efficient methodology. The
main idea is to get a dimensionality reduction that identifies important relationships in
the data, through a Covariance Matrix, and through a linear transformation into principal
components using Eigenvectors. Considering an input data matrix X (n x m), principal
components or scores can be calculated based on the following equation:

PC=X-T 2

where PC is the (n x m) matrix of the principal components or scores, and T is the (m x m)
linear orthonormal transformation matrix with each column being an Eigenvector of X.

Prior to the application of the PCA method, a standardization of the input data matrix
X using Z-score, by subtracting the mean and dividing by the standard deviation for each
value of each column, should be carried out. It is important to perform standardization
before PCA because PCA is quite sensitive regarding the variances of the initial variables.
After the calculation of the principal component by using Equation (2), four statistical
parameters are extracted from the PCA scores, namely, the root mean square (RMS), the
standard deviation (SD), the skewness, and the kurtosis. Thus, with this method, the
number of extracted features is reduced to 4.

For each sensor, the extracted features constitute a matrix of n x m, where 7 is the
number of different train passages related to the baseline or unbalanced scenarios, and m
represents the number of extracted features. The dimension of matrices X in each method is:

- Matrix Xarx with 149 x 80, ARX features;
- Matrix Xpca with 149 x 4, PCA features.

Figure 11 depicts four features relating to each technique mentioned above, consid-
ering the accelerometer 1. The extracted features attained with ARX are represented in
Figure 11a,b, while the extracted features by using PCA are represented in Figure 11c,d. The
results are divided into two groups: baseline scenarios (113) and unbalanced scenarios (36)
subdivided into longitudinal and transverse unbalanced loads with two magnitudes as
defined in Figure 7.

In Figure 11a,d, the features present a greater dispersion in baseline and unbalanced
scenarios, which is indicative of the influence of the effects of operational variations
considered in the simulated scenarios, and the difference of amplitude for baseline and
unbalanced passages is almost imperceptible. In turn, Figure 11b,c show, for feature 45
of ARX and feature 2 of PCA, that the amplitude variation of the unbalanced scenarios
is greater than the baseline scenarios. This proves that only specific features have the
potential to identify unbalanced loads. Particularly for PCA, feature 2, related to the
standard deviation, shows sensitivity to distinguish between longitudinal and transverse
unbalanced loads.

4.3. Feature Normalization—PCA

As previously mentioned, the second step of the Al methodology is feature normal-
ization, and the PCA method is used to eliminate the effects of the environmental and
operational variations (EOV’s) from the measured responses. With this procedure, the
features show greater sensitivity to damage. Assuming these EOV’s have a linear effect
on the identified parameters, the PCA method can efficiently remove the results of EOV’s.
Moreover, the most relevant information related to the operational and environmental
effects is retained in the first axes of the PCA. The number of p components to be discarded
is calculated by the common rule that considers the percentage of total variance explained
by each component to be equal to 80% [27]. In both PCA and ARX features, only the first
principal component is discarded. Figure 12 represents the two normalized features after
applying the PCA normalization to the ARX and PCA features.
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Figure 11. Feature extraction for accelerometer 1 baseline and unbalanced scenarios: (a) ARX model,
feature 2; (b) ARX model, feature 45; (c) PCA model, feature 2; (d) PCA model, feature 3.

In the case of ARX features, as shown in Figure 12a,b, after removing EOVs, the
features remain sensitive to the unbalanced loads, and for feature 2, a significant variation
of amplitude occurs between baseline and scenarios with load instability. For PCA fea-
tures, as shown in Figure 12¢,d, after normalization, only feature 2 shows a variation of
amplitude between baseline and unbalanced scenarios. Moreover, this feature is sensitive
to distinguish between longitudinal and transverse unbalanced loads.

4.4. Data Fusion—Mahalanobis Distance

After feature normalization, a data fusion is performed to increase the sensitivity of
the features to the abnormal cases, and as a result, a damage index (DI) is achieved for each
simulation. Data fusion aims to reduce the volume of the extracted data by persevering the
most relevant information, that is, preserving or even enhancing the ability to characterize
unbalanced scenarios.

Mahalanobis distance (MD) is used to reduce multivariate data into one single DI [60].
The MD calculates the distance between the unbalanced and baseline scenarios to define
similarities between them, where short distances represent large similarities. The MD is
generic enough to be used to detect any unbalanced scenario, while providing a weighting
that is entirely unsupervised, and therefore independent of human intervention, type of
train, etc. It consists of a weighted DI in which the weights are determined by the covariance
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structure. In addition, and more importantly, the weighting proportional to the covariance
structure provides an additional layer of feature normalization which allows outlining with
high sensitivity those that were not used for the definition of the covariance structure.
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Figure 12. Feature normalization for accelerometer 1: (a) and (b) based on ARX features; (c) and
(d) based on PCA features.

The MD, named herein as DI, is calculated for each simulation by the following
expression:

DI = /(% —%)-8 (i %) ©)
where:
—Matrix with potential damage features;

X Matrix with the mean of estimated features in baseline scenario;

Sy Matrix with the covariance of baseline scenario simulations.

To merge all the features attained with the ARX and PCA techniques, the MD is
implemented for each of the sensors. In a first level, the fusion of all features is performed,
and in a second and a third levels, the fusion of all sensors is performed for the different
measured quantities, respectively. The first fusion process results in a 149 x 1 vector for
each one of the 8 sensors for each technique. Figure 13 shows the results of this 1st level of
data fusion based on each of the techniques (ARX and PCA) relative to accelerometer 1. It
is possible to observe that for ARX features, this process of fusing improves the detection
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sensitivity as a clear distinction between the baseline and unbalanced loads as depicted
in Figure 13a.
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Figure 13. 1st level data fusion—for accelerometer 1: (a) ARX features; (b) PCA features.

To further increase the sensitivity or distinction between baseline and unbalanced sce-
narios, a second level of fusion—sensors fusion—is implemented. This process culminates
in a vector with 173 x 1 in which all the features from each type of sensor are merged. In a
subsequent step, the obtained vector from the second level is standardized using Z-score.
Then, in a third level of fusion, the features from the two types of sensors, accelerometers,
and strain gauges are merged. At the end of this fusion process, the output is one feature
vector that combines the information from all types of sensors.

This single feature vector increases the amplitude difference between the baseline and
unbalanced scenarios, increasing the possibility of effective detection of unbalanced loads,
as shown in Figure 14. By comparing Figures 13 and 14, the minimum amplitude values
increase from around 12 to 30, for ARX features, and from near zero to 10, for PCA features.
Moreover, the application of this third level of fusion to PCA features has enhanced the
difference between the longitudinal unbalances (Long-1 and Long-2) and the transverse
unbalances (Transv-1 and Transv-2).

After the fusion stage, it can be concluded that the most promising method for un-
balanced load detection is based on the ARX features because the amplitude difference
between baseline and unbalanced scenarios is significantly higher than the one obtained by
PCA features. For classification, given that only PCA features show sensitivity to distin-
guish longitudinal and transverse unbalanced scenarios, the considered method should be
based on PCA features. Based on these conclusions, in the next step of feature discrimina-
tion, the detection method is based on ARX features, and the classification method is based
on PCA features.



Sensors 2023, 23, 1544

16 of 23

Baseline scenarios Unbalanced scenarios
80 = T T T T T I T P | ] -
8 70} | 'I >
S » } o »
B 29r o ¢ |r> la
T 550r 1 4° F -
2L » N d
S = 40f W
& < 30 1 . [® |y | E
= o7
2% 20¢ 1 | | [ 4
S 10t 1 | | [
() Dt o A s e B NS b s B i o I | 1
0 20 40 60 80 100 120 140
(a)
:; 50 . T T T T T I T : : I: ]
g 2,0 1 i
% 34 ol
2 230f 1 P
3,0 o P
£22 Fell |
S ¢
£ & 10- ?'»/1 o |
0 20 40 60 80 100 120 140
Train Passage
* Baseline ¢ Long-1 ® Long-2 | 2 Transv-1 Transv-2

(b)

Figure 14. Data fusion 3rd level—merging of all sensors (strains and accelerations) (a) ARX features
(b) PCA features.

4.5. Feature Discrimination
4.5.1. Outlier Analysis

Feature discrimination is the last phase of the Al-based methodology for the automatic
detection of unbalanced loads. In the proposed methodology, the outlier analysis is adopted
for unbalanced loads detection using ARX features. Based on the obtained results with
ARX features using the second and third level of data fusion (Figure 14a), a confidence
boundary (CB) is applied to distinguish between baseline and unbalanced scenarios. The
CB is calculated by using the Gaussian inverse cumulative distribution function (ICDEF),
considering the mean value, 7, and standard deviation, ¢, of the baseline feature vector,
and for a significance level a:

CB = invFy(1 —w) 4)
where
F(x| p,0) = N e*%(@)zd with xeR (5)
o oV2mr J-a v

Consequently, when DI is equal to or higher than CB, a feature is considered to be
an outlier. The threshold significance level is defined as 1%, as it is normally observed in
several structural integrity monitoring studies to identify damage [34,61].

Figure 15 shows the effectiveness of the proposed methodology by comparing the CB
(represented as a green line) with the different DIs of each one of the 36 train passages with
unbalanced loads. Since the DIs for the first 113 passages are less than CB, the algorithm
can successfully distinguish an evenly train loading from an unbalanced one. As proved by
the different plots of Figure 15, unbalanced load detection is successfully achieved, with no
false-positive or false-negative cases, by using 8 accelerometers (Figure 15a), 8 strain gauges
(Figure 15b), or by using 8 accelerometers together with 8 strain gauges (Figure 15c).
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Figure 15. Automatic unbalanced loads detection based on ARX features considering the responses
from: (a) 8 accelerometers; (b) 8 strain gauges; (c) 8 accelerometers + 8 strain gauges.

4.5.2. Cluster Analysis

For feature classification, a clustering process is proposed that aims to divide data sets
into different clusters, which must be as compact and separate as possible. In this study,
the k-means clustering technique is adopted, by using the city-block distance. The purpose
of clustering is to regroup the data into separated k clusters based on their feature vector
distances. The k-means algorithm is defined as follows: given a data vector (features) and
some arbitrary k clusters, the idea is to find k centroids that minimize the distance of each
vector to its nearest centroid. As previously mentioned, the k-means clustering method
requires the number of clusters to be defined in advance. To tackle this limitation, the
global silhouette index (SIL) [35] is used, making this an automatic process. Based on the
obtained results with PCA features using the second and third-level data fusion, Figure 16
shows the obtained clusters for each type of sensor.

The plots demonstrate that the k-means method can distinguish different combina-
tions of unbalanced cases when using the PCA feature set. By using the accelerometer
responses (a total of 8 sensors), in the case of Figure 164, it is possible to separate the unbal-
anced scenarios into two large clusters, classifying the PCA features into longitudinal and
transverse unbalanced cases. When using the strain gauges responses (a total of 8 sensors),
as shown in Figure 16b, the robustness of the classification increases, without any false clas-
sification. By using the responses from 16 sensors (8 accelerometers plus 8 strain gauges),
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as depicted in Figure 16¢, it is possible to efficiently separate the unbalanced scenarios into
three clusters, one comprising all longitudinal cases (long 1 and Long-2), another one with
the less severe transverse case (transv-1), and a last one with the more severe transverse
case (transv-2).
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Figure 16. Cluster analysis for the PCA features: (a) 8 accelerometers; (b) 8 strain gauges;
(c) 8 accelerometers + 8 strain gauges.

4.5.3. Sensitivity for Different Sensor Layouts

The presented automatic procedure is applied for the accelerometers and strain gauges
responses of the 16 sensors positioned in the mid-span rail. To evaluate the optimized
number of sensors used to detect and classify unbalanced loads, a sensitivity analysis
is performed.

The results for three different numbers of sensors are plotted in Figure 17 for outlier
(ARX-based features) and cluster analysis (PCA-based features).

In Figure 17a, the results using a 16-sensor configuration, with 8 accelerometers
and 8 strain gauges, which is the configuration used in the results shown in previous
sections, are presented. Then, in Figure 17b,c, a reduced number of sensors are considered
respectively for an 8-sensor configuration (4 accelerometers and 4 strain gauges) and a 4-
sensor configuration (4 accelerometers and 4 strain gauges). In terms of outlier analysis, the
DI amplitude decreases with the reduction of the number of sensors. However, in all sensor
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configurations the methodology shows to be very efficient in detection. Regarding the
cluster analysis, the well-defined three clusters obtained with 16 sensors start to diffuse into
two distinct clusters in the case of 8 sensors, losing efficiency for the 4 sensors configuration.
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Figure 17. Sensitivity analysis with respect to the number of sensors (accelerometers + strain gauges):
(a) 16 sensors (8 + 8); (b) 8 sensors (4 + 4); (c) 4 sensors (2 + 2).

Table 3 summarizes the efficiency results of the proposed methodology in terms of
detection and classification for different sensor configurations, using accelerometers and
strain gauges. The results show a very good efficiency of the methodology in terms of
detection, with a negligible number of false positives and with no false negatives. It is
possible to conclude that although only two accelerometers or two strain gauges proved
to be enough to detect unbalanced loads, it is not sufficient to classify the unbalanced
scenarios as longitudinal or transverse.



Sensors 2023, 23, 1544

20 of 23

Table 3. False detection and classification relating to the number of sensors.

Sensors Detection Classification
(Accelerometers + False
Strain Gauges) False Positives False Negatives Cluster Groups Classifications

16 (8 + 8) 0% (0/113) 0% (0/36) 3 (Long 1-2) (Transv1) (Transv2) 6% (2/36)
12 (6 + 6) 0% (0/113) 0% (0/36) 2 (Long 1-2) (Transv 1-2) 6% (2/36)
8(4+4) 0% (0/113) 0% (0/36) 2 (Long 1-2) (Transv 1-2) 8% (3/36)
4(2+2) 2% (2/113) 0% (0/36) 2 (Long 1-2) (Transv 1-2) 25% (9/36)
2(2+0) 1% (1/113) 0% (0/36) 2 (Long 1-2) (Transv 1-2) 28% (10/36)
2(0+2) 1% (1/113) 0% (0/36) 2 (Long 1-2) (Transv 1-2) 39% (14/36)

From an economic point of view, 8 sensors, consisting of 4 accelerometers and 4 strain
gauges, are able to detect and classify longitudinal and transverse unbalanced loads. How-
ever, it should be highlighted that only two sensors are sufficient to detect unbalanced loads
automatically. As transverse unbalanced loads tend to be more severe than longitudinal
unbalances, classification is very helpful for railway operators, to control safety against
derailment of the vehicles. The PCA-based classification process shows that it can efficiently
separate the longitudinal from transverse unbalanced cases, being the transverse case the
one with the higher amplitude.

5. Conclusions

This paper proposes an automatic methodology based on artificial intelligence that
can accurately identify unbalanced vertical axle load situations which can put at risk the
running safety of the operating freight trains.

Two different feature extraction methods are tested, one consisting of a highly sensitive
autoregressive model, the ARX model, and the other one based on the PCA method to
transform the time-series accelerations and strains into sensitive features for unbalanced
load detection.

The ARX method proved to be the most effective feature extraction method for detect-
ing unbalanced loads, as the distance between the unbalanced scenarios and the confidence
boundary is high enough to have no false unbalanced identification. The extracted features
based on the PCA method showed to be more sensitive to the transverse unbalanced
load cases and proved to be very robust for the classification between longitudinal and
transverse unbalanced scenarios.

The effectiveness of the proposed methodology is tested regarding the number and
type of sensors with very good accuracy. Both acceleration and strain data responses pro-
vided good performance in detection. Although the installation of only two accelerometers
or two strain gauges proved to be adequate to detect an unbalanced load, it is not enough to
classify the unbalance according to the type (transverse or longitudinal). From an economic
point of view, the optimal layout solution for detecting and classifying longitudinal and
transverse unbalanced loads consists of a wayside system with 4 accelerometers and 4
strain gauges installed symmetrically on both rails.

Future works include experimental tests to validate the proposed methodology based
on on-site measurements. Furthermore, the upgrade of the current methodology to localize
unbalanced loads in multiple wagons of a freight train will be considered.

Author Contributions: Conceptualization, R.S. and A.G.; methodology, R.S., A.M. (A. Meixedo), D.R.
and A.M. (A. Mosleh); software, PM.; validation, R.S., A.G. and D.R.; investigation, R.S.; resources,
D.R., C.V,; writing—original draft preparation, R.S. and A.G.; writing—review and editing, R.S., D.R,
C.V, A M. (A. Meixedo). All authors have read and agreed to the published version of the manuscript.



Sensors 2023, 23, 1544 21 of 23

Funding: This paper is a result of project WAY4SafeRail-WAYside monitoring system FOR SAFE
RAIL transportation, with reference NORTE-01-0247-FEDER-069595, co-funded by the European
Regional Development Fund (ERDEF), through the North Portugal Regional Operational Programme
(NORTE2020), under the PORTUGAL 2020 Partnership Agreement.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Montenegro, P.A.; Carvalho, H.; Ribeiro, D.; Cal¢ada, R.; Tokunaga, M.; Tanabe, M.; Zhai, W.M. Assessment of train running
safety on bridges: A literature review. Eng. Struct. 2021, 241, 112425. [CrossRef]

2. Alves, V.; Meixedo, A.; Ribeiro, D.; Cal¢ada, R.; Cury, A. Evaluation of the Performance of Different Damage Indicators in Railway
Bridges. Procedia Eng. 2015, 114, 746-753. [CrossRef]

3. Pintao, B.; Mosleh, A.; Vale, C.; Montenegro, P.; Costa, P. Development and Validation of a Weigh-in-Motion Methodology for
Railway Tracks. Sensors 2022, 22, 1976. [CrossRef] [PubMed]

4.  Transportation Technology Center, Inc. General Rules Covering Loading of Carload Shipments of Commodities in Closed Cars; Trans-
portation Technology Center, Inc.: Pueblo, CO, USA, 2010.

5. Chinese Railway. General Rules Covering Loading and Reinforcement in Railway Freight Wagons; C.R. Press: Beijing, China, 2006.

6.  UIC. Code of Practice for the Loading and Securing of Goods on Railway Wagons; UIC: Paris, France, 2022.

7. Zhang, D.; Tang, Y.; Peng, Q.; Dong, C.; Ye, Y. Effect of mass distribution on curving performance for a loaded wagon. Nonlinear
Dyn. 2021, 104, 2259-2273. [CrossRef]

8.  Zhang, D.; Tang, Y; Sun, Z; Peng, Q. Optimising the location of wagon gravity centre to improve the curving performance. Veh.
Syst. Dyn. 2022, 60, 1627-1641. [CrossRef]

9.  Jianjun, P; Weilai, L.; Xin, D. Train overload and unbalanced load detection based on FBG gauge. In Proceedings of the SPIE
Fourth Asia Pacific Optical Sensors Conference, Wuhan, China, 15-18 October 2013.

10. Pagaimo, J.; Magalhaes, H.; Costa, ].N.; Ambrosio, J. Derailment study of railway cargo vehicles using a response surface
methodology. Veh. Syst. Dyn. 2022, 60, 309-334. [CrossRef]

11.  RAIB. Rail Accident Investigation Branch. 2022. Available online: https://www.gov.uk/government/organisations/rail-accident-
investigation-branch (accessed on 26 January 2023).

12.  Zakharenko, M.; Freseth, G.; Ronnquist, A. Train Classification Using a Weigh-in-Motion System and Associated Algorithms to
Determine Fatigue Loads. Sensors 2022, 22, 1772. [CrossRef]

13.  Mosleh, A.; Costa, P,; Calgada, R. A new strategy to estimate static loads for the dynamic weighing in motion of railway vehicles.
Proc. Inst. Mech. Eng. Part F ]. Rail Rapid Transit 2019, 234, 183-200. [CrossRef]

14.  Zhou, W.; Abdulhakeem, S.; Fang, C.; Han, T.; Li, G.; Wu, Y,; Faisal, Y. A new wayside method for measuring and evaluating
wheel-rail contact forces and positions. Measurement 2020, 166, 108244. [CrossRef]

15.  ARGOS. 2022. Available online: https://www.argos-systems.at/en/ (accessed on 26 January 2023).

16. Onat, A.; Kayaalp, B. A Novel Methodology for Dynamic Weigh in Motion System for Railway Vehicles With Traction. IEEE
Trans. Veh. Technol. 2019, 68, 10545-10558. [CrossRef]

17.  Costa, B.J.A.; Martins, R.; Santos, M.; Felgueiras, C.; Calgada, R. Weighing-in-motion wireless system for sustainable railway
transport. Energy Procedia 2017, 136, 408—413. [CrossRef]

18.  Mosleh, A.; Montenegro, P.A.; Costa, P.A.; Cal¢ada, R. 10—Approaches for Weigh-In-Motion and Wheel Defect Detection of Railway
Vehicles, in Rail Infrastructure Resilience; Calgada, R., Kaewunruen, S., Eds.; Woodhead Publishing: Sawston, UK, 2022; pp. 183-207.

19. Sekuta, K.; Kotakowski, P. Piezo-based weigh-in-motion system for the railway transport. Struct. Control. Health Monit. 2012, 19,
199-215. [CrossRef]

20. Jian, S.; Xiugang, W.; Rong, C.; Guan, X.; Zongju, T. Design and research on monitoring system of overload and unbalanced load
of freight cars. In Proceedings of the World Automation Congress, Puerto Vallarta, Mexico, 24-28 June 2012.

21. Maraini, D.; Shahidi, P.; Hopkins, B.; Seidel, A. Development of a Bogie-Mounted Vehicle On-Board Weighing System. In
Proceedings of the ASME 2014 Joint Rail Conference, Colorado Springs, CO, USA, 2—4 April 2014.

22. Tanaka, T.; Sugiyama, H. Prediction of railway wheel load unbalance induced by air suspension leveling valves using quasi-steady
curve negotiation analysis procedure. Proc. Inst. Mech. Eng. Part K: ]. Multi-Body Dyn. 2019, 234, 19-37. [CrossRef]

23.  Allotta, B.; Gaburri, G.; Innocenti, A.; Marini, L.; Meli, E.; Pugi, L.; D’Adamio, P. An innovative high speed Weigh in Motion
system for railway vehicles. In Proceedings of the 2014 IEEE/ ASME 10th International Conference on Mechatronic and Embedded
Systems and Applications (MESA), Senigallia, Italy, 10-12 September 2014.

24. Ding, Y.; Cheng, L. High Speed Overload and Imbalance Load System in China. In Proceedings of the 2018 Joint Rail Conference,

Pittsburgh, PA, USA, 18-20 April 2018.


http://doi.org/10.1016/j.engstruct.2021.112425
http://doi.org/10.1016/j.proeng.2015.08.020
http://doi.org/10.3390/s22051976
http://www.ncbi.nlm.nih.gov/pubmed/35271123
http://doi.org/10.1007/s11071-021-06386-3
http://doi.org/10.1080/00423114.2020.1865546
http://doi.org/10.1080/00423114.2020.1815810
https://www.gov.uk/government/organisations/rail-accident-investigation-branch
https://www.gov.uk/government/organisations/rail-accident-investigation-branch
http://doi.org/10.3390/s22051772
http://doi.org/10.1177/0954409719838115
http://doi.org/10.1016/j.measurement.2020.108244
https://www.argos-systems.at/en/
http://doi.org/10.1109/TVT.2019.2940011
http://doi.org/10.1016/j.egypro.2017.10.260
http://doi.org/10.1002/stc.416
http://doi.org/10.1177/1464419319867179

Sensors 2023, 23, 1544 22 of 23

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

Qing, C.; Mei, H. Study on a combined method of Butterworth high-pass filter and Canny edge detector in the application of
detecting cargo loading position on railway vehicles. In Proceedings of the 2011 International Conference on Computer Science
and Network Technology, Harbin, China, 24-26 December 2011.

Mosleh, A.; Montenegro, P.; Costa, P.A.; Cal¢ada, R. An approach for wheel flat detection of railway train wheels using envelope
spectrum analysis. Struct. Infrastruct. Eng. 2021, 17, 1710-1729. [CrossRef]

Mosleh, A.; Meixedo, A.; Ribeiro, D.; Montenegro, P.; Calgada, R. Early wheel flat detection: An automatic data-driven wavelet-
based approach for railways. Veh. Syst. Dyn. 2022, 1-30. [CrossRef]

Krummenacher, G.; Ong, C.; Koller, S.; Kobayashi, S.; Buhmann, J. Wheel Defect Detection With Machine Learning. IEEE Trans.
Intell. Transp. Syst. 2018, 19, 1176-1187. [CrossRef]

Li, Y;; Zuo, M; Lin, J.; Liu, J. Fault detection method for railway wheel flat using an adaptive multiscale morphological filter.
Mech. Syst. Signal Process. 2017, 84, 642—658. [CrossRef]

Liang, B.; Iwnicki, S.D.; Zhao, Y.; Crosbee, D. Railway wheel-flat and rail surface defect modelling and analysis by time-frequency
techniques. Veh. Syst. Dyn. 2013, 51, 1403-1421. [CrossRef]

Mosleh, A.; Montenegro, P.A.; Costa, P.A.; Calcada, R. Railway Vehicle Wheel Flat Detection with Multiple Records Using Spectral
Kurtosis Analysis. Appl. Sci. 2021, 11, 4002. [CrossRef]

Ni, Y.-Q.; Zhang, Q.-H. A Bayesian machine learning approach for online detection of railway wheel defects using track-side
monitoring. Struct. Health Monit. 2020, 20, 1536-1550. [CrossRef]

Wei, X; Yin, X.; Hu, Y; He, Y;; Jia, L. Squats and corrugation detection of railway track based on time-frequency analysis by using
bogie acceleration measurements. Veh. Syst. Dyn. 2020, 58, 1167-1188. [CrossRef]

Meixedo, A.; Santos, J.; Ribeiro, D.; Calgada, R.; Todd, M. Damage detection in railway bridges using traffic-induced dynamic
responses. Eng. Struct. 2021, 238, 112189. [CrossRef]

Meixedo, A.; Santos, J.; Ribeiro, D.; Cal¢ada, R.; Todd, M. Online unsupervised detection of structural changes using train-induced
dynamic responses. Mech. Syst. Signal Process. 2022, 165, 108268. [CrossRef]

Li, Y;; Zhang, X.; Chen, Z; Yan, Y.; Geng, C.; Zuo, M. Time-frequency ridge estimation: An effective tool for gear and bearing fault
diagnosis at time-varying speeds. Mech. Syst. Signal Process. 2023, 189, 110108. [CrossRef]

Meixedo, A.; Ribeiro, D.; Santos, J.; Cal¢ada, R.; Todd, M. Real-Time Unsupervised Detection of Early Damage in Railway Bridges
Using Traffic-Induced Responses, in Structural Health Monitoring Based on Data Science Techniques; Cury, A., et al., Eds.; Springer
International Publishing: Cham, Switzerland, 2022; pp. 117-142.

Shin, S.W.; Yun, C.B.; Futura, H.; Popovics, ].S. Nondestructive Evaluation of Crack Depth in Concrete Using PCA-compressed
Wave Transmission Function and Neural Networks. Exp. Mech. 2008, 48, 225-231. [CrossRef]

Meixedo, A.; Ribeiro, D.; Santos, J.; Cal¢ada, R.; Todd, M. 18—Structural Health Monitoring Strategy for Damage Detection in Railway
Bridges Using Traffic Induced Dynamic Responses, in Rail Infrastructure Resilience; Calgada, R., Kaewunruen, S., Eds.; Woodhead
Publishing: Sawston, UK, 2022; pp. 389—408.

Mosleh, A.; Meixedo, A.; Ribeiro, D.; Montenegro, P.; Calcada, R. Automatic clustering-based approach for train wheels condition
monitoring. Int. |. Rail Transp. 2022, 1-26. [CrossRef]

Javed, K,; Gouriveau, R.; Zerhouni, N.; Nectoux, P. Enabling Health Monitoring Approach Based on Vibration Data for Accurate
Prognostics. IEEE Trans. Ind. Electron. 2015, 62, 647-656. [CrossRef]

Cavadas, F; Smith, LE.C.; Figueiras, ]. Damage detection using data-driven methods applied to moving-load responses. Mech.
Syst. Signal Process. 2013, 39, 409-425. [CrossRef]

Wang, ].J.X.; Zhao, R.; Zhang, L.; Duan, L. Multisensory fusion based virtual tool wear sensing for ubiquitous manufacturing.
Robot. Comput.-Integr. Manuf. 2017, 45, 47-58. [CrossRef]

Kontolati, K.; Loukrezis, D.; Santos, K.R.M.d.; Giovanis, D.; Shields, M. Manifold learning-based polynomial chaos expansions
for high-dimensional surrogate models. Int. ]. Uncertain. Quantif. 2021, 12, 39-64. [CrossRef]

Liu, Y.; Shi, Y;; Mu, E; Cheng, J.; Li, C.; Chen, C. Multimodal MRI Volumetric Data Fusion With Convolutional Neural Networks.
IEEE Trans. Instrum. Meas. 2022, 71, 1-15. [CrossRef]

Qian, L.; Zhang, L.; Bao, X.; Li, F; Yang, J. Supervised sparse neighbourhood preserving embedding. IET Image Process. 2017, 11,
190-199. [CrossRef]

William Nick, K.A.; Bullock, G.; Esterline, A.; Sundaresan, M. A Study of Machine Learning Techniques for Detecting and
Classifying Structural Damage. Int. |. Mach. Learn. Comput. 2015, 5, 313-318. [CrossRef]

Addin, O.; Sapuan, S.M.; Mahdji, E.; Othman, M. A Naive-Bayes classifier for damage detection in engineering materials. Mater.
Des. 2007, 28, 2379-2386. [CrossRef]

Vitola, J.; Pozo, F; Tibaduiza, D.A.; Anaya, M. Distributed Piezoelectric Sensor System for Damage Identification in Structures
Subjected to Temperature Changes. Sensors 2017, 17, 1252. [CrossRef] [PubMed]

Braganga, C.; Neto, ]J.; Pinto, N.; Montenegro, P.; Ribeiro, D.; Carvalho, H.; Cal¢ada, R. Calibration and validation of a freight
wagon dynamic model in operating conditions based on limited experimental data. Veh. Syst. Dyn. 2022, 60, 3024-3050.
[CrossRef]

ANSYS®, Academic Research, Release 19.2; Ansys Academic: Canonsburg, PA, USA, 2018.

MATLAB®, Version R2018a; Matlab: Natick, MA, USA, 2018.


http://doi.org/10.1080/15732479.2020.1832536
http://doi.org/10.1080/00423114.2022.2103436
http://doi.org/10.1109/TITS.2017.2720721
http://doi.org/10.1016/j.ymssp.2016.07.009
http://doi.org/10.1080/00423114.2013.804192
http://doi.org/10.3390/app11094002
http://doi.org/10.1177/1475921720921772
http://doi.org/10.1080/00423114.2019.1610181
http://doi.org/10.1016/j.engstruct.2021.112189
http://doi.org/10.1016/j.ymssp.2021.108268
http://doi.org/10.1016/j.ymssp.2023.110108
http://doi.org/10.1007/s11340-007-9083-3
http://doi.org/10.1080/23248378.2022.2096132
http://doi.org/10.1109/TIE.2014.2327917
http://doi.org/10.1016/j.ymssp.2013.02.019
http://doi.org/10.1016/j.rcim.2016.05.010
http://doi.org/10.1615/Int.J.UncertaintyQuantification.2022039936
http://doi.org/10.1109/TIM.2022.3184360
http://doi.org/10.1049/iet-ipr.2016.0254
http://doi.org/10.7763/IJMLC.2015.V5.526
http://doi.org/10.1016/j.matdes.2006.07.018
http://doi.org/10.3390/s17061252
http://www.ncbi.nlm.nih.gov/pubmed/28561786
http://doi.org/10.1080/00423114.2021.1933091

Sensors 2023, 23, 1544 23 of 23

53.

54.

55.

56.

57.

58.

59.

60.

61.

13848-2:2006; Railway Applications—Track—Track Geometry Quality—Part 2: Measuring Systems—Track Recording Vehicles,
CEN/TC 256. European Standards: Brussels, Belgium, 2006.

Montenegro, P.A.; Neves, S.G.M.; Calgada, R.; Tanabe, M.; Sogabe, M. Wheel-rail contact formulation for analyzing the lateral
train-structure dynamic interaction. Comput. Struct. 2015, 152, 200-214. [CrossRef]

Montenegro, P.A.; Heleno, R.; Carvalho, H.; Calcada, R.; Baker, C.J. A comparative study on the running safety of trains subjected
to crosswinds simulated with different wind models. J. Wind. Eng. Ind. Aerodyn. 2020, 207, 104398. [CrossRef]

Neto, J.; Montenegro, P.A ; Vale, C.; Calcada, R. Evaluation of the train running safety under crosswinds—A numerical study on
the influence of the wind speed and orientation considering the normative Chinese Hat Model. Int. |. Rail Transp. 2021, 9, 204-231.
[CrossRef]

Hertz, H. Ueber die Beriihrung fester elastischer Korper. J. Fiir Die Reine Und Angew. Math. 1882, 92, 156-171.

Kalker, J. Book of Tables for the Hertzian Creep-Force Law; Delft University of Technology, Faculty of Technical Mathematics and
Informatics: Budapest, Hungary, 1996.

Figueiredo, E.; Park, G.; Farrar, C.R.; Worden, K ; Figueiras, ]. Machine learning algorithms for damage detection under operational
and environmental variability. Struct. Health Monit. 2010, 10, 559-572. [CrossRef]

Pan, Y.; Sun, Y,; Li, Z.; Gardoni, P. Machine learning approaches to estimate suspension parameters for performance degradation
assessment using accurate dynamic simulations. Reliab. Eng. Syst. Saf. 2023, 230, 108950. [CrossRef]

Sousa Tomé, E.; Pimentel, M.; Figueiras, ]. Damage detection under environmental and operational effects using cointegration
analysis—Application to experimental data from a cable-stayed bridge. Mech. Syst. Signal Process. 2020, 135, 106386. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.compstruc.2015.01.004
http://doi.org/10.1016/j.jweia.2020.104398
http://doi.org/10.1080/23248378.2020.1780965
http://doi.org/10.1177/1475921710388971
http://doi.org/10.1016/j.ress.2022.108950
http://doi.org/10.1016/j.ymssp.2019.106386

	Introduction 
	Modelling 
	Freight Vehicle 
	Track 
	Vehicle–Track Interaction 

	Simulation 
	Virtual Wayside Monitoring Device 
	Baseline 
	Unbalanced Scenarios 
	Track Dynamic Response 

	Methodology for Unbalanced Loads Detection 
	Overview 
	Feature Extraction—ARX vs. PCA 
	Feature Normalization—PCA 
	Data Fusion—Mahalanobis Distance 
	Feature Discrimination 
	Outlier Analysis 
	Cluster Analysis 
	Sensitivity for Different Sensor Layouts 


	Conclusions 
	References

