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ABSTRACT

Presently, railroad monitoring strategies focus on preventative maintenance by detecting wheel anomalies using wayside
detection methods (e.g., wheel-impact load detection), and direct detection of track anomalies using onboard systems (e.g.,
track geometry vehicles). Both approaches are periodic, manual, and do not support real-time track damage detection.
Recent research has focused on detecting damage from acceleration signals obtained onboard moving vehicles and
identifying anomalies from derived structural dynamic properties. Though promising due to inherent scalability and cost
efficiency, its main goal is to detect damage on the supporting infrastructure and has never before been tested for detecting
rail crack damage. Among other reasons, a robust anomaly detection algorithm is missing to allow the industry to embrace
an automated and more cost-effective monitoring technique. In this work, we leverage a lab-scale track and moving vehicle
actuation system that is scaled with the assistance of industry experts, and comprises a vehicle instrumented with two
onboard vertical accelerometers. Cracked rails are simulated by introducing discontinuities (longitudinally and
transversely). Several types of feature extraction and dimensionality reduction techniques are employed to evaluate their
ability to separate damaged and undamaged records. Inspired from previous work, this work tests the ability of existing
data-driven damage detection algorithms to detect local damage by using a novel super modular, precise, and realistically
scaled down version of a train-track system. The results of the damage sensitivity show that principal component analysis
has the highest balanced combination of recall and true negative rate, compared to other techniques.
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1. INTRODUCTION

Each year, hundreds of train accidents occur due to damage to railway lines. In 2022, the Federal Railroad Administration
reported 339 track-caused accidents, and 1,049 derailments, which combined represent 16% of the overall number of
accidents during this year. Railroad monitoring strategies focus on preventative maintenance by detecting wheel
anomalies using wayside detection methods (e.g., wheel-impact load detection), and direct detection of track anomalies
using onboard systems (e.g., track geometry vehicles)?. Both approaches are periodic, manual, and do not support real-
time track damage detection. In this paper, we focus on identifying discontinuities in the railway lines by means of the use
of accelerometers installed on board a scale model of a railroad car and track system that was developed in collaboration
with industry stakeholders.

Recent research has focused on detecting damage from acceleration signals obtained onboard moving vehicles.
However, these approaches have not been specifically tested for detecting rail cracks, but instead have a broader focus on
detecting and classifying damages in the infrastructure system that supports the rail track. Indirect structural health
monitoring techniques have been applied to laboratory-scale bridges by detecting non-destructive damage, such as changes
in the supporting conditions and adding masses to the span®*. Instrumentation of operational trains has also been performed
by installing accelerometers and a GPS onboard the car to track the measurements. However, not enough positive cases
have been collected to characterize the failure, and a baseline obtained from multiple passes of the instrumented trains is
used to identify anomalies®®. Vehicle-rail interaction has also been studied using finite element models, but the scope of
this research focuses on the stress analysis of the interacting members given the different types of discontinuity scenarios
of the rail crack, rather than identifying the presence of damage’?.
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In the present study, we propose the use of a laboratory-scale model® of a railway and a railroad car to detect damage.
This model allows for a controlled environment that can simulate different kinds of real-world discontinuities and therefore
evaluate the effectiveness of the proposed damage detection methods. The use of a scale model offers several advantages,
including having a safe environment, where in the case of derailments caused by the inflicted cracks, will not cause damage
to a real train or injure a person, and also the ability to identify the best detection strategy before trying to implement the
instrumentation of a real railroad car. The testbed model consists of a straight segment of rails that can simulate a localized
discontinuity in three dimensions (transverse, vertical, and longitudinal). These discontinuity scenarios are designed to
consider that when a crack occurs, the rupture can follow different geometric configurations, and the model setup can
simulate a combination of these degrees of freedom. Additionally, the railroad car developed is a down-scaled version of
a standard 50-ft boxcar that preserves its geometric proportions and its original dynamic features. The railroad car is
propelled using a motorized pulley system, which is driven by a stepper motor. The stepper motor is controlled by software
that also synchronously controls the data acquisition system. This synchronous control ensures that the movement of the
railroad car and the data acquisition are tightly coupled, enabling accurate and precise measurements of the vehicle’s
behavior as it moves along the track. The testbed is described in more detail in a separate manuscript®. Using this track
and moving vehicle actuation system with two onboard accelerometers, several types of feature extraction and
dimensionality reduction techniques are employed to evaluate their ability to separate damaged and undamaged records.
These techniques have been used widely in related fields, such as highway and bridge monitoring showing positive results,
and we derive inspiration from this previous work. The results of damage sensitivity show that principal component
analysis and independent component analysis have the highest combination of recall and true negative rate, compared to
other techniques. By exploring and utilizing these approaches, this work contributes to the development of more efficient
and accurate methods for identifying and assessing damage in railway systems.

2. EXPERIMENTAL SETUP

The experimental setup simulates passing a railroad car over a straight section of rail with a localized discontinuity. The
vehicle-rail interaction is measured with two uniaxial accelerometers placed onboard the vehicle directly on top of the
suspension system located on each truck (Figure 1). The overall system primarily consists of the vehicle, the rail track
setup and localized damage simulation, and the motion control and data acquisition system. A more detailed description
of the system can be found in Yin et al. 2023°.

2.1 Vehicle

In this study, a downscaled version of a standard 50-ft boxcar is considered for the design of the laboratory-scale model
of the railroad car. The dimensional downscaling factor of 23.7 is selected because it results in a gauge of 2.5 inches, which
makes the fabrication of the testbed suitable for a laboratory setting. The overall size of the downscaled railroad car also
allows for it to achieve the desired range of speeds in a 24-ft track. The wheels used in the downscaled version are obtained
from G-scale train models, which closely match the downscaling factor. The suspension system is 3D printed and
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Figure 1. Downscaled (a) rail track testbed and (b) railroad car with installed accelerometers and added mass.
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customized to fit the wheels and springs. The springs are calculated to match the fundamental frequencies of the trains,
according to the design guidelines®, considering the range of masses used in the laboratory railroad car. This design allows
for a more controlled and convenient testing environment, while still retaining the dynamic features and the dimensional
proportions of a standard railroad car.

In order to measure the vehicle-rail interaction in the downscaled railroad car, two SDI 2012-002 uniaxial
accelerometers® are mounted on top of each truck. The accelerometers are connected to two conditioning circuit boards,
which allow for tuning the baseline, setting the gain, and low-pass filtering the acceleration signals. The conditioned
signals are then transmitted via individual cables mounted on top of the testbed, which are designed to move along with
the vehicle, avoiding any interference with the dynamic response of the railroad car. The cables connect directly to a
National Instruments (NI) data acquisition system, which is connected to a computer capable of synchronously actuating
the vehicle and collecting the data.

2.2 Rail track setup

The rail track is designed to make the railroad car travel over a localized discontinuity located at the central point. The
discontinuity is modeled in three dimensions: transverse, vertical, and longitudinal, which can be modified with an
adjustable bolted connection. This is done to consider the various geometric configurations that can occur when a crack of
these characteristics takes place. The rail tracks are obtained from a G-scale train model series, which are chosen to match
the wheels of the downscaled railroad car. As a result, the proportions of the dimensions of the rail tracks are similar to
the dimensions of the railroad car. The overall length of the rail is 24 ft and it is divided into three sections of the same
length. The first and last sections are used for the vehicle to accelerate and decelerate at the start and end of each run, while
the middle section is used to modularly simulate the crack and have the vehicle moving at a constant maximum speed.
This arrangement allows for a controlled and systematic evaluation of the vehicle-rail interaction under different
conditions. The rail track setup also supports a conveyor system attached to the railroad car. The system consists of head
and tail pulleys and a stepper motor, which is controlled by the same computer that is connected to the data acquisition
system.

3. METHODOLOGY FOR DAMAGE DIAGNOSIS

3.1 Methodology overview

Rail routes typically cover hundreds of kilometers and instrumenting a train and analyzing the signals collected for the
entire route can result in a significant amount of data that may require high computational demand. In this paper, we
propose to discretize the rail route of interest into sub-segments, which are individually analyzed to detect anomalies.
Another benefit of this approach is that analyzing each segment is useful to localize where the detections are located. With
this in mind, our experiment considers that the testbed model represents one of the segments of the railway that would be
found in reality.

In each of the runs, the acceleration signals are collected onboard the downscaled railroad car. Through the runs, the
testbed is adjusted to simulate conditions where the rails in some cases are undamaged, and others are damaged.
Acceleration signals are analyzed by simultaneously comparing a single damaged or undamaged run with its corresponding
baselines (undamaged runs) in which the mass and the velocity coincide. On each one of these analyses, a dimensionality
reduction of the set of runs is performed until a unidimensional scalar is obtained for each run. For practical real
implementation, it is worth noting that an online version of the selected optimal algorithm can be employed to enhance
the computational performance of the damage detection system. Here, in the case of positive damage detections, it is
determined if the damage sensitive feature scalar can be separated from the ones related to the undamaged conditions by
setting a threshold, as conceptually shown in Figure 2. If a scalar is beyond the set threshold, then the classification of the
processed signal is positive, and on the contrary, if the value is near that of the baseline runs, then it is classified as a
negative detection.

In the present study, we employed a Box-Behnken Design'? (BBD) to design the testing matrix for our testbed.
BBD is a widely used experimental design method that is well-suited for the optimization of multiple feature input
variables. In our case, the testbed allows the manipulation of several features, including vehicle speed, mass, and rail
discontinuity in three different directions. The different combinations of these features reveal which one of them, or which
combinations, make the proposed damage detection technique more or less effective.
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Figure 2. Proposed scheme of baseline and faulty run combinations, signal processing, and dimensionality reduction.

Table 1. Downscaled and upscaled testing features.

racks featur
Total  Added Cracks features :
Features Speed T Transverse Vertical
mass mass Longitudinal ; .
back rail front rail
Units Kg Kg m/s mm mm mm
Downscaled 3.50 1.00 0.9 0 0 0
values Cases 5.00 2.50 1.13 1.42 0.20 0.30
7.50 5.00 1.35 2.55 0.40 0.45
Units Ibs Ibs mph in in in
Upscaled 103,754 29,644 47.6 0 0 0
values Cases 148,220 74,110 59.8 1.32 0.19 0.28
222,330 148,220 71.4 2.37 0.37 0.42

Ultimately, a total of 9 baseline runs with 25 repetitions and 51 damaged runs with 10 repetitions each are performed
to assess the performance of the train’s damaged rail detection system as shown in Figure 3. The experimental design
considers the features shown in Table 1. Here, each feature has 3 different values according to the BBD test matrix design,
where each one of them represents a minimum, mean, and maximum expected value. The first 9 baseline runs evaluate the
different combinations of masses and speeds as shown in the top nine rows in green of the table in Figure 3, which are
then compared to their corresponding damaged conditions. The 25 baseline runs are compared with one damaged condition
run at a time to evaluate the ability of the train to accurately identify a damaged rail in real conditions, as shown in Figure
2. For the case of undamaged detections, 24 baseline runs are compared with the undamaged run left, and this is iterated
for each one of them 25 times. Being able to detect a single normal or anomalous run is crucial as the train must be able
to detect a damaged rail on the first measurement in order to prevent a potential train accident.

For the data processing, each set of signals (25 baselines and 1 fault run or 24 baselines and 1 undamaged run) is
converted from the time domain to the space domain in order to have each acceleration coordinate associated with its
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Figure 3. Normalized average spatial frequency response of baseline (green) and damaged (orange) runs for each tested
configuration. Table column titles correspond to M: added mass (Kg); S: top speed (m/s); Lc: longitudinal crack (mm); Tc:
transverse crack (mm); Vc: vertical crack (mm).

location (Figure 4), which is particularly important if the baselines used for the analysis are made at different speeds. Once
this transformation is performed, due to the non-constant speed of the railroad car, there is not a uniform distribution of
the measured accelerations, therefore the data is linearly resampled at intervals of 0.01mm. After resampling, the signals
are converted to the frequency domain using Fast Fourier Transformation (FFT). Here the phase of each spatial frequency
is not considered to avoid the influence of possible misalignments of the data. Finally, the data is normalized as shown in
Figure 3, and dimensionality reduction is performed until a single scalar for each run is obtained. In this investigation,
several dimensionality reduction techniques are compared to analyze which one of them performs better in separating the
damaged from the undamaged signals.

For classifying the different runs, the resulting scalars from the runs are assumed to follow a normal distribution.
The mean and standard deviation of these scalars are calculated for each set of signals. Here, the classification threshold
is defined by the quantile which maximizes the overall performance of the classification. In each set of signals the last run
is classified and the previous ones are assumed to be known, so when the damaged run is being tested, only the faulty run
is being classified and the other 25 baseline runs are assumed to be known. On the other hand, for the case of testing an
undamaged run, only the last run is classified, and the other 24 runs are assumed to be known. To obtain the optimal
quantile classification threshold, all damage sensitive features are respectively standardized with the Z-score according to
each set, then the cumulative percentage of each point is obtained. With all data set converted to percentage, the optimal
quantile classification threshold is obtained by shuffling the dataset of the damaged and undamaged run testing and 75%
of them are selected as a training data set. This process is repeated 100 times, and the mean optimal quantile value is used
as the threshold for each channel and dimensionality reduction algorithm. By doing so, we can effectively determine the
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Figure 4. Block diagram of the proposed signal processing and extraction of damage sensitive features.

optimal quantile that leads to a classification threshold and ensure a robust analysis of the scalars while avoiding
overfitting. The only dimensionality reduction method that does not follow entirely this classification methodology is the
stacked autoencoder; since the activation function “ReLU” is used, the damage scalar is either 0 or a positive number,
which does not add variability to the dataset and is justified assuming a normal distribution and using a quantile as a
threshold. Therefore the limit is defined in the same units as the damage sensitive feature.

3.2 Background of dimensionality reduction and anomaly detection

In this paper, we aim to analyze several dimensionality reduction techniques for the purpose of processing collected signals
from the laboratory scaled railroad car. The objective is to obtain a 1-dimensional feature that can distinguish between
normal operating conditions and anomalous ones. In the following part of this section, we introduce the techniques that
are considered in our analysis. A brief overview of each technique is covered to provide a comprehensive understanding
of the methods used in this study.

Principal component analysis (PCA)

Linear dimensionality reduction techniques transform high-dimensional datasets into a new set of orthogonal, linearly
uncorrelated components referred to as “principal components”. The first principal component is the direction along which
the data varies the most, and each subsequent component has the highest possible variance under the constraint of being
orthogonal to the previous components. In this research, each time series is considered as an n-dimensional feature point,
where n corresponds to the number of data points in the signal.

Independent component analysis (ICA)

Independent component analysis (ICA) is a statistical and computational technique for revealing hidden factors that
underlie sets of random variables, measurements, or signals®®. This technique is used for separating a multivariate signal
into independent, non-Gaussian component signals, assuming that the known variables are a linear combination of
unknown latent variables. In our experiment, we consider a single-factor reduction, and the obtained weight given the
input signal is used as the damage-sensitive feature.

Isomap

Isomap is a nonlinear dimensionality reduction method that uses the graph distance as an approximation of the geodesic
distance of a Euclidean manifold!*. This method intends to preserve the intrinsic geometry of the data by computing a
lower-dimensional representation that best approximates the distances between the data points within the manifold. In this
application, the collected acceleration measurements are represented in their projection on a one-dimensional manifold.

Laplacian Eigenmaps

Laplacian Eigenmaps construct embeddings based on the properties of the Laplacian matrix. This method provides a low-
dimensional representation of the dataset that optimally preserves local neighborhood information®®. The algorithm
generates a discrete approximation to a continuous map that naturally arises from the geometry of the Euclidean manifold.
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As in Isomap, the data of each run is represented in the unidimensional projection of the manifold as the damage-sensitive
feature.

Self-organizing feature maps (or Kohonen map)

The goal of this method is to represent all points in the source space by Kohonen map points in a target space, such that
distance and proximity relationships are preserved as much as possible®6. This algorithm uses competitive learning where
the neurons that are more alike to the input source points (best matching units) are adjusted towards the input vector. For
our application, the mapping space is unidimensional and the considered damage-sensitive feature is the resulting score of
the single unit given the input signal.

Stacked autoencoder

Autoencoders are neural networks that have the ability to discover low-dimensional representations of high-dimensional
data and are able to reconstruct the input from the output'’. The autoencoder consists of two parts, the encoder and the
decoder. The encoder maps the input data into a lower-dimensional representation, also known as the latent representation
or encoding. The decoder then maps the latent representation back to the original input space. The goal of the autoencoder
is to learn an encoding that preserves the most important information from the input data, while reducing the
dimensionality. The encoder and decoder are trained such that the reconstruction error between the input and the
reconstructed output is minimized. For our application, the encoding is a single neuron, and its value based on the input
features is considered as the damage-sensitive feature.

4. EXPERIMENTS AND RESULTS

After utilizing the experimental setup outlined in Section 2 to create a dataset, the detection method presented in Section
3 is performed. In this section, we present the corresponding results of the presented methods and compare their ability to
properly classify the runs. If a reduced signal obtained from a damaged simulation is classified beyond the predefined
threshold, it is considered to be a true positive (TP) and if it is below, a false negative (FN). If a damage-sensitive scalar
is obtained from an undamaged condition and is beyond the threshold, it is considered as false positive (FP), and if it is
below this limit, it is considered as a true negative (TN). Figure 5 shows the receiver operating characteristic (ROC) curve
and the area under curve (AUC) of each dimensionality reduction method for Channel 0 and Channel 1. This plot shows
the relationship between the true positive rate (TPR) or recall, i.e., TP/(TP + FN), and false positive rate, i.e., FP/(FP +
TN) for different threshold levels, which were previously defined as a quantile level for each case scenario, except for the
autoencoder as mentioned in Section 3.
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Figure 5. ROC curve and AUC of tested dimensionality reduction techniques for the front (Channel 1) and back (Channel 0)
accelerometers.
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Figure 6. (a) Recall and (b) true negative rate of tested dimensionality reduction techniques for the front (Channel 1) and
back (Channel 0) accelerometers.
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Figure 7. PCA mean (a) recall and (b) true negative rates for different baseline cases.

For both Channel 0 and Channel 1, the performance of the tested methods is classified in the same order according
to AUC. However, it is worth noting that in Channel 0, the AUC values are higher than for Channel 1 for every tested
method, except for Laplacian Eigenmaps where the difference between accelerometers is neglectable. Based on this
analysis, ICA and PCA are the methods that are able to better separate damaged and undamaged conditions. These methods
show consistent performance across both channels and had higher AUC values compared to other methods tested.

For each analyzed method the optimal threshold to classify damaged and undamaged signals is obtained according
to the procedure mentioned in Section 3. Figure 6 shows the recall and true negative rate, i.e., TN/(TN + FP), results
obtained from the experiments using the proposed anomaly detection approaches. Recall measures the proportion of actual
positives that are correctly identified, and true negative rate quantifies the proportion of actual negatives that are correctly
identified. By adopting this approach, it becomes possible to assess the effectiveness of each method in accurately detecting
both positive and negative signals.

Regarding the recall metric, PCA and ICA perform the best for Channel 0 with a difference of 1% between each
other. For Channel 1, the PCA and ICA methods also perform best, showing the same percentage as Channel 0. The
similarity for the results achieved with both PCA and ICA rely on the fact that both are linear methods in which only the
principal component was used; therefore, the fact that PCA has the restriction that the projections must be orthogonal does
not have almost any influence on the results.

In evaluating the true negative rate for the two channels, it is observed that again both PCA and ICA outperform
other methods in Channel 0 and Channel 1. In this case, the autoencoder shows a similar percentage to these methods, but
for the case of the recall its performance is considerably lower than ICA and PCA. PCA and ICA achieve the best overall
performance considering recall and true negative rate, however, since PCA achieves a higher performance considering
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both recall and true negative rate, this method is further analyzed. Figure 7 presents more specific results, showing the
average of the previously mentioned metrics for each one of the baselines combined with the different tests. Baseline test
numbers and their respective mass and speed are shown in the top nine rows in green of the table in Figure 3.

The results indicate that the combinations of faulty runs with baseline 8 have the most significant impact on the
average recall results. These combinations show a lower recall rate, indicating that these combinations result in signals
that are more difficult to detect with this method. However, it is worth noting that there are also combinations for Channel
0 that achieve perfect recall. This suggests that the test set ups that align with baseline 8 have a combination of parameters
resulting in the vehicle exhibiting a dynamic response that is not being adequately captured by the sensors or in vibrations
that are challenging to classify with this methodology. On the other hand, the evaluation of the true negative rate for the
different tests achieves percentages that are consistent across baselines and accelerometers for Channel 0, resulting in
relatively high percentages ranging from 92% to 96%, and for Channel 1 the percentages range from 68% to 92%. These
findings suggest that the selected fault detection methods are effective in identifying normal behavior in the system for
Channel 0, which is crucial for the implementation of a reliable system.

For the implementation of PCA for damage detection, we evaluate optimizing the algorithm by analyzing the
variability of the principal component vectors across tests. This analysis aims to determine if the principal components
axis can be preserved without the need for recalculating them each time a new set of data is analyzed. However, prior to
this analysis, it is necessary to confirm that within each test configuration the principal component vector has low
variability. Figure 8 presents the standard deviation of the different principal components within each test configuration
for the different runs, with the dot product distance function used to evaluate the difference between vectors in terms of
their relative angle.

Although there are variations in the standard deviation of the principal components between test configurations, the
value tends to exceed 0.5, indicating a deviation of 60° or less between different runs within each test and its corresponding
mean. Consequently, we assess the dot product of the mean vector for each test number to evaluate the dissimilarities
between them across different test configurations, which is shown in Figure 9.

In terms of consistency with the direction of the principal component, the respective mean values for Channel 0 and
Channel 1 are 0.21 and 0.22, with corresponding standard deviations of 0.21 and 0.19. While these metrics suggest that
Channel 1 performs slightly better due to its higher mean and lower standard deviation, the difference is not significant.
To optimize computational performance, we recommend using the online version of PCA® if this method is to be
implemented. However, given the significant variability in the principal component vectors, it is crucial to update them
constantly to maintain the separability of the classes.
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Figure 8. Standard deviation of principal components for test configurations, considering the dot product as the distance
function.
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Figure 9. Dot product correlation matrix of principal component between test configurations.

5. CONCLUSIONS AND FUTURE WORK

The study presented examines the ability of an indirect structural health monitoring approach to diagnose damage, using
acceleration signals obtained from a downscaled railroad car passing over simulated cracks of varying type and severity.
To detect damage with high accuracy, signal processing and dimensionality reduction methods are employed and
compared. The efficacy of various methods for detecting damage in rails using acceleration signals obtained from a testbed
is analyzed. The results indicate that PCA is the most balanced method for accurately detecting positive and negative cases
and performs closely to the best method in detecting damaged rails, achieving an 88% recall and 95% true negative rate
for Channel 0 (back accelerometer). While the method performs well overall, for recall, combinations of damaged
conditions with baseline 8 prove to be more challenging to detect. We hypothesize that the combination of mass and speed
of the vehicle may be contributing generating signals that cannot be differentiated from the baseline conditions. To further
explore the effectiveness of PCA, testing smaller damage with less severity can be explored, though we acknowledge that
smaller downscaled cracks are challenging to simulate accurately, and a higher or full-scale railroad car should be
employed.

We explore the possibility of optimizing detection processes by analyzing the consistency of the direction of the
principal component across different configurations. This analysis aims to eliminate the need for recalculation of the main
component vector every time a detection is evaluated if the direction remains consistent. Our results reveal that the
principal component vectors within each experiment configuration remain closely aligned across all of the runs. However,
when comparing the mean principal component vectors across different test configurations, we observe considerable
variability for both Channel 0 and Channel 1. This suggests that if PCA is to be applied for real-time damage detection, it
should be recalculated or used online® to maintain the accuracy and reliability of the detection process.

The findings of this study suggest that future research should explore damage severity estimation, by correlating
damage-sensitive features with the severity level of the damage. We also recommend exploring the analysis of time-
domain signals with the same framework. However, this brings additional preprocessing challenges such as synchronizing
and scaling the signals. Lastly, multidimensional feature reduction can be explored to evaluate if different detection
conditions can be successfully clustered with equal or better results than the ones obtained in this experiment. These
avenues of research will help to advance the field of damage detection in dynamic systems and enhance the overall
accuracy of machine learning methods, which have the potential of being fully deployed in full-scale railroad cars.
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