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Abstract: The inspection and maintenance of track ballast are fundamental tasks for the preservation
of the condition of railway networks. This work presents an application based on a low-cost solid-
state LiDAR system, which allows the user to accurately measure the ballast geometry from a mobile
inspection trolley or draisine. The solid-state LiDAR system, the LiVOX Avia, was validated on a
test track through comparison with a traditional static LiDAR system, the Faro Focus 3D. The results
show a standard deviation of around 6 mm for the solid-state LiDAR system. The LiVOX system also
provides the capability to measure the ballast digital elevation model and profiles. The LiVOX results
are in agreement with those obtained from the Faro Focus. The results demonstrate that the LiVOX
system can sufficiently measure even the displacement of a single layer of ballast stones typically
between 2.5 cm and 5 cm. The data provided can be easily digitalized using image processing tools
and integrated into geographic information systems for infrastructure management.

Keywords: railway maintenance; solid-state LiDAR; ballast; metrology

1. Introduction

Railways have been the key to the socioeconomic development of societies around
the world since the first locomotive developments carried out by Stephenson [1] over two
centuries ago. At present, where sustainability and the fight against climate change are very
important matters, railways are shown to be one of the least polluting means of transport
due to their easy electrification. This, together with the deployment of high-speed rail
networks competing with aviation in the medium distance, undoubtedly makes railways
one of the means of transport of the future [2,3].

Infrastructure management companies need to systematically carry out different main-
tenance works to ensure that railroad networks are in good condition for operations [4–6].
These works range from the inspection of different track elements such as the rails, ballast,
tightening bolts or sleepers to the management of the different repair works necessary to
keep the infrastructure in operation under safety conditions [7–9]. Although many inspec-
tions are still performed visually by human operators, the current trend is to automate such
work, through on-board sensors on railway locomotives, draisines or track trolleys, and
artificial intelligence techniques. The sensors used are of different types such as imaging or
acoustic sensors [10,11].

Ballast is one of the main elements of railroads. It is responsible for transferring
the loads onto the ground and must have a certain elasticity and prevent transverse and
longitudinal movements of the track. It also prevents vegetation from growing around
the platform, reduces the sound of trains and improves rainwater drainage to prevent
deterioration. For ballast to work properly, it is essential to select the right type of material
and the right grain size. The importance of railway ballast should not be underestimated; it
is a component that can make a difference in the performance of railways [12].

Infrastructures 2023, 8, 63. https://doi.org/10.3390/infrastructures8040063 https://www.mdpi.com/journal/infrastructures

https://doi.org/10.3390/infrastructures8040063
https://doi.org/10.3390/infrastructures8040063
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/infrastructures
https://www.mdpi.com
https://orcid.org/0000-0001-8676-4455
https://orcid.org/0000-0002-0195-8849
https://orcid.org/0000-0002-3898-7854
https://orcid.org/0000-0003-1352-2150
https://orcid.org/0000-0003-0320-4191
https://doi.org/10.3390/infrastructures8040063
https://www.mdpi.com/journal/infrastructures
https://www.mdpi.com/article/10.3390/infrastructures8040063?type=check_update&version=1


Infrastructures 2023, 8, 63 2 of 11

Due to the loads and vibrations to which ballast is subjected by the passage of trains,
it is necessary to periodically conduct maintenance operations that focus on the profiling
and dynamic stabilization of the ballast [13–15]. Track profiling is a maintenance operation
that aims to bring the profile of the track to the proper shape by distributing the ballast.
The profiling operations are carried out by means of a profiling machine containing a series
of lateral plows, which are used to collect ballast that has escaped from the railway due
to the actions of trains. This machine usually works together with a tamping machine,
accompanying it in all the work it performs. Since the average performance of a profiling
machine is much higher than that of any tamping machine [16], the former usually works
better ahead of the latter, in order to obtain the optimal joint performance of the two
machines. The dynamic stabilization operations of a track consist of subjecting it to a
horizontal vibration and a static vertical load simultaneously, in such a way as to promote
the spatial redistribution of the aggregates that make up the ballast and a reduction in
voids in the ballast. By filling the existing voids in the apparent volume of ballast, a
greater compactness is achieved, therefore providing an improvement in the stability of the
infrastructure in the face of the traffic stresses imposed on it. The dynamic stabilization
of a track is carried out by means of specific machinery, including two elements located
under the main frame. Each of these elements is composed of four retaining rollers inside
the rail head, two turntables on the outside of the rail head and a vibrating group. The two
vibrating groups are synchronized and transmit horizontal vibrations to the track through
the rollers holding the rail head. The total percussion force reaches hundreds of kN. The
approximate values of the vibration frequency and vertical load applied to each rail are
around 30 Hz and 12 Tons, respectively.

Accurate rail infrastructure maintenance management must be accompanied by ac-
curate inspection systems, where the evaluation of the ballast geometry/profile is a key
aspect. Typically, photogrammetry and LiDAR systems are used for this purpose.

Zhang et al. (2016) reported a prototype of a non-intrusive track ballast inspection
system based on the digital camera of a smartphone and photogrammetric algorithms [17].
The analysis was based on cloud-based photogrammetry processing. Paixao et al. (2018)
presented a methodology to evaluate the ballast structure using a cost-effective photogram-
metric 3D reconstruction. They produced digital models that allowed for automated
particle geometry analysis [18]. Paixao et al. (2022) presented an evaluation of ballast
particle degradation using close-range photogrammetry. Using this technique, they took
into consideration the morphology of the ballast (e.g., shape, angularity and surface tex-
ture) [19].

LiDAR systems have shown great usability in infrastructure inspection in the last
decade, both in the road [20] and rail domains [21]. Regarding the inspection of railroad
track ballast, Zarembski et al. (2014) introduced inspection technologies such as LiDAR
for the measurement of the ballast profile, ground-penetrating radar for the inspection of
ballast depth deficiency, and other related inspection technologies [22]. Zarembski et al.
(2017) used a rail-mounted LiDAR-based ballast profile measurement system to obtain the
geometry, profiles and missing ballast volume of a track section. They used data-intensive
algorithms in order to effectively analyze over 100,000 segments of track representing more
than 1500 km [23]. Sun et al. (2020) used LiDAR for the full-section inspection of tunnels
(e.g., section extraction, structural deformation and ballast analysis). They obtained a spatial
resolution of 2 mm in the ballast part. The system includes human–computer interaction to
extract and label damage in the infrastructure or appurtenances and support the generation
of thematic damage maps [24]. Nie et al. (2021) reported a study of ballast degradation
simulating a typical freight train with an average speed of 120 km/h and 30-ton capacity
using a cyclic loading test. They used a LiDAR system for the volumetric parametrization
of the results. The overall experimental results showed that ballast degradation was more
profound in the early stage of service [25].

Traditional LiDAR systems based on a laser scanner show advantageous features such
as a high accuracy, but they are expensive. They also have moving parts that are sometimes
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fragile when operating in harsh environments, such as the inspection of a railway track,
especially when used at high speeds. This opens the interest in testing the applicability
of solid-state LiDAR-based systems, which are shown to be more robust as they have no
moving parts and are also much cheaper. The solid-state sensor tested in this work was a
LiVOX Avia. This sensor is typically used in applications such as aerial drones, although
it can also be successfully used in ground-based systems [26,27]. Thus far, this sensor
has been used mainly in applications such as forestry and road management, but there
are still no known applications in the railway field, specifically in the measurement of
ballast. Therefore, the study presented here should be of interest to the field of railway
maintenance.

The aim of this work was to present a verification of the metrological performance of a
LiVOX system mounted on an experimental track trolley. To this end, benchmarking with
a highly tested Faro Focus 3D scanner was conducted. This study was oriented to verifying
the geometrical condition of the ballast and compared the accuracy of both systems in
obtaining profiles of the track transversal section and measuring the digital elevation model.
The precision of the system was also determined. This manuscript is structured in the
following sections: Section 2 presents the materials and methods; Section 3 presents the
results and discussion; and Section 4 presents the conclusions.

2. Materials and Methods

This section presents the different materials and methodologies used in this work.
Among the materials, we used a track section for the tests, and a track trolley to carry the
on-board inspection sensors, namely, the LiDAR LiVOX under study and the Faro Focus
3D system used as a measurement standard. The methods included the different tests
conducted for the verification of the LiVOX metrological parameters, for obtaining both
the ballast profiles and the digital elevation model.

2.1. Materials

Figure 1 shows the main infrastructure used for testing the solid-state LiDAR system
in the measurement of the ballast geometry. The infrastructure consists of a section of track
comprising a steel rail, concrete sleepers and ballast as structural support. It is located in
the basement of the Martínez Risco Building, sited in the Ourense Campus of the University
of Vigo (Spain). The track section was installed by the construction company COPASA [28],
as part of the works being carried out in the RIIM (Railway Inspection and Information
Model) project. It is an Iberian gauge track (width: 1.668 mm) with a total length of five
meters [29].

The different tests performed with the solid-state LiDAR sensors in motion were
conducted by means of a track trolley that was designed and developed for this purpose.
The system under study is a dismountable and modular system built in aluminum, which
allows for testing in indoor facilities and also on a real track. Figure 1 shows the position
of the LiVOX LiDAR system in the trolley (blue rectangle) and the navigation system (red
rectangle) based mainly on odometry (Sick HTL DBS36). Thus, each frame acquired with
the LiDAR system was synchronized with the movement of the trolley and monitored by
the odometer, and a complete point cloud of the study area was calculated. In this case,
due to the fact that the data collection was performed indoors on a small track section, it
was decided not to integrate greater complexity into the acquisition system with satellite
positioning sensors (GNSS) or inertial guidance (IMU).

The technical specifications of the LiVOX Avia system (Table 1) include a pulse repeti-
tion rate of up to 240,000 points/s, a scanning rate of 0.1 s, a detection range between 190 m
(10% reflectivity) and 320 m (80% reflectivity), a field of view in the repetitive scanning
pattern mode of 70.4◦ (horizontal) × 4.5◦ (vertical), a distance random error of 2 cm (1σ),
an angular random error of 0.05◦ (1 σ), a beam divergence of 0.03◦ (horizontal) × 0.28◦

(vertical) and a laser wavelength of 905 nm [30]. The data provided by the LiVOX system
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and the synchronization data from the odometer were processed by a Raspberry Pi 4B
computer and saved in a USB 3.0 flash drive.
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Table 1. Technical specifications of the LiVOX Avia and Faro Focus 3D.

Feature LiVOX Avia Faro Focus 3D

Pulse repetition rate 240,000 points/s 976,000 points/s

Scanning rate 10 Hz 97 Hz

Maximum detection range 320 m (80% reflectivity)
190 m (10% reflectivity) 153.49 m

Field of view 70.4◦ (H) × 4.5◦ (V) 305◦ (H) × 360◦ (V)

Laser wavelength 905 nm 905 nm

Range precision 2 cm (1 σ) 1.2 mm (10 m range)
2.2 mm (25 m range)

Angular precision 0.05◦ 0.009◦

Beam divergence 0.03◦ (H) × 0.28◦ (V) 0.01◦

Data storage USB 3.0 flash drive SD card

The Faro Focus 3D is a static LiDAR system (tripod-based), which was used as a
standard instrument for the validation of the LiVOX data (Table 1). In terms of precision
and accuracy, the Faro’s characteristics are far superior to those of the LiVOX, making it a
valid system for the purpose of acting as a reference sensor. It has a pulse repetition rate of
up to 976,000 points/s, an unambiguity range of 153.49 m, a recommended measurement
range between 0.6 m and 120 m, a ranging error of 2 mm at 10 m and 25 m, ranging noise
of 1.2 mm at 10 m and 2.2 mm at 25 m, a field of view of 305◦ (vertical) × 360◦ (horizontal),
an angular precision of 0.009◦ (both vertical and horizontal), a beam divergence of 0.01◦

and a laser wavelength of 905 nm [31]. The data provided by the Faro Focus 3D were saved
in an SD card.
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2.2. Methods

Three methods were developed for the metrological evaluation of the ballast geometric
measurements with the solid-state LiDAR sensor LiVOX Avia: standard deviation of
measurements, evaluation of ballast profiles and evaluation of the digital elevation model
of the ballast.

2.2.1. Standard Deviation of Measurements

The evaluation of the standard deviation of the measurements was performed using a
flat surface as a reference—in this case, six tiles located in the basement of the Martinez
Risco Building where the test track section is located (Figure 2). Six LiDAR scans of these
tiles were performed using the solid-state LiDAR system under study, the LiVOX Avia,
and the Faro Focus 3D as a reference system. The point clouds obtained were loaded
into the Cloud Compare software for data processing and analysis [32]. Data processing
consisted of the segmentation of the area under study and plane fitting using the least
squares method to calculate the root mean square error, indicative of the standard deviation
of the measurements. The different results obtained by the LiVOX and Faro Focus LiDAR
systems were compared [33].
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2.2.2. Digital Elevation Model and Ballast Profiles

It is understood that the interest of a system such as LiVOX comes from its capacity to
perform geometric measurements of ballast, which, for example, indicate the displacement,
loss of material or subsidence of the foundation. Therefore, the studies carried out were
based on the following methodology:

First, scanning of the track was carried out using both systems, i.e., the LiVOX system
mounted on the track trolley with the encoder, and the Faro Focus 3D.

The data acquisition with the Faro Focus 3D was carried out by means of four scanning
stations at the corners of the track. This was followed by a manual coarse registration
process and precision registration based on the iterative closest point (ICP) algorithm using
Cloud Compare [34]. This ensured that there were no occluded areas with missing data.
Once the four-point clouds of the Focus 3D LiDAR system were registered, a registration
was also performed with the LiVOX data, to ensure that the data from the two scanners
used the same coordinate system. Figure 3 shows the LiDAR results. It should be noted
that the LiVOX system covered half of the track. To perform a complete scan of the track,
two systems working synchronously would be needed.
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Three holes of different dimensions were then dug in the ballast (Figure 4), and the
scanning process was repeated with both sensors. In this way, the ballast geometry can
be compared before and after acting on it, and it can be determined whether the LiVOX
system has sufficient sensitivity to detect geometrical changes in the material.
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Finally, the evaluation of the results was carried out by means of two procedures. On
the one hand, three ballast profiles were measured in the area of the holes. These profiles
were analyzed for the two LiDAR systems, both before and after the holes were dug. On the
other hand, a rasterization of the point clouds was performed for each scanner, before and
after digging the holes, so that a digital elevation model (DEM) with centimeter resolution
was generated [35]. Afterwards, the difference between the two digital elevation models,
before and after digging the holes, was determined pixel by pixel to evaluate the volumetric
change.

3. Results

Figure 5 shows the comparison of the root mean square error (RMSE) obtained using
the LiVOX and Faro Focus scanners. The data were obtained following the methods
described in Section 2.2.1. The RMSE appeared to be very stable in all systems under study
for the six measured tiles. This demonstrates the high reproducibility and stability of the
measurements. In all cases, the Faro Focus 3D obtained a value lower than 1 mm, while
the LiVOX Avia obtained values between 5 mm and 7 mm. This characteristic, which
is indicative of system noise/precision and should be differentiated from the distance
measurement error, which is more indicative of the accuracy, is not specified in the system
datasheet and motivated the realization of this test [30]. It can be observed that, although the
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standard deviation obtained by the LiVOX was about five times higher than that obtained
by the Faro, its measurements were below 1 cm, which should allow for measuring the
displacement of at least one layer of ballast stones, which usually have a diameter between
2.5 cm and 5 cm [36]. The displacement of this layer would not produce a structural
problem in the ballast, but it would set a geometric limit on the sensitivity of the solid-state
LiDAR system.
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Figure 6 shows the cloud-to-cloud distance between the Faro Focus 3D point cloud and
the LiVOX Avia. This result was obtained using the Cloud Compare tool. The algorithm
first computed approximate distances, which were used internally to automatically set
the best octree level at which to perform the real distance computation. In this case, the
reference cloud was the Faro Focus 3D data from the track section, while the LiVOX Avia
cloud was the cloud under analysis (see Figure 3). The software provided a statistic of the
comparison between the point clouds, where 85% of the points from the LiVOX Avia were
placed at a distance shorter than 10 mm. These results are consistent with those depicted in
Figure 5, where the LiVOX Avia shows a standard deviation below 7 mm.
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Figure 7 depicts a digital elevation model after the three holes were dug. It also
indicates the profiles under study, which are shown in Figure 8. The profiles reveal the
comparison between the LiVOX Avia and the Faro Focus 3D, before and after digging the
holes. Firstly, it can be observed that the profiles obtained by the LiVOX correlate accurately
with those obtained by the Faro Focus, both before and after the ballast movements. It is
also observed that the LiVOX system was able to detect the holes dug, even in profile 1,
which had a shallower depth. In both cases, it also effectively detected the zone where the
small stones that were removed from the hole were moved. In all the figures, after the holes
were dug, from 80 cm on the X axis, an increment in the ballast profile can be observed,
which coincides with the zone that acted as the stone deposit.
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Figure 8. Ballast profiles comparing the results of the LiVOX Avia and Faro Focus 3D, before and
after digging the holes.

Figure 9 shows binarized images of the ballast indicating the areas where the holes
were dug. These images were generated by calculating the difference pixel by pixel between
the DEMs of the ballast before and after digging the holes, for each scanner. Once the
DEM difference was evaluated, the threshold for the binarization was estimated as 18 mm
(3-sigma standard deviation to cover 99% of the results). Thus, changes in the ballast higher
than 18 mm are represented by yellow, and changes lower than 18 mm are represented by
blue. Some salt-and-pepper-type noise is shown that can be largely filtered out using image
morphology operations, as shown in the figure, with most of the noise already removed.
The purpose of presenting the results in this format is to show how data processing could
be automated using computer vision techniques and generate an alert for infrastructure
maintenance operations. In addition, spatial coordinates can be assigned to the image
for the generation of orthoimages that could be integrated into geographic information
systems and infrastructure management.
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4. Conclusions

This work shows the application of a relatively new technology, namely, low-cost
solid-state LiDAR systems, with the ability to be mounted on mobile inspection trolleys or
draisines, for monitoring the geometry of railroad track ballast.

Solid-state LiDAR technology exhibits a lower precision than static LiDAR systems: in
the comparison of an Avia LiVOX system versus a Faro Focus 3D system, a 6 mm standard
deviation was obtained by the former versus less than 1 mm for the latter. However, this
precision is sufficient to detect movements of only one ballast layer, whose stones have
typical diameters between 2.5 cm and 5 cm. Although these movements are not usually
representative from a structural point of view, they determine the sensitivity limit of the
system.

The data obtained can be easily processed automatically, using different software tools.
In this case, Cloud Compare software was used because the test section was a track of only
5 m, but more complex ad hoc algorithms can be developed to automate the processing.

Three holes of different depths were generated in the ballast and evaluated with the
two LiDAR systems. Digital elevation models of the ballast before and after the holes were
dug and the corresponding profiles were obtained. It was observed that the LiVOX system
reproduced the data obtained with the Faro Focus system, even in the shallowest hole.

Finally, simple image processing was performed. For this, the difference between
the digital elevation models obtained by the two scanners, before and after digging the
holes, was evaluated. Then, a binarization of the results was performed using three times
the standard deviation of the LiVOX Avia system as the threshold. The final image was
treated using mathematical morphology techniques to eliminate salt and pepper noise.
In the binarized image, it was possible to simply observe the area where the holes were
dug, and even the area where the stones removed from the holes were deposited. These
results can be easily integrated into geographic information systems used for infrastructure
management and could contribute to the scalability of the technology.

Solid-state LiDAR systems could be used to inspect other railway elements such as the
tunnel clearance or the position of the catenaries, simply by changing the orientation of the
LiDAR system on the track trolley. Future trends will include the integration of solid-state
LiDAR systems with accurate navigation technology (GNSS/IMU) to provide positioning
and attitude in outdoor inspections and increase the speed and range of the inspections. In
addition, it will also be important to synchronously use LiDAR systems and digital cameras
to simultaneously monitor other track defects such as cracks in concrete sleepers or the
condition of fastening clips. Solid-state LiDAR technology shows its applicability in the
railway sector, although it could also be exploited in other fields of transport engineering,
provided that the deformations to be measured are within the accuracy range of the system.
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