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Background

A highly available and affordable railway infrastructure relies on development of innovative solutions in infras-
tructure monitoring. The use of remote sensing systems operating from satellites, drones, and mobile mapping
platforms offers tremendous potential for preventive and automated monitoring of the railway infrastructure. One
of the most common causes for deterioration of the tracks is water intrusion leading to subsurface ballast mois-
ture/wetness. This type of damage results in significant costs for mitigation and repair.

Goals

REASSESS envisions a remote-sensing-based approach to efficiently and timely detect railway track anomalies that
serve as a proxy for subsurface ballast moisture. Detection methods based on three remote sensing systems 1) satel-
liteimaging radar (synthetic aperture radar - SAR), 2) (airborne) laser scanning, and 3) train-based ground penetrat-
ing radar (GPR) are investigated and assessed using reference data provided by SBB AG.

Three Remote Sensing Approaches Investigated

Satellite imaging radar for proxy-
based anomaly detection In this
study, we investigated a new ap-
proach to detect track anomalies
based on surface displacements
retrieved from interferometric
time series of satellite radar data
(TerraSAR-X). The performance
of the satellite-based detection
method is compared to chord-based
measurements, which are obtained
from survey trains and which are
currently used by SBB as a proxy for
track anomalies on a network-wide
scale. Inspired by the chord-based
method’s use of vertical undulations
of the track geometry, our proposed
approach employs statistics derived
from variations of surface dis-
placements along the railway track
retrieved with persistent scatterer
interferometry (PSI) as proxies for
railway track anomalies.
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Laser scanning for deforma-
tion and moisture proxies We
investigated the detection and
quantification of ballast mois-
ture proxies in airborne LiDAR
point clouds. The first focus was
on optimally extracting surface
deformations. We compared (i)
approaches sensitive only to dis-
placements perpendicular to the
surface and (ii) machine-learning-
based approaches exploiting the
structure of the ballast to derive 3d
displacements. The other focus was
on more direct moisture proxies, like
clay fouling or vegetation changes.
While we could not find a benefit of
the LiDAR data for these proxies, the
sensitivity for deformation analysis
could be increased substantially
through spatial filtering with and
without exploiting rails and sleepers
within the point clouds.

Ground penetrating radar for bal-
last assessment We investigated
the use of train-based Ground Pen-
etrating Radar (GPR), as a promis-
ing solution for early and accurate
detection of moisture accumulation
in the ballast. We have conducted
both simulated and experimental
analyses, with the latter carried out
on a controlled railway track sec-
tion, established in collaboration
with SBB AG. Our findings demon-
strate that GPR systems can effec-
tively detect moisture infiltration in
railway tracks, albeit certain chal-
lenges still need to be addressed for
ensuring accurate and automated
assessment. Toward such automa-
tion, we will be coupling the GPR-
derived condition indicators with a
reinforcement learning based de-
cision support tool for optimizing
maintenance policies.
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Key Takeaways

Satellite imaging radar: Detection of railway track anomalies using time series of satellite radar data
+ Both, the satellite-based and chord-based methods to detect track anomalies are proxy-based indicators.
+ Both approaches lead to qualitatively similar but not identical detections. Validation remains challenging.

« We see our satellite-radar-based detection approach as a useful additional source of information that comple-
ments chord-based techniques used for an expert-driven identification of anomalies in railway tracks.

+ Inthe future, high-resolution wide-swath (HRWS) imaging radars will provide high spatial resolution and large
spatial coverage at the same time, which is needed for a network-wide satellite-based detection.

« Scientific publications and outreach: Bernhard et al. 2024 [1], Bernhard et al. 2023a/b [2] [3].

Laser scanning for deformation and moisture proxies
» Non-deformation moisture proxies can be better determined using images instead of point clouds.
+ Estimating moisture from monochromatic LiDAR intensities is only possible under very restrictive conditions.

+ Direct estimation of 3d displacements of the ballast from point clouds is challenging because the structure is
not unique and salient enough.

+ Height changes on the order of a few cm can be resolved by spatially averaging over areas of at least about
1 m?; using only the points on sleepers improves the sensitivity to better than 1 cm.

« Scientific publications and outreach: Gojcic et al. 2021[4], Laasch et al. 2023 [5], Meyer 2024 [6]

Ground penetrating radar for ballast assessment

+ The experimental results demonstrate the potential of adoption of GPR technology for moisture assessment
in the track substructure.

+ Assessing the water content of the track substructure from a single GPR measurement is a challenging task.

« The intention is to capitalise on more observations over time, enabling robust detection and dense spatial
tracking of moisture content.

+ Early detection of moisture accumulation in the substructure can form a potent tool for supporting preventive
maintenance actions.

« Scientific publications and outreach: Arcieri et al. 2023 [7], Hoelzl et al. 2023 [8], Arcieri et al. 2023 [9], Arcieri
et al. 2024 [10]

Ways Forward

Radar remote sensing
« Consolidation of the proposed satellite-based detection and inclusion of lower radar frequencies (L/S-band).

+ Quad-copter drone-based radar interferometry at L-band and S-band is technically feasible and accessible
by Q1/2025 providing a spatial resolution better than 0.5m at S-Band. This overcomes the spatial resolution
limitations of current satellite imaging radars, but comes at the cost of reduced coverage and additional effort.

+ Explore synergies of radar-interferometry-based measurement of surface displacements with other applica-
tions (earth works, geohazards, e.g. land slides) and technologies.

Laser scanning

+ Extend the deformation analysis software DeSpAn, developed within this project, to include sleeper-based
height monitoring and more advanced spatial filtering.

+ Explore extraction of non-deformation moisture proxies from train-based, drone-based, and satellite-based
hyperspectral images.

Ground penetrating radar

» Refinement of the physics-based modeling framework for simulation of the track-substructure system under
various fouling and moisture conditions.

+ Development of a Reinforcement Learning framework for decision support.
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