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Dear colleagues,

It is with great respect and appreciation that we present the proceedings of the 13th International Conference
on Structural Health Monitoring of Intelligent Infrastructure (SHMII-13), organized under the auspices of
the Society for Civil Structural Health Monitoring (SCSHM, formerly ISHMII). This conference served as
a dynamic forum for scientists, engineers, industry leaders, researchers, public sector experts, infrastructure
owners, and representatives of technical associations from around the world to engage in meaningful
exchange and collaboration.

Hosted by Graz University of Technology in Austria, the five-day event brought together a vibrant
international community to share recent advances in the field of structural health monitoring (SHM). More
than 200 contributions were presented across over 30 sessions, highlighting cutting-edge developments in
smart sensing technologies, sensor networks, data processing and management, diagnostics and prognostics,
and life-cycle performance evaluation. The scope of discussions spanned a wide range of civil infrastructure,
including bridges, dams, tunnels, retaining walls, road and rail networks, high-rise buildings, and more.

These proceedings contain the extended abstracts and full papers presented at the conference. We sincerely
thank all authors for their valuable contributions and the scientific committee for their commitment to a
thorough and thoughtful double-review process.

We also extend our heartfelt gratitude to everyone who contributed to the successful organization of
SHMII-13. This includes the local organizing team, student volunteers, technical staff, supporting
institutions, and sponsors, whose dedication, professionalism, and hard work were essential to making this
event a success. Their behind-the-scenes efforts ensured a smooth and enriching experience for all
participants.

We hope these proceedings will serve as a lasting resource and inspiration for future research, innovation,
and international collaboration in the field of SHM.

With kind regards,

Werner Lienhart & Markus Krlger

Chairs of the SHMII-13 Conference
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Digitalizing Infrastructure:

Advancing Structural Health Monitoring for Smarter Asset Management

Sylvia KeRler?
'Helmut Schmidt University/University of the Federal Armed Forces, Hamburg, Germany
email: sylvia.kessler@hsu-hh.de

ABSTRACT:

Our transportation infrastructure faces increasing demands, driven by larger and heavier trucks that place growing stress on bridges
with ever-higher frequency. At the same time, much of this infrastructure is aging, with many structures having reached or
exceeded their intended service lives and operating near their capacity limits. Addressing these challenges requires innovative
tools and approaches to monitor, evaluate, and maintain infrastructure assets effectively.

Structural Health Monitoring (SHM) offers a transformative solution by enabling continuous, sensor-based condition assessment.
SHM systems can track changes in structural behavior, detect damages, and provide valuable data for condition evaluation and
prediction. However, to fully realize the potential of SHM, the integration of sensor data into a seamless digital process chain—
built on Building Information Modeling (BIM)—is essential. This linkage ensures that data is not only collected but also analyzed
and utilized in a way that is directly connected to the structure's digital twin.

Within the DTEC-SHM project, we equipped two bridges with over 400 sensors to enable comprehensive monitoring. These
included conventional sensors for measuring accelerations, inclinations, and temperatures, as well as weather stations for capturing
environmental conditions. Additionally, innovative sensors were deployed for durability monitoring and axle load measurement
through Bridge Weigh-In-Motion (B-WIM) technology. To complement the sensor network, a detailed finite element (FE) model
was developed and calibrated using monitoring data and load testing results, enabling a deeper understanding of the bridges'
structural behavior.

Now, we focus on advancing SHM applications by developing a predictive maintenance management system based on Key
Performance Indicators (KPIs). This will allow for proactive and efficient maintenance planning. Furthermore, the digital twin of
bridges will be refined and tested to enhance its integration with SHM systems. In addition, by prioritizing the preservation of
infrastructure over new construction, the project promotes significantly more sustainable practices in infrastructure management.

For asset owners, SHM provides critical insights into the health of their structures, enabling informed decision-making to prioritize
repairs, optimize maintenance schedules, and allocate resources efficiently. By leveraging SHM and digital twin technologies,
asset owners can transition from reactive to predictive maintenance, enhance safety, and ensure the long-term sustainability of
infrastructure. This keynote will explore these innovations, emphasizing what asset owners need to harness the full potential of
SHM in addressing today's infrastructure challenges. In addition, the keynote provides an overview about the datasets collected
through the DTEC-SHM project, which we are committed to sharing with the broader research and engineering community to
foster collaboration and innovation.
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SHM for bridges — the work flow

Christian Sodeikat *
Y Ingenieurbiiro Schiessl Gehlen Sodeikat GmbH, Munich, Germany
email: sodeikat@ib-schiessl.de

ABSTRACT:

Numerous bridges in Germany and worldwide are subject to high stress from increased heavy traffic and their advanced age. Due
to advanced damage and unfavourable construction methods, many bridges can no longer be repaired at a reasonable cost and
must be replaced with new structures. However, to maintain traffic flow, they often need to remain in operation for years and be
monitored in real-time for deterioration to ensure safe continued use. Complex measurement systems are now available for this
purpose, capable of detecting various structural conditions, such as strain, or events, such as acoustic emissions from wire breaks
of the prestressed reinforcement.

The planning of a monitoring system should proceed in a stage manner. The first step involves identifying the structural
weaknesses and potential damage mechanisms of the structure, such as wire breaks, crack formation of the cross-section or
reinforcement corrosion etc. Based on this, the structural responses resulting from the damage mechanisms are determined. In the
final planning step, the measurement systems suitable for measuring the structural responses are selected.

This keynote presents the workflow for planning a monitoring system and provides examples of the implementation, visualization
and evaluation of various measurement systems and measurement data in a common monitoring system.
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Bridge in service structural monitoring: the SCSHM benchmark

Maria Pina Limongelli*
! Politecnico di Milano, Italy
email: mariagiuseppina.limongelli@polimi.it

ABSTRACT:

In 2023, the Data-Enhanced Infrastructures Management Committee of the Society of Civil Structural Health Monitoring
(SCSHM) launched a benchmark study on in-service structural monitoring of bridges. A comprehensive dataset, developed in
collaboration with the University of Manitoba, was made available to the engineering community to promote the validation and
comparison of methods for structural performance evaluation.

The benchmark structure is a span of a multi-supported bridge with a total length of 291 meters. A monitoring system was installed
on the structure and operated for approximately nine months. The instrumentation included strain gauges and thermocouples to
record strain measurements and air/structure temperatures beneath the deck.

This presentation outlines the details of the structure, the objectives of the study, the dataset shared with the engineering
community, and reports some initial applications that leverage the dataset to validate in-service monitoring approaches.
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Distributed fiber optic sensing in civil structural health monitoring at the next level —
Realization of a comprehensive sensing network along the Brenner Base Tunnel

Christoph Monsberger *
IACI Monitoring GmbH, Merangasse 73/3, 8010 Graz, Austria, Europe

ABSTRACT:

The Brenner Base Tunnel (BBT) is one of the key civil infrastructure projects currently under construction world-wide and will
be the longest underground railway connection globally with a total length of about 64 km once completed. Its service lifetime of
200 years implies essential requirements on the tunnel design, with focus on reducing risks and enabling optimized maintenances
works based on appropriate monitoring. The tunnel owner BBT SE has therefore initiated an enhanced distributed fiber optic
sensing (DFOS) network inside concrete tunnel lining segments for structural monitoring without human access. This contribution
introduces the designed DFOS network, consisting of more than 35 km sensing cable along numerous tunnel cross-sections, spread
over more than 30 km tunnel drive and two different construction lots.
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Distributed fiber optic sensing in civil structural health monitoring at the next level —
Realization of a comprehensive sensing network along the Brenner Base Tunnel
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ABSTRACT: The Brenner Base Tunnel (BBT) is one of the key infrastructure projects currently under construction and will be
one of the longest underground railway connection with a total length of approximately 64 km once completed. Its service life of
200 years implies essential requirements on the tunnel design. One important focus is to increase the availability of the tunnel,
e.g. by enabling optimized maintenance work based on appropriate monitoring. The tunnel owner BBT SE has therefore initiated
an enhanced Distributed Fiber Optic Sensing (DFOS) network inside the segmental lining for structural health monitoring without
human access. The technology has significantly evolved in recent years to monitor large scale infrastructure, especially for in-situ
tunnel monitoring as the distributed sensing feature can provide a complete picture of the strain distribution without blind spots.
This contribution introduces the designed DFOS network, consisting of more than 35 km sensing cable along numerous tunnel
cross-sections, spread over more than 30 km tunnel drive and two different construction lots. The monitoring data is autonomously
evaluated and transferred to the online dashboard in real time. Analysis of the strain distribution provides fundamental information
about the actual loading state of the segmental lining. The results together with experiences gained from practical implementations
demonstrate the technology’s high potential for innovative civil structural health monitoring.

KEY WORDS: Distributed fiber optic sensing; segmental tunnel lining; structural integrity monitoring; deformation behavior;
strain distribution

1  PROJECT CHARACTERISTCS AND MONITORING traditionally used vibrating wire sensors [1], but also allow an

OBJECTIVES

The Brenner Base Tunnel (BBT), a flat rail link with high
transport capacity, will connect the Tulfes portal (near
Innsbruck, Austria) with the Franzensfeste portal (Italy) over a
total length of approximately 64 km in the near future. The
cross-alpine rail link is a key project of the 9,121 km long TEN-
T Scan-Med (Scandinavian-Mediterranean) corridor and cuts
the alpine crest in the base, with high overburdens of up to
1,720 m. It consists of two single-track railroad tunnels with a
diameter of 8.1 m, spaced 70 m apart and accompanied by a
continuous exploratory tunnel running 12 m below in-between
(Figure 1). The exploratory tunnel improves the geological
forecast for the rail tunnels, which are partially being advanced
by tunnel boring machines afterwards.

Availability plays a decisive role for key infrastructures such
as long cross-alpine rail tunnels. The tunnel design includes
increased partial safety factors and concrete cover to reach a
200-year service life. Maintenance should be possible without
interruption of the operation as far as technically feasible.
Tunnel equipment has therefore been shifted to accessible areas
or high-maintenance installation areas became accessible by
horizontal shafts from the accompanying exploration tunnel.

In addition, the BBT-SE has incorporated an enhanced
strategy for structural health monitoring (SHM) during
construction and operation using Distributed Fiber Optic
Sensing (DFOS). The technology is beneficial compared to
conventional techniques as the fiber optic sensing cable can be
directly embedded inside the structure to enable distributed
strain (and temperature) assessment along hundreds of sensing
points. The measurement results can be well compared to
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overall assessment of the strain and temperature without blind
spots. The sensing unit itself may be placed even kilometers
away from the measurement location, even outside of the
tunnel and monitoring is possible without any interference with
construction works or later operation. The sensor’s durability
and insensitivity against electromagnetic interferences are
essential with respect to the use in rail operation.

Crosscut

East tunnel
?81m

West tunnel
281m

Exploratory tunnel
@6m

Figure 1. Schematic representation of the typical tunnel cross-
sections at Brenner Base Tunnel project (based on [2])
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The DFOS implementation at the BBT focusses on structural
health monitoring of the segmental lining, with the aim of
optimizing maintenance works by monitoring during operation
[31.

Machine-driven tunnel structures within the BBT are
constructed efficiently as single shells. Various monitoring
approaches have been initiated during construction including
chord length measurements, geodetic displacement readings of
discrete targets using total stations, laser scanning and fiber
optic sensors in defined cross-sections. While the first three are
used for accompanying the construction process. The DFOS
measurement ring is installed only at structural cross sections
of interest like the intersection of rail tunnel and cross-passage
as well as in fault zones. The deep-lying machine-driven tunnel
and the high stiffness of the segmental lining require a load
monitoring with high accuracy. The DFOS strain sensing
feature is deployed to analyze the loading condition at
dedicated locations inside the segmental lining. Hence,
decisions can be made based on these results by choosing the
appropriate pre-designed supporting measure for the openings
of the cross passages. Additionally, supporting measures like
secondary linings are placed according to the load bearing
capacity of the existing lining.

The DFOS approach is therefore designed to pursue three
primary monitoring objectives:

1) Construction phase monitoring: Verification of
segmental ring openings and  cross-passage
advancements.

2) Load-bearing assessment: Ensuring compliance
with structural safety requirements.

3) Operational Structural Health Monitoring:
Enabling long-term monitoring without interrupting
rail operations.

2 DFOS DESIGN AND MONITORING NETWORK

The instrumentation of concrete tunnel lining segments can
be performed outside of the tunnel apart from excavation. This
procedure is advantageous in terms of installation as the
sensing cables can be reliably attached without time-consuming
and cost-intensive inferences with the excavation works, which
have not to be interrupted due to the sensor installation.

For more information about the implemented DFOS sensing
cables for strain and temperature monitoring as well as the
sensor installation inside the individual tunnel lining segments,
reference is given to [4].

Inside the tunnel, the fiber optic monitoring segments are
built as a normal ring without restrictions after the excavation
has been performed. Once the ring is set, the connection boxes
for each segment can be opened and the individual segments
can be connected to establish a continuous monitoring loop.
Supply cables are used to connect the fiber optic sensing cables
inside the ring to the reading unit, which is placed in a
measurement equipment box approx. 150 m to 200 m behind
the monitoring cross-section (see Figure 2). This location is
advantageous as the space along the TBM’s back-up system is
limited and the reading unit shall be as accessible as possible
during monitoring for potential maintenance. The equipment
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box itself is waterproof and does not only contain the reading
unit, but also an uninterruptible power supply and an industrial
PC with stable internet connection for reliable data transfer.
The fiber optic installation works can be usually performed in
about 90 to 120 minutes once the ring is constructed.
Monitoring is started immediately after the installation, with
the monitored segmental lining ring inside the shield, before the
TBM continues its further excavation work.

connecting
boxes

reading
unit

Figure 2. Schematic representation of tunnel installation
(based on [5])

The DFOS system’s long-term performance and its
suitability must be well considered within the network design
to provide reliable monitoring over decades. Each individual
monitoring cross-section is therefore not only linked to their
equipment box behind the TBM, but also connected to a
continuous network, which allows monitoring of numerous
cross-sections using only one reading unit per tube (Figure 3,
top). The so-called active monitoring zone during construction
can therefore include up to 7 cross-sections in the actual
configuration, excluding additional cross-sections in geological
interference zones, where the reading unit is placed in the
central equipment box. After the excavation works are
completed, the overall system will be adapted for operational
monitoring. The DFOS equipment boxes and corresponding
connecting cables will be re-located to the maintenance cross-
passages (cf. Figure 3, bottom), from where measurements can
be performed without interruption during rail operation by
accessing from the exploratory tunnel.

3 DFOS DESIGN AND MONITORING NETWORK

The installed fiber optic sensing network has been
interrogated using the fTB 5020 from fibris Terre Systems
GmbH (Germany). Based on the Brillouin Optical Frequency
Domain Analysis (BOFDA) technique, this sensing unit
enables distributed measurements up to 25 kilometers within
several minutes per monitoring channel, a standard spatial
resolution of 0.5 m and a strain repeatability of about 2-10
um/m depending on the sensing fiber [6]. The interrogation unit
is placed inside the DFOS equipment boxes, where the raw data
is collected and transferred to external databases via FTP
gateway.
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active monitoring zone

I:I standard cross-passage
I:I maintenance cross-passage

|:| tunnel boring machine

I DFOS monitoring cross-section
DFOS connecting cable

I DFOS equipment box

additional monitoring cross-section
(e.g. geological interference zone)

Figure 3. Schematic representation of overall monitoring setup during construction (top) and operation (bottom) [4]

The quality of the conversion from the raw measurement

quantity (cf. Brillouin frequency shift) to strain (and
temperature) depends on reliability of the sensor characteristics
curve, usually not specified by manufacturers in detail. Using
standard coefficients might however results in errors of up to
several percent, cf. [7] or [8]. Therefore, each sensing cable
production batch was calibrated at the unique calibration
facilities at Graz University of Technology [9] to derive
individual coefficients for cables installed at BBT.
Each DFOS monitoring ring delivers high-resolution strain
measurements at three circumferential locations within each
tunnel segment (beginning, middle and end), enabling the
assessment of its circumferential total strain distribution at
different locations within one monitoring ring. In addition to
structural related strains, the recorded information along the
individual layers includes also creepage, shrinkage and
temperature-related strains. Furthermore, stress profiles are
calculated from the derived strain profiles at the inner and outer
layer based on the experimentally determined stress-strain
behavior of the concrete [10]. This enables the integration of
the circumferential normal force and bending moment
distribution, which are finally compared to the internal forces
of the segmental lining design to assess the rock loading
conditions.

The monitoring workflow was validated by comparative
DFOS measurements from loading tests of real-scale segmental

CCBY 4.0
https://creativecommons.org/licenses/by/4.0/deed.en

This CC license does not apply to third party material and content noted otherwise

loading tests [11]. These experimental studies, performed under
well-documented loading conditions, depict high correlation
between calculated internal forces derived from DFOS
measurements and analytical models utilizing traditional load
cell data.

4  CONCLUSIONS

The integration of DFOS technology at the BBT demonstrates
that distributed fiber optic sensors have significantly developed
within recent years and have reached the next level for civil
structural health monitoring. Their capability to monitor fully
distributed strain and temperature profiles with high
measurement repeatability and resolution in real-time, without
disrupting tunnel operation, qualify them as an ideal solution
for long-term monitoring of relative deformations.

Known practical limitations can be overcome by suitable
monitoring design and appropriate installation techniques,
which also represent the DFOS technology path from
fundamental research into innovative practice. It should be
however highlighted that the quality of the monitoring
approach is essentially related to its design and installation. It
is therefore strongly recommended to include the monitoring
design as early as possible into the project planning process, to
use suitable, high-quality fiber optic components (i.e.
interrogation unit and sensing cable) and to fit the sensor
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installation to the construction process and reduce any
interruption on-site to a minimum.

The tunnel construction lots at the BBT project were already
being tendered with enhanced fiber optic monitoring solutions,
aiming to provide an overall assessment of the structural
behavior. This especially beneficial with respect to long-term
monitoring since arising changes in the structural performance
can be detected at an early stage to plan and design predictive
maintenance works in due time during the operational lifetime.
The DFOS system is designed to provide measurements
without any interference with the regular railway operation
from the maintenance cross-passages, which can be accessed
from the exploratory tunnel. This fact combined with the fiber
optic’s insensitivity against electromagnetic interferences are
essential for reliable sensing over decades.

DISCLAIMER

This contribution is submitted as an extended abstract for the
13th International Conference on Structural Health Monitoring
of Intelligent Infrastructure and presents an enhanced project
review of the DFOS monitoring system realized at the Brenner
Base Tunnel. Figures, texts and contents are therefore already
partly or fully published elsewhere.
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Stevenson Creek Experimental Dam Monitoring Centenary: Overview and
Perspectives of Strain Sensing and Strain-Based Monitoring of Civil Structures
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ABSTRACT:

The year 2025 marks the centenary of Stevenson Creek Experimental Dam tests. While the sensors were used in monitoring real
civil structures under the test loading since the 19th century, these early sensors measured external changes in the structures,
mostly deflections, and relied on direct human access to sensors to read the measurements. To the best of the author’s knowledge,
the first practical sensor to measure internal changes in civil structures with indirect remote reading capability was strain sensor,
and the first such sensor was based on vibrating wire (VW) principle, invented in Germany in 1919.

The Stevenson Creek Experimental Dam Project motivated American scientists to develop, in 1924, a resistive strain sensor
consisting of a stack of carbon discs. Several such sensors were embedded in the dam, and the scientists performed reading of the
sensors remotely, using wired connections. This 100-year anniversary represents the moment for reflection on advancements in
the development of strain sensors for applications in civil structures, and the impact that strain-based monitoring has in the field
of structural health monitoring.

The aim of this presentation is to summarize the progress in strain sensing technologies over the last hundred years, overview the
techniques for detection of unusual structural behaviors that various strain sensor types enabled, and present perspectives on the
future developments related to strain-based monitoring.
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ABSTRACT:

The growing availability of high-resolution multi-frequency imagery from satellite, aerial, and ground-based platforms is
revolutionizing the monitoring of geohazards, land deformation, and the structural health of critical infrastructure.

State-of-the-art image processing techniques—including Synthetic Aperture Radar Interferometry (INSAR), Digital Image
Correlation (DIC), Speckle Tracking, Change Detection, and Structure-from-Motion (SfM) photogrammetry—enable the
extraction of surface displacements and structural changes with unprecedented spatial density, precision, and temporal resolution.
These fully remote and non-invasive methodologies support the systematic observation of large-scale areas, offering significant
benefits for continuous and pervasive monitoring. Their integration into operational workflows enhances the ability to assess risks,
improve infrastructure resilience, and inform data-driven decision-making processes in both natural and built environments.
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Monitoring of fatigue crack propagation by means of distributed fiber optic sensing
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ABSTRACT: Distributed Fiber Optic Sensing (DFOS) is an innovative technique for Structural Health Monitoring (SHM). Taking
advantage of the fact that DFOS can conveniently measure mechanical strain continuously along an optical fiber, it is increasingly
used in monitoring of concrete bridges and tunnels. However, DFOS still needs research in new application areas, such as
monitoring of steel bridges. In the present study, DFOS is used to investigate the potential to monitor fatigue crack initiation and
propagation by experiments. In a full-scale test, a steel railway bridge was dynamically excited into resonance, generating fatigue-
effective vibration amplitudes. The fiber was glued to the flange of the main beam in several loops to cover a larger area for crack
detection. The measured strain signal was compared with results obtained from Finite Element Method (FEM) simulations
supported by data acquired from conventional strain gauges and extensometers. The strain measurement with DFOS showed
excellent agreement with the simulated strain. In this context, additional information about crack initiation, propagation, opening
and length can be obtained indirectly from the DFOS measurement. However, when the crack is crossing the fiber, nonlinear
effects come into play. To consider the nonlinear effects, a hysteresis model taking steel-fiber interaction into account was applied.
The results of the study are presented and the applicability and potential of DFOS for fatigue crack monitoring in railway bridges
is discussed.

KEYWORDS: Distributed Fiber Optic Sensing; Structural Health Monitoring; Crack propagation; Steel railway bridge; Finite

Element Method; Dynamic excitation.

1 INTRODUCTION

Structural health monitoring of fatigue cracks in steel bridges
aims to detect and evaluate cracks as early as possible before
they can cause serious consequences. The current
well-established method for detecting and monitoring fatigue
cracks is visual inspection, which does not necessarily imply
crack detection due to its inherent limitations [1]. Conventional
extensometers, vibrating wire sensors, or strain gauges are well
suited for monitoring only a small area of a component. This is
suitable for monitoring of known cracks, but not for detecting
new cracks [2].

To overcome the drawbacks of these methods, various
sensors and monitoring techniques have been proposed. For
example, a soft elastomeric capacitor that monitors a particular
area of interest [3], coating sensors that use the change in
potential difference [4], or the strain-based method employs
fiber optic sensors [5].

When it comes to crack monitoring along bridges, the ability
to simultaneously measure strain along a fiber, is the main
advantage of the DFOS technique over other sensors that utilize
different measurement principles [2].

The measurement principle of distributed fiber optic sensing
is based on the backscattering of light sent through an optical
fiber. Changes in temperature and mechanical strain lead to
changes in the characteristics of the backscattered light, which
are evaluated by reflectometer [1], [2], [6]. Rayleigh, Raman,
and Brillouin scattering are commonly studied and mentioned
in the scientific literature as types of scattering, where Rayleigh
type achieves much higher spatial resolution and it is preferred
for crack monitoring and micro-damage detection [1].
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Spatial resolution is one of the most important factors in
DFOS measurement. It can be thought of as the fiber being
divided into small virtual gauges. The distance between the two
closest gauges is also known as the “gauge pitch” (the term
“gage pitch” is used interchangeably in the literature). In this
study, the finest available spatial resolution of 0.65 mm can be
used with up to 20 m long fibers [7]. The spatial resolution
decreases with increasing fiber length or sampling frequency.
Small gage pitches should be preferred in regions with large
strain gradients, such as around cracks [1]. However, if the
strains or strain gradients are too high and exceed the technical
capabilities of the interrogator, the measurement software will
replace unreliable values with not a number (NaN) value, also
known as dropouts. Dropouts can also occur in the area of small
bending radius, poor terminations, at the fiber splices, or due to
high frequency effects during vibration [1].

The DFOS technique has found application in broad range of
industries. One example can be taken from the structural health
monitoring of a prestressed concrete highway bridge in Austria
[8]. The authors took advantage of this DFOS technique to
monitor mechanical strains and temperatures of approximately
2x30 m long bridge sections during the construction process.
Within the observed time period, several cracks resulting from
concrete shrinkage were detected. DFOS also allowed to
observe the cracks closing while prestressing.

To the best knowledge of the authors, it is identified that the
investigation of the crack propagation in a steel bridge under
cyclic loading by means of DFOS remains unexplored. The
present contribution wants to explore this possible new
application and wishes to close this knowledge gap.
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2  MATERIALS AND METHOS

The bridge investigated in this study was a steel railroad bridge
built in 1953 and decommissioned in 2022. The single-span
girder bridge with a length of 21.5 m and a width of about 2.2 m
(after cutting the sidewalks) was transported as a whole, with
crossties and rails, to the test site of the Austrian Federal
Railways (OBB) in St. Pélten, see Figure 1, where it was
subjected to an experimental campaign.

Figure 1: Pinkabach Bridge without sidewalks
at the OBB test site.

2.1 Loading and investigated areas of the Pinkabach Bridge

Six concrete blocks, each weighing 11 tons, were placed on top
of the rails to ensure that the minimum and maximum peaks of
the imposed harmonic loading were always in tension.
Harmonic excitation near to the bridge’s natural frequency was
applied using a large hydraulic exciter, the Mobile Seismic
Simulator (MoSeS), provided by Austrian Institute of
Technology (AIT). The amplitude of the imposed harmonic
loading was intended to be on the same level as the maximum
amplitude of a passing train.

Two critical areas (details) of the bridge were considered in
this investigation. These were located on the lower right and
left flanges near the transverse plane of symmetry of the bridge,
see Figure 2. The right and left locations of interest are further
referred to as Q3R and Q3L, respectively.

In order to initiate a fatigue crack at these locations, a notch
was made on each side by an angle cutter near the gusset plates
of the girders, which were used to attach the transverse and
diagonal struts inside the bridge. At the Q3R location, the notch
was 150 mm away from the symmetry plane; at the Q3L
location, the notch was 360 mm from the transverse symmetry
plane. Both notches were about 30 mm long and 3 mm wide.

2.2 Conventional measurement techniques

The experimental methods relevant to this study consisted of
conventional strain gauge and extensometer measurements,
positioned as shown in Figure 3. The latter allowed the
measurement of crack openings, while the strain gauges
provided information on the strain response of the structure due
to the harmonic excitation. The strain oscillations were
recalculated to stresses and the cyclic stress levels were
evaluated using the rainflow counting algorithm. These results
served as: i) an input for fracture mechanics calculations and
ii) comparative values for the innovative DFOS application.
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The strain gauges for ferritic steel 1-LY41-6/120 (HBK
GmbH, Germany) were attached to the underside of the flanges
directly below their webs, 800 mm from the transverse plane of
symmetry, see DMS positions in Figure 2. Two extensometers
K-WA-U020W (HBK GmbH, Germany) were installed at the
tips of the notches on the left and right sides of the bridge. It
should be noted that the mounting points of the extensometers
were 40 mm away from the notch tip (80 mm from each
mounting point), as indicated by the two crosses in Figure 3.
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Figure 2: Top view of the central area of the Pinkabach Bridge
plan showing the arrangement of the strain gauges, DMS
(marked by blue rectangles), and DFOS fibers (pink loops)
near the gusset plates.

notch

extensometer
gusset plateL length ~30 mm

<s— strain gauge
Figure 3: Detailed scheme of the conventional measurement

instruments installed near the center of the girder. Source:
TU Graz, Hottinger Briiel & Kjaer GmbH.

expected crack
propagation

2.3 DFOS measurement technique

Two polyimide optic fibers (Polytec GmbH, Germany) were
glued (Loctite EA 3430, Henkel AG, Germany) at the Q3R and
Q3L locations in front of the cut notches where crack initiation
and propagation were expected. The fibers were laid in multiple
loops on the underlying flange and are referred to as fiber
sections 1 to 5, numbered ascending from the flange edge. Due
to the minimum allowable bend radius of the fiber, the order of
the acquired signal by ODiISI 6000 interrogator (Luna
Innovations Inc., USA), differs from the section numbering and
corresponds to the winding of the loops that as illustrated in
Figure 4. An example of the received signal from the five
sections and their numbering is shown in Figure 5.

2.4 Linear FEM modeling of the DFOS measurements

The arrangement of the notched flange with a crack and an
optical fiber was represented as a finite element method (FEM)
model. The Ansys Mechanical Solver (Ansys Inc., USA) was
used together with APDL coding to perform linear elastic
calculations. In order to facilitate the manipulation and
parameterization of the model and to speed up the calculations,
a 2D FEM model was used to carry out the main numerical
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simulations. Since the Q3R and Q3L locations are at very
similar positions with respect to the length of the bridge, the 2D
FEM model with the same geometry was used for both Q3R
and Q3L locations.

fiber section 5
fiber section 4

<:| iber section 3 Y, E>
AG iber section 2 A

fiber section 1? crack

Figure 4: Schematic representation of the half-flange with the
fiber winding layout in relation to the fiber section numbering.
The dash-dotted and the continuous lines represent the web
and the edge of the flange, respectively. The arrows indicate
the uniaxial tensile stress state.

One of the most important parameters investigated in this
study is the crack width, also referred to as the crack opening.
Because the crack opens in the longitudinal direction of the
flange (y-direction as shown in Figure 4), the contribution of
the web to the girder stiffness was investigated as it is expected
to have the most influence affecting the results of the 2D FEM
model. In this context, the crack openings of the 2D model were
compared with the 3D FEM model of the main longitudinal
girder of the Pinkabach Bridge. The motivation was to
investigate the effect of the absence of the web and the upper
(compressed) flange on the stiffness of the 2D FEM model.
This is described in more detail in Section 2.7.

2.5 Linear 2D FEM model of cracked flange and DFOS
optical fibers

The geometry of the flange was modeled as a rectangle 400 mm
wide, corresponding to the width of the flange, and 600 mm
long, which is long enough to have a uniform stress state at its
ends. The shape of the notch does not affect the calculated crack
widths. Therefore, it was not accounted for in the present study
and only the material discontinuity was considered, i.e., the
nodes on the axis of symmetry located at the position of the
crack were allowed to move freely. The fibers were modeled as
beams with a thickness of 0.5642 mm at each position, taken
from [2].

The flange mesh was generated with 8-node quadrilateral
PLANE183 elements using plane stresses with a thickness
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option [9] corresponding to the flange thickness. A mapped
mesh with an element size of 5 mm and 1 mm in the
longitudinal and transverse directions, respectively, was
applied to the flange. The optical fibers were meshed using a
three-node BEAM189 element with quadratic shape functions
[9]. The length of the beam elements was 5 mm, and the
position of the nodes coincided with the nodes of the flange.
COMBIN14 elements [9] were used as spring elements
connecting the coincident nodes of the flange and optical fibers
and representing the glue between these two components. The
COMBIN14 elements were used for nodes that were more than
5 mm away from the axis of symmetry.

The boundary conditions for the optical fibers were as
follows: the nodes of the fibers lying on the axis of symmetry
were constrained in their longitudinal displacement as well as
in their total rotation. On the other side of the flange, the last
nodes of the beam elements were coupled in all directions to
their corresponding elements of the flange. The nodes of the
flange that were on the axis of symmetry were constrained in
the longitudinal direction, where there was also a fixed material
on the other side. There was no constraint for the nodes in the
cracked area, i.e. the crack length is controlled by the
constraining the displacements of the nodes in the y-direction.
One node on the symmetry axis, located in the center of the
flange, was also constrained in transverse direction.

The tensile load was applied in the form of pressure on the
shorter edge opposite to the axis of symmetry. The geometry,
mesh and boundary conditions are shown in Figure 6.

The material properties of the components were linear
elastic. For the steel flange, standard elastic properties were
used with a modulus of elasticity of 210 GPa and a Poisson's
ratio of 0.3. The glass fiber was assigned a modulus of elasticity
of 30 MPa and a Poisson's ratio of 0.3 [2]. The elastic modulus
of the glue was initially unknown and it was subject of the
investigation. After the investigation, a modulus of elasticity of
900 kPa was assumed.

2.6 Linear 3D FEM model of the main girder

The 3D FEM model simulates a crack in the flange of one of
the main girders of the Pinkabach Bridge. The girder length,
web height, web thickness, flange thickness, flange width of the
girder amount to 21500 mm, 1875 mm, 14 mm, 30 mm,
400 mm, respectively.

3000 crack propagate(_i ‘
beyond this section |
E i
gzooo \"
= elevated strain homogeneous strain
3 000 because of crack far from crack \
51 \ ‘
, iber section 4 +~  fiber section 2 . fiber section 5 ™/ fiber section 3 v~ fiber section 1
0.5 1.0 length [m] 15 2.0
Figure 5: An example of the acquired strain signal along the fiber at a specific time instance.
The plateaus of the received signal correspond to the straight fiber sections shown in Figure 4.
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Figure 6: The 2D FEM model of the cracked flange. The
dashed line corresponds to the transverse axe of symmetry;
the blue rectangles represent finite elements; the red
rectangles mark the area of higher web stiffness; the yellow
vertical lines mark the optical fibers. The blue rectangles on
the symmetry axis indicate the boundary condition for the
displacement. The orange rectangles applied to each fiber
ending on the axis of symmetry are rotational constraints,
while the green triangles correspond to coupled nodes
between the fiber and the flange. Red arrows indicate the
direction of the applied stress.

The flanges as well as the web were meshed by SHELL281
elements with quadratic base functions [9]. Around the notch,
the mesh was finer than in the rest of the girder and its
properties are the same in terms of element type and element
size. Outside of the fine area, a coarse mesh was used. As for
the web, elements with a length of 697 mm and a width of
127 mm were used. For the coarse part of the flange, the
elements were 697 mm long and 200 mm wide. Mapped mesh
with quadrilaterals was used on most of the girder geometry, as
shown in Figure 7.

The boundary condition of the 3D FEM model was
analogous to a simple supported girder, corresponding to
suppression of longitudinal, and vertical displacements of the
nodes at the short edge of the lower flange (with crack) on one
side and the suppression of vertical displacements along the
edge of the other side, see Figure 7. In addition, one node in the
middle of the edge of the bottom flange at the end is constrained
in transverse direction.

The loading of the numerical 3D FEM model was carried out
by a single point force in the middle of the upper flange. The
elastic material properties of all parts used in the 3D FEM
model were the same as in the 2D model.
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Figure 7: The 3D FEM model of the Pinkabach Bridge main
girder with cracked flange and DFOS fibers. The
displacement boundary condition, and the point load are
marked by blue triangles and red arrow, respectively. The
detail of the fine-mesh area with crack and DFOS fibers
(yellow lines) is shown in the lower left.

2,7 Comparison of the linear 2D and 3D FEM models:
web stiffening factor

The crack openings of the 2D FEM model were compared with

those of the 3D model in order to investigate the influence of

the absence of the web in the 2D model. This absence was
manifested by a higher crack opening of the 2D model,

indicating a lower stiffness of the 2D model. As a remedy, a

strip of higher stiffness than the surrounding steel was inserted

to the 2D FEM model. This strip is 14 mm wide and is located
in the middle of the flange, geometrically corresponding to the
footprint of the web, see the red area in Figure 6. The modulus
of elasticity of the strip was expressed as a multiplication factor
to the surrounding steel with a modulus of elasticity of

210 GPa. Depending on the crack length, higher elastic moduli

were assigned to the strip in order to match the crack openings

of the 3D and 2D models. The multiple of the higher steel
elastic modulus of the strip is referred to as the web stiffening
factor in this document.

The procedure for finding the web stiffening factor was as
follows:

i) Find the single point load of the 3D model (red arrow in
Figure 7) that yields the same stress of 50 MPa in the
homogeneous stress field in the vicinity of the notch (with
crack length = 0) of the 2D and 3D models.

ii) After harmonizing the homogeneous stress fields in the
vicinity of the notch and finding the point load of the 3D
model, the distance between the two corner nodes at the
very end of the notch was measured. This “notch opening”
was compared to the 3D and 2D models.

iii) The strip stiffness of the 2D model (red area in Figure 6),
which caused the same “notch opening” in the 2D and 3D
models, was expressed as a multiple of the steel stiffness of
210 GPa. In this way, the web stiffening factor was
obtained.

iv) The crack length behind the notch tip was increased by a
certain increment, and the step iii) was repeated.

The web stiffening factors were obtained for crack lengths
from 0 mm up to 160 mm by means of repeating steps iii) and
iv). The increments for crack lengths from 0 mm to 140 mm
were 20 mm, and for crack lengths from 140 mm to 160 mm
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were 10 mm. The web stiffening factors as a function of crack
length are plotted in Figure 8.
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Figure 8: Web stiffening factors as a function of the crack
length. Web stiffening factors are the multiples of the flange
steel elastic modulus assigned to the strip in the 2D model.

2.8  Modeling the glue between the flange and optic fibers

The glue bonds the DFOS optical fiber with the underlying
steel flange, see Figure 9 a). In the linear FEM maodels, this
bond was modeled by linear springs characterized by their
stiffness, see Figure 9 b). The springs connect coincident nodes
of the flange and the fiber. The springs were active in the
y-direction, the longitudinal axis of the flange. In the FEM
models, the first spring was located 5 mm away from the
symmetry axis. The next springs connected the flange and
fibers from this point to the end of the fiber where the flange
and fiber nodes were coupled, see Figure 6.

The stiffness of the glue was investigated based on
experience from previous work [2] and the current DFOS
measurement. Softer springs (i.e., softer glue) produced flatter
strain peaks when the crack was close to the fiber. Increasing
the stiffness caused the calculated strain response curve to
become narrower, see Figure 9c). The calculated strain
response from the 2D model was compared to the measured
DFOS signal. A glue stiffness of 900 kPa gave satisfactory
agreement between the calculated and measured strain shapes
and was used in further calculations.

a optic fiber c
) glue L\ stiff glue (spring)
07 s E
. flange =
| E?
=
@
b) o ) g / \ \
glue optic fiber spring soft glue (spring)

f 7 Z . position [m]
ZQSA’ % % mcoincident nodes
\ﬂange

Figure 9: Detailed sketch of a) cross-section of the bond
between fiber, glue, and the flange, b) glue being represented
as linear springs connected to coincident nodes (zero glue
thickness). c) strain response corresponding to
soft glue (dashed curve) and hard glue (orange curve).

2.9 Nonlinear hysteresis model for determining crack width

The linear FEM model, simulating the strain distribution from
the glass fiber to the underlying object, is able to reproduce the
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measured values up to the crack formation. However, as it will
be shown in the result section, once the crack reaches the fiber,
there is no longer sufficient agreement and the strain from the
linear FEM model deviates more and more from the measured
values as the crack increases in size. This is due to
nonlinearities in the fiber and the glue that occur at very high
strains and can no longer be represented by the linear model.

Although this phenomenon is known from earlier studies, as
explained in [2], the physical background has not yet been
clarified in detail. The most likely explanation is a permanent
mutual displacement between fiber and base material in the
glue layer (sliding), which occurs after exceeding the mutual
friction, or plastic deformation of the optical fiber.
A mechanical model based on this hypothesis had already been
developed by the AIT research group and proved to be very
effective. It allowed the strain behavior to be simulated with a
high degree of accuracy under various loading and unloading
scenarios and crack widths of up to 2.8 mm.

An overall model of the optical fiber structure and the glue
was adopted from [2], with the parameters being slightly
adjusted to the actual fiber used. This model makes it possible
to calculate the interaction of these elements and also to
calculate non-measurable strain signal during high-frequency
excitation with large crack widths (high amplitudes) using FE
methods. The hysteresis model consists of a combination of
linear and nonlinear spring and beam elements. The fiber
structure, including the connecting elements, is shown in
Figure 10 a) and b). The glue (3) is modeled as a linear spring,
while the coating (2) and the fiber (1) are defined as 1D beam
elements. The crucial connection between the fiber and the
coating is modeled by nonlinear springs (4). This is an
elasto-plastic spring element whose force F increases linearly
with the deformation V and the stiffness Kin: up to the limit force
Fs. After the limit force Fs is exceeded, slippage Vs, occurs as
a permanent displacement of the fiber optic cable (1) relative to
the coating (2), see Figure 10 ¢).

The model was implemented in the FE program Ansys,
whereby, in contrast to the linear model, only a 20 ¢cm long
section around the crack and only one fiber at a time is
considered separately. The aim of this investigation is to
interpret the measurement signal and to draw conclusions about
the crack width. During the interpretation, it can be determined
whether the crack is currently closing or opening or whether a
larger crack has occurred previously. It is not necessary to
apply the nonlinear model to recalculate the crack width if a
complete, continuous measurement signal is available, as the
crack width can be calculated by integrating the signal over the
fiber length. Since it is known that transient or permanent
dropouts can occur at higher amplitudes and higher excitation
frequencies, this step is important to significantly increase the
accuracy of the crack width determination.

In the present case of the linear model described in
Section 2.8, a fiber without a coating was used, which
theoretically results in differences to the model shown in Figure
10, as the comparison with the simplified model in Figure 9
shows. However, since comparable nonlinear effects occurred
in the measurement data despite the absence of the fiber
coating, the model described in [2] was also applied here and
showed good results.
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Figure 10: Schematic drawing of a) cross section and b) side view of the nonlinear model used to estimate the crack width;
c) the material model prescribed to the springs where slippage is initiated when the force F exceeds the limit force Fs.

This is also due to the fact that the model parameters were
not determined individually, but were found empirically from
the measurement data by model fitting as an overall model.
These determined characteristic values in Table 1 thus do not
represent any physical material parameters, but the overall
structure including the glue. These characteristic values
determined in this way are not transferable to other fiber
applications, even with the same fiber, without slight
adjustment.

Table 1: Input parameters for the nonlinear FE analysis.

element glue coating interaction glass fiber
size (spring) (beam) (spring) (beam)
2mm K= A=10" m? K=7-10° N/m?  A=10"° m?
10°N/m?  E=30 MPa F.=0.35 N/m E=30 MPa
3 RESULTS
3.1 Crack width vs. crack length under unit load

One of the main results of this study is the relationship between
crack width and crack length. Since the problem is modeled
with linear elasticity, it is reasonable to do this for a unit load.
The calculations were carried out using the 2D model.

The crack widths were obtained for the following locations:
at the notch tip (x =30 mm), at the fiber locations, at the
location of the crack tip, and the notch tip (x = 30 mm), but
40 mm above the axis of transverse symmetry of the 2D model
(y =40 mm). This location corresponds to the extensometer
mounting points. The crack widths were determined for crack
lengths from 0 mm to 160 mm with 5 mm increments. For each
calculation, the appropriate web stiffening factor was taken into
account. The results are shown in Figure 11. It is noteworthy,
that the extensometer reading is non-zero even for zero crack
length, which is caused by the elasticity of the steel between the
extensometer mounting points.

3.2

As part of the test evaluation, a fracture mechanics analysis of
the fatigue tests on the Pinkabach Bridge was carried out by the
scientific partner, the Institute of Steel Structures of the
Technical University Graz (TU Graz), which also included the
evolution of the crack length over the number of cycles for the
two locations Q3L and Q3R shown in Figure 12. This fracture
mechanics analysis is compared to the crack width vs. crack
length relationship derived from the 2D FEM model in the
previous Section 3.1, shown in Figure 11.

In order to perform this comparison, the number of cycles
was determined at each measurement time instance. At this
particular measurement time instance, the crack length was

Comparison of crack growth and fracture mechanics
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determined using Figure 11 and the extensometer reading. This
crack length and number of load cycles were entered into the
fracture mechanics diagrams in Figure 12.

Comparison with the fracture mechanics analysis "best fit"
(green curve) shows reasonable agreement, although it is not
perfect. The numerical results tend to be slightly higher than
the fracture mechanics results for short crack lengths. For long
crack lengths, however, the numerical results are slightly lower
than the fracture mechanics results. There are uncertainties in
both, the fracture mechanics analysis and the numerical
analysis, and it is expected that there will be differences. For
example, a complete 3D model of the main girder including the
gusset plates, and the influence of the bracing would allow a
more accurate analysis. However, the method is considered to
be adequate for estimating the crack length for practical
construction purposes based on simple extensometer readings.
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Figure 11: Crack width as a function of crack length; FEM
extensometer corresponds to the displacement reading at the
location of the extensometer attachment, i.e.: at the notch tip
(x = 30 mm from the flange edge) and y = 40 mm above the

axis of transverse symmetry of the 2D model.

3.3 Comparison of the linear 2D FEM model with the

DFOS measurement at the Q3R and Q3L locations

The strains calculated by the 2D FEM model, to which the
conventional experiments provided input, are compared in
side-by-side plots with the DFOS strain signal at multiple time
instances throughout the experimental campaign. The results
from the 2D FEM model at a time instance were obtained in
3 steps. First, the loading stress was determined as the
difference between the minimum and maximum amplitude
readings from respective strain gauge at the corresponding time
instance, multiplied by the modulus of elasticity of 210 GPa.
Second, the crack length was extracted from Figure 11 (FEM
extensometer), by knowing the displacement reading of the
extensometer divided by the loading stress derived from the
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strain gauge reading for the corresponding time instance. Third,
the applied stress and crack length were used as input for the
FEM simulations.
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Figure 12: Fatigue calculations provided by TU Graz showing the
crack length as a function of the number of load cycles for the two
locations: a) Q3R and b) Q3L; the solid black circles show the results
derived from the linear elastic FEM model; the monotonically rising
curves correspond to different fatigue models. Credit: TU Graz.

The measured DFOS signal used for comparison with the
numerical simulations was obtained by subtracting the
minimum DFOS signal (red graph in Figure 13) from the
consecutive maximum DFOS (green graph in Figure 13) signal
for the corresponding time in order to account for the mean
strain value (blue graph in Figure 13). In this way, the
difference between the numerical and measured signals is
“tared”, and they can be directly compared. The elevated strain
values reminiscent of plateaus in this blue graph correspond to
individual fiber sections. The order of the fiber sections is the
same as shown in the Figure 4 and Figure 5.

An example of a typical comparison of the measured and
simulated strain signals at fiber section 5 is shown in Figure 14,
where the signals are almost identical. It was observed that
when the fiber is far away from the crack tip, the measured and
simulated signals are in good agreement.

The measured DFOS signal indicates that the cracks were
already present near the fiber section 1 already on the first day
of measurements at both Q3R and Q3L locations. At this time,
it can be seen that the simulated and measured signal
amplitudes do not match each other, see Figure 15. This
suggests that a nonlinear effect is at play, which may be caused
by the interaction between the optic fiber, coating, glue, and the
flange due to excessive strain loading. This effect is even more
pronounced as the crack propagates further behind the fiber,
resulting in an “inversion” of the signal and an increasing
number of dropouts, as shown in Figure 16.
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Figure 13: Subtraction of the minimum (red) and maximum
(green) DFOS signal from May 9, 2023, at 10:52 to obtain the

mean (blue), which was compared to the output from the
numerical simulations; Q3R location.
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Figure 14: Comparison of the strain signal at fiber section 5

from the linear FEM simulation and the DFOS measurements
taken on the sixth measurement day at the Q3R location.
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Figure 15: The crack tip near fiber section 1 causing nonlinear
effect resulting in smaller strain peaks, first day of
measurement at Q3R location.
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Figure 16: An “inversion” of the measured DFOS signal
showing dropouts due to the wide crack opening inducing
excessive strain. Third day of measurements at the Q3R
location of fiber section 1.

3.4  Crack widths determined by the nonlinear model

The crack widths for the Q3L and Q3R locations were
determined using the nonlinear FE hysteresis model. The
following paragraphs describe the procedure at the Q3L
location for fiber section 1. Here, two points in time were
selected where the crack had already grown considerably, both
on May 12, 2023, one at about 06:45 and one at about 10:30.

The best results were obtained in the earliest measurement
because the crack widths were still not very large. The times of
the maximum (load), minimum (unload) and constant load
(resting state) of a cycle is considered in each loading case.
At 06:41, the cyclic loading was stopped for a short time, which
led to a brief complete reappearance of the DFOS strain signal.
At this point, the permanent crack under constant load became
very well measurable. The corresponding signal is shown in
purple continuous line in Figure 17. The unloading curve (gray
continuous line) is also clearly visible and shows only a few
interruptions. It can be seen here that the measured values in
the crack area are even slightly negative, while the areas where
the load is applied remain virtually unchanged. This can be well
modeled by means of the hysteresis model. It should be noted
that as the crack width increases, so does the number of
dropouts in the data. The loading curve (red) is only partially
visible and must be reconstructed to determine the underlying
area corresponding to the crack width. This is done by the
accompanying FE analysis, which is shown in the Figure 17 as
a dash-dotted line in the respective colors. Since the parameters
of the FE model were optimized once for all processes, each
recalculation only searches for the crack width that best
matches the measurement data.

The crack widths, w, in Figure 17, indicate the crack opening
at each loading phase. If w.max is given, it means that at an
earlier point in time a larger crack caused a change in the fiber.
This can be beneficial if there was no measurement at that point
in time or if the signal was too disturbed to measure. In this
case, the amplitudes of the crack widths are compared and
validated with the results of the displacement sensors in
combination with the relationship between crack length and
width in Figure 11 derived from the linear 2D FEM model.
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They result from the differences in crack width during loading
(red) and unloading (gray) and thus correspond to the change
in crack width during harmonic loading. The crack width at rest
(purple) should be exactly between the two values for a
symmetrical load amplitude. This also makes it possible to
calculate the static crack opening without harmonic excitation.
The crack opening under constant load at the fiber section 1
after crack crossing is therefore 0.205 mm and the amplitude of
the crack opening under cyclic loading is 0.22 mm.

The same procedure was carried out for the later
measurement at 10:28, see Figure 18, whereby the crack is
considerably more developed. In this case, no DFOS strain
signal could be measured in the loading phase. The strain data
for unloading and constant load phases was very fragmented,
but could be reconstructed by numerical simulation, The
resemblance to the existing data is not as good as in the
previous example, which indicates that there are more
extensive nonlinearities that cannot be simulated by the model
that is used. Therefore, it is expected that the evaluation of the
crack widths will be less accurate in this case. Despite the
absence of a loading phase, the crack width could be estimated
from the difference between the unloading and the constant
loading phases.

= 2023-05-12 06:46, w = 0.32 mm

—2023-05-12 06:46, w = 0.1 mm, w.max = 0.32 mm
— 2023-05-12 06:41, w = 0.205 mm, w.max = 0.32 mm

15 PAAY

strain [mm/m]

2.26 2.27 2.28

distance [cm]

2.29 2.30

Figure 17: Matched strain signals of DFOS (“continuous
lines”) and the nonlinear FEM model (dash-dotted lines) for
fiber section 1; measurement location Q3L; loading curves are
red, unloading in gray, and constant load in purple.

4  DISCUSSION

4.1 Influence of gage pitch on dropouts

Three gage pitches (0.65 mm, 1.3 mm, and 2.6 mm) were used
during the DFOS experimental campaign in order to investigate
their suitability for monitoring of crack propagation under
harmonic loading. Although it is recommended to use the
shortest gage pitches for regions with high strain gradients [1],
in this case the signal acquired with the 0.65 mm gage pitch
contained the most dropouts and noise. The larger the crack
opening, the more pronounced this effect was. Therefore, it was
not suitable for further processing and the two longer gage
pitches were preferred for evaluation as the acquired signal
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contained fewer dropouts, with 2.6 mm gage pitch having the
fewest.

It is recognized that the situation can be remedied by using
optical fibers with higher sensitivity. In [1], the authors
monitored cracks in a concrete beam using four different
optical fibers and gage pitch of 0.65mm. The results
emphasized the need for careful selection of optical fibers that
are better suited for measuring high gradients, if case that the
crack location and crack opening are to be reliably quantified.

——2023-05-12 10:28, w = 0.05 mm, w.max = 0.4 mm
——2023-05-12 10:28, w = 0.33 mm, w.max = 0.4 mm
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Figure 18: Matched strain signal of DFOS (“continuous
lines”) and the nonlinear FEM model (dash-dotted line) for
fiber section 1; measurement location Q3L at 10:28;
unloading curves are red, constant loading in gray.

4.2 Fiber layout — loop length and minimum fiber radius

In order to maintain the minimum fiber radius that can cause
additional signal dropouts the optic fiber was laid in the
following order of fiber section 1, 3, 5, 2, and 4. The lower the
number, the closer the fiber section is to the flange edge and the
notch. Although the length of the straight part of each fiber
section was sufficient to capture the uniaxial stress state,
it would be preferable to make these straight sections even
longer, so the there are no sudden signal drops as it can be seen,
for example, on the right hand side of the blue line in Figure
14.

4.3 Limitation of the linear FEM models

Although the handling of the 2D FEM model was significantly
easier than the full-scale 3D FEM model of the main girder,
significant amount of was required to correctly create the 2D
FEM model. As a side effect, the contribution of the web to the
stiffness of the flange in the presence of a crack was
investigated. Interestingly, the web stiffening factor as a
function of crack length is not monotonic. For crack lengths
from 0 to 20 mm (and in the presence of the notch), the web
stiffening effect slightly decreases, but from 20 mm to 150 mm,
the web contributes to the overall stiffness by a factor 2.5 to
4.5, respectively.

It would be also of interest to investigate, how incorporating
more construction details, e.g. constraining lateral movement
of the main girder, modeling the gusset plates, or using
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displacement loading, would manifest itself on the web
stiffening factor as well as on the overall results. However, it is
anticipated that these effects are rather small and would not
significantly change the results.

4.4  Validation and limitation of the nonlinear model

This study shows that the nonlinear hysteresis model is able to
reproduce the measured DFOS strain signal for smaller crack
widths where the interaction between the optical fiber and the
flange is governed by nonlinear behavior. However, for larger
crack widths, it remains subject to certain inaccuracy. The
deviations increase with crack growth, indicating additional
nonlinearities not represented in the model. It is therefore
important to consider the expected crack widths of interest
when selecting fibers. A thicker coating would smear the strain
peaks around cracks over the longer part of the fiber core,
resulting in lower peak values and thus preventing highly
nonlinear effects from occurring.

The resulting crack widths for the two locations, the
considered time instances, and the optical fibers were compiled
and validated. The validation was done by comparing the crack
width and crack length relationship developed from the
extensometers and the linear FEM model in Figure 11 in
Section 3.2. The results are summarized in Table 2 for
measurement location Q3L and fiber sections 1 to 4.

For the considered time instances and the location Q3L,
almost complete measured values are only available for the
measurement time around 06:30. Therefore, the first validation
was carried out at location Q3L for May 12, 2023, at 06:28, see
third and sixth row in Table 2. The maximum deviations for
this time instance are only 0.03 mm. This result is consistent
with the previous findings on the accuracy of crack width
measurements using DFOS in [2]. The comparison at 10:28 for
the same location and measurement day shows significantly
larger deviations of up to 0.09 mm.

Table 2: Comparison of the crack widths from the linear and
nonlinear FEM models at Q3L location on May 12, 2023

linear model + extensometer [mm]
date time fiber fiber fiber fiber
(UTC) | sec.1l |sec.2 |sec.3 | sec.4
12.05.2023 | 06:28 | 0.19 0.15 0.12 0.05
12.05.2023 | 10:28 | 0.35 0.30 0.24 0.17
nonlinear model + DFOS [mm]
12.05.2023 | 06:28 | 0.22 0.15 0.12 0.08
12.05.2023 | 10:28 | 0.35 0.21 0.21 0.11

4.5  Practical applicability of the crack monitoring using
DFOS

The DFOS measurement technique could be implemented in
real-world scenarios analogous to the current study. The fiber
can be placed in different shapes around critical details of new
or existing bridges if the minimum bending radius requirement
is met. Since the unit cost of a basic optical fiber is relatively
low, two or more parallel fibers can be used to measure a
quantity to increase redundancy in case of fiber damage.

If the structure is exposed to different temperatures,
temperature compensation is required. In this case, it is
recommended to install a fiber for temperature measurement
next to the fiber for strain measurement. The temperature
sensing fiber should be able to move freely so that it is not
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affected by mechanical strain and can provide reliable
temperature values.

One of the challenges is the risk of fiber damage during
installation in the busy and harsh conditions of a construction
site. To mitigate this risk, it is recommended to use a
specialized company to install the fibers.

A notable practical example of the use of DFOS is on a
concrete highway bridge near Aurachkirche, Austria,
documented in [8]. In this pilot project, approximately 60 m of
the Aurach Bridge is monitored in two 30 m long sections using
2.6 mm gage pitch. In each section, temperatures and strains
were measured in the top and bottom slabs. During the
observation period, several cracks were detected as a result of
concrete shrinkage. The DFOS measurements also allowed to
observe the crack closure due to prestressing. By integrating the
area under the obtained strain signal, the crack widths were
estimated, which were in line with the expectation for a
prestressed concrete bridge. It was concluded that DFOS can
be used to monitor important milestones in the construction
process, including the development of cracks.

Another practical example is the recent installation of DFOS
technology during the replacement of a railway bridge in
Eschenau, Upper Austria. In this project, optical fibers will
monitor temperature and strain throughout the construction
process and future service life, enabling the detection of
potential crack development. These examples demonstrate the
growing adoption of DFOS in structural health monitoring
projects and highlight the suitability of this technique for
integration into routine bridge maintenance.

5 CONCLUSIONS

Based on the current study, the following conclusions are
drawn: The FEM simulations fed with strain gauge and
extensometer data can provide good qualitative and
quantitative agreement with the measured DFOS strain signal.
The simulated strain signal from the linear elastic FEM model
agrees well with the measured DFOS strain signal in cases
where linear elasticity governs the interaction between the
optical fiber and the underlying steel flange. Once the crack is
close enough to the fiber, the nonlinear effect comes into play
and the nonlinear model must be used to reproduce the
measured DFOS strain signal. In these cases, the nonlinear
model can also be used to estimate the crack opening, see
Section 2.9.

With increasing crack opening, the high strain in the optical
fiber causes signal dropouts. This is usually the case when the
crack has propagated well beyond the fiber.

The crack propagation can be clearly seen in the cyclic
loading test using DFOS. First, the nonlinear effects come into
play, which can be accompanied by some dropouts. Then, in
the next phase, the peak of the measured strain signal changes
to a trough so that it is "inverted" with respect to the previous
state, see Figure 16.

The further away the fiber section is from the crack tip, the
better the agreement between the measured and simulated
strain signals was obtained. Typically, the best agreement
between simulated and measured strain was observed for fiber
section 5.

The DFOS have proven to be very good at determining steel
strain up to crack initiation, crack detection, and crack widths
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up to 0.2 mm. Beyond that, the measured strain signal become
more incomplete and the signal reconstruction is subject to
increasing inaccuracy. This is exacerbated by dynamic
excitation, which disturbs the strain signal. If large crack widths
are still of interest, it is advisable to use coated fibers for such
measurements, which reduces the peak strains. If the
information on whether and where a crack has occurred is
sufficient, simple and inexpensive commercially available
fibers, such as those used in the Pinkabach Bridge tests, can
provide adequate information. When more precise evaluations
were required, it became apparent that the fiber had to be
selected precisely according to the expected crack widths.
Overall, the DFQOS technique was found to be suitable for crack
detection and crack propagation monitoring.
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ABSTRACT: The assessment of fatigue consumption and the remaining lifetime of structural components is affected by
considerable uncertainties on the side of the traffic loads, fatigue resistance and structural response. The purpose of the presented
work was to develop methods for dealing with these uncertainties, as well as methods for improving the accuracy of assessment
with the use of additional data.

Within the research project Assets4Rail, a structural monitoring system was installed on a railway bridge located on a local track
in Austria. The system consisted of strain sensors, acceleration sensors and inclinometers. It was used to measure the bridge
response during train passages with known axle loads in course of a test with controlled conditions. This data was used to calibrate
the structural model and develop probabilistic methods for fatigue assessment. Influence lines at fatigue-critical locations were
evaluated from measured bridge strain response including their uncertainty. Further uncertainties considered in the assessment
include the load histories and the fatigue resistance.

The results showed the largest contribution by evaluation of model uncertainties from monitoring data. The effect of model
updating was also considerable, but less significant. Further increase of estimation accuracy is achieved using section-specific
traffic data. Whereas wayside monitoring data represent the reference scenario, the use of traffic management data provides a

usable alternative.

KEY WORDS: fatigue; probabilistic; reliability; monitoring; updating.

1 INTRODUCTION

Railway bridges are often designed in steel. Their high ratio
of traffic load to dead load as well as the high train axle forces
makes them prone to fatigue issues. Many structures or
components are reaching their planned lifetime. A survey
conducted by the European project Sustainable Bridges,
revealed that 75% of steel railway bridges are over 50 years old
and almost 35% of them are over 100 years old [1]. Although
fatigue damage is not among the leading causes of bridge
collapses [2], it plays a role in maintenance of railway
infrastructure. To optimize the investment planning for railway
bridge maintenance and replacement, it is therefore
advantageous to perform more accurate assessment of their
expected remaining fatigue lifetime.

Several techniques to this end have already been developed
and tested. The application of monitoring techniques to capture
the real structural behavior has been implemented in many
variants, usually evaluating the stress spectra from strain data
acquired at fatigue-critical locations and consequent
application of the Miner’s rule to determine the damage
accumulation [3]. The use of monitoring data leads often to
lower stress ranges compared to results predicted by numerical
models due to their inherent simplifications and their aspiration
to ensure sufficient structural safety. Thus, SHM-based
evaluations tend to predict a more extended fatigue lifetime.
However, some application cases [4] show that it is not to be
generalized as a rule.

Through a combination of monitoring data with calibrated
FE-models, stress spectra can be evaluated also at unmeasured
locations. This technique of virtual sensing has been validated
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[5], [6] to obtain nominal stresses at railway bridges equipped
with strain and acceleration sensors. The modelling can be
further extended using the multiscale approach to also evaluate
the local stresses — for example using a 3-scale concept
encompassing the global scale, the structural member scale and
the local scale [7].

Besides monitoring the structural response, the estimation of
overpassing axle-load histories is the next important parameter
in the fatigue accumulation assessment. While the train mixes
defined in the Eurocode are suitable for design of new bridges,
for the assessment of existing structures it is more expedient to
use axle-load histories specific to the respective track location.
The actual axle loads can be acquired for example using
wayside monitoring systems applied on rails. However, the
application of such systems is relatively new, so they provide
data on the current state of traffic loading and axle-load
histories prior to their installation remain unmeasured. During
bridge lifetime, the axle-load histories may have changed
significantly. Reconstruction of historic traffic loads provides a
possible solution, as shown in a study for Norwegian railway
bridges [8]. In here, it was identified that modern freight trains
introduced after 1985 increased the fatigue damage
accumulation rate significantly. Based on axle-load
measurements in Dutch railway network, new fatigue load
models for bridge assessment were proposed [9]. One of the
load models addresses the period before 1970 and is based on
limited available data and expert judgement. In another study
[10], a simple approach was proposed, which considers
development of total rail traffic volumes on national level, but
neglects changes in train composition over time.
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The evaluation of remaining fatigue lifetime is typically
based on S-N curves as the definition of material resistance to
fatigue loads. This approach features a fair amount of
conservatism [11], which is understandable considering the
significant variance of fatigue test results and the requirements
of structural reliability, and it is necessary in semi-probabilistic
assessment. However, the uncertainties can be modeled using a
full-probabilistic approach by formulating the fatigue
resistance as a random variable and evaluating probabilities of
its exceedance. This type of evaluation results in estimating the
reliability index and its development as the fatigue damage
accumulates over time [12].

This work, which was done within the Shift2Rail project
Assets4Rail [13], combines several abovementioned aspects,
with the aim to highlight the joined effect of several methods.
Three areas of more accurate fatigue assessment are addressed
here: monitoring of structural response, track-specific axle-
load histories, and probabilistic modelling of fatigue resistance.
Moreover, the issue of track-specific axle-load histories is
handled in different cases of data availability.

2 STRUCTURAL MONITORING AND MODEL
CALIBRATION

2.1 Bridge description

The bridge is a semi-through type truss steel bridge (U-frame),
which was constructed in the 1990’s (Figure 1). It is a single
span of 41.67 m length, which consists of 10 segments of equal
length. The top chord has a rectangular cross-section, while the
bottom chord is U-shaped. The diagonals have I-shaped cross
section, except for the outer diagonals with rectangular cross-
section. The truss members are constructed from welded steel
plates and the truss members connect to each other with bolted
plates.

41,67
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Figure 1. Side view of the bridge.

The bridge carries a single unballasted railway track. The
rails are placed on top of wooden sleepers carried by
longitudinal beams, which are rigidly connected to transverse
beams (Figure 2). The transverse beams connect to bottom
chord of the truss. The connections are again executed using
bolted plates. The bridge deck has two layers of diagonal
bracing, stiffening the longitudinal beams under the sleepers,
as well as bottom chords of the truss.
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Figure 2. Structure of the bridge deck.

The bridge is located on a side track in Austrian railway
network and experiences very low traffic volumes. This
facilitated performing various tests and measurements on this
bridge. For purposes of this study, a traffic constitution was
assumed with properties that correspond to a main railway line,
thus simulating high traffic volumes.

2.2 Measurement system

The bridge was equipped with 31 optical strain gauges. The
sensor  locations  concentrated around  truss-member
connections between truss segments 4 and 5 (Figure 3), as well
as connection between longitudinal and transverse beams at
segment 8 and the transverse beam to truss chord connection
(Figure 4). Since the fatigue evaluation was indented to be
based on nominal stresses, the purpose of this monitoring
system was to capture nominal stresses in structural members,
which explains positioning the sensors at a little distance from
the connection nodes and not directly on the fatigue hot spots.
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Figure 3. Locations of fibre-optic strain sensors on truss
members.
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The sensors were located on several points of the same cross-
section to increase accuracy of the measurement and also to
capture secondary effects like transverse bending or warping of
cross-sections. Additionally, acceleration sensors were placed
on several locations across the bridge, as well as inclinometers
and temperature sensors. However, they are not relevant for the
purposes of the work presented here, therefore they will not be
described here.
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Figure 4. Locations of fibre-optic strain sensors on transverse
and longitudinal beams.

The Bragg grating of the fibre-optic strain sensors provides
an active sensor length of 10 cm. The actual sensor is held by
threaded extension rods, which increase the effective
measurement length to 50 cm in total. This enables a higher
sensitivity of the sensor, which was required to capture the
relatively low strains. The extension rods are connected to the
structure through strong magnets. In this way, the layers of
corrosion protection remained untouched in spite of sensor
application. However, such mounting of the sensors (Figure 5)
causes also an offset between the structure’s surface and the
sensor axis. This means that the strain captured by the sensor is
not the same as the strain at the structure surface, if the cross-
section experiences bending moments. Since several sensors
were installed in each cross-section, the measured strains can
be interpolated to any other (unmeasured) point of the cross-
section, assuming linear strain gradients within a cross-section.

Figure 5. Fibre-optic strain sensors mounted using magnets
and threaded extension rods.

The strains were measured during passages of a test train,
which consisted of a diesel-powered locomotive with 32 t
weight on two axles, followed by two 4-axle wagons weighing
78.4tand 49.45t, respectively, and one 2-axle wagon weighing
18 t. The train passages were repeated with different speeds
ranging from 5 to 40 km/h, reaching ca. 100 passages in total.
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In order to relate axle loads to the measured strain response,
it is expedient to transform the measured strain signals from the
time domain to the domain of axle positions. This was done by
identification of axle positions in the measured strain signals,
and transforming the time to the distance covered by the first
train axle, starting at the bridge abutment above the bearing.

The differences between strain signals measured during
different passages of the test train were relatively small. They
are displayed in Figure 6 for two selected sensors. The top
figure shows results from sensor OS10 located at the bottom
chord of the truss, while the bottom figure shows results from
sensor OS21 located in midspan of the transverse beam.
Records of individual train passages are displayed as thin grey
lines, and their mean is displayed as bold blue line.
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Figure 6. Strains during 102 passages of the test train
measured at the bottom chord (top) and at the transverse beam
(bottom).

The measured responses were used to calibrate the numerical
model that was later used for estimation of fatigue damage
accumulation.

Additionally to the static structural response, dynamic
resonance parameters were identified from acceleration
measurements, and used in calibration of the numerical model.
Three identified modes were used to this end; their frequencies
are listed in Table 1. The first was a global mode of vertical
bending with one half-wave along the span length. The other
two modes represent lateral vibration of the upper chord, with
1 and 1.5 waves along the span length, respectively. The
agreement between frequencies of the numerical model and the
ones identified from measurements were good already for the
initial model, indicating its high quality.
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Table 1. Comparison of measured eigenfrequencies with
predictions of the initial numerical model.

Parameter Measured  FE-Model

f1, vertical bending 5.40 Hz 5.48 Hz

f,, upper chord 1 wave 9.99 Hz 10.22 Hz
fs, upper chord 1.5 waves 12.19 Hz 13.04 Hz

2.3 Model calibration

The numerical analysis was done using a shell model, which
was constructed, meshed and calculated using FOSS (Free and
Open Source Software) products. In particular the Pre- and
Post-Processing platform SALOME [14] was used for the
geometrical construction and meshing of the model, while the
FEM-Solver CalculiX [15] was used for solving the meshed
model. The model optimization of the FE-model was conducted
using self-made algorithms in the Python programming
language, utilizing optimization routines of the SciPy
(Scientific Python) package.

The symmetry of the structure as well as the loading was used
to reduce the model size and work with only half of the bridge
and respective symmetry conditions (Figure 7, top). As the
analysis will be done on the level of nominal stresses, a detailed
modelling of the bolted connections was not necessary; the
connections were modeled as rigidly connected plates (Figure
7, bottom).

Figure 7. Geometry of the FE-model (top) and a detail of its
mesh (bottom).

Using modal analysis of the bridge structure, several
eigenfrequencies and mode shapes were calculated; the first
two of which are displayed in Figure 8.
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Figure 8. Mode shapes of the FE-model: f;=5.48 Hz (left) and
f,=10.22 Hz (right).

The model calibration was performed in three steps: 1. using
measured strain responses during train passages, 2. using
measured eigenfrequencies and mode shapes, 3. using both sets
of measured data together. The updating was done twice, using
two different objective functions: the squared differences
approach (Eq.1) and the Gauss error function approach (Eq.2).
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The structural parameters that were subjected to updating are
listed in Table 2. They comprise of relevant parameters
affecting the global stiffness, stiffness of connections, as well
as distribution of structural masses.

Table 2. Values of updating parameters.

Parameter Initial Updated Updated
value  with Js,  with [
Young’s modulus [GPa] 210 220.5 205.8
Steel density [kg/m3] 7850 8282 8282
Coef. for_ cross_-glrder 1 15 131
connection stiffness
Coef. fo_r main truss 1 15 0.683
connection stiffness
Translation rail spring
[MN/m] 0 0 0
Rotational bearing spring
[MNm/m] 0 1000 0
Coef. for sidewalk mass 1 1.1 0.9
Cover plate mass coef. 1 1.1 0.9
Thickness of stiffener at
cross-girder connection 175 20.2 19.2

[mm]

The two updating algorithms suggested different solutions
for the updating parameters. While the squared differences
approach favored increase of both stiffness (global and
connections) and masses, the updating approach of Gauss error
function suggested in comparison lower connection stiffness
and non-structural masses. The agreement of the updated
parameters with their real values could not be checked due to
significant effort that would be required for such testing. This
would be also the usual case in any other real applications.

The updated models were subsequently used in evaluation of
fatigue damage evaluation at selected fatigue-critical details.
Five critical details were identified in total. The first three of
them are displayed in Figure 9. Most critical was detail nr.3,
which covers fatigue failure in the lateral direction in the
stiffener plate at the toe weld. The upper fillet weld produced a
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detail category of 36 N/mm2 for a root crack at the weld, which
ranked it as most fatigue-critical spot on the structure.

Figure 9. Three fatigue-critical details at the connection of
cross-girder to bottom chord of the truss.

The differences in updated structural parameters resulted in
influence lines of strain at fatigue-critical location as presented
in Figure 10.
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Figure 10. Influence lines of strain at five fatigue-critical
details before updating (solid lines), after updating with...
(dashed lines) and after updating with ... (dash-dotted lines).

3 TRAFFIC LOADS

To highlight the difference of traffic load assumptions in
different cases of data availability, three cases were considered:
e No track-specific data available
o Traffic management data available for given section
e Wayside monitoring data available for given section

The first case represents the usual situation used in design of
new bridges, where the train mix according to Eurocode is
used. In the second case, the traffic management data provide
basic information about train traffic specific to the track
section. This information includes total train length, total train
weight (estimated from wagon specifications), number of
wagons and type of locomotive, and is listed for all train
passages in a given time period. The third case represents the
most accurate information: data from a wayside monitoring
system, which provide axle forces and axle spacings of all train
passages in a given time period.

Since the availability of wayside monitoring data is generally
limited, it is expedient to have a methodology that can use
traffic management data to generate track-specific estimation
of traffic loads. Such a methodology was developed within the
Assets4Rail project. Detailed description of the methodology
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can be found in [16]; in this paper only a brief outline can be
presented.

The procedure evaluates basic properties of trains from train
management data and groups similar trains into clusters. For

freight trains, the chosen basic properties were: unit mass of
| wagons [t/m], unit mass of locomotive(s) [t/m], and the number

of carriages. Clustering algorithms were used to create train

. groups from available data, and then evaluate statistical

properties of each group created. Figure 11 shows an example
of evaluated train groups, represented by individual boxes. The
placing and dimension of the displayed boxes correspond to the
range (m — o; u + o) of the three parameters annotated on the
respective axes. The number in center of each box indicated the

| cluster size, i.e. number of train passages that were grouped in
the respective cluster.

wagons mass/length [t/m]

20
Carriages 30 40

Figure 11. Clustered train management data of freight trains.

In the next step, a representative axle sequence was generated
for each cluster. A database of wagon properties and a train
model generation algorithm developed within the Assets4Rail
project was used to this end. This algorithm requires
deterministic values of basic train properties (number of
carriages, etc.) as input: one set of values for each cluster. From
the statistical evaluation of train data within each cluster,
different quantiles can be chosen to represent each cluster. In
order to compare the differences, the quantiles of 25%, 50%,
75% and 95% were used in further evaluations.

Schemes of generated axle sequences for 10 selected clusters
of freight trains is partly shown in Figure 12; they consist of a
sequence of arrows, height of which is proportional to the axle
force magnitude. Loading situation of individual wagons
(empty / full) is considered.
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Figure 12. Partial schemes of freight train axle—sequences
generated for selected train clusters.
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In each train scheme, a locomotive with 6 axles is visible on
the left side; the axle-force arrows display a force of 220 kN.
The empty wagons can be recognized by the very small axle-
forces shown at the wheel positions, which correspond to forces
of less than 100 kN. The wagons feature different lengths (15 —
25 m) and axle configurations, which were chosen from
catalogues of existing wagon stock.

Comparison of the track-specific train properties with the
fatigue load model of the Eurocode showed some differences
presented in Figure 13. The unit mass of the trains was
considerably lower compared to the Eurocode standard traffic
mix, while the number of axles was slightly higher in the freight
trains. The shown results refer to one of the locations within
Austrian railway network that was analyzed.

1.01 1.01
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2 2
£ o5 o5
T g
[a) [m)
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ootf L | ool=el :
2 4 6 8 100 200

mass-per-length [t/m] number of axles
= 5 %-quantile
= 50 %-quantile
----- 95 %-quantile
EC standard traffic mix

Figure 13. Cumulative Density Functions of the unit train
mass (left) and number of axles (right) for trains generated
from train management data compared to Eurocode.

In order to compare the differences between different axle-
load sequences, their effect on the fatigue damage
accumulation on different systems was analyzed. For this
purpose, the midspan bending moment in simply-supported
single-span bridges was used, simulating fatigue critical details
governed by longitudinal stresses at such location. The span
length was varied between 4 and 60 m. Eight traffic load mixes
were analyzed: three Eurocode traffic mixes (light, standard,
heavy), four traffic mixes generated the train management data
using 25%, 50%, 75%, 95% quantiles of basic train properties
for each cluster (TRGEN:_g25, 50, 75, q95), and finally
axle-sequences as measured by a wayside monitoring system.
The fatigue damage accumulation evaluated using the wayside
monitoring data was used as reference (d,.s), since it
represents the most accurate result. To eliminate the influence
of total traffic volume, all traffic mixes were normalized the
total traffic volume of 25 Mt/year. Figure 14 shows a
comparison of the evaluated fatigue damages in relation to the
reference (wayside monitoring data).

This comparison shows that the Eurocode standard traffic
mix produced a fatigue damage that exceeds the reference by
50% - 160%, depending on the span length. The dependance of
this exceedance on the span length could be caused by the way
the Eurocode models were calibrated, and may vary for bridges
with different static systems.

Using the train management data, this conservativism would
be reduced to 35% - 105% exceedance.
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Figure 14. Fatigue damage accumulation evaluated for
different normalized traffic mixes relative to d,..¢.

4  FATIGUE RELIABILITY EVALUATION

A full-probabilistic approach was chosen to evaluate the
reliability index of fatigue damage occurrence. This included
probabilistic modelling of structural properties, traffic load
actions, as well as the fatigue resistance. The distributions of
many of the probabilistic variables were adopted based on the
recommendations of the probabilistic model code [17]. The
limit state function was defined according Eq. 3, where D, is
the accumulated fatigue damage at the failure (defined as a
probabilistic variable) and Dy,,,. is the fatigue damage
accumulation within one year (also a probabilistic variable).

G(t) = D¢ — Dyeqar - € (3)

The failure probability and the reliability index are then
evaluated using Eq. 4 and 5, respectively.

Pe(t) = P[T < t] = P[G(t) < 0] 4)
B =-o"1(P) (5)

Figure 15 shows Dy,,, for the detail Nr. 3, compared
between different models. The blue curve represents the case
without using any monitoring data (no prior information) and
results into the highest estimates of damage accumulation. If
the model uncertainty can be estimated from the monitoring
data, it can substantially reduce the total uncertainties. In here,
the model uncertainty was determined from the uncertainty of
influence lines evaluated from the measurements with the test
train and the resulting distribution of damage accumulation (the
orange curve) shows a significant reduction as result. The
influence lines still correspond to the initial model, i.e. without
updating.

After the model updating, the evaluated damage
accumulation shows further reduction, as it can be observed
from the green curve obtained using updating with the squared
differences approach (Eg.1), and red curve obtained using
updating with the Gauss error function approach (Eq.2).
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Figure 15. Distribution of the yearly fatigue damage
accumulation on detail 3 using different numerical models.

The Figure 16 shows the reliability index evaluated at
different points in time, comparing the same evaluation cases
as in Figure 15: blue curve — without monitoring, orange curve
— model uncertainty from monitoring but no updating, green
and red curves — with additional model-updating step. The
minimum required value of the reliability index is specified to
be inrange 1.5 - 3.8, depending on the accessibility of the detail
and other factors. This range is displayed as a grey area. The
failure probabilities related to reliability indices of p=1.5 and
B=3.8 are Py=0.067 and Ps=7.23 .10, respectively.

Whereas without monitoring data, the reliability index would
reach after 100 years the value of p=2.1 (P: = 0.018), the
inclusion of monitoring data combined with model updating
could increase the reliability index value up to p=4.35 (P:=
6.8 .10°) in this particular case.
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Figure 16. Development of the reliability index for detail 3
over time: comparison of different models.

5 CONCLUSIONS

The presented work summarizes the uncertainty parameters
affecting fatigue damage evaluations and shows a way of
dealing with them in a full-probabilistic analysis. The traffic
loads can be updated using section-specific data, preferably
wayside monitoring data that provide measured axle-load
sequences. Alternatively, train management data can also be
used to derive alternative, section-specific axle-sequences for
fatigue evaluations. Since they rely on less accurate data
regarding train masses compared to wayside monitoring, they
tend to provide more conservative results. The use of train
management data could be regarded as intermediate step
between wayside monitoring (which is the reference) and the
use of Eurocode fatigue load models.
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Probabilistic fatigue evaluations have shown that updating of
the uncertainty of influence lines using monitoring data
contributed significantly to improving the result accuracy, as
compared to the case with no prior information, in which model
uncertainties according to recommendations of the
probabilistic model code were used.

The updating of the numerical model provided a further
increase of estimated reliability indices, at a cost of significant
computational effort required to perform the model updating.

The results presented in this use case cannot be generalized.
The increase of reliability index due to more accurate models
of traffic loads and the numerical model of the bridge depend
on many factors that are specific to the respective track section,
the bridge structure and the monitoring system applied.

The purpose of this work was rather to present an approach
that encompasses dealing with uncertainties on the side of
traffic loads as well as of the structural response, and joins them
together with probabilistic definition of fatigue resistance in a
full-probabilistic evaluation of the fatigue reliability index.

The application of the presented methods could be
recommended especially for cases where larger discrepancies
between the original fatigue assessment assumptions and the
reality are suspected. This may apply to bridges on track
sections with much lower (or much higher) portion of freight
traffic, or sections where freight trains operate with a
significant number of empty wagons. Further, bridges with
larger modelling uncertainties may profit from the use of
monitoring data, for example short bridges (due to uncertain
track interaction) or bridges that were calculated using models
with significant simplifications, especially simplifications of
member connections.
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ABSTRACT: The OBB Rheinbriicke, situated in the vicinity of Lustenau, represents a novel approach to steel-concrete composite
arch structure engineering, boasting a span of 102 meters. The primary supporting structure is a tied-arch comprising 12 round
steel hangers, each with a diameter of 100 mm, situated on either side of the bridge. The maximum length of the hangers is 18.9
meters. In arch bridges of this type with steel hangers, wind-induced vibrations in the hangers can result in high-frequency, high-
amplitude fluctuations in stress levels, particularly in the hangers and their connections. This can be problematic from the
perspective of fatigue, particularly given that the hanger connections often have notch-sensitive details. Following the completion
of the bridge, comprehensive monitoring was conducted in accordance with the original plan. This was done with the objective of
acquiring data regarding the vibrations experienced by the hangers and the subsequent damage to the material. This data was then
used to determine whether vibration-reducing measures were necessary. During the course of monitoring and subsequent
evaluation, it was observed that wind-induced vibrations in the hangers could result in the occurrence of fatigue-relevant stress
ranges. This article serves to emphasise the importance of structural health monitoring in confirming the efficacy of vibration
reduction measures, which have the potential to extend the service life of railway bridges.

KEY WORDS: monitoring; wind-induced vibrations; fatigue.

1 INTRODUCTION

Railway bridges, integral to transportation networks, are
subjected to diverse and dynamic loading conditions,
necessitating diligent monitoring and maintenance strategies to
guarantee their continued safety and operational efficiency.
Specifically, the application of SHM to railway bridges enables
the early detection of potential damage or deterioration, thereby
averting catastrophic failures and extending the lifespan of
these critical infrastructures. The implementation of SHM
systems typically involves the deployment of various sensors,
data acquisition systems, and communication networks to
continuously monitor key structural parameters such as strain,
displacement, acceleration, and temperature [1] By analyzing
the data acquired from these sensors, engineers can identify

Figure 1. OBB Rheinbriicke

The entire bridge has a continuous ballast bed. The tied arch

anomalies or deviations from baseline behavior, which may
indicate the presence of damage or deterioration [2] The
integration of advanced data analytics, significantly augments
the capabilities of SHM systems, enabling the detection of
nuanced changes in structural behavior that might elude
traditional inspection methodologies. These analytical
techniques can discern patterns and trends in the data, thereby
providing valuable insights into the underlying mechanisms
driving structural degradation. [3]. In light of these
considerations, this paper delves into the practical application
of SHM in assisting the decision to apply correction
measurements, with a particular focus on the OBB Rheinbriicke
near Lustenau. the OBB Rheinbriicke is single-track and
electrified. It is a total of 276.5 m long and 7.95 m wide and
consists of a 102 m wide tied arch bridge over the Rhine as well
as four trough bridges over the western foreland and two trough
bridges over the eastern foreland (Figure 1).
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bridge has two parabolic arches made of reinforced concrete,
which are clamped in steel sleeves on the end cross girders. The
bridge structure has twelve round steel hangers with a diameter
of 100 mm on each side of the bridge. The maximum hanger
length is 18.9 m. The connection of the hanger trapeziums to
the connecting plate and the connecting plate to the upper
flange of the longitudinal beam are designed as welded seams
(Figure 2).

Wind-induced vibrations in these hangers can lead to high-
frequency, high-amplitude stress fluctuations, particularly in
the hangers and their connections, posing a significant fatigue
risk. The susceptibility to fatigue is exacerbated by the presence
of notch-sensitive details in the hanger connections, rendering
them vulnerable to crack initiation and propagation under
cyclic loading conditions [4]. Great attention was already paid
to this issue during the planning phase of the bridge built in
2011. However, in order to gain experience of the phenomenon
of hanger vibrations for this and future bridges, the hangers
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were initially designed without vibration-reducing measures.
nevertheless, precautions were taken for the later installation of
measures to reduce vibrations.
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Figure 2. Detail of the hanger connection

Two wind related physical phenomena, vortex-induced
transverse vibrations and rain-wind-induced vibrations, can
appear during the structure's service life. Those characteristics
of those phenomena are briefly described below.

e Vortex-Induced Vibrations: These vibrations are caused by
vortices detaching alternately from each side of the hanger. The
frequency of this oscillating force is related to the Strouhal
number, approximately 0.2 for cylinders. According to [5], the
critical wind speed for the respective mode shape is calculated
using equation (1)

Uerit,i = f;_tD 1)

Where D is the hanger diameter, f;is the natural frequency of
the respective mode shape and St is the Strouhal number.

e Rain-Wind-Induced Vibrations: These vibrations occur
during simultaneous rain and wind events. They are
characterized by low frequency and high amplitude, potentially
leading to high stress amplitudes. According to [5], [6] the
critical wind speed for this type of excitation can be calculated
using equation (2).

A 0.6
Veriti = 735D fo . (%) (2)

where D is the hanger diameter, fo is the reference frequency
and f; the natural frequency for the respective mode shape

Empirical studies [7],[8],[9] indicate these vibrations are
most likely in light to moderate rain and wind speeds between
4 and 20 m/s.

2  MONITORING SYSTEM AND DATA EVALUATION

After the construction of the bridge, an extensive measurement
program was started as planned. The monitoring system
deployed on the OBB Rheinbriicke comprised an array of
sensors strategically positioned to capture the dynamic
response of the hangers. In the preliminary stage of the
program, two cables of varying lengths were subjected to
monitoring. H6, the longest cable on the bridge, measures 19
meters, while H4 measures 14 meters. The most critical
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element in terms of fatigue failure was used as the reference
point for calculating the stresses. In the present case of the
Rheinbriicke, they are the connections between the connecting
plates of the hanger and the upper flange of the longitudinal
girder (Fiure. 2) which present a notch type of 45 N/mm(2)
([10], Table 8.5, Design Detail 1). Strain gauges were affixed
to these hanger connection plates to measure stress variations,
while accelerometers were installed to capture vibrational
frequencies and amplitudes on the hangers. In addition,
temperature sensors were integrated into the system to account
for thermal effects on the structural behavior of the bridge. The
acquired data was transmitted in real-time to a central data
acquisition system, where it underwent processing, analysis,
and storage. Table 1 and Figure 3 show the number and location
of the installed sensors.

Table 1. Sensors at the Rheinbriicke

Ref.in Number of
Figure 3 Sensors

Acceleration AS 8
Displacement Weg 2
Temperature (Component) TEMP 4
Linear strain gauges DMS-L 35
Rosette strain gauges DMS-R 10
Wind speed 1
Wind direction 1
Rain intensity 1
Air temperature 1

In order to keep the amount of data reasonably limited, the
strain values are recorded in a triggered manner; the recordings
are started at accelerations greater than 0.4 m/s? at the hangers.
The weather data and temperature, on the other hand, are
recorded continuously.

1xDMS-L
2xDMR-R
1xTEMP
dLower chord Lower chord Lower chord
2xDMS-L 2xDMS-L
1xTEMP

2xDMS-L |1xDMS-L
2xDMR-R

Lower chord |[Lower chor

Concrete plate

) L SxFOS )

Hanger 4

p—" ro— Y
Hanger 7 Hanger 6

Figure 3. Position of the installed sensors

During the almost ten-year monitoring period (April 2013 to
the end of 2022) on the Rhine bridge, numerous events with
vortex-induced transverse vibrations and rain-wind-induced
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vibrations were recorded. To evaluate the recorded data, the
critical wind speeds were calculated using formula (1) for
vortex-induced vibration and formula (2) for rain-wind-
induced vibration. The calculated speeds were useful for the
analysis and classification of the different events.

To assess the effects of the wind induced vibrations on the
fatigue resistance of the structure, the cut-off limit for the
fatigue strength was calculated according to [10], resulting in a
value of 15.8 N/mm2. This implies that every stress range
above this limit is relevant for the fatigue resistance. and must
be considered for the damage accumulation. The process of
damage accumulation is an important aspect of fatigue analysis
asitis used to predict the remaining service life of a component
or structure. The Palmgren-Miner rule [11,12] has been used to
calculate the amount of damage produced by a given loading
history by summing the damage caused by each loading cycle.

The following sections describe one event of each type,
providing a better insight into the effects of these events on the
structure.

2.1 Vortex induced vibrations

Table 2 shows the calculated frequencies for the monitored
hangers.

Table 2. Natural frequencies

Hanger H4 H6
Mode f[Hz] f[Hz]
Shape

1 4.0 3.5
2 8.7 7.4
3 145 11.9

The measurements carried out show that the critical wind
speed calculated for the 3rd natural frequency wind speed
Vaits= 6 m/s caused the hanger H6 to oscillate over longer
periods of time with stress oscillation amplitudes above the
fatigue strength threshold value, as the stress history plot in
figure 4 shows. During the duration of the event, the condition
for vortex-induced vibration excitation was fulfilled by a
constant wind speed around the calculated critical speed for a
long period of time (over two hours in this event).

W0

15

]

o

lzwuyN] ssong

H7

He

Ha
—=-Fatigue Limit

-20 L I

u2:24 U2:38 u2:52 T 03:21 03:36 0350
Time

Figure 4. Stresses caused by a vortex-induced vibration event

Figure 4 shows that the stresses measured on cable H6 are
much higher than those measured on cable H4. The stresses on
cable H4 are irrelevant for fatigue damage. Figure 5 clearly
shows that the measured frequencies are close to the calculated
third natural frequency. This indicates that higher natural
modes than the first must be considered when evaluating
fatigue damage.
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Figure 5. Frequency of the vortex-induced vibration

2.2 Rain-wind induced vibration

To detect and characterize event of this type, a criterion based
on the calculated critical speed (table 2) for the first natural
frequency and the presence of persistent precipitation has been
applied. A typical stress history for this type of events is
presented in figure 6.
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Figure 6. Stress history over a rain-wind induced vibration
event

During the duration of this event, the wind speed was only
occasionally in the range of the calculated critical wind speed
verit,1= 157 m/s, the damaging vibrations nevertheless
occurred for a longer period of time. It should be also noted that
it rained unusually heavily (over 50 mm/h) shortly before the
build-up. Generally, from the recorded rain-wind-induced
events, it can be inferred that the stress range of hanger H6 is
significantly higher than in events in which vibrations are
caused solely by vortex-excited transverse vibrations.

3 FATIGUE DAMAGE AND LIFE CYCLE

During the entire bridge monitoring period, regular
calculations of the remaining service life of the critical weld
seam between the connecting plate and the top chord of the
longitudinal girder were carried out on the basis of the
Palmgren-Miner rule. In order to be able to make a statement
as to whether the observed stresses could become a problem for
the hanger connections over the years, the stress range
collective recorded during the measurement period was
extrapolated to a service life of 100 years in this work. For this
purpose, it is assumed that exactly the same stresses occur
during the extrapolation period as during the period in which
the monitoring was carried out. Under this assumption, the
collective stress range measured can simply be multiplied by a
corresponding factor and thus a forecast for the theoretical
service life can be created using the Palmgren-Miner
hypothesis. No distinction was made between individual
vibration types in these forecasts; all vibration sources such as
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rain-wind-induced vibrations and vortex-induced transverse
vibrations, as well as train passages, are therefore included
here. The data are added together to obtain a statistically sound
statement about the remaining service life of the monitored
hangers. It should be noted at this point that only heavy freight
trains can cause stress oscillation amplitudes relevant to
fatigue, and that these do not significantly reduce the remaining
service life, due to their low frequency. The history of the
theoretical residual service life is shown in Table 3

Table 3. Progress of theoretical service life (years)

Hanger Marz July June June June Nov.
2018 2019 2020 2021 2022 2022

H4 465 269 394 475 573 626
H6 42 40 21 18 22 23
H7 207 360 265 353 461 518

The remaining service life forecasts show that the influence of
wind induced vibrations, on the hanger H6 is remarkable, while
the influence on the shorter hanger (H4) plays a subordinate
role with regard to the planned service life.

4  VIBRATION-REDUCING MEASURES

Following the results of the monitoring campaign, it was
decided to install a system to reduce the effects of vibration on
the Rheinbriicke. Interconnecting adjacent cables using cross-
ties is a method that has been experimentally tested on
numerous suspension bridges [13], which simply and
effectively mitigates the effects of wind-induced vibrations. In
addition, this vibration reducing measure was already proposed
during the planning phase in case of need. It consists of
connecting the bridge hangers with small-diameter cables. In
this way, the vibration energy is distributed over several
hangers with different natural frequencies. In this manner,
unexcited hangers act as dampers [13,14].
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Figure 7. Vibration reducing cable

In May 2017 such measure was implemented by installing
a 3 mm cable connecting hanger H7 and hanger H8 (Figure 7).
After installation, H7, which has the same length as H6, was
also monitored to evaluate the effectiveness of the procedure.
As can be seen in figures 3 and 4, the amplitude of the measured
stresses is significant reduced when compared with those in
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hanger H6. Using this method, it is possible to improve the
issue of fatigue damage in the structure, as can be seen from the
calculation of the theoretical service life in Table 3. In the
summer of 2021, the measure was installed on the remaining
bridge cables. The data presented in Table 3 unequivocally
reveals a trend change in the theoretical service life of cable H6
since the installation of the connecting cable. This finding is
confirmed by calculations for the subsequent years, thereby
underscoring the beneficial effect of this measure.

5 CONCLUSION

This article presents the effects of vortex-excited transverse
vibrations and rain-wind-induced vibrations on the OBB
Rheinbriicke near Lustenau. Data collected during a long and
extensive monitoring campaign on the bridge were used for this
purpose.

The following conclusions can be drawn from the analyzed
data:

e Wind-induced events cause fatigue-relevant stresses
that are dependent on the weather conditions

e The effects of vortex-induced and rain-wind-induced
events on the fatigue strength are much more
pronounced for the hangers with greater length.

e The damaging effect of such events can be effectively
reduced by installing cables joining adjacent hangers
The theoretical service life increases progressively,
which confirms the positive effect of the measure
against fatigue failure.

These findings underscore the critical importance of
considering wind-induced vibrations in the design and
maintenance of arch bridges, especially those with slender steel
hangers. The implementation of a structural health monitoring
system proved invaluable in detecting and quantifying these
vibrations, allowing for timely intervention and mitigation
strategies. The SHM system enabled the detection of wind-
induced vibrations in the hangers, which could have led to
fatigue damage and premature failure, thus contributing to the
mitigation of potential risks.
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Acoustic emission monitoring of fatigue cracks for railway steel bridge inspection
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ABSTRACT: Railway steel bridges are often affected by material fatigue, i.e. crack formation and crack growth at areas of high
stress concentrations under millions of load cycles due to the traffic load. To support the continued safe operation of these
structures a flexible and robust system solution for structural health monitoring is needed. It provides the responsible bridge
inspector with useful information regarding the current condition and the future development of the monitored area. This offers
the infrastructure operator an opportunity for optimised planning of inspection intervals and maintenance measures and helps to
extend the service life of these structures. For this purpose, the RISE system was developed by TUV AUSTRIA in close
cooperation with the Austrian Federal Railways OBB. The RISE system monitors fatigue cracks and/or highly stressed areas using
acoustic emission (AE). The system records the AE response from the monitored area while the material is stressed by the usual
day-to-day railway operations. The analysis of the change of this material response over the monitoring period is used to predict
the future development of the crack. In this paper the application of the RISE system for bridge inspection is presented for steel
bridges in the railway network of OBB. The system solution is presented as a whole, from the installation on-site until the

evaluation of the monitoring data and the obtained results supporting the responsible bridge inspectors.

KEY WORDS: SHMII-13; acoustic emission, fatigue cracks, steel bridges.

1 INTRODUCTION

Steel bridges are often affected by fatigue cracks due to cyclical
loading caused by trains passing over them. Bridges at the end
of their service life inevitably develop such cracks. The OBB
team takes care of the maintenance of the bridges in its railway
network and thus ensures the safety of the day-to-day train
traffic. OBB employees inspect the bridges at regular intervals
and assess their condition.

OBB was looking for a way to find a tool for these bridge
inspectors to give them a way to monitor fatigue cracks and
detect cracks at locations where cracks are suspected. In
addition, this tool should be able to predict the future
development of the condition of the monitored component
when cracks already present, to help with a more precise
planning for inspections intervals and repair measures. As part
of the Rail4Future program co-financed by the Austrian
Research Promotion Agency, the monitoring of cracks using
acoustic emission (AE) was selected as the method.
TUV AUSTRIA and OBB have been cooperating for years in
the implementation of acoustic emission as a monitoring tool
for railway steel bridges. As part of this cooperation, a stand-
alone solution, RISE (Remote Inspection System Edge), has
been developed. A monitoring solution for the detection and
monitoring of fatigue cracks on railway steel bridges.

RISE offers monitoring as a service for railway infrastructure
operators, from setting up the monitoring, recording the data to
generating the report. In addition, a prediction on the future
development of the crack is also provided.

This method is known as the failure forecast method (FFM).
A method that is utilizing the near constant measurement data
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stream from the device to predict the time until the maximum
utilization of the monitored component is reached.

The RISE device was developed with the focus point to be a
reliable and easy to install acoustic emission monitoring
system. RISE is specifically designed for monitoring due to its
compact design, low power consumption and simple
installation.

2  OVERVIEW OF MONITORING SYSTEM

2.1 Technical overview

RISE by TUV AUSTRIA is an acoustic emission system
designed for detection and continuous monitoring of fatigue
cracks. RISE consists of a hardware component, the RISE-
Core, which is installed on site and a server infrastructure for
data evaluation and monitoring result presentation on an online
dashboard. The data from the RISE-Core is sent to this data
platform via a mobile network and an encrypted connection.
The data stream is processed on the server. The results are
displayed on a graphical online interface, the RISE dashboard,
where they are accessible by the customer.

The RISE-Core is installed at the position where a crack is
suspected, or an already existing crack needs to be monitored.
The system has four acoustic emission channels. The connected
piezoelectric sensors detect the mechanical waves generated by
the growth of cracks inside the material. Acoustic emission
occurs when the defects in the material are excited by a load.
The propagation of the defect is accompanied by the release of
energy in form of an elastic wave. Acoustic emission is
therefore a passive non-destructive method. In the case of
railway steel bridges, the load needed for activation of cracks
is the passage of trains over the bridge from the usual daily
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traffic. Monitoring with the system therefore provides
information about the acoustic emission material response to
the currently operational load.

The preprocessing of the signals in the form of extraction of
basic acoustic emission parameters takes place on site. The
system is designed so that the power can be provided via a small
off-grid solar system. A mobile network connection is required
to outsource the needed computing power to a server. It is
possible to use several RISE-Cores on one bridge. For every
monitoring position one RISE system is required.

2.2 Theory of operation

Every time a train passes over the steel bridge, the material is
stressed. This can cause fatigue crack growth to occur at
locations with high stress concentrations due to periodic
overloading of the material. The crack growth is accompanied
by a stress reconfiguration and a sudden release of energy in
form of elastic waves in the material. The mechanical waves
propagate in the material and can be converted into an electrical
signal utilizing the piezoelectric sensors. This signal is
digitalized and the acoustic emission parameters that are
relevant for further evaluation are extracted from it. The system
therefore is recording the AE material response to the
operational load.

As first processing of data on the server, located events are
calculated. This method deals with combining the signal
information from the whole sensor array and not an individual
sensor only and providing the information about the point of
origin of the mechanical wave. To indicate an acoustic
emission event as a located event, several sensors must be
excited by the mechanical wave and the strength of the
electrical signal generated by the piezoelectrical element must
exceed a specified threshold (in mV). In addition, the time
difference on arrival at the different sensors must not exceed a
certain specified value (1st-Hit Discrimination Time). This
time value is related to the distance between the sensors and the
time it takes for the mechanical wave to travel this distance at
a defined speed of sound. The calculation of the wave's point
of origin is calculated from the time differences of the
individual signals, the speed of sound and the position of the
sensors. The detection of the events relevant for further
evaluation is carried out by 3 measuring sensors, which
surround the crack or the monitored area in a triangular
configuration.

So-called guard sensors are used to ensure that no noise from
outside the monitored area interferes with the measurement.
These are placed around the measuring array consisting of the
three measuring sensors. Incoming waves that are first detected
by one of the four guard sensors are not used to calculate the
material response, as the system recognizes that the mechanical
wave originated outside the monitored area of interest.

RISE provides a statement about the further development of
the crack after a given measurement time. This method is
known as the failure forecast method. The information helps
the infrastructure operator to plan the inspection intervals and
repair measures for ageing bridges. The method is based on
rate-based structural health monitoring and requires near-
continuous measuring data [1].

Many load-controlled processes, such as fatigue crack
growth, show positive feedback. Crack growth accelerates as
the degree of degradation progresses. The closer the system
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gets to the point where it has exhausted its capacity to withstand
the load, the higher the rate at which the degradation
progresses.

This point in time is therefore the time when the maximum
utilization of the monitored component is reached. The
advantage of this method is that it is not the crack growth per
se that is monitored, e.g. the crack length, but the change in a
measured value that is symptomatic for the degradation (see
Figure 1).

accumulated AE response of material

train passings

Figure 1 Illustration of the acoustic emission material
response with the progression of a fatigue crack growth due to
the cyclic loading of trains passing over the bridge.

In the case of acoustic emission monitoring, this value can be
the energy of the acoustic emission signals, localized events, or
hits detected from the monitored area.

Crack growth generates a mechanical wave that propagates
through the material by releasing elastic energy stored in the
crack tip. These mechanical waves can be converted into an
electrical signal using piezoelectric sensors, which is then
digitized and made available for further evaluation. The
advantage of FFM over conventional methods for assessing
degradation is that it does not require any detailed information
about material properties and crack geometry. Only the
material response to the operational conditions over time
provides the data required to make a statement about future
development.

Fukuzono [2] and Voight [3][4] were able to show in their
works that there is a correlation for many degradation processes
that can be expressed in Equation 1:

dzq an\*
w=4(%) @
Q is the measured variable associated with the degradation.
In the case of monitoring fatigue cracks on steel bridges, the
variable is the accumulated acoustic emission response of the
material (see Figure 1). The two constants A and o are
empirical parameters that are dependent on the process under
consideration. The equation can be integrated in the range from
t to time t; (time of maximum utilization of the component) with
a> 1 (Equation 2):
an

(17 %) = @-vae -0 @

dat

The equation can be further simplified for the case that a~2,
which is the case for fatigue crack growth [1]. This can be
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verified from the measurement data by plotting the logarithm
of the first and second time derivatives of Q and finding o from
the calculated slope.

So obtained equation shows a linear correlation (Equation 3).

g Al =10 3)

As the rate of change of the material response is very high at
the point in time at which the maximum material utilization of
the monitored component is reached, a statement can be made
from the monitoring data about this point in time. For this
purpose, the inverse rate of the material response is plotted
against time. The calculated linear regression line intersects the
time axis at the point where the inverse rate of change of the
material response approaches zero (see Figure 2).

Based on the remaining time until the maximum utilisation of
the component is reached, a traffic light rating system is set up
and the operator is given a recommendation on how to proceed.
If the time until maximum utilisation is reached is longer than
the time window of a regular periodic inspection, further
monitoring is only necessary within the designated time (green
area). If the time interval is shorter than the time window of a
periodic inspection, a permanent monitoring is recommended
(yellow area). If the time to maximum utilisation of the
component is very short, not only a further inspection is
required, but also safety measures are appropriate (red area).

The failure forecast method is shown to be tolerant for
random variable amplitude loading that is statistically
stationary as it is the case for train passages that have a variety
of train mass [7]. A significant change in the exploitation of the
bridge would require a new monitoring of the material response
due to drastically changed traffic loads.

Predicted

Maximum

Utilization
I

inverse AE material response rate
(AQ/ dty?t

time (t) t

Figure 2 Illustration of application of the failure forecast
method on continuous monitoring data. The linear regression
line is intersecting the time axis at the time point of maximum

utilization of useful life of the monitored component.

3 FIELD APPLICATIONS

3.1 Bridge with fatigue cracks in the area of the transverse
stiffener to the main girder web plate

During the regular inspection of this bridge, cracks were
discovered in the area of the main girder web plates. In the first
on-site analysis, these cracks could be identified as fatigue
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cracks [5]. The cracks were limited to the connection detail of
the transverse stiffeners welded to the main girder web plate.

Figure 3 Monitored position with the suspected crack at the
welded connection of the transverse stiffener to the main
girder web plate

A concept of measures was developed to carry out an
objective assessment of the cracks on the main girder based on
calculations and measurements and to make a statement about
the future development. In the subsequent measurements,
TUV AUSTRIA was called in to help assess reinforcement
measures by means of acoustic emission measurements at the
crack positions [5]. Around 14% of the 140 identical elements
were affected by the cracks. During this initial AE
measurements, also at some reference points with no
reinforcement installed, a new crack indication was detected. It
was decided to do a further AE-monitoring using the RISE
system at this position of interest (see Figure 3) and to assess
the possible future development of the crack. The aim was to
test the RISE as a tool for detecting cracks in the early stages
and to use the measurement results of the monitoring to predict
the future development of the cracks.

The measuring equipment required for the monitoring was
installed while the bridge was in operation, so the train traffic
was not affected. The piezoelectric sensors (VS150-RSC from
Vallen, peak frequency at 150 kHz, integrated preamplifier
with gain of 34 dB) were installed as shown in Figure 5. Three
sensors were installed near the crack position. These sensors
record the mechanical waves coming from the crack. To
improve the coupling of the sensors to the surface, they were
mounted with a coupling agent. In addition, the paint layer was
removed off at the sensor positions. The sensors were attached
to the surface using magnet holders. The connection to the
sensors was made via BNC-cables (1.5 m). The RISE-Core
measuring system was also attached near the measuring
position using a magnetic holder. Four guard sensors were
installed around the measurement position to shield the
measurement setup from interfering noise from sources other
than the crack position. These were positioned to suit the
installation location in such a way that possible interference
signals were first detected by the guard sensors and thus filtered
in the signal processing. As a 230V connection was available
near the bridge, the measuring system was connected to this.
This was the only cable that had to be laid out to the measuring
position.
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Figure 4 Top - Location map of events from pencil lead
breaks at the position of the suspect crack. Bottom — Location
map of events acquired after one train passage over the bridge

in the position of the crack indication localized with pencil
lead break test.

The functionality of the installation of the measuring device
(RISE-Core) and the sensors for condition monitoring could be
checked using user friendly installation software known as
"Client Setup Mode". This software solution offers a
supporting function for checking the functionality of the
measuring chain, coupling verification of the sensors and
localization in accordance with the EN 17391:2022-06
standard. Verification is carried out using a pencil lead break
(0.5mm/ 2H, in accordance with ASTM E976). A simple and
reproducible event with energy in the order of magnitude of
crack growth events. To check the function and the correctness
of the set parameters, pencil lead breaks were carried out in the
area of the suspected crack (Figure 4).

Figure 5 AE sensor arrangement at the monitored position
with suspected crack. Sensor 2, not in the picture, is
positioned behind the connection detail in the distance of 12
cm from the suspected crack.

This area is also where the crack growth events are to be
expected. The Figure 4 shows in the bottom map the localized
events after a train passing over the bridge. The entire
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installation and inspection of the measurement setup can be
carried out by a trained technician within one hour. The
measurement period was 6 months.

During this time, the passings of the individual trains and the
resulting AE material response were recorded.

3.2 Monitoring at five representative points on a riveted
steel bridge

This case involves a riveted steel bridge built in 1936, which
was found to be in good condition during a visual inspection by
the OBB bridge inspectors. The bridge was to be given a new
corrosion protection. As this is a cost-intensive maintenance
measure for the infrastructure operator, the OBB wanted to help
with additional useful information to support the final
evaluation of the condition of the bridge through the
responsible bridge inspectors.

With the help of the bridge inspectors, five neuralgic areas on
the bridge were selected. These points were selected from the
experience of the technicians responsible for the inspection as
the components most affected by cracks and can thus be used
to assess the general condition of the bridge. This field example
deals with the measurement of the first selected area, a
transverse stiffener in the area of the fixed bearing of the bridge.
This case is an example for monitoring of a hot spot. A larger
area is monitored than in the case of already known cracks.
Here too, the 3 measuring sensors (see Figure 6) detect the
incoming mechanical waves in a triangular arrangement, which
are triggered in the material by the load of the trains crossing
over the bridge.

% ,

monitored area”

Figure 6 AE sensor arrangement at the monitored position for
hot spot monitoring at the area of the riveted connection
element of the transvers stiffener to the main girder.

The material response is evaluated for crack growth and
provides information about the condition of the material in the
monitored area. As commercially available magnetic sensor
mounts are too large for the distance between the individual
rivets, in-house developed sensor mounts are used for the
riveted bridges. In addition, 4 guard sensors were applied
around the triangular configuration of the measuring sensors in
order to exclude spurious noise outside the measuring
arrangement.
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Figure 7 Modular PV-solution for RISE.

As there was no power supply on site at this bridge, a modular
PV system was installed (see Figure 7) to supply the RISE
device with power.

RISE requires less than 10 W of power when all sensor
channels are fully utilized. The entire equipment could be
transported to the site by three men.

4  RESULTS

The material response was recorded by the RISE system during
the monitoring process. The results of the cumulative plot of
the AE material response can be seen in the Figure 8. At first
glance, different trends in the material response can be
recognised in the progression of the individual curves. The
curve with the most pronounced progressive course is the
Pinkabach bridge. A bridge that was completely dismantled in
a single piece by OBB and equiped in the workshop with a
shaker. It was subjected to a fatigue test [41]. As part of the
Rail4Future project, TUV AUSTRIA, in cooperation with
OBB, carried out an acoustic emission measurement on the
main girder bottom flange during the fatigue test, where an
artificial crack was introduced and the AE material response
during fatigue crack growth was observed.

accumulated AE material response

monitoring time

Figure 8 Comparison of AE material response of the different
bridges. Monitoring time is normalized. Red: fatigue test on
the Pinkabach bridge with artificial introduced crack. Yellow:
monitoring of a bridge at crack position. Green: representative
hot spot on a bridge with no known crack indications.
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The crack had grown after its initiation at the notch near to
the edge of the bottom flange in transversal direction almost till
to the web plate at the centre of the girder.

The material response shows a progressive growth, which is
a well-known trend in the acoustic emission for sever
degradation. In comparison to the Pinkabach bridge, both the
trends of the crack affected bridge and the riveted bridge show
a linear progression. The slope of the cumulative AE response
is significantly more pronounced on the crack affected bridge
where crack monitoring was performed than on the riveted
bridge.

The application of the FFM like in the Figure 9 delivered the
prediction of time of maximum utilization of the monitored
components for the two bridges. In the case of the crack
monitoring, for example, it was possible to conclude that
further monitoring should be carried out at the next scheduled
inspection interval. The riveted bridge showed that the
remaining time until maximum utilisation of the first monitored
position is so far in the future that a new investment in a new
corrosion protection will be resonable, when the other positions
will show a similar result. Other positions on this bridge are
still being monitored in order to make a general statement about
the overall condition of the bridge. The results are made
available to the customer on an online dashboard using a traffic
light system. This allows the customer to track the status of
their monitored bridges and components.

Predicted
Maximum
Utilization

N

inverse AE material response rate

time

Figure 9 Failure forecast method applied on the monitoring
data. Areas for the traffic light result grading system are
marked.

5 SUMMERY

The system solution RISE by TUV AUSTRIA was presented
as an acoustic emission monitoring tool for railway steel
bridges. The acoustic emission monitoring system is able to
detect and monitor cracks. Based on the failure forecast
method, a statement can be made about the condition of the
monitored component and after several months of measurement
a further prognose when the maximum utilization of the
component is reached.

Two field examples were used to demonstrate how RISE
could support the OBB bridge inspectors. A field case for
identification of a suspected crack at the monitored component
of interest was shown. After the detection of the crack a forecast
for remaining time, until the maximum utilization time of the
component, was done. In the second case a hot spot monitoring
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was shown. Where the component was monitored to make sure
that it was in good condition and no crack activity was present.

The system helps the infrastructure operators and bridge
inspectors to plan maintenance intervals, repairs and new
reinvestments measures for ageing bridges. This saves the
infrastructure operator costs and reduces the man-hours
required for monitoring. The examples showed that the system
can be installed easily and in a short time. The monitoring does
not require any major interventions and the installation can
often be carried out while the bridge is in operation. The results
and recommendations for the customer can be made available
via an online dashboard using an easy-to-understand traffic
light system.

In addition to the numerous monitoring projects already
carried out on railway steel bridges, further bridge monitoring
projects are planned with the help of which RISE can be
established as an indispensable tool in bridge inspection and a
helpful addition to the classic periodic inspections.
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Rail track subsurface imaging from train vibrations recorded at dark fiber networks
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ABSTRACT: We demonstrate the practical feasibility of assessing geotechnical parameters of rail infrastructure based on ‘dark
fiber’ distributed acoustic sensing (DAS) recordings using trains as sources. A workflow to image the shallow (3 m — 20 m depth)
subsurface in terms of shear wave velocity has been established. The shear wave velocity distribution is obtained from inversion
of seismic surface waves excited by the trains and recorded on the fiber optic cables, and is used as a proxy for the geotechnical
strength (e.g., shear modulus). Our results allow for the interpretation of potential geologic hazards and other features relevant
for assessing the geotechnical integrity of rail infrastructure. This approach does not require dedicated field measurements or
interruption of the train schedule, and therefore represents a cost-effective and robust method for different application scenarios.

KEY WORDS: DAS, hazard, infrastructure, rail, near-surface geophysics

1  INTRODUCTION

Shallow geologic hazards such as washouts, Karstification,
liquefaction, or mass movements pose risks to rail
infrastructure and operations. Additionally, the stability of
artificial rail embankments may be affected by poor
consolidation or external influences such as extreme weather
events or neo-tectonic activity. While the conventional near-
surface geophysical toolbox provides a range of suitable
investigation methodologies, their application to rail networks
is challenged by the train operation schedule and the potentially
large spatial extent.

In recent years, Distributed Acoustic Sensing (DAS)
performed on existing fiberoptic cable infrastructure (‘dark
fiber’) has become a widely used approach for seismic
subsurface imaging and monitoring (Li et al, 2022). As many
rail tracks are equipped with fiberoptics for telecommunication
purposes, and trains are sources of abundant seismic energy,
the method is potentially well suited for seismic subsurface
imaging below rail tracks (Hernandez et al., 2023; Fuchs et al,
2018).

We present a case study from Austria (Europe), where DAS
registrations of commuter trains along a 6.5 km long rail track
section were used to image the shallow subsurface. A workflow
comprising data selection, seismic interferometry, and
advanced MASW (multi-channel analyses of surface waves)
techniques resulted in almost continuous coverage of the shear
wave velocity (Vs) in the depth interval ~3 m - ~20 m. The
results were validated against conventional MASW data and
existing geologic/geotechnical information.

2  METHOD

DAS measurements provide strain or strain rate variations
along a fiberoptic cable with potentially high resolution and
accuracy. Dynamic strain variations are an expression of
dynamic medium deformations, and therefore DAS data can be
considered as first-order proxies to seismic wavefields. Seismic
processing techniques can be used to model and characterize
the subsurface in terms of shear wave velocity (Vs) distribution
which is indicative of geotechnical properties (e.g., shear
modulus). Our workflow starts with geometrical calibration of
the DAS recordings and selection of recording periods which
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include trains. In a next step, the seismic interferometry method
(e.g., Wapenaar et al., 2010, and references therein) is applied
to reconstruct surface Rayleigh waves propagating in-between
individual DAS channels and is used to synthesize virtual shot
gathers for each channel. Those shot gathers are subjected to a
proprietary MASW workflow Xia et al., 1999) with emphasis
on improving the S/N (signal-to-noise) ratio and taking
advantage of the dense spatial sampling capabilities of DAS
(Guan et al., 2024). The final output is a continuous 2D-model
of the shear wave velocity distribution Vs below the rail tracks.

3  DATA, PROCESSING, AND RESULTS

The used fiber optic cable is installed in a hard-plastic
protective tubing which runs inside a large concrete duct,
therefore poor ground coupling is to be expected. Several loops
and partial re-routing of the cable required careful geometrical
calibration. A Febus Al interrogator (Febus, 2025) was used
for the measurement. Aiming for compromise between
resolution and S/N ratio, the gauge length and channel spacing
were chosen as 2 m and 0.8 m, respectively, such that finally
8,751 channels were recorded along the 6.5 km long section.
The total recording length cumulates to ~7 h, during which time
29 commuter trains were registered with a temporal sampling
rate of 2 ms, resulting in a data volume of ca. 370 GB. The
trains are short (3 — 6 carriages) and operate with low speed
(~70 km/h). From the continuous recordings, we only use short
time windows around the train arrivals which contribute to ca.
5% of the entire data set.

The MASW workflow aims at deriving Vs-depth profiles at
a nominal spacing of 5 m which are interpolated into
continuous 2D models (Fig 1). The average frequency range for
the retrieved surface waves is ~7 Hz - ~16 Hz. Due to partially
insufficient fiber-ground coupling and re-routing, 70% of the
section could be imaged continuously (Fig. 1). The resulting
Vs-models were verified against conventional active source
MASW profiles, geological and borehole information, and CPT
logs. Overall, those different methods support the results
obtained from the seismic imaging workflow.

The results allow for the interpretation of weakened
embankment zones and shallow potential geologic hazards. A
suspected small-scale mass movement is indicated by
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Figure 1: Concept and result of the seismic processing workflow applied to DAS-data. Passing trains excite seismic surface
waves (green wiggles), which are recorded at existing fiberoptic telecommunication cables (yellow line). The recorded
seismic waves are inverted for the shear-wave (S-wave) velocity structure below the fiberoptic cable. Zones of low S-wave
velocity (pale/purple colors) are interpreted for reduced shear strength and thus reduced geotechnical integrity (e.g.,

weakened embankments). Velocity variations at larger depths are indicative of lithological inhomogeneities.

significantly decreased velocities, and a known large-scale
fault zone with the potential for neo-tectonic reactivation
correlates with low velocities at larger depths.

4  CONCLUSIONS

We have developed an efficient and robust workflow for
imaging potential geologic hazards along rail tracks from
seismic waves excited by trains and recorded on existing fiber
infrastructure. This approach does not require dedicated field
measurements or interruption of the train schedule. It can be
used for large-scale mapping of entire rail networks as well as
for time-lapse monitoring of selected and potentially hazardous
sections. The methodology might also be applied to roads using
vehicle noise as seismic sources.
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ABSTRACT: Coda Wave Interferometry has been used in Geophysics to detect weak changes in scattering media. Past research
in Structural Health Monitoring has shown that this methodology can be applied to concrete structures to detect material changes
by calculation of relative velocity changes. Successive measurements with embedded ultrasonic transducers provide a repeatable
signal for reliable long-term monitoring of concrete. To research the application in real-world structures, we have embedded
ultrasonic transducers in a bridge in UIm and a Metro station in Munich, Germany. This study gives an overview of the monitoring
of these two structures. The results show the potential and challenges of the method. Data evaluation can be largely automated to
gain insights into material changes and other influences on the structure, such as traffic-induced load and temperature variations.
The experiments demonstrate the ease of installation, longevity of the sensor installation, and sensitivity of the measurement
technique, but highlight problems with the application, especially if electromagnetic noise affects data quality. As no confirmed
substantial damage was recorded during the monitoring period on both structures, we evaluate load tests to investigate the effect
of static load on the structures and the coda monitoring results. The experiments show that the influence of load can be detected,
even if the temperature influence is not removed from the data. This indicates that online damage detection with coda monitoring
is possible, but further research on damage detection in real-world structures has to be conducted to confirm laboratory findings.

KEY WORDS: Active Ultrasound Measurements, Coda Wave Monitoring, Embedded Transducers

1  INTRODUCTION embedded piezoelectric transducers [5]. To further investigate

Coda Waves — multiply scattered late-arriving seismic waves - (he potential of concrete damage assessment by coda waves on
have been studied in seismology for decades. Beginning with (e micro and macro scale, a DFG funded research group (FOR
Keiiti Aki's work in 1969 [1], where he developed a method to ~ 2825) has combined modelling, simulations, laboratory
determine the seismic moment of earthquakes from coda waves ~ XPeriments, and applications of CW1 in large structures [6]
the analysis of these waves has since evolved as a valuable tool ~ USing these transducers.

for understanding subsurface properties. In Coda Wave . o . . .
Interferometry (CW1), the medium acts as an interferometer, This publication intends to give an overview of two monitored

combining the scattered waves originating at a source at the ~ Structures, the applied technology, and key findings with their
receiver [2]. This enables the detection of small velocity implications for future W|der_appl_|ca_t|on of CWI-Monitoring to
variations in a material volume with a limited number of €nsure early damage detection in infrastructure and support
sources and receivers. These changes are often not detected by ~ 2uthorities and infrastructure owners in the process of long-
analyzing the direct wave. Applications of CWI include the term maintenance and infrastructure planning. The monitoring

detection of stress, temperature, and damage-related material ~ Of large structures poses unique challenges as influences of
alterations across multiple scales. temperature, traffic-induced load, and other external factors are

detected with CWI. These factors must be taken into account to

The heterogeneous composition of concrete allows the isc_)late indicators of material_degradation. In_ this_contexf[, we
application of CWI in infrastructure as most structures are  Will present results from monitoring a road bridge in the city of
composed of concrete. Planés and Larose [3] have summarized ~ UIM and a subway station in Munich. At both structures,
the applications of CWI in concrete, including sensitivity to retrofltteq transducer_s have bee_n used to monitor material
thermal fluctuations and stress-induced changes via the degradation and envwonmenta}l mfluepces for several_years.
acoustic-elastic effect. Their following work has also shown the 1 herefore, they are representative specimens for analyzing the
potential of localizing change with a sensor network [4], Potential of CWI monitoring.
highlighting the potential of CWI_for mor_li_to_ring changes in 9 METHODOLOGY
large concrete structures. Their sensitivity-kernel-based
approach leverages the spatial sensitivity of coda wave 2./  Active Ultrasonic Measurements and Coda Wave
measurements, which allows analysis of different volumes of Interferometry
material with a limited number of measurements and sensors. . For active CWI measurements in concrete, ultrasonic

. . waveforms are consecutively recorded as time series us(t) and
These advancements and the necessity of constant coupling for -ty When a pulse is emitted at the source, elastic waves travel
long-term monitoring have initiated the design of special  {hrough the medium and are scattered at inhomogeneities (e.g.
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grains) or reflected at boundaries (e.g. concrete-air boundary).
Therefore, when recording several milliseconds of signal after
emission of the pulse, a waveform consisting of the direct wave
travelling between source and receiver and later arriving
scattered and reflected coda waves is recorded (for a sample
waveform, see section 2.4, Figure 3). Changes in the medium
(e.g. cracks) change the wave propagation and therefore the
recorded waveforms. To detect such waveform changes, the
basic measure for signal comparison is the correlation
coefficient (—1 < CC < 1), calculating a measure of signal
similarity on a time window [t1, t2]. A decrease of CC indicates
a change in wave propagation but is not linked to a specific
physical property of the material.

Changes in the material affecting the bulk or shear modulus,
directly influence the propagation velocity of P- and S-waves
respectively. Therefore, CWI evaluates velocity changes, by
analyzing phase shifts in the signals. The standard method for
this analysis is the stretching technique [7], where the first
signal is time-stretched to align with the second. The following
equation describes the calculation of a velocity change using
the stretching technique [3]:

argmax(CC(¢))
_ [ [t + )Ju,[t]dt (1a)
\/fttlz uf[t(1 + &)]dt fttlz u2[t]dt
e= -2 (1b)
v

By varying the stretching factor €, the correlation coefficient in
equation (1a) is maximized. The maximizing stretching factor
corresponds to the relative velocity change (equation 1b)
between the recording of u; and u,. To analyze spatially
localized changes, CC and ¢ can be evaluated on different time
windows [t1, t2], which corresponds to different sensitivities
described by sensitivity kernels (see [8]).

For CWI in monitoring a reference needs to be chosen to
determine the baseline. After choosing the baseline, all material
changes altering wave propagation in a structure can be tracked
by repeated ultrasonic recordings given source and receiver
position and coupling do not change. In practice, several
different approaches for choosing the reference exist,
depending on the magnitude of change and the minimum
threshold of CC that allows a reliable analysis of velocity
change. If the medium is influenced by non-permanent
environmental changes, the reference can be kept fixed, (fixed-
reference technique), making a comparison to the baseline
timestamp straightforward. Other methods change the
reference constantly, e.g. the stepwise reference method [9] or
a rolling reference method [10]. The velocity change can be
referenced to the baseline as well, but the correlation
coefficient is not referenced to the baseline anymore. The
rolling reference method is especially advantageous in practical
monitoring scenarios, as the reference lag can be adjusted based
on external influences such as temperature or known stress
variations, thereby improving the robustness of the velocity
change estimation over time.

CCBY 4.0
https://creativecommons.org/licenses/by/4.0/deed.en

This CC license does not apply to third party material and content noted otherwise

DOI: 10.3217/978-3-99161-057-1-012

2.2 Sensors and Sensor Installation

ws

Figure 1. ACS S0807 (red square) prepared for retrofit with
a grouting cap, prepared for the desired installation depth
(left) and attached to the rebar before concreting (right).

For long-term monitoring of real structures, it is essential to
ensure constant coupling. Therefore, cylindrical piezoelectric
P-wave transducers (type: S0807, dimensions: length 72mm,
diameter 20mm) described in [5] and developed in cooperation
with Acoustic Control Systems (ACS) are designed to be
embedded in concrete, either attached to the reinforcement
before concreting or retrofitted in an existing structure
(Figure 1). In retrofit applications, the structure is evaluated
with Ground Penetrating Radar (GPR) before drilling to avoid
damage to rebars and tendons. The sensors are then placed
within the borehole and regrouted using reusable grouting caps.

These transducers can function both as sources and receivers,
converting electrical signals into mechanical vibrations (elastic
waves) and vice versa. In a sensor network, a typical
configuration involves a source transducer emitting waves with
one or several transducers acting as receivers (pitch-catch
configuration). These roles can be interchanged, so source
transducers can become receivers. With a bandwidth between
50 and 100 kHz, the transducers combine the possibility of
analyzing direct waves for a large transducer distance with the
high-frequency scattering properties required for CWI.
Therefore, they are well suited for long-term structural health
monitoring of concrete structures.

2.3 Measurement Devices

For monitoring with CWI, a custom measurement device was
developed, as described in [11]. The device (Figure 2) is based
on a Raspberry Pi and is capable of measuring one sensor
combination every 5-10 seconds. The core component, the
Raspberry Pi serves as the control unit, addressing the
measurement PCBs, data storage, and transmission.

The system includes a power and pulse board that can send a
300Vpp double rectangular pulse to up to 75 multiplexed
channels. The signal is then digitized and saved on the
Raspberry Pi. The modular design of the measurement board
allows the addition of temperature and humidity sensors to
track environmental parameters.

The measurement device has shown that it can produce good
data quality compared to a commercial system based on a NI-
DAQ Mx and Keithley Multiplexer as described in [12]. The
major advantage of the commercial system is the measurement
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repetition rate. Therefore, it is used in experiments where fast
dynamic changes in the medium require quick data collection.

Figure 2. W-Box, custom made CWI Measurement device
based on a Raspberry Pi.

2.4 Ultrasonic Measurements — Direct Wave and Coda
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Figure 3. Two ultrasonic signals were recorded at a bridge
in Ulm, Germany comparing the commercial US data
acquisition device and the self-made W-Box. (a) The direct
wave and (b) an excerpt of the coda.

Figure 3 shows two signals recorded with the W-box and the
commercial data acquisition system in November 2021 and
December 2021. In the direct wave (a), small amplitude
differences are visible, primarily due to the different resolutions
of the systems (14-bit vs. 16-bit). Despite this, the waveforms
align closely. This supports the use of the slower W-box for
long-term monitoring, supplemented by the faster commercial
system when higher temporal resolution is required.

Figure 3 (b) shows an excerpt of the coda. A small shift can be
detect, caused by temperature variations. During the time
between the two displayed measurements, the temperature at
the bridge decreased by approximately 3.5 degrees. This shows
the sensitivity of the coda. The influence of temperature on the
ultrasonic velocity measured by CWI has been researched, e.g.
in [13] and quantified at around 0.03-0.06 percent per Kelvin,
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which varies depending on the investigated structure. The onset
of coda waves is a gradual transition. Even after the first arrival
in figure 3, high energy reflections are recorded until 1.5 ms.
Nevertheless, at this time the recordings do already include
scattered coda waves. Therefore, the evaluation window for
CWI has to be chosen individually for every source receiver
pair after analysis of the wave recording.

3 MONITORED STRUCTURES

In the past years, we have instrumented two structures with the
embedded ultrasonic transducers and recorded data with the W-
Box. The recorded signals are directly uploaded to a database,
where the signals can be analyzed (e.g. CC analysis) or
requested for further evaluation through a MySQL API in
Python.

3.1 Ganstorbriicke Ulm

Figure 4. Sensor installation at ‘Génstorbriicke’, Ulm. 20
sensors are installed in an array in the centre of the bridge
(marked with red dots).

In 2020, 24 Ultrasonic transducers were embedded in the
‘Génstorbrucke’ bridge in Ulm to monitor damage to the
structure under constant traffic between the cities of Ulm and
Neu-Ulm, Germany. The sensors were installed in the abutment
and the center of the bridge (Figure 4). The bridge, designed by
Ulrich Finsterwalder, is a 96m prestressed concrete structure,
composed of two parallel partial structures with two slabs per
partial structure. Of the 24 sensors, 20 were installed in the
centre of the bridge in a single slab. Prior to the installation of
the CWI monitoring system, the bridge was instrumented with
a commercial monitoring system including acoustic emission,
strain sensors, and temperature sensors in 2018 [14], after
significant damage was detected to ensure safe operation until
demolition and reconstruction in 2025.

To further evaluate CWI monitoring capabilities, in 2021, a
static load experiment was conducted using a 15t and a 32t
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truck to evaluate the behaviour of the bridge under a substantial
load and the influence on coda waves. The monitoring system
remained operational from 2020 until February of 2025 to test
the longevity of the sensors as well as the signal quality. Over
the five years of monitoring, no additional permanent damage
was recorded on the bridge by the commercial monitoring
system, confirming the stability of the bridge and the reliability
of the monitoring systems.

3.2 Metro Station Scheidplatz Munich

Figure 5. Sensor installation at ‘Scheidplatz’, Munich.

The “Scheidplatz” metro station in Munich, Germany opened in
1972, just before the Munich 1974 Summer Olympics. On the
surface of the metro construction, several tramways and bus
stops are located. As a result, the ceiling structure is subject to
constantly varying loads due to public transport activity. To
monitor the crack behaviour and load variations caused by
passing and stopping tramways, 15 sensors were embedded in
the ceiling in 2022 (Figure 5).

The brittle outer layer of the ceiling made overhead regrouting
difficult. As a result, two sensors have bad coupling to the
structure, leading to reduced signal quality. Nevertheless, they
are still operational. Therefore, surface inspection is advised
before retrofitting sensors, to devise the suitable regrouting
technique. Besides the monitoring aspect, the installation was a
pilot run for the W-Box and the installation procedure in an
environment with significant electromagnetic noise.
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Figure 6. Temperature (top) and CWI velocity change at
Génstorbrucke for the first half of 2024. The color of the
scatters represents the correlation coefficient.

4 MONITORING RESULTS

4.1 Ganstorbriicke Ulm

Since its installation in 2020, the monitoring system has
remained operational with only a few periods of downtime
caused by instrument failures and network problems. Neither
the coda monitoring system nor the commercial acoustic
emission monitoring system recorded significant new damage
during this period. This shows that the measures taken to
preserve the bridge until reconstruction were sufficient.

The data quality throughout the entire monitoring period is
consistently good. A minimal number of measurements were
influenced by electromagnetic noise, which can be eliminated
by frequency analysis. Without any new damage in the
monitored area, we cannot make conclusions about the ability
to distinguish damage from environmental influences in a real-
world monitoring setup, however.

Nevertheless, the dataset provides valuable insights to assess
the requirements for a real-world monitoring setup. Especially
temperature changes cause strong signal decorrelation. Figure
6 shows the temperature and the relative velocity change of a
representative transducer pair for the first half of 2024. During
this time the temperature ranges from -10°C to nearly 30°C.
The velocity change was calculated on the first three
milliseconds of the signal, thus investigating both, the direct
wave and the coda, using the fixed reference method. Figure 6
shows a clear correlation of temperature and velocity change,
particularly visible in the trough in January 2024. The relation
between temperature and velocity change is linear, as shown in
[15]. For ‘Ganstorbriicke’ we estimate a change of -0.025
percent per Kelvin.
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The color scale in Figure 6 indicates the correlation coefficient.
When CC remains high, the results of the fixed reference CWI
can be interpreted reliably. This is only valid for small
temperature variations (x 10°C). In summer, the correlation
coefficient decreases significantly, causing outliers and jumps
in the results, which cannot be physically interpreted due to the
strong decorrelation.

To improve the robustness for a long-term analysis, one could
shift to the stepwise or rolling reference CWI. However,
preliminary analyses of the ‘Ganstorbriicke’ dataset have
shown that this does not significantly improve the
interpretation of the long-term trends. Furthermore, these
methods require more computational power and time. Given
the focus on detecting short-term permanent change (i.e.
damage) we propose to analyse the data in short rolling time
windows while tracking the temperature to define a corridor of
expected velocity change induced by temperature. To this
purpose, a linear regression model is trained using temperature
measurements and corresponding calculated velocity changes.
This model allows the prediction of temperature induced
‘normal’ velocity changes. Based on the root mean square error
(RMSE) of this model, a corridor can be defined indicating the
velocity change attributed to temperature change with a
certainty of 95%. This corridor can serve as a threshold for
outlier detection and enable the automatic detection of no
temperature induced changes.
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Figure 7. CWI velocity change in December of 2021. The
temperature effect on the velocity change is modeled and a
corridor of expected temperature induced velocity change
is calculated. The data from the load experiment is
highlighted in black.

Figure 7 shows this method for a three-week period in
December of 2021, the time of the static load test. As the load
test represents the largest known mechanical disturbance to the
structure during the monitoring period, it serves as the best
representation of damage-induced changes. A detailed analysis
of the load test can be found in [15]. One can see that the linear
model of temperature-induced velocity change fits well for the
analyzed period. Using the fixed reference approach, CC
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remains above 0.65 throughout the analysed subset. The
temperature changes in these weeks were below + 10°C. The
permanent monitoring data is represented with blue scatters and
the load test data is highlighted using black scatters.

One can see in Figure 7, that the velocity change induced by
load is of the same magnitude as the change induced by
temperature. Nevertheless, as the temperature model gives a
corridor of expected change, the outliers can be detected.
Combination 11-12 is a sensor combination with a minimum
distance to the nearest loading point of 10 meters. Importantly,
as during the load test, the bridge was not loaded all the time,
the datapoints at unloaded measurements are within the
temperature corridor. For sensor combinations located closer to
the load application points, stronger deviations were observed
(see [15]).

With the results of the load experiments, we show that for
permanent monitoring a windowed approach can be beneficial
for damage detection. Although no new damage was detected,
the results show the capabilities of monitoring using CWI and
embedded sensors. Key conclusions of this long-term
experiment are:

e Data quality remains consistent with embedded
transducers, although temperature variations have a
big influence on the signals.

o The fixed reference method cannot be applied over
long periods, even if no damage has been recorded.

e The load-induced perturbations can be detected within
the temperature trend, even if they are of similar
magnitude.

e Ashort window, fixed reference approach enables fast
automated data analysis, and potentially allows for
edge computing on site, while allowing for the
detection of perturbations in the temperature trend.

4.2 Metro Station Scheidplatz Munich

Since the sensor installation in 2022, signals have been
continuously recorded at 10-minute intervals at ‘Scheidplatz’.
This cycle reveals results indicating general increasing and
decreasing trends in relative velocity change, which are
attributed to temperature variations inside the concrete ceiling.

From February 24th to March 13th, 2023, the measurement
frequency was increased to one measurement per minute to
determine whether it was possible to study the structural
behaviour following a transient load. In this case, the transient
load was induced by tramways stopping directly above the
sensor array. The total load of these tramways varies depending
on the vehicle type, ranging from 560 kN to 722 kN, distributed
over three or four axles. The results of March 18" are displayed
in Figure 8.

During this period, the overall change in dv/v was
approximately 0.20%, primarily attributed to temperature
variations. Additionally, multiple frequent relative velocity
drops of approximately 0.02% were observed, which generally
recovered to their original values within 10 to 15 minutes.
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These relative velocity drops were caused by the transient loads
exerted by the passing tramways. Tramway operations
conclude at approximately 1:15 AM; however, some relative
velocity drops were detected even after this time. This is likely
due to tramways passing through the station without stopping
as they transit to the depot.

March 18th 2023
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Figure 8. Relative velocity change. Velocity drops visible
after the tramway stops above the sensor array.

This confirms that both stopping and passing tramways
induce velocity drops in the structure. Previous experiments
with CWI in 4-point bending tests [16, 17] have shown that
velocity changes are predominantly negative. While we expect
an increase in velocity in the pressure zone due to an increase
in bulk modulus, the tension zone is dominant, especially in
cracked specimens, causing a velocity drop with increasing
load. As the installed structure is already cracked, the opening
of cracks with load contributes to the velocity decrease. The
observed velocity drops are reminiscent of the time-dependent
nature of rock healing [18], and similar applications to
assessing damage in concrete materials through slow dynamics
[19]. To examine potential long-term variations in the
relaxation processes of the structure, high-temporal-resolution
measurements were repeated a year and a half later. This test
was conducted from October 18th to November 7th, 2024, this
time, the signal quality was significantly degraded.
Additionally, we conducted controlled experiments by
positioning a tramway stationary above the sensor array and
regulating the passage of tramways to analyse their impact on
the recorded signals.

Upon reviewing the data, it was evident that, starting in
September 2024, electromagnetic noise levels had abruptly
increased. This increase did not coincide with maintenance
work on the electrical network, making the source of the noise
not identifiable. Since then, data quality has deteriorated
considerably, as illustrated in Figure 9, to the point where the
recovery curves can no longer be extracted as in previous
periods.

Various low-quality data rejection strategies were implemented
based on waveform characteristics such as amplitude, duration,
and signal-to-noise ratio (SNR). However, while these
strategies were successful in filtering out the low-quality data,
the remaining usable waveforms were insufficient for a detailed
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slow dynamics analysis. Alternative approaches involving
frequency filtering were explored, but in this case, the
frequency bandwidths of the ultrasonic signals and the
electromagnetic noise overlapped, rendering this method
ineffective. The measurement device was inspected,
confirming that it was not the source of the recorded noise.
While poor sensor coupling or cable damage has not yet been
ruled out, further investigation is necessary to determine the
exact cause of the signal degradation. To prevent similar
interference in future implementations of this method, it is
recommended to monitor and mitigate potential sources of
electromagnetic noise, such as maintenance work on nearby
electrical networks, and to establish shielding or filtering
techniques that preserve signal integrity.

Signals Not Affected by Noise

Waveforms
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-
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v

Time [ms]

Figure 9. Representative pre-processed waveforms with good
quality (Top) and low quality likely due to electrical noise
(Bottom).

5  CONCLUSION AND OUTLOOK

The presented CWI monitoring experiments show the potential
and challenges of application in real world structures.

Installation: Embedding sensors either in existing structures or
previously to casting the concrete is an easy way to ensure
coupling and longevity.

Data quality: The measurement devices and cables must be
tailored to the monitoring situation. In high electromagnetic
noise locations like metro stations, data quality can suffer. An
increased measurement repetition rate, or on-site rejection of
‘bad” measurements can improve the data quality, but better
shielding of cables and the measurement device can avoid data
quality problems and ensure a seamless dataset.
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Data evaluation: Temperature influences the data evaluation
strategy. The influence depends on the individual structure and
the location of the monitoring system. If long-term monitoring
is the goal of the installation, temperature must be monitored.
To display long-term trends, advanced methods like the
stepwise method must be applied, but its benefits have to be
evaluated individually. If the data is only evaluated on shorter
time windows, the fixed reference method suffices, and
corridors can be defined allowing automated outlier detection.
This accelerates the calculation of results, enabling data
analysis on-site, with online and automated monitoring results.

Detection of changes not induced by temperature: The
target of CWI monitoring is the detection of irreversible
change. Previous research has shown that CWI analysis can
detect e.g. cracking [16] or akali silica reaction [20], and can
potentially monitor all material altering damage processes in
concrete. In this study, we have shown the influence of traffic
and load, which must be accounted for to distinguish between
reversible changes and material degradation. Combining
traffic/load monitoring with CWI could improve damage
detection reliability. Furthermore, the analysis of recovery
curves after repeated loading, as explored in the ‘Scheidplatz’
experiment, suggests the potential for damage state assessment.
This aspect requires further controlled laboratory research.

The presented experiments and the datasets offer a strong
foundation for further research. In February of 2025, shortly
before the decommissioning of the ‘Géanstorbriicke’, a tendon
was deliberately cut, and the effects of its destruction were
monitored closely with CWI. This dataset provides the
opportunity to further determine the detection and localization
capabilities of CWI in real-world structures. Additionally,
monitoring continues at °Scheidplatz’, where further
experiments targeting damage assessment under repeated
controlled loading can be conducted once electromagnetic
noise issues are resolved. The continuous monitoring gives the
opportunity to confirm laboratory experiments showing the
potential of damage detection using CWI1 [4, 16, 20].
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ABSTRACT: Computational meshes serving as input to wave simulations are often crafted manually and bear a significant cost
to construct. The aim of this work is to minimize that overhead and apply it to structures lacking models and meshes, particularly
in earthquake-prone regions, to image and monitor their structural health in response to ground movement. To address this
challenge, we have developed a workflow to facilitate the creation of 3D finite element meshes, starting with 2D photos acquired
by an inexpensive consumer-level unmanned aerial system (i.e., a drone). After photo acquisition, the process proceeds by utilizing
computer graphics and vision software to transform these photos into a 3D surface composed of triangles. Surface meshes are
generally sufficient products for other workflows that likewise create 3D assets via reconstruction methods (e.g., for topographic
mapping, archiving, and entertainment). However, to simulate waves through complex structures with high fidelity, we employ a
spectral element wave solver, which requires a 3D volume composed of hexahedra. The steps from a 3D triangular surface to a
3D hexahedral volume include enclosing the surface, conditioning, and remeshing it with appropriate element geometry. We apply
a first version of this workflow to the Contra (Verzasca) dam in Switzerland, from which we discuss key stages, challenges, and
learnings in developing the pipeline — showcasing elastic wave simulation through the constructed mesh.

KEY WORDS: Photogrammetry; UAS; UAV; Gridding; Meshing; Numerical modelling; Geophysics; Seismology.

1 INTRODUCTION

Seismological research focused on understanding the behavior
of complex media and structures to ground motion requires the

We develop a first iteration of this workflow and apply it to
the Contra dam located in the Verzasca valley in southern
Switzerland, whose results we present. This structure and its

use of computational meshes, which permit the physical world
to be discretized in order to numerically solve the wave
equation. These meshes must be constructed in a way that not
only honors structural topography and field parameters, but
also maintains efficiency, preserves the physics, and upholds
numerical stability requirements dictated by grid size,
frequency, and velocity parameters [1,2]. When no compatible
computational mesh or model exists for the object or area of
interest, a mesh must then be constructed from scratch. This is
an arduous task for geoscientists, being a bottleneck for those
wishing to focus their attention on imaging the Earth and
likewise on deriving insights from the non-destructive testing
of engineering structures and their responses to earthquakes.

A proposed solution to this challenge is a workflow that
incorporates the use of unmanned aerial vehicles (i.e., UAVS,
unmanned aerial systems (UASs), or drones) along with
computer vision and graphics software to process the imagery
and generate meshes for wave propagation and seismic
research problems. Significant advances in hardware (e.g.,
digital cameras, GPS, drone portability, etc.) have opened the
door to more flexibly capture thousands of images without
resorting to expensive equipment, non-trivial calibration
methods, and the use of priors (e.g., camera settings, motion,
etc.) [3-6]. This lower barrier to entry has furthermore been
complemented by improvements in key computer vision
algorithms (namely, Structure-from-Motion and Multi-View
Stereo) which now make it practical to reconstruct 3D surface
models from these thousands of images using a high-end laptop
or modest workstation [7].
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surroundings have no known mesh, making it an ideal
candidate to qualify whether it is possible to generate a useable
mesh with minimal effort via these off-the-shelf and improved
technologies.

2  WORKFLOW AND RESULTS

2.1 Methodology

The workflow to generate a computational-ready mesh for
input into a spectral element wave solver, as applied to the
Contra dam, is as follows:

1) identifying the object or area of interest

2) survey design

3) photo acquisition

4) color calibration

5) surface model generation

6) surface model enclosing

7) conditioning and layer additions

8) hexahedral remeshing

9) populating field parameters

We now proceed in the following paragraphs to describe these
steps in further detail.

211a

The Contra dam is selected as a test candidate, given the fact
that it lies within a seismically active region and lacks a mesh
for itself and its surrounding environment. Located near the city
of Locarno, it is embedded in somewhat steep mountain flanks
with outcropping metamorphic synfolds [8,9]. At the time of
acquisition, the dam was undergoing maintenance with the

Identifying the object or area of interest
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reservoir (Lago di Vogorno) drained to allow for an acquisition
of not only the dam, but also the lakebed topography leading
into the dam. The field site is presented in Figure 1.

2708500E  2709000E

1118000N

1116750N  1117250N  1117750N
1117000N  1117500N

1116500N

] e (5 N\ (¥ aaty % RN
J A7J0m 250 500 O I
Y R .l (eSS

2708250E 2709250E 2708250E 2708750  2709250E
Figure 1. (top left) Location of the Contra dam zoomed out
and in respect to the city of Locarno to its southwest. The light
teal line represents 5 km. Lime lines are mapped faults. (top
right) A zoomed view of the area, as taken from swisstopo,
with the dam near the center and the reservoir Lago di
Vogorno behind. The lime polyline to the right of the dam is
the edge of a mapped fault. (bottom left) A terrain map of the
field site. (bottom right) A reconstructed orthophoto overlain

revealing the drained lakebed.

2.1.1b  Survey design

Data are collected with significant overlap among the photos
such that common features could be identified. We achieve this
by flying at different heights and by also adjusting the camera’s
angle. For the drone, we choose the DJI Mavic Air 2, retailing
for under 1000 USD. With a field-of-view of 84° and given a
fixed f//2.8 aperture with equivalent focal length of 24mm, this
brand of drone gives us the flexibility to acquire photos from
seven meters or greater to achieve a reasonable depth of field,
which is vital in the later step of identifying common features
among the fore-, mid-, and backgrounds. In terms of
acquisition paths, we opt for circular and linear hyperlapse
defaults as found within the drone’s support software. We do
not use ground control points or calibration tables.

We additionally plan and coordinate with the dam operators
and Locarno air traffic control prior to and during acquisition.

21.1.c

During a period of three hours, we pilot a Mavic Air 2 drone
and use its camera to acquire 1143 images at 12 MP (4000 x
3000 MP). We select a shutter speed of 1/640 s and a 100 ISO

Photo acquisition
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setting due to sunny conditions. A subset of the acquired photos
is given in Figure 2.

Figure 2. Various photos of the dam and lakebed as taken
from a drone.

2.1.1d

Having acquired the photos on a sunny day over a few hours,
we observe inconsistent lighting (Figure 2). As this may hinder
mesh reconstruction [10], we apply basic post-photo processing
to correct for various degrees of whiteness, brightness, and
moving shadows.

2.1.1.e  Surface model generation

Multiple photogrammetry software options (WebODM,
Meshroom, RealityCapture, and Metashape) are evaluated in
terms of their speed, accuracy, ease-of-use, functionality, and
of particular concern, ability to reconstruct 3D surface meshes
with minimal topological issues (e.g., holes). RealityCapture
(RC) and Metashape perform the best, with RC having the
added benefit of being free. However, RC only runs on
Windows and requires an Nvidia CUDA GPU. But due to
clever memory management, RC does not require significant
amounts of RAM. Metashape can run on Linux, Mac, and
Windows, with RAM demands scaling with number of 2D
photos. We move forward with a 3D surface mesh created in
Metashape on a 16-core CPU/40-core GPU M3 Max MacBook
Pro laptop with 64 GB of unified memory shared between the
CPU and GPU. The photogrammetry process of importing
photos, to feature matching, to image alignment, to the eventual
mesh generation, decimation, and smoothing requires less than
thirty minutes to complete.

2.1.1f

To perform 3D wave simulations using the spectral element
method, we require a volumetric mesh and not a surface mesh.
Our workflow uses a specific implementation of the spectral
element method called Salvus [11], which requires a mesh
either composed of hexahedra if solving 3D wave solutions or
quadrilaterals for 2D problems. The reason for this is to exploit
a fundamental benefit of using spectral element methods for
wave propagation modelling: 2D quads or 3D hexes result in a
diagonal mass matrix and thus trivialize inverting the mass
matrix [11-13]. Given the 3D nature of our dam, we take the
3D triangular surface mesh from 2.1.1.e and extrude the mesh
outwards and downward before sealing the base, thus creating

Color calibration

Surface model enclosing
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a watertight 3D surface mesh. This is accomplished using
Blender, a free and open-source 3D computer graphics software
package [14].

2.1.19

Before converting the 3D enclosed surface mesh of triangles
into a 3D volumetric mesh of hexes, we further correct for any
additional topology issues using Blender’s 3D sculpting tools
and then remesh the surface into quads. Any unhandled spikes
or non-physical geometries may result in bad elements (with
small or negative Jacobians — i.e., squished elements) which
would render subsequent wave simulations infeasible. And the
reason for converting from triangles to quads is that the next
step more robustly remeshes when given a quad surface. Once
satisfied with the mesh, we add a water layer on top.

2.1.1.h  Hexahedral remeshing

The surface mesh is then transformed into a volumetric
hexahedral mesh using Cubit, a meshing software tool
developed to create tetrahedral and hexahedral meshes for
finite element analysis and fluid dynamics [15]. To preserve the
topography of the dam and the surface, we choose an element
size of approximately 2.5 m x 2.5 m x 2.5 m. Based on results
at this stage, an iterative process takes place by returning to
2.1.1.d to further improve the quality of this mesh. We
accomplish this by conditioning the surface mesh in a manner
that prevents Cubit from outputting volumetric meshes
containing elements with a small Jacobian, as these elements
are unphysical or dimensioned smaller than desired. A smaller
element size dictates a decrease in timestep, which adversely
increases simulation time and memory requirements. Results
from steps 2.1.1e to 2.1.1h are presented in Figure 3.

Conditioning and layer additions

Figure 3. (A) displays the 3D surface mesh output as
described in section 2.1.1e; (B) is the result of enclosing that
surface mesh as detailed in section 2.1.1f; (C) shows a
despiked and smoother version of (B) with the inclusion of a
water layer in orange as noted in section 2.1.1.g; and (D) is an
arbitrary slice through the hexahedral mesh, with bedrock and
dam in gray and the water layer in blue as discussed in section
2.1.1h.
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2.1.1i Population field and simulation parameters

To qualify the mesh, we must populate it with elastic field
parameters. We use a homogeneous compressional velocity of
4800 m/s, shear velocity of 2800 m/s, and density of 2710
kg/m® for the basement bedrock and dam. The water layer is
given a sonic velocity of 1500 m/s and density of 1000 kg/m®.

2.2 Simulation

The prepared mesh can now be used as input to the wave solver.
For illustrative purposes, we initiate a 130 Hz Ricker spherical
explosive point source (i.e., the curl of displacement is zero in
an elastic homogeneous model). Dirichlet boundary conditions
are assigned to the water-air, dam-air, and basement-air
interfaces, and absorbing boundaries are placed on the other
outer faces. Snapshots in both 2D and 3D are showcased in
Figure 4. The mesh thus succeeds in allowing a solution to the
wave equation, thus validating the workflow for this use case.

Pressure (N/m?)
|

0

P-and S-waves (m)
-

0

Figure 4. (A) shows a snapshot of an acoustic wavefield
successfully propagating through the 3D mesh created from a
drone photo acquisition. (B) is a slice through that 3D model

at a later timestep to showcase various wave modes
propagating through different media and structures in the
model due to a point source activated at an earlier time at the
location given by the yellow star. Waves within the water
column are measured in pressure, whereas within the
basement and dam they are given in terms of compressional
and shear wave particle displacement.
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3  DISCUSSION

3.1 Alternative acquisition methods and inputs

Though the workflow emphasizes the use of drones to acquire
photos as input, this is not a requirement. In fact, a LIDAR
system, a phone camera, and other capture methods and tools
could be employed — each with its own trade-offs [7]. We also
consider the use of satellite imagery to construct a usable mesh.
Unfortunately, it does not yield the necessary 3D detail or
resolution to faithfully recover the dam and surrounding
topography — which are paramount in ground motion studies
[11,16,17]. Furthermore, satellite imagery is unable to capture
complex 3D surface structures such as the dam’s overhang.
Figure 5 compares surface meshes created from various
satellite sources to that generated from drone imagery.

Figure 5. A comparison of different surface meshes created
using satellite imagery input from Google Maps and
swisstopo to that generated from drone imagery. There is
added serendipity in having acquired the drone footage during
dam maintenance. Meshes are displayed in perspective view.

3.2 Seismic hazard and risk analysis

We now have a beneficial workflow that substantially reduces
the burden of constructing meshes. This leaves us with ample
time to prioritize our focus on other problems within
seismology. One of these problems includes quantifying
ground shaking and its impacts on the environment.

As an example, we may now compute ground acceleration in
our model and hypothetically venture to assess the risk of
structural failure. For this demonstration, we simulate two
different rupture sites at the dam and note the acceleration
values that the dam and the bedrock (basement) may
experience, as given in Figure 6. Analyzing the wavefields
further would allow one to compute peak ground acceleration
(PGA) values as input to probabilistic hazard and risk
calculations [18]. As can be observed, ground motion values
are amplified and dampened by many factors, including the
topography, orientation of the rupture mechanism, and the
presence of air or water at an interface.
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Ground acceleration (m/s?)
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Figure 6. Magnitude of ground acceleration from two different
sources, with snapshots taken near peak acceleration within
the dam region for each scenario. Earthquake rupture location
is indicated with a star, along with its orientation. The source
at (A) is located farther from the dam and is underneath a
water layer with smoother topography. (B)’s source lies closer
to the dam below an air interface with rougher topography.

4  CONCLUSION

We provide a workflow outlining how images acquired from
drones can be leveraged to create hexahedral meshes that may
serve as input to wave simulations, successfully applying it to
the Contra dam in Switzerland. The workflow has many steps,
all of which may be readily accomplished by performing minor
tweaks to off-the-shelf technologies. For situations where no
computational mesh exists, acquiring the photos may take no
more than a day or two — and in our case three hours. Given
proficiency with the tools in the workflow, the simulation-
ready mesh may be created in under a week, which marks a
substantial improvement to the process of manually creating
these meshes over the course of months. Nevertheless, some
manual work is still required to make the mesh physics-ready —
though this may be greatly reduced by spending more time
upfront with the survey design to ensure the object of interest
is properly photographed. Selecting photogrammetry software
tools which are more robust to poorer acquisitions may further
aid the process.

The way forward includes further workflow automation and
determining how to more adaptively discretize the mesh such
that we use fewer elements. Ideally, we envisage employing
this methodology on structures lacking computer models,
including historical structures in earthquake-prone regions. Up
to this point, we have described a forward modelling process in
response to a source. Naturally, using ambient or active
vibrations to then invert for 3D elastic field parameters and
possibly detect time-lapse changes at intermediate scales within
such structures would be among the next steps to investigate.
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ABSTRACT: Differential settlement in ballasted railway tracks, particularly in transition zones between two track forms, poses
a critical challenge for railway infrastructure. Such settlement, often exacerbated by a stiffness gradient due to changes in track
superstructure and substructure, typically causes a local dip in the longitudinal track level a few metres from the transition, leading
to higher dynamic traffic loading and reduced passenger comfort. Regular monitoring of transition zones is essential for safe
operations and cost-effective maintenance. This paper reviews methods for monitoring differential settlement in railway tracks.
To measure the properties and loading of the superstructure, potential methods include fibre Bragg grating (FBG) sensors, point
receptance measurements, track geometry (and track stiffness) recording cars, and wheel load impact detectors (WILD).
Characterisation of the subgrade can be carried out via a multichannel analysis of surface waves (MASW), dynamic cone
penetration tests (CPT), interferometric synthetic aperture radar (InNSAR), frost sticks for temperature monitoring, and total
stations. Lessons learned from an in-situ measurement involving an extensive FBG-based system deployed in northern Sweden to
monitor a transition zone in harsh weather conditions are presented. Integrating a combination of monitoring methods with a
simulation model to verify and support the accurate prediction of differential settlement is a useful approach to addressing

challenges associated with track stiffness gradients and guiding the improvement of transition zone designs.

KEY WORDS: Differential settlement, railway transition zone, condition monitoring, fibre Bragg grating sensors

1 INTRODUCTION

In transition zones between two different railway track forms,
there is a discontinuity in the track structure, resulting in a
gradient in track stiffness. Examples include transitions
between different superstructures, such as slab track to
ballasted track, and/or between different substructures, such as
an embankment to a bridge or tunnel structure. Differences in
the cyclic loading and supporting substructure on either side of
the transition may lead to differential settlement of the ballasted
track and an irregularity in longitudinal rail level soon after
construction due to densification of ballast and consolidation of
the subgrade layers. This results in an amplification of dynamic
traffic loading along the transition, contributing to the
degradation process of the foundation and further deterioration
of the vertical track geometry. Historically, the design of
transition zones has aimed to minimise the difference in track
stiffness between the ballasted track on the embankment and
the engineering structure [1-4].

Some researchers argue that the main causes of track
deterioration in transition zones are the non-uniform stiffness
and damping between different layers of subgrade materials,
which are impacted by variations in moisture and other
geotechnical factors [5,6]. In a field test conducted in Sweden
[7], it was observed that the displacement of sleeper ends varied
significantly from one sleeper to the next due to differences in
support conditions. This highlights the importance of ballast
and subgrade conditions in a railway network.

Various transition zone designs have been implemented to
mitigate variations in loading and support conditions. Many of
these solutions aim to achieve a gradual and smoother variation
in track stiffness from one track form to another. Some
approaches are designed to enhance the support of the
subgrade, such as transition wedges and approach slabs, while
others focus on the superstructure, including the
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implementation of track components such as wider sleepers,
auxiliary rails, and elastic pads (including conventional rail
pads with varying stiffness along the transition zone and/or
under sleeper pads). A review of transition zone designs can be
found in [5,6]. In parallel, advancements in real-time data
acquisition, computational techniques, and the emergence of
'big data’ approaches have enhanced the analysis and modelling
of railway degradation, facilitating more comprehensive and
precise evaluations [8].

Increasing frequency of traffic, higher axle loads and train
speeds result in quicker deterioration of the infrastructure.
Infrastructure managers need up-to-date information on both
the current condition (diagnosis) and the expected future state
(prognosis) of their assets to effectively plan maintenance and
renewal efforts. Structural health monitoring (SHM) has
emerged as a valuable tool for railway systems, enabling
efficient asset management by providing real-time feedback on
the condition of various components. By facilitating early
damage detection, SHM enhances structural reliability and
reduces life cycle costs. Condition-based maintenance means
that system operators schedule maintenance based on the actual
condition of the system and the anticipated deterioration rate.
To achieve this, operators need to employ a monitoring strategy
for recording the condition of their assets. The collected data
can serve to develop or create regulations, such as acceptable
condition thresholds [6], which are used to determine if
maintenance should be performed.

2 LITERATURE REVIEW

Emerging sensing techniques, along with innovations in
sensors and data analytics, present exciting opportunities in
geotechnical, structural, and railway engineering to enhance the
understanding of infrastructure performance during both
construction and operation. A monitoring system could, and
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perhaps should, be integrated into the construction package to
facilitate long-term, proactive operational monitoring, thereby
contributing to quality control, maintenance, resilience against
hazards, and reuse. Such a system should include techniques
capable of capturing a wide range of data, ranging from low
sampling rate parameters such as temperature, humidity,
moisture, settlement, and inclination to high sampling rate data
including acceleration, noise, rotation, wind velocity, and
more.

In railway engineering, monitoring techniques can be
categorised into trackside monitoring of both geotechnical and
structural elements, onboard monitoring, and inspection.
Trackside monitoring involves the use of instrumentation in or
adjacent to the track to monitor the track, vehicles passing by,
or the interactions between them [9]. For the track, this includes
observing the status of various track layers, their geometry, and
how they evolve over time [10]. Examples include assessing
the condition of ballast and subgrade using methods such as
ground-penetrating radar (GPR) [11] and cone penetration tests
(CPT) [12]. GPR uses electromagnetic waves to scan and map
subsurface features within the railway industry, offering
geospatial data on subsurface conditions [13]. To evaluate the
stiffness and stratification of the layered substructure at a test
site, a multi-channel analysis of surface waves (MASW) can be
used [14]. Furthermore, fibre optic sensors can be embedded in
the track bed to monitor settlement and detect early signs of
degradation and potential landslides in the embankment
[15,16]. Research has also been conducted on technologies
capable of accurately monitoring the average settlement of
railway lines over extensive areas using synthetic aperture
radar (SAR) and interferometric SAR (InSAR) techniques [17].

On the other hand, onboard track monitoring and inspection
are generally carried out using in-service vehicles, as their
regular passing over longer sections of track allows for efficient
monitoring of track status. Onboard component monitoring is
carried out by instrumentation on vehicles, evaluating their
condition over time. Dedicated vehicles are equipped with
advanced equipment that enables in-depth inspections, which
are vital for railway safety. However, these vehicles require
special scheduling and trained personnel, limiting their usage
[18]. Measurement units on these vehicles use technologies
such as laser imaging, image processing, GPR, ultrasonic
sensors, vibration sensors, high-precision accelerometers, and
electromagnetic sensors.

Several in situ investigations utilising trackside monitoring
have been conducted to assess the dynamic behaviour of
railway track using instruments such as accelerometers, strain
gauges, and displacement transducers. In [19], results were
presented from an extensive monitoring campaign of transition
zones (embankment to culvert) in the Netherlands. Vertical
displacement at various depths of ballast and subgrade, axle
load, and average track stiffness were measured using
geophones, uniaxial accelerometers (within the ballast), triaxial
accelerometers (within the soil below the track), strain gauges,
and a high-speed camera. It was concluded that voided sleepers
in the transition zone, due to long-term differential track
settlement, were the main sources of large track displacements
that caused increased impact loading and accelerated track
degradation. Zuada Coelho et al. [12] used CPT and borehole
data to consider stochastic variations in support conditions on
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a network scale in the Netherlands when predicting track
settlement using a two-dimensional model.

In [20], a track deflection and stiffness survey was carried out
using micro-electro-mechanical-systems (MEMS)
accelerometers. About 80 of these devices were placed on
successive sleeper ends, primarily on the field side of the track,
and then moved along the site during consecutive night-time
possessions. This was done in two batches of 200 sleepers with
an overlap of 50 sleepers, and measurements were repeated
three months apart [21]. Additionally, a webcam mounted on a
telescope was positioned at 6 m from the track to reduce the
influence of ground vibration. It captured an image of the
target, which was mounted on the sleeper for the measurement
of peak-to-peak displacement. A key limitation of this method
was that the video recording system could monitor the
displacement of only one or two sleepers at a time.

Optical fibre sensors offer significant advantages over
conventional and other smart sensors due to their high
sensitivity, small size, and potential for short- and long-
distance measurement. For example, Wang et al. [22] attached
two FBG sensors on the rail web as a bi-directional device to
measure longitudinal force in a high-speed railway line.
Temperature compensation via calibration tests was conducted.
Wheeler et al. [23,24] measured rail strains using Rayleigh
backscattered, distributed optical fibre sensors. Their field test
instrumentation included a 7.5 m long section of rail with
nylon-coated single-mode fibres installed on the rail web at
20 mm and 155 mm from the bottom of the rail. The measured
rail strains were used to determine shear forces, which, together
with the known static wheel loads, were employed as part of
the calibration to determine the rail seat loads for 14
consecutive sleepers as the train traversed the instrumented
track. These data were then combined with measurements of
dynamic rail displacement captured through high-speed
imaging using digital image correlation (DIC) to process the
rail seat load—deflection relationships for each sleeper.

On-board monitoring techniques have been investigated in
research and used in infrastructure management [25]. This
leads to better maintenance planning and reduces the delay
between decision-making and the execution of maintenance
actions. For example, in Finland, ballast degradation due to
traffic and freeze-thaw cycles, leading to further particle
breakage, settlement, or heaving, has been investigated using
track geometry recording cars [26]. In Sweden, vertical track
geometry degradation between 1999 and 2016 has been studied
using regular monitoring by track geometry recording cars
[27,28]. Furthermore, in Switzerland, an on-board monitoring
policy is considered in infrastructure maintenance planning
[29], and similarly in Australia [30].

This paper presents a review of methods and challenges
associated with monitoring of differential settlement in railway
transition zones. Specifically, it discusses the results and
lessons learned from an extensive measurement campaign
conducted under harsh conditions on a heavy haul line in
northern Sweden. These measurements included both short-
term dynamic and long-term static responses of the transition
zone in different sleeper bays, using an FBG-based sensor setup
and complementary measurements.
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3 MONITORING AND MEASUREMENT METHODS

Monitoring in a railway transition zone may involve numerous
sensor types and measurement techniques, such as seismic,
electrical, electromagnetic, and resistivity methods in
geophysics. Brief descriptions and definitions of some of these
are presented below. In Section 4, the practical use of many of
these techniques will be discussed with reference to the
challenges encountered during an extensive field test recently
carried out in a transition zone on Malmbanan in northern
Sweden.

31 MASW

The Multi-channel Analysis of Surface Waves (MASW)
method is a cost-effective and non-destructive geophysical
technique used to evaluate subsurface conditions (and to
determine the location of bedrock) by analysing the
propagation of surface waves, particularly the dispersion of
Rayleigh waves. It provides shear wave velocity profiles down
to a depth of up to 20 m, which are used to obtain small-strain
stiffness and damping properties of the soil [31].

In this specific field test, an excitation source, such as a
sledgehammer, weight drop, or specialised loading device,
generates surface waves. An array of geophones, typically
ranging from 12 to 48, is placed in a straight line on the ground
at regular intervals. These geophones detect and record the
waveform and arrival time of the seismic waves. The Rayleigh
waves exhibit dispersion, meaning their velocity changes with
frequency due to variations in subsurface material properties.
Lower-frequency waves penetrate deeper into the ground,
while higher-frequency waves provide information about
shallower layers [31]. Typically, earth models are formulated
using CPT data to distinguish the number of soil layers and
provide a reasonable estimation of soil density. Consequently,
shear wave velocity is fitted to the data at smaller strains.

32 CPT

The Cone Penetration Test (CPT) is a geotechnical
investigation technique to provide a detailed soil profile by
assessing the mechanical cone resistance of different layers of
subgrade soils. The cone resistance is directly linked to the
strength of the soils, and empirical relations are established to
identify the soil type [32]. The data obtained from a CPT aids
in designing track foundations, evaluating ballast and sub-
ballast layers, and identifying soft soil layers that could lead to
settlement or instability [32]. However, the density of data per
square kilometre in railway infrastructure is generally relatively
low due to the high cost of these boreholes [12].

The test is conducted by jacking or driving a steel cone into
the ground at a controlled rate while continuously measuring
cone resistance. Two primary types of CPT are used: Static
Cone Penetration Testing (SCPT) and Dynamic Cone
Penetration Testing (DCPT). In SCPT, the cone is jacked into
the soil at 1 — 2 m intervals at a constant rate using a hydraulic
system. This method records key parameters such as (1) cone
resistance, which indicates soil strength, (2) sleeve friction,
which helps to determine soil type, and (3) (excess) pore water
pressure, which provides insights into soil drainage and
consolidation behaviour. SCPT is frequently used in railway
infrastructure to investigate embankment stability.
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In DCPT, a steel cone is driven into the ground using a
standardised weight dropped from a specified height. The
number of weight drops required to penetrate a specific depth
is recorded, providing an estimate of soil resistance and
compaction quality. DCPT is widely utilised in ballast and
subgrade assessment, as well as rapid evaluations of soil
stability [32]. The data from CPT or MASW tests can be used
to estimate dynamic subsoil stiffness and damping along the
track using analytical approaches, such as the cone method
from [33] and the analytical formulae in [34].

33 GPR

Ground-Penetrating Radar (GPR) is a non-destructive
electromagnetic geophysical technique used to investigate and
analyse subsurface structures. These systems can be mounted
on track geometry recording cars, enabling continuous data
collection at operational train speeds. This allows infrastructure
managers to efficiently assess large sections of the track
network and make data-driven decisions for maintenance
planning. GPR operates by emitting electromagnetic waves
(EM) into the ground and measuring their reflections using a
receiving antenna to identify issues such as ballast fouling,
moisture intrusion, and subsurface voids, as these can be linked
to changes in electrical impedance [13]. GPR functions within
a finite frequency range where the velocity and attenuation of
the EM wave are independent of frequency (typically 1 MHz —
1 GHz) [13].

The receiving antenna captures the reflected signals, and the
system measures the time delay and amplitude of these
reflections. This data is then processed and visualised in
radargrams, in the form of black-and-white, or coloured, waves
and patterns, each corresponding to the radar signals reflected
by different underground materials. These radargrams enable
engineers to analyse subsurface conditions, detect hidden
defects, and determine the thickness of different layers. The
frequency of the radar waves plays a critical role in determining
both the resolution and depth of penetration. High-frequency
waves, typically above 1 GHz, provide detailed images but can
only penetrate shallow depths, making them ideal for
inspecting ballast conditions. Lower-frequency waves, in the
range of 100 — 500 MHz, penetrate deeper but offer lower
resolution, making them more suitable for analysing subgrade
and deeper structural layers. Water-saturated or clay-rich soils
tend to absorb radar waves, limiting penetration, while dry,
coarse materials like gravel or sand allow for better wave
transmission [13].

3.4 InSAR

Interferometric Synthetic Aperture Radar (INSAR) is a remote
sensing technique that uses satellite-based radar imagery to
measure ground surface deformation with millimetre-level
precision. By analysing the phase differences between radar
signals captured at different times, INSAR provides detailed
information about land subsidence, uplift, and ground
movement [32,35]. The precision of this technique is of the
order of 3—-5 mm.

3.5  FREE AND FORCED VIBRATION

Point receptance analysis in railways is a testing technique used
to assess the dynamic properties of track by measuring its
response to applied forces. A sledgehammer with a steel tip, or
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a falling weight of 8 kg, has been used in free vibration tests to
generate an excitation impulse on the rail [36]. In a forced
vibration test, a hydraulic actuator generates linear frequency
sweeps with constant load amplitudes to stimulate various
natural frequencies of a structure, such as a bridge [37]. The
resulting accelerations are recorded using accelerometers or
laser Doppler vibrometers at different positions, and the data is
processed to compute Frequency Response Functions (FRFS).
Measured FRFs can then be compared with corresponding
calculated FRFs from a simulation model to identify the
stiffness and damping of different parts of the structure [38].

3.6 PERMANENT DISPLACEMENT, SETTLEMENT

Various tools and instruments are available for measuring and
monitoring settlement in track layers. These include the Multi-
Depth Deflectometer (MDD), which is embedded in the track
bed, uniaxial and triaxial accelerometers [39], settlement plates
paired with total stations, vibrating wire-based measurement
systems, liquid level sensors, inclinometers, Linear Variable
Differential Transformers (LVDTs), Global Navigation
Satellite Systems (GNSS), and FBG sensors.

The MDD is specifically designed to assess the mechanical
response and deformation of soil layers. It is widely used at
railway track sites to evaluate soil stiffness and condition.
Primarily, the MDD serves as a reliable tool for accurately
measuring the permanent deformation of different pavement
layers. Additionally, it facilitates the calculation of the effective
elastic moduli of multilayered pavement structures based on the
collected data [40].

The LVDT is a displacement sensor used to detect linear
movements in both the short and long term. It is commonly
applied in railway infrastructure to monitor the displacement of
components, such as sleepers, rails, bridges, and slabs [15].

A total station is an advanced electronic and optical
instrument designed for precise measurement of angles,
distances, and coordinates. In railway applications, it plays a
crucial role in ensuring accurate track alignment, calculating
gradients, and maintaining track conditions by detecting
deviations and elevation changes [15].

The GNSS utilises satellite signals to determine the position
of objects on Earth. It operates through a network of orbiting
satellites that transmit signals to ground receivers, which
process the timing and strength of these signals to compute
position, altitude, and velocity. In railway systems, GNSS is
used for continuous real-time monitoring of track settlement,
enabling a better understanding of foundation changes at
different stages and enhancing railway safety [41,42].

3.7  BALLAST INSPECTION

Ballast degradation occurs when fine materials or fouling
agents accumulate in the spaces between ballast particles. This
fouling can result from ballast fragmentation, contamination
from external elements, or the infiltration of fines from the
subgrade soil. Over time, as ballast continues to age, it becomes
increasingly affected by fouling and degradation due to particle
breakage and surface wear. These processes contribute to
inadequate drainage, excessive settlement, track misalignment,
and diminished lateral stability, all of which negatively impact
railway track performance. In severe cases, excessive ballast
degradation can lead to operational disruptions and safety risks
[43]. Assessing ballast conditions typically involves visual
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inspections, manual measurements, and field sampling, which
is often followed by sieve analysis. Additionally, automated
methods such as the Ballast Scanning Vehicle (BSV) have been
introduced to enhance evaluation processes. The BSV is
capable of capturing field ballast images, video footage, and 3D
height maps from both plan and depth profile perspectives,
enabling a thorough assessment of ballast conditions [44].

3.8 WILD

Wheel flats and other forms of wheel out-of-roundness can be
detected through acoustic or visual inspections, or by
measuring vertical wheel-rail contact forces using wheel
impact load detectors (WILDs). These detectors help operators
monitor force levels, enabling proactive maintenance to
prevent excessive wheel out-of-roundness. Commercial WILD
systems use various types of sensors, including strain gauge
circuits, fibre optic technology for measurements of rail
bending, and load cells for rail seat loads [45].

3.9 FROST DEPTH

Extreme weather conditions in northern European countries
may lead to recurrent issues with freeze-thaw cycles and
seasonal variations in track geometry. Frost depth can be
measured using frost sticks [15].

3.10 TRACK GEOMETRY AND TRACK STIFFNESS
RECORDING CAR

Track geometry recording cars are specialised rail vehicles
equipped with advanced measurement systems such as laser
profilometers, accelerometers, and ultrasonic sensors. Track
geometry is evaluated based on band-pass filtered indicators,
such as longitudinal level, horizontal alignment, cant,
curvature, gauge, and twist. These indicators are assessed based
on the specific wavelength intervals defined in EN13848-5, see
Table 1 [46].

Table 1. Wavelength ranges according to EN 13848-5[46].

Longitudinal level ~ Wave type Wavelength range (m)
Do Short wave 1-3

D: Mid wave 3-25

D, Long wave 25-70

3.11  POINT MEASUREMENTS

Strain gauges (traditional or FBG-based), accelerometers, and
contact pressure cells [39] are widely used in railway
measurements to monitor track and vehicle dynamics, ensuring
safety and performance. Strain gauges are installed on rails,
sleepers, and train components to assess strain, stress, load
distribution, and deformation under varying operational
conditions.

4  CASE STUDY: THE GRANSJO TEST SITE

In 2022-2023, an extensive field measurement campaign was
carried out in a transition zone at Gransjo, north of Boden, on
the Swedish heavy haul line Malmbanan [15]. The transition
zone was between a conventional ballasted track on
embankment and a Moulded Modular Multi-Blocks (3MB)
slab track. An FBG-based long-term monitoring arrangement,
with a high temporal resolution, was used for both short-term
and long-term condition monitoring of the operational railway
track in the harsh conditions of northern Sweden. The test set-
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up was limited to measuring the response in four selected
sleeper bays.

Figure 1. An overview of the test site including a transition
zone between ballasted track and 3MB slab track at Gransjo,
north of Boden, Sweden.

4.1  TESTSITE

Traffic on the line is dominated by iron ore freight trains with
axle loads up to 32 tonnes, operating from the mines in Kiruna
and Malmberget to the ports in Narvik and Luled. The speed of
the loaded heavy haul trains is 60 km/h. The line is also used
by passenger trains at maximum speed 135 km/h and by other
freight trains. The annual traffic load is of the order of 14 MGT
(mega gross tonnes).

The track design includes 60 kg/m rails, rail fastenings with
10 mm rubber rail pads, and concrete sleepers designed for axle
loads of 35 tonnes at a sleeper distance of 0.6 m. The 3MB
track at Gransjo was constructed in September 11 — 15, 2022,
as part of the Horizon 2020 Shift2Rail EU project In2Track3.
[15]. It was decommissioned in August 2023, see Figure 1.

4.2  GEOTECHNICAL SURVEY

Prior to the construction of the 3MB track, geotechnical tests in
the form of CPT and MASW were conducted to determine the
stiffness and stratification of the layered substructure. The
results indicated that the subgrade at the site consists almost
exclusively of moraine, mixed with large blocks of rock, with
a maximum depth of 5 m to bedrock [47]. The embankment
height varies between 2 and 2.5 m. Due to years of maintenance
involving tamping and re—ballasting of the track, the thickness
of the ballast layer (hominally 30 cm) has increased to 80 cm.
This necessitated additional excavation depth to remove the
ballast layer (and large blocks) during the construction of the
3MB slab system.

In the MASW survey [47], the dispersion of Rayleigh waves
on the ground surface, acquired using vertical geophones, was
used for the interpretation of small strain shear stiffness. See
Figure 2 for an example of measured distribution of wave speed
in a cross-section of the subgrade at the test site.

Track geometry was measured using a track geometry
recording car. For reference, in another study conducted on
Malmbanan, track geometry car recordings from 1999 to 2016
were analysed to investigate rates of vertical track geometry
degradation. This analysis indicated some correlation between
track stiffness gradient and differential settlement, providing
insights into how variations in substructure stiffness can lead to
local track irregularities. As expected, it was concluded that the
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settlement rate along Malmbanan varies significantly
depending on the local conditions and properties of the
subgrade. For a poorly supported section of the track, the
standard deviation of the longitudinal level (1 — 25 m),
evaluated over a 50 m track segment, increases by
approximately 1 mm per annum [27,28].

Track stiffness at rail level, measured using the same track
geometry recording car before and after construction of the
3MB track, is presented in Figure 3. A large gradient in
stiffness is observed at either end of the 48 m slab track. The
mean value of the track stiffness is particularly low for the slab
track due to the softer elastic pads and the poor compaction of
the backfill material after the excavation carried out during
construction.

Skjuwwiagshastghet
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Figure 2. An example of measured shear wave speed
distribution of layered soil at the test site [47].
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Figure 3. Track stiffness at rail level for ballasted track on
embankment, two transition zones, and 48 m of slab track at
Gransjd, measured by a track geometry recording car before
and after construction. Blue vertical solid lines indicate the
positions of two transitions (slab ends). Blue vertical dashed-
dotted lines show the positions of instrumented sleepers 3, 5,

8, and 11, numbered from the slab.

4.3 FROST DEPTH AND INSAR

The extreme weather conditions at the test site, with
temperatures down to -40°C during the winter and relatively
warm summers, result in recurrent issues associated with
freeze-thaw cycles and seasonal variations in track geometry.

1175.75
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The Swedish Transport Administration monitors frost depth
using frost sticks, which record the temperature in the subgrade
at various levels down to a depth of a few metres, thereby
generating a temperature profile. The variation in frost depth
over a period of eight months, recorded at a station near the test
site, is shown in Figure 4. It is observed that prior to the end of
October 2022, the ground was not frozen at all. By mid-
December 2022, the ground had commenced freezing gradually
down to a depth of 2 m. From mid-December 2022 until the
beginning of May 2023 more than 2 m of the ground remained
frozen.

Frost penetrating to a certain depth may induce the expansion
of the subgrade, resulting in ground uplift. This phenomenon,
known as frost heave, poses a significant issue on Malmbanan.
To evaluate the average settlement at the test site, INSAR data
was used, providing the average settlement over a specified
surface area at various times. It was found that the average
settlement at a track point near the test site is about 1 — 2 mm
per year [31], see Figure 5.
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Figure 4. Temperature profile of subgrade down to 2 m depth
at a measurement station near the test site [15].
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Figure 5. An example of INSAR long-term settlement
measurements at a track point near the Gransj0 site, covering
the period from 2015 to 2021 [48]. Positive settlement
numbers indicate downward permanent displacement.

4.4  TRAFFIC LOAD

Information regarding traffic loading is crucial for evaluating
railway infrastructure. In this campaign, data from a nearby
wheel impact load detector was used to assess the range of
mean wheel-rail contact forces for a specific train passage
traversing the test site [15].

Additionally, to evaluate the influence of the stiffness
gradient and to detect potential voids beneath sleepers, the
wheel-rail contact force was measured within the transition
zone. Temporary electrical strain gauges were used to measure
the contact forces in sleeper bays 3, 5, and 8 from the transition.
A Wheatstone bridge comprising two waterproof strain gauges,
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each with a sensing area of 6 mm x 2.2 mm, was glued to the
neutral axis of the rail within a specified span between two
adjacent sleepers, oriented at +45° relative to the horizontal and
vertical coordinate axes, see Figure 6. Shear deformations of
the rail web were measured on two occasions, with a six-month
interval.

It was concluded that the wheel-rail contact force in sleeper
bay 3 was higher than in sleeper bays 5 and 8. The higher load
could be attributed to vehicle dynamics when traversing the
transition between two track forms with a stiffness gradient and
potentially voided sleepers on the ballasted side. Consequently,
the greater settlement of sleeper 3 could be a result of the higher
loading. Additionally, it was observed that the wheels were
generating forces, on average, about 5 kN higher in May 2023
than in October 2022 due to the evolving irregularities in the
longitudinal level along the transition. The magnitude of forces
derived from WILD data for the same train was consistent with
the measured wheel-rail contact forces.

S R 4 S
Figure 6. Full Wheatstone bridge mounted on the neutral axis
of the rail web

4.5  TRACK FORM DYNAMICS

Vertical point and cross receptances (frequency response
functions) of both track forms were measured by exciting the
rail using an instrumented impact hammer and recording the
track response with accelerometers. The rail was excited either
above a rail seat or at the centre of a sleeper bay. Apart from
the hammer excitation, the track was in unloaded conditions.
Accelerations were measured at locations sufficiently far from
the transition to mitigate any boundary effects resulting from
the change in track form.

For the ballasted track, see Figure 7, three resonance peaks
can be observed in the measured receptance at 30, 290, and
950 Hz. The first peak corresponds to a vertical in-phase
vibration of the rail and sleepers, characterised by high
damping due to the propagation of waves in the ballast and
subgrade. The second peak corresponds to an out-of-phase
motion between the rail and sleepers, influenced by the
flexibility of the rail pads. The third peak represents the pinned-
pinned resonance mode, which is a vertical bending mode with
a wavelength twice the sleeper span.

4.6 SHORT-TERM TRACK RESPONSE

The instrumentation setup included sensors for measuring
axial rail strains to assess rail bending moment and rail seat
load, vertical sleeper displacement, and vertical acceleration at
the sleeper ends. The setup consisted of four clusters placed in
sections between two sleepers in sleeper bays 3, 5, 8, and 11,
numbered from the transition. Each FBG-based cluster
consisted of one accelerometer, one displacement transducer,
and one strain array with four strain gauges. In total, 30 FBG
sensors were installed. Aluminium covers and cable conduits
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were added to protect the sensors and cables from mechanical
damage and harsh weather conditions.

The interrogator was housed in a heated cabinet to maintain
operational temperatures (0 — 60 °C) and positioned near a
power source and data connection. Additional site equipment
included a field computer, hard drive, junction box,
temperature sensors, thermostat, fan, 4G antenna for backup,
and a network switch. The interrogator continuously recorded
sensors data at a 2 kHz sampling rate, distributing data via a
network socket to a computer. A custom LabVIEW-based
program, FemtoGateway, processed and stored the data locally
before synchronising it with a server at Chalmers.

Receptance magnitude [nm/N]

10! 107 10°
Frequency [Hz]

Figure 7. Magnitudes of measured rail receptances for the
ballasted track. Vertical hammer excitation on the rail at
midspan. Response measured on the rail at midspan (point
receptance shown using a blue line) or on the rail at railseat
(cross receptance shown using a red line).

Figure 8. Overview of the four clusters (C1 — C4), and strain
sensor humbering for each cluster.

Figure 9. Detail of an instrumented sleeper equipped with a
vertical base plate, an L-shaped mechanism,
one accelerometer and one displacement transducer.
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Axial rail strains were measured using strain gauges at the
positions indicated in Figure 8. Based on the measured strains
and assuming Euler-Bernoulli beam theory, examples of the
evaluated time histories of rail bending moment above sleepers
5 and 11 for part of a loaded iron ore train are shown in
Figure 10. Each peak corresponds to a passing axle. It is
observed that the rail bending moment above sleeper 11 is
higher than that above sleeper 5, indicating that sleeper 11 has
softer support conditions. This was confirmed by comparing
the corresponding measured sleeper displacements.

Based on the elongation of the displacement transducer, the
vertical displacement of the sleeper was measured relative to a
fixed anchor embedded deep into the ground (fixed reference),
as indicated in Figure 9. Additionally, vertical accelerations
were measured using six FBG-based accelerometers. Five of
these were placed at the sleeper ends (3, 5, 8, 11, and 31), while
one was positioned on the first block on the slab track side.
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Figure 10. Rail bending moment above sleepers 5 and 11
along the transition.

4.7  LONG-TERM TRACK SETTLEMENT

Permanent displacements of the track structure were
determined by extracting the at-rest positions of the
instrumented sleepers from intervals between train passages.
The resulting long-term track settlements for sleepers 5 and 11,
evaluated over a period of about 11 months, including one
winter, are shown in Figure 10. It is observed that the initial
settlement rate immediately after the installation of the slab
track and transition zone was very high, but it slowed down
after a few weeks of traffic. For sleeper 11, there was a reversal
in the permanent displacement during the winter due to frost
heave.

To verify the trend in measured permanent sleeper
displacements, a sleeper level survey was conducted using a
Trimble SX12 self-levelling, automatic-scanning total station
with an active prism. The survey was carried out on six
occasions over a period of ten months. Overall, the long-term
sleeper displacement data aligned well with the total station
survey results for the ballasted track until the end of December.
Subsequently, the relative measurement from the FBG system,
which was referenced to a ground anchor, indicated less
upward movement of sleeper 5 due to frost heave compared to
the total station survey results. This discrepancy may be due to
the short (2 m) length of the anchor that did not extend below
the frozen ground layers, see Figure 4. To obtain a fixed
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reference, longer anchors extending beneath the frozen layers
would have been necessary. For sleeper 11, the total station
survey results were consistent with the relative track
displacement measurements since the anchor length exceeded
4 m.

o
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=
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Figure 11. Evolution of permanent sleeper displacement
(settlement) over time for sleepers 5 and 11. Sleeper 5 was
tamped after 20 days of operation.

The Swedish Transport Administration utilises frost sticks to
monitor frost depth. These instruments are capable of
measuring temperature profiles to a depth of a few metres.
Based on these measurements it was concluded that the ground
remained unfrozen until late October, at which point it
gradually froze to a depth of 2 m by mid-December. This depth
was exceeded until early May 2023, cf. Figure 4. As air
temperatures declined below -10 °C and frost depth exceeded
2m, sleeper settlement at positions 5 and 11 ceased and
initiated a reverse process. This indicated that frost heave was
the probable cause of this uplift.

5 CONCLUSIONS AND LESSONS LEARNED

In this paper, various methods for measurement and monitoring
of differential settlement in railway infrastructure have been
reviewed. The case study presented, conducted in a transition
zone between ballasted track and a short demonstrator section
of 3MB slab track at Gransjd on Malmbanan, aimed to integrate
existing data, such as geotechnical surveys and InSAR
measurements, with observations from an extensive FBG-
based instrumentation system that captured both short-term
dynamic track responses and long-term static settlements
(permanent displacements) of selected sleepers.

Given the sensor requirements, harsh weather conditions at
the test site on Malmbanan, operational railway track with
heavy haul train traffic, and budget constraints, FBG sensors
were selected. This system reduced the installation time, which
was critical due to the narrow installation window during the
construction of the 3MB slab track. Another benefit was the
simplified routing of optical cables, allowing the interrogator
to be placed in a heated cabinet to maintain operational
temperatures (0 — 60 °C), as well as to be near the available
power source and data connection provided by the track owner.

FBG-based sensors have a higher initial cost than traditional
sensors but offer superior performance, including multiplexing
capabilities, reduced installation complexity, and greater
durability in harsh environments. Their high sensitivity and
immunity to electromagnetic interference enhance reliability,
making them a more efficient and sustainable choice for
advanced monitoring applications despite the higher upfront
investment.
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The measured data have been used for a long-term
assessment of the transition zone and the new slab track design,
as well as for the calibration of track models for further
simulation studies [38]. It was concluded that most
implemented sensors performed reliably. The FBG-based
strain gauges enabled the setup to successfully detect the type
of vehicle, train speed, and the number of axles in each train.
The spatial and temporal resolution of the observed rail
curvature distribution were found to be sufficient for analysing
rail bending moments.

A considerable variation in measured displacements between
the selected adjacent sleepers in the transition zone was
observed. These displacements depend on the initial and
evolving support conditions of each sleeper and their distance
from the transition. For example, sleeper number 3, located
near the transition, became voided shortly after installation,
while sleeper 8 appeared to be supported by a very stiff
foundation, leading to minimal settlement. Good agreement
was observed between the displacement data from the FBG
sensors and the total station survey.

Unfortunately, the conditions and available time window
during the construction of the transition zone and slab track at
Gransjo were far from optimal. The excavated volume of
ballast and subgrade was replaced with insufficiently
compacted backfill material before the construction of the slab,
leading to significant settlement of the slab track soon after
installation. Due to the excessive settlement of the slab track,
the fasteners on the slab side had to be adjusted to their desired
height by sliding shims after 20 days of operation. At the same
time, the first six sleepers on the ballasted side were tamped to
restore the longitudinal level. Still, the substantial settlement of
the slab track continued, albeit at a lower rate. This had a
significant effect on the support conditions also for the sleepers
near the transition, particularly indicated by the measured
short-term displacements and settlement of sleeper 3.

The signal-to-noise ratio of the acceleration data was too low
because the delivered accelerometers were designed to measure
higher acceleration levels than anticipated, preventing the use
of the acceleration data for reconstructing sleeper
displacements [49]. This issue could not be resolved, as the
sensors were deployed in clusters, and replacing them in the
field was not feasible. To address this issue, it is recommended
to implement more rigorous quality control tests prior to
installation.

Furthermore, based on Euler-Bernoulli beam theory and the
measured difference in rail bending moment across the width
of the rail pad [23], the plan to evaluate time histories of rail
seat loads failed due to inconsistent data from different strain
gauges.

The test site was distant from the university, leading to high
travel costs in the event that anomalies needed to be addressed
during the measurement period. For example, the displacement
sensors and anchor arrangements needed adjustments on a few
occasions due to the unexpectedly high levels of settlement.
The measurements were conducted during winter, with heavy
snowfall and low temperatures, which further complicated
access to the sensors and made the process more challenging.

Nevertheless, it is argued that the combination of the
described FBG-based test set-up (improved with
accelerometers with higher signal-to-noise ratio and more
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consistent strain data) with existing geotechnical and traffic
load data is a powerful approach that can be employed by
infrastructure managers to justify, test, and evaluate transition
zones and new track designs across their network.

This study has focused on the heavy haul track on
Malmbanan in northern Sweden, but insights discussed here are
relevant to railways operating in other climates. Accurate
monitoring of differential settlement in railway infrastructure is
a common challenge worldwide, regardless of the type of
loading and climate. It is argued that elements of the setup used
here will assist infrastructure managers across the network in
justifying, testing, and assessing new track designs.
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ABSTRACT: Aging infrastructure poses significant challenges in ensuring safety, reliability, and long-term serviceability. The Parchi
Viaduct, a 3-km multi-span structure on Milan’s A51 Eastern Ring Road, experienced critical degradation in its Gerber saddles,
necessitating temporary closure for safety assessments. In response, Milano Serravalle Milano Tangenziali S.p.A. and CAEmate
S.R.L. deployed an advanced Structural Health Monitoring (SHM) system, integrating distributed fiber optic sensing (DOFS) and a
physics-informed digital twin (PINN) to enable real-time load-bearing capacity evaluation and predictive maintenance. This paper
presents the implementation of the WeStatiX SHM platform, utilizing DOFS to capture strain, temperature, and vibration data while
dynamically updating a finite element model (FEM) through inverse analysis and multi-objective optimization. By continuously
refining modal parameters such as natural frequencies, mode shapes, and damping ratios, the system enables early detection of
structural anomalies and degradation trends.

The validated digital twin successfully predicted real-world structural behavior, confirming residual load-bearing capacity despite
saddle deterioration and supporting the safe reopening of the viaduct under real-time monitoring per Italian NTC standards. Load test
results and FEM simulations demonstrated excellent agreement, with taller piers exhibiting ~20% greater deflection, emphasizing
pier height's impact on load distribution and deformation patterns. These findings enhance predictive maintenance planning, improve
stress redistribution modeling, and contribute to prolonging the structural lifespan of aging infrastructure assets.

KEY WORDS: Structural Health Monitoring (SHM); Digital Twin; Distributed Fiber Optic Sensors (DOFS); Finite Element
Modeling (FEM); Predictive Maintenance; Artificial Intelligence (Al); Operational Modal Analysis (OMA); Physics-Informed
Neural Networks (PINN); Machine learning (ML)

2 SYSTEM ARCHITECTURE

2.1 Structural Health Monitoring Framework

1 INTRODUCTION
The Milano Serravalle Milano Tangenziali S.p.A. manages a

motorway network with over 400 bridges and viaducts, requiring
regular structural assessment to comply with national safety
regulations. Increasing traffic loads, environmental exposure,
and material aging necessitated the implementation of an
advanced Structural Health Monitoring (SHM) system for real-
time diagnostics and predictive maintenance.

Following the Ponti Guidelines, the SHM deployment prioritizes
viaducts with high traffic volumes, complex configurations, or
significant material degradation. The strategy captures structural
responses under traffic-induced loading, providing quantitative
safety assessments. The network includes various bridge types,
many built in the 1960s and expanded in the 1990s, making SHM
essential for early damage detection, optimized maintenance, and
long-term serviceability.

This paper presents the Milano Serravalle SHM initiative,
detailing sensor deployment, real-time data processing, and Al-
driven digital twin modeling for viaduct safety assessment and
predictive maintenance.

Figure 1. Sensors installed under the deck of viaducts over
piazza Maggi.
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The SHM system deployed on the Milano Serravalle motorway
network provides real-time structural diagnostics by
continuously measuring key mechanical and dynamic
parameters. It integrates threshold-based evaluation with a data-
driven digital twin, ensuring a comprehensive and adaptive
approach to infrastructure monitoring.

2.2 Threshold-Based Evaluation Approach

Conventional SHM relies on predefined safety thresholds
derived from design standards, material properties, and historical
data to detect deviations from expected behavior. While effective
for early anomaly detection, this method is limited by
uncertainties in aging structures, undocumented modifications,
and hidden defects such as microcracks and corrosion. To
address these gaps, advanced sensor-driven modeling techniques
complement threshold-based assessments.

2.3 Model-Driven Digital Twin Approach

To overcome static threshold limitations, the SHM system
employs a model-driven digital twin that continuously refines
structural models using real-time sensor data. A finite element
model (FEM) serves as the foundation, integrating as-built
documentation, material properties, and initial boundary
conditions. However, continuous refinement is essential to align
the model with actual structural behavior.

Real-time sensor data from distributed fiber optic sensors
(DOFS), MEMS-based accelerometers, and inclinometers is
processed in the SHM cloud platform, where inverse modeling
techniques, including physics-informed neural networks
(PINNSs), adjust structural parameters dynamically. This
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feedback loop enhances damage
maintenance, and risk assessment.
Modal and frequency analysis further refine the model by
tracking changes in natural frequencies, mode shapes, and
damping ratios, key indicators of stiffness loss, fatigue, or
settlement issues. This enables early intervention and cost-
effective maintenance planning.

detection, predictive

2.4 Multi-Sensor Data Acquisition System

The SHM system relies on a multi-sensor network to capture the
structure’s response under various conditions. Triaxial MEMS
accelerometers facilitate Operational Modal Analysis (OMA) for
detecting stiffness reductions. Inclinometers and displacement
transducers measure rotations and deflections at critical
structural interfaces, identifying foundation movements and
misalignment.

DOFS technology provides continuous strain, temperature, and
stress distribution data, crucial for detecting localized stress

Sensors

Data transfert
to cloud

Figure 2. Logical scheme of the system architecture
implemented by Milano Serravalle.

concentrations and thermal expansion effects contributing to
material fatigue.

All sensor data is synchronized via satellite-linked data
acquisition units (UCLs) and transmitted through fiber optic
networks to the SHM cloud platform, ensuring precise temporal
alignment for real-time analysis.

3 DISCRETE SENSORS

The structural health monitoring (SHM) system deployed across
the Milano Serravalle motorway network incorporates a
comprehensive array of discrete sensors, each carefully selected
to measure critical structural and environmental parameters. The
placement and configuration of these sensors were strategically
determined based on the structural scheme, constraint conditions,
and anticipated mechanical behavior of each viaduct. This
systematic deployment ensures that all relevant dynamic,
thermal, and displacement-related phenomena are captured with
high accuracy and precision.

3.1 Sensor Types and Technical Specifications

A range of high-precision sensors was employed to monitor key

structural response parameters, including vibrations, rotations,

displacements, and temperature variations. The primary sensor

types used in the monitoring network include:

e Triaxial MEMS-Based Accelerometers: These sensors are
used for capturing dynamic structural response by
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measuring accelerations in three orthogonal directions. The
accelerometers deployed in this system have a measurement
range of £2 g, with a frequency response spanning from 0
Hz to 500 Hz and a spectral noise level of +22.5 ng/\Hz,
ensuring high-resolution vibration monitoring. Their role is
particularly critical for Operational Modal Analysis (OMA),
which enables real-time identification of stiffness variations
and localized damage detection.

e Biaxial MEMS Inclinometers: The inclinometers are
installed to measure angular rotations at key structural joints
and supports. These sensors feature a measurement range of
+15° with an angular resolution of 0.001°, enabling precise
detection of structural tilting, pier settlements, and
deformation trends over time.

e Potentiometric Displacement Transducers: To monitor
relative displacements between structural components,
potentiometric displacement transducers were installed at
expansion joints and pier connections. These devices have a
measurement range of 0—150 mm, with a precision of 0.05
mm, allowing for accurate tracking of longitudinal and
transverse displacement variations.

e High-Sensitivity Thermometers: Thermal effects play a
significant role in structural deformation and stress
redistribution, particularly in reinforced and prestressed
concrete structures. Thermometers were deployed across
critical structural sections, enabling the continuous
monitoring of temperature variations. This data is essential
for compensating thermal expansion effects in stress
analysis and predicting long-term material fatigue due to
cyclic temperature fluctuations.

3.2 Sensor Placement Strategy

The placement of sensors was carefully optimized to ensure
maximum coverage of structural behavior while minimizing
redundancy. In general, accelerometers and inclinometers were
mounted along the lateral edges of the bridge decks, with
installations concentrated at on-axis sections and quarter-span
positions. These locations were selected to provide a detailed
characterization of modal behavior, resonance effects, and
dynamic loading conditions.

To capture pier behavior and bridge support movements,
inclinometers and displacement transducers were positioned at
the tops of piers and at expansion joints, where rotational
deformations and relative displacements are most pronounced.
This setup allows for early detection of differential settlements,
support degradation, and abnormal structural movements that
could indicate potential failure mechanisms.

Thermometers were distributed across key structural regions,
including deck intrados, piers, and expansion joints, ensuring
comprehensive thermal profiling. This placement allows for
accurate correlation of temperature-induced stresses with real-
time displacement and strain measurements.

3.3 Data Acquisition and Synchronization

All sensors were hardwired to a high-speed data transmission
network, ensuring continuous and reliable data flow to the central
processing platform. The monitoring system employs a satellite-
synchronized local control unit (UCL), which manages data
acquisition,  synchronization, and pre-processing before
transmitting the information to the SHM cloud platform.
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The optical fiber transmission BUS provides a secure and
interference-free data link, enabling real-time sensor readings to
be collected, processed, and stored in a structured database. The
synchronized nature of this setup ensures that all measurements
are precisely time-aligned, allowing for accurate modal and
frequency analysis of the structures.

Once collected, the sensor data is integrated with the digital twin
platform, where it undergoes automated noise filtering, anomaly
detection, and inverse modeling-based calibration. This process
allows engineers to rapidly detect deviations from expected
structural behavior and implement predictive maintenance
strategies.

3.4 Role of Discrete Sensors in the Digital Twin Model

The real-time measurements from discrete sensors serve as the
foundation for updating and refining the digital twin model. By
continuously integrating modal data from accelerometers,
rotational data from inclinometers, and displacement readings
from transducers, the FEM-based digital twin can iteratively
adjust its parameters to match actual structural behavior.

The long-term tracking of temperature variations and

displacement trends further enhances the predictive capabilities
of the model, allowing for proactive intervention before critical
failure conditions arise. As a result, the combination of discrete
sensor data and Al-driven model updating enables a high-fidelity
representation of viaduct performance, significantly improving
the reliability of maintenance planning and infrastructure
resilience.

Figure 3. Discrete sensors used: displacement transducers (top),
biaxial inclinometer (bottom left), triaxial accelerometer and
biaxial inclinometer (bottom right).

4 THE “VIADOTTO DEI PARCHI” AND THE
DISTRIBUTED FIBER OPTIC SENSORS (DOFS)

4.1 Structural Characteristics of the Viadotto dei Parchi

The Viadotto dei Parchi is a critical viaduct on Milan’s A51
Eastern Ring Road. Originally designed by engineer Silvano
Zorzi in 1970, the structure features a continuous deck plate
integrated with the piers, forming spans of 24 meters. Its design
includes a zero-moment point positioned 7 meters from the pier
axis, materialized through a Gerber-type saddle system that
ensures efficient load redistribution and structural continuity.
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The viaduct consists of two parallel structures, each supporting
a separate motorway carriageway, with a center-to-center
distance of approximately 29 to 30 meters. Extending nearly
3,000 meters in total length, it is one of the longest and most
strategically significant bridges within the Milan motorway
network.

4.2 Structural Expansion and Modification

In 1992, the viaduct underwent a major expansion to
accommodate increased traffic demand, adding a third lane to
the Eastern Ring Road. The available space between the two
existing viaducts allowed for the construction of two additional
structures, effectively increasing capacity while maintaining

overall structural integrity. However, this intervention
introduced engineering challenges, including increased
dynamic loads, differential settlements, and stress

redistribution between the old and new structures.

Due to the viaduct’s scale and the number of spans, an
advanced monitoring system was required to assess its real-
time structural performance, particularly in response to
dynamic traffic loading, thermal variations, and long-term
material degradation. This necessity led to the deployment of a
Distributed Fiber Optic Sensor (DOFS) network, providing
high-resolution continuous monitoring across the entire
structure.

Figure 4. “Viadotto dei Parchi” after the widening in the early 1990s.

4.3 Advantages of Distributed Fiber Optic Sensors Over Discrete
Fiber Sensors

The DOFS system implemented on the Viadotto dei Parchi
represents a significant advancement over traditional discrete
fiber optic sensors, such as Fiber Bragg Gratings (FBG). FBG
sensors operate through spectroscopic techniques that measure
strain at discrete points along the fiber. While useful in
localized assessments, they present several limitations,
including restricted spatial resolution, installation complexity,
and fragility.

FBG sensors are typically deployed in limited chains, resulting
in spatial gaps in the monitoring data and reduced effectiveness
in capturing localized stress concentrations or progressive
deformation. Their fabrication process modifies the fiber optic
core, making them prone to breakage, and installation requires
precise alignment with specialized equipment, increasing
deployment costs and long-term maintenance efforts.
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DOFS technology overcomes these limitations by using a
continuous optical fiber embedded into the structure with
mortar or adhesive compounds. This approach enables
uninterrupted, high-resolution measurements of strain,
temperature, and mechanical deformation along the entire
monitored length. The method ensures superior durability,
simplified installation, and greater resistance to environmental
degradation, making it a more reliable solution for long-term
structural health monitoring.

4.4 Measurement Principles and Data Acquisition in DOFS
Systems

DOFS measurements rely on light scattering phenomena that
occur within the optical fiber when subjected to external loads.
The Brillouin Scattering Effect, a nonlinear optical
phenomenon, forms the foundation of the measurement system.
By analyzing the Brillouin frequency shift, the system
determines absolute strain and temperature variations with high
precision.

The system achieves a strain resolution in the micro-epsilon
range, allowing the detection of extremely subtle structural
deformations. The spatial resolution is adjustable, ranging from
a few meters to a few centimeters, depending on the
interrogation time and system configuration. Temperature
effects are automatically compensated through a dual-
wavelength technique, ensuring that strain measurements
remain unaffected by thermal fluctuations. A secondary optical
fiber within the same system provides independent temperature
readings, allowing precise differentiation between temperature-
induced expansion and load-induced deformation.

In addition to static strain and temperature measurements,
DOFS systems capture real-time structural vibrations, enabling
the identification of natural frequencies, mode shapes, and
transient dynamic events. Unlike traditional accelerometers,
which have bandwidth limitations, DOFS technology measures
broad-spectrum vibrational activity with unmatched sensitivity,
further enhancing the accuracy of structural assessments.

4.5 Deployment of DOFS on the Viadotto dei Parchi

The DOFS network was installed to maximize monitoring
effectiveness across critical structural components. Optical
fibers were embedded along both the intrados and extrados of
the deck, covering longitudinal stress paths to ensure
comprehensive strain tracking. Their positioning was
optimized based on FEM simulations, allowing accurate
assessment of curvature, bending moments, and stress
redistribution.

By integrating DOFS with the digital twin model, the
monitoring system provides real-time structural assessments.
This integration enables the early detection of microcracking
and stress concentrations before they evolve into critical
failures. Additionally, long-term deformations associated with
creep, shrinkage, and fatigue effects can be tracked, ensuring
that maintenance strategies are data-driven and proactive. The
continuous monitoring and validation of FEM predictions
ensure that theoretical models remain aligned with real
structural behavior.

The sensors used in this project were developed as a patented
technology by a spin-off company of the Polytechnic of Milan,
further enhancing the resolution, reliability, and predictive
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capabilities of SHM methodologies employed on the Viadotto
dei Parchi.

4.6 Impact
Management

The implementation of DOFS-based SHM on the Viadotto dei
Parchi has significantly improved structural assessment
methodologies. The ability to obtain continuous, high-
resolution strain and temperature data across the entire viaduct
allows for more effective maintenance planning and risk
mitigation.

Real-time monitoring enables early detection of evolving
structural anomalies, allowing timely intervention before
critical damage occurs. By tracking long-term performance
trends, engineers can optimize reinforcement and retrofitting
strategies, extending the viaduct’s service life while reducing
maintenance costs. Furthermore, the integration of DOFS
technology with digital twin modeling minimizes reliance on
costly manual inspections, enhancing efficiency in
infrastructure management while ensuring compliance with
safety regulations.

of DOFS-Based Monitoring on Structural
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Figure 5. Cross section of DOFS fiber arrangement.

4.7 DOFS Findings

The Viadotto dei Parchi serves as a pioneering case study in the
application of distributed fiber optic sensing for SHM. The
successful deployment of DOFS technology has demonstrated
its superiority over traditional discrete sensor networks,
providing unmatched measurement resolution, real-time
diagnostics, and enhanced predictive maintenance capabilities.
The combination of DOFS with Al-enhanced digital twin
modeling establishes a comprehensive framework for long-
term structural health assessment. By continuously integrating
high-fidelity monitoring data into predictive maintenance
strategies, this approach sets a new benchmark for SHM in
large-scale  civil infrastructure  applications.  Future
implementations of similar systems across other critical
viaducts will further refine predictive models and improve
infrastructure resilience.

5  FINITE ELEMENT MODELING AND DIGITAL TWIN

Figure 6. Comparison between real structure and Digital Twin.
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5.1 The Role of Digital Twins in Structural Health Monitoring
The integration of digital twin technology within the Milano
Serravalle motorway network represents a paradigm shift in
structural health monitoring (SHM), enabling a continuous,
bidirectional exchange of information between the physical
structure and its virtual counterpart. These simulation-based
digital twins leverage high-fidelity finite element models (FEMs)
to replicate the mechanical, thermal, and dynamic behavior of
infrastructure assets, allowing engineers to conduct real-time
diagnostics, predictive maintenance, and performance
optimization.

The development of digital twins follows a phased modeling
approach, in which each structural component is incrementally
integrated into the model, mirroring the actual construction
sequence of the viaduct. This approach ensures that time-
dependent effects, such as viscosity (creep), concrete shrinkage,
and load redistribution, are accurately accounted for. By
incorporating historical construction data, including post-
tensioning phases and material aging effects, the digital twin
provides a high-fidelity representation of the viaduct’s evolving
mechanical properties over its operational lifespan.

The thermomechanical behavior of the structure is also explicitly
modeled, allowing for the simulation of temperature-induced
stresses, expansion effects, and seasonal thermal cycles. This is
particularly relevant for large-scale viaducts, where differential
thermal expansion between spans can lead to progressive
degradation and altered load paths over time.

5.2 Finite Element Model Development for the Parchi Viaduct
A comprehensive FEM was developed for the Parchi Viaduct,
following standard structural simulation methodologies used in
the design and assessment of large-scale infrastructure assets.
The model accurately represents the structural geometry,
material properties, and support conditions of the viaduct,
ensuring that its simulated response aligns with real-world
structural behavior.

,n .
§
=
1
(1
H
i

Figure 7. Parchi Viaduct and its Digital Twin (side view).

The deck, piers, and foundations were modeled using 20-node
brick finite elements with quadratic shape functions, which
provide a high degree of accuracy in stress and strain
calculations. The DYWIDAG bars and post-tensioning tendons
were modeled as axially loaded structural elements, ensuring a
realistic representation of prestress-induced force distributions.
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Given the variable pier heights of the viaduct, multiple models
were generated to account for differential stiffness effects
associated with varying substructure configurations. The
selected pier heights of 7.5 m, 12.5 m, and 17.5 m reflect the
actual structural conditions encountered during field inspections.
These variations were included in the FEM to ensure accurate

modeling of load redistribution effects and differential
settlements.

5.3 Interaction Between Spans and Load Redistribution Effects
One of the key challenges in modeling the Parchi Viaduct was
accurately simulating the interaction between successive spans.
The viaduct's Gerber saddle system introduces complex load
redistribution mechanisms, requiring nonlinear contact elements
to properly model stiffness discontinuities and stress transfer
Zones.

The interaction between successive spans was simulated using
contact elements with linear elastic behavior, which were
constrained to react only in compression. This approach captures
the realistic load transfer behavior between deck segments,
allowing for accurate assessment of bending moments and shear
forces (Figure 9).

The original deck structure incorporated a system of longitudinal

and transverse post-tensioning bars, while the widened deck

sections utilized 12 additional longitudinal cables, each
containing 19 strands of 0.6-inch steel tendons. The interaction
between these newly introduced elements and the existing
structural components was modeled using tensioned beam-type
elements, accurately representing the anchoring effects and
prestress redistribution mechanisms (Figure 10).

Figure 9. Model of three adjacent spans of the Parchi Viaduct.
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Figure 10. Modelling of the bars and longitudinal tendons
within the original and widened deck.
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Figure 11. Anchor detail used in the joint area.

5.4 Calibration of the Digital Twin Using SHM Data

To ensure that the finite element model remains an accurate

representation of the actual viaduct, the WeStatiX SHM platform

employs Al-driven inverse modeling techniques for continuous
model updating. The calibration process follows a multi-step
approach:

1) Initial FEM Validation

e The FEM is initially validated against historical design
calculations and load test results from the viaduct’s original
construction phase.

2) Integration of Real-Time SHM Data

e Sensor data from DOFS, MEMS accelerometers, and
displacement transducers is used to update strain fields,
displacement trends, and modal parameters in the model.

3) Iterative Model Refinement via Al Optimization

e A multi-objective optimization framework iteratively
refines material properties, boundary conditions, and
stiffness coefficients, ensuring alignment with measured
structural response data.

e  Physics-informed neural networks (PINNSs) are employed to
enhance the accuracy of model predictions, particularly in
identifying early-stage stiffness degradation.

4) Utilization Factor Computation and Structural Safety
Assessment

e The stress state of individual structural components is
computed through numerical integration of the finite
element stress field.

e The exploitation coefficient of materials (concrete,
reinforcement bars, prestressing cables) is evaluated to
ensure compliance with design safety margins and
regulatory requirements (Figure 9).

5.5 Structural Joint Modeling and Connection Reinforcement

The integration of widened structural segments introduced new

connection  challenges, requiring specialized modeling

techniques to assess joint behavior and stress redistribution. In
the transition zones between the original deck and the expanded
deck, beam-type elements were used to model anchor
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connections, ensuring that the prestress force transfer was
accurately simulated (Figure 12).

Figure 12. Modelling of the anchors used in the joint area.

Additionally, the joints were analyzed under both static and
dynamic loading conditions, allowing for detailed assessment of
fatigue-induced stress cycles. By incorporating nonlinear contact
constraints, the model was able to replicate realistic load transfer
mechanisms, ensuring that joint regions remained within safe
stress limits under operational loads.

5.6 Structural Monitoring and Digital Twin Utilization for

Predictive Maintenance

The calibrated digital twin model serves as a decision-support

tool for predictive maintenance, enabling engineers to:

e Simulate various loading conditions and forecast long-term
degradation trends.

e Identify structural weaknesses by detecting deviations in
modal properties.

e Optimize maintenance schedules by predicting the
remaining fatigue life of critical components.

e  Ensure regulatory compliance by continuously monitoring
stress utilization factors.

By integrating real-time SHM data with FEM simulations, the

digital twin enables a data-driven approach to infrastructure

management, reducing reliance on reactive maintenance

strategies and minimizing the risk of unexpected structural

failures.

6 POST-PROCESSING OF MEASUREMENTS AND
DIGITAL TWIN CALIBRATION

6.1 Dynamic Adaptation of the Digital Twin to Measured Data

A fundamental feature of the digital twin framework employed
in the Milano Serravalle motorway network is its ability to
dynamically update its properties based on the real-time behavior
of the structure. Unlike static numerical models, which rely
solely on design assumptions and material properties, the digital
twin is designed to minimize discrepancies between theoretical
simulations and measured structural response data. This ensures
that the computed stress states, deformation patterns, and modal
properties of the viaducts reflect their actual in-service
conditions rather than idealized design scenarios.

The primary objective of the digital twin calibration process is to
ensure that the numerical model accurately represents the
structure’s response across its entire load history. By
continuously refining key structural parameters, the system
enhances predictive accuracy and enables early detection of
damage mechanisms. Through an automated and iterative
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inverse analysis (back-analysis) framework, the digital twin
minimizes deviations between sensor-acquired data and finite
element simulations, allowing for high-fidelity structural
assessments.

6.2 Inverse Analysis and Model Calibration Techniques

The real-time calibration of the digital twin is achieved using
advanced inverse modeling techniques, which allow for the
automated identification and refinement of uncertain structural
parameters. The WeStatiX SHM platform implements an
iterative multi-objective optimization framework, leveraging
surrogate models trained on thousands of numerical simulations
to efficiently estimate unknown properties.

The parameters subject to calibration include both linear and
nonlinear material characteristics, whose variation over time
may indicate the onset of damage or degradation. Some key
parameters continuously updated in the digital twin include:

e Elastic and nonlinear material properties (stiffness
variations due to progressive damage).

e Time-dependent effects such as creep, shrinkage, and
corrosion-related stiffness reductions.

e Boundary conditions and joint behavior changes caused by
foundation settlements or bearing degradation.

e  Temperature-dependent stress redistributions due to
seasonal thermal cycles.

Through inverse analysis, these parameters are iteratively
adjusted until the numerical model converges with real-world
sensor measurements, ensuring that structural assessments
remain highly accurate and reliable (Figure 13)

Real Structure Digital Twin

Measurements Simulation
Tolerance . Adjuslinunt of
unknown
reached? eyt o
YES: Utitization
factor
calculation

Calibration performed

Figure 13. Calibration through inverse analysis.

6.3 Operational Modal Analysis (OMA) for Dynamic Parameter
Identification

A key component of digital twin calibration is the identification
of the structure’s dynamic properties through Operational Modal
Analysis (OMA). Unlike traditional modal testing, which
requires artificial excitation sources such as shakers or impact
hammers, OMA leverages the ambient vibrations naturally
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present in the structure, such as those induced by wind, traffic
loads, and micro-seismic activity.

By processing acceleration data from MEMS-based sensors
placed along the viaduct deck and piers, the system is able to
accurately determine the structure’s modal frequencies, mode
shapes, and damping ratios (Figure 14). This enables continuous
tracking of structural stiffness variations, which are critical for
detecting:

e Local reductions in stiffness caused by fatigue, cracking, or
reinforcement deterioration.

e Progressive changes in modal parameters indicative of
structural aging.

e Sudden shifts in dynamic response due to damage events
such as bearing failures or impact loads.

Fracpeacy Dora e Dacrpoat e

Figure 14. Inverse analysis calibration.

The digital twin is continuously updated to minimize
discrepancies between FEM-based modal predictions and OMA-
extracted parameters, ensuring real-time identification of
structural changes. This approach allows for the detection of
subtle stiffness reductions before they become critical, enabling
early intervention strategies.

6.4 Distinguishing Thermal, Transient, and Permanent

Deformation Components

One of the key challenges in long-term structural monitoring is
the ability to differentiate between transient deformations (due to
environmental conditions) and permanent structural changes
(indicative of damage evolution). The WeStatiX SHM platform
employs an automated algorithmic framework to process
rotation, displacement, and strain data, allowing it to reconstruct
the full deformation state of the viaduct. The system applies
multi-stage filtering and correlation techniques to distinguish
between:

e Thermal deformations, caused by seasonal and diurnal
temperature fluctuations.

e Transient load-induced deformations, resulting from traffic
loads and dynamic excitation.

e Permanent deformation trends, which may indicate creep
effects, prestress losses, or progressive material fatigue.

Unlike traditional calibration approaches that simply enforce
measurement-matching, the WeStatiX SHM methodology does
not impose measured data onto the numerical model directly.
Instead, it utilizes a cause-and-effect framework, ensuring that
the structural behavior is characterized over time, across its entire
operational lifespan.

6.5 Multi-Timescale Calibration Strategies

To provide a comprehensive assessment of structural
performance, the digital twin employs two interrelated
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calibration procedures, tailored to identify different categories of
structural changes:

1) Long-Term Calibration

This process is designed to track slow-evolving structural
characteristics, such as material degradation, creep progression,
and corrosion effects.

Using longitudinal datasets spanning months to years, the
calibration process refines the governing material laws, ensuring
that the digital twin reflects the actual deterioration mechanisms
influencing the structure (Figure 15).

Figure 15. Modal shape identification.

2) Short-Term Calibration

This process is focused on detecting rapid changes in structural
behavior, such as those caused by thermal fluctuations, sudden
damage events, or traffic-induced loading variations.

It enables precise assessment of thermomechanical material
properties, as well as the quantification of elastic and plastic
deformations caused by transient loads.

Both calibration processes work in tandem, allowing the system
to accurately separate transient anomalies from permanent
structural changes while ensuring that the digital twin remains an
accurate and reliable decision-support tool.

6.6 Digital Twin Ultilization for Predictive Maintenance and
Decision Support

The continuously calibrated digital twin provides a quantitative
basis for structural decision-making, allowing engineers to:

e Predict the remaining service life of critical components
based on degradation trends.

e Assess real-time stress utilization factors to ensure that
safety margins are maintained.

e Optimize maintenance schedules based on accurate
forecasts of fatigue life and prestress losses.

e Trigger automated damage alerts, allowing for targeted
inspections and cost-effective interventions.

e  Through automated calibration, inverse modeling, and real-
time FEM updating, the digital twin enables a fully
predictive maintenance approach, shifting away from
traditional schedule-based inspections toward data-driven
infrastructure management.

The post-processing and calibration methodologies implemented
in the WeStatiX SHM platform represent a state-of-the-art
approach to real-time structural assessment. By leveraging
inverse analysis, OMA-based modal tracking, and Al-driven

CCBY 4.0
https://creativecommons.org/licenses/by/4.0/deed.en

This CC license does not apply to third party material and content noted otherwise

DOI: 10.3217/978-3-99161-057-1-015

optimization techniques, the system ensures that the digital twin
remains dynamically synchronized with real-world structural
behavior.

This multi-layered calibration framework provides a powerful
tool for early damage detection, predictive maintenance, and
infrastructure resilience assessment, setting a new benchmark for
SHM in large-scale civil infrastructure applications.

7 VALIDATION RESULTS AND PREDICTIVE
ANALYSIS

7.1 Load Testing and Digital Twin Validation

To ensure the accuracy and reliability of the digital twin model,
validation was conducted by simulating controlled load tests,
comparing the numerical results with real-world structural
behavior observed during field testing. For the Parchi Viaduct,
these load tests took place in May 2021, during which multiple
spans of the viaduct were subjected to static loading using a
maximum of six fully loaded trucks, each weighing
approximately 30-32 tons. The arrangement of the vehicles on
the deck, as illustrated in Figure 16, was designed to produce
representative loading conditions for evaluating the structural
response.
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Figure 16. Truck loading configuration.

During the tests, topographic survey methods were used to
measure deck displacements and assess deformation trends
under loading conditions. The digital twin model, previously
described, was utilized to numerically simulate the load tests,
integrating precise vehicle positions, tire contact pressures, and
asphalt-layer load distribution effects in accordance with
regulatory standards. These elements were accurately modeled
to ensure a realistic representation of stress propagation through
the bridge deck and substructure (Figures 17, 18, 19).

Figure 17. Parchi Digital Twin load configuration (side view).
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Figure 18. Parchi Digital Twin load configuration (top view).

Figure 19. Utilization factor visualization of Parchi Twin.

7.2 Pier Height Influence on Structural Response

The simulation model was further refined by incorporating
variations in pier heights, introducing additional pier elevations
of 15 m and 9 m, corresponding to different spans of the viaduct.
The results demonstrated a significant correlation between pier
height and deflection response, with taller piers exhibiting
approximately 20% greater maximum deflection under the same
applied loads (Figure 20). This effect highlights the importance
of accounting for pier stiffness variations in structural assessment
and maintenance planning, as local stiffness differences can
influence global load redistribution patterns.
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Figure 20. Pier height load test correlation of Parchi Twin.

Comparisons between measured displacements from the load
tests and simulated results from the digital twin showed excellent
agreement, with negligible discrepancies in both maximum
deflection values and the overall deformation trends (Figure 20).
These results confirm the high fidelity of the digital twin model
and its ability to accurately capture real-world structural behavior
under operational conditions.

7.3 Distributed Fiber Optic Sensor Data Analysis

In addition to traditional displacement monitoring, the
distributed fiber optic sensing (DOFS) system installed on the
Parchi  Viaduct provided continuous real-time strain
measurements, enabling both dynamic characterization and
modal parameter identification for each individual span.

The DOFS system measures strain rate values, defined as the
derivative of strain over time.
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This data is automatically processed by the SHM platform to
extract modal characteristics, including natural frequencies and
damping ratios (Figure 21).
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Figure 21. Natural frequency identification.

Continuous  strain  measurements allow for full-field
reconstruction of structural deformation.

Any anomalous strain distributions or unexpected deformation
patterns are automatically flagged, triggering maintenance alerts
before failure conditions develop.

For other viaducts within the highway network, similar modal
parameter identification and deformation reconstructions were
performed using accelerometer and inclinometer data, combined
with temperature compensation models. An example of this
modal analysis workflow is shown in Figure 22, where
deformation trends were reconstructed based on correlated

inclinometrics and temperature data.
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Figure 22. Deformation reconstruction using inclinometric data.

7.4 Interactive Visualization and Digital Twin Integration

One of the key features of the WeStatiX SHM platform is the
integration of digital twins within an interactive geospatial
interface, providing real-time access to structural health data for
all monitored viaducts in the motorway network. Through an
interactive map interface, engineers can:
e Select specific viaducts and bridge structures to access real-
time monitoring data.
e  Perform virtual inspections through 3D visualization of the
digital twin model.
e Review sensor data trends, including modal parameters,
stress distributions, and temperature variations (Figure 23).
This user-friendly visualization system ensures that structural
assessment personnel can efficiently analyze infrastructure
health indicators, facilitating rapid response to emerging issues
while streamlining the decision-making process for maintenance
planning.
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Figure 23. Interactive map.

7.5 Al-Based Predictive Maintenance and Self-Learning
Algorithms

A distinguishing feature of the WeStatiX SHM platform is its
advanced predictive analysis capabilities, which leverage
physics-informed artificial intelligence to anticipate future
structural behavior based on:

Historical SHM data trends

Machine learning-trained degradation models

Structural simulations under progressive load scenarios

By continuously assimilating real-world monitoring data, the
digital twin functions as a self-learning system, progressively
improving its predictive accuracy (Figure 24). This automated
learning process enhances the platform’s ability to:

Predict structural degradation trends and forecast the
remaining service life of individual bridge components.
Simulate long-term performance under variable load
conditions, identifying potential failure scenarios before
they occur.

Optimize  maintenance  scheduling, ensuring that
interventions are proactively planned based on data-driven
insights rather than reactive repairs.
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Figure 24. Monitoring and prediction dashboard.

The WeStatiX SHM system integrates a suite of real-time
dashboards, enabling infrastructure managers to analyze
monitoring data and numerical simulation outputs
simultaneously. These dashboards display key structural health
indicators, including:

Current stress states and utilization factors

Real-time displacement and deformation trends

Predicted deterioration pathways based on historical load
conditions

By integrating Al-driven forecasting with SHM diagnostics, the
platform provides unprecedented decision-making capabilities,
supporting a predictive maintenance strategy that optimizes
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resource allocation, minimizes intervention costs, and ensures
long-term infrastructure resilience.

8  CONCLUSIONS

The Al-enhanced digital twin framework implemented for the
Parchi Viaduct has demonstrated the effectiveness of real-time
SHM in large-scale infrastructure monitoring. By integrating
DOFS, OMA, and PINN-based inverse modeling, the WeStatiX
SHM platform accurately captures structural behavior, detects
damage progression, and optimizes predictive maintenance.
Load test comparisons validated the high accuracy of the digital
twin, with minimal discrepancies in displacement predictions.
The observed 20% increase in deflection for taller piers
underscores the need to incorporate pier height variations in
FEM-based assessments. Real-time monitoring has provided
crucial insights into stress redistribution, long-term deformation,
and material degradation, enabling early anomaly detection.
Beyond reactive damage identification, self-learning Al
algorithms support long-term deterioration forecasting and data-
driven maintenance planning. Interactive visualization tools
further enhance usability, enabling real-time virtual inspections
and safety assessments.

This study establishes a scalable SHM methodology for
infrastructure asset management, lifecycle extension, and cost-
effective maintenance. Future work will refine Al-driven
anomaly detection, expand digital twin applications, and
integrate multi-hazard risk assessments, advancing proactive
structural assessment and predictive maintenance strategies.
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ABSTRACT: In regard to subway structures, non-destructive testing and structural health monitoring techniques are beneficial
for construction and operation, which require an integrated quality control and sustainability concept. Such an integrated concept
is presented, focusing on two main tasks. Inspection during construction will lead to a better quality of the components and
structures. Proper data can be integrated into a building information model (BIM). The conceptual design should, however,
anticipate later impacts and possible deteriorations at critical parts. The building information model could then be continued
(updated) in the form of structural health monitoring (SHM) to make (visual) maintenance of subway structures more efficient,
resulting in fewer disruptions (fewer closures, less downtime) and lower costs. It can also contain sensors at non-visible or non-
assessible locations. Recording impacts on the structure (e.g. loads, vibrations, chlorides) enables a digital model as a so-called
digital twin and the calculation of the remaining service life. Such a concept is presented for a new subway station in Munich.

KEY WORDS: Digital model; BIM; Subway station; Monitoring.

1  MOTIVATION approach. The BIM model can be the basis for a digital model

In order to minimize the carbon footprint of constructions over
their life cycle, it is necessary to maximize their service life. In
addition, operational disruptions or breakdowns must be kept
to a minimum in terms of number and duration to avoid
"switching effects" to private transport. Up to now, quality
control during construction has mainly been carried out
visually. Conformity with the approved and released execution
documents is examined, representative random samples of the
building materials to be installed are taken, and compatibility
with subsequent components and equipment elements is
checked. However, as soon as a component or construction
section has been concreted, quality control is essentially only
carried out on the surfaces (e.g. gravel pockets, cracks, etc.).

During the operation of the construction, inspection of
infrastructure in Germany is carried out based on the German
standard DIN 1076, establishing an inspection cycle of 6 years
for so-called “major structural inspections” (German:
Hauptprifung). So-called "minor inspections” (German
Nebenpriifung) with a reduced scope must be carried out every
adjacent 3" year.

2  STRATEGY FOR NOVEL QUALITY INSURANCE

2.1 New constructions

A customized selection and combination of BIM (Building
Information Modelling), non-destructive testing (NDT)
inspection techniques, and monitoring procedures can improve
quality assurance during the construction phase and make
condition monitoring and maintenance easier and more
competent during operation. The first step would be
categorizing all structural components with regard to their
importance for stability, traffic safety, and durability. This can
be done based on a Building Information Modeling (BIM)
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(sometimes referred to as a Digital Twin) containing physical
or chemical material parameters for each structural component.
To derive the resistivities of the materials, the monitoring of
exogenous impacts can lead to a better understanding of
material degradation. Proper monitoring techniques have the
capability to measure such impacts as well as physicochemical
conditions of the material in near real-time to update the digital
model. Such a model is often called Digital Shadow, which
always represents the actual state of the construction.

2.2 Existing structures

Such implementations are most efficient if they are
implemented during the construction of the structure. However,
there is also considerable potential for such a monitoring
approach to increase resilience, durability, and, therefore,
sustainability of existing structures from the perspective of
retrofitting during operation. Such techniques can be combined
with conventional visual inspection during certain intervals (as
mentioned above), but can contribute information from the
interior of the structures and from structural parts that are
inaccessible.

Figure 1. BIM model of a new subway station.

3 COMBINED APPROACH

To exemplify the above-given strategy, a novel monitoring
concept is illustrated for a new subway station to be built (see
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a BIM model in Fig. 1). Assuming that the station has a total
length of 400 m, such an underground structure is typically
built in the so-called “cut-and-cover” technique (“Deckel-
bauweise” or “Schlitzwand-Deckel”, see the example in Fig.
2). The outer walls are first inserted into the ground as
diaphragm walls. The reinforced concrete cover is then
produced in a shallow cover construction pit. Under the
protection of the already constructed diaphragm walls and the
tunnel cover, the ground is excavated up to the lower edge of
the floor slab. The floor slab, the inner shell, the mezzanine
floors, and the platforms are then constructed from bottom to
top using solid construction methods. This construction process
considerably limits the traffic restrictions caused by the
construction work as well as the dirt and noise emissions. The
subway station significantly impacts the groundwater, which is
why all external components must be designed as watertight
concrete structures and complex culvert structures are required.
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Figure 2. Cross-section of the BIM model in Fig. 1 of the
subway station.

Fig. 2 provides, in addition, some elements of an integrated
quality control concept, which is divided into measures for
quality assurance during the construction phase and for
structural maintenance during operation. Non-destructive
testing methods such as endoscopy, ultrasound, radar, electro-
magnetic induction, etc., are primarily used. These are mainly
operated right after the production of concrete components that
are important, for example, in terms of structural design or for
the tightness of the building. This is intended to rule out
damage that is not visible on the surface, such as cavities, etc.
Continuous monitoring methods such as fiber optic measuring
methods are used in the construction phase, for example, for
concrete parts with architecturally high-quality surface design
to control the development of hydration heat and thus the early
forced stresses in order to control the post-treatment and thus
limit the formation of cracks.

Sensor systems and monitoring methods are also very
important for repetitive structural testing and for structural
maintenance during operation. For this reason, a hew subway
station can be equipped with a series of measuring devices for
continuous monitoring of the structure: Earth pressure and pore
water pressure sensors to record the load conditions,
inclinometers to measure the structural deformations, multi-
sensors, particularly in the area of component or structural
joints, to detect the penetration of moisture and possible
corrosion activity [1] (Fig. 3), fibre optic measuring systems to
observe the stress conditions and possible load redistributions
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in the load-bearing components [2] and, last but not least, so-
called "weigh in motion" systems for vibration measurements
in the track bed. For more information on sensing systems for
structural health monitoring it is to be referred to the literature

[3].
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Figure 3. Multi-sensor system for corrosion monitoring [1]
including different sensor modalities (left) and embedded into
a concrete structure via a borehole (right).

4  CONCLUSIONS

Quality assurance for subway stations, as presented here,
essentially consists of a combination of a digital model with
modern measurement methods. This makes it possible to
improve the quality achievable during the construction of the
structure and to maintain the structure's condition at a high-
quality level for a long time during operation. The structure's
service life can be significantly extended, and the probability
of occurrence and extent of operational disruptions minimized,
as was shown earlier for wind turbines [4].

Itis certainly true that the development of a digital twin and the
installation and operation of inspection and continuous
monitoring procedures are associated with costs. However,
these costs are very low in relation to the structure's life cycle
and the considerable monetary and environmental benefits
associated with extending the service life.
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ABSTRACT: In Germany, the bad condition of many older bridges and changes in the code provisions often result in deficits
after assessment and recalculation. In case the necessary structural safety is not provided, structural health monitoring can be
employed to gain knowledge about the time variant actions, the progression of structural damage and the overall condition of
structures. To allow for effective use of the usually dense monitoring raw data, the derivation of condition indicators is key, since
they indicate a need for action for the owners and the engineers. At the same time, real-time data as well as comprehensive
condition indicators are key elements for creating a Digital Twin of a structure, as a Digital Twin requires a bidirectional flow of
data, which affects the physical entity of the twin. In this paper, a method for deriving condition indicators from monitoring data
is described which was developed for a large cable-stayed bridge, the Kdhlbrand Bridge in Hamburg, Germany. The method
allows for the calculation of a reliability index as a time variant condition indicator based on dynamic monitoring data, which is
then implemented into a Digital Twin of the structure.

KEY WORDS: SHM, reliability, condition indicators, condition monitoring, digital twin, bridges.

1 INTRODUCTION utilization. However, since these utilization rates are based on
different actions, materials and failure modes with different
variability, a utilization rate does not allow any conclusions to
be drawn about the existing risk and, strictly speaking, only
enables a binary assessment of the risk (exceedance or no
exceedance). In this article, a procedure is therefore explained
and implemented using the example of the Kohlbrand Bridge
in Hamburg, which allows a reliability index to be derived from
the dynamic monitoring ring data as a time-varying condition
indicator in relation to a buckling monitoring. As part of the
smartBRIDGE Hamburg project, the condition indicator was
integrated into a digital twin of the structure, which contains a
total of over 40 different condition indicators.

Due to the poor condition of many older bridges and changes
in the regulations, there are often deficits in the recalculation of
existing bridges according to the German recalculation
guidelines (NRR) [1]. If the required structural safety cannot be
verified using standardized load models and modified
resistance models in accordance with the various NRR
standards, structural measurements can be carried out for a
limited period or as continuous structural health monitoring
(SHM) to gain knowledge about actions that vary over time.
This makes it possible, for example, to derive object-specific
traffic load models by using complex algorithms and models to
infer the traffic volume and traffic composition based on
structural measurements [2]-[4]. In the case of time variant
physical state variables, an approach can be to reduce these to
extreme values in defined time intervals and describing the
frequency of their occurrence using approximation functions
[5],[6]- These approximation functions allow for a prediction
of which extreme values of the state variable will occur in the
future [7] and what reliability against structural failure will
result from this [8]. It is important here that sufficiently long
measurement periods are available for such an investigation [9]
and that the long-term stability of the measurement system is
guaranteed for the measurement period [10].

The general aim of SHM is to assess the condition or
performance of the structure. The key to this is the derivation
of condition indicators for the structure which can relate, for
example, to the state of preservation, safety or maintenance

[11] and indicate to operators and engineers any need for  pjgure 1. Kghlbrand Bridge Hamburg (source: HPA-archive

action._ Key figures relating to structural safety can be Martin Elsen).
determined using a component-based or system-based ) ) T )
approach [12]. In the simplest case, for example, a physical Since the buckling verification in this example is to be

state variable of an individual component is compared with a  Classified as a decisive structural check, this safety index does
corresponding threshold value to determine a degree of not refer to the system reliability but is determined for the
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critical components of the structure. The structure and the
problem are explained in more detail in the following chapter.

2 PROBLEM DESCRIPTION AND MEASUREMENT
MEASURES
2.1 Problem Description

As one of Hamburg's most important traffic arteries, the
Kdéhlbrand Bridge has been crossing the Kéhlbrand between
the Elbe island of Wilhelmsburg and Waltershof since 1974.
The middle section, the river bridge, is a two-legged cable-
stayed bridge with individual spans of 97.5 m, 325m and
97.5 m (Fig. 1). The superstructure is designed as a single-cell
steel box girder with an orthotropic deck [13].

In the course of a recalculation of the current bridge carried
out in 2016 in accordance with levels 1 and 3 of the German
recalculation guideline [1], the verification against buckling of
the web and base plates in the pylon area for the required target
load level (i. e. LM1 according to the German bridge code DIN-
FB 101) could not be provided [14],[15]. The buckling
verifications were carried out using the so-called reduced stress
method in accordance with the German code for steel bridges
DIN-FB 103 [16]. Due to the normal force distribution in the
stiffening girder, the pylon area represents the decisive area for
the buckling checks, with the checks being exceeded by up to
30 %. As part of level 3 of the recalculation guideline [17],
cable force measurements were carried out to determine the
stresses from permanent actions, which resulted in slightly
lower longitudinal compressive stresses. However, the
buckling check could not be provided here either using the
reduced stress method. The degrees of utilization resulting from
the calculation according to level 3 are shown in Fig. 2.

The iterative verification using the method of effective
widths according to DIN FB 103 [16] Chapter I11-4 also led to
an intolerable exceedance. As a result, a distance requirement
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of 50 m for trucks was added to the existing truck overtaking
ban as a compensatory measure in accordance with the 1st
amendment to the recalculation guideline [17] in order to
reduce the traffic loads on the outer lanes and to be able to apply
the reduced BK60 load model in accordance with the older
traffic load code DIN 1072 (1967) [18]. However, this measure
leads to considerable disturbance of regional and national
traffic in Hamburg.

To be able to lift the distance requirement in the medium
term, early monitoring measures were commissioned by the
Hamburg Port Authority ASR (HPA) as part of the
smartBRIDGE Hamburg project [19], the piloting of a digital
twin of the Kohlbrand Bridge. These include strain
measurements in the web and floor plates in the area at risk of
buckling, as well as acceleration measurements on some of the
harp cables to assess the risk of buckling. To assess the risk of
buckling, the long-term buckling monitoring data from a 12-
month period from July 2019 to June 2020 was evaluated as a
first step. The data evaluation has recently been extended to
December 2024. The aim of the monitoring is to determine
whether there is a risk of buckling for the superstructure in the
current load situation with the distance requirement and
whether there are sufficient load-bearing reserves to lift the
distance requirement. Probabilistic evaluation concepts of
different levels of complexity were developed for this purpose.
In the following, a simplified evaluation concept for the
detection of buckling risk is described and applied to the long-
term data of the buckling monitoring to derive a suitable
condition indicator for assessing the risk of buckling.

2.2 SHM Measures

As the buckling of the web and floor plates could not be
verified analytically, even with the aid of cable force
measurements, MKP GmbH and WTM Engineers GmbH
developed a measurement concept for a

1.3 Buckling check LC min o

1.2

o - -
w o -

Degree of utilization [-]

o
[=:]

0.7

06

continuous  structural monitoring. Variable
actions in the superstructure were to be
recorded via strain measurements on the
superstructure and converted into acting
stresses. In addition to the strain measurements,
sensors for measuring the temperature of the
structure, meteorological data (air temperature,
radiation, humidity, wind direction and wind
speed) and accelerations on the superstructure
were provided. In conjunction with a Weigh-in-
motion system installed on the structure, the
additional sensors record the external effects on
the bridge structure almost completely and
should, for example, make it possible to assign
the measured stress components in the web and
floor plates to the different traffic load
components. In addition, acceleration sensors

of

| @ Verification points|

(y- and z-axis) were permanently installed on
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Figure 2. Utilization of buckling verification after recalculation

level 3 (taken from [15])
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22 harp cables, which corresponds to a quarter
of all cables on the current bridge. These
sensors enable, among other things, the
continuous determination of the cable forces,
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/ West Pylon . distribution in the horizontal and
{  Partial longitudinal view \ vertical directions, considering
| - Owerview of measuring cross section 8T1, T2 and TE - | transverse Strain inﬂuences but
i | without the possibility of
| determining the main stress

directions. The details of the
strain sensor arrangement of the
ST1 and ST2 measuring Cross-
| sections are shown in Figures 4c
| and 4d. The strain sensors of the
—=—"—_monitoring system measure at a
frequency of 100 Hz, whereby
the minimum (min), maximum
(max) and average values (avg)
of the strains and stresses of 5-

direction

Ostrampe b

5T2)

; g minute intervals are stored and
2 z evaluated.
. . . o o o The sensor system is very
Figure 3. Position of the measuring cross-sections in longitudinal direction extensive with a total of 94
(source: MKP GmbH) strain  sensors  in  the
on which the stresses due to dead load of the superstructure superstructure, 44 acceleration
depend on to a large extent. sensors on the cables, nine acceleration sensors on the

The strain measurements were carried out in a total of seven  superstructure, 20 temperature sensors and eight additional
measurement cross-sections along the longitudinal axis of the  meteorological sensors. The scope of the measurements can
current bridge (Fig. 3). also be explained by the continued use of the measuring system

A distinction is made between two types of measuring cross-  as part of the smartBRIDGE Hamburg project [19], in which
section: Measuring cross-section ST1 (Fig. 4a) comprises nine  additional condition indicators were developed and monitored.
Y-rosette strain gauges (arrangement of the measuring In addition, the aim was to check whether the Finite Element
elements 0°/45°/90°) on the web, bottom and top plates, (FE) hybrid model of the structure provides accurate strain
through which three independent directions of strain are states under a defined load, which requires an accurate
recorded to determine the main stress states. Measuring cross- ~ measurement of the strain distribution over the entire cross-
section ST2 (Fig. 4b) is a reduced measuring cross-section and  section height.
comprises four T-rosette type sensors in the corners of the box
girder. These record two directions of strain (arrangement of
the measuring grids 0°/90°) to accurately determine the strain

Sensor arrangement in the mesuring cross-section ST1 Sensor arrangement in the mesuring cross-section ST2
Axis: 26630 (km 2 +662) Axis: 26580 (km 2+ 657)
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Figure 4. Measuring cross-sections and arrangement of the strain sensors (Source: MKP GmbH)
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Figure 5. a) Load test on the structure; b) Comparison of measured and calculated
longitudinal stresses (source: WTM Engineers)

2.3 Load Tests

Defined load tests and model calibrations are required to
verify the plausibility of the stress values measured on the
structure and to be able to relate them to the stress values
calculated using normative load models. For this reason, the
sensor system installed in June 2019 was tested as part of
extensive load tests during a full closure of the structure in July
2019. The structure was driven over with four concrete pump
vehicles with a total weight of around 180 tons in different
formations (Fig. 5a). In addition, measurements were carried
out on cables under ambient and harmonic excitation with
installed and removed dampers to determine the damping
parameters. The evaluation of the load tests generally showed
very good agreement between the measured longitudinal
stresses and the stresses of the FE models [20]. The influence
line of a real crossing and the influence line of an FE beam and
shell model are compared as an example in Fig. 5b. The FE
shell model shows almost complete agreement with the
measured longitudinal stresses, while the beam model slightly
underestimates the stresses. This is to be expected as
longitudinal stress concentrates in the corner areas of the box
girder, an effect which is not captured by a beam model. The
functionality and accuracy of the monitoring system could thus
be confirmed by the field test and the FE model.

3  EVALUATION METHODOLOGY

3.1 Semi-probabilistic evaluation concept

The developed concept for the monitoring-based buckling
analysis is shown in Fig. 6. The concept is focused on the
metrological determination of the acting stresses, whereby the
resistance side of the buckling analysis is not directly included
in the consideration (Section 3.2). The following two methods
are available as examples for determining the design stresses
from variable effects: Direct measurement of the steel stresses
in the buckling field (method (a)) and indirect measurement by
determining the external actions (method (b)).

Direct measurement according to method (a) requires strain
measurement on the cross-section using strain gages at the
relevant points. The existing stresses from dead loads can be
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determined by cable force measurements or taken from the
recalculation. The extreme values of stresses from a relatively
short measurement period (e.g. one year) can be converted into
design values of the acting stresses by a statistical evaluation of
the variable stresses. On the resistance side, the permissible
stresses according to DIN FB 103 [16] are applied. The target
values for reliability can be taken from ECO [21].

In the indirect measurement according to method (b), the
main effects on the current bridge are recorded and
characteristic values for the respective actions are derived.
These can in turn be applied to the structural FE model to
determine the characteristic stresses in the buckling areas. The
design value of the compressive stress can then be determined
conventionally using the design partial safety factors and
combination coefficients of German bridge codes.
Alternatively, the combination coefficients can be derived
individually based on the data from the long-term monitoring.

In this article, the design stresses are determined based on
method (a), as this method does not require a distinction
between different types of action, but only a distribution
function for the measured extreme values is derived.

3.2 Determination of target reliability

The total design resistance stresses in the ultimate limit state
(ULS) are determined in accordance with the recalculation of
the bridge [14],[15] based on the concept of reduced stresses in
accordance with DIN-FB 103. The design resistance of the
variable compressive stresses in the longitudinal direction cg rd
results from the difference of the total design resistance
according to DIN FB 103 crgoin-rs minus the design value of
the permanent actions ogeq. For the area of the base plate, the
design resistance of the variable compressive stresses results
according to Eq. (1).

Og,rRd = Ora,pIN-FB — Ogga = —113 N/mm? 1)
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* Permanent update of the given safety index during

structural monitoring

Determination of acting stresses

Verification of
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*  Determination of stresses from deadloads by measurement | «  Determination of stresses in critical areas
analysis (FEM / cable force measurement) or > via FEM analysis or structural calculation
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Method (b)

- indirect measurement -

+  Direct monitoring of the main actions:

Analytic verification

Determination of actions

+ Determination of object specific characteristic
actions from structural monitoring
(traffic, temperature, wind etc.)

*  Determintation of characteristic stresses in
the critical buckling area based on monitoring

+« Permanent update of characteristic stresses

Characteristic values for actions are used for
checks according to German Bridge code DIN FB 103

Check according to code DIN FB 103

«  Action: Characteristic actions based on structural
monitoring with partial safety factors according
to code.

* Resistance: Reduced according to German bridge
code DIN FB 103.

Figure 6. Concept for compensating for safety deficits through SHM (source: WTM Engineers)

For the area of the web plates, the design resistance of the
variable compressive stresses at the point of intersection with
the base plate are given by Eq. (2).

O9,rd = ORa,pIN-FB — Ogga = —123 N/mmz 2

Since the resistance side is not considered further when
determining the design values of the action or when calculating
the existing reliability, the target value of the reliability index
for the actions Eq is determined with Be = ag - B (ECO [21],
Eqg. C.6a), with ae =-0.7 and B = 3.8 according to ECO, Table
C.2[21].

For the case of normally distributed basic variables of the
actions, Eq. (3) applies to the determination of the measurement
value Eq.

®3)

Here, me is the mean value of the actions with the standard
deviation oe. The target value of the reliability index B thus
refers to both permanent and variable loads. However, the
evaluation concept presented here is based on the stresses from
dead loads determined in the recalculation and only the design
value of the variable stress is determined probabilistically from
monitoring data. For this purpose, it should first be checked
under which boundary conditions a separate consideration of

Ed=mE+aE‘80-E
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permanent and variable actions is on the safe side. Permanent
and variable loads can be divided on the safe side according to

Eq. (4).
Ega + Eqa =mg +mq + agf |of + 0 (4)
<mg+mQ+afE-ﬁ(ag+aQ)
Due to the fact that the permanent actions are determined
with Eqq =4 mgand yq = 1.35, Eq. (4) can be transformed into
Eq. (5).

EQ_d <my

aE-,B-&+1O—y]
my 9
+[mg +ag B0y
<mg+ag-f-og
The estimate at the end of Eqg. (5) is valid for the conditions
Vg = og/mg < 0.132, v = 1.35 and Be = ae - B = 2.66. In the
event that the aforementioned boundary conditions apply, the
design value of the variable actions Eqq can therefore be
determined on the safe side with the target safety index Be =
oe* B. These are generally complied with for normal bridge
structures, as the coefficient of variation Vg for dead loads
should be well below 10 %. As a cable-stayed bridge is a
structure with a complex interaction between cable forces and
stiffening girders, further investigations were carried out as part
of the buckling monitoring to determine the variability of the
self-weight stresses using Monte Carlo simulations. The
previous consideration still only applies to the case of normally

®)
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distributed variables, whereas the measured minimum values
of the stresses are to be described here by an extreme value
distribution of type | (Gumbel-distrubution). However, as this
provides values that are on the safe side compared to a normal
distribution, the design value of the variable actions Eq g with
the target safety index Be = ae - B is determined on the basis of
an extreme value distribution in the simplified procedure
presented here.

33

To determine the parameters of the extreme value
distribution, the selected reference period must be chosen in
such a way that the structure experiences a load series that
recurs as evenly as possible during this period. In the case of an
hourly evaluation, strong stress differences arise between day
and night hours, as well as in the case of a daily evaluation
between working days and weekends. This results in
unfavorable standard deviations of the extreme values. A
comparatively uniform exposure is obtained if a weekly
evaluation is selected as the reference period [4],[22].

For a continuous monitoring period of one year, 52 weekly
extreme values are available for determining the parameters of
the distribution function. The standard deviation oy and the
mean value mx can be estimated from the available weekly
extreme values, e.g. using the method of moments or the
maximum likelihood method. The density and distribution
function of the extreme value distribution type | (Gumbel
distribution) for minimal values are given in Egs. (6) and (7)
[23].

Determining the rated values from measurement data

Density function for minimum values:

f(x) = a-expla(x —u) — expla(x — w)]] (6)
Distribution function for minimum values:
F(x) =1 — exp[—exp[a(x —w)]] (7)

Using egs. (8), (9) the parameters a and u of the distribution
function can be determined.
T

o, V6
0,577216

a =

(8)

©)

u=m, +

A special characteristic of the extreme value distribution
type | is that the standard deviation of the distribution function
does not change when the reference period is altered.
Accordingly, the extreme value distribution for a selected
reference period results from the shift of the extreme value
distribution along the horizontal axis by converting the
expected values (Fig. 7). The initial reference period of one
week can thus be adapted to the corresponding target period for
the measurement.

The reference period can be converted by calculating the
corresponding fractile value. The associated exceedance
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probability g is calculated for maximum values according to
Eqg. (10) [24].

q=1- (10)

Ng'a
where
n.  values per year depending on the reference period of the
extreme values (here n, = 52)
a  Return period or assessment period in years

Next, Eg. (10) must be adjusted for minimum values
according to Eq. (11):

11)

The calculation of fractile values of an extreme value
distribution type I is carried out for minimum values according
to Eq. (12).

1
Fl'x) =u+ ZIn(=in[1-ql) (12)
where
g undercut probability

The characteristic value of the effect Ex for a reference period
of 50 years is obtained as a 2% fractile value of the expected
value of the annual extreme value distribution (with
g=1/(1-50) = 0.02) or as a 0.038% fractile value of the
expected value of the weekly extreme value distribution (with
q = 1/(52-50) = 3.8:10"%). The reference period for which the
characteristic value of the action is to be determined cannot be
clearly determined. While according to EC1 [25] the
characteristic values for some types of action refer to a
reference period of 50 years (e.g. wind or temperature), a return
period of 1000 years is specified for the LM1 load model
according to EC1-2. In [26] examples are given according to
which reference periods between 50 and 1000 years were
applied for characteristic traffic loads. Since no normative
partial safety factor for variable loads is applied in the present
evaluation, the choice of the reference period is of secondary
importance, since the target value of the reliability for different
reference periods according to ECO [21], Eq. C.3 is to be

reference period: reference period:

1 year 50 years
0,08
u,=-41,10 MPa Ugp = 62,36 MPa
m=423WPa & Mg, = 65,49 MPa
o, = 6,95 MPa \ a,=6,95MPa
0,06 f ‘l \
= ] v
% 'l
< 0,04 / \
2 i \ :
g ! LY .
@ ! H
[=] ) ‘\ .
0,02 f [} \ .
; ¥
'J' .-" S .
0,00 Pl " - L L e,
-20 -40 -60 -80

steel stress o, [MPa]

Figure 7. Exemplary conversion of the extreme value
distributions for two reference periods (source: WTM
Engineers)
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Figure 8. a) Daily minima of the measurement period; b) Hourly minima of a week in February 2020
(source: WTM Engineers)

converted in such a way that the same design values result for
all reference periods.

It is important to note here that the weighting factors
specified in the standards or = 0.8 and ae = -0.7 only apply to
a reference period of 50 years and may therefore only be
applied to the value Bso (see also DIN 1055-100 [27], Eq. B.7).

The Bso index can be converted to other reference periods by
applying the weighting factors for maximum values according
to Eq. (13) (corresponding to ECO, Eq. C.3).

D(By) = [P = [P(Bsp)]™/5°

Here, ®(B) is the cumulative distribution function of the
standardized normal distribution. Eq. (14) applies for minimum
values with B < 0.

P(Bn) =1-[1-2(B)]"
=1-[1- (D(ﬁso)]n/so
To determine the design value of the action Egq, the fractile
value of the action associated with the reference period n must
be determined with the undercut probability q = ®(Ben) based
on the characteristic value Ex determined according to Eq. (12).

(13)

(14)
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The safety index for actions Beso is 2.66 for a reference period
of 50 years, which corresponds to an undercut probability of
q = ®(-2.66) = 0.4%.

4  VERIFICATION OF BUCKLING RISK

4.1 Evaluation of long-term data

The statistical evaluation of the variable stresses from the
long-term monitoring is only shown here for the critical base
plate of the measurement cross-section 26630 in the pylon area
(see Fig. 3). The daily minima measured on the south side of
the base plate during the measurement period are shown in
Fig. 8a. The seasonal influence of the compressive stresses,
which increase towards winter, can be clearly seen. The diurnal
influences of temperature and traffic can also be seen in the
hourly minima of a February week shown in Fig. 8b.

Figures 9a and 9b show the weekly minima of two measuring
points each in the base plate and in the web in measuring cross-
section 26630 over the measuring period. In addition to a
greater variance, the measured values of the base plate on the

Stresses web plate
-40

----+---- MQ 26630 ST1_UiStSm (south)
—— MQ 26630 ST1_UiStNm (north)

]
W
[a]

Stresses bottom plate [MPa]

0 10 20 30 40 50
b) weeks [w]

Figure 9. Weekly minima of the measuring points a) 26330 ST1_UiBoS (south side); b) 26330 ST1_UiBoN (north side)
(source: WTM Engineers)
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S
south side (Fig. 9a) show a clear influence of the seasonal
temperature profile compared to the same measuring point on
the north side. Analyses of the different types of actions have
shown that influences from direct sunlight are much more
pronounced at this measuring point, which explains the
stronger basic variance. In addition, there likely is a local
temperature-related constraint that does not exist in this form
on the north side. Similar effects are visible for the evaluation
of the web stresses, whereby these are due to the influence of
direct solar radiation (Fig. 9b). A more detailed investigation
was carried out, which, however, is not the subject of this paper.

The distribution of the weekly extreme values of the two
measuring points in the relevant measuring cross-section 26630
is shown in Fig. 10. The parameters of the extreme value
distribution (type 1) my (expected value) and ox (standard
deviation) as well as the minimum compressive stress os,min
recorded at the measuring point during the measuring period
are each shown in the diagram. It can be seen that the Gumbel
distribution represents a very good approximation of the actual
distribution of the weekly extreme values at the measuring
points investigated.

However, it is also clear that the distribution functions differ
significantly with regard to the standard deviations. The critical
stresses occur at the measuring point MQ 26630 ST1_UiBoS
(Fig. 10a)) on the south side of the superstructure. The
parameters of the distribution functions determined for the
individual measuring points are the basis for the design stresses
determined in the following.

4.2

Based on the weekly extreme values recorded during the
measurement period and presented in the previous section, the
design values of the action were determined with an extreme
value distribution of type | according to the calculation steps
explained in Section 3. Table1l summarizes the target
reliabilities Bt and Be, the weighting factors o, characteristic
values of the actions Ex and the design values Eq for different

Determination of the design values
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reference periods. The partial safety factors yq result from the
ratio of the design value Eg to the characteristic action Ex.

Table 1. Comparison of target reliability and characteristic
expected values for different reference periods

. 50 100 200 1000

Reference period t 1 year
years years years years

Target reliability Bt 4,68 3,80 3,62 3,44 2,98
Target reliability et -3,78 -2,66 2,42 2,16 -1,44
Weighting factor 081 | 070 | 067 | 063 | -048
o = Bet/ B
Expected value
E. = u(t) [MPa] 41,27 63,18 -67,05 -70,92 -79,91
Design value Eq -94,2
Par_tial safety factor 228 149 140 133 118
ya = Ed/Ex

The calculation of the design value of the stress is carried out
below as an example for a reference period of 200 years. The
parameters a and the model value u result in

a=m/(7.182Y6) = 0.179

and

u=2247+0.577216/0.179 = 19.25 MPa

for the weekly extreme value distribution (initial values cf.
Fig. 10a). The fractile value for determining the characteristic
value E for a reference period of 200 years is

q = 1/(52:200) = 9.615E-5.

The characteristic expected value is therefore

Ey200 = 19.25+1/0.179-LN[ LN (1-9.615E-5)] = 70.92MPa.

The fractile value of the target reliability for the ULS for a
reference period of 200 years is

MQ 26630 ST1_UiBoN (north)

1,0
Parameters of the
08 weekly extremal distribution:
' m,= -19,32 MPa
o, = 238MPa
06 F
04 F -
minimal value:
Gy min = 25,54 MPa
02 f © measurements
Gumbel-distribution
0,0 . " .
0 -10 -20 -30 -40 -50
Steel stresses [MPa]

Figure 10. Distribution of the weekly extreme values in the base plate of measurement cross-section 26630 for a) the
south side; b) the north side (source: WTM Engineers)
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Ps = ®(Be200) = 1-[1-dD(-0.7-3.8)]200/% = 1 539E-2

(here the reliability index for a reference period of 50 years
is the starting point). This corresponds to a safety index of

Be 200 = ®*(1,539E-2) = -2.16.
The design value thus results in
Eq =-70.92+1-0.179- LN[ LN(1-1,539E-2)] = 94.2 MPa.

Based on this evaluation, it can be determined that the safety
against buckling can also be provided for the safety level
applicable to new structures with a significant safety margin.
The ratio of permissible compressive stress to design
compressive stress (n = ogrd / 6oed) ISm = 113/94.2 = 1.20.

4.3 Additional stress due to lifting of the distance
requirement

The calculations to date reflect the state of traffic under the
distance requirement in force during the measurement period.
However, one aim of the permanent monitoring was to lift the
current distance requirement in the event that sufficient safety
reserves arise with regard to the buckling proof. One question
to be clarified is the extent to which the stresses are likely to
increase as a result of the removal of the distance requirement.
According to Table A1-3 of the NRR [17], the traffic
compensation measures of a truck overtaking ban and a truck
distance requirement of 50 m correspond to a reduction of the
target load level from LM1 to BK60.

In simplified terms, the load can increase from load model
BK60 to LML if the spacing requirement is lifted. A
comparison of the UDL loads distributed over a large area of
the load models BK60 and LML1 results in a potential increase
of qumi/gekeo = 1.18 if the traffic mix is largely maintained
when the distance requirement is lifted.

According to the recalculation of the Kéhlbrand Bridge [15],
the share of traffic loads in the variable loads is approx. 50 %.
This means that an increase in the traffic load by 18 % results
in an increase in the variable loads by a total of around 9 %.
Even if the distance requirement is lifted, the buckling check is
not expected to fall below the safety requirements for new
structures. In any case, permanent monitoring would be
continued if the distance requirement is lifted in order to be able
to assess the actual effects on buckling safety.

4.4 Dynamic monitoring of reliability

To enable dynamic monitoring of reliability as a condition
indicator, the existing safety index can be calculated for a
reference period of 50 years to assess the buckling safety with

BE,50,prov :(D_l(F(GQ,Rd))
= @(1-exp[-exp(0,179-(-113 + 63,18))]) = -3,64
(Wlth GQRd = 113 MPB.).

In continuous long-term monitoring, the existing safety index
BE,s0,prov CanN be updated weekly in this way. This is shown as an
example in Fig. 11. From the 25th week of long-term
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monitoring, the database for calculating the existing reliability
Bes0, prov IS €xpanded and updated by one value every week. In
this way, Be so, prov @pproaches the final value of -3.64 after one
year of monitoring. If the distance requirement is lifted, the
effects on buckling safety can be assessed immediately after a
few weeks using this diagram. The advantage of this reliability-
based parameter is that it reflects the cumulative load history
and exceptional load events can be directly classified here. In
addition, lower reliability requirements can be defined as
threshold values for existing structures with a short remaining
service life. The advantage of this parameter is also that, unlike
a degree of utilization, its threshold values are independent of
the kind of verification to be performed (and therefore do not
have to be scaled) and the procedure shown here is therefore
transferable to other types of verification.

4.5  Integration into the digital twin of the Kéhlbrand Bridge

The condition indicator described above was used as part of
a higher-level project to develop a digital twin of the Kéhlbrand
Bridge [19] and integrated directly into the system. The system
is based on a BIM model of the current bridge and the ramp
structures and combines the available information from
structure books, the German digital structures database (SIB),
information from structure diagnostics and the structure
monitoring within one system. Instead of operating separate
data silos, all available key information on the condition of the
structure is combined in one system. A major advantage is that
it is much easier to recognize correlations between different
sources of information. For example, information on structural
damage is displayed directly in the 3D model (Fig. 12).

The taxonomy of the BIM model is based on the component
groups according to the German taxonomy code ASB-ING. For
the “Strombriicke” substructure of the Kohlbrand Bridge, a
condition indicator was developed for each component group,
which summarizes all available information on the component
group into a condition group. A procedure was developed to
combine the condition scores from the structural inspections
with the information from structural monitoring to form a
condition score [28]. Fig. 13a shows the condition indicator
“superstructure” (steel box girder). The overall condition of the

MQ 26630 ST1_UiBoS (south)

-4,0
BI: S0wam. '3'64 Y
4
30+
e aaane Bespece 72,66
=
3
= 20F
i
1.0 F
—— BE 50,given
......... £ 50,260
0,0 L L L ' L
25 30 35 40 45 50

weeks
Figure 11. Dynamic development of existing reliability

from long-term monitoring (source: WTM Engineers)
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Figure 12. Visualization of structural damage information

(source: MKP GmhH)

superstructure results from the PCI (Partial Condition
Indicator) of the structural inspection and the PCI of the
measurement-based calculations. With the PCIs “buckling
safety” and “fatigue safety of transverse frame”, the CI includes
the monitoring of two potential damage scenarios that were
classified as critical for the structure based on sensitivity
analyses.

The buckling safety is assessed by the previously described
probabilistic evaluation of the strains measured at the areas at
risk of buckling (Fig. 13b). The calculation of the existing
safety index for buckling failure on the basis of structural
measurements is explained in Section 4. The reliability index
(here PBe-index, related to the action side) is permanently
determined from the existing measurement data, which in turn
is converted into a condition rating as explained in [28],[29]. In
the visualization, the changes in the condition scores are shown
in order to illustrate the effect of the damage scenario under
consideration on the overall structure. In addition, a time
diagram with the development of the reliability index over time

a)

b)
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is shown to illustrate the development of the
condition over time and, if necessary, for an
initial plausibility check.

S, L

5 SUMMARY AND OUTLOOK

In this paper, long-term buckling
monitoring data from a twelve-month period
from July 2019 to June 2020 was evaluated
to derive a reliability-based condition
indicator for assessing the risk of buckling
of the Kohlbrand Bridge superstructure. The
aim was to use probabilistic methods to
determine whether there is a risk of buckling
for the superstructure in the current load
situation with a distance requirement in
place and whether there are sufficient load
reserves to lift the distance requirement.

The statistical evaluation of the weekly
extreme values showed that the critical stress values occur on
the south side in the pylon area of the superstructure. As
expected, the distribution of the measured values could be
approximated very well by a type | extreme value distribution.
Based on the distribution function, the design values of the
variable actions were determined and compared with the
structural resistances. This data was used to derive a time-
variable reliability index as a condition indicator, which places
exceptional load events in the context of the load history and
whose threshold values can be defined independently of the
verification to be performed. In this example, there were
sufficient reserves to lift the distance requirement. Continuous
monitoring will nevertheless be continued, also in order to be
able to assess the actual effects on safety against buckling if the
distance requirement is lifted. In a further step, the condition
indicator described in this article was implemented with other
condition indicators as part of the smartBRIDGE Hamburg
project in a digital twin of the Kéhlbrand Bridge. By combining
and aggregating all available information on the condition of
the structure into a condition score, operators
and structural engineers can immediately
identify any need for action on the structure.

Figure 13. Visualizations in the Condition Control smartBRIDGE Hamburg
of the a) CI “Superstructure” of the Kéhlbrand Bridge with the associated
PClIs; b) Detailed view of the PCI “Buckling safety” (source; MKP GmbH)
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ABSTRACT: We report on recent developments in distributed fiber-optic strain and temperature sensing (DTSS) technologies.
In recent years, both Brillouin- and Rayleigh-based fiber-optic sensing systems have found an increasing number of applications
measuring static and dynamic displacement and deformation events in geotechnical and structural health monitoring. The focus
of this contribution is on Brillouin-based DTSS systems, for which we present recent advancements in spatial resolution and
signal-to-noise ratio under harsh real-world conditions. The state-of-the-art Brillouin DTSS technology is considered also in
relation to Rayleigh-based technologies like c-OFDR and DAS systems that also play an increasing role in geotechnical and
structural monitoring, in order to illuminate the technology-specific strengths and challenges within the DFOS family. Recent
insights from industrial projects and research activities in embankment monitoring are presented.

KEY WORDS: Distributed Fiber Optic Sensing, Structural Health Monitoring, geotechnical monitoring, Brillouin DTSS,

BOFDA, embankment monitoring, crack detection

1  INTRODUCTION

Fiber-optic sensing is applied in many different domains of

structural and geotechnical surveillance. Among the various
technologies available, Brillouin-based Distributed
Temperature and Strain Sensing (DTSS) offers particular
advantages in that it addresses the analysis of physical
parameters with measurement performance that meets
engineering  requirements  particularly  well.  These
performances, in particular the spatial resolution, accuracy and
measurement range, integration time, long-term reliability
continue to evolve thanks to a continuous development effort
from the scientific and industrial community. The type of
optical sensing fibers and deployed sensors in general, as well
as the installation procedures and the management techniques
for sophisticated measurement data sets must also be
continuously adapted to the demanding needs of continuously
more complex projects and the new technological possibilities
that become available.
In this study, an overview of the most widely used distributed
fibre-optic sensing technologies is presented, with a
comparison of these technologies according to their key
advantages.

In particular, we demonstrate the latest developments achieved
by the Brillouin Optical Frequency Domain Analysis
(BOFDA) technology, in terms of enhanced spatial resolution
and deployability on various types of sensing fibers.

These performances make it possible to achieve measurement
results with previously unattained quality and flexibility. This
is demonstrated by the application of crack detection on dike
covers presented in this article.
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2  DISTRIBUTED FIBER OPTIC SENSING
TECHNIQUES FOR STRUCTURAL AND
GEOTECHNICAL MONITORING

Monitoring of buildings, transport infrastructure and the
geotechnical and hydrogeological natural environment using
distributed fiber optic sensors is becoming widespread.

The availability of a range of complementary measurement
techniques on the market to suit the specific requirements of
diverse applications and environments has enabled DFOS to be
used on a large scale and for a variety of different Structural
Health Monitoring (SHM) and geotechnical monitoring
projects [1]. Even more importantly, a new generation of
interdisciplinary engineers is arising and tackling large-scale
and complex DFOS-based projects mastering dedicated
instrument and sensors integration procedures as well as data
management models complying with the spatially distributed
nature of the DFOS, also deploying artificial intelligence and
digital twins [2].

Complementary DFOS measurement techniques can be applied
alternatively or jointly in structural monitoring campaigns [3,
4]. Different sensing technologies have advantages and
disadvantages in terms of sensitivity to specific physical
quantities, spatial distribution, temporal response, stability,
field applicability, and financial cost.

The most relevant DFOS technique of interest for structural and
geotechnical monitoring are shortly presented here after.

2.1 High-spatial resolution coherent Optical Frequency
Domain Reflectometry (c-OFDR)

In the case of structures of limited dimensions (typically
smaller than 100 m), monitoring with coherent Optical
Frequency Domain Reflectometry (c-OFDR) [5, 6] is often the
preferred choice.
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The ¢c-OFDR technology measures the distributed profile of the
intensity of Rayleigh backscattering. This backscattering
profile constitutes a unique fingerprint of the microscopic
distribution of the scattering centers along the optical fiber, and
is assumed to be stable over time — with limitations due to
ageing, water intrusion, radioactive impact, etc. With its sub-
centimeter spatial resolution and microstrain accuracy over tens
of meters, c-OFDR is well suited for precise monitoring in
SHM applications, achieving high acquisition rates (up to few
hundreds of Hz for small objects under test), allowing for
dynamic measurements. Commercial instruments are, on the
other hand, limited in monitoring large structures and for long-
term measurement campaigns. Even if rectification of the
decorrelation of measurements in the long-term have been
demonstrated in post-processing of acquired data [7, 8], the
technique is mostly deployed in laboratory environments or for
short, discrete measurement campaigns.

For the structural and geotechnical monitoring of larger objects,
long spatial range DFOS techniques such as Distributed
Temperature and Strain Sensing (DTSS) based on Brillouin
analysis, and Distributed Acoustic Sensing (DAS) based on the
dynamic analysis of Rayleigh scattering are widely preferred.

2.2 Dynamic measurements by Distributed Acoustic
Sensing (DAS)

Distributed acoustic sensing (DAS), also referred to as phase
sensitive optical time-domain reflectometry (®-OTDR), is a
fiber optic sensing technology also relying on Rayleigh
backscattering and is sensitive to strain and temperature
perturbations in the fiber [9, 10]. By injecting pulses of
coherent laser light into an optical fiber, an optical phase
change is recorded, resulting from the backscattered light
between two sections of fiber. DAS broadband capability at
frequencies of several kHz and its high sensitivity in the
picostrain range makes it ideally to be deployed in application
fields such as geophysics (seismology, oil and gas, geothermal
energy), electricity distribution, and perimeter monitoring. On
the other hand, its inadequate performance to detect strain
changes at low frequencies implies that its deployment is rare
in long-term quasi-static geotechnical applications, where
changes occur in time scales ranging from seconds (e.g. by pile
loading tests) to years (e.g. for monitoring tunnel convergence,
subsidence in transport infrastructure, landslides). One of the
rare deployment examples of low-frequency DAS to
characterize the movement of slow-moving shallow landslides
is recurrently cited in literature [11].

On the other hand, DAS finds possible deployment
opportunities in SHM, for example for monitoring the dynamic
response of built structures such as bridges [4]. Namely the
combination of DAS with long-term stable DFOS techniques,
such as Distributed Temperature and Strain Sensing (DTSS)
based on Brillouin Optical Time/Frequency Domain Analysis
(BOTDA / BOFDA), comes with several advantages. Both the
Brillouin and Rayleigh backscatter are sensitive to strain and
temperature changes, but complementary spectral information
can be gained. DAS is mainly sensitive to strain changes caused
by acoustic signals or vibration along the fiber with acquisition
rates up to several kHz. This allows insights on the vibration
behavior of the bridge. Brillouin sensing, in contrast, offers
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highly stable and reliable measuring of long-term evolutions of
strain and temperature.

2.3 Long-term stable DTSS by Brillouin Optical
Time/Frequency Domain Analysis (BOTDA / BOFDA)

Brillouin scattering allows for measurement of the absolute
material density state of an optical fiber, thereby providing
strain and temperature profiles over more than 50 km, with a
spatial resolution down to 50 cm. These performance figures
make distributed Brillouin sensing highly suitable for
monitoring large structures [12, 13, 14].

The basic principle of all distributed sensing principles based
on Brillouin scattering is to spatially resolve the nonlinear
Brillouin interaction along an optical fiber in order to retrieve
the locally characteristic Brillouin frequency shift, which in
turn is (over most of the strain and temperature ranges that are
relevant for geotechnical monitoring) linearly connected with
the fiber’s density. The Brillouin frequency shift can be
retrieved from the Brillouin backscattering in a reflectometric
set-up, which requires access to only one end of the sensing
fiber; such configurations are denoted by the letter “R” in the
common acronyms (BOTDR/BOFDR). The signal quality of
distributed Brillouin sensing can be highly improved by
analyzing the resonance frequency between two
counterpropagating optical signals injected from both ends of
the sensing fiber. Such configurations bear the letter “A” at the
end of the specifying acronyms (BOTDA/BOFDA). Whether
the spatially resolved profile of the Brillouin frequency shift is
recorded in the time domain or the frequency domain, is
denoted by the letters “T” and ”F” (BOTDA/R, BOFDA/R).

Due to its primarily measured material parameter being the
intrinsic density of the optical fiber, the BOTDA/BOFDA
technology is specifically long-term stable and free from the
requirement of on-site sensor calibration both at the initial
baseline measurements and during long-term operation. With
the calibration parameters known for the fiber-optic sensing
cables in use (to be acquired from one-time laboratory tests),
the Brillouin frequency shift from each measurement iteration
can be converted into absolute values for temperature and
strain, with no drift being caused by aging, fatigue, or changes
in the optical properties of the cables and connectors.
Therefore, the technique is especially suitable for geotechnical
and structural monitoring over a time horizon even of many
years.

For reliable and stable measurements, the behavior of the
bonding between the fiber-optic strain sensing cable and the
surrounding structure under test must be considered. This is a
key point when defining the integration procedures of the
sensors in the host structure. On concrete structure the sensor
can be embedded with high during the construction process,
e.g. close to reinforcement elements (re-bars, pre-stained
tendons), or applied on surface by retrofitting (by continuous
gluing or using discrete fixation anchors). In the case of
geotechnical monitoring this can be optimized, for example by
burring the sensing cables in compacted soil or more efficiently
in combination of smart geocomposites [15].

Often it is necessary to compensate the effect of temperature
on the strain measurement (since Brillouin, as well as Rayleigh
sensing show strain-temperature cross-sensitiveness). In order
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to separate strain and temperature, the use of dedicated (loose-
tube) fiber-optic temperature sensing cables, in which the fiber
is mechanically decoupled, in parallel to a tight-buffered strain
sensing cable is often the preferred monitoring configuration.

2.4 Cracks, voids, debonding detection by Distributed
Temperature Sensing (DTS)

Distributed Temperature Sensing (DTS) using Raman (and also
Brillouin and Rayleigh) scattering is widely used in
geotechnical and structural monitoring. It ensures accurate
deformation measurements by compensating for thermal
effects, tracks exothermic reactions in concrete curing, and
detects fluid seepage in dams, pipelines, and tailings storage
[16]. It has also been shown how DTS can be effectively
applied to detect the presence of subsurface defects (voids) in
concrete-filled structures [17]. The DTS methodology
combined with heat conduction modeling, and inverse analysis
has been applied to measure the geometry of foundation piles
and to calculate their bearing capacity [18].

Recent studies demonstrate how Brillouin-based DTS can be
used for non-intrusive detection of desiccation cracks in dikes.
This application is discussed in a later section of this work.

2.5 Key takeaways

DTS & Brillouin-based DTSS offer the best long-term
stability, making them ideal for infrastructure monitoring over
decades.

* DAS is highly reliable for dynamic applications, such as
seismic, traffic monitoring, vibrational mode analysis.

» c-OFDR provides high precision, but is more sensitive to
environmental factors over time.

3  PERFORMANCE PARAMETERS AND PRACTICAL
IMPLICATIONS OF BOFDA MEASUREMENTS

Specifically for the Brillouin Optical Frequency Domain
Analysis (BOFDA), the technology on which the focus of this
work lies, we would like to go into deeper detail on two
performance aspects for practical distributed measurements in
optical fibers.

3.1 Performing DFOS measurements in multi-mode optical
fibers using Brillouin sensing system:

It is commonly accepted that for each of the different DFOS
technologies, the respective optimum fiber type shall be used
in order to gain optimum performance. In Raman DTS systems,
these will be multi-mode optical fibers due to their ability to
handle high optical power levels (even though dedicated single-
mode Raman DTS systems exist, minimizing modal dispersion
to achieve higher distance ranges). In contrast, for Brillouin
DTSS, literature clearly states that the use of single-mode
optical fibers is mandatory. The reason here is that, in multi-
mode optical fibers, the excitation of the Brillouin interaction
needs to be achieved for each optical mode separately, which
makes the backscattering intensity (or the Brillouin gain)
highly sensitive to the arbitrary modal distribution of the
involved optical signals [19]. While earlier works had shown
that a strict limitation to exciting the fundamental mode only
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when injecting the optical signals into the fiber under test [20],
such an approach has not found its way into practice, with the
consequence of a clear directive to practical users of Brillouin
DTSS to exclusively use single-mode optical fibers as sensors.

However, in many real-world application scenarios, the user
might not have the choice of the fiber type — be it due to
previously installed fiber-optic cables that comprise multi-
mode fibers for whatever reason, or due to imperfect project
design or any other cause. Therefore, Brillouin DTSS
measurements in multi-mode fibers have been frequently
reported, and the results show that they are indeed suitable for
quantitatively meaningful strain and temperature sensing. One
of such application scenarios is reported in a later section of this
work.

In general, the design variety of multi-mode optical fibers
contains specifications on the core diameter (typically 50 um
and 62.5 um), and the refractive index profile between core and
cladding being a gradient or a step-function profile.

On order to give a generic orientation for Brillouin DTSS
performance in a common-type multi-mode optical fiber, we
present laboratory measurements from a step-index 50/125 pum
(core/cladding diameters) step-indexed optical fiber of 445 m
length. The measurements are performed using a BOFDA
system on an optical fiber loop with the multi-mode optical
fiber under test connected in series with a standard single-mode
optical fiber (ITU-T G.652) of 120 m length for reference.
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Figure 1. Brillouin gain spectra from one BOFDA
measurement on a multi-mode and a single-mode optical fiber
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Figure 2. Full BOFDA measurement result: Intensity of
Brillouin interaction (color map); local Brillouin frequency
shift (black trace)

The measurement results (figures 1, 2) show that the
characteristics of Brillouin sensing for a specific fiber type,
specifically the characteristic parameters of the Brillouin gain
spectrum, indeed differ between the multi-mode optical fiber
under test and the reference single-mode fiber:

1. Brillouin frequency shift: While single-mode fibers have a
characteristic Brillouin frequency shift (at room temperature
and under strain-free conditions) at values between 10.6 GHz
and 10.9 GHz, the multi-mode fiber shows a considerably
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lower Brillouin frequency shift at 10.31 GHz. This is a
quantitative difference, but does not at all compromise the
performance of Brillouin sensing, because the observed
frequency lies well within the scan range of commercial
interrogator units.

2. Brillouin linewidth: The full width at half its maximum of
the Lorentzian-shaped Brillouin gain spectrum is observed as
36 MHz for the multi-mode fiber and 25 MHz for the single-
mode fiber. Again, this is merely a quantitative characterization
and does not imply a significant degradation of the
measurement quality.

3. Brillouin gain: The amplitude of the Brillouin gain
spectrum of the multi-mode fiber is observed to be 3 dB (half
intensity) below the reference single-mode fiber. The direct
consequence of this discrepancy is a loss of 3 dB in signal-to-
noise ratio between the two fiber types, confirming that single-
mode optical fibers are better suited for distributed Brillouin
sensing. However, considering the very clear implication of
single-mode fibers being the obligatory choice, this 3 dB
difference is considerably small. All in all it can be stated that
multi-mode optical fibers can in fact be used for distributed
Brillouin sensing.

3.2 The spatial resolution of BOTDA and BOFDA systems

The spatial resolution is one of the central performance figures
of any DFOS system. In general, the following definition has
been widely accepted throughout the industry [21]:

The spatial resolution is specified for a fiber by the minimum
distance between two step transitions of the fiber’s strain /
temperature condition. It is directly related to the pulse length
of the measuring instrument.

For general time-domain DFOS systems, the relation between
the pulse length At,, and the spatial resolution 8z is

1cy

0z =——At
d 2n

p

with ¢, being the vacuum light speed and n the group refractive
index of the optical fiber. A rectangular pulse of 10 ns length
thus allows a spatial resolution of 1 m.

When considering incoherent frequency-domain systems, such
as BOFDA, the pulse length is not directly determinable
because no physical pulses are used. In BOFDA, a series of
sinusoidally modulated signals is injected into the optical fiber
as the pump light; the received signal (the Stokes wave, upon
which the sinusoidal modulation is transferred) is analyzed by
gain and phase, which — over the full series of different
modulation frequencies — results in the complex transfer
function, that, eventually, can be converted into the pulse
response (and thereby the equivalent time-domain signal of a
BOTDA system) by means of an inverse Fourier transform.

Whereas in a time-domain system, the spatial resolution is
directly related to the pulse width, in a frequency-domain
system it is related to the width of the virtual pulse after the
inverse Fourier transform, and therefore, in its origin,
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determined by the bandwidth (or range of the frequency scan)
of the sinusoidal intensity modulation.

The equivalent relation found in literature implies that a
bandwidth of 100 MHz results in a spatial resolution of 1 m.
We hereby state that this appears to be not consistent with the
theory behind nor with experimental results. The key to this
discrepancy between commonly accepted literature and
everyday observation is that these literature sources neglect the
complex nature of the retrieved transfer function. The true
assumption there is that the number of scanned frequencies of
the transfer function within the given bandwidth equals the
number of points along the equivalent time axis for the relation
100 MHz bandwidth < 1 m spatial resolution.

However, every frequency point of the complex transfer
function comprises two values in the complex domain (gain and
phase, or real and imaginary part, respectively). Conservation
of information energy results in the fact that this doubles the
number of points along the time axis (and thus the equivalent
spatial axis), and results in a spatial resolution twice as narrow
as the above cited literature implies. The relation for incoherent
frequency-domain systems, specifically BOFDA, becomes

s 1 1
2= 4 af,

in which Af,, is the bandwidth of the sinusoidal intensity
modulation.

Figure 3. Virtual pulse in the time / spatial domain from a
BOFDA acquisition scan

8

9 10 11 12
Position [m]

Figure 4. Discrete strain event of 0.5 m along an optical fiber,
measurement result from BOFDA (4f,, = 101.76 MHz)

For future developments, this means that a native spatial
resolution (virtual pulse width) of 0.25 m is achievable by
increasing the bandwidth of the intensity modulation to
200 MHz, which is subject to current research by the authors.
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4  APPLICATION CASE: UNINTRUSIVE CRACK
DETECTION ON DIKE COVERS BASED ON DTS

In the Netherlands, levees also referred to as ‘dikes’ are built
from locally obtained materials like sand, clay, and peat, with
peat and clay as the most common and abundant materials.
They are used as they are the least permeable and most
cohesive, thus most mechanically stable and erosion resistant.
The outer portions of dikes tend to be made of grass covered
hard clay, while the inner portions may be made of sand or peat
for easier drainage and flexibility. Nonetheless, these materials
respond differently to prolonged drought conditions. Under
prolonged periods of dry weather, clay and peat dominated
soils tend to develop desiccation cracks in the outer parts and
thus the evaporating of moisture tends to increase their
dimensions in time. Peat for example, is also a very organic and
porous soil which shrinks massively during drought periods
which also causes mechanical fracturing of the outer covers of
dikes. These processes can seriously compromise the dike’s
ability during a sudden storm as faster infiltration will saturate
the dike core faster which in combination with a high-water
level may result in a slope stability failure and consequently an
eventual dike breach.

Currently, the detection of desiccation cracks over dikes
involves is done mostly by visual inspection and only prior and
during drought periods which normally occur during the spring
and summer [22]. These inspections, often result in subjective
conclusions and their spatial density and frequency are
significantly low with respect to their natural occurrence [22].
Some attempts have been made to increase efficiency in their
detection by developing artificial intelligence methods which
combine visual inspection and satellite data in machine
learning algorithms to analyze dike sections susceptible to
cracking and predict them based on exogenous variables [23].
Such methods are useful, but they still depend on extensive
human-supplied datasets, which can be inaccurate and
relatively small.

For the present study, the main hypothesis is that a DTS fiber-
optic (FO) cable-based sensor can be used to differentiate
‘healthy’ dike cover area from a similar area with desiccation
cracks, without requiring the sensing cable to be buried in the
ground. It is expected that the thermal response along the FO
cable must differ significantly among the two types of surfaces
given that the thermal emission and absorption will be highly
influenced by the difference in thermal capacity and thermal
conductivity. FO cables have been already widely used in
geohydrological research [7] such as temperature monitoring
for abnormal seepage water flow detection and soil moisture
content measurement [26, 27]. It is important to note that by
making the system as less intrusive as possible, the collected
thermal signal is highly influenced by a larger number of
external environmental heat sources such as solar radiation
(absorption and reflection) wind thermal advection, convection
and dispersion, grass moisture content, evapotranspiration,
ground heat flux cycle and cable material emissivity among the
most important. All these processes and their influence in the
thermal response recorded by the sensor have been studied in
detail via finite element model and can be found in [24].
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To test the main hypothesis, setup under real scale and
representative environmental condictiones was built at ‘Flood
Proof Holland’; a Dutch real scale dike and flood defense
testing facility operated by Delft University of Technology
among other local governmental and private partners.

The setup consisted in the installation of a multi sensor thermal
monitoring system over a pre-existing desiccation peat-based
crack found on one of the lab dikes. The cracked area thermal
emission was monitored during a period of 20 days and 20
nights with a frequency of 15 minutes. The crack was
monitored simultaneously with a Thermal Forward-looking
infrared Remote sensor Camara (TRC), a conventional pc
webcam and a DTS based FO sensor (See Figure 5).

Figure 5. Dike Crack Monitoring setup at FPH, The
Netherlands.

The TRC recorded 16-bit (uint16) thermal images of the crack
throughout the measurement period (See figure 6). Each image
had a thermal a resolution of 256 x 320 thermal pixels and an
intensity range spanning from 0 to 2%6-1. Its calibration was
performed using the recorded air temperature in the
climatological Rotterdam Airport from the KNMI (Royal
Dutch Metrological Institute), located approximately 5 km
from FPH.

0

100 O DTSGRS,,

-
. © DTSNOCRK .
(6 215

-

‘.
-

DTSGRS,
0 (© DTSGRS,,

0 S 100 150 X0 250 300

Figure 6. Thermal image of crack with chosen TRC areas for
pixel averaging and point DTS fiber cable measurement
locations for time series retrieval.

The TRC was mounted just on top of the crack at an elevation
of 2.6 m. This made possible to cover an approximate area of
2 m by 1.80 m wide. Over the same surface, the FO multimode
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cable was laid and anchored to the ground in linear transects
orthogonally directed with respect to the main axis of the crack.
The DTS system consisted on a BOFDA interrogator
manufactured by fibrisTerre Systems GmbH type fTB 2505
[28] and a fiber-optic cable of 3 mm of external diameter
(including Kevlar isolation, armoring and polystyrene jacket)
with a multi-mode optical fiber as the sensing elements.

Each transect was approximately 4.5 m in length spaced every
0.5 mas shown in Figure 1. The first part of the study consisted
in analyzing and post-processing time series extracted only
from the TRC images by choosing representative areas inside
them and averaging their temperature values per area from the
thermal pixels. The time series are presented in Figure 7. Each
area represented different elements (see Figure 2) to be
analyzed such as a bare grass covered area (TRC-GRS), a
cracked area (TRC-CRK) and the environmental air
temperature (KNMI).

21— TRCGRS

1eg) — TRC-CRK
201 — knmi

2021-08-29 2021-09-01 2021-09-05

2021-08-25
Time

20210817 2021-08-21

Figure 7. Time series generated from averaging thermal pixel
on each image at different locations.

From Figure 7, it can already be observed that there is almost
no delay among the three different time series given the chosen
recording frequency (15 minutes). However, in terms of
amplitude of the signal it can be observed that the TRC-GRS is
greater most of the time with respect to the TRC-CRK which
implies that the cracked areas have less capacity of storing the
heat and may also release the stored one in a faster way,
especially for the hotter days at the end of the monitored period.
In addition, it can also be observed that both type of dike
surfaces is always warmer when comparing them to the
nocturnal environmental temperature during the last days
which also can be explained by the stored heat during the day.
So, from this preliminary analysis, it was concluded that the
best way to characterize the thermal response of each of the
surfaces while reflecting both emission and storage of heat, was
by estimating the maximum daily amplitude on each of the
surfaces. To validate this, the time series analysis of specific
points over the grass before and after the crack (See figure 6)
and the temperature in the segment of FO exactly over the crack
were analyzed as well.

407 —— DIS-GRSgr
—— DIS-GRSzr
—— DISCRK

Temperature [°C]

20210901

2021 tJ\ 17 202 L-fl%-! 1 2021-08-25 2021-08-29 2021-03-05
Figure 8. Thermal image of cracks with chosen areas for pixel
averaging and DTS fiber cable approximate locations for time

series retrieval.
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It is important to note that the cable's exposure to the
environment affects its temperature readings. The estimated
temperature from the TRC-GRS will differ from the DTS-GRS
due to the thermal properties and emissivity of the cable jacket
material, which absorbs and releases heat at a different rate
compared to the grass surface. This is why in the Figure 4, it
can be observed that the amplitude values is greater for the
cable in cracked zones which contradicts what was observed
with the TRC in Figure 7. This is due to the effect of the very
different thermal properties of the cable with respect to the
grass and crack cover when directly exposed to the solar
radiation and environment moisture. Nonetheless while
inverse, the relation holds trough out the whole-time span of
the experiment which means that it can still be used for crack
detection despite of presenting the opposite thermal behavior
of the actual soil medium.

Now based on these conclusions, a way of reflecting the
difference in thermal properties at each location (cracked and
healthy), is proposed based on the estimation of the maximum
daily amplitude value (Ama) from each thermal signal
withdrawn from the DTS. To do that, we propose to plot the
cracked and non-cracked Amax ratio between DTS and KNMI
versus the same Amax from KNMI as shown in Figure 9.

1.4 1.4

1.2

i

1.0 {

[ ]
Ratio Amax [-]

0 5 10 15 0 5 10 15
KNMI A max [°C] KNMI Ay [°C]

Figure 9. Amplitude ratios of DTS over KNMI plotted against

maximum daily amplitude from KNMI. Left plot corresponds

from cable over crack. Right plot comes from cable where no
crack is present (see Figure 6).

From this last figure, the results indicate that indeed, in
locations where a crack is present, the ratio of heat amplitude
at a point with a crack compared to a point without one is
typically greater than 1 due to the influence of the thermal
properties of the cable. In contrast, at locations where no crack
exists at the midpoint, this ratio is consistently less than 1. This
suggests that areas with cracks tend to release heat more
quickly and cool to lower temperatures at night compared to
areas where the grass remains unfractured. We have also
confirmed these findings through a finite element model study.
Based on all the observations reported earlier, this study
concludes that a DTS FO based sensor can be used to
effectively detect cracks using daily cycle measurements taken
at three points along a cable sensor. This conclusion relies on
the physical principle that the recorded internal temperature of
the cable tends to be higher in cracked surfaces during daytime
and colder during nighttime with respect to the cable reading
over grass. This behavior is inverse to the one observed by
monitoring the temperature with TRC which reflect the actual
thermal emission from the grassed surface without any
interference.
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5 CONCLUSIONS

This study highlights the effectiveness and evolving
capabilities of distributed fiber-optic sensing technologies for
structural and geotechnical monitoring. Among these,
Brillouin-based systems, particularly BOFDA, demonstrate
specifically long-term measurement stability, making them
well-suited for complex infrastructure applications. The
successful use of DTS for non-intrusive crack detection on dike
covers further underlines the potential of fiber-optic sensors in
surface-level diagnostics without the need for invasive
installation. By leveraging the thermal response differences
across varied surface conditions, DTS proves to be a powerful
tool for environmental and structural assessments. The findings
presented herein lend further support to the ongoing integration
of DFOS in contemporary monitoring strategies, a process that
is set to be further accelerated by the ongoing advancement of
sensing technologies (instrumental performance, sensors
quality), integration procedures, and complex data
interpretation methodologies.
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ABSTRACT: The diagnosis and maintenance of both new and ageing infrastructure are among the main challenges facing the
civil engineering and geotechnical industries today. The effectiveness of monitoring systems depends on several factors, including
the choice of measurement techniques. Conventional point-based methods (e.g., vibrating wire sensors, electrical strain gauges,
or accelerometers) are inherently limited by their locality, as they cannot directly capture what occurs between discrete
measurement points. In contrast, distributed fibre optic sensing (DFOS) introduces new capabilities for structural condition
assessment by enabling continuous measurement of various physical quantities along the entire length of the sensor. This
eliminates the risk of missing localized extreme events or damages, such as cracks, leakages, or stress concentrations. However,
the widespread adoption of DFOS is hindered by the high costs of optical interrogators, which often restrict its use to periodic
measurements rather than fully automated monitoring. A practical solution to this challenge is the synergistic combination of
point-based and distributed technologies within hybrid monitoring systems. Such systems leverage the strengths of both
approaches, offering a more comprehensive understanding of structural behavior. This paper explores the concept of hybrid

systems, illustrating their potential and real-world applications through selected case studies.

KEY WORDS: hybrid system, DFOS, distributed sensing, optical sensors, bridges.

1 INTRODUCTION

Diagnostics and maintenance in an appropriate technical
condition of existing, ageing infrastructure (including bridges,
tunnels, pipelines and other safety-critical facilities) is one of
the key challenges currently faced by both Polish and global
civil engineering. Today, experts conducting periodic
inspections have significantly broader responsibilities than in
the past [1], along with an increased scope of accountability for
the decisions they make. Therefore, the decision-making
process [2] related to the operational safety of structures,
particularly those with large spans [3] or unconventional
structural solutions, should be supported by objective,
effective, and cost-efficient diagnostic methods. As a result,
integrated structural health monitoring (SHM) systems [4] are
increasingly being used, enabling the measurement of selected
physical and mechanical parameters of structures during their
normal operation.

Beyond the growing awareness within the engineering
community, the development of monitoring systems is also,
unfortunately, driven by the recurring occurrence of structural
failures and collapses [5][6]. These incidents often stem from
errors made during the design, construction, and maintenance
of bridge structures. From a statistical standpoint, it is
impossible to completely eliminate such errors. However, it is
essential to take measures aimed at minimising the risk of
structural failures. SHM systems contribute to this objective by
providing early warnings of potential hazards, detecting trends
that enable forecasting of structural behaviour over time, and
supplying objective data for the calibration of theoretical and
numerical models.

The effectiveness of monitoring systems, however, depends
on numerous factors, including the choice of measurement
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techniques, data acquisition methods, installation quality,
selection of measurement locations, accuracy of applied data
processing algorithms, thermal compensation, and the adopted
diagnostic procedures. Developing an effective system requires
interdisciplinary knowledge that often extends beyond the
expertise of civil engineers and even mechanical specialists.
Another challenge is the wide range of measurement
techniques available on the market, each with its own
advantages and limitations. There is no universal solution.
Monitoring systems should therefore be designed individually,
tailored to the specific characteristics and operational
conditions of a given structure.

Analysing the rapidly evolving market for structural
diagnostics and monitoring, certain trends shaping the general
approach to monitoring systems design can be observed. One
of the most promising directions is the development of hybrid
monitoring systems, which aim to synergistically combine
selected measurement techniques to optimise the information
obtained about the structural safety while simultaneously
reducing overall system costs. The following sections of this
article explain the concept of hybrid systems and present their
operational principles using the selected case studies, with the
main focus on bridge structures.

2 SPOT MEASUREMENTS CONTINOUS IN TIME

The fundamental requirement for implementing an early
warning system is to carry out measurements automatically and
continuously over time. The vast majority of such systems are
built using spot sensors, installed at selected locations within
the structure — Fig. 1.
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Figure 1. The scheme of the monitoring based on automatic
spot sensors, performing continuous measurements over time
at selected locations of the structure.

Thanks to their long-term stability, high accuracy, and
resistance to environmental conditions, vibrating wire gauges
[7] have found widespread use in such systems. The most
commonly measured physical quantities are strains [8], based
on which local stress in the monitored material can be
estimated. Nowadays, all vibrating wire gauges are equipped
with integrated thermistors, allowing for appropriate
corrections to the measured strain values due to temperature
changes over time, as well as enabling an assessment of the
global structural performance due to the thermal loading [9].
This approach allows for the analysis of time-dependent
phenomena, including trend identification, forecasting the
behaviour of the structure, and identifying potential threats that
become apparent in changes in locally measured parameters.

Depending on the design of the vibrating wire gauge, in
addition to strains, it is possible to measure other physical
quantities such as stress, displacements, rotations or forces.
Other spot measurement technologies are also used, such as
piezoelectric accelerometers for vibration monitoring, MEMS
inclinometers for measuring rotations, inductive sensors, and
many others. A typical scheme of a spot-based monitoring
system for a bridge structure is shown in Figure 2.

Rotation / tilt

Wind strength and direction

Acceleration

Horizontal
displacements
/ movements

s

| Vertical displacements [
! Wil le

Strains in deck

Strain & stress in concrete

Figure 2. A typical monitoring system for a bridge structure
designed with spot gauges.
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The gauges are connected to local dataloggers that send
measurement data to a remote server, where further analysis
and interpretation are carried out. The cost of such loggers is
typically negligible in the context of the entire investment.
However, despite the many advantages of this approach, it also
has several limitations. First, measurements are only taken at
selected spots. Aside from the need to choose optimal
measurement locations, which is often not a trivial task, there
is a lack of information during operation about what is
happening with the structure between the measurement points.
In other words, this system does not allow for the direct
detection of local threats, such as cracks, damage, or stress
concentrations. Furthermore, the unit cost of a single gauge is
relatively high due to the justified necessity of using high-
quality sensors. Another issue is often the need to install long
and complex cable routes, as each sensor must be connected to
the logger using dedicated signal cables.

3  DISTRIBUTED FIBRE OPTIC SENSING
(MEASUREMENTS CONTINOUS OVER LENGTH)

Distributed fibre optic sensing (DFOS) [10] features a number
of advantages such as high accuracy, measurement stability
over time, and immunity to electromagnetic interference.
However, its primary characteristic and advantage,
distinguishing it from traditional discrete methods, is the ability
to perform measurements of strain, temperature, displacement,
and vibration not only at selected points of the structure but
along its entire length (Fig. 3), ranging from a few centimetres
to several hundred kilometres. Therefore, the analysis of the
structure's performance can be carried out not only in the time
domain ¢(t) but also in the length domain &(l), providing
entirely new insights and diagnostic possibilities.

Distributed
sensor DFOS

Figure 3. The scheme of the monitoring based on fibre optic
sensors (DFOS), performing continuous measurements along
the entire length of the structure.

Thanks to the use of linear sensors, there is no need to select
optimal locations for measurement locations, the number of
which is often limited by budget constraints. DFOS sensors are
installed along the entire length of the monitored elements or
entire structures [11], such as bridges [12][13], roads [14],
tunnels [15], railways [16][17], collectors and pipelines [18], or
linear concrete elements like girders [19]. A significant
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consequence of performing geometrically continuous
measurements is the ability to directly detect local damage or
threats, such as concrete cracking [20][21], local stress
concentrations, sinkholes, leaks, and others. As a result, the
effectiveness of the measurement system in early risk
identification is very high — there is no possibility of missing
extreme values of the measured physical quantities. This is one
of the main reasons for the dynamic growth and development
of DFOS technology in construction and civil engineering,
which translates into a noticeable increase in its practical
applications. Figure 4 shows selected examples of
implementations within Polish bridges only [22, 23, 24, 25, 26,
27]. The full list of bridges and various types of structures is
much longer.

Figure 4. Example bridge structures in Poland equipped with
distributed fibre optic sensing DFOS systems.

It is worth emphasising that depending on the type of chosen
interrogator (optical datalogger), sensors, and installation
approaches, the DFOS technique allows for the measurement
of various physical quantities. The most commonly measured
parameters include mechanical-thermal strains [28], but also
shape changes (displacements) [29][30] and vibrations.
Interestingly, there is the possibility of connecting the same
sensors to different optical interrogators for simultaneous
measurements of various quantities, such as strain and
temperature. It should also be noted that, although the DFOS
technique can represent a breakthrough in monitoring and
diagnosing structures, there is no one universal solution for
optimal sensor and interrogator properties. In other words,
a wide range of optical fibres, cables, and sensors is available
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on the market [31][32][33], each characterised by its own

advantages and limitations. When selecting a specific sensor,

attention should be given to aspects such as:

e size and shape of the cross-section (round, rectangular),

e internal construction (layered, monolithic),

e core material parameters such as elasticity modulus or
maximum elongation,

e type of outer surface (smooth, ribbed, with a braid),

e mechanical, chemical, and environmental resistance,

e minimum bending radius.

It is important to emphasise that both the parameters of the
interrogators and sensors should be selected individually based
on the needs of a given project. For example, in the case of
embedding sensors in concrete, round cross-sections and an
external braid to improve adhesion are preferred. On the other
hand, for gluing to flat surfaces, a flat rectangular cross-section
without a braid is better. Sensors are a key component of the
entire system. Once integrated into the monitored structure,
they should provide reliable information about its performance
throughout the entire service life. In telecommunications
applications, optical fibres are used with various protective
coatings, as well as layered cables, where the fibre is protected
by additional protective layers. However, these layers usually
do not adequately transmit strain to the sensing fibre inside the
cable, creating the risk of data misinterpretation [20].
Therefore, in engineering applications, sensors designed as
composite elements with fibres fully integrated with the single-
material core during production are more often applied. Fig. 5
shows the family of wvarious monolithic sensors. The
EpsilonSensor has a low modulus of elasticity (3 GPa), making
it particularly sensitive to detecting cracks in concrete. The
EpsilonRebar, with a modulus of 50 GPa, can, in addition to its
sensing function, also serve as reinforcement with parameters
similar to typical GFRP (glass fibre reinforced polymer) bars.
The EpsilonFlat is suitable for bonding to the surface of
structures, while the EpsilonGraph is ideal for projects where
rapidly changing temperature is a key parameter.

EpsilonRebar EPSI lonFlat EpsilonGraph

0 R

'& ' .‘\\

Figure 5. Typical monolithic sensors for mechanical-thermal
strains [courtesy of SHM System / Nerve-Sensors].

EpsilonSensor

There is no doubt that a well-designed DFOS system can
provide unique information, allowing reliable inferences about
the technical condition of a structure. However, a key limitation
of this technology in practice, slowing down its widespread
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adoption, is the high cost of optical interrogators. Therefore,
acommon practice is to use a single device for periodic
readings from sensors installed on multiple structures. Of
course, the cost efficiency of the system will also depend on the
scale of the investment and the responsibility (failure
consequences) of the monitored structure.

While DFOS measurements are most commonly performed
periodically today, it is worth noting the rapid development of
optical equipment. In recent years, new devices have appeared
on the market, and existing ones have been improved in terms
of selected parameters, such as spatial resolution or maximum
measurement range. The high cost is partly due to the patents
in place, which, in some cases, will expire in a few to several
years. Therefore, it is expected that the cost of such devices will
decrease in the future, while their diagnostic capabilities will
increase. Creating intelligent infrastructure today, equipped
with relatively not expansive DFOS sensors, will not only
allow precise periodic measurements but also prepare for the
use of future, yet unknown capabilities.

It is also worth noting that DFOS sensors are, at the same
time, signal cables (transmitting information from thousands of
measurement points directly to the interrogator). In spot
measurements, a signal cable must be routed (and secured)
from each sensor to the local datalogger, which in many cases
can be problematic. This applies especially to structures such
as bridges, large-scale buildings (halls and stadiums), and
linear infrastructure such as pipelines, collectors, or railways.
A comparison in cross-section volume of 20 typical signal
cables with a single optical fibre is shown in Figure 6.

e

20 cables = L ifler =
20 gauges thousands
gaug points

Figure 6. Comparison of 20 typical signal cables with a single
optical fibre, capable of handling tens of thousands of
measurement points.

4  HYBRID SYSTEMS

To summarise the above considerations, it should be stated
that the primary limitation of classical spot techniques is their
locality, while the limitation of DFOS methods is their
periodicity (resulting from economic, rather than technical,
factors). Therefore, a natural consequence of attempting to
solve this problem is the synergistic combination of spot
technology with geometrically continuous sensing through the
design of a hybrid system — Figure 7. In this approach,
automatic spot measurements (continuous in time) are
supported by periodic DFOS measurements (continuous in
length) to optimise the obtained information, while maintaining
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economic feasibility. Hybrid systems have the following

advantages:

o low cost of distributed fibre optic sensors,

o possibility of limiting the number of relatively expensive
spot gauges and cabling,

e no need to purchase expensive DFOS interrogators,

o ability to install distributed sensors during the construction
phase, with measurements taken at later times (a “time-
delayed investment”),

e increased system reliability through comparative analysis
of data from at least two independent measurement
techniques,

e direct detection of local damage, cracks, or stress
concentrations (using DFOS sensors),

o possibility of analysing and identifying long-term trends in
the operation of the structure (forecasting with spot
gauges).

Figure 7. Concept of a hybrid system providing information
about the technical condition of the structure both as
a function of time and as a function of length.

Hybrid systems are not just a theoretical concept, but an
increasingly common solution used in practice. According to
the authors, it is one of the main directions that the structural
health monitoring market will follow in the coming years. The
further part of this article discusses the examples of the use of
a hybrid approach for the diagnostics of one of the polish bridge
and gas pipeline.

5 EXAMPLE APPLICATION — THE CONCRETE
BRIDGE IN NOWE MIESTO LUBAWSKIE

The analysed system concerns the road bridge over the Wel
River, which is the longest and most technologically complex
structure on the Polish national road DK15. This five-span
bridge, with a total length exceeding 267 m, was built as part
of the bypass around the city “Nowe Miasto Lubawskie”. The
load-bearing structure of the bridge is a prestressed concrete
box girder (Figure 8) with a structural height of 3.5 m. The
installation of the box girder system using longitudinal
launching technology was divided into 9 segments, each of
which was cast in two stages. Due to certain concerns regarding
the durability of the structure, it was decided to equip the
existing bridge with a hybrid monitoring system, consisting of:
1) distributed fibre optic sensors for strain measurements and
crack detection, and 2) automatic vibrating wire gauges for
strain and temperature measurements continuous in time.
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Figure 8. General view of the analysed bridge from the
outside (top) and inside of the prestressed box (bottom).

Distributed strain sensors (EpsilonSensors) with an external
braid were installed in four measurement lines (A, B, C, D)
along the entire length of the bridge, achieving a total of 1040
meters of sensing path. Assuming a spatial resolution of the
interrogator used at 5 mm, this results in a total of 208,000
measurement locations within a single session. Installing such
a large number of spot gauges with cabling would be
impossible both technically and economically. The sensors
were installed inside the prestressed box in near-to-surface
grooves using a dedicated mortar. Additionally, 4 sections were
installed on the side wall of the box along the prestressing
cables, with a total length of 44 m, by gluing the sensors
without external braid directly to the surface (Figure 9).

Figure 9. Installation of the EpsilonSensors with braid in near-
to-surface grooves (top) and without braid directly on the
concrete surface (bottom).

For the automatic measurements, spot strain gauges in the
form of vibrating wire transducers were chosen, installed in 3
cross-sections, with 4 gauges in each section. This resulted in
a total of 12 measurement locations, additionally equipped with
reference thermistors — Figure 10.
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Figure 10. Example view of vibrating wire strain gauge
(Geokon 4000) during installation.

The location of all the sensors (both spot gauges and
distibued EpsilonSensors) within the hybrid system in question
is shown in Figure 10.

Distributed EpsilonSensor Vibrating wire gauges - Geokon 4000
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Figure 11. Location of distributed sensors (red) and vibrating
wire gauges (blue) within the considered hybrid system.

An example of the strain and temperature plot as a function
of time for a selected spot gauge is presented in Figure 12. The
period under consideration is the first year of system operation,
from July 2023 to July 2024. The obtained results indicate
a complete dependency of strain on temperature changes on an
annual basis, without any visible alarming trends. The graph
shows three vertical blue lines marking the moments of
periodic DFOS measurement sessions (S00, S01, and S02). The
SO0 session was the reference state (zero reading) for both
independent techniques to enable their direct comparison.

On the other hand, the profile of the measured strains along
the entire length of the central span (60 m) obtained during the
periodic, but distributed measurements is presented in
Figure 13. The DFOS-based strains profiles exhibit a smooth
course, without distinct local extremes characteristic of
cracking. Based on the measurements, no open cracks were
found along the entire length of the bridge, which is a crucial
piece of information for assessing the durability of the analysed
structure. Local fluctuations are related to the typical behaviour
of concrete as a heterogeneous material. During the first
measurement session (S01), a temperature drop of
approximately 30°C was recorded in reference to zero reading,
which caused the bridge length to decrease due to thermal
contraction (negative strain values). Measurements in session
S02 were taken under similar thermal conditions to session
S00, so the measured strain profile is close to the zero axis.
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Figure 12. Example strain changes versus temperature
changes over time at selected location.
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Figure 13. Example strain distribution along the central span
in subsequent measurement sessions.

The data from the first year of system operation indicate the
normal behaviour of the bridge (in accordance with theoretical
predictions) under varying thermal conditions. No hazardous
trends were identified through continuous measurements, nor
were any local damages detected by distributed sensing.

6 EXAMPLE APPLICATION - PIPELINE

The second example concerns the high-pressure pipeline
monitored with a hybrid approach. The general concept of the
system is visualised in Figure 14. The installation included 12
vibrating wire strain transducers (Geokon 4150) arranged
within four cross-sections (Figure 15). On the other hand, the
entire 180 m long segment of the pipeline was equipped with
distributed strain sensors (EpsilonRebas) and distributed shape
sensors (3DSensors).

There were two types of installati