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1. Executivé&summary

WP12deak with intelligent inspection technologies and managementiwil works On top of the
assets themselvese(g. bridges, viaduct, rail, tunnels), thesurrounding environment /
environmental conditionsre part of this worlke.g. slopes, vegetations, floodsJhis deliverable
establishes requirements, architecture and presents initial measurements pertaining monitoring
techniques on civilpavinghenceforththe way for WP13.

The present document is divided in the following sections:

1 Thefirst sectioJse Cases: Functional and Technical Requirem{®eetiornb) presents one
subsection per Use Case, describing for each one (1) Problem to be solved, (2) Industry
current position/baseline, (3) Subproblem addressed by the use case and measurable
objectives, (4) Influence of the proposed innovation on the IM/RU lgmband (5)
Refinement of Key Performance Indicators (KPIs). These secidn%.@, 5.3 and 5.4)
provide the general informatiofor the project technologies, providing also an overview on
the technologies state of the art review and other seemnomic factors.

1 The following section (Sectid) isArchitecture and Data interoperabilitywhich presents
(1) The architecture of the WP, (2) the user interface developed to visualise the data of the
interoperability database to browse WP12 and 13 contents and (3) the different standards
that each UC applies to the WP as well as the standapgdied for interoperability and
retrievability.

1 Next, on Sectior?, Civil engineering inspection and monitoring technologies: Installation
and initial data collectior; a detailed report on the current development status of each
project Use Case technology is provided per UC including Selected equipment, technical
specifications and justification, Data selection and collection, Algorithms and
implementation, Preliminary redts, Workflow and Demonstration Plan.

1 There is a final section éfonclusion{Section8), a section foReferencegSection9) and
another referring the different\ppendicesof the document (Sectiof0).
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2. Abbreviations andcronyms

Abbreviation/ Acronym | Description

ABA Axle Box Acceleration

ADIF Administrador de Infraestructuras Ferroviarias
AOI Area Of Interest

AR Auto Regressive

BIM Building Information Modeling

BMS Bridge Management Systems

CAPEX Capital Expenditure

CEDEX Centro de Estudios y Experimentacion de Obras Publicas
CEMOSA Centro de Estudios de Materiales y Control de Obra, S.A.
CHM Canopy Heighvlodel

CoSD Combined Standard Deviation

Csv Comma Separated Value

CWT Continuous Wavelet Transform

DAQ Data Acquisition System

DT Digital Twin

DTM Digital Terrain Model

EGMS European Ground Motion Service

EOC Environmental Conditions

EOCs Environmental and Operating Conditions
ESA European Space Agency

FA Flagship Areas

FEA Finite Element Analysis

FEM Finite Element Model

GDLAS Global Land Data Assimilation System

GEE Google Earth Engine

GIS Geographic Information System

GPM Global Precipitation Measurement

GPS Global Positioning System

IM Infrastructure Manager

13




(=

lam4Rall -—..

=urope’s
Abbreviation/ Acronym | Description
IMERG Integrated Multisatellite Retrievals
INECO Ingenieria y Economia del Transporte
INSAR Interferometric Synthetic Aperture Radar
10T Internet OfThings
JAXA Japan Aerospace Exploration Agency
KNN K-Nearest Neighbour
KPI Key Performance Indicators
LL Longitudinal Level
LST Land Surface Temperature
LVDT Linear Variable Differential Transformer
MAE Mean Absolute Error
MASW Multichannel Analysis of Surface Waves
MGT Million Gross Tonnes
ML Machine Learning
MODIS Moderate-Resolution Imaging Spectroradiometer
MOMIT Multi-Scale Observation & Monitoring of Railway Infrastruct
Threats
NASA National Aeronautics an8pace Administration
NDE Nondestructive Evaluation
NDI Non-Destructive Inspections
NIR Near Infrared
NN Neural Network
OMA Operational Modal Analysis
OPEX Operational Expenditure
PCA Principal Component Analysis
PSD Power Spectral Density
PVC Polyvinyl chloride
RADIS Detailed Computerized Record of Underground Defects
RFI Rete Ferrovie Italiane
RFN French National Railway Network
RU Railway Undertaking
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Abbreviation/ Acronym | Description
SAR Synthetic Aperture Radar
SAWP Scale Average Wavelet Power
SHM StructuralHealth Monitoring
SLC SingleLook Complex
SNAP {SyGAyStQa ! LI AOFGAZ2Y tflOGTF
SNAPHU StatisticalCost, NetworkFlow Algorithm for Phase Unwrapping
SNCF Société nationale des chemins de fer francais
SOAR Regional civil engineerirgpecialists
SQL Sequel Query Language
SVM Support Vector Machine
TG Track Geometry
TRMM Tropical Rainfall Measuring Mission
ucC Use Case
ul User Interface
VNA Vector network analyzer
WPS Wavelet Power Spectrum
WSN Wireless Sensaddetwork

Tablel. Abbreviations and Acronyms
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3. Background

The present document constitutes the Deliverabld2D oCivil Engineering requirements,
architecture, inspection and monitoring repért Ay G KS TN} YSG2N] FRBT (1 K!
IAM4RAlILas described in the ERAIL MAWPThe workfocuses on improving the lifeycle
management of civil assetencompasig a range of components and systems, including railway
civil structures like tunnels and bridges, as well as civil works such as earthworks and their
surrounding environments. Additionally, it addresses external factors that impact railway
infrastructure, ircluding vegetation, landslides, floods, and other influences from various sources.
Thecomprehensivébackground informatiorfor the different technologies ipresentedin section

5. In relation to eachndividually threatedJse Casehe background informationoversthe overall
problems to be solved by the Infrastructure ManagefiM) or the Railway Undertakisgthe
LaQa&k w! QsposifonsitBef (dulyjBoblera addressed by the Use Caselusthe targeted
measurable objectives and the influence on the IM/RU problem of the innovation proposed by the
Use Case.
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4. Objective/aim

This deliverableD12.1Q &nain goal is to present the requirements and the architecture of the
technologies across WP12 and WPIBe documenglso presents the installation anditial data
collection from monitoring and inspection systems, setting the baseline for the work around civil
assets to be performed in WP 18 this report, dfferent assetsare normallydiscussed in different
regions. When the same kind of asset is threatedio or moreregions, different technologies
apply for its inspection and management. Technasgadopted are vary, spanning across space,
air, ground and undergrounde(g. satellites, airplanes, drones, ground vehicles,-m#ters,
accelerometers, displacement transducers, geophorfésyr main use case are definadross five
countries. Every section of the deliverable addresses the 4 different UCs which are part of WP12
and that are internally composed by different technologies and demonstration scenarios:

1 Multiscale Monitoring of Civil Asset@talian UC). This UC works with three different assets:
0 Vegetation.
o Bridge inspection.
0 Hydrogeological risk satelltigased monitoring.
1 Bridges and Earthworks Asset Management aided by Geotech(@panish UC). Two
different types of assets are analyzed:
o Bridges.
0 9FNIKg2N]l ad ¢62 RAFFSNBYyG t20FGA2ya I NB
A Briones.
A Vilar de Silva.
1 Monitoring of Tunnel, Sukballast layers, Subso(French UC). Three different technologies
are addressed by this UC:
o Evaluation of mechanical properties of shallast layers andubsoil.
o High efficiency tunnel inspection systems and predictive maintenance for tunnels.
0 Passive contactless magnetic microwire sensors arrays for high definition tunnel
convergence monitoring systems in tunnels.
1 Data Analysis for Condition Monitorin§The Netherlands and Norway UC). Two different
developments are englobed within this UC:
o Railway tack monitoring inThe Netherlandsusing a combination ofdynamic
responses fronaxle box acceleratiogystemandtrack geometrymeasuremens.
o Condition assessment of existing concrete bridge and transition zones in Norway.

The document structure, organized by UCs and their corresponding technologies, enables a
comprehensive description that thoroughly addresses all deliverable objectives with a high level of
detail.
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5. Use Cases: Functional and Technical Requirements

This section details the analysis of the four Use Cat#se project (1) Multiscale Monitoring of
Civil Assets, (2) Bridges and Earthworks Asset Management aided by Geote8hMosiitoring of
Tunnel, Sulballast layers, Subsoil and (4) 2.4. Data Analysis for Condition Monitboifiglly define
the different Use Cases the followisgctions are presented:

i Problem to be solved

Industry current position/baseline

Subproblem addressed by the use case and measurable objectives
Influence of the proposed innovation on the IM/RU problem
Refinement of Key Performance Indicators (KPIs)

= =4 =4

5.1.Multiscale Monitoring of Civil Assets (Italy)

5.1.1.Problem to be solved

During the last year$;S Group has set the goal of designing, developing and implementing a system
of control and management of the entire life cyclecofil infrastructure assets (e.g. bridges), railway
infrastructure and the surrounding territory (vegetation, landslides, floods and other external
factors affecting railway infrastructurebn this systeminformation from various data sources (from
different technologies) igointly exploited providing support to the operatos involved in
maintenance Exploiting mergediata sourcs, will make suctdata more usable to those involved

in the maintenance activitieurrently data ismanaged separately andohintegrated. Another
objective that must be pursued is to minimize response tich@sngemergency phase

5.1.2.Industry current position/baseline

The industry current position/baseline will lamalysedegarding (1) civil infrastructure monitoring,
OHUO | @RNR3IS2f23A0f NAR&]l YR 600 +S3SGlIdAz2y S

5.1.2.1.Civil infrastructure monitoring (railway bridges)

The Italian railway network, due to the complex orographic structure of the national territory, is
among those with the highest number of bridges in Europe. Most of existing infrastructiaes
developed since the second half of the nineteenth century. Currently RFI S.p.A. (a company of the
FS group) managesbout 17000km of networkand about 23100 civil infrastructures (bridges,
viaducts, underpasses and overpasses).

The total basin of civil infrastructures present on the Italian territory is compdse87% of
underpasses, 34%f bridges, 22%f overpasses and 7% viaducts.

RFI monitors the entire railway network assessing the state of conservation and maintenance of civil
infrastructures (i.e., bridges, viaducts, underpasses, etc.). In accordance with the national and
international provisions/legislatiarRFI conducts cycles of inspection visits for bridges, viaducts and
underpasses, with the following frequencies:
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1 Annual, defined asrbutine”,
1 Triennial, or also callegtincipal,
1 Sixyear, every six years, defined as "general”.

The corporate regulatory framework guarantees the integrity, safety, regularity and functionality of
railway operation. The framework compels tBe2 N1J2 NI 1§ SQ& 062RASa (2 | RKS
and operating methods. These procedure and methods regulate the inspection of bridges and other
civil infrastructures. Two documents are available and used as reference:

1. Procedure "Inspections of bridges, tunnels and other structures of the railway infrastructure"
2. Operational Methodology Manual "Compilation of minutes for civil infrastructure
inspection”

The procedure regulates inspections of bridges, tunnels and other railway civil infrastructure. The
LINE OSRdzNB RSFTAySa (KS 062RASa Ay OKFNBS 2F GKS
and the frequencies of the inspections. The operatioanoml, on the other hand, identifies the
procedures to conduct the inspection and store its resultsscribes the Bridge Management
System (DOMUShe preliminary activities to be performed and list the tools required for the
execution of the inspections.

The pondered inspections must include places surrounding the infrastructure such as watercourse
and slopes; in fact, these could affect the stability of the infrastructure.

The general visitperformed every six yearss characterized by a greaterdepth inspection as all

the structural components of the bridge (i.e. decks, pibstments etc.) must be inspected at
"contact distance"”. In this case, the activity can require the use of elevating work platforms, special
by-bridge vehicles, boats, ladders, scaffoldings, etc. and other suitable means to overcome natural
and anthropic obstacles

The purpose of the inspection visit is to identibharacterize andyuantify the defects of the
infrastructure in accordance with the DOMUW$stem(Diagnostics Artwork Unified Maintenance
Standard), BMSystem(DOMUSIs a set of procedurespodelsandalgorithmsallowing the railway
infrastructure manager tanonitor the state of conservation of civil workglan optimally the
maintenance and keep control of ciinfrastructure,consideringall the structural and operational
factors.

In some cases, due to the orography of the territory, some works are difficult to inspect even
through the use of special todimeans(elevating work platforra, special byridge vehicles, boats,
ladders, scaffolding®tc.) and consequently, the use of remotely pilotenlcaaft vehicles (UAVs
drones) has been introduceahich provide valid support to the inspectors wbarry out the visit
activities.

5.1.2.2.Hydrogeological risk

Referring to the mitigation of hydrogeological instability, current common best practices provide
differentiated solutions according to the type of problems to be addressed. For instance,
geomorphological and hydraulic phenomena are treated differentiypoalgh it is acknowledged

that rainfalls can trigger both phenomena.

FSI continuously maps real and/or potential hazards that may involve the infrastructure, striving to
apply the appropriate policies for ordinary and extraordinary maintenance. These mappings
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(specifically for hazards as flooding and landslides) are prevalently based on the Hydrogeological
Structure Plans and the Flood Risk Management Plans issued by the District Authorities. GIS tools
are employed to associate these specific hazards to thiagtriictural assets by assigning a priority

to the mitigating actions. Mitigating actions are guaranteed by acting with over time strategies and
by constant reattime monitoring making risk management more effective.

The onset of potentially hazardous conditions is studied in situ following critical events (also
involving on sitespecific numerical calculation models). However Hydrogeological Structure Plans
and Flood Risk Management Plans are seldomly updated byistrecDAuthorities This limits the
confidence achievable by the risk mappingsultingin a limited awareness of the risk.

5123+S8S3SGlFGA2y SYONRIOKYSY(d FyR GKAN

Hazards due to Vegetation and other possible interference along the railway (e.g. proximity of
buildings), are controlled by carrying out periodic field visits and by the means of dedicated video
surveillance, often leading to a laboeuntensive, timeconauming, costly, and inefficient vegetation
management process.

Routinely fieldnspectiors providea wide range of checks on:

1 General infrastructur@ &ealth, including track structure, roads, fences, level crossing,
signalling equipment, overhead catenary lipaying speciattention to the effects of water
floods.

1 Violation of the Railway Police Regulation suchlegallyconstructedbuildings, excavation,
vegetation and any other material within safety distance, including violation of trespassing
and free cattle roaming in the vicinity.

Filed inspectioa related activities are then reportedon the maintenance management system.
Visits are performed duringperation interruption during and outside service time (i.e. with possible
interruption of revenue service). Frequency and means of the inspections depend on the line type
and its typical maintenance requirement (lines are gredipccording to commercial profiles, traffic
types and generally exposure to wearing factors).

Current best practices require:

T 5Aft& OKSOl 2F GKS gl &Qa Of SINIyOS FTNRBY 2
reduced speed.

1 From weekly to monthly surveys withagnostic trains.

1 Bimonthly visual inspection by a single walking maintainer.

The maintenance actions are then focused based on the results of the surveys as evaluated by the
maintainers.

5.1.3.Subproblem addressed by the use case and measurable objectives

The subproblem addressed are described following (1) Civil infrastructure monitoring and (2)
| @RNR3IS2f23A0FE NARa|lzZz @S3SGlIGA2y SYONRIF OKYSyl
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5.1.3.1.Civil infrastructure monitoring (railway bridges)

Inspectiors, carried outon civil worksvia remotely piloted aircraft systems guarantee the total
coveragethe civil work with itsstructural elementge.g. pilesabutments vaults, scaffolding, etc.).
These activities are characterized the field surveysand the post-processing phasedescribed
below.

5.1.3.1.1Fieldsurveys

Field activities consist of direct inspectiocgnsisting ofphotogrammetric campaignacquired
duringmultiple UAVflights. The UAV capture the images of the civil works and enadaegnising
the characteristic defects of the structures under investigatidrhe detectedmperfectionsare
then stored and characterised according tothe nomenclature established of the Bridge
Management Systersoftware (BMS) Calibrationprocedures are often conducted along with the
survey. Duringalibration,drone data are re-calibratedbased onclassidield measurementsThe
flight pathandthe spatial frequencyf the picturesarefinely tuned tohavefull coverage of the civil
work.

5.1.3.1.2 Preliminary inspection of thavil works

Before the flights, preliminarinspectiors allow torule outcritical issues thatanhinder theaerial
surveysor result in delaysluringthe acquisitiorphase The surrounding of thecivil work iscarefully
analysedo pre-address a list of possible problepssich as

1 Vegetationhindering the view othe drone (concealing theivil work

1 Accessibility problempreventing toreachthe areaof interestby the droneor by
the operator piloting the dronée.g. steep slopes, private propertj@gre netsetc.)

1 Anypossibleproblematic scenariosiot coveredby thenational authority
regulation.

1 Needof special equipment for inspections..LEDs to illuminate areas with poor
lighting, special opticadayloadgor the creation of photographic material)

1 Environmentalconditions that limit flight activityg.g.areas of the structure
exposed to strong winds).

Following this activity, amspection plan islrawn upto mitigate all theissues spotted in thabove
describedphase.

5.1.3.1.3Flight mode

It is necessary to carry oenhoughflights to investigate all the structural elemerdéthe civil work
under inspection(piles, abutments, vaults, decks, etclo characteriseall the defects within
DOMUS BMS system, the following minimum nundifdtights must be carried out:
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- Minimum 2 flights below each vault/deck bfidgewith the optical unit mounted below or
abovethe drone depending on the areas of the work to be inspected

- Minimum 1 flight for eacHiront of every bridge span

- Minimum 1 flight above théridge Hightsabove thebridgesare carried out under
conditions of interruption of railway traffic

Forsteel bridgesthe number of flights below the deck andRitS O 1 Q &nustb&oRtiEedbased
on the complexity and number of structural details (nodes, joints and supports). If the supports
presentdifficultiesin inspecting, further flightandfield surveyscan be rearranged/repeated.

5.1.3.1.4 Postprocessing activities

The photographic material acquired during tiights is then post-processed, yielding the following
material:

1 General report of thavork.

1 Complete photographic report of thespection.

1 SparsePoint cloud. This document is provided in .psz/fges.Form the point cloud,
the inspector can extrapolate the position and orientation of each individual
photograph inserted within thghotographic report Consulting the photographic
report, the inspector can label theefects according to the DOMUS defeatalogue.

1 DensePoint cloud. This document is provided in .psz/.fikxs andit is basically &
interpolation of the sparse cloud(mash model) The sparse elements of the
measurement are gluethgetherby mean of georeferencinand appropriatemodel
mashing.TheDense Point clougrovides the inspector with a general overview of
the civil worl@ structural elements.

1 3D Gaphic rendering

The results shown by two experimental campaigns carried out starting from 2016, highlighted the
feasibility and efficacy of aerial technology structural inspectionsThe immediate advantage
related to physical accessibility and time saving (e.g. by drone usage), is complemented by
abundance of digital details, unlashing the potential of artificial intelligence.

Both application of Atrtificial Intelligence algorithms and analysis of the photographic material by an
expert, result in the identification of most of types of defects for the different types of structural and
material (masonry and concrete arch bridgetee$ reinforced and prestressed concrete deck
bridges), in accordance with the provisions of the RFI BMS system.

5.1.3.2.Hydrogeological rigk @SIASGF GA2Y SYyONRBI OKYS
interference
Coexistence dflifferent assets and associatéssues require various, dedicated ways of inspection.
Managing different inspections techniques, conducting these with the right frequency and making

timely decision is an arduous task, especially considering the -w#dsetween performances and
costs.The possibility to conduct these inspections by means of satellite would allow to make the
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data collection procesgar more efficient, given the satellite capability to keep the whole
AYTFNI a0NHzOG dzNB dzy RSNJ O2y (iNRt X AyalLlSOiAy3a GKS

5.1.4.Influence of the proposed innovation on thé&RU problem

These sectionare subdivided into (1) Civil infrastructure monitoring and KB)drogeological risk,
vegetation encroachment and third part@sterference

5.1.4.1.Civil infrastructure monitoring (railway bridges)

The aim of FS within the ERJU project is to:

1 Automate the identification of structural problems and defects of the civil infrastructure by
means ofMachine Learning models falata analysis (Neural Networks). Machine learning
algorithms shall therefore classify defects (according to classification indicated in the RFI
Defect Catalogue).

f Application oftechniques is aB Sy @A al 3SR F2NJ NBaARdz tf AT
Maintenance of the civil assets under inspection.

1 Design and develop of an Asset Management Platform, integrating image acquisition,
processing and classification service for the automatic detection of defects and for the
estimation of the residual lifetime of the civil infrastructures. The platform maliome a
new tool to support decisions pertaining maintenance.

1 The developed methodology & tool will respectively reduce the cost of tséurinspections
and the cost of asset management. As by product, this methodology of inspection will
indirectly reduce the cost related to asset unavailabikyg(quicker insitu inspection).

1 Theintegration of the bridge platform as part of a holistic Asset Management platform for
monitoring the infrastructure works of the railway line.

Compared with the existing methodology (based on inspection by means of cranes, platform and
scaffolding and followed by manual data inspection and manual defect classification), the
introduction of automated aerial data gathering (by drones) and appéoatif novel processing
techniques (machine learning) would reduce the cumulative time to conduct the assessment.

5.1.4.2 Hydrogeological rigk @S3IASGFGA2Y SYONRBI OKYS
interference

Currently, the following methodologidsavebeentested:

1 SANF: is project to process data from a net of rainfall detectors distributed on a large scale
to predict the occurrence of critical rainfall events and provide a risk estimation for the sites.

1 Ramses: the project employs radassed monitoring of cloud formations, monitoring of
lightning strikes, and develops climate models to shertn forecast the onset of intense
stormy micrecells over small water basins. The aim is to forecast imminerdezprences
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of heavy rainfalls (bridges occlusion, track flooding in cuts, landslides at tunnel entrance,
etc.).

1 PSF: fixed radar stations for radar monitoring of landslides in critical spots. The system
automatically interrupts the train operations when dangerously sized obstacles are detected.

1 Unmanned drone monitoring: BVLOS (Beyond Visual Line of Sight) flights returning 3D
models and imagery of the infrastructure and surroundings to identify dangerous growth of
vegetation and some track defects. The system uses Al for the identificatiorzafdoas
conditions.

1 Satellite monitoring of the infrastructure: a collection of initiatives to study the advantage of
satellite imagery processing to assess hydrological instability, structure within safety
distance and vegetation growth.

Those initiatives, including the projects Mucale Observation and Monitoring of Railway
Infrastructure Threats (M.O.M.I.T., developed within the H2@2R2017 EU initiative) and Earth
Observation 4 Infrastructure Mapping and Planning (EO4l), have rstiosv feasibility and the
effectiveness of the satellitbased monitoring techniques.

All those initiatives address specific hazard individually or are currently in a@koohcept stage.
Individual initiatives do not provide mature and integrated means to improve large scale monitoring
of the assets. These previous results will be taeldground for the further developments to achieve
high / expected TRL.

5.1.5.Refinement of Key Performance Indicators (KPIs)

KPlIs are indicated for control and management system of the entire life cycle of civil infrastructure
assetssuch asridges, railway infrastructure and the surrounding territory, vegetation, landslides,
floods and other external factors affecting railway infrastructpresented in thdtalian use case
KPlsare intended to measure theoptimization of costs and timegeferring to reduction of
maintenance cost and reduction of-gervice failuresyesulting fromthe applicationof new
technologiesand integrated approachs(vscurrent and traditional monitoring and data processing
methodologie$. Three different KPIs are defined that will be described on the following subsections.

5.1.5.1.KPI1. Reduction of maintenartaee andcost

1 Short description The nain objective of this KPI is theasure the time reduction obtained
on the time needed to perform bridge inspection and ppsbcessing data and the
assessment of the state of conservation and maintenance of civil infrastructure comparing
systems and models that do not involve the useadfficial intelligence with the system
developed during the project.
For this aim, for the same activity, bridge inspector can use drones as support for bridge
inspections (without interruption of railway traffic and unavailability of the line) and Al
analytics for posprocessing.
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This factor is directly related to a correct preventive maintenance by getting a faster
assessment of the state of health of the infrastructure, this allows infrastructure managers
to detect any infrastructural damage or defect early and take correctitierad necessary.

1 How to compute KPI1For computing KP1, is possibleto estimatethe time (hour/ man
referred to activity on singular bridge span) to perform the inspection and-pastessing
data and compare it with traditional methods to establish the time saving ratio that could be
achieved with the application of this technologieglproach To evaluate this KPI we can use
the following formula

T b 6 'Qd @0 Ok r‘YQG Q Oi 0 Qa v®LQ 1)
v P V) SZt "Y"Qd 0 pmm

Time Traditional Methodis the time required to perform an inspection by the traditional
method. Estimated time new methoid the time required to perform an inspection by the
new method.

A positiveKP1lindicates that the estimated time for the new method is less thantthe
required for the traditional methodtime saving or a reduction in the time required to
complete the task A negativeKP1lindicates that the estimated time for the new method is
greater than the time required for the traditional method.negative value indicates that
the new method would require more time compared to the traditional method.

Therefore, the cost of personnel (h/m. referred to activity on singular bridge span) is
indicated below

o S o I B B¢ Oi 0 Qad Q™
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CostTraditional Methodis the cost required to perform an inspection by the traditional method.
EstimatedCostnew methods the cost required to perform an inspection by the new method.

A positiveKP1 indicates that the estimated cost for the new method is less than the time required
for the traditional method(time saving or a reduction in the cost required to complete the Ja&k
negativeKP1lindicates that the estimated cost for the new method is greater than the cost required
for the traditional method A negative value indicates that the new method would require more cost
compared to the traditional method.
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5.1.5.2.KPI2. Reduction of traffic disruption caused by traditional bridge
inspection in the railway infrastructure

1 Short description.Bridge inspection with current procedures needs of traffic interruptions
for infrastructures to be monitored which repercusses on the availability of the railway line
and impact on circulatiorin the Italian use case, the use of drones for the inspection activity
will make it possible to considerably reduce the interruption of railway traffic while
improving safety.

The use of Al analytics speeds up thast processing (defect classificatiar)d paves the
way for predictive maintenance (e.g. estimating asset remaining lifetime due to a

propagating defect) Thiscan help to improwng the reliability and availability of rail
infrastructure, reduig the need of speed restrictionand improving overall passenger
experience

1 How to compute KPI2To compute this KRhe number of traffic disruption caused by
traditional inspection on bridges can be compared to the number of traffic disruptions
caused by the new method approach. Tehaluationperiodwill be determinedon the basis
of the available dataKP12 hafllowsthe equation below:

o .., . .0 Yt
O OGP QQi i 01 -0 T b (3)
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Where LTVt is the number of total traffic disruption caused by traditional inspection on
bridges and LTVn is the number of traffisruption caused by new method approach.

5.1.5.3.KPI3. Reduction of traclkata collection time

1 Short Description This KPassess theeductionof time (and cost of personnefissociated
with track-data collection andrespective information retrievalere, ifiormation retrieval
includesthe state of conservation and maintenance of the railway tragkis that of
surroundings.
IM operators can jointly use data remotely acquired from satellites, dronesjtun
measurements and ancillary data as support for track and surrounding monitoring (without
the need to interrupt the railway traffic)This KPlis related to a correct preventive
maintenance: knowing the state of health of the infrastructure in a faster time allows
infrastructure managers to detect any critical area along the track and to take appropriate
actions if necessary, including high regmn data gathering, activation of emergency
procedure and mitigation actions among others.
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required for data collection along the track and its surrounding before and after the
application on the developed monitoring approach based on the use of remotely acquired
data. To evaluatéhis KPI3 the following formula will be applied:
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Traditional Method Time is the time required to perform the conventional data collection
and Estimated time new method is the time required to gather the still needed data after
the application of the new monitoring approach.

A positive KPI3 indicatethat the estimated time for the new method is less than the time
required for the traditional methodtime saving or a reduction in the time required to
complete the task If KP3 is negativéhe estimated time for the new method is greater than
the time required for the traditional methodA negative value indicates that the new method
would require more time compared to the traditional method.

Another formula with the cost of personnel is indicated below:
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Traditional Method Cost is the cost required to perform the conventional data collection and
Estimated new method Cost is the cost required to gather the still needed data after the
application of the new monitoring approach.

A positiveKP3indicates that the estimated cost for the new method is less than the time
required for thetraditional method (time saving or a reduction in the cost required to
complete the task f KP3 is negativéhe estimated cost for the new method is greater than
the cost required for the traditional method negative value indicates that the new method
would require more cost compared to the traditional method.
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5.2.Bridges and Earthworks Asset Management aided by Geotechnics
(Spain)

5.2.1.Problem to be solved

The problems to be solved are subdivided into the two types of assets analyzed: (1) bridges and (2)
earthworks.

5.2.1.1.Bridge Assets Management

ADIF is particularly interested in the analysis of a specific structural pathology: damage to the POT
supports of long bridges (about 1000 metres) without an intermediate fixed support, especially if
they are designed in curves from a floor with trainsgag at speeds above 300 km/h. These bridges

are subjected to high torsional stresses which cause damage to support elements such as POT
bearings. These elements have a much shorter life cycle than the structure itself (estimated at 100
years). The objeate is to develop a predictive maintenance tool to anticipate this damage or failure

in order to know the optimal time to replace these assets before failure occurs. To address this use
case, it is necessary to design an inspection system that providesmanelenformation on the
condition of the POT supports and the dynamic behaviour of the structure that can feed into
maintenance decisions.

In ADIF, bridges with a total length of more than 1,000 metres have an intermediate fixed support
to minimise axial movement of the deck. For this reason, a 999 m long bridge has been selected for
this demonstrator, called Viaducto sobre el Arroyo de lasrtds de Mateo, located on line 040 (BIf.
Torrejon de VelasceValencia Joaquim Sorolla pk 284+989), which is supposed to be one of the
bridges with more axial displacements of the entire railway network. In addition, its plan layout is
curved, which isvhy we consider it to be the most representative bridge for the study of damage to
POT supports. Its typology is representative of a large number of viaducts on the Spanish High Speed
rail network; a bridge with continuous girders with several spans mégesstressed concrete and

spans of 4315 m.

5.2.1.2 .Earthworks Assetdanagement

The scope of this demonstrator is the detailed study of the intrinsic movement of a slope. To this
end, two specific slopes of great interest to ADIF are going to be analysed.

The first of these two slopes has a long history of problems associated with instabilities even before
the construction of the railway line in 1880. This area presents high frequency of rainfall, presence
of a reservoir with continuous rise and fall of theater level favouring the instability of the slope

that consequently can cause problems in the infrastructure such as loss of track geometry and
imbalance in train operations. The selected are for demonstration is the slope of tunnel 40, located
between AP.KK. 277+100 to 277+457 of the Paleih@aCoruiia line, that besides all the
characteristics described above has currently active landslides.

The scope is the setp of a predictive maintenance tool based in a {o@st sensors network that

will allow to monitor the slope movement and to identify the progressive damage caused on the
railway line and compare results with conventional sensors.i@rother hand, a strategic analysis

will be carried out based on satellite images comparing the variability and the difference that may
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exist between the different images taken in each time interval.

The new sensor network formed by tiltmeters installed on the slope as well as the satellite images
and the historical geotechnical data will provide relevant information related to the behaviour of
the slope and its evolution, in particular, the detectiohthe movements will be used for the
generation and calibration of a Digital Platform to perform different analysis in relation to anomaly
detection and future behaviour analysis of the slope movements.

The second of these is an unstable slope located on line 700 of the CasBijbao Conventional
Network, in the section PK 124.0599K 124.100, Briones (La Rioja), identified in the Trench Plan
dated 30/04/2016, with HIGH risk. This is a mobilised afeery significant magnitude, where it is
difficult to apply stabilisation measures. The slope has masonry walls with mortar as a corrective
measure for the clearing, indicating that stability problems were already detected at the time on
this slope. To dte, it has been recommended to place containment/protection measures close to
the track (static/dynamic barriers), but the ret@ine monitoring of the movements by means of
clinometers is considered a very positive complementary safety measure to elstaldiss in the

event of activation of the movements.

These sensors will allow in situ data collection in real time and with a configurable frequency of the
movements and inclinations occurring on the slope. These new sensors will provide relevant
information related to the behaviour of the slope and its ext@n, which will be equipped with
embedded intelligence to manage the exceeding of thresholds, such as sending an alert in real time,
sending the data that breaks the threshold or increasing the frequency of data collection, fully
configurable remotely @ an App.

5.2.2.Industry current position/baseline

This section is subdivided into the two types of assets analysed: (1) bridges and (2) earthworks.

5.2.2.1.Bridge Assets Management

The current Maintenance System is based ongbdormance of Principal and Regular Inspections.
Visual Inspections by personnel specialized in structural pathology (Principal Inspection) or basic
training (Regular Inspection) with a certain frequency each of them, from these visual inspections
the failure can only be identified when it has already occurred, which leads to the affection of the
exploitation.

5.2.2.2.Earthworks Assets Management

Regarding earthworks and more specifically this slope, the current Maintenance System is based on
the realization of the reading of measuring instruments such as inclinometers, piezometers,
obtaining the data every four months, currently four inclinometars in operation although it is

ruled out that two have stopped working due to the movement of the slope in addition to the
realization of a topography of the affected area so it is only possible to identify the failure when it
has already occurred, whidbads to the affection of the exploitation.
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5.2.3.Subproblem addressed by the use case and measurable objectives

This section is subdivided into the two types of assets analyzed: (1) bridges and (2) earthworks.

5.2.3.1.Bridge Assets Management

The main objective of the project is to acquire the necessary knowledge and develop an initial tool
to transform the maintenance strategy for these assets. The goal is to shift from corrective
maintenance (replacement after damage) or preventive mainteegneplacement at the end of its
useful life, regardless of damage) to predictive maintenance. Predictive maintenance provides
warnings about the deterioration of assets before failure occurs, allowing for replacement when the
asset's functionality is nelgrexhausted

5.2.3.2.Earthworks Assets Management

One of the main objectives of the project is to gather the necessary knowledge addwblmpment

of a tool to change the maintenance strategy of these assets, moving from corrective maintenance
(stabilization when the failure has occurred) to predictive maintenance with real time data, which
warns that an instability is occurring in th@ge and can cause affection to the traffic. In addition,
other objective is to verify that no movements occur once the projected stabilizing measures have
been implemented.

5.2.4.Influence of the proposed innovation on the IM/RU problem

Advantages over corrective action:

1 The impact on railway operation is minimized, due to the lack of establishment of
restrictions, usually speed restrictions, which could serve as a parameter that quantifies the
impact: accumulated lost time due to the presence of speed limits or cutsifirta due to
the loss of geometry in the track.

1 The planning of the work and the tendering by an open procedure of free competition is
more economically advantageous for the IM than the use of emergency procedures or
negotiated by urgency.

Advantages over preventive:

1 The impact on the railway operation is minimized.
9 The costs of the work are reduced.

5.2.4.1.Bridge assets management

According to the POT bearings specifications provided by manufacturers, these assets have a much
shorter life cycle than the structure itself (100 years the structure v&@%years POT bearings,
depending on the manufacturer). We would like to configurpredictive maintenance tool that
allows us to know the progressive damage of the supports to identify the optimal moment of
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replacement of the bearings before the failure or the blockage of them occurs. This is a very specific
use case and it could be part of a predictive maintenance tool that covers more structural
pathologies. To address this, it seems necessary to desigrchitecture based on local monitoring

in bearings as LVDT sensors, but also, we aim to be able to correlate variations on the dynamic
behaviour of the bridge with possible damages in bearings. For this reason, we have also designed
an instrumentation bas# on accelerometers spread across the interior of the girder. A continuous
monitoring of the dynamic behaviour based on operational modal analysis (OMA) techniques to
provide modal parameters (natural frequencies, damping ratios, mode shapes). In additi@se
accelerometers and in order to understand the overall behaviour of the infrastructure, some
titmeters and accelerometers are to be installed in the transition area of the bridge and on the
platform above the bridge. They will allow to realiseoarelation between the bridge structure and

the railway platform. Complementary data may be obtained thanks to the FO laid all along the
tracks.

To avoid the lack of monitoring data during the period between the start of the project and the
installation of the surveillance system, remote surveillance from space is proposed, based on
interferometry applied to synthetic aperture radar images (INSAR). In addition to covering the
aforementioned period of absence of data (with a much lower samgghequency), this technique
makes it possible to establish a baseline of "normal” behaviour of the bridge, providing, for example,
seasonal movements due to thermal effects, and even identify past anomalies by means of a
historical study of the availabienages.

The new sensors projected to be installed in the viaduct will provide us with relevant information
related with the structural behaviour of the bridge and its evolution, in particular, the functioning
and the measurement of the displacements of a continsigirder over the POT bearings, as well as

its dynamic behaviour that will be seen for the generation and calibration of a Digital Twin with
which to predict future behaviour.

The information obtained from these sensors can be compared to the manufacturer's specifications
regarding the useful life of the POT bearings. Typically, this useful life is expressed in terms of
accumulated distance or years of use. By comparing the piadgided by the sensors to these
specifications, we can gain insight into the current condition of the bearings and make informed
decisions regarding maintenance or replacement.

The first viaducts built on the higépeed rail network in Spain date back to 1990 (HSL Madrid
Seville), so according with the specifications provided by manufacturers some of these assets are
very close to reach the end of their useful life. This projatt help us to evaluate the behaviour of
these elements in a real environment, the movements they undergo according to the design of the
viaduct and the ambient temperature. Ultimately, we will draw conclusions to be extrapolated to
viaducts of this samtypology to analyse the most optimal time for its replacement.

Three types of monitoring will be installed for the bridge management:

1. Monitoring system for POT bearingehe objective of this installation is to analyse the POT
support equipment in detail to analyse pathologies and service life and to optimise their
maintenance

2. Monitoring system for dynamic analysis of the structufde objective is to identify any
alteration in the dynamic behaviour of the structure resulting from a malfunction of the
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support devices (change in the boundary conditions) in the area of greatest stroke across
the entire viaduct

3. Monitoring system for correlationThe objective is to collate data in order to enable
correlation with data measured by CEDEX and INECO and processed by CEMOSA through
information received from the project database. This will facilitate the detection of any
existing damage and observatiof variations in the behaviour of the structure over time,
with the aid of an Al layer that allows:

1 Monitor the track platformin order to provide information to implement performance
indicators of the POT type supports to optimize the decismaking process for their
maintenance.

T Variationsin the platforminclination

1 The acceleratiogenerated by the train's passage.

1 Determine theoptimal maintenance schedulesased on the above values using a
decision support system. In particular, the extensive experience gained in the
RESILTRACK project, completed in 2022, which was entirely dedicated to the
experimental and theoretical development of this same issue, idadlai

5.2.4.2 .Earthworks Assets Management

For the first slope, it is intended to deploy a network of loest sensors with the objective of
gathering real time on site data correlated with those provided by the inclinometers, both the
existing ones and those that would be installed by the ConwaatiNetwork Project Management
when the stabilization project is executed in order to meet another objective, to analyse how
effective are the measures adopted for slope stabilization, once it is executed after approximately
one and a half years.

On the other hand, a strategic analysis will be carried out based on satellite images comparing the
variability and the difference that may exist between the different images taken in each time
interval.

The monitoring systems will provide us with relevant information related to the behaviour of the
slope and its evolution. In particular, the detection of the movements will be used for the generation
and calibration of a Digital Platform to perform a sséitial analysis to predict the future behaviour
related to the movements on the slope and to verify that the stabilizing measures implemented are
working properly.

Instead, for the second one, the proposed instrumentation is of the WSN (wireless sensor network)
type, i.e., formed by a network of contact sensors that measure terrain or environmental variables
but communicate without wiring. In other words, a data aisition network based on loT
technology, capable of autonomously and reliably capturing data at remote measurement points by
means of dataloggers with telematic capacity without the need for external connectivity and low
power consumption.

The system consists in the first instance of 14 wireless tiltmeters, endowed with embedded
intelligence. These are connected individually or in very close groups to reading nodes, which act as
local dataloggers, measuring, recording and sending data @tveomnk or directly to a gateway that

acts as a central datalogger or hub, using LoRa (Long Range) protocol, Flat Mesh or any other low
power wireless mesh network. The tiltmeters will be distributed over the entire surface of the slope
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and will be installed on masts or embedded in the ground. To this end, the successful tenderer shall
provide the necessary auxiliary means of clayye fastening for their installation.

The system is completed by a weather station capable of simultaneously reading rainfall, ambient
temperature and relative humidity.

5.2.5.Refinement of Key Performance Indicators (KPIs)

The KPIs indicated in the two use cases that build the Spanish demonstrator are aimed at measuring
the cost and timehat is optimized with the development of a predictive maintenance tool, both for

the replacement of POT bearings in bridges and the monitoring of slopes with active movements in
earthworks with lowcost sensor networks:

1 Predictive maintenance tool fdhe POT bearings replacement in bridges (KPI 1, KPI 2 and
KPI 4)

1 Predictive maintenance tool for the monitoring of slope with active movements (KPI 1, KPI
2, KPI 3 and KPL.5)

5.2.5.1.KPI1Infrastructure changes.

91 Short description This KPI hereby described focuses on determining the frequency and
characteristic traces of failures that evolve in time (i.e., which undergo a degradation
process), since this type of failures are the ones that can, in principle, be predicted by
models.

1 How to compute Consider records from bridges and earthworks to develop methods for:

o0 Automatic identification of systematic trends and
o Modelling degradation rate and making future projections.

The objective will be to have one model for earthworks and another one for bridges
supporting the characterisation of two trends in each case, such as:

o Bridges: Changes due to temperature and degradation of elements.

o Earthworks: Changes induced by rainfall.

5.2.5.2.KPI2Time saving.

1 Short description Predictive maintenance can significantly influence the reduction of speed
restrictions on rail infrastructure by enabling early detection of potential problems before
they become critical failures that may have an impact on circulation. These speedicsiric
represent a reduction in the theorical time lost for each circulation.

By analysing the information collected by the sensors network, the predictive models to be
developed will be able to detect patterns and anomalies that indicate potential problems
before they become critical failures. This allows them to schedule maintenbefore it is
needed, helping to reduce unplanned downtime and improve the reliability and availability
of rail infrastructure.
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1 How to compute KPI12Speed restrictions caused by failures in POT bearings on bridges and
by problems of slope movements will be quantified with the current corrective / preventive
maintenance approach compared to the future predictive maintenance approach in which
maintenanceactivities can be scheduled without affecting circulation. Time period will be
determined based on the available data following the equation below:

Ny

o 0.0
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TTLt: Theorical time lost for each circulation in the RFIG (Red Ferroviaria de Interés General)
caused byroblems in bridges and earthworks. TTLa: Theorical time lost for each circulation
caused by failures in POT bearings on bridges and by problems of slope movements with
current maintenance strategy.

5.2.5.3.KPI3Monitoring cost saving.

1 Short description.The main objective of this KPI is to check whether the reduction in costs
involved in the implementation of the instrumentation necessary to monitor the hillside
occurs. The installation of planned sensors will be low cost and will be compatible with the
instruments already installed.

1 How to compute KPI3To calculate the reduction of the costs in the instrumentation
equipment of the slope, it is essential to know the cost of the previous monitoring
instruments and from this data, see the evolution with respect to the years, that is, establish
a comparisorbetween 2 successive years. Steps to follow:

o Obtaining the historical costs for each year of the instrumentation devices of the
hillside.

o Obtaining the costs associated with the network of loest sensors foeach
year.
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n is the current year in which the comparison is to be made ahdsthe year before to the current
year. Finally, as an interpretation of results, if the value of the KP3 indicator is negative, it means that
costs have been reduced compared to the poes year.
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5.2.5.4. KPl14Emergency cost.

1 Short descriptionThe application of this KPI is proposed to analyse the reduction of the cost
of emergency works respect to a model based on predictive maintenance in which the works
are planned through publiender. Indeed, emergency works are often more expensive than
works with public tenders.

1 How to compute KPI4A comparison of the costs of a typical emergency work will be carried
out with respect to the cost through an open public tendering procedure following the
equation below:

5 B0 |.6 0 "Y'YO® 0 "Y"Yf)‘ Y | b
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COSTEW: Cost Emergency Work to replace POT bearings. COSTPT: Cost Public tender tc
replace POT bearings + monitoring costs.

KPI5.

1 Short descriptionWhen severe instabilities occur in an earthwork, measures are designed
in order to solve this stability issue. Sometimes, these stabilizing measures are not fully
effective, and problems continue to occur.

Therefore, the main objective of this KPI is to measure the degree of effectiveness of these
stabilizing measures that are executed on the hillside. This indicator can only be measured
if the installation of the sensor network is carried out before the@xion of the works.

1 How to compute KPI5The objective here is to verify whether there are movements,
deformations once the stabilization measures have been executed, for this, the trend of the
data from the lowcost sensors installed before and after the stabilizing measures will be
studied.
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Th: Trend sensor data before measurements. Ta: Trend sensor data after measurements.
Interpreting the results, if the KPI is equal to 100% it will mean thatstabilization
measures implemented have been correct and it will not be necessary to do any other type
of action on the hillside.
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5.3.Monitoring of Tunnel, Suballast layers, Subsoil (France)

This task will contribute to the development of:

1 Evaluation of mechanical properties of shéllast layers and subsoil in order to understand
and apprehend the emergence of disorders in the subsoil by using the MASW method.

1 High efficiency tunnel inspection systems to automatically detect visual damages evolution
and Predictive maintenance for tunnels.

1 An analysis of the use of passive contactless magnetic microwire sensor arrays for high
definition tunnel convergence monitoring systems.

5.3.1.Problem to be solved

This section is divided into the three previously presented developmentsEvya)uation of
mechanical properties of sulallast layers and subspfR)High efficiency tunnel inspection systems
and predictive maintenance for tunnetnd (3)Passive contactless magnetic microwire sensor
arrays for higkdefinition tunnel convergence monitoring systems in tunnels.

5.3.1.1.Evaluation of mechanical properties of sdilast layers and subsoill

The design, regeneration and maintenance of railway lines require a regular assessment and control
(both qualitative and quantitative) of the mechanical condition of the bedding structures and the
supporting soil.

Thus, the multiscale diagnosis of the railway platform, concerns:

1 The platforms to evaluate and control the mechanical state of the subgrade structures.
1 The supporting soil to understand the phenomena of the appearance of disorders in the
track, generated by a deterioration of the underlying cavity.

This risk is increasing because there is not enough evidence of a disorder before the incident occurs.
This risk is a major concern for SNCF Réseau, not only in terms of safety but also in terms of economic
and social impacts. Emergency maintenance openatimust be carried out by SNCF Réseau to
ensure the continuity and safety of the traffic, which implies a temporary limitation of the speed,
the stopping of the traffic, periodical surveys of the track geometry, permanent monitoring, filling
and injectionworks, etc.

Our aim is approach to reach a predictive maintenance by developing and testing new geophysical
approach on railway context.
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5.3.1.2.High efficiency tunnel inspection systems and predictive maintenance
for tunnels

French railway tunnels are numerous (1430 tunnels) and old (averageldgg as depicted in
Figurel.

Figurel. Number of French tunnels railways built per decade

Due to the difficult access conditions to these structures and the important interface with rail traffic,
regular assessment and control (inspection) require the use of special trains during periods of traffic
interruption.

Figure2. Traditional tunnel inspection.

Although tunnel inspections may be successful, they come at a significant Thast.recent
development of new mobile inspection technologies is an opportunity to reduce these costs. These
new technologies can also reduce the part of subjectivity of inspections (performed manumlly).
addition, tunnel regeneration operations are very costly due to the specificity, complexity and
important interface with rail traffic. Temporary speed restrictions are necessary. Sometimes, long
term traffic interruptions are also nessary Defining the needs and planning these operations is a
critical issue for Infrastructure Managers.

Since 2006, SNCF Réseaududlected data on damages detected during inspections. The quotation
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reflects the state of the tunnelAll this data collected is an opportunity to develop algorithms to
predict to predict tunnel degradation to optimise the asset managengplanning of maintenance
operations)

5.3.1.3.Passive contactless magnetic microwire sensor arrays for high
definition tunnel convergence monitoring systems in tunnels.

Railway tunnels are one of the essential assets of the rail transport infrastructure. ADIF has almost
1,300 tunnels totalling almost 500 km in length, which gives us an idea of the importance of this
railway assetTunnels facilitate the transportation of people and goods, connecting cities, regions,
and even entire countries. However, they present unique challenges for engineers and designers,
who must ensure that trains can pass through safely and efficiently

Convergence is a term that refers to the distance between the tunnel walls. If the convergence is
too narrow, there may be a risk of collision or derailment, which can endanger the lives of
passengers and train staff. In addition, convergence also atieetsfficiency of the railway system

in terms of time and costS herefore, periodic measurement of convergence in railway tunnels is
an essential part of ensuring that safety and efficiency standards are maintained in the railway
system.Monitoring and clecking the convergence of a railway tunnel is essential to ensure that
there are no structural safety problems and to ensure the efficiency of the railway asset. Inadequate
convergence in railway tunnels can be dangerous and costly.

Convergence sections enable the recording of deformations in the element being monitored (such
as a tunnel or the space between screens) by measuring length variations in various representative
chords. These distance measurements can be carried out usiugedy of systems, including strain
gauges, higiprecision total stations, or continuous measurement laser systems. In addition to the
aforementioned safety risks, inadequate convergence can affect the efficiency of the railway
system.

The design of the convergence must consider factors such as tunnel width, ceiling height, degree of
curvature, and the maximum permitted speed within the tunnel. It is essential to account for the
characteristics of the trains using the tunnel, ensuringttthe convergence accommodates their

size and speed.

Currently, techniques used to measure convergence in tunnels do not support automated
inspections and are wireless to facilitate the process.

In conclusion, it is crucial that convergence is carefully designed and complies with safety standards
to prevent collisions or derailments. The convergence must also allow trains to operate without
significant speed reductions or interruptions. Furthermpit is important to develop monitoring
methods that are automatic and easy to implement.

5.3.2.Industry current position/baseline

This section is divided into the three previously presented developmentsEvajuation of
mechanical properties of sdlallast layers and subspfR)High efficiency tunnel inspection systems
and predictive maintenance for tunnetnd (3)Passive contactless magnetic microwire sensor
arrays for higkdefinition tunnel convergence monitoring systems in tunnels.
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5.3.2.1.BEvaluation of mechanical properties of sb@llast layers and subsoill

For mechanical characterization of shhllast layer andub-soil and to diagnosis the soil support

for the risk of subsidence, we use classical geotechnical and geophysical method which are punctual,
not accurate in some case and not compatible with the constraints of the railway. This work will
help us to gaim better knowledge of our infrastructure, to adapt and to reduce maintenance
operation and better design the solutioRigure3). Obviously, safety and economic benefits.

Curent position
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Figure3. Use of conventional geotechnical and geophysical methods for better diagnosis to
reduce maintenance operations and improve solution design

5.3.2.2.High efficiency tunnel inspection systems and predictamtenance

for tunnels

Currently, regular tunnel inspections are led by human specialist by using special trains but without
digital technologies. Damages are detected visually and by using a hammer.

New tunnel inspection systems have developed the last few years. These systems are mainly based
on photography, lidar and infrared thermography technolodisse Figure4. Example of a new
tunnel inspection systemThey offer opportunity to ensure a realistic and very higfinition
representation of the tunnels, in 2D and in 3D. The latest technological developments also allow

high-performance acquisition on mobile vectors.
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Figured. Example of a new tunnel inspection system.

The use of these new technologies for surveillance is an opportunity for SNCF Réseau to further
improve its management processes and its assets knowledge. Several tests in operational situations
have therefore been carried out with different systems toesssthe potential of these new tools

and to define their field application for SNCF Réseau structures. The initial feedback shows that
these new tools can be a valuable aid in identifying and characterizing damage without replacing
traditional inspectionswhich remain essential.

The gain provided by these new technologies is mainly to be found in the accuracy of the damage
records, which facilitates the assessment of the heritage structures deterioration. They also help
prepare for inspections and eraf-mission seichecks.They can save time during inspections and
thus do more inspections during periods of traffic disrupti@bviously, safety and economic
benefits.

On the other handsince 2006, SNCF Réseau ba#t digital data on damages detected during
inspections(digital report and damages mapd)he quotation reflects the state of the tunndlll

this data will be used to create algorithms for predicting tunnel degradation.

5.3.2.3.Passive contactless magnetic microwire sensor arrays for high
definition tunnel convergence monitoring systems in tunnels

Due to the great importance of knowledge of convergence in tunnels, auscultation has now become
a fundamental tool in the service of engineering, responding to the need to know and adequately
control the behaviour of our increasingly complex and ambitioosks.

Auscultation is particularly important in tunnels, where design is generally based on empirical
methods or theoretical calculations, according to complex and somewhat uncertain models. In
addition, there are also major uncertainties in the properties ametidviour of the ground to be
excavated, as well as in its homogeneity along the route, beyond the points where the surveys have
been carried outBoth methods, convergence tapes and topography, are used to provide a complete
picture of the tunnel convergeare. The frequency of monitoring depends on the complexity of the
project and the geological conditions in the tunnel area.

Convergence tapes are devices that are fixed to the ceiling and wall of the tunnel and measure the
distance between them at different points along the tunn€éhese measurements are used to
calculate the convergence of the tunnel and detect any deformation or deviation from the desired
alignment. Higkprecision convergence tapes have a very high measurement resolution and can
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detect even small deviations from the desired alignmerigure5 shows an example of the
application of convergence tapes for convergence measurement.

Figure5. Application in tunnel convergence monitoring.

Topography is another tool used for monitoring tunnel convergence. It is used to measure the
position and elevation of points along the tunnel and is used to detect any deformation or deviation
from the desired alignmentTo measure the convergence of a tunnel with topography, control
points are established on the ceiling and wall of the tunnel on both sides. These points are measured
using highprecision surveying instruments, such as theodolites and total stations, termate

their position in XYZ cooirtates. Periodic measurements of these control points are made to
measure the convergence of the tunndlhe convergence is calculated by comparing the XYZ
coordinates of the control points at different points in time. Deformations and deviations in the
tunnel alignment can be detected by comparing the measured values with the expected Values.
example of the application of topographical methods for convergence measurement is shown in
Figure6.

Figure6. Topographical precision control works.

5.3.3.Subproblem addressed by the use case and measurable objectives

This section is divided into the three previously presented developmentsEvajuation of
mechanical properties of sdlallast layers and subspfR)High efficiency tunnel inspection systems
and predictive maintenance for tunnetnd (3)Passive contactless magnetic microwire sensor
arrays for higkdefinition tunnel convergence monitoring systems in tunnels.
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5.3.3.1.Evaluation of mechanical properties of sdilast layers and subsoill

In order to characterize the mechanical behaviour of-babast /subsoil and monitor areas with
sinkhole hazard we aim to:

1 Develop an active seismic surface waves method and creation of a toolbox (methodology,
SlidzZA LJYSy s az2Ffi¢6l NS X0 Fff26Ay3a 3TFdzARS Of
maintenance. This will be tested on specific sites on-sgged line.

1 Develop a passive seismic surface waves method to characterize the mechanical properties
of the shallow subsurface, analyse the variation of the shear velocity due to cavity in the
subsurface and study the influence of hydrogeological context on the shaee velocity

analysis. This will be tested on conventional line with gypsum dissolution hazard context.
To reach this objective, we need to:

1 Carry out insitu geophysical tests, define measurement protocols, test processing routines,
model physical phenomena of wave propagation in a railway context.

Correlate the results with field data including geotechnics.

Clarify the expectation on the railway/industrial side for the exploitation of technical results
and theadaptation expected on maintenance and works.

1
1

5.3.3.2.High efficiency tunnel inspection systems and predictive maintenance
for tunnel

The aim is to deploy new inspection technologies and to predict the evolution of tunnel degradation.
The tasks necessary for the achievement of the objective of this demonstrator include:
1 Concerning the utilization of new inspection technologies:
o Define specifications of the technologies to ensure a correct level of damage
detection.
o Define specifications of the measurisgstem.
o Define the process and means of data processing and management.
o Carry out tests in tunnels to verify performance and define limits.
1 Concerning the prediction of the evolution of tunnel degradation:
o Develop algorithms for predicting the degradation of tunnels.
o Evaluate the performance of these algorithms (comparison between predictions and
reality).
o Define the process and means of data processing and management.
o Create an asset management tool based on prediction models.

5.3.3.3.Passive contactless magnetic microwire sensor arrays for high
definition tunnel convergence monitoring systems in tunnels

The tasks necessary for the achievement of the objectives of this demonstrator include
1 To carry out all the laboratory tests to study the best direction of the microwires in order to
obtain the most accurate and real information possible.
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To carry out all the laboratory tests to study the best way to carry out the set up.

Carry out measurements and calculate the convergence on laboratory samples.
Estimates of the time required to perform measurements in a relevant environment will be
conducted, along with economic estimates associated with the process.

5.3.4.Influence of the proposed innovation on the IM/RU problem

This work by infratructure managers (SNCF aA®IF) will improve the approach to the following

points:

T

= =4 4

T

To ketter quantify the disorders on suballast and sufsoil, and anticipate the development

of certain disorders.

To Imit the number of emergency maintenance operation.

Topropose an adaptedesign to the situation.

Tocheck that the work has been carried out properly.

To optimize the maintenance operations in terms of methodology an economic point of
view.

Toensure the safety and operability of the tunnels.

5.3.5.Refinement of Key Performance Indicators (KPIs)
5.3.5.1.KPI 1Reduction of maintenance time

Short description The main objective of this KPI is to check whether the time needed to
perform a measurement:

o To adapt the type/nature of maintenance and work for seddlast and suksoill;

o0 To makeunnel inspections and the planning of repairs operations;

o To control the convergence of the tunnels can be reduced. For this purpose, sensors
("micro-wires") capable of providing accurate information on the convergence of the
tunnels will be used. This factor is directly related to a correct preventive
maintenane, by knowing in real time what data is being generated, this allows
infrastructure managers to detect any changes in convergence early and take
corrective action if necessary.

How to compute KPI1For the two first demonstrator which aim to reach the TRL 7, the
estimation of the KPI1 for the two SNCFR demonstrator will adopt the following formula:

S b b 0d @O Of ~Y'QaQ _ Oi 0 Qa HODO
Op POQEDU Qe QA NO& O . pmm (10)
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Traditional Method Time is the time required to maintenance and works including
investigation by the traditional method and Estimated time new method is the time required
to maintenance and works including investigation by the new method.

For the third demonstrator, as it has a low technological maturity level (TRL4), it will not be
tested in a relevant environment, but will be tested in laboratores,can obtain estimates

of the time it may take to perform the inspectioand compare it with traditional methods

to establish the time saving ratio that could be achieved with the application of this
technology. To evaluate this KPI we can use the following formula:

S b o "0d Db O wYQa Q ‘ Oi 0 Q4 HOLO
Op bPOoQGEDL Qe " N6 0

pTIT (11

Traditional Method Time is the time required to perform an inspection by the traditional
method and the Estimated time new method is the time required to perform an inspection
by the new method.

If KP1 is positive: Indicates that the estimated time for the new method is less than the time
required for the traditional method. In this case, a positive value indicates a time saving or a
reduction in the time required to complete the task, howeverKR1 is negative: Indicates
that the estimated time for the new method is greater than the time required for the
traditional method. In this case, a negative value indicates that the new method would
require more time compared to the traditional method.

5.3.5.2.KPI12.Reduction of maintenance cost

1 Short description The main objective of this KPI is to check whether or not the reduction of
maintenance cost is achieved by:

o0 Reducing number and type of corrective maintenance operations and adapt the
solution of rehabilitation to the context.

0 Reducing the tunnel inspections times and number of repair operations per year.

o Implementing the necessary instrumentation to control the convergence of the
tunnels. For this purpose, sensors ("microwire”) will be used, which are able to
provide accurate information on the convergence of the tunnels. This factor is
directly related toa correct preventive maintenance, by knowing in real time what
data is being generated, this allows infrastructure managers to detect any changes in
convergence early and take corrective action if necessary.

1 How to compute KPI2For the two first demonstrator which aim to reach the TRL 7, the
estimation of the KPI2 for the two SNCFR demonstrator which will be tested in a relevant
environment, will be done by the following formula:

- . ondoé g9 oOnddI &
bich GET B0 iRt ke ONWI @ (12)
Oonwe ig ®
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Traditional Method cost is the cost required to maintenance and works including
investigation by the traditional methodO v ¢ iy § and Estimated new method cost is the
cost required to maintenance and works including investigation by the new method
oI ¢

As it has a low technological maturity level (TRL4), it will not be tested in a relevant
environment, but will be tested in laboratoriese can obtain estimates of the cost it may
take to perform the inspectionand compare it with traditional methods to establish the
cost ratio that could be reduced with the application of this technology. To evaluate this KPI
we can use the following formula.

i w0 oL @ED GBIy 0N 4R G’ o
OfBE g Of BE ig §

T ooy

0o &b p T T

(13

Equipment costs traditional method of an inspectio® v ¢ iy §: Refers to the costs
associated with the purchase, maintenance and calibration of the equipment necessary to
carry out the inspection. Workforce cost traditional method of an inspectioi®b £ s §:

This is the expenditure related to the time and human effort required to perform the
inspection. Estimated Equipment cost of new method of an inspecti®O i ¢ Q2 Refers

to the estimated costs associated with the acquisition, maintenance and calibration of the
equipment necessary to carry out the inspection. Estimated Workforce cost of new method
of an inspection of an inspectiah "@0i & R This is the expenditure related to the time
and human effort required to perform the inspection.

If KP2 is positive it indicates that the estimated costs of the new method (n.m.) are lower
than the total costs of the old method (t.m.). In this case, a positive value indicates an
economic saving or a reduction in costs, but if the KP2 is negativelitates that the
estimated costs of the new method are lower than the total costs of the old method (t.m.).
KP2 is negative: Indicates that the estimated costs of the new method (n.m.) are higher than
the total costs of the old method (t.m.). In this casenegative value indicates an increase

in costs or a lack of economic savings in the new method.
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5.4.Data Analysis for Condition MonitorifidhéNetherlands, Norway).

5.4.1.Problem to be solved

This section is subdivided into two different developments and locations: (1) Track condition
monitoring using a combination of ABfieasurementsand track geometry measuremenis The
Netherlands and (2) Condition assessment of existing concrete bridge and transition zones in
Norway.

5.4.1.1.TheNetherlandsTrack condition monitoring

Track conditiormmonitoring is an essential activity in supporting track maintenance deeraging.
Track geometry faults cause poor condition track which can deteriorate resulting in speed
restrictions, having a negative impact on train performance and in extreme ca&sesdt in
derailments. Hence, a current practice for track condition monitoring relies on track geometry
measurements.

Nevertheless, track geometry measurements cannot strongly reflect track conditions in other
aspects, such as tratnack interaction, embankment and subsoil conditions. In addition, track
geometry measurements rely on a track recording car. Its availaislia constraint for frequent
inspection activities. Therefore, additional techniques are required for comprehensive track
condition monitoring.

This task aims to develop a némeworkfor monitoring track conditions based dioth axle box
acceleration (ABA) measurements anack geometry measurement$heresearch will assess the
effectiveness with a major focus on embankment properties. Embankment is the focus of this task
due to the generally poor bearing capacity of the Dutch soFP3IAM4RAIL project naturalfirst

step is the analysis of railway transition zones becdlisehangesn its embankment composition.
That is fromthe conventional ballast tackthat is supported by #ypical embankmento the track

on the bridge that is supported by a cisifucture.

5.4.1.2.NorwayCondition assessment of existing concrete bridge and
transition zones

In Norway and Europe there is @eed to increase the railway transportation capacity to
accommodate more frequent and heavier trains, which increases the requirements on railway
infrastructure. A sustainable approach to accommodate the needs is to upgrade and reinforce the
existing infratructure and prolong their service life. However, there is limited information about
the health conditions of existing bridgesspecially prestressed concrete bridge3his makes the
upgrading of railway infrastructure a more complex task. Most of d@mrimonitoring systems of
bridges are focusing on detecting signs of damage or deterioration. They do not provide evidence
on the link between the signals measured by the sensors and the failure mechanism in the bridge
to allows quantitative assessment tife health conditions. Moreover, some measurements like
actualprestresslossof existing concrete bridges can be diffic(dven impossibledr very costly.
Therefore, the design loads for existing bridges such as strength capacity and remaining &ifetime
mainly determined based on original design models -ENS & Eurocodes) which are very
conservative and do not account for real contributions from materials and structural boundary
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conditions during the service time. To this end, the present use case aims at the development of
predictive tools for multlevel assessment procedure of existing railway bridges combining
advanced structural models with data from continuous monitoringesys. The development of
such predictive tool requires specific measurements with high accuracy for calibration and
validation of the predictive models. An improved monitoring system integrating multiple sensing
technologies installed on the bridge, in tlransition zones and on the train will be considered. The
predictive tool will be demonstrated on an existing prestressed bridge located at Sgsterbekk on the
Ofoten line. The bridge which was built in 1989 as a part of the Ofoten Line (single trachg servi
iron ore trains between the mine in Kiruna and the Port of Narvik. Daily there are 11 to 13 iron ore
trains in each direction. The ore trains operates@tkilometres per hour, while the empty return
trains operate ab0 kilometres per hour.

5.4.2.Industry current position/baseline

This section is subdivided into two different developments and locations: (1) Track condition
monitoring using a combination of ABfieasurementsand track geometry measuremenits The
Netherlands and (2) Condition assessment of existing concrete bridge and transition zones in
Norway, as well as a last sectiondasmage diagnosis in steel bridges

5.4.2.1.TheNetherlandsTrack condition monitoring

The current baseline in track condition monitoring is track geometry, in which two major indicators
can be considered:

1 The indicator for isolated defectsThere are 5 track geometry parameters defined in EN
138481: track gauge, longitudinal level, cross level, alignment, and (@EN, NEEN
138481:2019 (E)- Railway applications track - track geometry quality- part 1:
characterization of track geometry 2019ccording to EN 13848 three levels are
determined on each geometry parameters for maintenadeeisionmaking: Immediate
Action Limit, Intervention Limit, and Alert LINGEN, NEEN 1384&%:2017 (E) Railway
applications track- track geometry quality part 5: geometric quality levelsplain line,
switches and crossing 201 Besides the limits according to EN standard, ProRail, the
Dutch railway infrastructure manager, has followed the principle of EN standard and
established limit values for the Dutch railway network, which is stated in ProRail
document number IHS0006@1 (ProRail, Instandhoudingsspecificati&poor- Deel 1:
Onderhoudswaarden, Interventiewaarden, Onmiddellijke actiewaarden 2021)

1 The indicator for assessment of the overall track geometry quality, TQI, over a defined
length of tracks (typically 200 m)According to EN 13848 TQI is referred to combined
standard deviation (CoSD), which can be done by a combination of weighted standard
deviations of individual geometric parametdGEN, NERN 13848&:2014 (E) Railway
applications- track - track geometry quality part 6: characterization of track geometry
quality 2014)
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However, the current baseline has the following limitations:

1 The limit values determined in EN 1388&re notoptimal in terms of delays due to
speed restrictiongAndrade and Teixeira 2018)

1 Track geometry cannot always indicate locations corresponding to poor-ttesgk
interaction since deviation of geometry parameters is only one of the causes of changes
in train-track interaction(Li, et al. 2006, Xu 2017)

1 Track geometry has positioning errors, which affect the accuracy in the localization of
damage and the further use of the daf@/ang, et al. 2018)

1 Track geometry cannot effectively characterize short wave irregularities, which can
accelerate degradation and fault in substructt®idolt and Marschnig 2024)

5.4.2.2.NorwayCondition assessment of existing concrete bridge and
transition zones

The Ofoten line is 4Rilometre railway with a single track in Narvik (North of Norway). The line
stretches from the Port of Narvik to Riksgradnsen on the Norg&weden border, where it is
connected to the Iron ore line (Malmbanan) via Kiruna and Gadlitat.uledToday, more than 30
million gross tonnes (MGT) of goods are transported annually on the Ofoten line. Iron ore accounts
for 22 million tons. There is a need to further increase the transportation volume and frequency on
the line. This requirespgrading the Ofoten line infrastructure. A challenging task for upgrading the
infrastructure is the structural assessment of existprgstressedconcrete bridges which is a
complex process that involves the evaluation of their condition, integrity, and performance. It is
required for changing the bridge's specifications or evaluating the impact of deterioration or
damage. Traditional and standardids methods, which are used when designing the new structure
are mainly considered for the assessment of emgstbridges. However, to account for real
contributions from materials and structural boundary conditions during the service time, enhanced
assessment which integrate inspection and monitoring data is critical. This can be realized by
combining improved notlinear analysis and simulations with improved inspectiDestructive &
Non-destructive(material) tests (DT & NDBnd monitoring technologies. The condition monitoring
systems of interest are those which can support the assessment of existing conddgesbby
providing reference base for evaluating their condition and structural performanceremaining
service life

1 Automated visual monitoring and inspection: They are used for monitoring the dynamic
response of the bridge and detecting visual damage during the service time. The deflection
measurements by visiehased inspection provide large data sets characterizieghridge
and the transition zones. These are key data not only for condition monitoring, but also for
calibration and validation of structural model.

1 Impact hammer tests measurements are used for measuring the resonant frequency of the
track, ballast, wheel, etc. to deduce the stiffness. The change in the measurements during
the service time indicates potential defects in the associated structure. @&s#me time,
the measured stiffness is key inputs to the structural model of the railway bridge.
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1 Measurements from bridge and transition zones Instrumentation: The aim is to use multiple
sensing technologies of which the emplacement on the bridges is optimized to provide local
detailed measurement and account for the contribution from the bridge s$tmas. The
deflection measurements will be used for the calibration and validation of the FE analysis.

1 Axle Box Measurements and on board measurements to improve the quality and the
accuracy of the data from the sensing systems installed on the train (on board and train axle).
These will be obtained by the measuring train Roger 1000. The data from the sgedging
system will be used as a reference for the analysis of axle box data, enabling mobile
monitoring system with improved accuracy.

1 Proof loading tests measurements are performed to assess the bridge's structural
performance under controlled load. The measurements from the test are interesting for
model validation.

1 Traffic load and environmental records: The existing measuring station at Haugfjell, near
Sasterbekk, will be used to extract measurement data (traffic loads) from all trains passing
the bridge. In addition to traffic loads, the station provides detaitlgdrimation about train
speed and climatic data such as temperature and relative humidity (RH).

5.4.2.3.Damage diagnosis in steel bridges

The bridges in which steel is the main material, are used mainly as railway Qagg®li, Prescott

and Andrews 2018, Ghiasi, Ng and Sheikh 2022, Svendsen, Oiseth, et al. 2023, Sonhnd2623)

a smaller degree as highway bridg€aitbas , Gokce and Gul 2012, Sunca, et al. ZDR243e bridges
constitute essential components of the transport infrastructure and their undisrupted operation is
imperative for the normal operation of the socidyagnoli, Prescott and Andrews 2018pwever,

they are affected by increasingly demanding operational conditions such intense traffic loads and
harsh environmental conditions which lead to the development of deterioration mechanisms
(Ghiasi, Ng and Sheikh 2022, Svendsen, Oiseth, et al..Z0#3)mechanisms include fatigue,
fracture, buckling, corrosion and scour and their early diagnosis including detection, localization,
guantification(Svendsen, Oiseth, et al. 2028) crucial as they can lead to catastrophic failure, the
collapse of the bridge, high maintenance costs and the loss of human lives amongdother
environmental, social, and economic consequen@e=mm and Chryssanthopoulos 2012, Azim and
Gul 2021) Structural Health Monitoring (SHM) in steel bridges is pivotal for the early diagnosis of
such deterioration mechanismédditionally, the variability of the operational and environmental
O2yRAGA2Y & 09h/ a0 KAYRSNE (KS {laQa STFFSOGAOQS
of damages on the structural dynami&vendsen, Oiseth, et al. 2023)

5.4.2.3.1 Methods

Currently, SHM in steel bridges is conducted via-Nestructive Evaluation (NDE) methods based
on ultrasound, radiography, eddy current and mostly on visual inspections. However, these methods
require a priori knowledge of and access to the vicinity efshispected damage location, they are
typically time consuming and costly, and they can be applied only when the bridges are not
operational(Vagnoli, Prescott and Andrews 2018, Azim and Gul 2@ in steel bridges has also
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been investigated via methods based on vibration signals.

The main premise of the vibratidbased methods is that a damage alters the stiffness or mass of
GKS SEFYAYSR &iGNHzZOGdzNBEI 6KAOKI Ay GdzNYyX |t GS)
properties and damage diagnosis is achieved via the examingtisn OK|l y3Sa Ay (K¢
vibration characteristicyVVagnoli, Prescott and Andrews 2018, Sonbul 20d8)ese methods

operate with vibration signals acquired via installed sensors on the bridges, resulting in a reduced
SHM cost and a continuous availability of SHM data, as opposed to sporadic and expensive NDE
based inspections. The vibration signals aq@dally naturally available and are easily measurable
through various types of sensors and data acquisition syst@ageh, Linzell and Azam 2018,
Svendsen, Oiseth, et al. 202&dditionally, the methods offer advantages such as capability of
Fdzi2YlFGA2yZ y2 NBIdZANBYSyd 2F | 00Saa G2 GKS f
normal operation.

The vibratiord F 8 SR YSGK2Ra SYLX 28 YIGKSYFGAOIE Y2RSt
treating the effects of the varying EOCs on the dynamics. The modelling for the treatment of the
varying EOCs can be either explicit or implicit. Imghaged méhods attempt to remove the effects

of varying EOCs on the dynamics via the use of techniques such as the Principal Component Analysis
(PCA) for the selection of features of the dynamics that are insensitive to changes due to the varying
EOCs, assuming thiney are sensitive to damagé&uo, et al. 2012, Laory, Ali, et al. 2012, Laory,
Trinh, et al. 2013, Vagnoli, Prescott and Andrews 2018, Azim and Gul 2021, Maes, et aD2022)

the other hand, explicibased methods attempt to model the effects of the varying EOCs on the
dynamicqLaory, Ali, et al. 2012, Rageh, Linzell and Azam 2018, Neves, Gonzalez and Karoumi 2022,
Sarmadi, et al. 2022, Svendsen, Froseth, et al. 2022, Zhou, et al. 2022, Svendsen, Oiseth, et al. 2023,
Yano, et al. 2023)

In the implicitbased methods and in most of the explibassed methods, dathased models
developed exclusively through the acquired vibration signals from the structure are used. These
models are able of representing partially the structural dynamicstheyg can be either multivariate

models such as Neural Networks (N{&Ageh, Linzell and Azam 2018, Neves, Gonzalez and Karoumi
2022) linear regression mode(taory, Ali, et al. 2012, Laory, Trinh, et al. 2013, Maes, et al.,2022)
state space model@Maes, et al. 2022, Svendsen, Oiseth, et al. 20238ivariate models such as
AutoRegressive (AR) modé@sory, Trinh, et al. 2013, Svendsen, Froseth, et al. 282®&)e of the
explicitbased methods employ detailed and accurate physical models, as for instance Finite
Element Models (FEMs) which describe the complete structural dynamics and need to be updated
with vibration response signals from multiple sens@$ou, et al. 2022)Of course, there are

studies where vibratiofbased methods equipped with state space mod@sinca, et al. 2021,
Torres, et al. 2023NNs(Ngoc, et al. 2019, Parisi, et al. 2022, Dang, Tatipamula and Nguyen 2022,
Sonbul 2023and models based on Power Spectral Density (FEE3khyroun, Oshima and Mikami

2010, Oshima, et al. 2013, Sunca, et al. 2021, Ghiasi, Ng and Sheikh 2022, Torres, e} ato2823)
correlation function(Catbas , Gokce and Gul 208jvavelets(Beskhyroun, Oshima and Mikami

2010) are applied in steel bridges but varying EOCs are not consi@es#thyroun, Oshima and
Mikami 2010, Catbas , Gokce and Gul 2012, Oshima, et al. 2013, Ngoc, et al. 2019, Sunca, et al. 2021,
Ghiasi, Ng and Sheikh 2022, Parisi, et al. 2022, Dang, Tatipamula and Nguyen 2022, Torres, et al.
2023)

Many of the methods equipped with dataased models are confined only to the first level of
damage diagnosis, which is damage detect{Beskhyroun, Oshima and Mikami 2010, Catbas ,
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Gokce and Gul 2012, Guo, et al. 2012, Laory, Ali, et al. 2012, Oshima, et al. 2013, Laory, Trinh, et al.
2013, Vagnoli, Prescott and Andrews 2018, Rageh, Linzell and Azam 2018, Ngoc, et al. 2019, Azim
and Gul 2021§Sunca, et al. 2021, Parisi, et al. 2022, Dang, Tatipamula and Nguyen 2022, Ghiasi, Ng
and Sheikh 2022, Maes, et al. 2022, Neves, Gonzalez and Karoumi 2022, Sarmadi, et al. 2022,
Svendsen, Froseth, et al. 2022, Zhou, et al. 2022, Yano, et al.(302Bul 2023, Svendsen, Oiseth,

et al. 2023, Torres, et al. 2023he models are developed with vibration signals from the healthy
structure and potentially measurements of the EOCs, with features sensitive to damage, such as its
structural parameters, residual signals, modal parameters, principal components, beingedcqui

from the models. Damage detection is achieved based on the detection of dissimilarities between
the features from the healthy structure to their counterparts from a present unknown structural
state. Damage localization and quantificati@@eskhyroun, Oshima and Mikami 2010, Catbas ,
Gokce and Gul 2012, Oshima, et al. 2013, Azim and Gul 2021, Svendsen, Froseth, et al. 2022, Parisi,
et al. 2022, Dang, Tatipamula and Nguyen 2022, Ghiasi, Ng and Sheikh 2022, Sonbul 2023, Svendsen
Oiseth, et & 2023)is achieved with the detected damage state being roughly classified either to a
prespecified damaged state of specific location and magnitude or to the nearest sensor with the
corresponding highest damage index acting as an indication of damage quaetgyify). Machine

learning techniques such as Support Vector Machine (VRbYnoli, Prescott and Andrews 2018,
Svendsen, Froseth, et al. 2022, Ghiasi, Ng and Sheikh 2022, Svendsen, Oiseth, ef KIN222&3t
Neighbour (KNNjGuo, et al. 2012, Ghiasi, Ng and Sheikh 2022, Svendsen, Froseth, et al. 2022,
Sonbul 2023)Random Forest (RESvendsen, Froseth, et al. 2022, Sonbul 2@28) NNgVagnoli,

Prescott and Andrews 2018, Rageh, Linzell and Azam 2018, Ngoc, et al. 2019, Parisi, et al. 2022,
Dang, Tatipamula and Nguyen 2022, Sonbul 28&8used for the treatment of damage detection,
localization and quantification as classification problems. Additionally, the NNs can treat damage
localization and quantification as precise estimation problems by providing a precise value of the
damage loation and quantity (severityjRageh, Linzell and Azam 2018, Ngoc, et al. 2019)

In the context of the FEM based methods, the treatment for the problem of damage diagnosis
requires the structure to be divided into a number of elements (substructures) and the identification

of changes in the structural parameters (stiffness coefficientéoung's moduli) leads subsequently

to the identification of the damaged element(s) which correspond(s) to the damage location(s) and
magnitude(s)Laory, Ali, et al. 2012However, the modelling of structures of complex geometry
(structures with bolted nodes connecting multiple components) may lead to large in size FEMs
whose updating is difficult because the inverse problem posed may prove tecbhaditioned when

the number of the updating parameters is large. Moreover, signals from several sensors are needed
for updating FEMs of structures of higher comple@yownjohn, et al. 2001, Friswell, Mottershead

and Ahmadian 2001)

5.4.2.3.2.Types of steel bridges

The steel bridges on which the considered vibraft@sed methods for SHM have been applied, are
mostly railway bridge@Beskhyroun, Oshima og Mikami 2010, Guo, et al. 2012, Laory, Ali, et al. 2012,
Laory, Trinh, et al. 2013, Oshima, et al. 2013, Rageh, Linzell og Azam 2018, Vagnoli, Prescott og
Andrews 2018, Ngoc, et al. 2019, Azim og Gul 2021, Parisi, et al. (2G2®), Tatipamula and
Nguyen 2022, Zhou, et al. 2022, Maes, et al. 2022, Neves, Gonzalez and Karoumi 2022, Sarmadi, et
al. 2022, Svendsen, Froseth, et al. 2022, Ghiasi, Ng and Sheikh 2022, Svendsen, Oiseth, et al. 2023,
Yano, et al. 2023, Sonbul 20Z3Bprres, et al. 2023nd in a smaller degree highway bridg€sitbas

, Gokce and Gul 2012, Sunca, et al. 20Pii¢ examined railway bridges include the Quisi bridge in
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Spain(Torres, et al. 2023the KW51 bridge in BelgiuMaes, et al. 2022, Neves, Gonzalez and
Karoumi 2022, Sarmadi, et al. 2022, Yano, et al. 2028)Hell Bridge Test Arena bridge in Norway
(Svendsen, Froseth, et al. 2022, Svendsen, Oiseth, et al., 20@Zangenberg bridge in Germany
(Laory, Ali, et al. 2012, Laory, Trinh, et al. 2018 Adour Bridge in Fran¢&uo, et al. 2012)the

Port Adelaide bridge in Australighiasi, Ng and Sheikh 2022)e Nam O bridge in Vietna(hgoc,

et al. 2019, Dang, Tatipamula and Nguyen 2@22)others whereas some of the examined highway
bridges include the Eynel bridge in Turk&yunca, et al. 2028nd the Sunrise Boulevard bridge in
USA(Catbas , Gokce and Gul 2012pme of these bridges have distinctive forms such as bowstring
truss(Ngoc, et al. 2019, Maes, et al. 2022, Neves, Gonzalez and Karoumi 2022, Sarmadi, et al. 2022,
Dang, Tatipamula and Nguyen 2022, Yano, et al. 2028y trusgGuo, et al. 2012, Oshima, et al.

2013, Torres, et al. 2023)arker trusgSvendsen, Froseth, et al. 2022, Zhou, et al. 2022, Svendsen,
Oiseth, et al. 2023pratt truss(Rageh, Linzell and Azam 2018, Azim and Gul 202iBennsylvania

petit truss(Laory, Ali, et al. 2012, Laory, Trinh, et al. 2Qii8) their length ranging between 6.9 m

and 300 m. In a few studies, only one or twbspans instead of the whole bridge have been
examined(Laory, Trinh, et al. 2013, Azim and Gul 2@4risi, et al. 2022, Torres, et al. 2023)
Additionally, several of the examined railway bridges have been decommissioned and some of them
have been replaced by new on@eskhyroun, Oshima and Mikami 2010, Laory, Ali, et al. 2012, Guo,

et al. 2012, Oshima, et al. 2013, Laory, Trinh, et al. 2013, Svendsen, Froseth, et al. 2022, Zhou, et al.
2022, Svendsen, Oiseth, et al. 2023)

5.4.2.3.3Details about sensors, damagesvironmental conditionand
the methods effectiveness

Although, a combination of experimental and simulation signals is used for damage diagnosis in the
majority of the considered steel bridgéBeskhyroun, Oshima and Mikami 2010, Catbas , Gokce and

Gul 2012, Guo, et al. 2012, Oshima, et al. 2013, Rageh, Linzell and Azam 2018, Sunca, et al. 2021,
Dang, Tatipamula and Nguyen 2022, Zhou, et al. 2022, Maes, et al. 2022, Neves, Gonzalez and
Karoumi D22) (Sarmadi, et al. 2022, Svendsen, Froseth, et al. 2022, Yano, et al. 2023, Svendsen,
Oiseth, et al. 2023, Torres, et al. 202Bere are cases where only simulated signals are (lsazaty,

Ali, et al. 2012, Laory, Trinh, et al. 2013, Vagnoli, Prescott and Andrews 2018, Ngoc, et al. 2019, Azim
and Gul 2021, Ghiasi, Ng and Sheikh 2022, Parisi, et al.. Zl0#&e signals correspond to
acceleration(Beskhyroun, Oshima and Mikami 2010, Guo, et al. 2012, Oshima, et al. 2013, Ngoc, et
al. 2019, Sunca, et al. 2021, Dang, Tatipamula and Nguyen 2022, Zhou, et al. 2022, Ghiasi, Ng and
Sheikh 2022, Maes, et al. 2022, Neves, Gonzalez and Karoum{2a&8adi, et al. 2022, Svendsen,
Froseth, et al. 2022, Yano, et al. 2023, Svendsen, Oiseth, et al. 2023, Torres, et alstBaAiA3)
(Catbas Gokce and Gul 2012, Laory, Ali, et al. 2012, Laory, Trinh, et al. 2013, Rageh, Linzell and
Azam 2018, Azim and Gul 2021, Neves, Gonzalez and Karoumi 2022, Parisi, et al. 2022)
displacement(Ngoc, et al. 2019and deflection signal¢Torres, et al. 2023)ithin frequency
bandwidths up to 800 Hz, with the last two types used only in a very few cases. Additionally, they
are based on sensors or measuring points whose number range between 4 and 76 and their usual
O2yaARSNBR f 201l (A 2 \dés arid MB ceidtrél &nd Sidélipzdérs (StrNdeR)DEawQ &
the deck. The top of the truss and the deck constitute alternative locations for the sensors and the
measuring pointsHiltec (Catbas , Gokce and Gul 201Rytran(Svendsen, Oiseth, et al. 2023)

Bridge DiagnosticgRageh, Linzell and Azam 20283 B&K(Sunca, et al. 2021, Torres, et al. 2023)
sensors are used for the acquirement of experimental signals.
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The actual damages which have been examined in the steel bridges include loosened or removed
bolts, removed shims, crackBeskhyroun, Oshima and Mikami 2010, Catbas , Gokce and Gul 2012,
Oshima, et al. 2013, Svendsen, Froseth, et al. 2022, Svendsen, Oiseth, et alARBD2 B¢trofitting

is considered as a form of damage which results to the chantfeediridge dynamicgMaes, et al.

2022, Neves, Gonzalez and Karoumi 2022, Sarmadi, et al. 2022, Yano, et aD22B bridges

where the retrofitting and the shim removal have been considered, are still operat{Qadbas ,

Gokce and Gul 2012, Maes, et al. 2022, Neves, Gonzalez and Karoumi 2022, Sarmadi, et al. 2022,
Yano, et al. 2023Moreover, the examined simulated damages correspond to reduction of stiffness,
elasticity modulus andross sectionarea and to removal of elemen{&uo, et al. 2012, Laory, Ali,

et al. 2012, Laory, Trinh, et al. 2013, Rageh, Linzell and Azam 2018, Ngoc, et al. 2019, Azim and Gul
2021, Ghiasi, Ng and Sheikh 2022, Zhou, et al. 2022, Parisi, et al. 2022, Dang, Tatipamula and Nguyen
2022) Multiple damages corresponding to simultaneous damages of the same or different type and

of different magnitudes and at different locations have been examifBskhyroun, Oshima and
Mikami 2010, Catbas , Gokce and Gul 2012, Ngoc, et al. 2019, Azim and Gul 2021, Svendsen, Froseth
et al. 2022, Svendsen, Oiseth, et al. 2023, Torres, et al. 2023)

In most of the studies about damage diagnosis in steel bridges, varying EOCs are considered. The
environmental conditions include bridge temperatuflaes, et al. 2022, Yano, et al. 2028ir
temperature (Laory, Ali, et al. 2012, Laory, Trinh, et al. 2013, Neves, Gonzalez and Karoumi 2022,
Sarmadi, et al. 2022, Svendsen, Oiseth, et al. 2028)d speedSvendsen, Froseth, et al. 2022,
Svendsen, Oiseth, et al. 202B8hereas the operational conditions include train and traffic load
(Rageh, Linzell and Azam 2018, Laory, Trinh, et al. 2013, Maes, et al. 2022, Torres, et &la2023)
speed(Guo, et al. 2012, Azim and Gul 2021, Neves, Gonzaldgaandmi 2022)number of cars of

a train(Azim and Gul 2028nd coefficient of different types of springghou, et al. 2022)

Although most of the used vibratienased methods provide satisfactory results about damage
detection, localization and quantification in steel bridges, there are few of them which are not able

to detect (Rageh, Linzell and Azam 2018, Azim and Gul 2021, Neves, Gonzalez and Karoumi 2022,
Torres, et al. 2023)ocalize(Rageh, Linzell and Azam 2018, Zhou, et al. 2a@®2uantify(Rageh,

Linzell and Azam 2018, Parisi, et al. 20a8equately damages and especially small ones.
Additionally, the effectiveness of the most methods is examined based only on damage scenarios
GKAOK Yl & 0S ljdAGS FTS¢6 RdzZNAy3I GKS SGFfdza GAzy
alarm rate(Beskhyroun, Oshima and Mikami 2010, Laory, Ali, et al. 2012, Oshima, et al. 2013, Laory,
Trinh, et al. 2013, Ngoc, et al. 2019, Azim and Gul 2021, Parisi, et al. 2022, Dang, Tatipamula and
Nguyen 2022)Also, the effectiveness of the methods is tested only with the same damage
magnitudes, locations and EOCs values considered in the training phase and no other values are
consideredGuo, et al. 2012, Laory, Ali, et al. 2012, Laory, Trinh, et al. 2013, Rageh, Linzell and Azam
2018, Ngoc, et al. 2019, Azim and Gul 2021, Parisi, et al. 2022, Dang, Tatipamula and Nguyen 2022,
Zhou, et al. 2022, Ghiasi, Ng and Sheikh 2(@2&ndsen, Froseth, et al. 2022, Svendsen, Oiseth, et

al. 2023, Yano, et al. 202F)nally, there are damages such as retrofitting for which only a specific
magnitude is considere(Maes, et al. 2022, Neves, Gonzalez and Karoumi 2022, Sarmadi, et al.
2022)

5.4.3.Subproblem addressed by the use case and measurable objectives

This section is subdivided into two different developments and locations: (1) Track condition
monitoring using a combination of ABieasurementsaand track geometryneasurements in The
Netherlands and (2) Condition assessment of existing concrete bridge and transition zones in
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Norway.

5.4.3.1.Track condition monitoring ihlheNetherlands

The final goal of the task is to monitor embankment stability with a use case on the track section
between Delft and Schiedam e Netherlands. At the current stage, we take transition zones as
case studies since they exhibit significant changes in track support conditions when connecting plain
tracks supported by embankmesénd rigid structures, such as bridges, culverts, and tunnels. The
differences in the track substructures at transition zones lead to drastic-traak interaction and

fast track dgradation due to the unevenness in the track support condition§hiNetherlands,
maintenance activitiesn transition zones are reported to be at least twice as frequent as those
conducted on plain track3he health condition of the transition zones is estimated by analyzing the
measurements at different locations. These locations include the entrance and exit sides on each of
the two tracks, abutments, and the inner and outer rails, as shown in the rgexefi

To Lage Zwaluwe Station

Z
Exit Side Travel Direction of Track 11 Entrance Side ’
- Lo >~ -
Outer Rail | P e T oS wv(:L_onm:):m;‘ 8 Borcsd &2
Inner Rail DR : - ‘E ! Track 11
o Sexyh z ‘ :
Tnner Rail A B A RO P hde oo b § < B T o e
I Radal ek WG LA NPT A : b P 4 Track 1
Outer Rail [t sihfei i XmapnRsady B ae st e fn o Lt SEF Ao ,Eﬁ?‘f T MO s S -
-1 .21  Area o~ 1 i f
Bridge
Entrance Side Travel Direction of Track I Exit Side

To Dordrecht Station

Figure7. Study areas of transition zones at the doubleack railway bridge(Unsiwilai, et al.
2023)

The key subproblem addressed by the case studiéswsto use ABA signals to characterize the
dynamic response due thangein embankment properties and assess their health conditidie
develop a multipleaxle box acceleration (mwWABA) monitoring technique to characterize the ABA
responses at railway bridge transition zones. MAIBA measurements include acceleration signals
in the vertical direction on multiple wheelsets. Thesegy of the ABA responses is used to represent
the degradation level fotracks. Larger ABA energies should be observed for tracks with more
degradation. Furthermore, we develop KPIs based on mAldA measurements to evaluate the
differences in energy levels between different abutments, tracks, sides, and rails at each bridg
The objective is to develop a comprehensive method for track conditions assessment regarding
geometry deviation and trantrack interaction. Rather than solely considering track geometry, ABA
could provide more insights in terms of dynamic responses ofktreomponents, especially
embankment.
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5.4.3.2.Condition assessment of existing concrete bridge and transition zones
in Norway

The use case aims at the following subobjectives:

1 To develop and validate FEA enabling the consideration of the contributions from material
and structural boundary conditions of the bridge and its transition zones,

1 To develop an improved monitoring and condition assessment systems,

1 To connect the results and provide insights on the relation between the monitoring and
modelling data and the failure modes, providing support for decisnaking processes in
the bridge and transition zone maintenance

1 To establish the predictive tools required for condition assessments and upgrading the
concrete bridge.

Upgrade Requirements

|

Initial Assessments

* Design Document

* Historical data (inspection or
monitoring report)

* Standard calculation

Intermediate Assessments

+ Detailed calculations

* Improved Inspection data
* Improved monitoring data
* Material data

* FE Analysis

Enhanced Assessments

* Refined calculations
* Enhanced EF Analysis

Upgrade Actions | ‘ Original Use |~—

Figure8. Tasks planned for the current UC

Figure8 shows the main tasks planned for the current use case, including:

71 Initial assessment of the bridge and the transition zorems to offer a comprehensive
understanding of the structure's condition and performance. In general, this assessment serves
as a crucial guide for decisiwnaking concerning maintenance, repair, rehabilitation, or
replacement strategies, all aimed at emsg the safety and longevity of the infrastructure.
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In the case of the Sgsterbekk bridge use case, the initial assessment involves a review of historical
records, such as construction/ design documents, inspection and maintenance logs, and review and
analysis of monitoring data collected during the 35 axle load test. These records can yield
valuable insights into the bridge's design, construction methods, past inspections, repairs, and
maintenance history. Furthermore, the initial assessment of the bridge entails conducting simplified
structural calcudtion to determine the distribution of internal forces and moments under specific
loading conditions.

f Intermediate assessmentsyhich typically involves a more detailed evaluation of the bridge
structural integrity, performance, and any changes since the initial assessment. It involves:

1 Improved inspection data could be established with a thorough visual inspection (supported
by NDT tests) which is conducted to identify any new signs of deterioration, cracks, spalling,
or other structural issues that may have developed since the lastapatain inspection of
the bridge including transition zones.

1 More detailed calculation will be employed to evaluate the bridge's response to various and
actual loading conditions from increased axle load and new rolling stock, including static and
dynamic loads. As input for detailed calculations available histodiaga supported with
new monitoring data will form a more detailed understanding of the current condition and
structural behaviour of the bridge.

1 Historical dataset includes:

o Trainborne measurements of the Ofoten line track structure including bridges and
transition zones from Traekogger (2019) and diagnostic vehicle Roger 1000
measurements (performed 2 time/ year).

o Monitoring data from Sgsterbekk bridges performed by Rambgll in connection with
the 32,5ton test train campaign 20180.

Dataset includes bridge deflection, strain in reinforcement bars and vibration measurements from
multiple train passes from iron ore trains with-3hd 32,5ton axle load.

In addition, track measuring data from Haugfjell measuring station will be used to investigate the
actual traffic loads from all train passing the Sgsterbekk bridge. Both historical and present data are
available.

For the Norwegian use case partner intend to instrument thegiressed concrete at Sgsterbekk
monitoring to measure the structural response of the bridge and transition zones from iron ore
train. A proposed monitoring setup is outlined for the.INlew measuring data from Roger 1000
and Track Logger is planned which will form additional input for further calculations and analysis.
Based on research studies, empirical material data will be applied in the detailed structural analysis.
This includes an investigation odncrete elementgondition, pretension losses in tendon cables,
track structure and ballast degradation on bridge and transitions zones.
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Figure9. Layout monitoring plan for transition zones andridge.

The FE Analyssémsat recreating the behaviour of the concrete bridge and its transition zone within
some domain of interestConsidering thathe bridge and transition zone were constructed decades
ago and have been subjected to wear and maintenance, building a model capable of representing
the bridge and transition zone in their current state will be challenging. Some key difficulties are
expeded to be found in:

1 The settlement of the transition zones before and after the bridge. It is generally known

that the response of transition zones changes over time duertshing of ballast stone
and settlement of the ballasand weak subsaillt is also influenced by the maintenance
(tamping) aiming to reset the settlement effects. Settlement may have a notable influence
on thedynamicforces from the traiawheels as the train enters or exits the bridge.

1 The steel cables used for pdsinsioning the concrete elements of the bridge will
experience a loss of tension over time. Given that this is an older bridge, this kind of stress
relaxation will have already happened. It is not clear how much of an irdeuéns value
will have on the structural response of the bridge, but it plays an important role on its
strength capacity.

1 The longterm use may have influences on the material response of the tsatictural
components or the bridge itself. Modelling an idealised version of the bridge might not be
sufficient for direct comparison with data, requiring the model to go one step further and
account for any significant changes which may have occurred in the hdgeghout its
life thus far.

1 Enhanced Assessment#®t numerical model requires data from monitoring systemfor
calibration and validation. However, once established the model would be able to describe the
properties and behaviour of the bridge and transition zone in much greater detail than what can
be provided bythe monitoring system itselfThis can be used to support the measurements,
provide insight, and extend our understanding of the bridge, and to conduct parametric studies
to investigate the influence of design parameters. Defects and damage may also be introduced
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to study themost common failurenodesfor prestressed concrete bridgeH is important to
note that predictions made by a simulation must be understood within the context of model
validity ¢ the map is not the territory.

For the Norwaycondition assessment of existingoncrete bridge and transition zoneshe
Sasterbekk bridge was originally designed to accommodater2axle load. However, due to the
growing demand for increased rail traffic capacity along the Ofoten line, there has been a need to
elevate the axle load to 3tbn, a change implemented in 2008. This adjustment was made feasible
with the introduction of new iron ore traing\fter a 32.5ton axle load test campaign theaximum
allowable load was further incesed to 34ton.

Currently, Bane NOR is in the process of preparing for another upgrade, aiming to raise the axle load
capacity to 32.5 tons (32enn axle load is considered to be the upper limit for existing ore tjains
This necessitates a thorough structural assessment of the Sgsterbekk bridge to ascertain its ability
to accommodate the anticipated 32t6n axle load. Such an assessment is critical to ensure the
bridge's continued safety and functionality amidst evohapgrational requirements and increased
loads on the rail networkThe technical and functional requirements for the measurement system

is found in Annex.

5.4.4.Influence of the proposed innovation on the IM/RU problem

This section is subdivided into two different developments and locations: (1) Track condition
monitoring using a combination of ABReasurementsand track geometry measuremenis The
Netherlands and (2) Condition assessment of existing concrete bridge and transition zones in
Norway, as well as a last sectionDamage diagnosis in steel bridges

5.4.4.1.Track condition monitoring ihheNetherlands

The objective of this use case is to develop a comprehensive method for track conditions assessment
regarding geometry deviation and tratrack interaction. Rather than solely considering track
geometry, ABA could provide more insighegardingthe dynamic responses of track components,
especially embankmentd he analyss and preliminary results presented in thisdeliverablehave

been publishedopen accessn (Unsiwilai, et al. 2023)which acknowledges thé=P3IAM4RAIL
project

Measurements (ABA and TG) at an example bridge in the Dutch railway netvegtesented to
showcase the value of the developed technology. The next figure presents the responses of the
inner and the outerails. The ABA signals from the inner and outer rails yield similar peak positions.
However, the inner rail signal shows a significantly larger amplitude than the outer rail signal at a
peak close to the South Abutment. This suggests that at Track I, the Sloutiment experiences a
stronger uneven degudation than the North Abutment. Then, ABA signals are transformed tinem

time domain tothe time-frequency domain using the continuous wavelet transform (CWT).
Consequentlythe wavelet power spectrum (WPS), the energy of ABA signal regarding CWT, of the
inner rail close to the South Abutment are significantly larger than those from the outer rail.
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Figurel0. ABA responses of Track | at an example bridgasiwilai, et al. 2023)

Then, mul#ABA signals from both rails in terms of the global wavelet power spectrum (GNES)

the distribution of WPS with respect to the frequencies in each study area are compared in the next
figure. Signals from the inner and outer rails show differences in the frequencies and amplitudes of
the dominant peaks in the study areas. Areakdhd DI show noticeable response differences
between the two rails in the spatial frequency range below 0.33 im addition, remarkable
differences between the two rails are also found at spatial frequencies above 0:33 m

Area A-l Area B-l Area C-I Area D-l Area E-l Area F-l

FEEEEE

0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
GWPS (m?/s”) GWPS (m?/s*) GWPS (m%/s*) GWPS (m?/s”) GWPS (m?/s*) GWPS (m?/s*)

o

Figurell. GWPS of the ABA signals measured at different rails for Track | at an example bridge
(Unsiwilai, et al. 2023)

Next, the scale average wavelet power (SAWP), the distribution of WPS with respect to the positions
of the signals at both rails in Tracks | ancmid the corresponding track geometry parameters at

the transition zones are shown in the next figure. The figure shows noticeable differences in Areas
B-1, Gl, and DI regarding the location and amplitude of the SAWP peak responses between the inner
andouter rails. The inner rail shows larger energies than the outer rail in Adewlidle the outer

rail shows larger energies in Aread @nd DI. While longitudinalevelsmeasured at both inner and

outer rails are not significantly different. These findings suggest a sensitivity of theABultito
estimate responses from signals measured at different rails. It can be observed that ABA
measurement provides results with Imgr sensitivity than track geometry measurement, the
current practice technology.
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2023)

5.4.4.2.Condition assessment of existing conciaiege and transition zones
in Norway

The combination of advanced modelling and instrumentation which is developed and demonstrated
in the current use case will significantly contribute to the development of new condition assessment
and maintenance systems for IM. Tpeedictive tool for condition assessment of existing bridges
and the database from the continuous condition monitoring instrumentation will support
understanding the effects of the service condition on the bridge to develop sustainable
management strategfor the railway infrastrature. In addition, modelling combined with multiple
sensing technologies will improve understanding the impact of specific failure mode on the dynamic
signals as received by the condition monitoring sensing system. This will significantly contribute to
increasing the accuracy of monitoring system. Finally, the predictive tool combined with continuous
monitoring of the transition zone will support IR for improving their maintenance and reduce its
impact on the structural health of the bridge.

5.4.5.Refinement of Key Performance Indicators (KPIs)

No further refinements to the KPIs are identified at the present stage. The KPIs will be refined upon
analysis of the data acquired at the asset using the measuresyateém.

This section is subdivided into two different developments and locations: (1) Track condition
monitoring using a combination of ABfieasurementsand track geometry measurements in The
Netherlands and (2) Condition assessment of existing concrete bridge and transition zones in
Norway.

5.4.5.1 KPI1Track condition monitoring ihheNetherlands

1 Short description.The current baseline for track condition assessment solely relies on track
geometry parameters. However, some limitations in utilizing trge@metry are indicated
before. This use case considers ABA measurements, which can capturetraehin
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interaction, as an additional source of information for track condition assessment. The
preliminary results suggest that ABA measurements provide higher sensitivity than track
geometry measurements, indicating a higher capability of ABA measurementseictidgt
track positions with poor embankment conditions, which can be called defects. In addition,
due to higher sensitivity and more frequent monitoring operation of ABA measurements
than track geometry measurements, an early warning detection frameworktrick
embankment failures is allowed to be developed in the future.

How to compute KPI1Therefore, in this state, the KPI is developed to quantify the capability
of ABA measurements in track condition assessment regarding the number of detected
defects, as follows.

+0) pﬁA@A@AlﬁAApnn (19

defectrg is the number of defects regarding track geometry measurements, from
locationx = 1 to x = n. In this case, a longitudinal level at locatignLL(x), is a
considered track geometry parameter. Defects must provide a higher longitudinal
level than the established limit value 0

defectagais the number of defects regarding ABA measurements, from locatrdh
to x = n. To identify defects, the SAWP (ABA energy) at locatid®AWRX), is
considered. Defects must provide higher SAWP thamtimmum SAWP at locations
with a longitudinal level equal to the limit value.

A positive KPI value suggests that ABA measurements more effectively detect defects than track
geometry parameter measurements, indicating a higher capability for assessing track conditions,

particu

T

larly in the embankment component.

5.4.5.2 . KPI2Detectability of incipient known failures

Short description. At baseline, incipient faults are either detected through regular
inspections (noticed, reported, and assessed byhadinspection) or, worst case, through
failure if the fault is fully developed. Regular inspections may not capture all relevant faults
at a sufficiently early stage, e.g., due to accessibility or due to long periods between
inspections. Early detection wilhcrease safety and give time to plan and execute
maintenance actions at a lower overall cost without compromising salfiesyiccessful, the
numerical model coupled with data from continuous monitoring instrumentation will enable
describing the propertieand behaviour of the bridge and transition zones in much greater
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detail than what can be provided by instrumentation. This will provide insight on the link
between the measurements and degradation mechanisms. Defects and damage may also be
introduced to study their impact on the bridge response. This allows earlieriqhi@a of

failure. However, it is important to note that predictions made by a simulation must be
understood within the context of model validity and assumptions.

1 How to compute de KPIThe KPI will be computed based on a statistical comparison of
performance on the detectability of known incipient faults compared with regular baseline
inspection (manual inspection)fhe KPI wilbe computed by

€ .
+ —_—
O)Qé Z pTtTe h

where € is the number offaults detected by the muitoring system deployed in this project,
while &  is the number of faults detected by inspectiam other meanswithout first being
detected by the monitoring systenthe main failure cases targeted will:be

1. Loss of prestress in tendons

2. Loss of stiffness in transition zones

The KPI will be calculated individually for the two failcases.
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6.1. Architecture

lam4Rail-—.

The general architecture of this work package can be associated to the structure of a database. The
dependencies between the tables of this database represent how-mémaagers (owning the sites)

and technology providers (performing the measurements &pssing) interacts during the works

of this WP.Data uploadfollows the typical rigid rules of database data injection, implying
interoperability and data homogeneityhe databas@rovides a convenienhterface between the

UCs of thisvork package Futhermore, ace this databases filled it will enable data retrievability,
aligning to the FAIR principles in terms of Findability and Accessibility (providing data owner concede
access). This database con then be exposed to o#k&®R(Transversal topics) within ERJU to
implement the two remainingiRttributes (Interoperability and Reusability).

] campaign v
idCAMPAIGN INT
Mamelssuer V ARCHAR(45)
Datelssue DATETIME
DateBeginninCampaign DATETIME
Infram anager VARCHAR({45)
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| DOUBLE

L

T
|

_] processing v
idprocessing INT

2 Namelssuer ¥ ARCHAR(45)

» TechnologyProvider VARCHAR(45)

2 ProcessingMame VARCHAR(45)

* ProcessingVersion VARCHAR{45)

*ProcessingDate VARCHAR(45) [

Fidfk INT

2 x DOUBLE

#y DOUBLE

+z DOUBLE

| DOUBLE

_| valuesofmeas ¥
idValuesOfMeas INT
@idfic INT

»measval 50N

| valuesofprocess ¥
idvaluesofprocess INT
@ idfke INT

2 processval BON
>

Figurel3.WP 12 Database structure (Oracle MySqgl WorkBench)
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6.1.1. Campaign Table

Each test site is most likely owned by lafra-Y I Yy ISNX» Ly GKA&a OASs> (K
follows:

=

Inframanager: Name of the Infr@anager managing or owning the site (eg. FSI, ADIF, SNCF)
NameOfTheAsset: Name of the asset or of the location (eg. Viadotto Pugliese).

Latitude: Latitude of the centre of mass of the site (eg. 41.11148).

Longitude: Latitude of the centre of mass of the site (eg. 16.8554).

NameNearestStation: Name of the nearest station (eg. Bari Central Station)
DistanceNearestStation: Linear Distance along the track from the nearest station (30 km)
Namelssuer: Name of the person who created this record (es. Vincenzo Scarnera).
Datelssuer: Creation date of this record (01/01/2024).

DateBeginingCampaign: Date of the start measurement of the campaign on this site
(01/02/2024).

=4 =4 4 4 45 48 -5 -9

A ¥ 1 A ~

¢KS /FYLI ATy ¢FofS Aa 02yySOGSR i 2to-mayFashdai f R NI

6.1.2.Measurement Table

In eachcampaign/site, different technology providers could be operating at the same time. The

tgchnology provider pe}rforming a measurement on a specifig: sitg shall dgclgre a record for this

ulotftS® LY UKAA OASo2Z UKS FTASERAQ RSAONALIAZY

Namelssuer: Name of the person who created this record.

Datelssue: Creation date of this record (includes minutes and seconds).

TechnologyProvider: Name of the technology provider (eg. Mermec)

SensorName: Name of the sensor (eg. Track Geometry, geophone, georadar)

LastCalibrationDate: Date of the last calibration for the sensor

LastMaintanenceDate: Date of the lastintenancefor this sensor

Firmwareversion: Version of the firmware currently installed

X,Y,Z,L: coordinate of the sensor relative to the centre of mass declared in the parent

Campaign.

1 L: Linear coordinate (along theack) of the sensor relative to the centre of mass declared in
the parent Campaign.

= =4 4 4 -5 45 2 -9

NOTE: X,Y,Z,L indicate the point where the sensor is located at the beginning of the measurement
and not necessary where the measurement comes from. For instance, a geophone is fixed, but the
measurement comes from underground. Same thing for a moving ung@svehicle: the initial

location is to be indicated.

¢tKS aSlIadaNBYSyd ¢trofS Aa O2yySOGSR (®mankS OK
fashion.

VALUE OF MEAS TABLE: Whilst the Measurement table refers to the instance of the measurement
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O0B6KSYS K2g3 08 ¢gK20X (GKS (GF06fS agdl f diBfgivi&S | a € =
voltages, temperatures etc). The valueofmeas table leverage on the agility of JSON format.

Let us say, for example, that 100 values of temperature at consecutive times were gathered at the
same site, same day, same spot, same date, same person, same sensor. In this example the
architecture calls for: 1 record in the table measurements connedted OO records in the
valueofmeas table.

Carrying on, let us say, that another 321 values of temperatures need to be taken during the same
day, at same site, same spot, by same person & same sensor of the example above. In this case
FY20KSNJ NBO2NR T2NJ KS WYS|I atddNdithy éhethieiQDatélssdef Sy
(different minutes). To this record, 321 records will be associated in the children table
GOt dzS2FYSI a¢ o

6.1.3.Processing Table

AAAAA

¢KS aSlIadaNBYSyid ¢l o6fS Aa 0O2yySOiS Ro-madyfasiod. OK A f
Eaf:h measurement can be, in principle,,associated ’WithA several ,kindAof proce§siﬁg-(naey o
NBEfIFHaAZ2YaKALIO® LY UKAa IewsSgZ UKS FASEtRaQ RSaoO
Namelssuer: Name of the person who created this record.

Datelssue: Creation date of this record (includes minutes and seconds).

TechnologyProvider: Name of the technology provider (eg. Mermec)

Processing Name

Processing Version

Processing Date

X,Y,Z,L: coordinate of the processed zone, relative to the centre of mass declared in the
parent folder Measurement . These should be by default the same of the parent table
OWYSIFadzNBYSYy(iQus: K2gSOSNI I aSyaz2N) gt § SR
refers to another place (ranging sensors).

= =4 =4 4 -4 -5 -2

6.14.¢ 6t Sa WOt dzZS2NESORAQ | YR WO f dzS§2 T

¢KS GlrofSa WOItdzS2FYSIFaAaQ YR WOt dzS2FLINRPOQ 02
of the processinglhese tables leverage on tHexibility of the JSON format, so each entry can have
multiple valuesUnlike in all the other table presented, the format of these entrigwispredefined

in the database, but it is rather managed at last by dperator performingthe SQL injection.

| DateTime | Voltage | Current | Temperaturd Acceleration| Humidity | Temperatureg

Table2. Example ofVersatile JSON entrfpr measurements and processing
The table above exemplify orfeypothetical record that could be injected in these tablés a

determined time stamp (DateTime), the values read for voltages, currents, temperature,
acceleration humidity & Temperaturare all uploadegdgiving rise to a record.
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6.2.User Interface

A web interface has been built to visualise the data of the interoperability database. In this way,

users that have no SQL knowledge, can freely bramskinjectWP1213 contents, as described by
the databases tables.

WORK PACKAGE 12113

/NE XPLORER

s  FP3

lam4Rall -—.
[

Figurel4 WP 12/13 Data Explorer web interface (Apache Tomcat). Home page.

KAOKS@SNI O2YLJzi SNI SYR26SR ¢A|

The interfaceNdzy a 2y ¢
a UKS SyiNER LRAYG G2 &aSINOK (KNERdz3

OF YLI A3y Q A

koo CAMPRIGNS x|+

CAMPAIGNS TABLE
|| I 1 2024-01-01 00.00.00 2023-01-01 00:00-00 II'E\I ‘4.’1 4558 I&(‘!Jr)—i IM.:!';\!III.I |\ 0 IJ'!OO I i
2 2 2024-01-01 00:00:00 2023-01-01 00:00:00 FSI 4064175 15.80794 Potenza 10 360 i
3 3l .EJI_J 06-13 00:00.00 .2023-‘2-‘5[‘[ 00:00 ADIF 42462482 5815065 Ponferrada .‘J 0 0.15 0
4 i (20240701 000000 | 20250101 00.00.00 Bane NOR 634321662 | 180059761 | Sosterbiokk holdeploss | 306.0 Sesterbekk bridge 1 60 B
5 5 053 2024-07-01 000000 2025-01-01 00-00-01 Bana NOR 68 4344479 18.0034156 Sosterbekk holdeplass 170 Saestarbakk bridge 2 66 954
(] & Arming DHEMAIED 2024-09-11 00:00:00 2022-09-05 00:00:00 SNCF 2976 278 Hattencoun 10 Radway null 14
7 i Amine DHEMAIED 2024-09-11 00:00:00 2023-10-16 00:00:00 SNCF 49708 2778 Migennes. 15.0 Radway null 03
8 g Aming DHEMAED _2321 09-11 00 00:00 _2022-03-‘50[ 0000 SNCF 43732663 7.052587 Sarmebourg _55 oo mll _0 3
Exattofecal |
R

Figurels. WP 12/13 Data Explorer we interface (Apache Tomcat). Campaigns Table.

As shown irFigurel5, so far, thereare 8 Campaigns (sites) listedhe information pertaining the
overall geography of the sites, along with the owner of the site are all listed in this view. The entries
GAS6SR Oy 6S SELRNISR o0& YSIYy 2F (KS W9ELJ] NI

To find out more about the multiple measurements taken in any of these Campaigns (Sites), the
dza SNJ Oy Of AO01 (2 GKS O2NNBaLRyYyRSyld WAR/ I YLI A
way, for instance, the measurements conducted in the site @hf€rada will appear in the
Measurement view.
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MEASUREMENTS TABLE

1 17 3 ADIF 2024 WORLDSENSING itlometer- 91776 2023-12-1 0 | 2023-12-1500:00:00
ADIF 2024 ISING 0 2023-12-15 00:00:00
ADIF

3

ADIF
ADIF
ADIF
ADIF
ADIF
ADIF
10 3 ADIF
ADIF
ADIF
ADIF
ADIF
ADIF
ADIF
ADIF

RIRBIRIRBIB

BRIk

BREBR

2023-12-150000.00 0.0 [0.0 [0.0 ¢

Figurel6. WP 12/13 Data Explorer we interface (Apache Tomcat). Measurements Table.

Figurel6 lists the measurement lot performed by WORLDSENSING by mean of i7i€elédts in

GKS aA0S LRAYGSR o0& (GKS LI NByd GlrofS o6t2yFSN
measurements, along with their condition (Start of the acquisition, calibmnatiate, firmware
etcetera). As explained, the coordinate of the device, in this view, can either be relative to the centre
2F INI@GAGE 2F GKS LINBYyild W IYLIAIYyQ NBO2NRI 2
latitude of the 17 tiltometera 0 ® ¢tKS SyiNnSa OASs6SR Oy 68 SEL
link.

Generally speaking, more sensors can be jointly exploited to create one or more procestirg. In

case above, we hawbe 11 sensorshatl NB dza SR (23SGKSNJ G2 GNARIIASNI
isalIN2 OSaaAay3ae /ftAO01AYy3a 2y WLRaS|I adzNFigadny)iwillo o Q 6
open the Processing view, pertaining the correspondently clicked Tiltoridtgr92, plusll those

GKFG 22Ayafte O2yGNARo6dzGS (G2 GKS W{2Af ! fFN¥Y¥Qo

$ @ D @ vewmeasuravens x - o

MERGED PROCESSING NAMES
[ x

Cemosa Sail Alarm 2024-03-15 00-00-00 00 0o 0o 00

19 1
20 Gemosa Soi Alam 1 2024-03-15 00.00.00 00 oo oo
[21 19 Gemosa Soil Alarm 1 [20: 00,0000 [oo [o0 [0
4 |= 20 Gemosa Soi Alamm 1 20 00.0000 00 oo oo oo
5 |2 21 Cemosa Soil Alam 1 |20 00,0000 [oo [o0 [oo
6 |24 2 Gemosa Soil Alarm 1 20 00:0000 00 oo |oo
[E ) Gemosa Soi Alam 1 2024-03-15 00.0000 00 [o0 oo oo
s |2 29 Cemosa Soil Alam 1 |2024-03-15 00.00:00 [oo [o0 [oo
9 o7 0 Gemosa Soil Alarm 1 2024-03-15 00-00.00 00 oo |oo
10 |28 Gemosa Soi Alamm 1 2024-03-15 00.0000 00 [o0 oo oo
1 |2 2 Cemosa Soil Alam 1 |2024-03-15 00.00.00 [oo [o0 [oo

Export to Excel

Figurel7. WP 12/13 Data Explorer we interface (Apache Tomcat). Processing Table.

LY FYy20KSNJ LINPOS&aaAy3ad AyaraldAiyad 2y GKA&A arAasSs
LENTYQD [/ f A OU y 3 will gpentthe Re&@$siagivis, peRajhing Tiltanea987

FYR Ftt GK2&S ¢)\t02YSuSNﬁ UKFO O2yGNRG6dziS 02
SELRNISR 6& YSIy 2F (KS WOELRNI (2 9EOStQ fAy
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2024-03-15 00:00.00

Figurel8. WP 12/13 Data Explorer we interface (Apache Tomcat). Processing Table.

I ftAO1TAY3 2y (KS Wz LEgurelB)wil 16t the Fser hiakeSaccksa i $he wihbl@ S
lot of Campigns/Measurament/Processing in one (§@ure 19), by mean of a cross inner join

permed acrosslatable. Disposing of all data will enable further processing & management related
operations.

$ o O Eauveswaen x {5t

Figurel9. ALL WP12A3 data view (there are alread¥15 rows and 40 columns).

¢ KS o0dzid2y Wrigurg20) hllbws Ehé Wsér @ update the database, by injecting entries

in the tables. Once clicked, the user is asked to upload .xls files, containing the entries.

B .

J—

(a4 Rail—.. UPLOAD TABLE

Select .xls file

|Select File |

‘ Upload file excel ‘

Figure20. Upload Table Pop Up
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¢t KS Eféqn CAfSa F2NJ GKS Ay2SOdiA2y Ydzald YANNENJ
G2 9EOSfQd ¢KA& AAYLIX AFTASA Sy2N¥2dzateée (GKS LINR
skill, to perform otherwise complicated database injent

6.3. Standards

Tolimit the problems related to technical interoperabilitye standard used in the UC have been
homogenised as much as possible and clearly stdtedhis section the standards applied are
initially presentedfor the standardsinteroperability and retrievabilitypart and then specifiedfor
eachusecase

6.3.1. Standards used for interoperability & retrievability.

Data interoperability database (My SQL Workbench by Oracle Corporation)

1 ANSI SQL (S©R, SQL:1999, SQL:200)
1 JDBC (Java Database Connectivity)
1 ODBC (Open Database Connectivity)

Datainteroperability web interface (Apache Tomcat)

1 Jakarta EE standards (Servlet, Pages, Expression Language, WebSocket, Annotations)

6.3.2.Standards used in in Multiscale Monitoring of Civil Assets (Italy).

Main standards are used for the project in the framespfceborn application:

1 Hdf5 (Hierarchical Data Format) for SAR Data (e.g. used in mission like SED}I6BSIK/CSG)

TIF (Tagged Image File Format) for Multispectra Data (e.g. used in mission like Pleiades NEO)
KML (Google Earth open format) for polygons delimiting area of interest.

LAS (Lidar Laser) for point clouds used in training data.

PT (PyTorch Model format) to store the weights and parameters of trained Al PyTorch
models.

= _a —a —a

Main standards are used for the project for UAV application:

1 TIF (Tagged Image File Format) for RGB images, multispectral images, DTM (Digital Terrain
Model) and DSM (Digital Surface Model);

1 LAS (Lidar Laser) for point clouds.

1 PT (PyTorch Model format) to store the weights and parameters of trained Al PyTorch
models.
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6.3.3. Standardsused in Bridges and Earthworks Asset Management aided by
Geotechnics (Spain).

1 MQTT (Message Queuing Telemetry Transport) with SSL/TLS protocol for communications
and data confidentiality.
1 JSON (JavaScript Object Notation) as a lightweight format for storing and transporting data.

6.3.4.Standards used in Monitoring of tunnel, saddlast layers, subsoil
(France).

The standards are presented following the developments they are relative of

1 Evaluation of mechanical properties of sobhllast layers andubsoil Main standards are
used for the project from geophysical instruments and processing:
o DAT for binary measurements
O NPY python format
o Tiff (tag image file format)
1 High efficiency tunnel inspection systems and predictive maintenanderioels
0 LAS (Lidar Laser) for point clouds.
o TIF (Tagged Image File Format) for Multispectra Data
o OBJ (wavefront 3D object file) for 3D models of tunnels
o Tiff (tag image file format) for ortophotography and damages maps
o DWG (DraWinG) for damages maps
1 Passive contactless magnetic microwire sensor
o0 The data to be employed in this UC will be derived from laboratory tests.

6.3.5.Standards in Data analysis for condition monitorifige (Netherlands,
Norway).

The following standards will be used during the project:

 ISO57251 YHAMp 690 a! OOdzNI O o uUuNMHz2SySaa | yR LN
results¢ Part 2: Basic method for determination of repeatability and reproducibility of a
aGFrYRIFINR YSI&AdaNBYSyYyild YSiK2RE O

T 9bmMooncYHAMTOXAal AFESY I FPEYOSNYAYy2f238¢ @

T L{h wmMcpyTYHnnn a&aSOK Il¢pdrfarmdnce Parambirdifdr 2oyiditibny R &
Y2YAU2NARY3I 2F a0NHOGdZNB &€ @

T L{h wMnodcoYHnno a&aSOKI yGGdeknes @k dyNdmit tedty and y R
AYy@SaiGaAaraAz2ya 2y oNAR3ISA YR GAl RdzOGa¢ @

T UIC7T7siwYHnnd a5SFSOGA Ay NIAfglre aNARISAE FyF
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 EN1384auY awl Af ¢ | &TratkiDialtk heOrheirnicBalitgPart 1: Characterization
2T UGN O]l 3IS2YSiONREOD

 EN 138481 Y dawl Af g1 & TrdckJIdack Qdorietny2qfiality Part 2: Measuring
systems ¢ NI O1 NBO2NRAYy3A GSKAOf Sae o

 EN1384% Y aGwl Af ¢ | SratkTHadk geGnetrylq@alfy®art 5: Geometric quality
levels-t £ Ay fAYSS a6AGOKSAa YR ONRAAAYIAE O

f EN1384& Y awl Af ¢ | &TratkiDialik §eOmeinicgRalitgPart 6: Characterisation
2T GNJF O]l 3IS2YSONER ljdahftAdeed
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7. Civil engineering inspection and monitoring technologies: Installation
and initial data collection

This section provides detailed information on the current development status of each project Use
Casetechnology Thefollowing sections wheneverapplicableto the use case /technologgover
the following treads
1 Selected equipment, technical specifications, and justification.
Data selection and collection
Algorithms and implementatian
Preliminary results
Workflow.
Demonstration Plan

= =4 4 4 A

7.1.Multiscale Monitoring of Civil Assets (Italy)
7.1.1.Vegetation encroachment and asset recognition

7.1.1.1.Datasdection,collection angrocesses

The supervised training process of a neural network requires aopammplementary data types:

the raw data and the ground truth data. The ground truth data teaches the network what it should
learn from the raw data.

The preliminary geographical area covered by available data is in the Basilicata region, in the vicinity
of Potenza. We dispose of multispectral satellite orthoimage with 6 bands (R, G, B, NIR, Red Edge,
and Deep Blue) and a resolution of 0.30 m.

Figure21. 30 cm resolution orthoimage for neural network training

The ground truth dataobtained through an aerial survegonsiss of a classified point cloud. This
means that each point carries not only the information of the object's elevation, but also other types
of information, such as the object's class, which can be one of the following: terrain, vegetation or
buildings.
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The Canopy Height Model (CHM) is obtained from the difference between the Digital Surface Model
(DSM) and the Digital Terrain Model (DTM). The DSM and the DTM, along with the point cloud, have
a resolution of 1 m. In the CHM the pixel values represenhttight calculated from the normalized
ground, in meters.

Figure22. Ground truth data:classified point cloud from aerial survey (left) and CHM (right).

From the point cloudadditional ground truth data are extracted and used to maximize the
information provided to the neural networR his additional piece of data consists of a segmentation
mask, created by generating a grid where each cell has a side length of 0.30 m, analogous to the
resolution of the satellite orthoimage. For each cell, the density of points in each class is dssesse
Each cell thus represents a pixel and is assigned to the class with the highest point density. If no
points are present in a pixel, the "veg#ibn" class is assigned to it by default.

In this way, the network will be fed with the information of each asset classification in the image.
Below, a portion of the segmentation mask is shown. The three classes are identified by a different
grey scale value.

Figure23. Additional ground truth data:classification map.

Since the areas of the raw data and the ground truth data do not perfectly coincide, only the
intersection area, represented in the figure below by the green polygon, is retained for the training.
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Figure24. Intersection of the areas.

In the end, a total area of 1.26 km? is covered, of which 0.68 km?2 (54.4%) is classified as terrain, 0.46
km?2 (36.3%) as vegetation and 0.12 km2 (9.31%) as buildings.

From this area, 4530 tiles of 128x128 pixels are extracted, which are then quadrupled through data
augmentation, obtaining a total of 18120 tiles to be redistributed in the neural network dataset.

7.1.1.2 Algorithms and implementation

For the purposes of the project, a neural model pipeline has been developed, which varies
depending on whether the classified point cloud relative to the orthoimage is available. If so, the
classification map can be extracted from the point cloud. Othexwiswill have to be obtained as a
result of training another dedicated neural network.

1. Pipeline for training
The pipeline structure is displayed in the following image.

e Sy Data

Composer
e R S Linear regression model
S o Unet (encoder: Resnet18)

Figure25. Pipeline structurefor training with available classification map

The neural network model of choice is a simpidlét with a ResNet18 encoder and a linear
activation function in the final layer, designed to complete a linear regression task.

The model is provided with a composite data input with 10 channels, where the first 6 are
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the multispectral bands and the last 4 channels areBloeleanmasks obtained by filtering
0KS @I Nx2dza Of aaSa FTNRBY (KtSladtchanlisiedened | a &
to the "background”, which included all the pixels not associated with the 3 classes of
interest.

2. Pipeline for inference
In the eventuality of having to predict a CHM using only a multispectral satellite image, the
data should be adequately prepared to be submitted to the linear regression model for
inference. This would mean being able to produce a classification map, tteefiast four
channels of the data. To achieve this goal, a chain of two models where the first would be
responsible for producing the segmentation mask and the second the CHM has been
designed. An intermediate phase would combine the output of the fivadel with the 6
bands of the multispectral image, preparing the data for the second model.
Below is a schematic representation of the designed model chain.

Semantic segmentation

model
PETEESS

NIRREDB| Model A

Linear regression
model
Unet

f —— | - SeCe————
Composer t— Model B —‘[/

Figure26. Pipeline structure for inference.

The first neural network could be a DeepLabV3+, a siftbe-art model for solving
semantic segmentation tasks.

7.1.1.3.Workflow

The workflow entails three main phases: preprocessing, neural network training and analysis of the
extracted predictions.

1 Preprocessing of the data
The data innput are resampled to the same resolution of 0.30 m and cut to the intersection
between the data and the ground truth. The available area is then subdivided into 128,128
pixel tiles, with an overlap of 64 pixels on each side. This will reduce disconeffeitts on
the predicted tiles borders and provide a better understanding of the context on the neural

network part. The number of tiles is increased through reflections along 4#rds<and y
axis.
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Finally, the tiles are distributed into the training, validation and test sets. The first two
portions will be actively used by the network for learning, while the test portion will remain
unseen by the network and will be used to evaluate the qualityheftraining results, as
ground truth data are still available for comparison.

1 Training
Two training processes are conducted for the first type of pipeline and for the second type
of pipeline.

1 Training with available classification map
In this case the classification map is extracted from the point cloud, so there is only
one neural network to train, that is, the -Net. The table below shows the
parameters used for the training.

Input Data | Input Label Dataset sets % Training | Validation | Learning Rate Loss

Batch Size | Batch Size | Adam Optim. | Function

Multispectral
satellite

orthoimages CHM Training: 85% (15402)
+ Validation: 10% (1812) 32 16 0.01 MAE MAE
Classif. map Shape: Test: 5% (906)

(128,128,1)
Shape:
(128,128,10)

Table3. Training paraments

The metric evaluated during training, which coincided with the fosstion used,
was the Mean Absolute Error (MAE).

1 Training with no available classification map

If the only available data are the multispectral orthoimage, it is necessary to have a

pre-trained semantic segmentation model that can output a classification map from
the input multispectral orthoimage. This model, which we will call Model A, must
therefore undergo its own training process before becoming part of the pipeline.
The characteristics of the training for the model that extracts the predicted CHM,

which we will call Model B, are the same as previously described.
Here is the table of parameters for the two training processes.
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Input Data Input Label Trainin, Validation | Learning Rate Loss
p p B B
Batch Size | Batch Size | Adam Optim. | Function
Multispectral satellite Classif. map
Model A orthoimages from clasified point
cloud 32 16 0.0001 Dice Loss lou
Shape: Shape:
(128,128,6) (128,128,1)
Multispectral satellite
orthoimages
Model B . T
Classif. map 32 16 0.01 MAE MAE
Shape:
Shape: (128,128,1)
(128,128,10)

Table4. Training paramentgor the two models

For model A, the metric evaluated duriigiining is the mean Intersection over

Union (mloU), while the loss function is the Dice Loss.

1 Results analysis

The final phase of the workflow is the extraction of CHM predictions by the best trained
model from those parts of the orthoimage that were placed in the test set and had not been
seen by the network during training. These results are then evaluated agheground

truth data to assess the effectiveness of the model.

7.1.1.4 Preliminary Results

In this section, the evaluation of the resulidtained for each of the three classes of interest is

presented: terrain, vegetation, buildings.
A distinction is made between the results of the first type of pipeline and the ones of the second

type of pipeline.

1. Training with available classification map from point cloud
1 Terrain

As evident from the comparison between the histograms of the predicted values and the
ground truth values, and from the histogram of their difference, the model predicts the

CHM with high precision for this claskifering on average by 0.51 m.
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Figure27. Left: comparison between histogramaf predicted and ground truth values for the
G ¢ S NNJ ARfght Diidrence Aistogram

Even from the raster of the differences, it is possible to observe how for the "Terrain"
class the discrepancy between the predicted CHM and the ground truth is close to 0. It
should be noted that this class was the most represented, covering 54.4% titéthe
area.

[ S00 1000 1500 2000 2500 3000 3500

-
0 500 1000 1500 2000 2500 3000 3500

Figure28. Raster of the difference between the predicted CHM and the ground truth for the
GCSNNFAYyE Oflaao

1 Vegetation
For the "Vegetation" class, which is of the greatest interest, we see that while the height
distribution of the ground truth data presents a single peak corresponding to a CHM of
a few meters and then has a roughly monotonically decreasing decline, tiugciae
values distribution has two peaks, one around O m and one around 10 m.
On average, the predicted values differ from the ground truth by approximately 3.11 m.
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Figure29. Left: comparison between histograms of predicted and ground truth values for the
G+S3ASGFGA2yé OfFaad wAaKIY S5AFFSNBY

From the histogram of the differences, it is evident that fredominant tendency is
towards overestimation, which is preferable to an underestimation tendency, as the
latter could lead to erroneously overlooking hazardous situations.

The raster of the differences highlights overestimated regions corresponding to tall and
isolated trees, which are likely underrepresented in the available data.
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Figure30. Raster of the difference between the predicted CHM and the ground truth for the
G+S3ASHFGA2ye Oflaao

Some pixels are erroneously assigned to the vegetation class due to the method used to
construct the segmentation mask for filtering the classes. It should be noted that pixels
without points in the point cloud were assigned by default to the vegetati@sscl
Among these pixels, some are located along the railway and are underestimated. This
section is actually a viaduct, but the network predicted its height as similar to that of the
ground, thus close to 0 nThis example is shown in the image below.
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Figue 31. Example of pixels erroneously assigned to the Vegetation class.

1 Buildings
Finally, the results obtained for the "Buildings" class are presented, for which we did not
have high expectations. The network, in fact, could not learn to recognize them because
the examples were too few.

Buildings above 15 m are not recognized and, on average, the error is 6.21 m.

Comparison between histograms. Difference Histo

1 ot
Values (m] Pred - GT [m]

Figure32. Left: comparison between histograms of predicted and ground truth values for the
G.dzZAf RAy3aé¢ Oflaad wAiaKIY S5AFFSNBY(
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Figure33. Raster of the difference between the predicted CHM and the ground truth for the
G.dzAf RAy3a¢e Oflaao

2. Training without an available classification map from point cloud
In this case, the classification map was previously predicted by a dedicated semantic
segmentation model, specifically a DeepLabV3+.

Here are a few examples of the comparison between the predicted and the point-cloud
derived segmentation map:

Figure34. Classif. map from point cloud. Figure35. Predicted classification map.

Figure36. Classif. map from point cloud. Figure37. Predictedclassification map.
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In conclusion, the two segmentation masks are substantially comparable. Mordbeer,
showcased utilisation of the semantic segmentation model proves how it is possible to
recognise assets, paving the way for tkeeognition of illegal anthropic activities via change
detection.

Model B was then trained with the predicted segmentation map as an input.

Below, the results obtained for the Vegetation class are shown.

1 Vegetation
The average error is 2.96 m, butths case, the tendency is towards underestimation.

This is unsatisfactory because some hazardous situations could be erroneously
overlooked.
Disposing of more data for the trainirfg.g. WP13)shoul reduce this error.

Figure38. Left: comparison between histograms of predicted and ground truth values for the
G+xS3ASOHFGA2y ¢ Of I aa® WResdtKadbteines dftd TFaNdpbptOBodH & & (G 2 I N
B.
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Figure39. Raster of thedifference between the predicted CHM and the ground truth for the
G+xS3ShFrGAz2yé¢ Oflaad wSadzZ ta 200FAYySR T

To concludewe consider the results promising and with a significant margin for improvement
achieving better results is having a larger amount of data. This would not only allow for a more
comprehensive training of Model A and Model B but would also be fundamentally important for
achieving the necessary generalization capability for a projedirdgavith a variable subject like
vegetation through photographic images, even if they are multispectral. Vegetation is naturally
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subject to seasonal changes, but not only that: in the images, the neural network can rely on variable
features such as the shadow cast by the plant. This will depend not only on the height, but also on
the time of day or atmospheric conditions.

7.1.1.5.Demonstration Plan

The demonstration plan will involve the training of the artificial intelligence algorithms on wider
areas. The tackled area for tlikemonstration plan includes multiple aerial surveys and multiple,
corresponding satellite orthophoto (MilanqQ Novara area). This will greatly expand both the
training set and the labelling set (Area of vegetation, building and railway assgetg)er the
detection of anthropic activities a demonstration of automatic detection/ change detection is
showcased in annex(for brevity not showed in this paragraph)yhe automatic detection/ change
detection leverages osemantic segmentation neural netwotto and it has been implementealy

I RRAY 3 0 KAt Riaskdtke@lkeady trained classes (Terrarggetation and Building).
Once the network achieves better estimation performances, the work will focus on specific areas
with updated satellite acquisition(multiple times every year, focusing on the areas véfotted
issues. In this way, the possible problems arising from vegetation encroachment and anthropic
activities can be flagged in a prompt way, resulting so in quantifiable KPIs.

7.1.2.Bridge inspection

The objective of this work te use Al fothe identificationand the classificatioof defects according

to standardRFQ & Y 2 Y S.yHeliritlgésdaNsements of bridgese made of concrete, bricks or
steel, which are part of the Italian railway network. Currently, this operation is performed by field
experts who indicate the position of defects on images acquired via diidrewhole set of images
givesrise to a3D model of the civil infrastructuresder inspection.

7.1.2.1.Initial datacollection andresults

The data has been provided by RFI in two batches and includesiécts There batchefunction
as dataset for thénitial training of the neural networkThe evaluatiorof this data concerns the first
batch and has been later extended to the second one. The first batch includeshitdeges one
made of concrete, one made ofasonry,and one made of steel.

Figure40. The three structures in the first batch of data. From left to right: concrete viaduct,
bricks viaduct and steel girder.
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Among the numerous files, multiple XML files are provided containing various information, including
the coordinates of point markers in 2D and 3D, which thus identify them on both the images and
the 3D models. Markers are point identifiers that aim to aade the presence of certain defects in

space. Defects are categorized according to a notation convention established by RFI, using one or
more letters followed by a number. The literal part of the notation establishes the reategory

of defects, whilehe number specifies the microcategory. For example, the letter M indicates the
OFGS3I2NR 2F a5ST¥S00Ga Ay Yl az2yNeR StSySyidaé¢ Iy
through the masonry, M2 efflorescence, M3 the presence of vegetation and so on.

From the analysis of the distribution of defects by category, the following histogram is obtained:

Defect Categories

& ¢ & L &
Figure4dlL5 A AU NROdzGA2Y 2F YIFINJSNER o& OFGS3a2NR®D® ayY ¢
reinforced concrete (R.C.)andpiei NSaadSR O2y ONBGS 6t &/ o0 St SY
St SYSyitaéz a/ DY GRSTSOGa Ay 22Ay0 mRBYYSOUGA?2
O2yySOiUtA2Y YSOKFIyAaYaédz Y aRSFT¥SOGa A

The mostpopulated categorh & F2dzy R G2 06S GaRSFSOGa Ay Ylazy
200dz2NNBEyOSas F2tt29SR 08 AGRBSFRPDAaaASRYOAFONST 2 8L
with 116 distinct occurrences. The other categories are sparsely populated.

Expandinghe distribution of labels by microategoryi,it is possible to spot howomecategories

are very underrepresentef(Figure42). This underrepresentation is further emphasised considering

that each defect is present in multiple images, acquired from slightly or significantly different
perspectives
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Defect Types Grouped by Category
30 4 30

Defect Types

Figure42. Distribution of markers by categorycplour) and type.

Overall, there are 7503 images with markers for thégee structures. Of these, 7067 images are
5280x2970 pixelm dimension and 436 images are 5280x3956 pixeldimension.

7.1.2.2 Labelling workflow

When dawing bounding boxes with a fixed side of 50 pixels centred on the markers on the images,
to havevisual feedback of the actual appeararafehe defects, it becomes apparent that there are
some significant issue$he issue arisesince from an inspector point of view, very often, the aim

of a marker is merely to indicate the presence of a type of defect in a certain area, so the marker
does not necessdy identify the defect extent. Often the marker is not exaatgntred on the

defect, ormanymarkers are placed to indicate with a certain emphasis a problematic area. In other
words, sometimes, flagging with extreme precision the locatibthe defects, is not a big concern.

This is because repairs and associated scaffolding would generally involve areas way bigger than the
defecs KSYaSt @gSad |1 26SOSNE gKSy AG O2YSa G2 ! LQ:
paramount importance So,the purpose of the labelling for the inspectdhat is sufficient for

human intelligence, does not carry the necessary information needed to train a veryneived

network (yet to be trained).
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Here are some notable examples for the three structures.

i Concreteviaduct

Different types of defects are reported in areas appear indistinguishable.

Figure44. High density of markeremphasisinga problematic area.

For example, in the imadeelow, both M3 and C6 angresent,and they both indicate the presence

of vegetation, but thasfirst on masonry elements and the second on concrete elements. However,
it cannotbe determined from the image on which material the plants have groWrs would
certainly be confusing during &hining.Labellingheeds to bamprovedto be ready folAl training.
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Figure45. Ambiguous markers placement on surface with vegetation.

1 Masonryviaduct

The same conclusions apply to the masonry viaduct: a high density of markers indicates an area
requiring special attention, and often, areas witery similar appearances are marked by different
types of markersAgain,this would certainly be confusing during Al training.

Figure46. High density of markers signifying an area that requires monitoring.

It also frequently happens that markers are placed on top of tree branches because the defects are
hidden behind them.
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Figured47. Examples of defects covered by branches and leaves.

1 Steelgirder

In the case of the metal girder, the situation is even more complex because it is inhereetly a
complicatedstructure. Golour, for instance hides some of the most peculiar defects, such as rust.
The difficulty is further increased by the resolution of the images, which may not be high enough to

distinguish very small defects like cracks.

Figure48. The crack in thipiece of steel is not visible due to the dark colour and the image
resolution.

In addition, when the images are acquired backlit, it becomes truly difficult to distinguish defects on
such a dark structure.
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Figure49. Defects on backlit structures are even more difficult to identify.

From this brief analysis of the provided data, several conclusions can be dvagstablish an
effective strategy to better leverage on the available data.

It might be advisable to focus on two primary categories of defects, namely the most numerous
2ySayYy GaRSF¥SOGa Ay YlFazyNeB St SYSyi-atessédfdicretieRS T S
St SYSyitae¢od | 26SOSNE (KAA& VY InNikduwsd gvan withih ghgse v@ dzf R
categories, many defect types are underrepresented.

In addition to the number of occurrences, these data are challengirgpémnlessly adapt for Al
training purposes Thesub-optimal marker positioning andabelling impliesreviewing all defect

labels and bounding boxes to accurately reflect the actual sizes of the defects.

This process would be extremely complex and tcoasuming, particularly for operators without

field expertise. Many markers would need to be discarded, further reducing the already limited
number of examples available for training a neural network model.

Based on the analysis conducted and the issues identified, these data alone are deemed insufficient
to form a complete dataset for training a neural network model. However, they will contribute to

the learning and evaluation process.

7.1.2.3.Al processing strategies

Tostart with a limited, yet still challenging casee decided to focus on the recognition of defects

in concrete structures. To tackle this problem using Al techniques, two possible strategies have been
developed, which will be illustrated belowamely defect classification and defect semantic
segmentation.

1 Defect classification

As in all applications that leverage Al, one of thep@nts, if not the core of the work, is the dataset.
There are some standard opaource datasets available for defects in concrete structures with
corresponding ground truth data. These datasets consist of-fegblution images acquired by
drones at diférent scales, angles, and weather conditions, depicting various levels of deterioration.

In the ground truth data, defects are classified into particularly significant and recurring categories,
such as cracks, spallation, exposed bars, efflorescence or corrosion stains, and are circumscribed
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within bounding boxes that can also overlap if multiple types of defects are concurrent.
Here is an example of how a data item with the corresponding ground truth can be presented.

Figure50. Example of data andespectiveground truth for a classification dataset. In this case
there are two overlapping types of defects: efflorescence and corrosion stain. Hence, the orange
bounding box is multiabelled.

To integratéreinforce RFI data, the first stepan beto select defect classes that can be merged with

the general onesepresentedin the opensource datasets. Given that the analysis of the available
data highlights that the usable categories are few and with limited examples, this selection is
advantageous. It potentially allows for the recognition of a wider variety of defectsaay types

are present in the opessource datasets but not in the provided data.

After selecting the defect classes, a provisional bounding box is craetedd the marker and the
image is cropped around this bounding box, possibly with some additional margin. These cropped
images are then reviewed to adjust the bounding box size and to ensure that only those images
where the defect is clearly visible aneélwepresented are included in the dataset.

The neural network model to be used will be a convolutional network, with its architecture tailored
to the specific case.

Once the network is trained, the RFI images are cropped into smaller parts, the same size as the
images submitted to the network for training, and its ability to recognize the defects is verified.
From the bounding box of the defect predicted by the netiyothe marker and thus its 2D
coordinates can be extracted in the system of reference of the image

1 Semantic segmentation
Thissecondstrategy focuses on pixly-pixel classificationyhich means thaéach pixel is assigned
to a defect class. Specific opsource datasetsanbe foundfor high-resolution images of masonry

or concrete structures captured by drones at various scales and angles, with ground truth data
provided in the form of segmentation masks.
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A segmentation mask is an image with the same dimensions as the RGB image, but with pixels
coloureddifferently based on the defect class. Each defect class is assigned a specific grayscale
value, while all pixels natssociated ttRSFSOG a | NB Of | dand kKedpSdR owna & 0o |
grayscale valueolour. This type of ground truth offers more detailed information than simple
classification, as it also informs the network of the exact extent of the defect in the image.

An example ofimage and respective segmentation masi be found in the pictures below.

Figure51. Example of data and relative ground truth for a semantic segmentation dataset. The
INBSY &aKFLSa O20SN) GKS LIAEStfa aa20AF0SR G2
GKS Oflaa aSTTFEt2NBaO0OSyOSé o

Incorporating RFI data into this type of datageemanticsegmentationdatasetd requires more

effort than defect classificationpfeviousstrategy)as he process of creating segmentation masks

is laborious and timeonsuming. Additionally, specific field expertise is needed to accurately
identify the extent of the defects.

Open-source semantic segmentation datasets can be used to enHaefert classificatiodatasets

(first strategy)py extracting bounding boxes that cover the minimum area containing the pixel group
associated with the defect.

The neural network model planned for this task is a semantic segmentation model, such as
DeepLabV3+, which has been successfully usether works.

Once the model is trained, image crops with the same dimensions as those used during training are
submitted. The network then returns a probability map, indicating, for each pixel, the probability of
each defect class plus the background. The class wéthitihest probability is selected and a lower
threshold for this probability is set to guarantee a high level of likelihood.

If the objective is to determine a marker for the defect, the 2D coordinates of the centroid of the
pixel group related to a specific defect can be extracted as well.
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7.1.2.4.Conclusion and futuréevelopments

The available data and labellidgio provided by FSE perfectly suitablefor the maintenance and
analytics of the IMHowever the possibility ddirectly raininga CNN from this du hindeed by
two mainaspects.

1 For the training of the A (deep learning / CNN), the labelling needs to be adapted to be
univocally intelligibldy the machine.

1 The number of defects divided by categories and-sategoriesis very limitedand the
ground truth dataisinadequae.

The analysis of the provided data has resulted in the development of two potential strategies for
future efforts. Both strategies involve integrating the available data, after adjusting the ground truth
data, with existing online datasets. The two approeshare defect classification and semantic
segmentation. Both methods can achieve the same result: either a mesakgeredon the defect
automatically recognized by the network, or more detailed information such as a bounding box
around the defect or a pet-by-pixel digital representation of the defect.

7.1.2.5.Demonstration Plan

The demonstration plan will entail the test of both the strategies previously described on various
sets and types of data, which will integrate the images given by RFI, after undergoing appropriate
pre-processing and transformationghis might include externapen-sourcedataset The expected
results are represented by a classification of defects on concrete and masonry bridges, along with
their georeferenced position. In this way, the identification of problematic areas in these types of
structures willbe automated.

7.1.3.Hydrogeological Risk

7.1.3.1.Selected equipment, technical specifications, and justification.

Hydrogeological instability represents the set of soil degradation processes, which mainly occur
under certain weather conditions. In lItaly, this phenomenon has a significant impact on the
population and on the territory as highlighted in the Report on tdgeological Instability published

by ISPRA in 2018. Obviously, the railway infrastructure being an important territorial element with
more than 16,000 km of railway lines, in some cases it is strongly affected by this problematic.

To this purposeit is intended to propose and develop a monitoring and forecasting tool based on
the collection and analysis of satell@&ailabledata of sensitivéclimatee variables (with respect to

the phenomena that are intended to be monitored).

Data will be collected and processed using Google Earth Engine (GEE) pléifsing JavaScript
programming languagend Microsoft Visual Studio editing Python

The integration of collected and pedaborated data will carry out through neural networks
algorithms on the basis of which theonitoring and forecasting toatill be developed.
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7.1.3.2.Installation layout

Precipitation, soil moisture and Land Surface Temperature (LST) are the parameters considered for
the flooding risk monitoring.
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lhLE G€2BEENF¢éZ gl a O2yaARSNBR a | FdzZNIKSNJ O
and algorithmsAOQIs are shown in the next figure.
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Figure52. Milano-Novara and Tortona/oghera AOI.

The considered analysis time rangesm 2000 to 2023. This choice aims to maximize the study
years consideringdata availability.

7.1.3.3.Initial data collection and results

7.1.3.3.1Satellite Images/Data Selection and Collection

Figure53 shows the general data processing. This procedure is applied for each parameter, i.e.,
precipitation, soil moisture, and LST. In particular, data are collected and processed using Google
Earth Engine (GEE) platform and Microsoft Visual Studio editingrRy#spectively highlighted in

the blue and green areas of the Figure. G&&ogle 2024is a cloucbased platform that facilitates
geoprocessing. It includes geospatial data collections and a code editor which is an integrated
development environment for the elaboration of algorithms using JavaScript programming
language. Microsoft Visual St is also an integrated development environment for developing
codes in different programming languages, including Python.
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Google Earth Engine Python
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Figure53. Data download and elaboration scheme.

The processing steps executed in GEE are shown in biguire53, whilethose executed in Python

are in green. In GEE, after the collection via the Google Earth Engine Data Catalog of the input data,
data of interest are processed and exported as CSV files for subsequéeptm elaborations
executed in Python.

In the Python environment, input data are the outputs from GEE which are additionally processed
to obtain one or more products which can consist of CSV files or graphs. Produced outputs can be
differentiated based on the time interval considered for theabysis (hourly, daily, or monthly).
Additionally, analysis based on extreme values, i.e., values during or near the event and maximum
values, were executed. This information was summarized in a final output consisting of cross plots
that compare the diffeent parameters for the different scenarios of event or revent.

More detailed information is provided in Secti@ril.3.3.2

The data used, which will be further described in the following section, are:

1 GPM IMERQhttps://gpm.nasa.gov/missions/GPM): Global Precipitation Measurement
(GPM) data provide observations of rain and snow and were used to estimate precipitation.
The following products were considered:

o GPM IMERG Final Precipitation L3 Half Hourly 0.1 degree x 0.1 degreethi®6
product reports precipitation data adjusted in accordance with gauge data and
climatological.

o GPM IMERG Late Precipitation L3 Half Hourly 0.1 degree x 0.1 degreethM86
product was considered only in case of unavailability of the first one, as it does not
have the same corrections as the former.
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1 GLDAS Soil Moisture Dathttps://ldas.gsfc.nasa.gov/gldas): Global Land Data Assimilation
System (GLDAS) data provide hydrogeological products, and was used to estimate soll
moisture. Two dataset versions exist, the following was considered:

0 GLDAL.1 this is the more recent version and climatologically more consistent
compared to the previous one.

1 MODIS Terra Data (https://modis.gsfc.nasa.gov/): Moderate Resolution Imaging
Spectroradiometer (MODIS) measures were used to obtain LST. Among the data products
available, the following from the current Collectiénwas considered:

0 MODIS Land Surface Temperature and Emissivity (MOD11)

GPM IMERG Data
This data was used for the precipitation parameter. The followsrggraphs describe the data and
their characteristics.

Data description

The Global Precipitation Measurement (GPM) mission is an international network of satellites that
provide the nextgeneration global observations of rain and snow. The missionimtated by
National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency
(JAXA) and comprises a consortium of international space agefitiescore satellite carries an
advanced radar/radiometer system to measure precipitation from space and serve as a reference
standard to unify precipitatiormeasurements from a constellation of research and operational
satellites. The satellite network surpasses its predecessor, the Tropical Rainfall Measuring Mission
(TRMM) mission, by covering a larger area and using advanced sensors to measure precipitation
more accurately, especially light and solid precipitation.

The Integrated MultsatellitE Retrievals for GPM (IMERG) is the unified U.S. algorithm that provides
the multi-satellite precipitation product. IMERG combines data from various sources, including
infrared, microwave, and gauge observations, to create ipition estimates at relatively high
resolution both in terms of spatial, 0.1° x 0.1°, and temporal, 30 minutes, resolution over the entire
globe. The system is run several times for each observation time, first giving a quick estimate and
successivelympviding better estimates as more data arrive. Based on this, IMERG offers different
datasets, which includg®radhan, et al. 2022)

1 Nearreaktime data, available within 4 to 14 hours, which are the IMER@y run (IMERG
E) and IMERGate run (IMERG);

1 Final dataset, delayed by about 4 months, which is IMER@& run (IMERG) and is used
for more indepth researci{Pradhan, et al. 2022)
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IMERGE, IMERE, and IMERGF are Level 3 data, i.eea@physicalariablespatially and temporally
resampled GPM Level 3 data are summarizedthe following table(NASA, Precipitation Data
Directory 2024)

- : Data Spatial
Data Description version availability Resolution
| Near reakttime low-latency
lr'l\fr:ERG Earl gridded global multsatellite | 06 2000present | 10km(0.1°)
precipitation estimates.
Near realtime gridded globa
IMERG Lateyn | Mult-satellite precipitation 2000present | 10km(0.1°)
estimates with quasi
Lagrangian time interpolation.
Researchguality gridded global
multi-satellite precipitation
IMERG Finaun | €Stimates —with — guasi| ;¢ 20002021 | 10km(0.1%)
Lagrangian time interpolatior]
gauge data, and climatologic
adjustment.
O o | 557201s
3B Combined data (GPM GMI & DPR, TRM 06 apedSent 2014 | 0.25>-5
TMI & PR). P
Gridded rainfall estimates fror 19972015
3A Radar radar data (GPM DPR, TRM 06 and 2014 | 0.25-5°
PR). present
Gridded rainfall estimates fror
3A Radiometer GPM GMI’ TRMM .TMI’ ar 06 2000present | 0.2%
constellation microwave
radiometers.

Table5. GPM Level 3 data

IMERG was released in 2015 and has become a valuable tool used for various purposes, including
simulating streamflow, predicting floods, and analyzing extreme weather events. Recently, IMERG
expanded its data coverage back to the TRMM era, providingye&0record from 2000 to the
present day(Pradhan, et al. 2022)

GPM IMERG Final Precipitation L3 Half Hourly 0.1 degree x 0.1 degree V06 (GPM_3IMERGHH)
Given the characteristics of the GPM Level 3 data reportedahle5, GPM IMERG Final run data
HFSNE O2yaAARSNBR F2N RI (i a@W IMERGHInAl Pr2gpiation R3NHBIf & L.
Hourly 0.1 degree x 0.1 degree V06 (GPM_3IMERGHH)INR RdzOl O KSNXBI FiGSNJ
(Huffman, et al. 2019)his choice was due to the following reasons:

1 They are adjusted in accordance wifhuge data and climatological;
1 Theyare characterized by the finest spatial resolution, i.e., 0.1° x 0.1.
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GPM_3IMERGHH includes different data field for users and data developers, summatized in
following table(Huffman, et al. 2019)

Data field Variable name Units

Multi-satellite precipitation estimate with gaug

calibration (Final) precipitationCal mm/hr

Multi-satellite precipitation estimate (Early and Late

Multi-satellite precipitation estimate precipitationUncal mm/hr

Random error for precipitationCal randomError mm/hr

Merged microwaveonly precipitation estimate HQprecipitation mm/hr

Microwave satellite source identifier HQprecipSource index values
min. into

Microwave satellite observation time HQobservationTime half hour

IR-only precipitation estimate IRprecipitation mm/hr

Weighting of IRonly prec:lpltatlon relat.lvle tg the IRkalmanFilterWeight percent

morphed merged microwavenly precipitation

- I o robabilityLiquid
Probability of liquid precipitation phase E’recipitagi/onq percent
Quality Index for precipitationCal field precipitationQualitylndex | index

Table6. List of data fields, their variable names (in the data structure), and the data units for
3IMERGHH data files.

Among the available variable, precipitationCal was considered, singedosimended for general
use and describes the mulatellite precipitation estimate with gauge calibration, in mm/hr.
Figure54 shows the arface precipitation frorGPM_3IMERGHH.

3B—HHR.MS.MRG.3IMERG.20170920—-S070000—-EQ72359.0420.V06A.HDFS
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Figure54. GPM IMERG Final precipitation L3 Hdlburly0.1° x 0.1° (GPMBIMERGHMH

Figure54shows as an examp@&PM 3IMERGHIdata for the 21 October 2019 at 00:00:00 acquired
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over the AOI. Also, rain gauge stations within the AOI are reported.

time = 2019-10-21 00:00:00 )
140

Figure55- GPM 3IMERGHHver the AOI.

GPM IMERG Late Precipitation L3 Half Hourly 0.1 degree x 0.1 degree V06 (GPM_3IMERGHHL)
Ly OFasS 2F dzyl @I Af | 0Af AGPNIMERG Laxé Paepipithtiand SvHRal HourlyINZ |
0.1 degree x 0.1 degree V06 (GPM_3IMERGHHL) KSNB I FiSNJ Dt apoLa9wD]I
considered. As described in the previous section, they lack rain gauge and climatological
adjustments. Also in this case, precipitationCal variable was considered, which provides multi
satellite precipitation estimee.

Figure56 shows the arface precipitation frorlGPM_3IMERGHHL.

3B—HHR-L.MS.MRG.3IMERG.20170920-5070000-E072959.0420 V05B.HDFS

—150 —120 —a0 —BC —30 o] 30 [le] a0 120 150
- - PN 2
a&%;é e ST a'::’"»? SR e

S 2 -
By S TN e % NG i E o

oy SR NG R SN

s N A 2 g o
=] B « /VE Pt o
I :

TR e

8 y:-&fs{,‘.} o -

(=]

£ ‘«"»m o vy ) LU A
S % e, “;.,_’ .
i ?1’,‘ & S ! i S N

—150 -120 —90

'§R£
1 e
7 e oo o ®
o O @ F
S B i g : SFh
. ‘\”‘k ?2 . Q . \% b3 i
’ N ..':".97;';:_!,_. L e :
Jg
h W,
.

BO —30 ] 30 BO 90 120 150

P /Grid/precipitationCal (mm /hr)
a1l 1. 1a.

Figure56. GPM IMERGateprecipitation L3 HalHoruly 0.1° x 0.1° (GPNBIMERGHH).

Data collection and processing
GEE was used faiata downloading and preprocessinthe GPM IMERG data coliect includes
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data from 01/06/2000, T 00:00:00 to 02/06/2024, T 18:30:00 this collection provisional products
are regularly replaced with updated versions when the data become available.
Table7 summarizes the main characteristics of the considered precipitation products.

Data GPMIMERG Finalun
Version 06
Data availability 200006-01 ¢ present
Frequency Halthour
Spatial resolution 10km(0.1°)
Variable precipitationCal
Units mm/hr

Table7. Main characteristics of precipitation data

For each day, 48 data are available.
Data processing follows the steps describe&igure53.
Furthermore, satellite precipitation data were compared with rain gauge station data.

GLDAS Soil Moisture Data

This data was used for the estimation of the soil moisture parameter. Indeed, soil moisture plays a
significant role in many hydrological processes, determines the partitioning of precipitation
between infiltration and runoff and is also an important iaitstate of climate model. Not only
surface soil moisture, that is the soil moisture in the top few centimetrep 0OY 0 =X A& & A3y
fact, root zone soil moisture is also very important for many applications. It carries memory from
weekly to monthy time scales, and accurate root zone soil moisture information may help improve
the prediction of precipitation. Soil moisture information can be obtained by measuring soil
moisture in field, however, in situ measurements are only representative overad spatial scale

and they are often expensive and infeasible. Microwave remote sensing data can provide a means
to estimate soil moisture at large scales however, only surface soil moisture can be obtained due to
the limitation of microwave penetration gth. But soil moisture profile information can be derived

also by modelling approaches, using either climate models or land surface models.

Several modelling systems can produce operational and spatiotemporally continuous soil moisture
datasets and among them Global Land Data Assimilation System (GLDAS) is the most widely used
(Bi, et al. 2016)

The following paragraphs describe the data and their characteristics.

At a first stage, data from the satellite mission Soil Moisture Active Passive (SMAP) by NASA was
O2yaARSNBR® ¢KAA YAaaArzy AYRSSR 41 & aLISOATAOLN
can provide data with a higher spatial resolution than &&DHowever, first data availability was in
2015.

Data description

GLDAS aims at combining satellited groundbased observational data producky means of
advanced land surface modelling and data assimilation techniques, in order to generate optimal
fields of land surface states. Hydrological products are also generated, including soil moisture

10n 16 July 2024
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(NASA, GLDAS: Project Goals. 20R4dp versions of GLDAS products exist, including the GLDAS
Version 1 (GLDAB and the more recent GLDAS Version 2 (GiZ)AEhe main difference is that
GLDAR is climatologically more consistent. GLDAS can provide products with spatial resolution of
both 0.25° and 1°. The 1.0° data range from 1979 to present, while the 0.25° data cover 2000 to
present. Spatial resolution and data availability depend on the specific product. The temporal
resolution of the GLDAS products #a@urly (Bi, et al. 2016)

GLDAZ.1

The land surface model considered in GLDAS for soil moisture defines four soil layens: 00y = ™ n
nn Oyen mn MY ICHNYiR Omn C2NJ S OK 2F (KSYX20utet Y2
entire thickness of the indicated lay@ASA, GLDAS: Project Goals. 2024)

Figure57 shows an example of the GLDASJ soil moisture.

GLDAS NOAH025_3H.2.1 03Z01Jan2000
Soil moisture content (0 — 10 e¢m) [kg m—-2]

Figure57. GLDAS.1 Noah 3hourly 0.25 degree €40 cm soil moisture [kg R2] for 03Z Jan 01,
2000.

Data collection and processin@EE was used fdata downloading and preprocessiridiedGLDAS
2.1: Global Land Data Assimilation Systesata collecion includes data from 01/01/2000, T
03:00:00 to 19/06/2024, T 21:00:80The Table 8 summarizes the main characteristics of the
considered soil moisture products.

20n 18 July 2024
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Data GLDAS

Version 2.1

Data availability | 2000:01-01 ¢ present
Frequency 3 hour

Spatialresolution | 0.25° (approximately 28m)
Variable 1. SoilMoi0_10cm_inst

2. SoilM0il10_40cm_inst
3. SoilM0i40_100cm_inst
4. SoilMoi100_200cm_ing

Units kg m2
Table8® al Ay OKI NI O GSINGlobal lattidDate Assindilign® B {i SY ¢ @

Figure 5&howsas an example GLDAS soil moisaaéa for the 1 January 2023 acquired over the
AOI. Also rain gauge stations within the AOI are reported.
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Figure58. GLDAS soil moisture over the AOt¢puisition ID:
NASA/GLDAS/V021/NOAH/G025/T3H/A20230101_0000

MODIS Terra Data

This data was used to obtain the LST parameter. LST is the temperature of the most external part of
the Earth surface and is a key parameter for land surface processing, including the hydrology field.
MODIS LST data are the most commonly used, givenlib&ince between spatial and temporal
resolution, and their correspondence with-&itu measurements. MODIS LST data are freely
available from NASA Land Data Products and SeriRtes and Kappas 2018)

Compared to other LST products, MODIS LST was the most suitable given its characteristics in terms
of beginning of the data availability and spatial resolution.

The following paragraphs describe the data and their characteristics.

Data description

MODIS stands fdvloderate Resolution Imaging Spectroradiometarsensor aboard the Terra and
Aqua satellites by NASA launched in 1999 and 2002, respeciiezha’s orbit is timed so that it
passes from north to south across the equator in the morning, while Aqua passes south to north
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over the equator in the afternoonTerra and Aqua products are very similar with a few key
differences, which include the launch dat@nceTerra was launched two years before Acarad
startsrecordingduring 2000, and slight differences in snow products due to a detector failure on
Aqua. The sensor has a temporal resolution of four times per day and a spatial resolution of 1 km
and acquires data in 36 spectral bands.

The current MODIS data collection for the LST is the Colle6t{@6) MODIS LST produétgure

59 summarizes the available MODIS C6 LST pro(N&SA, MODIS 2024)

Earth Science Nominal Data

i Spatial Temporal Map
Data Type Product Level Array ) . . Lo
(ESDT) Dimensions Resolution Resolution Projection
2030 or 2040
lines . None. (lat,lon
MODI11_L2 L2 by 1354 pixels lkm at nadir | swath (scene) referenced)
per line
X 1km
MODI1A1 L3 115((]][()] sz;t:i (actual daily Sinusoidal
0.928km)
MODI11B1 6km daily
MODI11B2 L3 200 rows by (actual eight days Sinusoidal
200 columns 5 568k ’
MODI B3 - m) monthly
) 1km
MODI1A2 L3 11533 izx;i{ (actual eight days Sinusoidal
0.928km)
MODIICI L3 360°bY 180° 1 o5 by 0.050 | daily | couabanele
(global) / / geographic
MODI1C2 L3 360°by 180° 1 5o by 0.05° | cight days | Sduakanele
(global) / / geographic
MODI11C3 L3 360°bY 180% 1 5o by 0.05° | monthly | cqual-angle
(global) ’ ’ geographic

Figure59. Summary of the C6 MODIS LST products (soUd&SA, MODIS 2024)

l'Y2y3 GKS ah5L{ NODTLandSRf&edA2mngemturé #&Emissivity (MOD11)
is consideredyiven itscharacteristics in terms of beginning of the data availability, product level,
spatial resolution, and temporal resolution.

MODIS Land Surface Temperature and Emissivity (MOD11)

The daily level 3 LST product at 1km spatial resolution is a tile of daily LST product gridded in the
Sinusoidal projection. A tile contains 1200 x 1200 grids in 1200 rows and 1200 columns. The exact
grid size at 1km spatial resolution is 0.928km by 0.828k

The C6 daily MOD11A1 LST product is constructed with the daily LST pixel values in each granule
retrieved by the generalized spitindow algorithm under cleasky conditions.

Ly LJ NI AOdz I NE § K&nd Sugfate TemRpe it &2E mishivityFDaA (8 Glolded 1km
and the corresponding Terra product ID is MOD11A1.

LST_Day_1kwariable is considered, that is the daytime LST expressed in Kel{MABA, MODIS

2024)

Figure60shows as an exampMOD11A1 data for the 1 January 2011 acquired over the AOI. Missing
pixels are cloudtovered pixels.
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Figure60. MOD11A1 over the AOI ¢auisition ID: MODIS/061/MOD11A1/2011 01 D1

Data collection and processinGEE was used fatata downloading and preprocessinghe
OMOD11A1.061 Terra Land Surface Temperature and Emissivity Daily Globalat&roollecion

includes data from 24/02/2000 to 15/07/2024
The following tablesummarizes the main characteristics of the considered precipitation products

(Wan 2021)

Data MOD11A1
Version 6.1
Data availability 200002-24 ¢ present
Frequency 1 day
Spatial resolution 1km
Variable LST _Day 1km
Units K

Table9. Main characteristics of LST data

Data processing follows the steps describedFigure 53. Additionally, a resampling step is
performed in order to convert the spatial resolution to the one of precipitation and soil moisture

data. The output of the resampling is showrFigure61.

xxxxxxx

Magenta

uuuuu
Vigano,
data £2024 Google agorta mag e

" the AOI dguisition ID:
MODIS/061/MOD11A1/2011 01 Y0fesampled to 10 krbata
Processing an@orrelation

30n 18 July 2024
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Considered dta for precipitation, soil moisture, and LST parameters, respectsugtymarizedn
Table 8 were processed at different levels for their analysis. Sectidn3.3.1and Figure53
summarize data collection and processing operations.
This section provides further details on processing and data correlation.
As shown inFigure53, the processing steps executed in GEE in the blue area and can be
summarized as follows
1. Input dataset collectiondataset collection is imported in GEE considering the data available in
the GEE Data Catalog;
2. Dataset processinghis step includes dataset filtering, i.e., the dataset is filtered based on area,
time range and variable of interest;
3. Output: a CSV file for each considered year is produced.
It includes a number of rows that correspond to the number of available data within the
considered year and a set of columns that include the acquisition date, acquisition time and
the variable value for each pixel within the AOI.

The CSV files are used as input for further elaborations, implemented with Python programming
language. They are outlined in the green parEmure 53 ad includes:

1. Input (from GEE)data collected in GEE are imported in Python;

2. Dataset processingdata are processed to produce the output. Processing steps include
missing dates check;

3. Different outputs are obtained in the form of CSV files or graphs. If no different specified,
the CSV includes a number of rows that correspond to the number of available data within
the considered year, and a set of columns that include the acquisitit#) dequisition time
and the variable value for each pixel within the AOI. The different outputs are:

3.1. Output ¢ Hourly baseda CSV file for each considered year is produced.

This output is produced for precipitation and soil moisture, since LST data are daily data.
It includes hourly (or halfiourly, 3hourly, depending on the input dataset) values of
the parameter of interest reported in a CSV organized to facilitate subsgque
elaborations. Only for precipitation, cumulative values at 1, 3, 6, 12, 24 hours are
additionally calculated. These data are used as input to produceOigut ¢ Daily
basedproducts;

3.2.Output ¢ Daily baseda CSV file and a graph for each considered year is produced.
CSV file includes daily average values of the parameter of interest. The graphs report
the time series trend of the parameter for the considered year. These data are used as
input to produce theOutput¢ Monthly basedand Output¢ Extreme valueproducts.

3.3. Output ¢ Monthly based:the produced CSV files report: (1) monthly average value of
the parameters for each considered year, (2) climatological mean of the parameter for
the whole time period, and (3) anomaly values calculated based on the monthly average
value and the climatoldgal mean for each considered year. In this case the CSVs include
a number of rows that correspond to the number of months, and a set of columns that
include the variable value for each pixel within the AOI. More details about
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The produced graphs include (1) ttime series trend of the anomalies of the
parameter, (2) box plots calculated starting from the daily average parameter for each
considered year, and (3) box plots for the whole time period calculated starting from
the monthly average parameter. Furthertdés related to box plots are provided in
0KS T2t f 2 Boxylak TheéSedath &e/useadl as input to produce Gatputc
Cross ploproducts.

3.4.0utput ¢ Extreme values:the produced CSV files report parameter values
corresponding to (1) the extreme meteorological event dates, (2) the 3 days before the
beginning of the extreme meteorological event, (3) the 3 days after the end of the
extreme meteorological event, (4) a ualabove a specific threshold set by the user, for
each considered year. In this case the CSVs include a number of rows that correspond
to the number of events, and a set of columns that include the variable value for each
pixel wihin the AOI. Additionally, (5) daily maximum values for the considered
parameter and the corresponding pixel are saved.
The produced graphs instead include the time series trend of the parameter values
corresponding to the extremmeteorological event dates, the 3 days before and the 3
days after the extreme meteorological event dates.
These data are used as input to produce @atput Cross ploproducts.

3.5. Output ¢ Cross plotthe produced graphs plot precipitation values against soil moisture
or LST for each considered year. Values reported in the graphs are obtaineQditport
¢ Monthly basedandOutputq Extreme valueand include: daily values of the parameter
during (1) the extreme meteorological event dates, (2) the 3 days before the beginning
of the extreme meteorological event, (3) the 3 days after the end of the extreme
meteorological event and the correspondingidline. Additionally, the graphdsa
report (4) daily values of the parameter above a specific threshold and the
corresponding trendline, (5) daily maximum values for the considered parameter, (6)
annual mean values, (7) climatological mean values.
A CSV file reporting the value of the slopgalue coefficient (Pearson coefficient),
non-linear coefficient (Spearmen coefficient) for the trendlines in the cross plots is also
produced. Further details related to cross plots are provided in the falig\8iectios.
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The next tableeports a summary of the produced outputs described above.

ID Description
1 1,3, 6, 12, 24 h cumulative values (precipitation only, for each pixel within AOI, for
year)
Daily values (for each pixel within AOI, for each year)
Monthly mean values (for each pixel within AOI, for each year)
Monthly anomaly values (farach pixel within AOI, for each year)
Monthly climatological mean values (for each pixel within AOI)
Box plots dailyvalues based (average value over the AOI, for each year)
Box plots monthlyvalues based (average value over the AOI)
Daily values during (1) the extreme meteorological event dates, (2) 3 days befor
extreme meteorological event dates, and (3) 3 days after the extreme meteorolc
event dates (for each pixel within AOI, for each year)
9 Daily maximum values and corresponding pixel (for each year)
10 Daily values higher than a specific threshold (for each pixel within AOI, for each yee
11 Cross plot (1) precipitationsoil moisture, (2) precipitatiog LST (for each year)
12 Slope, rvalue coefficient, nodinear coefficient for the trendlines from the cross plot

O INO|O|A|W|IN

Table10. Summary of the produced output.

Figure 62 shows as an example an extract of the CSV with hourly and daily values for the
precipitation parameter.

] c D E ¥ G A B C D &
1 ‘acquisition_date acquisition_hour precipitationCal_1h_pixel 0 precipitationCal_h_pixel 1 1 acquisition_date_acquisition_hour precipitationcal_2sh_pixel_0 precipitationCal_2#h_pixel_1
2 Q 01/06/2000 o o o 2 o 01/06/2000 0 0 o
3 1 01/08/2000 10000 o o 1 02/06/2000 0 0 [}
4 2 01/06,/2000 20000 ] a 4 2 03/06/2000 4] 0 1]
5 3 01/06/2000 30000 o L] 3 04/06/2000 o 0 L)
6 01/06/2000 40000 o o 6 4 05/06/2000 0 [}
7 5 01/06/2000 50000 o o 7 5 08/06/2000 0 2.41985947 1.9828752
8 01/06/2000 60000 o o 8 1740612000 o )
9 7 01/06/2000 70000 ] o 9 7 08/06/2000 0 0 o
10 s oyos/z000 40000 o o ! s o9jos/a000 o 31032088 5 sa1001
n 9 01/06/2000 90000 o o mn 2 10/06/2000 0 5.755281 5.2555014
12 10 01/06/2000 100000 o o 12 10 11/06/2000 0 31.334057 29.197935
5 1 oyosio00 110000 o o 3 1 13/oefauan o 20083985 7754508
4 12 01/06/2000 120000 o o | 12 13/06/2000 o 16.46017 15.356853
15 13 01/06/2000 130000 ] a 1 13 14/06/2000 1] [ 1]
16 14 oyos/z000 120000 o o 16 1 1s/ocf2000 o 0 o
17 15 01/06/2000 150000 o o 17 15 16/06/2000 [ 0 o
8 16 01/08/2000 160000 o o 18 16 12/06/2000 0 0 o
19 17 01062000 170000 o a 19 17 a8/osfznan 0 0 o
20 18 01/06/2000 180000 o o 20 18 19/06/2000 [ 0 o
21 19 01/06,/2000 190000 o o 21 19 20/06/2000 1] 0 o
22 20 01/06/2000 200000 o o 22 20 21/06/2000 0 o (]
23 21 01/06/ 2000 210000 o o 23 21 22/06/2000 0 0 o
24 ” 01/06/2000 220000 ] a 24 2 23/06/2000 0 0 T077
2 3 oyos/00 230000 o o 2 3 2vjosfauan o 0 0
GPM_3IMERGF_2000_PrecipitationC + GPM_3IMERGF_2000_PrecipitationC o
A ] c D A . 3 . £ b
| |month precipitationCal_monthly_mean_pixel 0 precipitationCal_monthly_mean_pixel 1 precipitationCal_clima_mean_pixel 0 precipitationCal_clima_mean_pixel_1
2 1 6.925822141 7167767237 2 0 1.991388609 2.058466747
3 2 3.037745945 4.617807336 3 1 1.880094807 1.924151012
4 3 2.493771133 2.600280284 4 2 1.766120586 1.745171107
5 4 3.006220029 3.169928187 5 3 2.495285305 2.565308856
6 5 1968718236 1.954686197 5 4 3.265437747 3.317668159
7 6 2.88596 3.010025008 5 2.116253147 2142004173
8 7 4,214000685 4,22836956 8 6 1.798209395 1775616345
9 F 2.790839572 2.857051159 9 7 2305001173 2.310071626
10 9 1.275267548 1.326645574 10 P 2201707143 2.402083166
" 10 2.072638655 2.500566965 n g T Prr——r
i 1 1368483004 1380032152 12 10 5379659872 5.445738815
14 12 3424486172 3435351431 13 1 2.388579943 2.461448446
14
15 -

(c) (d)

Figure62. Example of CSV output. (a) cumulated 1 h, (b) daily, (c) monthly, (d) climatological
average for precipitation parameter.
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The following sections report more details about the most significant output obtained.

Climatological analysis

The anomaly of a variable is the variation relative to the climatological noffrhalclimatological
normalis themonthly averages computed for a prolonged period of at least 30 consecutive years.
Given the data availability for this specific case, the climatological average is considered instead,
that is themean of monthly values of a climate variable over a specified period of time. The period
is typically 220 years.

The @lculation of the monthly anomaly values for a specific varigbtiefined as:

0¢€Gwiw w (15

Where:

1 wis the average value of variable in a specific month;
1T @ is the average value of lorigrm variable over several years for the same month.

Figure63 shows an example of the graphs obtained from the analysis of the anomalies for soil
moisture parameter, year 2000, variable vsm_0_10 (vsm stands for volumetric soil moisture), that
is the soil moisture between 0 and 10 cm soil depthxis reports the mottn and yaxis the value

of vsm_0_10 expressed as kgZmThe different lines represent the different pixels within the AOI.
The red vertical lines represent the month in which a flood event occurred. The anomaly is
calculated as in Equation (1), whebés the monthly average value of vsm_0_10 for each pixel and
() is the monthly average value of vsm_0_10 for each pixel averaged over the whole time period
(from 2000 to 2023).
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GLDAS - Anomalies time series — Year 2000 — vsm_0_10 [kg m-2]
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Figure63.GLDAS anomalies series for year 2000 and variable vsm_0_ 10 (AOI Milavara).

Similar graphs are shown iRigure 64 and Figure 65 for precipitation parameter, year 2002,
precipitationCal variable and LST parameter, converted in Celsius degree, year 2023, respectively.
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Figure64. GPM anomalies time series for year 2002 and variable precipitationCal (AOI Milano
Novara).

Figure65. MODIS Terra anomalies time series for year 2023 and variable LST (AOI Milano
Novara).
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