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The application of consistent, reliable informatisra key component of highway asset
managementThe information and the tools to help interpret and appdatahave continuously
evolved.However,NRAsare not yet fully exploiting their potential in the highway environment. By

bringing these components of sensing and measurementtt@yeNRAs coultbetter understand
highway assets and improve both reactive and proactive asset management decisions.

INFRACOMIS a CEDR Transnational Road Research Programme Call 2022 julgj2022¢ June
2024).It aims to equip NRAs with thmapabilitybetter to leverage the technological evolution in
data/ monitoring. Byinvestigaing the technologies that are becoming available to understand the
performance of highway assets, their current and future capabilities and the benefits they brin
INFRACOMSIll establish the potential that could be achieved through these technologies
INFRACOMS wilevelop a database of technologiasd provide a structured method to evaluate
technologieslIt will provide thetools to hep NRA keep the databaeup to datein future anda
roadmap and a maturity assessment tool to help NRAs implement changes.

Thisreport isINFRACOMBst deliverable D1.1lt addressesthé ! Y RSNE Gl YRAY 3 2F Ay T;
ySSRa | goRporimt afihé projectTheaim has beeto identify the current priorities and
future needsof NRAdor the management of carriageway ahddge assets, specifically terms of

their approach tadata collectiorand monitoring.The approach has beda establish existing
knowledge viareview of previougprojects, current best practiceand standards$n data collection
andinspection,and a review oturrentbusiness processedRAstrategies around data collection

and digitalisation etcThereport identifies aset of key imperatives fararriageway and bridgassets
covering Availability, Reliability, Environment, Econa@mg Safety. Each of these is supported by

the collection of key condition data, which is used to report technical parameters and performance
indicators that can be combined to assess the ability of the asset to meet its key imperAtivike
range oftechnologiesare identified, which areurrently applied to collect the data that supports

this assessment.

The consultation shows that there aaésogaps between the desired and the current capability for
the assessment of these assets. These include igape data, challenges in the ability to collect the
data, gaps in the application of the data that is already collected &teview of emerging
technologies shows that there are tools and technologies that could help to fill these gaps. These
could overcome the limitations of current technologies, better integrate new data sources, provide
greater flexibility irusingcurrent and new data, and provide better analysideylinclude remote
sensing, Internet of Things (loT), crowdsourcangl advanced dta processintkyisualisation.

INFRACOMSIll ultimatelydeliver a Technology Database and a Technology Appraisal Toolkit. This

will provide NRAs with a database of remote condition monitoring technologies and a toolkit to

assist NRAs in the assessment of the suitability of these technologies to meet theiffitlegagss.

This report poposesthat the gaps, and also the newols and technologiegan be grouped into

themes associated with the type of challenge that the data gap presghisse beingx R I |

O2f t SOUA2YEéX aRI Gl | yE& fhisEhaniefgap ahdyfeRhnatoBystiucturerwilly | 3 S Y S
be used to design thdatabaseandwill be expanded in WPENFRACOMSIll also develop the

toolkit and include examplappraisal resultén the databaseAnapproach to develoipg the

database and toolkis proposed in this reporandwill be refined in WP2
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In the following, the most relevant terminology used throoghthis document andNFRACOMS
projectarelisted and addressed in order to align definitions and elaborate on the meahinggd

terms.

Tablel. List ofterms and meanings

Term Meaning
Availability The ability of an item to perform a required function under given
(Carriageways) conditions at a given instant of time or during a given timterval,

assuming that the required external resources are provided his ability
depends on the combined aspectsrefiability, maintainabilityand
maintenance supportability. 2. Required external resources, other than
maintenance resoues, do not affect the availability of the it§rfEN
13306 PIARC, 2022)

Availability(Bridges)

The proportion of time a bridge is open for service. It does not include
failure-related service outages but the ones due to planned maintenan
interventions. Alternatively, Availability can be measuredha@sadditional
travel timerequireddue to an impsed traffic regime on the bridge.

Big data Aterm that describes or relates to complex and large datasgtsre
advanced analytics methods are employed to extract information or va
from data.

Bridge Acivil engineering structure that affordspassage to pedestrians, anima
vehicleswaterways and services above obstacles or between two poin
a height above the ground [COST 323]

BIM / Building A process supported by various tools and technologies for creating an

Information managing information on a construction projetross the project

Modelling lifecycle.

Carriagevay Part of the road or highway constructed for vehicular ($eReserved

lanes, laybys and passing places are includedltz carriagewaynay
includetraffic lanes and the shouldp(PIARC Roddictionary PIARC,
2022)

Common Data
Environment

Aplatform that centralizes project data storage and access

Economy

The financial management of an asgerticularlyconsideringhe
focussedong-term coss of maintenance activities over tresset'sservice
life.

Environment

Theenvironmentalimpacts of an ass€bridge or carriagewgyin
particularin relationto minimizingany adverse influence that the asset h
on the environment duringhe service life of a bridge or carriageway.

loT / Internet of
things

A system of interrelated computing devices, mechanical and digital

machinesandobjects,with the ability toconnect, exchange arntdansfer
data over a&communicatiometwork without requiring humasio-human
or humanto-computer interaction.
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Key Conditiobata

Data whichs ofkey importanceo understandngthe condition of an asse
and hence its likely availability, reliability etc.

Key Imperatives

Capabilities, properties grerformancethat are considered essentidibr an
asset to meetts requirementsand expectations

Key Performancq A term that describes and/or measures the fitness for purpose of
Indicator physical asset.

Performance A term describing a particular technical characteristic of the condition
Indicator asset.

Reliability(Bridge)

The probability that a bridge will be fit for purpose during its service lifg
complements the probability of structural failuteafety), operational
failure (serviceability) or any other failure mode=ference)

Remote sensing
monitoring

The practice of using sensors and software to monitor the condition,
performance and behaviour of an asset, remotely rather than directly
inspecting or observing the asset in pers@nsorsmay beattached to or
embedded in the assebut alsoincludedother sources such as satellites
aircraft, drones and other mobile sources (e.g. mobile devices, sensor:
built into vehicles).

Safety

The impacts of an assdir{dge or carriagewagyon thehealth and safety of
stakeholders/usersSructural failure isnot included by this definitiomsit
is contained whin Reliability

Socieeconomic

The financial management of an asseinsidering the maintenance/
management of the assgand thecosts related to societfe.g.cost of
accidents, travel times, maintenance etc.

Technical Paramete

A parameter thatlescrites a particularphysical value/characteristimf an
asset This may béerived from various measurements, or collected by
other forms of investigation

Technology
Readiness Level

A method for estimating the maturity of technologies during the
acquisition phase of a prograr@riginally developed by NASA in the 197
for space exploration technologies.

Unmanned Aerial
Vehicle

Commonly known as a drone, it is an aircraft (not exclusively) without
human pilot, crew, or passengers on board.
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Table2. List ofabbreviations.

Abbreviation Definition

AADT Annual Average Daily Traffic

AE Acoustic Emission

Al Artificial intelligence

AM/AMS Asset Management / Asset Management System
APL Analyseur de Profil en Long

AR Augmented Reality

AV Autonomous vehicle

CE Common Data Environment

CEDR Conference of European Directors of Roads
CO2 Carbon dioxide

CPX CloseProximity Method

DT Digital Twin

eLPV Enhanced Longitudinal Profile Variance
EPDs Environmental Product Declarations

FOS Fibre Optic Sensors

FWD Falling Weight Deflectometers

GPR Ground Penetrating Radar

GW Guided Waves Propagation

ICT Information and Communications Technology
IE Impact echo

IMAPP ¢ w[ Q aBagedAccident Analysis Software System
INFRACOMS Innovative & Futurgroof Road Asset Condition Monitoring Systems
loT Internet of Things

IR Infrared thermography

IRI International Roughness Index

IRT Active Thermal Imaging/infrared thermography
ITS Intelligent Transport System

KPI Key performance indicator

LCA Life Cycle Assessment

LCC/LCCA Life Cycle Cost/Life Cycle Cost Analysis
LCMS Laser Crack Measurement System

LIDAR Light Distance and Ranging

LOI Letter of Inent

LOS Level of service

LVDT Linear variable differential transformer

M2M Machineto-machine interfaces

MEMS Micro ElectreMechanical Systems

ML Machine Learning

MLS Mobile Laser Scanning

MPD Mean Profile Depth

MR Mixed Reality

Pagel2of 126



CEDR CALL 2021

&\O
NINFRACOMS

Innovative and Future-proof Road Asset Condition Manitoring Systems

NOX Nitrogen oxides

NRA National Road Authaty

oBSI Onboard Sound Intensity

OowL Web Ontology Language

PIARC World Road Association (Permanent International Association of Road Congresse
PM Particulate Matter

PMS Pavement Management System
RDF Resource Description Framework
RWIS Road Weather Information System
SA Smart Aggregate

SHACL SHapes And Constraints Language
SHM Structural Health Monitoring

SKOS Simple Knowledge Organization System
SPB Satistical Pas8y method

TARVA Tool for traffic safety evaluations
TMLS Terrestrial Mobile Laser Scanning
TRL Technology Readiness Level

TSD Traffic Speed Deflectometer

UAV Unmanned Aerial Vehicle

UpPv Ultrasonic Pulse velocity

V2X Vehicleto other technologies

VR Virtual Reality

VRS Vehicle Restraint System

WIM Weight in Motion system

WLC Whole Life Costing

WLP Weighted Longitudinal Profile

WP Work Package
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1 Introduction

1.1 The INFRACOMS project

The application of consistent, reliable information has been a key component of highway asset
management for over 40 years. However, the information and the tools to help interpret and apply
datahave continuously evolved. Technologies with the potent@bktipport asset management have
continued to develop, including condition surveys, intelligent infrastructure monitoring,
crowdsourcing, remote sensing, data analytics and visualisation. HowRéare not yet fully
exploiting their potential in the hlgwvay environment. By bringing these components of sensing and
measurement togethefNRA<ould better understand highway assets and improve both reactive
and proactive asset management decisions.

1. Identify the needs ( 1. Use case studies ) 1. Understand and g 1. Provide an open )
of NRAs to provide objective establish the ‘S international
2. Identify the gaps evaluation of business case for the t database
between current and technologies implementation of E 2. Provide training
2 NRAs needs 2. Create a live new technologies %_ and guidance to
.E E 3. Identify new and a database of 2. Develop E upskill NRAs
-:_[‘! E emerging = technologies Roadmaps that E 3. Widely
5 5 technologies to fill E 3. Provide a toolkit idintify the actions = disseminate research
(@] <. thegaps [ that will enable NRAs S needed to embrace £ outcomes
TE' @ toundertake _g new technologies E 4. Provide technical
5 '?‘g technology appraisal b and transform the g specification and
2 W themselves & approach to road O  cost estimate
h asset management provision for
Demonstration

{ { { {

wi

u @x Structured future- Roadmap RA

E B Understanding of Understanding of proofed tech identifying actions frinprir
o O ; current, new and 3 able to implement
] information needs and gaps ' database and to take and gained

5 5 emerging tech ) ) change

o L appraisal tool benefits

DoRN Phase A DoRN Phase B DoRN Phase C
> Work Package 1 > Work Package 2, 3 and 4> Work Package 5 > Work Package 6 >

Figurel. Visionand outcome®f INFRACOMS

TheINFRACOM@&oject aims toequip NRAs with the capability teetter leverage the technological
evolution indata / monitoring. Figurel summarises the approach being taken in this project.
INFRACOM&ms toinvestigate the technologies that are becoming available to understand the
performance of highway assets, their curremd future capabilities and the benefits they bring. It
will establish the potential that could be achieved through these technolagiesce developing
database 6current/ new technologiesHowever, as the evolution of the technologies continues
there will be an amgoingneed toidentify, understandand evaluatenewly emerging technology.
Therefore, INFRACOMS will also provide a structured and fptof method to evaluate
technologies for asset maintenance and monitorisg that the database can beaimtained and
updated INFRACOMS will also provide a roadmap and a maturity assessment tool to help NRAs
implement changes now, and in the future.
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1.2 Scope of this reportFREOMS DelivableD1.])

This report presents the results MFRACOM®ork Package.Irhis Work Packages hasdertaken
0KS FANRG &adSL) i 2s stowd Siguieh Fhéaim! hgs Réenbhdantify the

current priorities and future needsf NRAsfor the management of carriageway and bridge assets
specificallyin terms oftheir approach todata collectiorand monitoring.For example: do they need
specific sets of data to enhae their decisiormaking process; do they need to carry out inspections
more safely and with less disruption to the traffic in a eeffective way; or do they want to use new
technologies to complement their current data collection methods to make mdreiexit
maintenance investment in the future?

The approach taken Isdeento establishexistingknowledgeviareview of(e.g) previousprojects,
current best practice and standaritsdata collectiorandinspection currentbusiness processes,
NRAstrategies around data collectiand digitalisation etcThis has been usdd obtainan
understanding of the gaps between what is required and what is achieved and the implications of
this for current asset managemerito understad the gaps the work has complemented the
knowledge review via an initial consultation with NRA and technology stakeholdersvork has
alsoexplored the wide range of technologies used by NRAs/city authorities to solve sdhirof
challenges and theaw technologies that are emerginghis has been used kiok the current gaps
with the capability of new technologies, and herestablishthe foundations for the technology
database andppraisal procesthat will be developed later in the project

1.3 Inputto other WPs

This first work packagams todeliver informationfor use inL b w! / foar ftiiertechnical
packagegFigure?). It hasprovided alist of technologies whictvill be appraised iWP2, this
appraised list will then feed intd/P3 for a more indepth appraisal focusing on decision suppamtl
data integation. The gap analysis conducted in this first work package will also fee@viatb
where it will be used t@elect appropriate case studiaad/P1 also inpts to WP5, wherethe
understanding of current and future practise will assisi@veloping a roadmap.

e “\
List of technologies with a conducted gap analysis for further

appraisal steps in WP2
A

p

Initial review of the technologies and data for decision support
to assist the development of decision support layer in Tier 2
\appraisal of the appraisal toolkit.

e ~
Gap analysis from WP1 will assist selecting case studies and
developing a fact sheet in WP4

A "y

-
Input to WP5 on understanding the business processes of
implementing new technologies, defining technology streams

and setting the milestones for different roadmap elements
A "y

Figure2. WP1s input to other Work Packages.
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2 Objectives and Methodology

2.1 Objectives

Work packagéd hasfive objectives

1 Identify current and potential future needs for key condition data and key performance
indicators on Pavements and Bridgé31.1)

1 Identify the challenges and constraints related to the collection, analysis and management
of these data(O1.2)

1 Identify the gaps between the need for data and current best practog.3)

Identify emerging technologies in use to collect the key condition d&4.4)

1 Create the INFRACOMS Technology database Versiq@1.6)

=

2.2 Methodology

Theworkflow inWork Packagé (WP1)isshownin Figure3. Aliterature reviewof current practice
has been used to providbe foundatiorsfor a set ofsurveyquestions sentd the NRAsThis
included questiors on what gapsthe NRAsee themselvesaNhen @mbined with a review of new
and emerging technologiethis hasenabled the project team tsuggesthat gaps andnformation
needsthat exist

Thedeliveryof WP1 waseparatednto three parts A, B, and C that were carried out in paralRart

A has undertaken the review and NRA consultation, Part B has considered the gaps and information
needs based on the review Part, C hasundertakenthe review ofnewtechnologies and considers

the implications of this reviewn the gaps and on thdevelopment of the appraisal toolkit that is to

be undertaken in the later stages of the projessthe flow of the work is that Parts A and C feed

into Part B, this report presents thesults in the order A, C and then B

‘ Literature review
Current Practices

&
NRAs Future Needs

Y

[ Consultation with NRAs

Gaps

and Technology Providers

New technologies

Figure3. Workflow in WP1.

2.2.1 Current Practice and NRAs Future Ng&dst A)

This part of the projeatonsistof two partsthe Literature review andonsultationwith
stakeholders

Literature review Previousprojects and literaturdnavebeenreviewedto establisha picture of
which measurement methods are used today and which countries use which technology.

Consultationwith NRAs Consultationwith the NRAsdok placeafter the completion of the review
A setof NRA stakeholders was established in consultation with the PEB. Drawing on the outcome of
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the review, a questionnairgsurvey)was developedo sendto these stakeholdert seekanswers
ontheir current priorities and future needs, in terms of daiallectionfor example:

1 Do they need specific set of data to enhance their decisi@king proces3

1 Do they need to carry out inspections more safely and with less disruption to the traffic in a
more costeffective way

1 Do they want to use new technologiés complement their current data collection methods
to make more efficient maintenance investment in the futdre

Consultationwith TechnologyProviders: In parallelwith the NRAsurvey a separate set of questions
wassent to techmlogyproviderswho had registered an interest in the INFRACOMS project

Ananalysis of thditerature review and theutcomes of the consultation was usedittentify
current practiceat NRASN relation to asset data collectignonsideringhe methods, techniques,
intervals and useThisdetermines: the current state of affairs within NRAs; what practices are
currently carried outwhat data are collectedand how these are used.

2.2.2 Review Current and Emerging Technolofftest C)

Part C hagatheredinformation on newand emerginglata collectiortechnologiesThe work has
focussedonthe use of remote condition monitoring technologies and associated. rataexample
shifting from static data to redaime data, remote sensing with IOT, or enhanced analytics of data to
obtaingreaterinsights. Thisimed toprovide an understanding of the potential benefits to NRAs
and end users resulting from the usetbéseemergingremote condition monitoring technologies

After gathering all the information on the potential technologias,attempt has been made tmap
0KSasS GSOKy2ft23ASa F3alFAyald GKS a3rLlaés +a GKS
next stepin the project

2.2.3 Gap AnalysiandINFRACOMS Technology databaséPhat B)

Aa 3 LI I Kak hleéndundartaketo identify the gaps between the current survey
regimes/strategy and the current and future data needs of NRAs for managing their highway assets.
Gapswere identified trough the review of current practicandthe surveys with the NRAs and
Technology Providers

WP1commenced the development of ti@NFRACOMS Technoldgypraisal toolkit andlatabase

1.6 @ ¢KA& A& (KS TA Nditle INFRACDES tdolind fldtadassT Be@fdbase Iy S v i

will ultimately provide a list of remote condition monitoring technologiegth each technology
mapped to the current and futurearriagewayand bridge condition assessment needwl gaps
identifiedin Parts Aand C.The Appraisal Toolkit will assist NRAs in the assessment of the suitability
of technologies to meet their needs/fill gapblote that the databaskoolkit is not a document, and
istherefore not included in this reporHowever, we present an outline of the approach that will be
taken in the next stages of INFRACOMS to develop this toolkit.
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1 Key imperativesfor carriageway and bridgesset performance

At the commencement of PaAthe consortiumundertooka review and internal workshop to
establishthe approachthat INFRACOM®&ould take toclassifyinghe current requirementgor

Bridge and Carriageway performan@e this will affect the ultimate structure of the technology
database that INFRACOMS will provideyvas concluded thahe approach would be based on a set
of Keylmperativeso Y lth@t@ascribe particular aspects of asset performance, and that theakl

be further broken down into sets éferformance Indicators (Rhat describe particular aspects of
asset performance/condition within these key imperatives.

Carriageways
- Availability

- Environment

- Socieeconomic
- Safety

Bridges

- Availability
- Reliability
-Economy
- Safety

Figured. List ofkey imperatives for carriageways and bridgpsoposed fothe INFRACOMSoject(Sourceof
pictures Unsplash.coin

Building orthe literature review and discussion within tle®nsortium, thekey Imperatives(Kls)

presented inFigure4 were selectedor INFRACOMS can be seenrbm Figure4 that there are
subtle differences betweethe KKQ selectedfor carriagewaysand bridges

9 Itis proposed thaboth bridges anaarriageway$aveKIsfor availability andsafety
However, whilst safety has a broadly common definitiondioth asset typegi.e., safety for
users) there are subtlaifferences in the definition cdvailabilityfor carriageways and
bridges. As a linear asgiiere are many different components thatrcée considered
within the broad definition ofhe availability of the carriageway. Howevéor bridges,
which may be considered as more local (individual) assetslgisto S & ¢ NI LILIS R dzLJé
a combined availability measure (see sect®n

1 AKIisproposedfor reliability of bridges but not carriageway} This is agairinked to the
different approach to the assessment and management of bridgbsre thestructural
failure of a bridgewill prevent all use of the assdtenceeffortsare madeto designbridges
againstfailure, andspecificallynonitor their conditionin this respect

1 Aspecific Kis proposedfor the environmentalimpact ofcarriagewayss they arat y S i 6 2 NJ ¢
assetswhich caraffect many peoplefor examplethroughnoise pollution air pollution,
chemicals in drainage water etc.

9 Finally,both bridge and carriageways haaeeconomy KIHowever, there aragainsubtle
differences due to the wider social impacttbé carriagewaysset leading to droader
Gaz2®9Aa2y2YA0¢e YLO
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2 Keycondition data

CGondition datais used tadeterminewhether a carriageway or bridge asset is meeting its Key
Imperatives. This data is provideg a range of current technologi€fhere are furthemew
technologieghat havethe potential to either providehe data itself, or to augment or improveeh
dataprovided bycurrenttechnolodes Building on thewvork that commenced above, the project
team undertooka further review to explore théey condition data that isurrently deployed. fie
followingreferencegprojects werefound to beparticularly elevantfor this.

Carriageways

1 ASCAM Asset Service Condition Assessment Methodo{@BCAM7, 2012)
I COSMRAction 354 Performance Indicators for Road Pavemgtitzka et al., 2008)
1 EVITA Environmentalndicators for the Total Road Infrastructure Asgdamnik et al.,

2012)
9 Heroadc Holistic Evaluation of Road Assessm@&enbow & Wright, 2012, Casse & Van
DSSYZ HAMHZI | FARSN) g DFAaALINBYAI HAMHZI ¢YARF NI

1 ISABELAIntegration of sociahspects and benefitaito life-cycle asset management
(Mladenovic et al., 2016)

1 TRIMM¢ Tomorrow's Road Infrastructure Monitoring and Managemgitijten et al.,
2013, Wright et al., 2014)

Bridges:

1 Cost Action TU1406 Quality specifications for roadwayglesdstandardization at a
European level (BridgeSpdE)ajdin et al., 2018)

Fibbulletins 17 and 22 (Bergmeister, 2003.

CIRIA C764, Hidden defects in brid@esllins et al., 2017)

LongTerm Bridge Performance Programifig¢d{WA, 2022)

1 IM-SAFE projec¢tongo et al., 2022)

= =4 =4

Thefollowing sectiongpresent the key condition data identified for carriageways and bridges. T
undertake the investigatiothe conditiondata was considered in relation ®ach key imperative
and asset type or asset component (where applicable), performance indi¢atqrectation/tangible
guantitative valueandtechnical parameterglentified, andthe tools/technologies used
summarised

Whilstthe followingsections summarisecurrent practicemore detailed descriptios of many of the
techniques are presenteitt Appendixd and5. It can be seen isections3 and4 that, for
carriagewaysmanyof the parameters areneasued using dedicatedehiclesat least once every

year. Some parameters are measured ugingpmbination okeveral solutionsandsomeare

measured usingisual inspectionsFor bridges it isoted that most routine and principal

inspections are visual and performed by personAsfor carriagewaysinspections are usually
performed periodically. Once detected and localised, a special inspection is launched, often using
one or several surveying technologies. For larger bridge structures there is a terfidereyote
inspectiondo carried out usingfor example drones.

3 Qurrent practice- Carriageways

Table3 - Table6 present theoutcomes of thecurrent practice reviewor the assessment of
carriageway. As nota above,hereinthe ability of the carriageway asséb meet thekey
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imperativesidentified in1 has keenassessedly segmening each key imperativanto three groups
as

1 Performance Indicatorthat are used/considered by European NRAs in their asset
management

1 Technical parameterthat are often measured/monitored/reported in relation to the
specific Performance Indicator

9 Solution(spr commonly used technologies to measure/monitecord the specific
Technical Parameteend/or Performance Indicator

As discused in sectiord, the outcomes of this review of current practice were used to support

consultation with NRA and Technology Provid&rsetablesshown in this sction weresent to the

NRAs and Technology providers together with$heveyquestionsto seek their viewsandidentify
any incorrect or missing itemAdditions/changes proposeuly these stakeholderare marked with
italic text in the tables

Table3. Summauy table of Performance Indicators, Technical Parameters and Soligidivgled iro Key
ImperativeAvailabilityfor Carriageways.

Performan . .
erformance Technical parameters Solution (howto measure/report)
Indicator

Texture Laser sensors, laser profilometers

Friction (dry/wetfwinter) Longitudinal or sideways force friction measurement; probe

vehicles
Surface Transverse evenness (rutting) | Laser sensors, LCMS, lagasfilometers
condition Longitudinal evenness (IRI, eLP| Laser sensors, LCMS, laser profilometers
Cracking Downward facing image processing, LEMS
Ravelling/fretting Visual survey, or software analysis of videos/photographs
Other surface defects Video/image data processing, visual inspection
Bearing capacity TSD, Deflectograph, FWD, Curviameter
Layer thickness GPR

Data in PMS about road closures and/or temporary traffic

Sirpinre) || RoER EESITESESMEANTS restrictions due to traffic conditions

condition - . :
Cracking Downward facing image processing, LCMS
Transverse evenness (rutting) | Laser sensors, LCMS, laser profilometers
Edge deformation Laser sensors, LCMS, LIDAR
Longitudinal evenness (IRLPV) | Laser sensors, LCMS, laser profilometers
Comfort Bumps Laser sensors, LCMS, laser profilometers
In-vehicle noise In-vehicle noise measurement (ISO 5128)
Pavement LiDAR, LCMS, video/image data processing
Road markings LiDARyideo/image data processing
inventory Road studs LiDAR, video/image data processing
) Street lighting LiDAR, video/image data processing
E Road signs LiDAR, video/image data processing
g VRS LiDAR, video/image data processing

! Note that the LCMS ismoprietary system for the measurement of condition usingiBages sensors
developed by Pavemetrics. There are other tools to prosidelar data but the commonality of this system
has led to it be used as a genedalscriptor for this type of measurement.
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Cracking Downward facing image processing, LCMS
Patches Downward facing image processing, LCMS
Aesthetics | Reflectivity/glare of pavement | Visual inspection
Ravelling/fretting Visual survey, or software analysis of videos/photographs
Road markingetroreflectivity Luminance
Traffic flow and composition Inductive loops, radars, cameras
Speed Inductive loops, radars, cameras
Travel times Probe vehicles; estimations
Lane occupancy Inductive loops, radars, cameras
Capacity Roadworks Databases
_ Data in PMS about road closures and/or temporary traffic
Road closures/restrictions - ) .
restrictions due to traffic conditions
Road availability Based on statistical data
Drainage efficiency CCTV monitoring and visuaspection
Winter service levels Rules & regulations, winter service live databases
Friction (dry/wet/winter) Longltudlnal or sideways force friction measurement; probe
vehicles
Accessibility - - -
— Bearing capacity TSDDeflectograph, FWD, Curviameter
weather . Standing water and splash/spray is computed from cfasand
Flooding )
transverse profile data
_ Data in PMS about road closures and/or temporary traffic
Road closures/restrictions - ) "
restrictions due to trafficonditions

Table4. Summanytable of Performance Indicators, Technical Parameters and Solutions diwiol&ekjn
ImperativeEnvironmenfor Carriageways.

Environment

Performance
Indicator

Technical parameters

Exhaust emissions (CO2, NOx)

Solution (how tomeasure/report)

Fixed or mobile monitoring devices/stations, rolling resistan
measurement (trailer, drum methods)

AL o I Nonexhaust emissions (PM) Fixed or mobile monitorindevices/stations
Exposure/impacts of air pollution| Assessment based on modelling
Tyre/road noise CPX, OBSI methods

Noise Roadside noise SPB, measurements for noise maps

pollution In-vehicle noise In-vehicle noise measurement (ISO 5128)
Ex_posurellmpacts of roadway Assessment based on modelling
noise
Roads (street lighting, traffic, roa L

Light works) lllumination

ollution - o -

P Roadsides (commercial signs) [ lllumination
Water quality and drainage syste| Capacity of drainage system

Wat d Winter maintenance impacts (e.gl Modelling, comparison of salt loadings for the section agait]

gr:)iuenr dan salting amount; residual salt) network averages

pollution Concentration of contaminants

(oils, chemical, microplastics)

Litter

CCTV
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Table5. Summarytable of Performance Indicators, Technical Parameters and Solutions diviolé&ein
Imperative Soci@conomidor Carriageways.

Solution (how tomeasure/report)

Performance .
) Technical parameters
Indicator

Traffic flow and composition

Travel times

Inductive loops, radars, cameras

Congestions and roadworks

Delay estimation, Level of service (LOS), travel/delay
rates

Lane occupancy

Inductive loops, radars, cameras

Expected journey time

Travel time estimations (e.g. satnav, map application
etc.)

Accidentincident
costs

Number of fatalities/severely
injured on roads

Databases, monetary valuation of KSIs

Incident management costs

Incident management timeraffic management,
clearance costs, etc.

Property damage costs

Incidental costs

Vehicle operating
costs

Socieeconomic

Speed

Modelling user costs based on travel speed

Road condition

Modelling user costs arising from road condition

Fuelconsumption

Modelling, Rolling Resistance measurement (trailer,
drum, modelling methods)

Roadworks

Modelling user costs arising from lane closures

User satisfaction

Road maintenance

Complaints, surveys, questionnaires

Comfort

Surveysguestionnaires

Residents

Complaints, surveys, questionnaires

Impacts to neighbours

Calculation of monetised impacts to residents (real
estate value; health costs)

Maintenance costs

Cost of planned maintenance

Environmental
costs

Monetisation of environmental impacts

Asset value

Calculation of asset value
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Table6. Summarytable of Performance Indicators, Technical Parameters and Solutions diviolé&in

Imperative Safety for Carriageways.

Performance
Indicator

_

‘ Technical parameters

Number offatalities/severely injured

Solution (how to measure/report)

National road accident databases

environment

VRS condition

on roads
Network Type of accidents National road accident databases
Accident concentration/probability Modelling/estimation (iIMAPP, TARVA, black spots)
Friction(dry/wet/winter) Longltudlqal or sideways force friction measurement;
probe vehicles
Texture Laser scanning, LCMS
Geometry (crossfalGurvature, Profilometers, LIDAR
longitudinal slope)
Pavement - - -
Surface defects Profllometers, LCMS, LiDARJeo/image data
processing
Road marking friction Longitudinal or sideways force friction measurement
Road marking retroreflectivity Reflectometer
P - - .
..% Ponding Estimated from geometry, rutting
& Road signs Video/image datgrocessing
Lamp posts LiDAR, video/image data processing
Roadside slopes LiDAR
Road

Visual inspection

Roadside hazards (trees, cliffs, etc.)

LiDAR, video/image data processing

Geometry (curvature)

LiDAR, road layout data

Stopping sight distance

Calculation from road geometry

Other

Distance between the vehicles

Induction loops, radars

Speed (limits, actual speeds, speed
difference)

Induction loops, radars

Traffic volume (AADT)

Trafficcountmeasurement

Roadworks

Databases
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4  Curent practice- Bridges

Table7¢ Tablell present the outcomes of the current practice review for the assessment of
bridges As noted abovethe ability of thebridgeasset to meet the key imperatives identifiedlin
has been assessed by segmenting each key imperativéhree groups Again, a discussed in
section5, the outcomef this review of current practice were used to support consultation with
NRA ad Technology Provideend alditions/changes proposed by these stakeholdams marked
with italic text in the tables.

It should benoted that the performance indicators listed in Tablgd 1 can be related to damage
processes or common drivers listedTiablel2, asdefined within Cost Action 1406 (Hajdin et al.,
2018).

Table7. Summarnytable of Performance Indicators, Technical Parameters and Solutions diviolé&in
Imperative Reliabilityindexfor Bridges.

‘ Performance Indicator Technical parameters Solution (how to measure/report)

Numericalmodelling with model updating, stochastic o
probabilistic analysis, structural health monitoring,
proof-loading testing, softoad testing using BVIM
system, dynamic response, static response, load
measurements (traffic, wind, tensioning force)

Probability of failure Reliability indexBeta
(structural safety analysis) | Value, Rating factor

Reliabilitylndex
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Table8. Summarytable of Performance Indicators, Technical Parameters and Solutions diviolé&ein
ImperativeReliability / Bridge Condition Index (BiG)Bridges

‘ Performance Indicator Technical parameters Solution (how tomeasure/report)

Reliability/ Bridge Condition Index (BCI)

Visual Inspection, Crack gauges, Digital Image Correl

Cracks Width (mm) (DIC), LVDT, Extensiometers, photogrammetigsible
also transformed int@D modelsfibre optical sensors

Cracks Location Visual inspection, DI@hotogrammetrypossible also
transformed into 3D modelg\coustic emission (AE)

Crushing LeeE e, weliine Visual Inspectiomphotogrammetrypossible also

transformed into 3D modelDIC

Rupture, wirebreak,
Reinforcement bar
failure/bending

Location

Visual Inspectionacoustic emission

Delamination, spalling

Area, Location

Visual inspection, Concrete sounding with hammer,
Thermovision cameras, Ground penetratiaglar,
Impact Ebo, ultrasonic pulse velocity

Scaling, spalling, holes

Area, Location

Visual Inspectionimpact echo

Debonding

Area, Location

Visuallnspection, Thermal camera

Obstruction/impending

Area, Location

Visual inspection, DIC

Displacement&/Deformatioy

Magnitude, direction,
location

Visual Inspection, Satellite monitoring, LVDT, Geodes
(nivelman recording, detailethchymetry), DIC, Laser
fibre optical sensor

Temperature

Magnitude, location

Thermal camera, Temperature sensors, Weather stat

Reinforcement layout
(Missing or inadequately
fixed reinforcement)

Number, location,
condition, reinforcement
ratio

Concrete Cover meters, impact echo, ground penetra]
radar

half-cell potential, resistivity, linear polarization

Corrosion Location resistance, A.C. Impedance, cover depth, carbonatior
depth, chloride concentration
. . Acoustic emission monitoring, linear polarization
Corrosion Location, rate

resistance, haitell potential, Ph Value

Chloride induced corrosion

Location, rate

half-cell potential, resistivity, chloride profiles

Carbonation induced
corrosion

Location, rate

half-cell potential, resistivity, linear polarization
resistance, A.C. Impedance, carbonation depth

Alkali silica reaction

Width, Location, Amount
of alkali leached

crack gauges, chemical analysis

Deterioration of bearings
andexpansion joints

Displacement, tilt

Displacement and tilt sensors, magnetic particle imag

Pressurising cable failure

Location, scope
(change/loss of area), loss
of prestressing

Visual Inspection, Destructive testing, Magnetic flux
leakage, Radiographyibration based methods

Drainage

Cracking, blockage,
gradients, displacement,
failed seals, ratio of catch
pit filled/available, capacity
of adjoining component

Visual inspection during heavy rain

Failure of galvanizing layer

Thickness

Thickness gauge

Tensioning force deficiency

Prestressing force, 1st
mode period

vibration measurements

Loss of section

Scope & Location

visual Inspection, PhotogrammetiyiDAR

Deteriorated mortar joints

Scope & Location

visual Inspection, PhotogrammetiyiDAR

Frequency,
vibrations/oscillations

Mode periods, Mode
shapes

Accelerometers (Ambiental vibrations, forbased
vibrations)

Scour

Location, Depth

Visual inspection, GPR, Parallel Seismic Survey, Rey|
ParallelSeismic Survey, Pneumatic Scour Detection
System, Ambiental vibrations
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Table9. Summarnytable of Performance Indicators, Technical Parameters and Solutions diviolé&ain

ImperativeAvailabilityfor Bridges

Availability

Performance Indicator

Additional time travel for
eachvehicle category

Technical parameters

Time

Solution (how to measure/report)

The evaluation of additional travel time required a vali
traffic model

Proportion of time a system
is in a functioning condition

Value between 0 and 1

quality availability based on the importance of the roa
and possiblalternative routes

Table10. Summarytable of Performance Indicators, Technical Parameters and Solutions diviol&gkin

Imperative Economnfor Bridges

‘ Performance Indicator Technical parameters Solution (how tomeasure/report)

User cost, agency cost,
society cost

Economy

LCC

LCCA: Life cycle cost analysis

Environmental LCCA

Environment cost using
shadow prices

Revealed collective preference method
(Davidson&With,2003)

Tablell. Summarytable of Performance Indicators, Technical Parameters and Solutions diviol&gkin
ImperativeSafetyfor Bridges

Performance Indicator Technical parameters Solution (how to measure/report)

Safety/ Traffic and human safet

Traffic safety

Number of injured people
in traffic accidents

National road accident databases

Presence/type of parapet

Displacement, does it mee
the most current safety
criteria

Road markingehiclewith digital camera

Embankment stability
(extreme weather, climate

Magnitude, location of

Synthetic aperture radar (SAR)

movements
change etc)
. Road marking vehicle with digital camera / measurem
Clearance Magnitude : . g -
on site during routinénspection
STERMIEEEIE] SN Magnitude Vibration based monitoring of scour

extreme event, flooding)
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Tablel2. Connection of Performance Indicattwslamage processgsiajdin et al., 2018

(@]
Observations / £
Performance S -
. o)
Indicator 0| 2 @2
5|5 (7] c
o S| 3 S =
£ 8|8 = L, @
S - [} ] o
c Q|3 © S =
o} S|a ) S o
(o3 © | = O| = =
£l o O|lE|lo|5|S|E [5}
C —_ c ) = o .0 1)
o c|a|§ = 2|581% o
= o 5lelS|3|S|E|E| 23| »5
Damage o o 8 > SR 018 8|2|s|o|B|8 S
—_ pust Y
Process 2|2|5|E|2|E|n|S|2|R8|E|C|B|S|2l8|o|2|8|s
Slo|E|lg|=|Z5|o|8lBlale|lov|alE|2|2|ala|T|S
S|l s|e|=2|c|lc|=|Q|@ nlslsElolsl=ElS|o2 0|ls
|| S|lolo|lalo|lov||lllojs|=S|0|s|o|lolo| 2|2
Ool0|x|a|ln|n|T|a|o|alal2|a|le|dG|~|a|lalX|>
Abrasion () () Wl w Wl ol ol w
Aggradation (alluviation) Wl Wl w Wl w
Erosion w A ® ® Wl W w W| w Wl Wl ol w
Changing geotechnical properties Wl Wl w () Wl Wl ol ol o ol w Wl w
Aging of material w W Wl w 0l ol ol ol o
Alkali aggregate reaction (alkaliica reaction] w () Wl w Wl w Wl w
Sulphatereaction w Wl ol ol w Wl w Wl ol w Wl w
Chemical attack Wl wlw W W ol W w W W
Fatigue w ® Wl W 0wl ol v Wl wl w
Pitting corrosion w () () W Wl ol ol w w Wl w
Corrosion related to prestressing steel Wl wl w W w Wl w
Corrosion related to structural steel w ® () () Wl w
Corrosion related to reinforcement steel w Wl ol ol () w| W W Wl w
Corrosion related to equipment made of stel w () () () Wl w
Corrosion related to fixingsonnectors w w w w w w| w
Overloading of an element Wl wl w Wl ol ol ol vl vl w w
Biological growth Wl Wl w Wl Wl o ol w Wl w
Freezethaw w Wl Wl 0w 0w W W W
High temperature A W w W Wl wl w
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5 Consultationwith National RoadAuthorities

The objective of the consultation was to seek external review/confirmation obtheomes of the
review of current practice, presented in the above sectiand gain a better understanding of the
gaps in data / information on assets, from the viewpoint of NRAs and technology providers.
guestionnairewastherefore developed, as shown Appendix 1This was accompardéy the
tablesof current data(Tables3-11), but supplementedwith two additionalcolumnsthat contained
the questions:

1 What are the gaps in current measurement practicerelation to the specific technical
parameter?

9 Are you usingtried or considenguseof any new technologie®specially for remote
conditionmonitoring, to collect monitor thiskey condition dat&

NRAswvere askedto review thetablesand fill inthesetwo columns withanyinformation relevant to
their organisatiors. The survey was sent tth countries10 completeresponses were ragved,
evenly distributed betweetthe road and bridgeassets There werealsosome additional responses
Alist ofthe answers received from NRA&sprovidedn Appendix 1.We have collated the responses

in Tablel3. The table covers carriagewa\,d( ) and bridges ﬁﬁ ).

Tablel3. Summarisedesponse$rom NRAs.

1 ITS Equipment
d Economy area
Criticality parameters
Contribution of assett generating value
Models / tools / strategy for analysing the remaining lifetime after maintenanc

Condition of prestressed ground anchors, fatiguerginforcement, leaking
waterproofing kits on bridge decks

=A =4 =4 4 =N

Voids on cement grout protecting cables or ptstsioning ducts

N

= =4

Design strength versus actual strength after reassessment of the structural s:
9 Condition of reinforcement of retaining walls in the working joint foundation
wall

1 Condition of stay cables in anchorage areas typically hidden in metal tubes
1 Level of tension and of tension amplitude in reinforcement under service load

1 Would be beneficial talistinguishbetween datathat can beused at the network
‘ level gasilycommunicated: noise, FC, safety and comfort, asset physical statt
A and datafor use atthe project level (data for experts)

i Standardisatioof surface defects

1 Economy related data: costs and the correct timerf@intenance intervention,

@ depending on the budget available
1 Use of orboard sensors on heavy vehicteaneasure the axle loads

1 Collection of data on potential structural failure in thearor far future
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1

Example<hallengingdata collectionncluded Condition of reinforcement of
retaining walls in the working joint foundatiagwall, which isvery expensive if
performed with shafts alonthe backside othe wall; Condition of stay cables in
anchorage areas typically hidden in metal tulgasis almost impossible to detect
the level of tension and tension amplitude in reinforcement under service leac
difficult to find the right and accessible spot, which wouksler traffic.

Gaps between the dataecededand currentcapability/approach

1

&

=A =4

A lot of datais collected at present but onlgyome isused,its difficult to integrate
datafrom different sources and to deliver useful and reliable KPls/information
Lack of poceduresto implement new technology

Procedures should get cheaparertime - this should enable arincreasen the
number ofmeasurementycles.

=

N

=

LCC data and strategy for rehabilitation of the whole stock of bridges
Condition of bonded posensioning tendons embedded in concrete

Open (supplier independent) platform to gather and process data as support
assetmanagement decision making

Current use of remote condition monitoring technologies

1 Car data from a connected fleet of electrical dgnm®ject leve)
d 1 Geotechnicaimonitoringfor the movementof objects. Nodelivered toasset
managemensystems buts part of asset monitoring.
1 Weigh in motion. Notelivered toassetmanagemensystems buts part of asset
monitoring.
1 4G cameras witlolarpanels, and sensordiéplacementsgauges, inclinmeters
m etc.) with dataloggers
1 Extensometers for measuring the amplitude of the stresses in rebars (fatigue
rebars)
1 Humidity and temperature measurement by means of sensors installed on tin

overpasses.

Cases where remote condition monitoring technologies have been

successfully/unsuccessfully implemented

1 Condition of ITS equipment
d 1 Data from connected cars
1 Recognition of type and condition of railings
m 1 Survey of cracks, survey of joints and supports, settlements...
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Remote monitoring technologies that organizatiare considemg

Data from connected cars

Evenness data (IRI) from mobile phorégy data

For water pollution

More sensosfor bridges

4G cameras witsolarpanels and sensors of all types

Survey of cracks, joints and supports, settlements

Inspection of bridges with drones

Wireless accelerometers aridermal sensors for important viaducts

Data fromsatellites

Detection of the condition of theebars on sustaining walls through drainage

pipes

9 Direct strain measurement along the whole strand of (new installed) pt systen
with fibre optic sensors

9 Visual surveys based on camera recordings, machine learning and Al

1 Radar satellite remotsensing of displacement/deformation

9 Acoustic and fibre sensors in concrete bridge

=

&

=4 =4 =4 =4 =4 -4 -4 -8 -9

N

6 Surveywith TecmologyProviders

INRACOM®assupported by several technology providers during the preparation phase of the
project proposal. These weapproachedo complete questionnairesontaininggquestions similar
those asked dlRA (gaps in relation to technologies), but questiomsre alsoasked in relatiorto
the solutions thee companietave developed. Theelatter questionswere more relevant to the
technology databast be developed during this projea@nd are not considered in the following
summary Thecomplete answerfrom the technology providersan be found ilAppendix2.

According to theesponses provided by the technology providexseived their solutions can be
used on both carriageways and bridg&herefore the summarybelowis not separatd by asset
type. Instead, they are grouped according to the following 4 areasording talrablel4.

It isnoted that the responses frorthe technology providers generallgferredto gapsin the
integration of new data into existing systerasd collating anghreparing datao supportdecision
making(e.g. viavisualisatiof). Hence heir responses did not provide any additiokaly datawith
respect tothe INFRACOMS list key condition dataliscussed above

Tablel4: Clustering used to summarise the responses of technology providers.

Limitations of technologies
Integration of new data sources amladlvanced technologies

Flexibility in data usage

Data analysis
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