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9ȄŜŎǳǘƛǾŜ ǎǳƳƳŀǊȅ 

The application of consistent, reliable information is a key component of highway asset 

management. The information and the tools to help interpret and apply data have continuously 

evolved. However, NRAs are not yet fully exploiting their potential in the highway environment. By 

bringing these components of sensing and measurement together, NRAs could better understand 

highway assets and improve both reactive and proactive asset management decisions. 

INFRACOMS is a CEDR Transnational Road Research Programme Call 2022 project (July 2022 ς June 

2024). It aims to equip NRAs with the capability better to leverage the technological evolution in 

data/monitoring. By investigating the technologies that are becoming available to understand the 

performance of highway assets, their current and future capabilities and the benefits they bring, 

INFRACOMS will establish the potential that could be achieved through these technologies.  

INFRACOMS will develop a database of technologies and provide a structured method to evaluate 

technologies. It will provide the tools to help NRAs keep the database up to date in future and a 

roadmap and a maturity assessment tool to help NRAs implement changes. 

This report is INFRACOMS first deliverable D1.1. It addresses the ά¦ƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ƛƴŦƻǊƳŀǘƛƻƴ 

ƴŜŜŘǎ ŀƴŘ ƎŀǇǎέ component of the project. The aim has been to identify the current priorities and 

future needs of NRAs for the management of carriageway and bridge assets, specifically in terms of 

their approach to data collection and monitoring. The approach has been to establish existing 

knowledge via a review of previous projects, current best practices and standards in data collection 

and inspection, and a review of current business processes, NRA strategies around data collection 

and digitalisation etc. The report identifies a set of key imperatives for carriageway and bridge assets 

covering Availability, Reliability, Environment, Economy and 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 imperatives. A wide 

range of technologies are identified, which are currently applied to collect the data that supports 

this assessment. 

The consultation shows that there are also gaps between the desired and the current capability for 

the assessment of these assets. These include gaps in the data, challenges in the ability to collect the 

data, gaps in the application of the data that is already collected etc.  A review 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 in using current and new data, and provide better analysis.  They include remote 

sensing, Internet of Things (IoT), crowdsourcing, and advanced data processing/visualisation. 

INFRACOMS will ultimately deliver 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 their needs/fill gaps. 

This report proposes that the gaps, and also the new tools and technologies, can be grouped into 

themes associated with the type of challenge that the data gap presents ς these being άŘŀǘŀ 

ŎƻƭƭŜŎǘƛƻƴέΣ άŘŀǘŀ ŀƴŀƭȅǎƛǎέΣ ŀƴŘ άŘŀǘŀ ƳŀƴŀƎŜƳŜƴǘέ.  This theme, gap and technology structure will 

be used to design the database and will be expanded in WP2. INFRACOMS will also develop the 

toolkit and include example appraisal results in the database. An approach to developing the 

database and toolkit is proposed in this report and will be refined in WP2. 
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DƭƻǎǎŀǊȅ 

In the following, the most relevant terminology used throughout this document and INFRACOMS 

project are listed and addressed in order to align definitions and elaborate on the meaning of used 

terms. 

Table 1. List of terms and meanings. 

Term Meaning 

Availability 
(Carriageways) 

The ability of an item to perform a required function under given 

conditions at a given instant of time or during a given time interval, 

assuming that the required external resources are provided (1. This ability 

depends on the combined aspects of reliability, maintainability and 

maintenance supportability. 2. Required external resources, other than 

maintenance resources, do not affect the availability of the item) [EN 

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 maintenance 
interventions. Alternatively, Availability can be measured as the additional 
travel time required due to an imposed traffic regime on the bridge.  

Big data A term that describes or relates to complex and large datasets where 
advanced analytics methods are employed to extract information or value 
from data.  

Bridge A civil engineering structure that affords a passage to pedestrians, animals, 

vehicles, waterways and services above obstacles or between two points at 

a height above the ground [COST 323] 

BIM / Building 
Information 
Modelling 

A process supported by various tools and technologies for creating and 
managing information on a construction project across the project 
lifecycle.  

Carriageway Part of the road or highway constructed for vehicular use (1. Reserved 

lanes, lay-bys and passing places are included. 2. The carriageway may 

include traffic lanes and the shoulder) (PIARC Road Dictionary, PIARC, 

2022) 

Common Data 
Environment 

A platform that centralizes project data storage and access  

Economy The financial management of an asset, particularly considering the 
focussed long-term costs of maintenance activities over the asset's service 
life.  

Environment The environmental impacts of an asset (bridge or carriageway), in 

particular in relation to minimizing any adverse influence that the asset has 

on the environment during the service life of a bridge or carriageway.  

IoT / Internet of 
things 

A system of interrelated computing devices, mechanical and digital 
machines, and objects, with the ability to connect, exchange and transfer 
data over a communication network without requiring human-to-human 
or human-to-computer interaction.  
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Key Condition Data Data which is of key importance to understanding the condition of an asset 
and hence its likely availability, reliability etc. 

Key Imperatives Capabilities, properties or performance that are considered essential for an 
asset to meet its requirements and expectations.  

Key Performance 
Indicator 

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

Performance 
Indicator  

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

Reliability (Bridge) The probability that a bridge will be fit for purpose during its service life. It 
complements the probability of structural failure (safety), operational 
failure (serviceability) or any other failure mode. (reference) 

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 person. Sensors may be attached to or 
embedded in the asset, but also included other sources such as satellites, 
aircraft, drones and other mobile sources (e.g. mobile devices, sensors 
built into vehicles).  

Safety The impacts of an asset (bridge or carriageway) on the health and safety of 
stakeholders/users. Structural failure is not included by this definition as it 
is contained within Reliability. 

Socio-economic The financial management of an asset, considering the maintenance/ 
management of the asset, and the costs related to society (e.g. costs of 
accidents, travel times, maintenance etc.  

Technical Parameter A parameter that describes a particular physical value/characteristic of an 
asset. This may be derived 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 program. Originally developed by NASA in the 1970s 
for space exploration technologies.  

Unmanned Aerial 
Vehicle  

Commonly known as a drone, it is an aircraft (not exclusively) without any 
human pilot, crew, or passengers on board.  
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!ōōǊŜǾƛŀǘƛƻƴǎ 

Table 2. List of abbreviations. 

Abbreviation  Definition  

AADT Annual Average Daily Traffic  

AE Acoustic Emission  

AI Artificial intelligence  

AM/AMS Asset Management / Asset Management System  

APL Analyseur de Profil en Long  

AR Augmented Reality  

AV Autonomous vehicle  

CDE Common Data Environment  

CEDR Conference of European Directors of Roads   

CO2 Carbon dioxide  

CPX Close-Proximity 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[Ωǎ ²Ŝō-Based Accident Analysis Software System  

INFRACOMS Innovative & Future-proof Road Asset Condition Monitoring Systems  

IoT 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 Intent 

LOS Level of service  

LVDT Linear variable differential transformer  

M2M Machine-to-machine interfaces  

MEMS Micro Electro-Mechanical Systems  

ML Machine Learning  

MLS Mobile Laser Scanning  

MPD Mean Profile Depth  

MR Mixed Reality  
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NOX Nitrogen oxides  

NRA National Road Authority  

OBSI On-board Sound Intensity  

OWL Web Ontology Language  

PIARC World Road Association (Permanent International Association of Road Congresses)  

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 Statistical Pass-By method  

TARVA Tool for traffic safety evaluations  

TMLS Terrestrial Mobile Laser Scanning  

TRL Technology Readiness Level  

TSD Traffic Speed Deflectometer  

UAV Unmanned Aerial Vehicle 

UPV Ultrasonic Pulse velocity  

V2X Vehicle to 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 

data have continuously evolved. Technologies with the potential to support asset management have 

continued to develop, including condition surveys, intelligent infrastructure monitoring, 

crowdsourcing, remote sensing, data analytics and visualisation. However, NRAs are not yet fully 

exploiting their potential in the highway environment. By bringing these components of sensing and 

measurement together, NRAs could better understand highway assets and improve both reactive 

and proactive asset management decisions.  

 

Figure 1. Vision and outcomes of INFRACOMS. 

The INFRACOMS project aims to equip NRAs with the capability to better leverage the technological 

evolution in data / monitoring. Figure 1 summarises the approach being taken in this project. 

INFRACOMS aims to investigate the technologies that are becoming available to understand the 

performance of highway assets, their current and future capabilities and the benefits they bring. It 

will establish the potential that could be achieved through these technologies ς hence developing a 

database of current/new technologies. However, as the evolution of the technologies continues 

there will be an ongoing need to identify, understand and evaluate newly emerging technology. 

Therefore, INFRACOMS will also provide a structured and future-proof method to evaluate 

technologies for asset maintenance and monitoring, so that the database can be maintained 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 report (INFRACOMS Deliverable D1.1) 

This report presents the results of INFRACOMS Work Package 1. This Work Packages has undertaken 

ǘƘŜ ŦƛǊǎǘ ǎǘŜǇ ǘƻ άLŘŜƴǘƛŦȅκ¦ƴŘŜǊǎǘŀƴŘέ, as shown in Figure 1. The aim has been to identify the 

current priorities and future needs of NRAs, for the management of carriageway and bridge assets, 

specifically in terms of their approach to data collection and monitoring. For example: do they need 

specific sets of data to enhance their decision-making process; do they need to carry out inspections 

more safely and with less disruption to the traffic in a cost-effective way; or do they want to use new 

technologies to complement their current data collection methods to make more efficient 

maintenance investment in the future? 

The approach taken has been to establish existing knowledge via review of (e.g.) previous projects, 

current best practice and standards in data collection and inspection, current business processes, 

NRA strategies around data collection and digitalisation etc. This has been used to obtain an 

understanding of the gaps between what is required and what is achieved and the implications of 

this for current asset management. To understand the gaps the work has complemented the 

knowledge review via an initial consultation with NRA and technology stakeholders. The work has 

also explored the wide range of technologies used by NRAs/city authorities to solve some of their 

challenges and the new technologies that are emerging. This has been used to link the current gaps 

with the capability of new technologies, and hence establish the foundations for the technology 

database and appraisal process that will be developed later in the project. 

1.3 Input to other WPs 

This first work package aims to deliver information for use in Lbw!/ha{Ω four other technical 

packages (Figure 2). It has provided a list of technologies which will be appraised in WP2, this 

appraised list will then feed into WP3 for a more in-depth appraisal focusing on decision support and 

data integration. The gap analysis conducted in this first work package will also feed into WP4, 

where it will be used to select appropriate case studies. WP1 also inputs to WP5, where the 

understanding of current and future practise will assist in developing a roadmap. 

 

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

2.1 Objectives 

Work package 1 has five objectives: 

¶ Identify current and potential future needs for key condition data and key performance 

indicators on Pavements and Bridges. (O1.1) 

¶ Identify the challenges and constraints related to the collection, analysis and management 

of these data. (O1.2) 

¶ Identify the gaps between the need for data and current best practice. (O1.3) 

¶ Identify emerging technologies in use to collect the key condition data. (O1.4) 

¶ Create the INFRACOMS Technology database Version 1.0. (O1.5) 

2.2 Methodology 

The workflow in Work Package 1 (WP1)  is shown in Figure 3. A literature review of current practice 

has been used to provide the foundations for a set of survey questions sent to the NRAs. This 

included questions on what gaps the NRAs see themselves. When combined with a review of new 

and emerging technologies, this has enabled the project team to suggest that gaps and information 

needs that exist.  

The delivery of WP1 was separated into three parts, A, B, and C that were carried out in parallel. Part 

A has undertaken the review and NRA consultation, Part B has considered the gaps and information 

needs, based on the reviews.  Part, C, has undertaken the review of new technologies, and considers 

the implications of this review on the gaps and on the development of the appraisal toolkit that is to 

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

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

 

 

Figure 3. Workflow in WP1. 

2.2.1 Current Practice and NRAs Future Needs (Part A) 

This part of the project consists of two parts the Literature review and consultation with 

stakeholders. 

Literature review: Previous projects and literature have been reviewed to establish a picture of 

which measurement methods are used today and which countries use which technology. 

Consultation with NRAs: Consultation with the NRAs took place after the completion of the review. 

A set of NRA stakeholders was established in consultation with the PEB. Drawing on the outcome of 
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the review, a questionnaire (survey) was developed to send to these stakeholders to seek answers 

on their current priorities and future needs, in terms of data collection for example: 

¶ Do they need specific set of data to enhance their decision-making process? 

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

more cost-effective way? 

¶ Do they want to use new technologies to complement their current data collection methods 

to make more efficient maintenance investment in the future? 

Consultation with Technology Providers: In parallel with the NRA survey, a separate set of questions 

was sent to technology providers who had registered an interest in the INFRACOMS project.  

An analysis of the literature review and the outcomes of the consultation was used to identify 

current practice at NRAs in relation to asset data collection, considering the methods, techniques, 

intervals and use. This determines: the current state of affairs within NRAs; what practices are 

currently carried out; what data are collected; and how these are used.  

2.2.2 Review Current and Emerging Technologies (Part C) 

Part C has gathered information on new and emerging data collection technologies. The work has 

focussed on the use of remote condition monitoring technologies and associated data. For example, 

shifting from static data to real-time data, remote sensing with IOT, or enhanced analytics of data to 

obtain greater insights. This aimed to provide an understanding of the potential benefits to NRAs 

and end users resulting from the use of these emerging remote condition monitoring technologies.  

After gathering all the information on the potential technologies, an attempt has been made to map 

ǘƘŜǎŜ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƎŀƛƴǎǘ ǘƘŜ άƎŀǇǎέΣ ŀǎ ǘƘŜ ŦƛǊǎǘ ǎǘŜǇ ƛƴ ŎǊŜŀǘƛƴƎ ŀ ¢ŜŎƘƴƻƭƻƎȅ 5ŀǘŀōŀǎŜ ŦƻǊ ǘƘŜ 

next step in the project. 

2.2.3 Gap Analysis and INFRACOMS Technology database 1.0 (Part B) 

A άƎŀǇ ŀƴŀƭȅǎƛǎέ has been undertaken to identify the gaps between the current survey 

regimes/strategy and the current and future data needs of NRAs for managing their highway assets. 

Gaps were identified through the review of current practice, and the surveys with the NRAs and 

Technology Providers. 

WP1 commenced the development of the άINFRACOMS Technology Appraisal toolkit and database 

1.0έΦ ¢Ƙƛǎ ƛǎ ǘƘŜ ŦƛǊǎǘ ǎǘŀƎŜ ƛƴ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ of the INFRACOMS toolkit and database. The database 

will ultimately provide a list of remote condition monitoring technologies, with each technology 

mapped to the current and future carriageway and bridge condition assessment needs and gaps 

identified in Parts A and C. The Appraisal Toolkit will assist NRAs in the assessment of the suitability 

of technologies to meet their needs/fill gaps.  Note that the database/toolkit  is not a document, and 

is therefore not included in this report. However, 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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 tŀǊǘ !Υ /ǳǊǊŜƴǘ ǇǊŀŎǘƛŎŜ ŀƴŘ ŦǳǘǳǊŜ Řŀǘŀ ƴŜŜŘǎ 

1 Key imperatives for carriageway and bridge asset performance 
At the commencement of Part A the consortium undertook a review and internal workshop to 

establish the approach that INFRACOMS would take to classifying the current requirements for 

Bridge and Carriageway performance (as this will affect the ultimate structure of the technology 

database that INFRACOMS will provide). It was concluded that the approach would be based on a set 

of Key Imperatives όYLΩǎύ that describe particular aspects of asset performance, and that these could 

be further broken down into sets of Performance Indicators (PI) that describe particular aspects of 

asset performance/condition within these key imperatives. 

 

Figure 4. List of key imperatives for carriageways and bridges, proposed for the INFRACOMS project (Source of 
pictures: Unsplash.com) 

Building on the literature review and discussion within the consortium, the Key Imperatives (KIs) 

presented in Figure 4 were selected for INFRACOMS. It can be seen from Figure 4 that there are 

subtle differences between the KIΩǎ selected for carriageways and bridges. 

¶ It is proposed that both bridges and carriageways have KIs for availability and safety 

However, whilst safety has a broadly common definition for both asset types (i.e., safety for 

users), there are subtle differences in the definition of availability for carriageways and 

bridges. As a linear asset there are many different components that can be considered 

within the broad definition of the availability of the carriageway. However, for bridges, 

which may be considered as more local (individual) assets this might ōŜ άǿǊŀǇǇŜŘ ǳǇέ ǳƴŘŜǊ 

a combined availability measure (see section 2). 

¶ A KI is proposed for reliability of bridges (but not carriageways). This is again linked to the 

different approach to the assessment and management of bridges, where the structural 

failure of a bridge will prevent all use of the asset. Hence efforts are made to design bridges 

against failure, and specifically monitor their condition in this respect. 

¶ A specific KI is proposed for the environmental impact of carriageways as they are άƴŜǘǿƻǊƪέ 

assets which can affect many people, for example through noise pollution, air pollution, 

chemicals in drainage water etc. 

¶ Finally, both bridge and carriageways have an economy KI. However, there are again subtle 

differences due to the wider social impact of the carriageway asset, leading to a broader 

άǎƻŎƛƻ-ŜŎƻƴƻƳƛŎέ YLΦ 

Carriageways

- Availability

- Environment 

- Socio-economic

- Safety

Bridges

- Availability

-Reliability

-Economy

-Safety
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2 Key condition data 
Condition data is used to determine whether a carriageway or bridge asset is meeting its Key 

Imperatives. This data is provided by a range of current technologies. There are further new 

technologies that have the potential to either provide the data itself, or to augment or improve the 

data provided by current technologies. Building on the work that commenced above, the project 

team undertook a further review to explore the key condition data that is currently deployed. The 

following references/projects were found to be particularly relevant for this. 

Carriageways: 

¶ ASCAM ς Asset Service Condition Assessment Methodology (ASCAM D7, 2012) 

¶ COST Action 354 Performance Indicators for Road Pavements (Litzka et al., 2008) 

¶ EVITA - Environmental Indicators for the Total Road Infrastructure Assets (Jamnik et al., 

2012) 

¶ Heroad ς Holistic Evaluation of Road Assessment (Benbow & Wright, 2012, Casse & Van 

DŜŜƳΣ нлмнΣ IŀƛŘŜǊ ϧ DŀǎǇŀǊƻƴƛΣ нлмнΣ ¿ƴƛŘŀǊƛőΣ нлмнύ 

¶ ISABELA ς Integration of social aspects and benefits into life-cycle asset management 

(Mladenovic et al., 2016) 

¶ TRIMM ς Tomorrow's Road Infrastructure Monitoring and Management (Nuijten et al., 

2013, Wright et al., 2014) 

Bridges: 

¶ Cost Action TU1406 Quality specifications for roadway bridges, standardization at a 

European level (BridgeSpec) (Hajdin et al., 2018) 

¶ Fib bulletins 17 and 22 (Bergmeister, 2003.) 

¶ CIRIA C764, Hidden defects in bridges (Collins et al., 2017) 

¶ Long-Term Bridge Performance Programme (FHWA, 2022) 

¶ IM-SAFE project (Longo et al., 2022) 

The following sections present the key condition data identified for carriageways and bridges. To 

undertake the investigation the condition data was considered in relation to each key imperative 

and asset type or asset component (where applicable), performance indicators (expectation/tangible 

quantitative value) and technical parameters identified, and the tools/technologies used 

summarised.  

Whilst the following sections  summarise current practice, more detailed descriptions of many of the 

techniques are presented in Appendix 4 and 5. It can be seen in sections 3 and 4 that, for 

carriageways, many of the parameters are measured using dedicated vehicles, at least once every 

year. Some parameters are measured using a combination of several solutions, and some are 

measured using visual inspections.  For bridges it is noted that most routine and principal 

inspections are visual and performed by personnel. As for carriageways, inspections 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 tendency for remote 

inspections to carried out using, for example, drones. 

3 Current practice - Carriageways 
Table 3 - Table 6 present the outcomes of the current practice review for the assessment of 

carriageways. As noted above, herein the ability of the carriageway asset to meet the key 
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imperatives identified in 1 has been assessed by segmenting each key imperative into three groups 

as: 

¶ Performance Indicators that are used/considered by European NRAs in their asset 

management. 

¶ Technical parameters that are often measured/monitored/reported in relation to the 

specific Performance Indicator. 

¶ Solution(s) or commonly used technologies to measure/monitor/record the specific 

Technical Parameters and/or Performance Indicator. 

As discussed in section 5, the outcomes of this review of current practice were used to support 

consultation with NRA and Technology Providers. The tables shown in this section were sent to the 

NRAs and Technology providers together with the survey questions, to seek their views, and identify 

any incorrect or missing items. Additions/changes proposed by these stakeholders are marked with 

italic text in the tables. 

Table 3. Summary table of Performance Indicators, Technical Parameters and Solutions is divided into Key 
Imperative Availability for Carriageways. 

 

Performance 
Indicator 

Technical parameters Solution (how to measure/report) 

A
va

ila
b
ili

ty
 

Surface 
condition 

Texture Laser sensors, laser profilometers 

Friction (dry/wet/winter) 
Longitudinal or sideways force friction measurement; probe 
vehicles 

Transverse evenness (rutting) Laser sensors, LCMS, laser profilometers 

Longitudinal evenness (IRI, eLPV) Laser sensors, LCMS, laser profilometers 

Cracking Downward facing image processing, LCMS1 

Ravelling/fretting Visual survey, or software analysis of videos/photographs 

Other surface defects Video/image data processing, visual inspection 

Structural 
condition 

Bearing capacity TSD, Deflectograph, FWD, Curviameter 

Layer thickness GPR 

Road closures/restrictions 
Data in PMS about road closures and/or temporary traffic 
restrictions due to traffic conditions 

Cracking Downward facing image processing, LCMS 

Transverse evenness (rutting) Laser sensors, LCMS, laser profilometers 

Edge deformation Laser sensors, LCMS, LiDAR 

Comfort 

Longitudinal evenness (IRI, eLPV) Laser sensors, LCMS, laser profilometers 

Bumps Laser sensors, LCMS, laser profilometers 

In-vehicle noise In-vehicle noise measurement (ISO 5128) 

Inventory 

Pavement LiDAR, LCMS, video/image data processing 

Road markings LiDAR, video/image data processing 

Road studs LiDAR, video/image data processing 

Street lighting LiDAR, video/image data processing 

Road signs LiDAR, video/image data processing 

VRS LiDAR, video/image data processing 

 
1 Note that the LCMS is a proprietary system for the measurement of condition using 3D images sensors 
developed by Pavemetrics. There are other tools to provide similar data but the commonality of this system 
has led to it be used as a general descriptor for this type of measurement. 
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Aesthetics 

Cracking Downward facing image processing, LCMS 

Patches Downward facing image processing, LCMS 

Reflectivity/glare of pavement Visual inspection 

Ravelling/fretting Visual survey, or software analysis of videos/photographs 

Road marking retroreflectivity Luminance 

Capacity 

Traffic flow and composition Inductive loops, radars, cameras 

Speed Inductive loops, radars, cameras 

Travel times Probe vehicles; estimations 

Lane occupancy Inductive loops, radars, cameras 

Roadworks Databases 

Road closures/restrictions 
Data in PMS about road closures and/or temporary traffic 
restrictions due to traffic conditions 

Road availability Based on statistical data 

Drainage efficiency CCTV monitoring and visual inspection 

Accessibility 
in severe 
weather 

Winter service levels Rules & regulations, winter service live databases 

Friction (dry/wet/winter) 
Longitudinal or sideways force friction measurement; probe 
vehicles 

Bearing capacity TSD, Deflectograph, FWD, Curviameter 

Flooding 
Standing water and splash/spray is computed from cross-fall and 
transverse profile data 

Road closures/restrictions 
Data in PMS about road closures and/or temporary traffic 
restrictions due to traffic conditions 

 

Table 4. Summary table of Performance Indicators, Technical Parameters and Solutions divided into Key 
Imperative Environment for Carriageways. 

 

Performance 
Indicator 

Technical parameters Solution (how to measure/report) 

E
n
vi

ro
n
m

e
n
t 

Air pollution 

Exhaust emissions (CO2, NOx) 
Fixed or mobile monitoring devices/stations, rolling resistance 
measurement (trailer, drum methods) 

Non-exhaust emissions (PM) Fixed or mobile monitoring devices/stations 

Exposure/impacts of air pollution Assessment based on modelling 

Noise 
pollution 

Tyre/road noise CPX, OBSI methods 

Roadside noise SPB, measurements for noise maps 

In-vehicle noise In-vehicle noise measurement (ISO 5128) 

Exposure/impacts of roadway 
noise 

Assessment based on modelling 

Light 
pollution 

Roads (street lighting, traffic, road 
works) 

Illumination 

Roadsides (commercial signs) Illumination 

Water and 
ground 
pollution 

Water quality and drainage system Capacity of drainage system 

Winter maintenance impacts (e.g. 
salting amount; residual salt) 

Modelling, comparison of salt loadings for the section against 
network averages 

Concentration of contaminants 
(oils, chemical, microplastics) 

 

Litter CCTV 
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Table 5. Summary table of Performance Indicators, Technical Parameters and Solutions divided into Key 
Imperative Socio-economic for Carriageways. 

 

Performance 
Indicator 

Technical parameters Solution (how to measure/report) 

S
o

c
io-

e
c
o

n
o

m
ic 

Travel times 

Traffic flow and composition 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 applications, 
etc.) 

Accident/Incident 
costs 

Number of fatalities/severely 
injured on roads 

Databases, monetary valuation of KSIs 

Incident management costs 
Incident management time, traffic management, 
clearance costs, etc. 

Property damage costs  

Incidental costs  

Vehicle operating 
costs 

Speed Modelling user costs based on travel speed 

Road condition Modelling user costs arising from road condition 

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

Roadworks Modelling user costs arising from lane closures 

User satisfaction 

Road maintenance Complaints, surveys, questionnaires 

Comfort Surveys, questionnaires 

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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Table 6. Summary table of Performance Indicators, Technical Parameters and Solutions divided into Key 
Imperative Safety for Carriageways. 

 

Performance 
Indicator 

Technical parameters Solution (how to measure/report) 

S
a

fe
ty 

Network 

Number of fatalities/severely injured 
on roads 

National road accident databases 

Type of accidents National road accident databases 

Accident concentration/probability Modelling/estimation (iMAPP, TARVA, black spots) 

Pavement 

Friction (dry/wet/winter) 
Longitudinal or sideways force friction measurement; 
probe vehicles 

Texture Laser scanning, LCMS 

Geometry (crossfall, curvature, 
longitudinal slope) 

Profilometers, LiDAR 

Surface defects 
Profilometers, LCMS, LiDAR, video/image data 
processing 

Road marking friction Longitudinal or sideways force friction measurement 

Road marking retroreflectivity Reflectometer 

Ponding Estimated from geometry, rutting 

Road 
environment 

Road signs Video/image data processing 

Lamp posts LiDAR, video/image data processing 

Roadside slopes LiDAR 

VRS condition 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) Traffic count measurement 

Roadworks Databases 
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4 Current practice - Bridges 
Table 7ς Table 11 present the outcomes of the current practice review for the assessment of 

bridges. As noted above, the ability of the bridge asset to meet the key imperatives identified in 1 

has been assessed by segmenting each key imperative into three groups.  Again, as discussed in 

section 5, the outcomes of this review of current practice were used to support consultation with 

NRA and Technology Providers and additions/changes proposed by these stakeholders are marked 

with italic text in the tables. 

It should be noted that the performance indicators listed in Tables 8-11 can be related to damage 

processes or common drivers listed in Table 12, as defined within Cost Action 1406 (Hajdin et al., 

2018). 

 

Table 7. Summary table of Performance Indicators, Technical Parameters and Solutions divided into Key 
Imperative Reliability Index for Bridges. 

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

R
e
lia

b
ili

ty 
In

d
e
x 

Probability of failure 
(structural safety analysis) 

Reliability index: Beta 
Value, Rating factor 

Numerical modelling with model updating, stochastic or 
probabilistic analysis, structural health monitoring, 
proof-loading testing, soft-load testing using B-WIM 
system, dynamic response, static response, load 
measurements (traffic, wind, tensioning force) 
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Table 8. Summary table of Performance Indicators, Technical Parameters and Solutions divided into Key 
Imperative Reliability / Bridge Condition Index (BCI) for Bridges. 

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

R
e
lia

b
ili

ty
 / 
B

ri
d
g

e
 C

o
n
d
iti

o
n
 I

n
d
e

x 
(B

C
I)

 

Cracks Width (mm) 
Visual Inspection, Crack gauges, Digital Image Correlation 
(DIC), LVDT, Extensiometers, photogrammetry possible 
also transformed into 3D models, fibre optical sensors 

Cracks Location 
Visual inspection, DIC, photogrammetry possible also 
transformed into 3D models, Acoustic emission (AE) 

Crushing Location, volume 
Visual Inspection, photogrammetry possible also 
transformed into 3D models , DIC 

Rupture, wire break, 
Reinforcement bar 
failure/bending 

Location Visual Inspection, acoustic emission 

Delamination, spalling Area, Location 
Visual inspection, Concrete sounding with hammer, 
Thermovision cameras, Ground penetrating radar, 
Impact Echo, ultrasonic pulse velocity 

Scaling, spalling, holes Area, Location Visual Inspection, impact echo 

Debonding Area, Location Visual Inspection, Thermal camera 

Obstruction/impending Area, Location Visual inspection, DIC 

Displacement&/Deformation 
Magnitude, direction, 
location 

Visual Inspection, Satellite monitoring, LVDT, Geodesy  
(nivelman recording, detailed tachymetry), DIC, Laser, 
fibre optical sensor 

Temperature Magnitude, location Thermal camera, Temperature sensors, Weather stations 

Reinforcement layout 
(Missing or inadequately 
fixed reinforcement) 

Number, location, 
condition, reinforcement 
ratio 

Concrete Cover meters, impact echo, ground penetrating 
radar 

Corrosion Location 
half-cell potential, resistivity, linear polarization 
resistance, A.C. Impedance, cover depth, carbonation 
depth, chloride concentration 

Corrosion Location, rate 
Acoustic emission monitoring, linear polarization 
resistance, half-cell 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 
and expansion joints 

Displacement, tilt Displacement and tilt sensors, magnetic particle imaging 

Pressurising cable failure 
Location, scope 
(change/loss of area), loss 
of prestressing 

Visual Inspection, Destructive testing, Magnetic flux 
leakage, Radiography, Vibration 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, Photogrammetry, LiDAR 

Deteriorated mortar joints Scope & Location visual Inspection, Photogrammetry, LiDAR 

Frequency, 
vibrations/oscillations 

Mode periods, Mode 
shapes 

Accelerometers (Ambiental vibrations, force-based 
vibrations) 

Scour Location, Depth 
Visual inspection, GPR, Parallel Seismic Survey, Reverse 
Parallel Seismic Survey, Pneumatic Scour Detection 
System, Ambiental vibrations 
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Table 9. Summary table of Performance Indicators, Technical Parameters and Solutions divided into Key 
Imperative Availability for Bridges. 

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

A
va

ila
b
ili

ty
 Additional time travel for 

each vehicle category 
Time 

The evaluation of additional travel time required a valid 
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 road 
and possible alternative routes 

 

Table 10. Summary table of Performance Indicators, Technical Parameters and Solutions divided into Key 
Imperative Economy for Bridges 

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

E
c
o

n
o

m
y LCC 

User cost, agency cost, 
society cost 

LCCA: Life cycle cost analysis 

Environmental LCCA 
Environment cost using 
shadow prices 

Revealed collective preference method 
(Davidson&With,2003) 

 

Table 11. Summary table of Performance Indicators, Technical Parameters and Solutions divided into Key 
Imperative Safety for Bridges. 

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

S
a

fe
ty

 / 
T

ra
ff
ic

 a
n
d
 h

u
m

a
n
 s

a
fe

ty 

Traffic safety 
Number of injured people 
in traffic accidents 

National road accident databases 

Presence/type of parapet 
Displacement, does it meet 
the most current safety 
criteria 

Road marking vehicle with digital camera 

Embankment stability 
(extreme weather, climate 
change etc) 

Magnitude, location of 
movements 

Synthetic aperture radar (SAR) 

Clearance Magnitude 
Road marking vehicle with digital camera / measurement 
on site during routine inspection 

Scour (especially during 
extreme event, flooding) 

Magnitude Vibration based monitoring of scour 
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Table 12. Connection of Performance Indicators to damage processes (Hajdin et al., 2018). 

     Observations /  
        Performance 
               Indicator 

 

 

 

Damage 
Process 

C
ra

ck
s 

C
ru

sh
in

g 

R
u
p
tu

re
 

D
e
la

m
in

a
tio

n 

S
c
a

lin
g 

S
p
a

lli
n
g 

H
o

le
s 

D
e
b
o

n
d
in

g 

O
b
st

ru
c
tio

n
/im

p
e
n

d
in

g 

D
is

p
la

c
e
m

e
n
t 

D
e
fo

rm
a

tio
n 

W
ir
e
 b
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a

k 

P
re

ss
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e
si

n
g
 c

a
b
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 f
a

ilu
re 

R
e
in

fo
rc

e
m

e
n
t 
b
a

r 
fa

ilu
re

/b
e

n
d
in

g 

S
tir

ru
p
 r

u
p
tu

re
 

T
e
n
si

o
n
in

g
 f
o

rc
e
 d

e
fic

ie
n
c
y

 

L
o

ss
 o

f 
se

c
tio

n 

D
e
te

ri
o

ra
te

d
 m

o
rt

a
r 

jo
in

ts 

F
re

q
u
e
n
c
y 

V
ib

ra
tio

n
s/

o
sc

ill
a

tio
n

s 

Abrasion   ω    ω    ω ω     ω ω ω ω 

Aggradation (alluviation)         ω ω ω        ω ω 

Erosion ω  ω  ω  ω   ω ω ω  ω ω  ω ω ω ω 

Changing geotechnical properties ω ω ω    ω   ω ω ω ω ω ω ω   ω ω 

Aging of material ω       ω  ω ω     ω ω ω ω ω 

Alkali aggregate reaction (alkali-silica reaction) ω   ω      ω ω   ω ω ω   ω ω 

Sulphate reaction ω   ω ω ω ω   ω ω   ω ω ω   ω ω 

Chemical attack    ω ω ω     ω ω ω ω ω  ω ω   

Fatigue ω  ω        ω ω ω ω ω   ω ω ω 

Pitting corrosion ω  ω  ω  ω     ω ω ω ω  ω  ω ω 

Corrosion related to prestressing steel ω ω ω          ω    ω  ω ω 

Corrosion related to structural steel ω  ω  ω            ω  ω ω 

Corrosion related to reinforcement steel ω  ω ω ω ω  ω      ω ω  ω  ω ω 

Corrosion related to equipment made of steel ω  ω  ω            ω  ω ω 

Corrosion related to fixings, connectors ω  ω  ω   ω         ω  ω ω 

Overloading of an element ω ω ω       ω ω ω ω ω ω ω  ω   

Biological growth ω ω ω    ω ω ω ω ω       ω ω  

Freeze-thaw ω   ω ω ω ω ω   ω      ω ω   

High temperature    ω      ω ω     ω  ω ω ω 
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5 Consultation with National Road Authorities 
The objective of the consultation was to seek external review/confirmation of the outcomes of the 

review of current practice, presented in the above sections and gain a better understanding of the 

gaps in data / information on assets, from the viewpoint of NRAs and technology providers.  A 

questionnaire was therefore developed, as shown in Appendix 1. This was accompanied by the 

tables of current data (Tables 3-11), but supplemented with two additional columns that contained 

the questions: 

¶ What are the gaps in current measurement practice, in relation to the specific technical 

parameter? 

¶ Are you using, tried or considering use of any new technologies, especially for remote 

condition monitoring, to collect/monitor this key condition data? 

NRAs were asked to review the tables and fill in these two columns with any information relevant to 

their organisations.  The survey was sent to 15 countries. 10 complete responses were received, 

evenly distributed between the road and bridge assets. There were also some additional responses. 

A list of the answers received from NRAs is provided in Appendix 1.  We have collated the responses 

in Table 13. The table covers carriageways (  ) and bridges (  ). 

Table 13. Summarised responses from NRAs. 

Missing key data / important parameters/defects not currently measured 

 

¶ ITS Equipment 

¶ Economy area 

 

¶ Criticality parameters 

¶ Contribution of assets to generating value 

¶ Models / tools / strategy for analysing the remaining lifetime after maintenance 

¶ Condition of pre-stressed ground anchors, fatigue in reinforcement, leaking 

waterproofing kits on bridge decks 

¶ Voids on cement grout protecting cables or post-tensioning ducts 

¶ Design strength versus actual strength after reassessment of the structural safety 

¶ Condition of reinforcement of retaining walls in the working joint foundation ς 

wall 

¶ Condition of stay cables in anchorage areas typically hidden in metal tubes 

¶ Level of tension and of tension amplitude in reinforcement under service loads 

 

Challenges or constraints in data collection, interpretation and management 

 

¶ Would be beneficial to distinguish between data that can be used at the network 

level (easily communicated: noise, FC, safety and comfort, asset physical status) 

and data for use at the project level (data for experts) 

¶ Standardisation of surface defects 

 

¶ Economy related data: costs and the correct time for maintenance intervention, 

depending on the budget available 

¶ Use of on-board sensors on heavy vehicles to measure the axle loads 

¶ Collection of data on potential structural failure in the near or far future 
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¶ Examples challenging data collection included:  Condition of reinforcement of 

retaining walls in the working joint foundation ς wall, which is very expensive if 

performed with shafts along the backside of the wall;  Condition of stay cables in 

anchorage areas typically hidden in metal tubes ς it is almost impossible to detect 

the level of tension and tension amplitude in reinforcement under service loads - 

difficult to find the right and accessible spot, which works under traffic. 

 

Gaps between the data needed and current capability/approach 

 

¶ A lot of data is collected at present but only some is used, its difficult to integrate 

data from different sources and to deliver useful and reliable KPIs/information. 

¶ Lack of procedures to implement new technology 

¶ Procedures should get cheaper over time - this should enable an increase in the 

number of measurement cycles. 

 

¶ LCC data and strategy for rehabilitation of the whole stock of bridges 

¶ Condition of bonded post-tensioning tendons embedded in concrete 

¶ Open (supplier independent) platform to gather and process data as support in 

asset management decision making 

 

Current use of remote condition monitoring technologies 

 

¶ Car data from a connected fleet of electrical cars (project level) 

¶ Geotechnical monitoring for the movement of objects. Not delivered to asset 

management systems but is part of asset monitoring. 

 

¶ Weigh in motion. Not delivered to asset management systems but is part of asset 

monitoring. 

¶ 4G cameras with solar panels, and sensors (displacements, gauges, inclinometers 

etc.) with dataloggers 

¶ Extensometers for measuring the amplitude of the stresses in rebars (fatigue of 

rebars) 

¶ Humidity and temperature measurement by means of sensors installed on timber 

overpasses. 

 

Cases where remote condition monitoring technologies have been 

successfully/unsuccessfully implemented 

 

¶ Condition of ITS equipment 

¶ Data from connected cars  

¶ Recognition of type and condition of railings 

 
¶ Survey of cracks, survey of joints and supports, settlements... 
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Remote monitoring technologies that organizations are considering 

 

¶ Data from connected cars 

¶ Evenness data (IRI) from mobile phones - big data 

¶ For water pollution 

 

¶ More sensors for bridges 

¶ 4G cameras with solar panels and sensors of all types 

¶ Survey of cracks, joints and supports, settlements 

¶ Inspection of bridges with drones 

¶ Wireless accelerometers and thermal sensors for important viaducts 

¶ Data from satellites 

¶ Detection of the condition of the rebars on sustaining walls through drainage 

pipes 

¶ Direct strain measurement along the whole strand of (new installed) pt systems 

with fibre optic sensors 

¶ Visual surveys based on camera recordings, machine learning and AI 

¶ Radar satellite remote sensing of displacement/deformation 

¶ Acoustic and fibre sensors in concrete bridge 

6 Survey with Technology Providers 
INRACOMS was supported by several technology providers during the preparation phase of the 

project proposal. These were approached to complete questionnaires containing questions similar 

those asked of NRAs (gaps in relation to technologies), but questions were also asked in relation to 

the solutions these companies have developed. These latter questions were more relevant to the 

technology database to be developed during this project, and are not considered in the following 

summary. The complete answers from the technology providers can be found in Appendix 2. 

According to the responses provided by the technology providers received, their solutions can be 

used on both carriageways and bridges. Therefore, the summary below is not separated by asset 

type. Instead, they are grouped according to the following 4 areas, according to Table 14. 

It is noted that the responses from the technology providers generally referred to gaps in the 

integration of new data into existing systems and collating and preparing data to support decision 

making (e.g. via visualisation).  Hence their responses did not provide any additional key data with 

respect to the INFRACOMS list of key condition data discussed above. 

Table 14: Clustering used to summarise the responses of technology providers. 

 
Limitations of technologies 

 

Integration of new data sources and advanced technologies 

 

Flexibility in data usage 

 
Data analysis 


































































































































































































