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SUMMARY: The construction sector is undergoing a digital transitidrcal authorities have adopted
geographicinformationsystems (GI§ to plan their territories and structértheir services such as transport.
Simultaneouslybuilding informationmodelling (BIM) hasdemonstratedts advantagesluring the design and
construction phases of structure&n infrastructure project can rely on ékse two technologie® plan its
implementation (GIS}p completdts design andtonstruction(BIM), or to manageassociated servicesuch as
mobility (GIS).However, road maintenancen amportant part of thanfrastructured s cycle,fs aot yet coveed
by these technologiefRoad maintenanc@ecessitatesa comprehensive viewf the infrastructure and its
interactions with other realvorld objects €.g. vegetation, technical networksr vehicle3. Moreover, road
managers are the localuthoritiesthat already ug GISs. For these reasons, GIS is suitable fofulfilling road
maintenance requirement3his study presentsa spatial frameworkGIS) developedfor road management
Applying it to a specific case stugsovidesinsightson the organisationof the spatial roadframeworkwhich can
be adaped to the infrastructuré ssnvironmentmanagement The spatial dimension must allofer the
representation of the roadnd its components, including pavements and their dependencies. The structural
dimension must be detailed to describe the layers, their formulatodstheir thicknesss. The condition of the
road must be describecbnciselyso that the managers can plenaintenance
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1. INTRODUCTION

The roadsystem is complex with severdlmensions (spatial, aesthetic, practicabd political), particularly
evidentin urbanenvironmens where adiverse rangef transport modes and equipment netwarbsxist

In recent decadesew transportmodes have emerged, while old osesh as tramwayisave beemeintroduced
This haspromptd a rethink ofroad systems, particularly in urban areas with a traditiomebicle-oriented
development(Héran 2015. Today, legislators and planneseek to make different modes of transport
interoperable (Hérar2017) by reorganisingroads to meetvariousneeds (Augellp2001). This transformation
involves an increasing number pfanners and urbanists in projects. addition to transportroacs also
accommodatesquipmentnetworks for example,technical networksfor water sanitation, gas, electricity,
telecommunications, or geothermal systems. Some of these facilities were initially installed under the road (water,
seweraggor gas), while others were historically deployed overhead (electricity or telecommunicédimnsyer,
some countries haveince optedo reposition their techmical networksunderground for various reaso(esg.
aesthetics, safy, or climate). As a result, thgroundbeneattroads is now densely occupigdith some Parisian
crosspads havingup tothirty technicalnetworks (Barles and Guillerme, 1994)

Both modes oftransporiand techrgal networks rely on roado provide their servicesitilising infrastructure or
equipment installed otop of or undeneaththe road that interacts with andffectstheir surface and structure
For instancethe weight, speedandtrajectory (tangential force)f a vehicleaffed roadways(Pais et al., 2013
known astraffic loading Engineering networks aldmve negative impacts on readZimmerman (200Xtated
that the cepresence ofechnical networksould lead to incidentsisks and severalrepercussions on urban
infrastructures and populatioridetworkimpacts on roads are direct when a water pipe leatteradeshe road
structure they arandirectduringexcavation intervention for their maintenanEercavation and backfilling redec
the service life of aoadby 50% (Aljr, 2017; Jensen et al., 200bhe challenging coordination aictorsresults
in prematureroad deterioration necessitatingnore frequentmaintenance actionavhich has animpact on
ma n a g e gets and wastdresourcs like aggregates, bituminous, or hydraulic bind&iS§ toolscanhelpto
improve the coordination @fctions orroadinfrastructurs.

This article proposeso develop a Gl®ased spatial framework for managing road infrastructure and its
environment. The research methodology is presented in three parts. Firstly, the rationale for using GIS is explained.
Then, the modéhg approach for creating the spatiarhework is discussed. Finally, the scope of the research is
defined with a clear definition of the urban road. The subsequent sections focus on the spatial framework and its
developmenthrough analysis of existing GIS models of rqaslish the authors decting the horizontal dimension
(geographical footprintandthe vertical dimensiofroadstructureandcondition)for moddling. The lastsection

of the article presentn application of the road spatial framork to acase sidy inthe municipality ofCachan

in the south of the Parisetropolitan areaThis case studydemonstrate the framework spplicability and
usefulness for managing road infrastructure in its environment

2. RESEARCH METHODOLOGY

2.1 Background

Roadshave a limitedservice life, and theideterioration is caused by various factors, which can be prevented
through regular maintenan¢®auterey and Autret 197 R)ithout proper maintenancmads will deteriorate and
eventually become unusablgeorge et al.,, 2019; Smith et al.,, 19930 ensure poper maintenance
comprehensive and tp-date informationis essential(Faivre d'Arcier et al., 1993)in 2017 the French
government setwo objectivesto increase knowledgef roads and improve communication between different
actors involved imoad managemeiliinistere de la Transition écologique et solidaire, J00Many countries in
Europe and North America have also developed roags tooutline the digitalsation of transport structures
(Borrmann et al., 2021yVhile the deployment dIM for infrastructurds usefulfor managing structures such as
buildings, its deployment for transpanfrastructure remains complex due to several barfighsasemzadeh et al.,
2022). However, Garramone et al. (2020) demonstrated that the integratio8 ah BIM could benefit the
management of infrastructure such as rodd&IS provides a geographic repository to integrate infrastructure
into its environment and powerful spatial analysis tools for works management.
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Since theiremergence in th&960s GISs have garneredsignificant globalinterestfor their ability to studyreal
world objectsin interaction withtheir surroundingsHowever, defininga GIS can be challenging due to the
diversity andwealthof approaches involveMaguire, 1991). Accordingp the autha, a GIS can be described
using threelimensions thatemain relevant todayrirstly, a GlSfacilitates theepresentation of realorld objects
throughmays. Theseobjects arelepicted usingector graphics (points, polylingsnd polygons) or raster graphics
(cells) organisednto different layershasedon thenature of thegyeographiand graphic objects. Secondiy/GIS
employsa sophisticated database management system (DBMS) to perfalysembased on attribute data, such
as selecting reakorld objects based @pecificparameters. Finallyg GIS providesa spatial framework in which
realworld objects are located and represented in an abspanaer usingoordinates (x, yandz). Itis possible
to carry out complex analyséy combining the cartographiend databaseaspects of GlSa process known as
spatial analysis.

Various felds related to transport and land use planning identified the potential sftGHsldressbusiness
problemsat an early stagé&xpertsin road networks, particulgrin transport flows, sought to model road traffic.
With the help of road datarganisedn the form of transport graphGJSs enablethe useof graph theory (Fournier
and Pomerol 2010nd characteris traffic by measuringccessibility for example by the shortest route. This
work has led to applications in oth@reassuch as urban planning and developm#mbptimise the orgarasion

of senices and territories (Murray, 2013; Chalkias and Lasaridi, 2009), or geomarketomimi the location
of a company or business (Church and Murray, 2008). The representation -eforealobjects in their
environmend has made it possible to deal witther aspects such asiseandair pollution (i et al., 2002Rebolj
and Sturm, 1999) induced by road traffLater, GIS wereused to analys the outcomeof traffic accidents
(Shahzad, 2020; Satria and Castro, 2016).

In summary, GISs wereinitially appliedto transportationincluding roadsto tackleissues related tmadservices.
With the digitalsation of the construction industi®1Ss have been integrated into several phasesarfstruction
projeck. GISs arehighly effectivein this sectolastheyintegrateboth spatial and nospatialprojectinformation
in a single environment (Bansal, 200The main lines of research conducted for the integration of GIS
construction practices are summarised in Tab. 1

TAB. 1: Main research areas for tirgegration of GISin the construction process (Pavard, 2023).
PH. USES AUTHORS

V  Simulating the implementation of a new construction, wittulti-criteria (Mike et al., 2022)
= approaches (the diversity of the environment)
o V  Choosing the mogtuitable location according to the topography, the na (Kumar and Bansal, 201¢€
& of the soi) or the natural risks Mallick et al., 2014)
a V  Analysing the visual impact of a future construction (Llobera, 2003)
o0 The emergence of the third dimension in &i@nforces this (Cheng and Chen, 2002)
. V  Improving worker safety or waste management (Li et al., 2005)
5 V  Optimisingprocurement (Jadid and Idrees, 2013)
P V  Assisting construction projectsith its ability to storegeographic and nen (Bansal, 2020; Bansal an
8 geographic dataandby combining spatial databaseith planning toadto  Pal, 2006)
monitorthe construction process (Cheng and Chen, 2002)
> . V  Helping to understand infrastructures throegiiched spatial data (Zhang et al., 1994)
< 2 V  Helping to manage infrastructures through an integrated vision that ¢ (Ferreira and  Santo
= infrastructures in their environment Duarte, 2006)

The research presented in this article is part of a mfadstructure management approaClonsequentlyan
integrated GIS for road infrastructure management requires dido@rchitecture(l) the GIS interface tie(2)
the application tier(3) the infrastructure management componentdied(4) the daa/knowledge repository tier
(Halfawy et al., 2002). Thessie of data and knowledgecisicial aswithoutit, no integrated GIS can bealised
Some researchetsmaveassumed that the development of data and knowledge for roadw@li®e achieved
through the development of interoperability betweemputeraided design@AD) and GIS tools (Peachavanish
et al., 2006). Thigmpliesthat road information exists BAD formats,but this is not always the case as roads are
rarely modelled in spatial framewkarsuitable for infrastructure managemeireover older roads are rarely
modeled in BIM. Currently, this type of GIS ismplementedhrough local initiativesand the municipalities that
are driving this field do not have a standard framew@ther municipalities thatwish to undertake similar
initiatives facemany questions, such as what and homtalel, and what and how to enrich the data.
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2.2 Research sope: urban roads

While all roads support mobilifythere are notable differences dependingoail type. Motorways deot support
the same mobilitaslocalroads resulting in different traffic flowsmnodes ofransportand management strategies.
Motorways andhational roads are under national jurisdictiaith their management focused on safstsategies
related to the high volume and speed of traffmcal roads by contrastare mody under municipal jurisdiction
with managers strivingo optimis safetyfor different users while maintaining the activities of the cityis
therefore impdant to specify the scope this researchlLocal roads may beitherurban or norurban, but
managers havimited informationabout themUrban roadsnake upthe most complex systerasthey areused
by adiverse range of activities including saftodes oftransport such as scooterand bicycles, and more
aggressive modesuch as carandlorries. In addition to mobility, urban roads also support leisure activities such
as festivals, craft marketapdrestaurant or bar terraces, as well as d@ivirelated to city managemestich as
car parkor delivery spaces.

By analysing regulatorgnd technicatlocumentsiwo aspectgan bedentified to define urban roadsegulatory
and technicalThe regulatoryaspecbf this definition is specific to ie French contexErench road legislation,
like that of many Western countries, traces its origins to Roman law. Therefore, the definitionistogunl
applies to many case$he (urban) roads an infrastructurehat allowsland trafficbut notrail traffic. It passes
througha builtup area ands eithera public or privateassetbelonging to a local authority, agn individual or
group of individualgPavard 2020)

bamd | Ocation of the road
v v
Route nature Ownership of the road Composition of the road

‘

FIG. 1: Urban road according regulatory issues (adapted fi@avard, 2020).
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Comparedvith technical literature from other European and North American countries, French technical literature
provides a definition of the technical dimension of urban r@@ids 2) Urban roads consist af central element,
aroadway, andrelated dependencies and accessories that elitsbieaintenancesnsure usesafety, angbrovide

for its arrangemen{Pavard 2020)
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FIG. 2: Urban road according technical aspects (adapted from Pavard, 2020).
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2.3 Research methodModelling approach by accompaniment

This research is part of a series of studies initiated in 2013 to optfifeint road and environmental
management, including technical networks, using geomdties objective ido developa spatiaframeworkfor
roadsand b providerecommendations faoadmodellingin GISs (Pavard, 2020)To achieve thisan iterative
and collaborative approackas adopted, based on the principlesaaicompanyingnodelling (Etienne 2010;
Bousquet et al. 2013). This approaevhich wasdevdoped in 1996, facilitates collective decisioraking
processesand helpgo makeexplicit the subjectiveviewpointsand criteria ofvarious stkeholders. Its creators
emphasised that irtomplex situatios, decisionmaking processs areoften evolutionary, iterative and
continuous As a resultdecisionsmay be imperfegtout they can be improved and better understood with each
iteration. The aim of thismethodis notto improvethe quality of the choicesnade,but ratherthe quality of the
decisionmakingprocess. Iprimarily aims toenhancghe management of uncerisies in a given situation. The
approachs basedn three precepts:

1 Acceptance and consideration of sometimes contradiciewpoints
1 Questioning of eachew element introduced into the process
1 Confrontation with each new external element

The approacks composed of three magtements: stakeholders, tools, anddels (Etienne, 2010%kiven thatthe
aim is for the approaclo be appliedin a realworld environment, it is firstpresentedo a dverse rangeof
stakeholdersoncernedvith the objecof study.Thereforejt is stakeholdeorientedand divided intdour groups:
researchers, techniciansstitutions andnon-professionalsEach groupffers a complementary perspective and
is important formodel confrontation

1 Researchergpossessrganisedaind validated academic knowled@dis groupcomprisesesearchers in
areas such asad materials, geographiecodelling and urban infretructure management.

1 Techniciansposses&nowledgethatis primarily basean the study of a large mber of situations and
specialigd technical datd his group includstechnicians and engineers in civil and urban engineering,
spatialmodelling(GIS), and buildingmodelling(BIM).

1 Institutions have a political and economimderstandingf the systemThis group consistsf road
managers aifferent levels (municipal and departmental).

1 Non-professionals haveknowledge derived from empiricakperiencesThis group includestudents in
civil engineering and spatiatodelling(GIS) or buildingmodelling(BIM).

Regardingthe toolsused in the approachts initiators argue that the field of cognitive sciences and computer
sciencehavea tool that is particularlguitedto the study of compleand dynamicystems: multagent systems
(MASS). In this context, MASbalance the moreooiventionatools of geomats by formalisng the dynamics and
hypothesesinder studyCollectif ComMod 2005).

For this researchhe primary focus was not on studying hypotheses related to road manageotleat dynamics

but rather onproposing a model of the road in its enviment in order to provide managers withsaitable
representation todlor the challengesfaced bythe road.Therefore, the approach is based on accompanying
modelling and the least appropriate stepe avoidedFor example, MASs are less usefull this research than
conventional tools of geomaticsThe steps proposed by Barnaud et al (2@0@)followedand adaptedo the
research context (Fig..3)

To complete specific steps of the accompanying modelling process, specific case studies were reliddspon.
case studies involvatie following

1 Understanding the initial situation of road infrastructure modelling irsGI8isconstitutes the first step
of the approach. To achieve this, study areas with roadtastreflect the diversity of existing modelling
approaches were covered. Various cases were identified, including Frenglseelsas Paris, Bordeaux,
and Lyon European casesuch asopenhagen in Denmarnd North American casegsuch as Montreal
and Victoria in CanadandSan Francisco in the United States. fhar purpose dthis article, additional
cases were included, such as Repentigny and Moncton in Canada.
1 Producing modelling propossddapted to the problems identified in the first stpsis the second step
of the approach. To validate the model, it is easier to perform this step on a case that is easily accessible,
making it possible to compatke results with reality. In this regard, the municipality of Cachan, located
in the southern part of the Paris metropolitan area, was chosen.
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FIG. 3: Adaptation of the accompanyingodellingcycle(from Pavard, 2020).
3. DESIGN OF A SPATIAL FRAMEWORK ADAPTED TO ROAD

INFRASTRUCTURE MANAGEMENT

Different stakeholdersn urban road infrastructudeavevarying perspectivesn what theinfrastructureis and

what it isusel for. As a resultdifferentroadmodelsare created-orinstancespecialistsn road trafficconcentrate

on traffic routes, while urban planners focus on akgreeind structureCivil engineersfor their part are more
concernedvith the undeground layerghat constitutethe infrastructure. Based on these roaablels experts in
geomaticslevelopgeographic databases that can be used is. Gl following sections present a classification

of the key databases used to represent roads, an identification of the most suitable one for infrastructure
management, and a paagal for a data model.

3.1 How to modelroadwaysand dependencies?

The various road models and representations is (5i§. 4) are designed taddresswo specific needsnanaging
the movement of petgand goodg$Fig. 4a & Fig. 4b) andmanaginghe spacgFig. 4c & Fig. 4d).
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FIG. 4: Summary of models and road representations (Pavard, 2023).
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However some municipalities hawecognisedhe need to develop a Glfased process for managitigir road
infrastructure.To achieve this, locahitiatives havefocusedon designinga suitable roadramework Through
analysingthese initiatives, two main aspebi@ve beeidentified:

1 The ability to identify the ifferent elements of the rogtbadways appurtenanceand equipment)
1 Theability to measure the righif-way of each road element

Thesdocal initiatives have useexistingroadmodels and representatiofi@r Lyon (Fr), roads arenodelledby

the axis of their maimadwaysassuming thataehsection has a uniformpadwaywidth andpavement®n either
side with uniform widths (Figla); thisis unlikely to be the case in most urban ar€asbedCa)has asimilar
solution, butwith separate modgfor the roadwaysandpavementstaking into account possible discontinuities
(Fig. 4b). Bordeaux(Fr) started by using boundary approach to model ttoad (Fig 4). This approach is the
result of a process of producing a simplified street body plan (Plan de Corps de Rue SinR{IifRS), i.e. a
topographic framework at a scal&d200th that allows the positioning of objects occupying urban space (e.g.
technical networks) in relation to road elements (CNIG and AFIGEO 2017). €tilestike Paris(Fr) (Mairie de
Paris- Division des plans de voirie, 201 openhage(Dk), San FranciscUSA), Montreal(Ca), Victoria (Ca),

and Moncton(Ca) have focused on modelling road riglatsway. The models vary in their comprehensiveness,
with some only distinguishing betweeradwaysandpavementandothers modéihg all road elemerst (Fig 4).

The last model (Fig.d) is the most appropriate for establishing a road spatial framework useful for global
infrastructure managementelhables

1 themeasurment ofthe rightof-way of the road and its running sectipns
1 the identification othe different road elements according to the completeness of the modelling.

3.2 How to modelcrossroad®

The differentGIS models ad representation§-ig. 5 are designed to meetd specific needainderstanding of
the road system ingiventerritory and maaging infrastructurel hroughanalysis of the data models and resulting
databases, two aspeciscrossroadnodellingare identified

1 The ability to distinguislbetweercrossroadandroad sections
1 The limits of theficrossroad to beincludedin a modellingapproactthat is suitable fomfrastructure

management
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FIG. 5: Summaryf models and crossroads representations (Pavard, 2023).
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The various initiatives are based on models to answer specific questions. Victoria and Moncton (Ca) model their
roads without distinguishing between road sections and crossroads, negadsea single polygon (Figah This

is useful for understanding the overall organisation of the road in a territory. Copenhagen (Dk) proposes a variant
that analyses organisatidrdifferencesbased on road hierarchy (Fige)5Lyon (Fr) and San Francisco (USA)

model and represent crossroads separately from road sectionsjursitign points (Fig. &). This provides
information to manage these spaces structurally, including tdabstmess. Montreal divides crossroads into as
many road sections that lead to them, according to the road department, for snow removal purposes. The division
of crossroads is interesting to make the surface objects of the designed spatial frameuvsigntuiith the linear

objects of other road spatial framewstkee Fig. 4a, p)7 Paris (Fr) models crossroads and spaces on each road
section upstream of the crossroads, takimg account shear forces (Figl)5

Crossroads are subject to mechanicadsstes related to vehicle movements and the distribution of loads on the
pavement when vehicles turn, causing tangential loads (Hamlat 2007). Researchers have shown that pavement
shearing also occurs due to vehicle deceleration and acceleration neaacimddammoum et al (2010) identified

that the maximum horizontal forces during acceleration occur within the top 10 metres of the roadway, while
Akcelik and Besley (2001) found that horizontal forces have a greater impact during deceleration. Considering
braking distances based on vehicle weight, the most affected area is between 30 and 70 metres from the crossroad.
Crossroad design aims to resist these stresses, but the upper part of the roadway structure ages more rapidly than
the rest of the road seatie. Therefore, it is essential to have information on crossroads for road management. The
choice of modelling method used by Bordeaux (Fr) is mostly based on the technical means available to the
municipality. Nevertheless, recent methods (Cura et al.,)2®&y eventually make it easier to implement the

more operational modelling of road spatial frameworks for infrastruntareagement hat is why, lhe last model

(Fig. =) is the most appropriate for establishing a road spatial framework useful for gibatructure
management.

3.3 Summary in a data model
A straightforward data model is suggested (Bjghat can be custosgd to meet the specific needs and available
resources (financial, human, and technical) of municipalities responsible for road managdrnsemiodel
consists othree priority levels:

1 Thefirst level comprises the essentiglements to bancluded, namelyhe road sectionsnd crossroads
that consisbf pavements and sidewalks.
Thesecondevelinvolvesthe incorporation of supplementaglements, such as oth&ructures
Thethird level entails the inclusioof the pavement equipment aotther structures
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FIG. 6: Data model of an adaptive spatial road framewatdpted from Pavard, 2020

@ ITcon Vol. 28 (2023Ravardet al, pg.44&

BY

:



4. ENRICHMENT OF THE ROAD SPATIAL FRAMEWORK

Road elements amesignedo withstand the stresses caused by their intendednaeed specific rulesnust be
followedto consider mechanical stresses from factors like road traffic. The design process involves calibrating the
various layers of the infrastructu¢gig. 7) by selecting appropriate materials and determining the optimal depth
for each layefIDRRIM, 2020; LCPC and Setra 1998). For examptgvy vehicles passing oveadwaysause
significant wear and tear, so requirementsré@adwaysdiffer from those for bicycle phs orpavementsProper
consideration of traffitoadingand climatic stresses helps ensure the durability of each structure over its lifespan.
It is worth noting that road infrastructure occupies not only the surface but also a significant underground volume
makingit important to enrich the spatial frameworkiwdata about road structures and conditions.

Surface Surface course

layers Binder course (optional)

Roadway structure

Base Base course

Layers

End adjustment course

Upper part of earthworks

FIG. 7: Typicalroadwaystructure (adapted from Pavard, 2020).

4.1 How to describe the structure?

Examples of municipal GIS datadicate limitedintegration of theundergrounddimension of roadHowever,
somemunicipalities aretaking the lead irdevelopng a procesghat issuitable for managinghe entire road
infrastructure. These initiatives harasulted intwo levelsof structure integration:

1 the firstlevel only takesinto account the tofayer, known as thesurfacecourse
1 the secondevelincludes all layers of the infrastructure as well as its support.

Analysis of local initiativesevealsthat

1 Information on surface layeis typically available, butt is often in general categories suchcascrete
or asphaltFor examplethe 2019 version of the Repentigny (Ca) datalpasgosed this description (Fig.
8a).

1 Information on complete structwges typically provided forroadwayseither in a generallassification
(Montreal) (Fig. 8b) or a more detailed classification (Lyo(#ig. 8c). Detailedmaterial informatioris
generally absent.

FIG.8: Description of the road structure, example of Meat{Canada) (Pavard, 2023).

Surface information has s e voads:#helpatdensune haemgre betweenspacesa n a g i
and ensures the safety of users through appropriate space separation (Reigner 2004); it is also essential for
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