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Abstract

:

Building information modelling (BIM) is increasingly appropriate for infrastructure projects, and in particular for transport infrastructure. It is a digital solution that integrates the practices of the construction industry in facility management during the whole life cycle. This integration is possible through a single tool, which is the 3D digital model. Nevertheless, BIM standards, such as industry foundation classes, are still in the pipeline for infrastructure management. These standards do not fully meet the requirements of operation and maintenance of transport infrastructure. This paper shows how BIM could be implemented to address issues related to the operation and maintenance phase for transport infrastructure management. For this purpose, a new ontological approach, called Industry Foundation Classes for Operation and Maintenance of Infrastructures (IFCInfra4OM), is detailed. This ontology aims to standardise the use of building information modelling for operation and maintenance in road infrastructures. To highlight the interest of the proposed ontological approach, a building information model of a section on the A7 Agadir–Marrakech Highway in Morocco is produced according to IFCInfra4OM. The methodology is presented. The results obtained, including the IFCInfra4OM data model, are submitted. In the last section, an overview of the IFC extension approach is submitted.






Keywords:


building information modelling; operation and maintenance; transport infrastructures; road; industry foundation classes (IFC); ontological approach; standard












1. Introduction


Building Information Modelling (BIM) is a collaborative process for managing construction projects. It has several advantages that enable an optimisation of the management process. Practically, BIM is a digital solution that integrates the different practices of the construction industry to manage a facility during its life-cycle [1]. This integration is attainable through a single paradigm, namely the 3D digital model [2], which provides an overview of BIM and its applications during the life cycle of a building. It also explains its benefits for stakeholders of a construction project through case studies.



Construction projects have become more efficiency-demanding because of their complexity [3]. They focus on user experience [4,5]. Accordingly, the BIM paradigm is considered as a digital solution that integrates the business processes in a comprehensive system that makes information accessible and transmissive. Exchanging information occurs ranging from the early design stages of a building’s life cycle to its investment phase [6]. The BIM process displays this exchange by the integration of basic semantics to structure information relevant to all the phases throughout a building’s life cycle. This information has to meet the requirements of different use cases that correspond to each specific phase [7].



The application of BIM in the building construction sector helps optimising the management of each building life-cycle phase. For example, it can help reduce building environmental impact through its 3D capabilities of representing a wide range of construction design options [8]. Moreover, construction site conditions can be improved through space-time conflicts detection and analysis based on the use of BIM [9]. Furthermore, building management and performance can be improved if the BIM is used within operation and maintenance (O&M) phase of the building [10].



The BIM has several advantages reported in the building industry [11,12] such as: (1) decrease of work resumption thanks to early error detection, particularly in the design phase; (2) decrease in information inquiry that spares valuable time; (3) increasing collaboration between projects stakeholders; (4) sustainment of a continuous flow of information exchange during the whole building life-cycle. The application of BIM is contingent upon several standards. Industry foundation classes (IFC) [13] constitute one of these standards. IFC is an object-oriented data architecture that enables geometry data and information of a construction project to be structured in a standardised way [14]. Figure 1 is an illustration of the link between BIM and IFC standard. BIM is a collaborative process for construction projects management that integrates technology, construction stakeholders and management workflows. This allows transforming projects inputs to an IFC structured 3D model that holds the project information and its components geometry.



BIM advantages have enabled it to expand from the building sector to that of infrastructure. Several papers detail the application of BIM to infrastructure. The implementation of BIM for transport infrastructures is analysed in [15]. It explains how BIM can be beneficially used for public infrastructure construction projects. For bridges, BIM is applied in risk management by linking risk data to a steel bridge BIM [16]. A BIM based design of a tunnel is presented in [17]. It integrates geotechnical information to a three-dimensional subsoil model to enable project stakeholders to perform analysis of deformation. For road infrastructures, the optimisation of pavement design is accomplished through BIM [18]. An automation approach is proposed to allow pavement structure analysis of the BIM through an integration of controllable parameters.



For highway infrastructure, the integration of BIM is not yet applicable to all its life cycle phases. This is due to the fact that BIM Standards, for infrastructures, are still in development [19,20]. Nowadays, infrastructures are managed through several systems from which information is retrieved to make appropriate decisions about O&M. However, a standardised highway information model integrating O&M information is not yet possible to produce since the current IFC structure does not allow a full support. Thus, this paper proposes a novel ontological approach, entitled Industry Foundation Classes for Operation and Maintenance of Infrastructures (IFCInfra4OM), to integrate O&M information in a highway information model. It first investigates how O&M phase is managed within transport infrastructures, in Section 1 and Section 2, and how BIM can help optimise it. In Section 3, the methodology and materials are elaborated. Section 4 is dedicated to the IFCInfra4OM ontology and its data model. The implementation of the IFCInfra4OM through the Moroccan A7 Highway section BIM is detailed in Section 5. It also provides an overview of results validation methods. The approach of extending the BIM standard with the IFCInfra4OM ontology is synthesised in Section 6 and further insights on future work are proposed in the last section.




2. Literature Review


BIM helps to resolve management issues through a whole life cycle of a facility [11]. However, its integration is more intensive for conception and construction phases than for O&M [21]. Moreover, its standardised applicability for transport infrastructures is limited. On the one hand, these facilities are more complex [22] than buildings and there are several system types to manage them. On the other hand, the data structure of the BIM Standard, namely IFC, does not fully meet the transport infrastructures O&M requirements.



2.1. Operation and Maintenance for Transport Infrastructures


The O&M phase of a facility’s life cycle includes day-to-day activities to maintain its intended function and environment. Further, the terms Operation and Maintenance are combined in the appellation of this phase because a facility cannot operate at peak efficiency without being maintained [23]. It is considered as the most expensive phase in the whole life cycle of an infrastructure facility [24]. Its high costs are caused either by: (1) The long duration of O&M phase; (2) the use of unsuitable O&M methods [22]; or (3) the failure of taking into account the characteristics of each infrastructure [25]. This involves additional costs in the O&M phase to collect and recreate useful information [11].



There are multiple computer aided management systems to hold this phase. These systems help maximising O&M management for infrastructures through the integration of several information about the facility and its environment. Examples of these systems are detailed in Table 1. These systems integrate several information about: (1) daily process: routine operations to maintain optimal functioning of a facility; (2) emergency process: pre-defined protocols that manage untoward events in the future [26]; and (3) statutory inspection [27]: including mandatory inspection and preventive maintenance.



Infrastructure facilities are characterised by different economic, environmental and political specificities that are more complex than buildings [34,35]. For these facilities to be fully operational, they require particular type of information to be integrated in their management system [36]. This information can be summarised as illustrated in Table 2.



Extensive efforts have been deployed to manage systems that integrate the various types of information mentioned in Table 2, but these systems are linked to several databases which makes them difficult to access and to re-use [37]. Furthermore, using these systems can cause information redundancy problems. Moreover, insufficient training for users leads to manual entries that can make the system information redundant or erroneous [23]. Finally, experts in O&M, for infrastructures are not involved in the earliest phase of a project, namely the design phase [22], which results in a lack of data in the system, an inconsistency, or even improper data.




2.2. BIM and O&M for Transport Infrastructures


2.2.1. BIM for O&M Management


According to the National Institute of Standards and Technologies of the United States report [39], the regression in the construction sector was estimated at 30% compared to other industries over the last 40 years. In the same report, this regression is due to a lack of interoperability and scarcity of software solutions. BIM is the answer to address these issues. However, its scope of application within the entire life cycle of a facility is restricted to the inception of the project [40].



BIM has been appropriated in transport infrastructures because of its ample advantages. Some examples of studies supporting these advantages are: (1) The investigation conducted in [41] that compared two bridge construction processes. One of these processes includes BIM which consequently results in an optimisation of the costs, request for information (RFI) and change order information (CO) indexes; and (2) a study by Cheng et al. [42] that analyses the uses of BIM for infrastructures and its function throughout all life-cycle phases. This shows how BIM application for transport infrastructures is restricted in the O&M phase.



The objective of BIM is to reduce prelims the effort of collecting and creating data concerning the entire life cycle of an infrastructure [43] to avoid problematic issues that may arise in late phases such as O&M. Several innovative applications to integrate BIM to solve O&M issues, are carried out. Examples of these applications are: (1) decision-making and communication improved by the integrated case-based reasoning (CBR) to a BIM system [44]. It allows retrieving asset maintenance history by linking a BIM model with a professional knowledge base; (2) integration of a BIM model with a CMMS [45]. This study gives opportunity to improve operational phase management through early collaboration between designer and facility management team through linking operation information with a BIM; (3) risk analysis in a tunnel construction operation using BIM [46,47]. Tunnel 3D model is extended to support additional semantic information related to operations and to ground conditions; (4) diagnostics and tractability improvement by objects inspection automated using BIM [48]. The IFC files are analysed using algorithm in the aim to update objects properties and geometry with results of inspection; (5) improving Emergency process using BIM [1]; and (6) preventive maintenance optimisation using a BIM facility management system [38]. It is realised through updating equipment failures and linking them to maintenance works on a BIM model.



Considering standardisation, the Information Delivery Manual (IDM) standard (ISO 29481) [49] developed by BuildingSmart [50] can be a substructure for integrating O&M in BIM. IDM is a methodological process map in which each process relates to an activity. Every one of these processes is represented as a step-by-step workflow with definition of stakeholders and data exchange at each step. IDM was converted to a data model in [51] to be linked with an asset information model to manage a facility database system.




2.2.2. O&M Information Integration Issues in BIM Standard


All these previously mentioned approaches are based on a linking of several systems processes. However, the application of standardised BIM needs to consider the integration of O&M information in the BIM standards such as the industry foundation classes (IFC). In fact, decisions issued in an O&M process are affected by hierarchical connections between the BIM objects [21]. This consideration cannot be realised through the approaches discussed above for several reasons. First, they link a BIM model with extra information systems with non-topological rules. Second, the BIM model is used as a 3D visualisation tool where information is added to objects separately, do not respect a predefined use case’s map in BIM process management.



The limitations of integrating O&M in IFC schema for transport infrastructures are mainly due to:




	
Infrastructure IFC schemata that are still under development [52]. For example, The IFCBridge project has reached the implementation phase since March 2019 [19], while the IFCRoad has been released as a prototype data model since July 2019 [20]. These two schemata are more oriented to manage conception and construction phase. It is perhaps primordial for an infrastructure but do not represent the whole life cycle.








Another issue that concerns the current IFC version is that the existing O&M information are well structured in the IFC schema, but are not enough to manage this whole phase for transport infrastructure [48]. This information concern [52,53] risk information, warranty, service life, condition, manufacturer, environmental impact, and work control. On the one hand, this information is not complete [21,52]. There are limitations in describing general organisational functions, such as financial management and risk management [54]. Furthermore, information to describe system optimisation performance and energy requirements are not integrated into the IFC schema [52]. On the other hand, information about O&M in IFC schema do not allow a complete management of the O&M process for infrastructures. In fact, supporting a complete O&M process is done through sufficient relations between O&M object classes that exist in the IFC schema. While studying the IFC standard, it is noticed that interactions between actors and space management programs are not supported [55]. All these gaps make the O&M process requirements for infrastructures not fully supported by the BIM Standard. These requirements are, first, all information types that allows an optimal O&M process management. They are already described in Section 2.1. Second, complete interactions between O&M data within the IFC schema are part of these requirements. The main objective of this paper is to present a new ontological approach to solve these two impeding issues of O&M integration in BIM for Highway Infrastructure as a particular example of transport infrastructures. The main advantage of using an ontological approach is that it defines concepts constituting a domain of knowledge and determines representations and structures of objects, properties, events, processes, and relations in physical reality [56]. It is, in fact, relevant for a standardisation process to produce definitions and allow a universal use.



Our research contribution is a proposition of a data model called IFCInfra4OM that serves to bridge the gaps studied in the literature review. This data model, constructed through an ontological approach, structures information requirements of a highway O&M phase. It allows:




	
Hierarchical relations between O&M data in accordance with real technical O&M process. This solves the issue of non-structured O&M information in the IFC schema.



	
Identification of O&M requirements to fully manage such a phase for highway infrastructures. This definition is based on international standards and technical documents as reported in Section 3.1.



	
Extension of the IFC standard through the schema reported in Section 6. This enables standardised BIM to be applied to highway infrastructures instead of BIM–external systems linking. It allows the highway information model to be the only database shared to manage all project data through the O&M phase.











3. Materials and Methods


3.1. Materials


To build the IFCInfra4OM ontology, several documents inspired our research: (1) basic scientific articles; (2) norms and standards; as well as (3) technical documents published by expert organisations. These documents are detailed in Table 3. They first provide an explanation of the type of information required to successfully complete an O&M process. Then, their analysis allows us to decide on the concepts to define for this ontology. Finally, they help to determine the highway objects to which the defined concepts must be linked.



After investigating these materials, three categories prevail. First, some norms are relevant to information requirements of different kinds of facilities which makes information vague, all-inclusive and imprecise. Second, other norms facilitate the management of the investment phase. Information can then be relevant to any stage of investment phase such as O&M, demolition or renovation stage. Finally, some standards apply to all transport infrastructures and not just for roads or more specifically highways. However, their study helps define the semantics that can be added to BIM objects to allow an efficient highway O&M management.



The management of the O&M phase for highways is based on several asset management (AM) practices and BIM can significantly help optimise them [67]. According to these practices, the IFCInfra4OM ontology is defined in compliance with the main rules integrated into an AM system, namely:




	
Compliance: This represents the measure of a value’s conformity with a standardised value. Exceeding the normalised value leads to a problem in the process.



	
Prevention: The set of actions aimed at detecting a process problem and redressing it before it occurs.



	
Reliability: The measure of a process failure risk.



	
Quality: This is the process steps ‘ability to meet the requirements of a smooth operation of a highway’.








The integration of these rules in the ontology made it possible to define several concepts as illustrated in Section 4.1. Besides, the definition of the concepts was also based on two criteria, namely:




	
Universality: The ontology is defined in such a way as to allow an extension of the IFC standard.



	
Road infrastructure management oriented: The ontology contains concepts that can be applied to the management of roads and their assets in general and not only of highways in particular. In addition, the concepts should allow the management of the O&M phase of this type of infrastructure.









3.2. Methodology


The methodology for constructing the IFCInfra4OM ontology is established on four main stages. The first step is that of defining ontology. The second concerns the modelling of this ontology in order to allow its application on real world data. The third step is the validation of the data model. Finally, the fourth step aims to apply this model to a case study. This methodology is thoroughly elaborated in Figure 2.



3.2.1. IFCInfra4OM Definition


The IFCInfra4OM ontology is defined according to three main steps:




	(1)

	
Highway O&M domain study: the information’s needs and requirements for this phase are examined in order to define the concepts of the ontology. This step was based on: (1) the formerly introduced literature review; (2) international norms and standards relating to the O&M phase in the field of AECs; (3) the content of the IFC standard in terms of O&M information and (4) O&M technical documents published by specialised organisations. This step led to the completion of an O&M process for highways.




	(2)

	
Establishment of the IFCInfra4OM ontology: the concepts, their properties and relations are defined. The basic criteria for the definition of these concepts are detailed in Section 3.1. These concepts are also linked to the defined process.




	(3)

	
Extension of the IFC standard by the O&M ontology model: this step consists of proposing an extension of the IFC standard based on the ontology data model in order to integrate the O&M process within this standard. At this level, this step is not detailed, but an overview is provided in Section 6.










3.2.2. IFCInfra4OM Semantic Model


IFCInfra4OM object-oriented modelling is based on the Unified Modelling Language (UML). The concepts are modelled in classes with a description of their properties. This modelling aims to: (1) highlight the concepts defined in the ontology; (2) integrate the main rules of an AMS; (3) allow multiple uses of the ontology by other database systems and (4) be able to provide an extension of the IFC schema.




3.2.3. IFCInfra4OM Validation


The IFCInfra4OM ontology is validated on the semantic level, the syntactic level and then by a case study:




	(1)

	
Semantic validation is realised with highway O&M experts assistance. This semantic validation was executed during several working sessions to provide remarks and recommendations about concepts, their connections and attribute information.




	(2)

	
Syntactic validation is achieved to verify the conformity of the model produced with the rules of UML formalism and the conformity of the grammatical rules with the XML language.




	(3)

	
Case study validation is made by the implementation of the IFCInfra4OM data model on a segment from the A7 Agadir-Marrakech Moroccan highway. First, a database is generated from the IFCInfa4OM data model. Second, O&M works realised on this highway segment are transcribed in the database. Third, a 3D model of the highway segment is realised. It presents the three-dimensional geometry of the segment components: pavement, traffic security equipment, digital terrain mode, and equipment installed or repaired on behalf of the O&M works. Fourth, a mapping procedure had helped integrate O&M information into the highway segment 3D model. This had allowed the construction of a highway information model. Finally, O&M information reporting is retrieved from the highway information model to demonstrate practical use of the IFCInfra4OM data model.












4. IFCInfra4OM Ontology


4.1. O&M Process and Ontology Definition


The O&M phase of a highway infrastructure is managed according to a process that includes both monitoring and intervention steps to resolve any identified problems. Monitoring steps are intended to constantly inspect the infrastructure. Inspection is done either by a field agent, according to a planner, or by a monitoring system. Emergency inspection is done when an event occurs like a traffic accident. For monitoring, two types of systems are included: (1) fixed system such as sensor networks integrated to highway components; or (2) independent equipment like terrestrial 3D scanner used to measure deformations in a highway component. Intervention steps of the process include actions to maintain, repair or replace a highway component. These actions are operations made in the field to perform either routine maintenance work or heavy maintenance work. The IFCInfra4OM ontology model, developed within the framework of this paper, is designed in such a way as to integrate the information from all these steps in a single container as illustrated by Figure 3.



For the proper management of highway life-cycle O&M phase, two levels of data definition exist in the ontology:




	(1)

	
Level of O&M concepts: This concerns the O&M phase of a highway infrastructure and incorporates the concepts necessary to describe the O&M process.




	(2)

	
Level of Highway components: This level contains highway environmental equipment and components. This level has not been developed within the present framework because there are indeed several models in the literature to do so [20,59,66]. Having said that, the objective here is to model only those elements that have a direct relationship with O&M. In fact, in Figure 4, which illustrates the diagram of the IFCInfra4OM ontology, the concepts relating to the components of a highway are modelled based on the LandInfra standard [66] to allow a first implementation of the ontology. In future work, these concepts will be replaced by the corresponding concepts on the IFC schema once extended.









The concepts of IFCInfra4OM are of the following types: (1) objects, (2) operation, (3) event, or (4) person. Their attributes information makes it possible to understand the concept and also to integrate the AMS rules relating to the reliability and quality of the system as explained in Table 4.




4.2. IFCInfra4OM Data Model


IFCInfra4OM is modelled according to the Unified Modelling Language (UML) formalism as a class diagram (see Figure 5a–c). Its data structure is organized into three packages: (1) Operations; (2) Monitoring and (3) Actors. It is then written in Extensible Markup Language (XML), as illustrated in Figure 6. This transcription aims to validate the syntax of the data model and to allow the future enrichment of the IFC standard. The level of development (LODt) adopted for each concept depends on its usefulness in the O&M process, its level of data definition (O&M or Highway Component) and its properties. For example, the concept “monitoring data” is modelled in a class of its own, while operation types are modelled as enumerations. Admittedly, each monitoring data is of a different nature and comes from a different source, whereas operations are abstract concepts that are part of the O&M process. Table 5 describes the three LODts defined by the IFCInfra4OM ontology.



The development of IFCInfra4OM is based on international norms and standards that have inspired the research. Actually, and for the modelling of certain concepts, some information was extracted from these standards and reused in the model, as described by Table 6.





5. Results


5.1. Presentation of the Case Study


The case study concerns the A7 Highway in Morocco that links the cities of Agadir and Marrakech. It is characterised by a slope located at the level of the High Atlas Mountains at the 350 kilometric point, 25 km south of the Zaouiat Ait Mellal tunnel in the Foum Jrana zone [62,63]. Its central zone is located at 30°59′10.32″ N, 9°02′28.10″ W. The geographical extent of the area is illustrated in Figure 7. Examples of operations conducted on this highway section in accordance with the IFCInfra4OM model are shown in Table 7.



The slope studied extends over 1200 m and is 110 m in height [62]. It is characterised by several instabilities that present a danger to highway users. These instabilities are [63]:




	(1)

	
Presence of a fault in N130 direction and a dip of 20° to the North-East giving rise to a landslide.




	(2)

	
Fracturing of the rock mass and unstable rock masses at the central level. This led to a collapse at the level of some berms.




	(3)

	
Presence of isolated boulders on the natural slope. They are characterised by a precarious balance and are likely to detach.









Three types of equipment are installed on the surface of the slope to remedy the hazards observed relating to landslides and rocky massifs (see Figure 8). This equipment was modelled on the Highway 3D model as shown in Figure 9.




5.2. IFCInfra4OM Implementation


The purpose of the case study validation is to implement the IFCInfra4OM data model to a real highway infrastructure to illustrate the adaptability of this ontology and give authenticate the concept. The implementation methodology is shown in Figure 10.



The implementation is done in three steps:




	(1)

	
First, a package diagram (Figure 11) is realised to illustrate the IFCInfra4OM data model structure. The model is divided into four packages to allow practical use and future software development. These packages concern O&M management, monitoring system, actor’s management system and highway components. This latter is replaced in the case study with LandInfra standard model to enable a first implementation.




	(2)

	
Then, a 3D Model of the studied highway was established. This model is used to connect the data base and produce the highway information model for O&M management (see Figure 9).




	(3)

	
Finally, a database is developed based on the IFCInfra4OM data model. This database is sustained by data from the case study then linked to a 3D viewer to enable use cases scenarios.









A database (DB) is generated from the IFCInfra4OM conceptual model (see Figure 12). With a data mapping protocol, the information required by the UML class diagram as well as the links to the highway segment concerned by the O&M activities are integrated from the DB to the 3D model.



Two use cases are investigated. First, 3D visualisation (see Figure 13) of the highway information model gives O&M a geospatial context. Operations and inspections can be recognised by both semantic description and geographic location. Moreover, it helps understand the impact of O&M results on the highway environment. Then, O&M reporting is established (see Figure 14). The report integrates: (1) an extract table of information regarding the highway examined, the maintenance operations conducted, and the equipment installed; (2) diagrams describing the performance and statistics about operations; and (3) a map to geographically locate the operations effectuated.




5.3. Results Validation


5.3.1. Semantic Validation


The definition of the process and the semantic validation of the IFCInfra4OM data model is achieved through experts assistance from the Moroccan establishment, Moroccan Highway Academy (ADM Academy).



The purpose of experts verification is to analyse and evaluate the concepts of ontology based on several criteria [68], namely: (1) accuracy; (2) completeness; (3) conciseness; (4) coherence, and (5) organisational fitness.




5.3.2. Syntactic Validation


The consistency and instantiation of the model is verified via the transcription of the ontology in XML. A reasoner integrated into the modelling software made it possible to automate the verification of this syntax and the results are elaborated in Table 8.






6. Extending IFC Standard Overview


For the IFC Standard enrichment by the ontology IFCInfra4OM, we propose the diagram in Figure 15. The concepts, about the components of the highway, and which are borrowed from the LandInfra standard in the presented case study, will be replaced by those of the IFCRoad following appropriate procedures. Indeed, the extension of the IFC standard is based on specific relationship classes [69].




7. Conclusions and Discussion


This paper presents an ontological approach to integrate information from the O&M phase in a BIM for highways. This approach aims to set up a framework of concepts necessary for the reuse of the proposed data model either to integrate it into BIM or to use it on other facility management systems.



The literature review helps understand the existing transport infrastructures management systems. BIM is one of those systems with the additional advantage of combining information with 3D rendering for a better understanding of an infrastructure project. It also allows to establish the main information requirements for an optimal management of the O&M phase of transport infrastructure. Moreover, it provides an overview of the efforts made in the research world to integrate O&M into BIM. Finally, it underlines the main issues of O&M information integration issues in BIM standard.



The methodology used in this paper details how the proposed IFCInfra4OM ontology remedy the main problems encountered in managing an infrastructure in its O&M phase through BIM. This paper provides a proof of concept by modelling the proposed ontology and directly linking its data model to a 3D model of a segment on the A7 Agadir –Marrakech highway in Morocco to build a Highway Information Model.



The case study presented enables the application of some use cases of BIM to this highway. It also helps understand how the IFCIfra4OM bridges the gaps detected in the literature review. The implementation of IFCInfra4OM on real world data demonstrates that:




	
Hierarchical modelling of O&M data enables several analyses. Such complex analyses are not yet possible with the unstructured O&M information in the current IFC version. Examples of this analyses established in this paper, through the case study, are: (a) multicriteria analysis to extract information useful to the user such as the calculation of performance over time; (b) data combinations to allow statistics such as hazards recordings consistent to their types.



	
IFCInfra4OM is expandable to be integrated in the IFC schema. The criteria adopted to define concepts allows the modelling of several object classes that are interoperable with IFCRoad.








In future research work, the extension of the IFC standard will be conducted based on the practices published by BuildingSmart. The objective is to create a standardised highway information model for a full management of its O&M phase.



The IFCInfra4OM ontology data model submitted in this paper is a tool for the standardisation of O&M for road infrastructure BIM. However, and in order to make this system more practical on the macro level and reduce the research gap regarding the integration of BIM into infrastructures O&M, we recommend the following research horizons: (1) A reflection of this model to make it suitable for infrastructures in general while keeping its universal aspect in order to allow the IFC extension; (2) An automation of monitoring data integration from 3D survey sources such as 3D laser scanners and drones; (3) A development of systems that allow the real-time use of these data by layering it on a BIM model.
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Figure 1. Relation between BIM and IFC standard. 
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Figure 2. Constructing IFCInfra4OM Ontology Methodology. 
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Figure 3. O&M Process for Highway Infrastructure. 






Figure 3. O&M Process for Highway Infrastructure.



[image: Ijgi 10 00305 g003]







[image: Ijgi 10 00305 g004 550] 





Figure 4. IFCInfra4OM Ontology Definition Schema. 
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Figure 5. (a). IFCInfra4OM Data Model: Operation Package. (b). IFCInfra4OM Data Model: Monitoring Package. (c). IFCInfra4OM Data Model: Actor Package. 
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Figure 6. Extract from XML Writing of Class “Inspection”. 
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Figure 7. A7 Agadir-Marrakech Moroccan highway geographic area studied. 
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Figure 8. Security Equipment installed on the slope: (a) Dynamic barrier, (b) Gabion wall, (c) Shotcrete berms. 
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Figure 9. Highway 3D Model: studied segment of A7 Moroccan Highway (Infraworks software). 
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Figure 10. IFCInfra4OM Case Study Implementation Diagram. 
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Figure 11. IFCInfra4OM Packages Diagram. 
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Figure 12. IFCInfra4OM Database Extract (PostgreSQL Database). 
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Figure 13. Use Case 1: 3D Visualization of the Highway O&M Information Model (Navisworks software). 
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Figure 14. Use Case 2: O&M Reporting Based on IFCInfra4OM Data Model (Power BI software). 
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Figure 15. Extending Mechanism Proposed to Integrate IFCInfra4OM within IFC Schema. 
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Table 1. Examples of Computer Aided Management Systems for Transport Infrastructures.
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	Computer Aided Management System
	Its Definition





	Computerized Maintenance Management Systems (CMMS)
	They are digital systems that integrate equipment inventory and ordered maintenance operations of a facility to help its daily management [23,28].



	Building Automation Systems (BAS)
	They are networks of electronic devices designed to control all systems in a construction (lighting, fire, security, HVAC…) in order to keep its environment in a defined range and to optimise its maintenance [29].



	Integrated Work- place Management Systems (IWMS)
	They are defined in [30] as a complete system that assimilate all strategic and operational systems of a facility to allow its efficient functioning on quality, environment, health and security levels.



	Intelligent Transport Systems Management
	They are systems that enable an optimisation of travel experience for transport infrastructures users [31,32]. A relevant example is Real-Time Crowding Systems that improve travel conditions by collecting real-time data on passenger flows and crowding levels from multiple sources [31].



	Transport Safety Systems
	They are systems based on several telecommunication technologies and application processes. They guaranty the safety of transport system and its environment. These systems integrate multisource data to enable danger prevention [33].
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Table 2. O&M Requirements for Infrastructure Facilities.
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	Information Type
	Its Definition [36,38]





	Project information
	it represents legal and financial data of the facility.



	Asset’s information
	it traces geometric and functional information about objects and equipment subject to O&M.



	Operating information
	it includes real-time collected data by a monitoring system or an operating human to insure statutory inspection process.



	Safety information
	it allows automatic notifications to inform in case of emergency problem.



	Performance information
	they are the indicators that help analyse activities efficiency.



	Stakeholders’ information
	it allows automatic notifications to inform in case of emergency problem.
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Table 3. Base Material for Constructing IFCInfra4OM Methodology.
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	Base Document
	Knowledge Domain





	ISO 55000 standard [57]
	Asset Management (transport infrastructures included)



	PAS 1192-3 standard [58]
	BIM and O&M for Building



	EurOTL Ontology [59]
	Road Asset Information Management



	BSI technical report on the requirements of infrastructure managers in a BIM process [60]
	BIM and Infrastructure Asset Management



	Morocco Highway Organization (ADM) technical documents [61,62,63,64,65]
	Highway Infrastructure and O&M



	LandInfra standard (OGC) [66]
	Geographic Information System and Roads



	BIM Standard: IFC 4.3 [53]
	BIM and Transport Infrastructures
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Table 4. Integrating O&M Rules into the IFCInfra4OM Ontology.
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	AMS Concept
	Rule
	Associated IFCInfra4OM Concept





	Compliance
	Exceeding the normalised value leads to the realisation of a problem in the process.
	
	
Regulated threshold



	
Risk








	Prevention
	The establishment of a monitoring system helps prevention.
	
	
Inspection



	
Risk



	
Monitoring Data








	Reliability
	The inspection of the results of an operation after a defined period of time judges its reliability.
	
	
Inspection








	Quality
	The study of solutions proposed by an inspection judges their quality.The inspection of the results of an operation after a defined period of time judges its quality.
	
	
Technical solution



	
Inspection
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Table 5. IFCInfra4OM LODt Defined.
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	LODt
	IFCInfra4OM Concept Example
	UML Modelling





	High
	Monitoring Data
	Object Class



	Medium
	Replacement
	Enumeration Type of the Class Object ‘Operation’



	Low
	Risk
	Attribute of the Class ‘Hazard’
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Table 6. Information Extracted from Standards and Reused in the IFCInfra4OM Data Model.
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	IFCInfra4OM Concept
	Type
	Origin Concept
	Base Standard





	Risk
	Attribute
	Risk
	IFC4.3



	Replacement

Realisation
	Enumeration Type
	ReplacementActivity

RealisationActivity
	EurOTL Standard



	Technical Solution
	Class
	TechnicalSolution
	EurOTL Standard










[image: Table] 





Table 7. Examples of Operations Completed on the A7 Highway Slope.
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“Operation” Class




	
Description

	
Status

	
Type






	
Installation of dynamic barriers to stop falling rocks on the roadway

	
Completed

	
Realisation




	
Installation of a 3-level gabion wall in the intermediate zone

	
Completed

	
Realisation




	
Reinforcement of the existing slope by nailing and shotcrete

	
Completed

	
Reparation
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Table 8. IFCInfra4OM Syntactical Validation Results.
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	Validation Step
	Validation Rule
	Result





	Validation of UML model
	Well-formedness of entities and relationships:

	✓

	
Checks if elements are valid UML2.5 elements.




	✓

	
Validates relationships according to UML2.5 parent-child entities.






Element Composition validation:

	✓

	
Checks validity of children




	✓

	
Checks the right number of valid children






Property Validity:

	✓

	
Checks correctness of UML property type.




	✓

	
Validates property values.




	✓

	
Checks for conflicting values.






	Checked



	Validation of XML model
	XML grammar compliant declaration of:

	✓

	
entities and data types




	✓

	
enumerations




	✓

	
attributes of entities




	✓

	
domain rules and uniqueness rules






	Checked
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