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Abstract

:

Regulatory activity concerning the management of existing bridges has recently been affected by updates, for instance, in Italy, which calls for a speedy and pragmatic approach based on new technologies such as building information modeling (BIM), when dealing with the survey and risk classification as well as the evaluation and monitoring of structural safety. This paper focuses on the development and integration of a digital solution, based principally on the specific framework developed by the authors, which supports BIM modeling and information management activities, in the structural setting under investigation, through the use of several technologies and tools, namely BIM-authoring, CDE platform and visual programming, in addition to programming in Python. Starting from the organization of a specific BIM object library and the initial data, inserted by means of a custom-made input environment, it was possible to reproduce digital models of bridges in accordance with specific information requirements following the new Level of Information Need setting. The applicability of the proposal is tested on two judiciously chosen real-life cases with different characteristics. Through this implementation, a series of advantages emerge, including expediting traditional procedures for BIM modeling, accessibility and traceability of information—which are constantly updated to support the monitoring of structural safety over time—and the decision-making process related to the bridge management context.
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1. Introduction


Bridges and viaducts, which are used by both rail and road networks, consist of elements that are complex in terms of construction, design, and execution and which are expensive in terms of the resources used in their management, control, and maintenance. As is well known, bridges and viaducts are highly exposed to processes of structural deterioration induced by various climatic conditions, by aging, and by the weight of traffic loads. Consequently, there is an ever-increasing need to improve bridge management [1]. In the event of earthquakes or other natural events, the exposure and vulnerability of a built asset (e.g., existing bridges) must be taken into account. A thorough assessment of whatever deterioration or defects can be made and a subsequent diagnosis and maintenance strategy can be adopted to guarantee the safety, durability, and functionality of the bridge [2]. In Italy, transport networks are characterized by a large number of crossing constructions (e.g., bridges), due to the morphological configuration of the country as well as the presence of waterway networks. This heritage is highly heterogeneous in terms of origin, typology, and characteristics. Obviously, as time goes by, multiple factors linked to the continuous development and evolution of transport networks make it necessary to evaluate the safety of infrastructural assets (principally bridges) in an updated and organized regulatory framework. Considering a lifecycle-oriented approach, for the management and maintenance of bridge safety, the use of new approaches, solutions and digital tools is necessary [1,2,3,4,5,6,7,8,9]. Among the most applicable digital technologies is building information modeling (BIM). Early concepts related to BIM date back to the 1970s [3], but nowadays, it can be considered as an operational technology for use in the construction sector, aimed at creating, storing, and managing information relating to an asset (e.g., building or infrastructure) during the construction’s entire lifecycle. To date, the application of BIM methodologies has mostly involved the context of new projects. However, it can be applied to each phase of the asset life-cycle including the management phases [10,11,12,13,14]. Additionally, in the case of bridges, BIM applications in management and maintenance phases coming relatively late. Given that we have recently started to proceed with the digitalization of existing infrastructure, it is reasonable to expect that in the immediate future, infrastructural heritage will be available in the form of three-dimensional, parametric, and informative models. Hence, for supporting these new methodologies, there has been growing demand in this area. To accomplish this, various tools and technologies (visual programming, IOT, machine learning, and more) can be used. With this aim, the authors develop an all-encompassing digital solution, considering different BIM technologies available today, for supporting parametric 3D modeling activities in addition to the processing, integration, and management of information, in the context of the Italian regulation, regarding existing reinforced concrete bridges.



1.1. Regulatory Context for the Management of Bridges


Bridge management can be understood as the optimal planning of inspection and maintenance activities, with the aim of preserving the value of infrastructure, and thus optimizing costs throughout a given installation’s lifecycle while ensuring the safety of users and sufficient quality of service. In the United States, regulation regarding bridge management has involved institutions and organizations such as the Federal Highway Administration (FHWA) and the American Association of State Highway and Transportation Officials (AASHTO). After other relevant events, bridge management systems (BMS) are adopted, and additional regulations, manuals, and guidelines, regarding the assessment and verification of existing bridges, are issued. In the field of the verification of existing structures, in the case of the United Kingdom, other documents were issued. In Europe, the Council of the European Union included the transport sector in its list of critical infrastructure a few decades ago (Directive of the Council of the European Union 2008/114 EC, 2008). In Italy, the regulatory framework is fragmented into various ministerial circulars, specific guidelines, provincial regulations, and stipulations of the various groups operating in the transport sector. With the current NTC2018 and the related Circular of 2019, sensitivity about the structural safety management and maintenance of existing structures has certainly increased. Following the catastrophic events (e.g., occurred on Polcevera viaduct), the regulation framework was updated (e.g., Decree No. 109 of 2018, Law No. 130 of 2018). Mostly, in the context of infrastructure management, regulatory provisions have concerned the institution of the AINOP (Archivio Informatico Nazionale delle Opere Pubbliche) and the definition of the LGP approach (Figure 1). Indeed, the AINOP was set up for the census of public civil works pertaining to managing bodies and authorities [7]. It was established to record all the information required for public infrastructural assets (road and railway bridges, tunnels, etc.), present on the national territory, and is managed through a digital platform where information must be organized in sections (according to the type of infrastructure, including road bridges), subsections, and other specific input areas where census data, technical data, economic–financial data, structural monitoring data, maintenance data, works, and others have to be recorded.



The Italian guidelines entitled ‘Linee guida per la classificazione e gestione del rischio, la valutazione della sicurezza ed il monitoraggio dei ponti esistenti’ (LGP) were published by the Superior Council of Public Works (C.S. LL. PP.) and then adopted at a ministerial level (Ministry of Infrastructure and Transport) [15]. As shown in Figure 1b, the LGP multilevel approach is based on the definition of a CdA (Classe di attenzione) parameter that influences bridge management activities (such as interventions, structural monitoring, preliminary or in-depth assessments of structural safety, etc.) [16]. By considering the bridge data collected by means of the LGP Annexes, it is possible to record and process them to obtain information on risk, intervention priority, in-depth structural safety assessments, and condition status.



Taking a new perspective on the management of civil works in BIM, in Europe, directive 2014/24/EU suggests introducing BIM methodologies in the field of public procurement. Italy has implemented this directive (by means of Legislative Decree No. 50 of 2016), allowing the authorities to request the use of such methods and digital tools. Subsequently, in 2017, Ministerial Decree No. 560 of 2017 was issued. This introduced the procedures and times for the gradual introduction of BIM methodologies for the modeling and management of information, regarding buildings and infrastructural assets in public works, in addition to the concept of interoperability as performed by means of non-proprietary open formats and platforms. In August 2021, Ministerial Decree No. 312 was issued with the aims of implementing a series of new measures for the use of the BIM, introducing further changes to the previous decree, and identifying the reward criteria for the use of BIM. Additionally, the LGP address the integration of existing systems in service so far (e.g., BMS, ERP) with BIM methodologies. All this should be included in an overall framework of information management, which aims to ensure the appropriate safety level of the national infrastructure assets, based on the progressive adoption of information with related objects, common data environments, and interoperable platforms of data.




1.2. Problem Statement, Proposal Aim and Structure


As also emerges from the analysis of the regulatory context, there is a need to digitalize the management of existing bridges, with the aim of not only creating BIM information models but also of enabling new ways to process and manage information relating to the definition of structural safety, risk, and priority intervention. Currently, such information is not yet managed through a BIM-based approach. Additionally, the existing systems used today by managing bodies or authorities are still not ready and organized to fully meet the new requirements. Indeed, there is a lack of any all-encompassing BIM-based solution to manage the required information in accordance with recent Italian regulations. To achieve that, a new digital organization of context-related information—a recent approach introduced by the ISO 19650 series [17] and the UNI EN 17412-1 [18] by means of the definition of the Level of Information Need (LoIN)—was put forward. The authors, starting from the definition of the specific LoINs, propose a digital framework (i.e., RCBFramework) enabled by dedicated scripts and algorithms, developed in a programming application, and subsequently integrated into the BIM environment. This framework has been developed for a specific type of road bridge (namely, reinforced concrete girder bridges), but given its approach, particularly from an IT perspective, it could in future be extended to apply to other types of bridge or viaduct. Moreover, the proposed solution is enabled by the development of a specific input environment in which all necessary information is provided. By processing the inputted data via custom-designed scripts and algorithms implemented in visual programming (VP) and authoring environments, BIM models with synthesized information regarding risk, intervention priorities and structural safety were created and then managed in a collaborative environment. The use of a specific collaboration platform allows us to organize a collaborative work involving various technicians and support the information management organized according to the adopted LoIN approach. In conclusion, the proposed digital strategy was subsequently applied to two case studies in order to test the capabilities and effectiveness of the proposed approach in the analyzed regulatory context.



As regards the organization of this article, Section 1 provides an introduction for the context under investigation. The rest of the paper is organized as follows: Section 2 provides an overview of the application of BIM methodologies in the management of existing bridges. Section 3 deals with the organization of the BIM-based solution we propose, including the development of the digital framework and the strategy for the information management activities. Section 4, meanwhile, highlights the implementation of the proposed solution and the results obtained for the selected case studies. Section 5 then gives a final discussion of our results, and Section 6 presents our final conclusions.





2. Overview of the Application of BIM Methodologies in the Management of Existing Bridges


2.1. Analysis of the BIM Context for the Authors’ Proposal


Building information modeling has been defined by the National BIM Standard as “a digital representation of physical and functional characteristics of a facility. As such it serves as a shared knowledge resource for information about a facility forming a reliable basis for decisions during its lifecycle from inception onward”. The information that is generated and exchanged by means proprietary formats obviously guides the user towards specific solutions. Meanwhile, in openBIM, digital solutions developed with several open standards in mind—such as Industry Foundation Classes (IFC), Model View Definition (MVD), Information Delivery Manual (IDM), and so on—can enable and support the open exchange of information among all the professionals involved on a project [10,19,20,21,22,23,24,25,26,27,28,29,30]. However, the definition of BIM models should be carried out according to the widespread ‘use case’ concept, which establishes a common language for BIM applications throughout all lifecycle phases. In the case of the scenario under investigation, some uses cases, such as record modeling (RM), asset management (AM), and maintenance and repair information (MRI), may be considered. On the other hand, as regards the details of the BIM model itself, reference can be made to specific “Model Uses” [9]. These help identify the kind of information that is required, delivered, or integrated into the BIM models. In the context under analysis, it can refer to model uses such as “Algorithmic Modeling”, above all regarding geometry generation, as well as “Building Inspection” and “Asset Maintenance”, for a more thorough assessment of information and documentary aspects in the management context of a civil asset. In order to define what information is needed for BIM modelling and information management activities, alphanumeric and documental information relating to O&M activities predominates over geometric information, and these are fundamental to ensure the control of the condition status and bridge performance over time [3,5,11,21,31]. Regarding the management of a civil infrastructure, specifically in the case of bridges, several studies [9,11,32,33] consider the level of development (LOD) approach for their developments and proposals. The widespread application of such an approach has led to the development of some differences between LOD standards in the different countries [34]. In addition to this existing LOD concept, a new approach has been proposed by the ISO 19650 series, i.e., level of information need (LoIN) [17,18]. The new framework is different from LOD; indeed, with this new approach, it is possible to: (i) improve the information quality; (ii) reduce the risk of errors about the interpretation of requirements and control of compliance with contractual requests; and (iii) improve the process effectiveness, producing only the most necessary information, thereby avoiding waste, surplus, or a lack of information. This concept, accordingly, was subsequently defined in a recent standard, UNI EN 17412-1 [18], which has also been adopted in Italy, introducing the relevant aspects (at the geometric, informative, and documentary level) for the creation of the information needed to define a digital model. Given that this approach was recently issued, there is still a lack of specification and related applications to real scenarios, including the case of bridge management. For this reason, the authors have proposed a LoIN setting for bridge management in the cases under investigation.




2.2. BIM Methodologies Integrated with Other Technologies


In the AECO sector, for the creation of a civil infrastructure model, there are many software vendors and their software solutions. This software can be used for creating CIM models or performing simulations and analyses in different domains (transportation, structures, water, energy, etc.). In addition, some vendors also provide APIs (application program interface) and SDKs (software development toolkits) for customizing their tools. In the field of civil infrastructure, some applications (BIM-authoring or other software) can be used for different uses [11,28,32,35,36,37,38]. Usually, these are referred to some vendors such as Autodesk (e.g., Revit, AutoCAD, Civil 3D, InfraWorks, Structural Bridge Design, Navisworks, etc.), Bentley (e.g., MicroStation, ProjectWise, RM Bridge, Power Rail Track, Power InRoads, etc.), CSI (e.g., SAP200, CSiBridge), Tekla (e.g., Tekla Structures, Tekla Bimsight), Graphisoft (e.g., ArchiCAD), and so on, in addition to visual programming tools (e.g., Dynamo or Grasshopper) that can support activities related to the BIM-authoring applications. Therefore, the possibility of using VP tools (e.g., Dynamo, Grasshopper, etc.) permits automated or semi-automated operations for the development of solutions for model building and information management [28,39,40,41,42]. In the design phase of a bridge, these tools can be efficiently used for the development of different scripts for the generation of BrIM models, demonstrating a consistent reduction in modeling times [36]. In the specific context of bridge management, some information (e.g., relating to inspections) can be managed by developing structured workflows and scripts created in VP environments, starting from input data in an organized and structured way [11]. In the infrastructure field, BIM can be successfully applied to the design phases of infrastructure such as railways [36,40,42,43,44]. As also for buildings, in the context of bridges, these methodologies can be applied to the management of risk-related information [24,45,46,47,48,49]. BIM can also be used for the digitalization of existing bridges in addition to support the registration and maintenance of relevant information, both historical and current through the use of databases connected to the digital model [11,14,21,27,31,36,49,50,51,52]. BIM methodologies can be assisted and integrated with by other technologies as well. For instance, Internet of Things (IOT) technology could be considered in order to support smart structural evaluations and develop “intelligent” management of a bridge’s lifecycle [49,53,54] also combined with other means such as IFC [49,54,55,56,57]. Furthermore, specific tools, namely bridge management systems (BMS), can also provide decision support for the entire lifecycle of a bridge. In this direction, several studies [2,8,9,24,25,50,58] consider a possible integration between BMS, BIM methodologies, and other technologies as well, such as advanced computing and imaging techniques, with the aim of improving reliability and efficiency in bridge management [2,52,59,60]. As far as existing bridges are concerned, complete digitalization is necessary with the goal of supporting the management and maintenance of specific characteristics over time. This digital reconstruction can be put into action with automatic or semi-automatic methodologies that use survey data (e.g., point clouds) to generate models, for example, in IFC format, or for the automatic detection of the bridge elements and related damage information [21,59,61,62,63,64]. In addition, between BIM and FEM, the adoption of an adequate parametric strategy allows one to manage highly complex projects and facilitates collaborations between different disciplines or technicians [65,66,67]. BIM models, built in accordance with specific O&M requirements, can enable the extraction and exchange of data directly with existing asset management systems [68]. Digital management can also be supported by other solutions, such as collaborative platforms. These enable a common data environment (CDE) to be structured and organized according to national (i.e., the UNI 11337 series, in Italy) or international (e.g., the ISO 19650 series) standards. Several studies [4,10,69,70,71,72] prove the effectiveness of using CDE platforms, digital tools, or other systems to support the activities related to infrastructure including bridges. Moreover, an important aspect in the construction sector is interoperability, understood as the ability of two or more systems, networks, or applications to exchange information between themselves [73,74,75,76,77]. When BIM application have to be defined, interoperability issues and application compatibility logics in addition to their update times should be taken into account [7,77]. This can be performed through non-proprietary open formats such as IFC (ISO 16739-1), promoted by buildingSMART International (bSI). As has been demonstrated by various practical sources (e.g., Bridge Information Modeling Standardization by FHWA and the National BIM Guide for Owners by NIBS), some open standards, such as IFC and LandXML, are able to describe many aspects of a bridge throughout its lifecycle [20,24,54,78]. Obviously, the latest bSI projects (IfcBridge, IfcRail and so on) enable increasingly well-performing versions of the IFC standard capable of representing these assets both geometrically and semantically. In particular, the IfcBridge project [20], concerning IFC extension for bridges, has enabled the issue of a related version of the IFC schema (IFC4.2). Applications of visual programming could be considered to build and export bridge information models according to IFC4.2 release [28]. Although it is currently withdrawn, this has been considered in versions that are currently in development by bSI (e.g., IFC 4.3 or the latest IFC 4.4.0 version) for the infrastructural field. Indeed, in the O&M scenario for road infrastructure, IFC applications remain limited due to a lack of specific semantics [78]. At the same time, the openBIM approach can be considered for the management of all in-operation assets (including bridges) belonging to existing road or railway infrastructure [10,78].



Thus, according to the state of the art and what was stated in Section 1.1, there is a need to define an all-encompassing BIM-based approach for the management of existing bridges and to underline the lack of a specific BIM solution for the generation, processing and management of information related to a specific regulatory context. To date, information is still managed almost entirely at the level of asset management platforms, without a fully integration with collaborative BIM platforms and interoperable data models for an effective exchange of information and bridge management. The digital solution proposed by the authors processes and manages all the required information by means of specific workflows based on a developed framework, and through the use of a number of environments and technologies (programming environment, BIM-authoring software, Visual Programming solution and a BIM collaborative platform).





3. Development of a BIM-Based Solution to Manage Existing R.C. Bridges in the Context under Investigation


3.1. Organization and Objectives of the Proposal


The authors, by means of the proposal presented here, have defined an operational framework with which one can digitally manage a significant proportion of the bridges and viaducts that are part of the Italian infrastructural heritage, namely R.C. girder bridges. Our proposal enables us, via two real case studies selected because of their different characteristics, to demonstrate the capabilities of the proposed digital framework for generating diverse bridge configurations, managing and processing information related to the context under analysis. In this scenario, the solution was able to quickly generate BIM models starting from input data, such as plano-altimetric alignments and structural characteristics (number of piers, beams, etc.), through information entered in a custom-made input (developed in Excel). Specifically, the proposal considers girder bridges made of reinforced concrete (whether cast in situ or prefabricated), with bridge decks consisting of a grillage of beams (longitudinal and transversal beams), with any kind of longitudinal or transversal positioning, piers with single columns or multi-columns, and any kind of relative positioning between the piers or abutments and decks. The solution was developed with the aim of not only representing these bridges geometrically but also of enabling the management of information processed by means of scripts and algorithms, integrated into the visual programming environment, beginning with input data and relating to the condition and structural safety of the bridge under consideration. The use of a collaborative environment (i.e., usBIM.platform) was necessary to support the proposal based on the LoIN setting, where the bridge information model was considered as the center of digital workflows which involved various technical figures (e.g., structural engineers). These can take place in the common data environment built in accordance with the specific regulatory context (e.g., ISO 19650).



In conclusion, the following objectives were considered in developing the proposed solution: (i) development of a data input environment in addition to the organization of specific BIM objects following a LoIN setting; (ii) definition of an IT solution to be implemented in a BIM environment; (iii) development of specific procedures for the generation of BIM models, for the processing and updating of the information over time related to the required activities (census, survey, inspection, risk assessment, structural safety assessment, etc.); (iv) testing and implementation of the proposal on selected bridge cases.




3.2. Identification of Necessary Data and Definition of Information Strategy in the BIM Environment


A part of the proposal covered by this paper consists of the generation of BIM models, in accordance with specific information requirements based on geometrical, information and documentation setting. The required information was selected in accordance with the regulatory references under consideration (i.e., NTC, AINOP, and LGP). Analyzing different sources, the authors identified different levels of information: (i) a global level, which refers to information referring to the global bridge structure; and (ii) an element level, which refers to information relating to any structural bridge component (e.g., beams, columns). Accordingly, this information was organized in five layers depending on the regulatory source, as shown in Table 1.



As far as the LGP is concerned, on the other hand, these are organized in a multilevel approach (see Figure 1). With reference to the proposed mode of organization (Table 1), Layer 0 is characterized by information referring to both the AINOP and LGP. As regards the AINOP, this refers to information requested and present in some forms (e.g., Technical Annex A of the LGP). Meanwhile, the LGP, for survey information, refer to the relevant form (e.g., Annex A of the LGP —Level 0 bridge survey forms). The information identified at this level aims to have no duplicates. Layer 1, on the other hand, refers only to the LGP and provides information about the inspections that are carried out using visual surveys and collected through relevant forms (Annexes B, C and D of the LGP). For instance, Type B Annexes require information distinguishing between the type of material (steel, prestressed or cast in situ concrete, masonry, etc.) and element or part of the structure (pier, deck, etc.). Furthermore, there is a catalog of defects (Annex C of the LGP), which, for each element or part under consideration (beam, arch, etc.), reports a series of characteristic parameters for each defect (e.g., severity of defect “G”, extent of defect “k1”, intensity of defect “k2”) with relevant descriptions and an associated range of numerical values that can be assumed. Finally, in the case of particularly vulnerable elements, such as the reinforced concrete beams with post-tensioned cables, “special” inspections are required, and resulting information can be collected in a relevant form (Annex D of the LGP). Layer 2 deals with the classification of assets via the definition of the Class of Attention (CdA), both in relation to an overall value and according to individual risk (structural and foundational, seismic, landslide, hydraulic), in order to establish a priority for the in-depth analyses, structural checks as well as for the planning of necessary maintenance. Five attention classes are defined (high, medium-high, medium, medium-low, low). This parameter is defined by gathering data collected in previous levels. Layer 3, in the context of the LGP, involves preliminary assessment of structural safety starting from some preliminary CdA definition for the bridge in question (e.g., medium-high, medium). Layer 4, finally, refers to the in-depth structural safety assessment. In the context of the LGP, a thorough assessment of safety must be performed in some cases such as where the CdA is high or where specific instructions have been given derived from the previous level (Level 3). This layer consists of information relating to both the NTC and the related circular as well. With regard to the LGP, these establish the different levels of analysis for the bridge under consideration (complete adequacy, operability, transitability NTC 2018—type 1 and transitability CdS—type 2). Each state refers to precise requirements relating to the coefficients, for materials and actions, to be considered for the verification.



Given this information, the strategy took into account the final export of the bridge model in IFC format as well. If we consider this standard, semantic extension strategies can refer to two types of approaches: static (class definitions or related attributes) and dynamic (use of PSet/Properties or the proxy class concept) [44,46]. For this proposal, so far as alphanumeric information is concerned, reference was made to the second approach (development of PSets and related properties). Each identified layer is characterized by different sets of information organized in the BIM-authoring environment by means of the creation of parameters and associated, depending on the case, with either a structure or element level (see Table 2, Table 3 and Table 4). The subsequent IFC mapping procedure takes place by means of scripts, subsequently integrated into VP environments (e.g., Dynamo), which allow one to define the related configuration file automatically.



In addition, some information was conveyed through parameters that express summary information. For instance, with regard to structural safety, the Safety Factor parameter (considered as the ratio between capacity and demand) was used. Considering the property set SBM_L4_RCBeamStructuralVerification, shown in Table 4, the property BendingSF,min expresses the minimum coefficient for bending safety among all the sections considered for a structural element (beams, columns and so on). This approach is also considered for the other types of verification, and in general has been applied both at global (e.g., P-Δ, structure regularities, etc.) and elemental (e.g., shear, torsion, etc.) level.



3.2.1. Definition of the Proper LoIN in the Context Being Analyzed


Taking into account what has been stated in the previous sections, there is a need to specify information requirements for the creation and management of BIM models in accordance with the scenario considered by the authors’ proposal. The new approach related to the UNI EN 17412-1 standard provides a precise method for the definition of the level of information need by identifying: purpose (why), milestones (when), actors involved (who), and objects of exchange (what). In this respect, information should be organized according to geometric, alphanumeric, and documental aspects. The adoption of this new approach is justified by the fact that it is needed to manage all the information that is strictly necessary for a specific use and related purposes.



In this regard, Table 5 clarifies and summarizes, in detail, the LoIN considered with reference to geometric, informational, and documental information consistent with the purpose and phases that were identified. The first thing to be analyzed was the purpose. Record information, managing risk, and checking and monitoring of the structural safety were considered. Another aspect consisted in the identification of the lifecycle phase. Information models may refer to the O&M phases including any structural sub-phases (e.g., structural safety assessment, retrofit interventions, etc.). Actors, instead, refer to the specific structural activity being considered in the scenario under investigation (e.g., bridge structural engineer, bridge inspector, and so on). Following this new approach, the authors propose LoINs for the single component, global structure, and other aspects (such as site, project, etc.). According to the UNI EN 17412 Annex (e.g., type B), a suggested form was considered in order to specify and list the necessary information requirements. Below, an instance of a LoIN for a bridge element is shown.



In the case of the bridges considered in this proposal (i.e., reinforced concrete bridges), the ‘simplified representation’ of the bridge elements (beam, column, etc.) was chosen. This considers the modelling of the reinforced concrete part only, without the reinforcement. As regards alphanumeric information, this refers to the proposed parameters and related PSets (see Table 2, Table 3 and Table 4), which manage information derived from the census, inspection, structural assessment, and so on. In some cases (e.g., CdA), alphanumeric information is also obtained by processing other data (via scripts or algorithms belonging to the proposed RCBFramework) inserted in the input environments developed for the specific application. As regards documentation, these refer to information (e.g., images or sketches, photos, technical drawings, forms, schedules, structural reports, etc.) related to the activities pertaining to the structural bridge management.





3.3. Definition of a Digital Strategy for the Structural Management of Bridges in a BIM Environment


Since there is a clear need for automatic support for the creation and management of digital models and related information, the authors have developed a BIM-based solution (the RCBFramework) and a digital strategy, as described in Figure 2, which supports the following activities: (i) data entry (based on specific BIM objects and the data input environment); (ii) 3D model generation; (iii) model information management; and (iv) asset information management.



In some cases, the IT frameworks were built through the collection of classes, which provided the implementation lines for the application being developed [79]. The structure of proposed framework was supported by scripts and algorithms written in the CPython and IronPython programming languages, frequently used and integrated into visual programming environments. The architecture of the proposed RCBFramework follows the well-known MVC pattern. This pattern, used in programming, organizes code into blocks (i.e., Model, View, and Controller) in order to keep them distinct and ensure the code’s maintainability. The adoption of an advanced IT approach makes it possible to generalize the solution developed by the authors, in terms of IT model, both for the generation of the BIM object and for the information management, so that it is implementable in other kinds of BIM authoring environment. The following framework was structured according to classes and modules with different levels of abstraction or specialization. Therefore, following an object-oriented programming (OOP) approach, the code is organized into IT classes, which define a means to represent categories of objects (beam, column, etc.), with several attributes, which define the characteristics of the category of objects being represented (identification, dimensions, etc.). IT classes are supported by the inheritance mechanism, which can be significant when code reuse strategies are applied. In addition, several methods are set in order to support CRUD (“Create”, “Read or Retrieve”, “Update”, and “Delete”) operations related to specific data in relation to the various components of a bridge. For example, the “retrieve” methods permit us rapid editing operations of the geometry and information associated with some BIM objects. This framework organization was developed with the aim of being extendable to other types of bridges as well. Indeed, to achieve such extension, it will be necessary simply to develop new packages, modules, classes, and methods related to other kinds of bridges and their associated functionalities. Figure 3 describes the authors’ activities for the development of proposed digital solution. These were considered with the aim to test the proposed solution on the selected real cases of R.C. bridges.



Figure 2 and Figure 3 present a series of environments and applications. BIM-authoring software of Autodesk, i.e., Revit, mainly using Dynamo as an integrated VP environment have been considered. In addition, the Excel application has been chosen for organizing data flows with the Dynamo environment. These data will be necessary for creating and updating BIM model information. This environment gives us the possibility of implementing developed scripts, communicating with Revit through its API solutions. The proposed solution largely involves the definition of custom nodes that integrate scripts developed in the IronPython language. Finally, the implementation of the IT framework (i.e., RCBFramework)—in the BIM environment—required some time for building of a tailor-made solution (by means of methods and their scripts) that considers the peculiarities and characteristics of the bridges under analysis. However, this approach could be improved and extended in the future (e.g., through the development of other scripts and procedures) to consider other types of works.



3.3.1. Data Entry Input and BIM Object Library Setting


As a starting point, the authors developed a specific BIM object library and a data entry environment, which supported the model generation and information management activities in the analyzed context. In this environment, data were inputted, arranged in specific tables, and then collected in organized lists to be retrieved later and used by the proposed framework implemented in Dynamo (e.g., DAO modules). Information, for instance, derived from surveys or inspection activities, was entered through an input interface, sometimes also by means of macros developed ad hoc. These data were successively retrieved by scripts, implemented in the VP environment, and recorded in the specific parameters set in the BIM-authoring environment.



In accordance with the information requirements defined in Section 3.2, a BIM object library was developed. This was carried out considering the use of BIM-authoring software (i.e., Revit). Thus, a library of BIM objects (i.e., Revit families) was set, each related to typological elements pertaining to the bridges under analysis, specifically developing further families that are able to represent the specific features of the structural components belonging to the bridges in question. This approach enables the reuse of such components for the digitalization of other bridges with similar characteristics (e.g., bridges belonging to the same transport network) or extension in the future, with the addition of other Revit families, to other bridge typologies that are not considered in this proposal. For the generation of the geometry, information acquired by the surveys, existing drawings, and original documents were taken into account. These objects were considered as a starting point to be called up by the proposed framework, in addition to alignment information, for the definition of the bridge information model. Therefore, to move towards the automation of modelling procedures, the generation of BIM objects was carried out through the proposed ‘RCBframework’, implemented in the integrated VP environment, and the APIs made available by the authoring environment.




3.3.2. 3D Model Generation


As far as construction is concerned, a bridge is always built from the bottom up, i.e., proceeding from the foundations to the deck, and then on to the construction of the road or railway. In BIM modeling of a bridge, however, beginning with the infrastructure alignment, the construction of the model proceeds from top to bottom. The proposed framework, for the generation of the geometric part of BIM models, considers the concept of alignment (e.g., 3D polyline) as one of the input data sources in order to organize, arrange and create the structure of the bridge and its components, each of which is relatively positioned (in terms of angles, distances, etc.). The generation of the bridge, by means of the alignment data and other information (number of spans, number of piers, etc.) inserted through a specific input environment (e.g., Excel forms) allows us to automate the generation of the model and some of the information associated with it. This saves time compared to standard manual modeling procedures in BIM-authoring environments.



However, the approach defined by the framework needs to be contextualized in the authoring environment that is used, and with respect to the availability of related APIs. For this reason, classes and methods allow for implementation via dedicated developments in each environment under consideration (e.g., Dynamo, Grasshopper, etc.). In the authors’ proposal, implementation of the RCBFramewok was realized in the Dynamo environment. This required the development of classes and methods, starting from the RCBFramework (e.g., in terms of classes and methods), with the subsequent definition of the related IT objects. The implementation of these procedures allows the production of BIM models, in the BIM-authoring environment, after being exported in IFC format by means of the implementation of other specific procedures. These, along with the selected information, were subsequently ready to be managed in the BIM collaboration platform.




3.3.3. Model Information Management


The information management implied by the framework we propose, which is consistent with the relevant regulatory framework, has the objective of developing a data model aimed at integrating the BIM models that originate from the generation solution described above. This data model was also built taking into consideration the structure of the IFC open format and what was reported in Table 2, Table 3 and Table 4. Accordingly, it was divided into five layers, each of which contains a reference to the IFC class and associated property groups. With reference to the previously described IT approach, in the case of information management, some attributes (e.g., ordinaryForms, specialForms, PsetForms, etc.) for specific classes (e.g., LongBeam class) were provided with the aim of associating, for instance, the information that derives from the inspection forms (e.g., ordinary, special, etc.) to the parameters and properties that were processed. According to the organization proposed previously, it is possible to write, to record and to extract data relating to the various inspections that take place over time. Therefore, the proposed framework contains the fundamental logic for the development of any changes regarding information management, for instance via CRUD operations we defined (e.g., in specific modules) for the expected information related to the elements that make up the bridge. Indeed, for each layer, the relative module was defined (e.g., base_im_L0_control.py for layer 0). Layers following layer 1 (e.g., from layer 2 to layer 4) were characterized by additional instructions for processing synthetic information regarding, for instance, the condition of a structural element (e.g., relative defects) or related to structural safety (e.g., structural verifications). Additionally, through the development of different methods, some reports are automatically developed (in .txt format) and referenced to the BIM objects of interest through specific parameters (e.g., considering URL data type). The purpose of a report is to make available bridge data, in a more useful and synthetic manner, via specific parameters (e.g., percentage variation over time of the relative defect parameters, such as k1, k2, and I, according to LGP setting). Therefore, once the BIM model was developed, from both a geometric and informational point of view, a method related to the IFC export settings of the BIM model was created as well. This enables the correct writing of the configuration file (given the specific BIM-authoring software, e.g., Revit) for IFC mapping operations in relation to the structure of the IFC standard in question. Thus, the procedures defined in the solution following the RCBFramework implement the logics for updating BIM models of bridges from an information point of view, where model information can be updated (via CRUD operations we defined) following the latest inspections that have been carried out. This proposal allows the digital model to be updated following inspections and the automatic tracking of the evolution regarding the conditions of the bridge and its structural elements, as well as the management of information related to the assessment of structural safety via synthetic parameters (e.g., safety factors).




3.3.4. Asset Information Management


Having introduced the part of digital strategy adopted for the creation and management of BIM models at both geometric and information levels, it is also necessary to manage the documental level belonging to the LoIN settings identified in Section 3.2 for the context under investigation. Indeed, LGP suggests the adoption of collaboration platforms and data sharing environments for the effective and transparent management of a given asset. In accordance with international (e.g., the ISO19650 series) or national (the UNI11337 series, Ministerial Decrees, and further updates) regulation context in force concerning BIM, it is possible to use “interoperable platforms by means of non-proprietary open formats” with data “that can be requested at any stage and by any actor”, with information flows (relating to contracting authorities and related procedures) to be carried out “within a data sharing environment, where the digital management of information processes takes place” in addition to a series of requirements such as accessibility of roles-based figures, traceability of operations, support of various types of formats, and so on. Following this suggested direction, a specific BIM management platform has to be considered. This platform should also support digital workflows, involving various professional figures in a single collaborative environment. Thus, this kind of digital management allows the model to be interpreted as an “access key” reference, where information is always available and accessible to the professionals involved (structural engineers, maintenance technicians, bridge inspectors, etc.), which can manage and update the information about the bridge according to various structural contexts (structural safety assessment, maintenance operations, inspections, etc.).






4. Results


This section aims to describe the results obtained following the implementation of the proposal, providing a digital strategy suitable for application in the Italian regulatory context. The results have been achieved with reference to two real cases of reinforced concrete girder bridges. The expected results, in this case for R.C. girder bridges, include: (i) the generation of BrIMs according to proposed LoINs; (ii) implementation of the proposed solution for processing and managing relevant information in the context under investigation; and (iii) organization and management of structural information and related collaborative workflows. The first two results were achieved by means of the specific developed framework (RCBFramework), in addition to the availability of specific BIM objects and a data input environment. The third result is accomplished through the use of a collaborative environment and its related features.



4.1. Description of the Case Studies


The applicability of the proposal developed in this paper is tested on two judiciously chosen real-life cases with different characteristics. Two girder bridges were managed with our approach: a road viaduct and a motorway bridge, both made of reinforced concrete (see Figure 4).



The road viaduct (see Figure 4a) was built in the second half of the 1980s. It consists of a total of 34 m spans, giving a total length of about 1200 m. The spans are characterized by a transversal section with a total width of 11.30 m. The decks are made of four prefabricated post-tensioned R.C. beams, arranged with an interaxis distance of around 2.8 m, connected on site with five transverse beams and a slab of cast-in situ reinforced concrete. The piers are made of a single circular column of reinforced concrete and, on top, a beam with a support system consisting of several R.C. blocks. The second case study (see Figure 4b) involves a motorway bridge, built in the early 1960s and made of three simply supported bridge spans. The decks are 24 m wide and made with a grillage of transverse and longitudinal beams. Each span is characterized by 10 longitudinal beams of R.C. cast in situ with an interaxis distance of around 2.4 m. The two side bridge spans are 8.84 m long and include three transversal beams, while the central span is 18.62 m long and includes four transversal beams. The decks, piers, and abutments are all made of reinforced concrete cast in situ. The three spans also have non-rectangular decks with a deviation angle of around 44 degrees. Support devices consisting of lead plates of various sizes are placed on top of piers and abutments. The piers consist of rectangular section columns in the central part and polygonal section columns in the end parts of each bridge pier. These cases were also selected in order to test the capabilities of the proposed framework in generating BrIMs for different configurations of bridge structure, with reference to the different geometries of the constituent elements and the arrangement of the structural elements along the bridge’s alignment.




4.2. Implementation of the Proposal


Everything we have proposed was implemented by defining workflows that involved Excel, IronPython, Dynamo and Revit, along with use of the collaborative platform. Excel software was used as an environment for the management of input data through the development of ad hoc input interfaces, both for BrIM generation and information management. Dynamo, meanwhile, was used as an environment for the implementation of the scripts and algorithms that was developed in the programming environment (as shown in Figure 5 below).



Dynamo and Python interacted via the “Python Script” node, where the code can be written using the Python language. This allowed us to implement, via scripts and algorithms in the Dynamo environment, the proposed IT structure that constitutes RCBFramework. In the Dynamo environment, starting from the provided classes by the framework, the necessary implementations for the case studies were developed within several “Python script” nodes (e.g., “ge_im_model.py”, which includes more than 2000 lines of code referring both to the generation of models and the information management activities), as highlighted in the blue boxes of Figure 5. Retrieving data from inputs built in Excel, the solution implemented in Dynamo allowed us to instantiate the IT objects and to generate associated BIM objects with related information. Specifically, in the “Model Generation” box (in orange, see Figure 5), the use of the “Family Types” node was planned as an input to the method for the creation of a relative element (e.g., longitudinal structural beams). For each component of the bridge (beam, column, wall, etc.), a specific Revit family was developed (e.g., LongitudinalBeam.rfa) in accordance with the reference IT class for the bridge component in question (e.g., “LongBeam” class). This logic was applied to all the structural components of the bridge. These implementations use the available APIs, from both Dynamo and Revit, for supporting the generation of the bridge information model and the information management activities in the regulatory structural context under analysis. This logic was applied to all the structural components of the bridge.



4.2.1. BIM Model Generation


Starting from bridge alignment, along with specific settings for local reference systems and relative distances or slopes, the positioning of the bridge’s structural elements was carried out both in the case of the alignments of the linear elements (e.g., beams) and the contours of bidimensional elements (e.g., slabs). This information was necessary to subsequently obtain the BIM objects. A similar reasoning was used for the piers, and related reference systems were also set for them. Furthermore, by processing the relationships and spacing between the various components of the considered bridge, the script allowed to obtain the correct positioning of the BIM objects, avoiding relative interpenetration. In the case of the piers, the positioning and generation of related BIM objects are linked to the deck information. The definition of BIM objects was carried out according to specific requirements (i.e., LOINs as shown in Section 3.2.1). Hence, the generation of the BIM model began with the generation of the structural bridge decks and their components, before moving on to the development of the piers and abutments—in other words, following a top-down system of modeling. Considering the modeling phase, in the case of both bridge superstructure and substructure, specific data (slopes, distances, etc.), provided during the input phase (e.g., though Excel forms), were considered by the developed framework. Starting from Dynamo instructions (see Figure 5), the generation of the BIM model, both for the road viaduct and motorway bridge, as shown, respectively, for Figure 6a,b, has been carried out. As may be noted in the following figure, the authors were able to reproduce the complete BIM model, consistent with the information provided in the input phase (alignment, bridge or element characteristics, and so on). In addition, in order to manage the complexity of non-rectangular decks, the attribute “beta” was added to the class related to the bridge pier, representing the angle formed between the axis of the pier itself and the longitudinal axis of the bridge deck being considered. This was then related to the alignment and relative position of the bridge’s structural elements. Once the BIM models of the bridges were built, they were ready for the next phase of information management.




4.2.2. Information Management in the Context under Investigation


Following generation of the BIM models, the information that has to be managed regarding the bridge and its components refers to what was defined in Section 3.2. As explained in this section, the data model was organized according to proposed information layers (see Table 1). As shown in Figure 7, necessary data derived from original documents, surveys, inspection activities (with reference to the annexes considered by the regulations), and so on were entered through input interfaces (e.g., Excel macros), which saved the information in tables that were later retrieved by scripts. Subsequently, in the Revit environment, by means of certain instructions implemented in Dynamo, the creation of the parameters and their association with the reference Revit categories (e.g., Project Information, Structural Framing, etc.) were carried out.



Considering what has been shown in Figure 7, some inputted data can be used not only for the enhancement of associated parameters but also for the processing of the summary information for the other information layers (e.g., the CdA parameter) in accordance with the logics derived from the context under investigation (e.g., LGP). As previously described in Section 3.3, the methodological approach we employ defines IT classes and related methods. For instance, in the case of the digitalization of CdA information, individual risks (structural and foundational risk, seismic risk, landslide risk and hydraulic risk), with related primary and secondary parameters, have been encoded. Accordingly, the CdA algorithm, after having processed and gained the related values, associated them to bridge structure as BIM parameters. To achieve this, the processing of the “Relative Defectiveness” value (DR) is necessary for the definition of the CdA values. As suggested by the LGP, DR is a numerical indicator of the condition status. This can be specified in reference to a single element, homogeneous groups of elements, or the whole bridge structure. On the basis of the defects that are encountered, which are described by filling in the relevant forms, through calculation of characteristic parameters (G, k1, k2, etc.), it is also possible to define the DR value obtained as Ʃi (Gi × k1,i × k2,i). Gi, k1,i and k2,i represent, respectively, the importance, intensity and magnitude of each defect detected during an inspection. These are defined on the basis of a specific catalogue of defects provided by LGP (as a specific Annex C of the LGP). Accordingly, the authors developed related scripts and algorithms, successively implemented in Dynamo, with the aim of making these operations available, with related output information, in a BIM environment as shown in the following figure. As shown in Figure 7, some reports were generated (in .txt format) through other scripts we implemented. For the single structural component of the bridge, this report was proposed for summarizing, for each inspection, data used in determining the DR value, with the aim of always having access to the relative defect history. As regards the bridge structure, another .txt file summarizes, for each inspection, data and values that were used in determining the CdA, for the overall value and for single risk values. Both in the case of single element or the bridge structure, this is automatically linked and recorded in the corresponding parameter (considering a URL-type value). All this was carried out with the aim of keeping BIM models constantly updated with the latest information, ensuring greater readability of the information obtained during processing. Additionally, this proposal allows the determination of the resulting information related to risk definition and structural safety for the bridge under consideration. As regards information layers L3 and L4, synthetic parameters (e.g., Safety Factor, as also proposed in Table 4) relating to bridge or element condition, obtained after structural assessments, were taken into account. This information was later associated within the informative model of the bridge as well. For all this target information (e.g., CdA, SFs, etc.), the implemented scripts in the Dynamo nodes, using data provided in the input phase, process it to obtain the specific information of interest (e.g., Table 3 and Table 4) and then update the BIM model, associating the values thus obtained within the proposed parameters (e.g., through the updateLayer method). Accordingly, once data are available referring to the results of structural assessments (considering vertical loads, seismic actions, etc.), e.g., for a generic structural component, such as a longitudinal beam, obtained data can be referred to shear, bending moment, torsion, and other possible effects. This information refers to a certain level of analysis or verification (e.g., considering the LGP setting for a bridge status: Adequate, Operational, etc.), later specified in some parameters in the BIM environment (e.g., “StatusOfStructuralVerification”,“SBM_L4_BridgeStructuralVerification”). However, as a result of subsequent inspections or necessary monitoring activities, it is also possible to update these managed values over time. CRUD operations were prepared and implemented via the procedures integrated into the various Dynamo nodes. In addition, with the aim of managing the evolution of condition status related to the bridges being considered, some parameters, such as “relativeDefectivenessVariation”, were defined as well. This is related to the relative defectiveness variation in question (for element, aggregation, or anything else in consideration) following consecutive inspections. It can be used to provide graphic views or to analyze related data for understanding the evolution of the bridge condition status. Following the evolution of a bridge’s condition status, since the approach we propose can also track updates following inspection activities and structural assessments, in this context, the use of a collaborative platform (i.e., usBIM.platform) was also considered for the management of required information (according to the proposed LoINs), as shown in Figure 8.



This environment consists of an IFC-certified platform (https://technical.buildingsmart.org/services/certification/ifc-certification-participants, accessed on 17 September 2022) and is characterized by several functionalities that can support bridge management activities. Therefore, BrIMs were loaded into this platform and conceived as the front end for reading and managing the information related to it.First of all, a Common Data Environment was organized in accordance with the relevant standards (UNI 11337, ISO 19650). Platform features allow us, for example, to define workflows for process control with advanced task management functions, procedures for reviewing or validating the associated information (e.g., gate function), and the integration of significant data by means of advanced functions for BIM data management. Another “link” function enabled the integrated management of the bridge data, allowing the association and storage of some of the documentary information collected during the various sub-processes that constitute the management phase (inspection, interventions, etc.). By considering these features, it was possible to record and associate documentation, specifically reports (relating to inspections, structural or geotechnical assessments, etc.), photos (relating to the overall condition of the structure or its individual component), manuals, documents, and other items regarding both bridge components and the total structure. The tools of the collaborative platform allowed us to exploit the information, through the model, by means of graphic filters, links, and images associated with BIM objects, thus facilitating their accessibility. This environment also made it possible to update the values of the defined properties (e.g., Table 2, Table 3 and Table 4) and enabled the management of the versioning of the models derived from the structural context in question.






5. Discussion


As analyzed in previous sections, there is an evident need to develop a new all-compassing approach based on BIM technologies for the management of bridges according to new requirements in the Italian regulatory context. Several studies [1,2,9,11,12,26,53,80,81,82,83] derived from the literature show examples of effective solutions to manage existing bridges; however, being related to different contexts, they are not suitable to meet the regulatory information requirements that arose from the analysis of the regulatory context in force in Italy today. With this in mind, it was necessary to develop an ad hoc solution to achieve the proposal goals defined by the authors. This solution, defined in the beginning both from an information (e.g., LoINs definition) and procedural (e.g., definition of an IT framework for the generation of BIM models and the information management activities) point of view, provides a feasible solution for managing one of the most widespread bridge typologies in Italy, i.e., existing R.C. girder bridges, meeting the requirements arising from the regulatory context under investigation. The contribution and scope of this proposal has been to provide a BIM solution with which one can manage structural information (regarding census, inspection, risk definition and structural safety activities) for bridges. Given the need for the management based on a BIM framework, derived also from the regulatory context (e.g., LGP) in a clear manner, the developed solution aims to define tailor-made BrIMs (in accordance with the proposed LoINs) along with their information management in the analysed context. These models represent an “access key” and a means for managing synthetic information sometimes processed in other systems (BMS, FEM, etc.). This proposal supports the definition of recurring workflows, regarding the data requests, to update external databases or digital platforms for the management of infrastructures (e.g., AINOP). Given its methodological approach, this solution can also be applied to other regulation settings, after having specified the required information and related logical flows to define them.



Following the proposal goals, as stated in Section 3.1 and Section 4, a series of outcomes were achieved. Previously, the authors set customized LoINs, providing an organized reference for modelling and information management activities due to a lack of LoIN specifications in the context under investigation. Indeed, in the case of bridges, unlike the existing LOD approach [11,21,32,33,53], the LoIN approach establishes and optimizes the information that is strictly necessary, favoring saving resources. Accordingly, a BIM object library was developed related to the typological bridge elements considered, allowing the future reuse of such components for the digitization of other bridges with similar characteristics, or the extension, in future, towards other bridge typologies not considered by this proposal. In order to support the model generation and information management activities, a data entry environment was necessary to collect and organize, in specific tables, the data (e.g., derived from censuses, surveys, or inspection activities) to be subsequently retrieved by the proposed framework implemented in Dynamo. For this purpose, data were entered via ad hoc interfaces (e.g., macros in Excel) developed by the authors. Information management activities are therefore not limited to associating parameters with the BrIM model, but a sort of application that filters, processes, and synthesizes the required data in order to support the planned decision-making processes. In addition, the BIM model is constantly updated in terms of structural risk and safety information by means of proposed and customized solutions to the needs (e.g., CdA determination) dictated by the regulatory setting. Indeed, the authors, developing and implementing CRUD operations within the proposed digital solution, allow the construction, modification, and updating of the information regarding BrIMs. Through the methods and procedures we developed, the automatic processing of some information (e.g., reports linked to BIM models) was also conceived, with reference to both the overall structure of the bridge and its components in addition to the retrieval at any moment of various scenarios that have occurred over time (e.g., data related specific inspections). These allow possible comparisons aimed at more thorough appraisals of a bridge’s condition and, therefore, suggestions for more appropriate and timely interventions. All this, therefore, has been possible by means the solution we propose, based on the module structure and IT pattern in question (i.e., MVC), which provides an organization that is simpler and easier to use, maintain, and improve in the future. Following the authors’ proposal, the evolution of the condition status and the management of a bridge’s structural safety were also supported by the use of a collaborative platform that was essential to manage and support the required LoIN setting. The validity of the proposal has been compared to what was previously only possible manually. For instance, by means of the regulatory procedures implemented via the developed scripts and algorithms, the same numerical results, related to what was previously obtained by the manual development of such procedures, were achieved. Applied to two real case studies, this proved a rapid development of modeling activities regarding the BrIMs related to various configurations (e.g., single or multicolumn piers, rectangular or non-rectangular decks, etc.), in addition to processing and managing the information required by the context under investigation. This organizing structure also allows us to automate, starting from a built input environment (e.g., through macros in Excel), the generation of a BrIM and the information exchange supported by open formats such as IFC. The related procedures are carried out in an automated manner by scripts and algorithms, which allows us to reduce times and errors when compared to the equivalent manual practices.



As regards the actual limitations of this work, these consist in the following: (i) the approach defined by our framework should be contextualized with respect to the specific BIM-authoring tool, VP environment, APIs, and programming integrations under consideration; (ii) the developed solution is capable of generating, processing, and managing information related to reinforced concrete girder bridges. Therefore, when developing BIM solutions, interoperability issues, and application compatibility logics, in addition to application update times, should be taken into account [74,76,77]. In the development of the proposal covered by this paper, the authors considered the adoption of open formats (e.g., IFC) and APIs in addition to the use of a BIM collaborative platform, ensuring the compatibility of the developed solution among the several environments considered. In this way, data accessibility has been made independent of the specific solutions and times for all actors involved (bridge engineer, project manager, etc.). However, all these issues can be overcome and improved by other studies or developments that will also allow to consider this solution for other types of bridges (composite bridges, steel bridges, etc.). This will enable, by means of the development of additional methods and procedures, starting from the framework setting that has been arranged, for such future integrations by the authors. The further application of other open standards (e.g., bSDD, IDS, etc.) along with the openCDE APIs, will enable the guarantee of a better interoperability within the whole AECO software ecosystem for the infrastructure management such as existing bridges. Moving from the needs arisen in Section 1 and Section 2, it can easily be understood how this proposal, supported by a specific IT framework along with information and data managed centered on BrIMs together managed in a unique collaborative environment, will favor expeditious evaluations (on risk, structural safety, condition status, etc.) of bridges, facilitating relative decision-making and management processes.




6. Conclusions


When managing large-scale infrastructure and related assets (e.g., bridges and viaducts), current regulations require innovative approaches that are drawn from different skills, and not only those related to structural engineering (e.g., computer science, electronics, etc.). The innovation of this proposal consists of the development and implementation of a digital solution for the storage, processing, and management of information based on tailor-made information models developed according to the appropriate information requirements arisen from context under investigation. As also shown in Section 2, there are no all-encompassing solutions for information management in the context analyzed (LGP, NTC and AINOP). Accordingly, the management of bridges, from census to the management of structural safety, has been included in an overall framework of information management that aims to ensure the appropriate safety level. This solution meets the regulatory requirements in terms of the progressive adoption of information models of the infrastructure, which allow the effective and transparent management of the asset through the use of common data environments and interoperable platforms of data, construction objects, and information models. In addition, this proposal could also lend itself to future integrations with other systems, such as BMS or ERP, for a closer integration with managing authorities’ systems, enabling a higher-performing solution for bridge management activities. From census activities to the management of structural safety, the authors provide an effective solution for the management of bridges, ensuring an appropriate and reliable source of reference for acquiring information regarding the structure itself, as well as for tracing the evolution of risk and intervention priorities over time.
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Figure 1. The AINOP platform and relative interactive map of public works (a); multilevel approach and related analysis levels according to the LGP (b). 
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Figure 2. Proposed strategy to manage structural bridge information in the context under analysis. 
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Figure 3. Activities and workflow related to the development of the proposed solution. 
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Figure 4. (a) Real case of road viaduct; (b) real case of motorway bridge. 
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Figure 5. Dynamo architecture for supporting the proposed solution with regard to model generation and information management activities. 
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Figure 6. Generation of a BIM model by means of the proposed solution (Revit and Dynamo), for the road viaduct (a); and for the motorway bridge (b). Modeling phases consist of bridge alignment definition (1); BIM objects creation and relative position. 
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Figure 7. Organization of information layers in the BIM environment (Revit and Dynamo) for the definition of a specific workflow for saving, processing, and recording information, starting from acquired data. (1) Definition of BIM parameters and relative association to element categories; (2) definition of an automatic procedure for the exporting of IFC models; (3) association and updating of BIM parameters and summary reports both for structural component and bridge structure. 






Figure 7. Organization of information layers in the BIM environment (Revit and Dynamo) for the definition of a specific workflow for saving, processing, and recording information, starting from acquired data. (1) Definition of BIM parameters and relative association to element categories; (2) definition of an automatic procedure for the exporting of IFC models; (3) association and updating of BIM parameters and summary reports both for structural component and bridge structure.



[image: Sustainability 14 11767 g007]







[image: Sustainability 14 11767 g008 550] 





Figure 8. The management of information by using the collaborative platform (usBIM.platform) according to the proposed LoIN setting, both at global and local level, in the case of (1) the road viaduct and (2) the motorway bridge. 
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Table 1. Definition of layers related to bridge information in the considered context.
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	Layers
	LGP
	AINOP
	NTC





	L0
	✓
	✓
	



	L1
	✓
	
	



	L2
	✓
	
	



	L3
	✓
	
	✓



	L4
	✓
	
	✓
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Table 2. Layer-related information (i.e., PSets) for the BIM modeling and management activities in the Italian regulatory context.
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Layer

	
IFC Class

	
PSet

	
Description






	

	
IfcBuilding

	
SBM_L0_BridgeStatus

	
General information about the bridge’s in-service status




	
SBM_L0_Classification

	
Information regarding transport networks or waterways




	
SBM_L0_ConsequenceClasses

	
Information about consequence classes




	
SBM_L0_DesignDocuments

	
Project information (at different design levels) and maintenance documents




	
SBM_L0_DL22012004

	
Information about DL n. 42 on 22 January 2004




	
SBM_L0_GeneralInformation

	
Information about bridge (e.g., IOP Code, name, owner, etc.)




	
SBM_L0_GeometricalData

	
Geometrical data and characteristics (e.g., spans, lengths, etc.)




	
SBM_L0_HydrogeologicalRiskDocuments

	
Documents about hydrogeological risk




	
SBM_L0_InspectionsMonitoringHystory

	
Information about the previous inspections and monitoring activities




	
SBM_L0_Localization

	
Information about localization and seismic hazard




	
SBM_L0_MaintenanceHystory

	
Information about previous maintenance plan and related operations




	
SBM_L0_ProjectData

	
Information about the project (e.g., designers, project approvals, codes, etc.)




	
SBM_L0_RoadNetwork

	
Information about road network and daily traffic levels




	
SBM_L0_StructuralInformation

	
Information about structural characteristics (regarding elements, materials, etc.)




	
IfcSite

	
SBM_L0_GeomorphologicalData

	
Information about the site morphology




	
1

	
IfcBuilding

	
SBM_L1_LastBridgeInspection

	
Information about last inspections through numerical values (e.g., DR)




	
SBM_L1_StructuralSketchforLastInspection

	
Information about last inspections through a link to drawings, photos and other




	
IfcSite

	
SBM_L1_LastGeotechnicalInspection

	
Information about last geotechnical inspection




	
SBM_L1_LandslideRisk

	
Information about the landslide risk (state of activity, type, etc.)




	
SBM_L1_HydraulicRiskGeneralInformation

	
General Information about hydraulic risk




	
SBM_L1_HydraulicOverflowRisk

	
Specific information about hydraulic overflow risk




	
SBM_L1_HydraulicErosionRisk

	
Specific information about hydraulic erosion risk




	
2

	
IfcBuilding

	
SBM_L2_CdABridgeInformation

	
Information about the CdA values as a result of the implemented approach




	
IfcElement

	
SBM_L2_ElementInformation

	
Information about condition status related to each structural element




	
3

	
IfcBuilding

	
SBM_L3_BridgePreliminaryCheck

	
Bridge structure information regarding a “preliminary” structural verification




	
IfcElement

	
SBM_L3_ElementPreliminaryCheck

	
Structural element information regarding a “preliminary” structural verification




	
4

	
IfcBuilding

	
SBM_L4_BridgeStructuralVerification

	
Bridge structure information about an “accurate” structural verification




	
IfcElement

	
SBM_L4_RCBeamStructuralVerification

	
Structural element information regarding an “accurate” structural verification




	
SBM_L4_RCColumnStructuralVerification




	
SBM_L4_RCWallStructuralVerification




	
SBM_L4_RCFoundationStructuralVerification




	
SBM_L4_RCSlabStructuralVerification
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Table 3. Example of information regarding a particular 2nd Layer PropertySet (i.e., SBM_L2_CdABridgeInformation).
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Property Set

	
Property Name

	
Value

	
Meaning






	
SBM_L2_CdABridgeInformation

	
CdA

	
Text

	
CdA overall value for the considered bridge




	
CdAStructuralAndFoundationalRisk

	
Text

	
CdA value regarding the considered risk (Structural and Foundational Risk)




	
CdASeismicRisk

	
Text

	
CdA value regarding the considered risk (Seismic Risk)




	
CdALandslidesRisk

	
Text

	
CdA value regarding considered risk (Landslide Risk)




	
CdAHydraulicRisk

	
Text

	
CdA value regarding considered risk (Hydraulic Risk)




	
RelativeDefectiveness

	
Real

	
Information about condition of the bridge and its structural elements




	
CdAReport

	
Text

	
Information about CdA report




	
LastOrdinaryInspectionDate

	
Text

	
Date of the last ordinary inspection




	
OrdinaryInspectionsFrequency

	
Text

	
Frequency regarding ordinary inspections activities




	
LastExtraordinaryInspectionDate

	
Text

	
Date of the last extraordinary inspection




	
ExtraordinaryInspectionsFrequency

	
Text

	
Frequency regarding extraordinary inspections activities




	
LastSpecialInspectionDate

	
Text

	
Date of the last special inspections
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Table 4. Example of information regarding a specific Property Set (i.e., SBM_L4_RCBeamStructuralVerification) related to the 4th Layer for a generic R.C. beam.
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Property Set

	
Property Name

	
Value

	
Meaning






	
SBM_L4_RCBeamStructuralVerification

	
BendingSF,min

	
Real

	
Minimum Safety Factor (Bending Moment) among all sections of the considered element.




	
ShearSF,min

	
Real

	
Minimum Safety Factor (Shear) among all sections of the considered element.




	
TorsionSF,min

	
Real

	
Minimum Safety Factor (Torsion) among all sections of the considered element.




	
Zita,e,min

	
Real

	
The ratio between the maximum value due to seismic load, carried by the considered structural element, and the related value considered in the design of new construction.




	
Zita,v,min

	
Real

	
The ratio between the maximum value due to variable vertical load, carried by the considered structural element, and the related value used in the design of new construction.
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Table 5. Example of proposed LoIN for the bridge component (e.g., beam).
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Information Delivery Milestone

	
Operation and Maintenance Phases




	
Purpose

	

	

	

	
Record information, managing risk, checking and monitoring of the structural safety




	
Actor

	

	

	

	
Structural Engineer






	

	

	-

	
Object







	

	

	
“Beam”




	

	

	

	-

	
Geometrical Information







	
Requested




	

	

	

	

	-

	
Detail







	
Simplified representation




	

	

	

	

	-

	
Dimensionality







	
3D




	

	

	

	

	-

	
Location







	
Absolute




	

	

	

	

	-

	
Appearance







	
Digital




	

	

	

	

	-

	
Parametric behaviour







	
Not Requested




	

	

	

	-

	
Alphanumerical information







	
Requested




	

	

	

	

	-

	
Identification







	
Alphanumerical code




	

	

	

	

	-

	
Information content







	
SBM_L2_ElementInformation

SBM_L3_ElementPreliminaryCheck

SBM_L4_RCBeamStructuralVerification




	

	

	

	-
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