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Abstract

:

The high number of accidents in the construction sector makes the concept of prevention through design (PtD), which starts with the integration of an occupational risk assessment in this phase, increasingly important. To this end, BIM (building information modelling) is a methodology that provides benefits related to the management of health and safety in the design phase. Its application in linear work projects is less developed than its application in building, even more so with regard to health and safety in BIM. This research proposes a methodology for integrating risk assessment into the design phase of BIM road projects, structuring the information, establishing the information integration processes, its analysis and risk management, and automating its integration into the model through zones. As a result, the research enables risk assessment in the BIM model through zones, differentiating risk values and allowing for the analysis of interferences between certain activities and the study of other specific activities in the design. As a result of the structure and organisation of the data, it is possible to export the data to IFC for coordination with other stakeholders. Thus, the final contribution of the research is the introduction of health and safety into road projects conducted with BIM, in compliance with legal requirements.
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1. Introduction


The high number of accidents and mortality make the construction sector one of the most dangerous in the world [1]. Despite the efforts of professionals and the great legal production regarding occupational health and safety, there has been no significant reduction in the number of deaths, injuries or illnesses in the construction sector [2]. The abovementioned factors show the importance of safety in this industry. Additionally, the specific hazard particularities of this industry contribute to the existence of many unidentified hazards and make the hazard identification process more difficult than it is in other production industries [3]. In this sense, research in the field of safety and health contributes to achieving the United Nations’ 2030 Sustainable Development Goals (DSG), in particular SDG3 [4].



For these reasons, this topic studied by numerous organizations, as in the case of International Labor Organization [5], internationally, or the U.S. Bureau of Labor Statistics [6] in the United States. Furthermore, statistics from the Social Security Organization (SOCSO) indicate, in a study carried out in Malaysia, that between 2011 and 2016, the number of accidents increased by 69.47% [7]. The Malaysian Department of Occupational Safety and Health Records (DOSH) reported that from 2015 to 2016, the death toll in the construction sector increased by 18%.



It is possible that there are many hazardous aspects of road construction, with workers exposed to more risks than in other construction sectors [8]. In fact, between 2017 and 2019, a study carried out in Indonesia confirmed the increase in the number of occupational accidents, with 54% stemming from road construction. These accidents result in increased costs, as well as the loss of time and lives [9].



The organization of road construction safety is very important, as it is affected by topography, geography and climate [10]. Most occupational accidents are caused by the poor organization of work and ineffective management of preventive activities [11]. Figure 2 of this study shows that 68.1% of accidents in the execution of roads stem from poor risk management, a number that exceeds its counterpart in the construction sector in general, which is 50.2%. This leads to the need for effective health and safety integration into the design phase [12,13,14,15].



Due to the number of accidents, the concept of prevention through design (hereinafter PtD) is becoming increasingly important. The PtD aims to address the safety of workers throughout the project in the design phase [16], since decisions made during the design stage in construction works can significantly reduce the risk of accidents occurring during work, as well as injuries and illnesses [17]. The analysis of 224 accidents showed that 40% of accidents were due to design and confirmed the relationship between design and accidents [18].



Along these lines, Behm discovered that PtD could eliminate about one-third of the potential security risks, of which 50% were related to an insecure design [19]. For this reason, the assessment of risks during the design stage is essential for ensuring a reduction in occupational accidents in construction [20]. This requires integrating the knowledge of the construction process into the design [21].



In the last decade, the construction industry has been transforming with the use of digital technologies, particularly with building information modeling (BIM) [22]. BIM is a technology that is changing the ways in which works are conceived, designed, built and exploited [23,24].



The implementation of BIM can be defined as a process that converts the information from data associated with three dimensions to an information model with data relating to many dimensions [25]. A comprehensive application of BIM has been conducted, highlighting seven dimensions of BIM application. The incorporation of the health and safety BIM discipline is beginning to be considered as the eighth dimension (8D) [21]. However, integration methodologies still need to be developed in order to transform BIM into an ideal tool for health and safety management [26,27,28,29,30]. Authors such as Kumar and Aziz [31,32] highlight the benefits of BIM adoption in infrastructure construction, among other aspects of safety and health.



In addition, the BIM methodology is becoming a legal requirement, included in mandatory European Parliament directives, such as 2014/24/EU [33], which are implemented at the national level [34] through specific actions for their integration into road projects, as in the case of Germany [35]. Different studies on the application of BIM are being carried out in other countries. In particular, the study carried out by Mayer et al. [36] analyzes the automation of hazard detection processes in BIM in Slovakia. It shows that 93% of the respondents believe that risk detection would be more effectively ensured by applying BIM. Additionally, 80% of them states that they would use a risk detection tool if it existed. They also stated that the transmission of information between project participants is of fundamental importance.



On the other hand, health and safety in construction is a legal requirement in most countries, just as it is at the level of the European Union [33,37]. At the national level in Spain, it is obligatory to include a document called the Health and Safety Study, or Basic Study, in all projects, depending on the characteristics of the project [38].



For consistency within the BIM methodology itself, and for a complete integration of this methodology into road projects, it is necessary to integrate, in addition to the other disciplines, health and safety. This integration must meet the legal requirements of health and safety regulations. In addition, in order to carry out the design, the health and safety technician must be in the BIM environment, having all the design information available to ensure a better analysis of the risks, providing very important benefits of BIM to health and safety, as the authors of [26,27,28,29,30] have investigated. In this way, the coordination required by the PtD can be ensured. Otherwise, risk situations not detected in the design phase could arise, with the consequences indicated by Gambatese et al. [18].



The integration of safety and health into BIM, as in the case of other disciplines, requires the structuring of information, which, in this case, is information for the development of 8D, as well as the defining of the processes required to perform safety management from the risk assessment to the implementation of preventive measures.



Therefore, the objective of this research is to propose a methodology in order to integrate safety and health into the design phase of road projects designed with BIM methodology by establishing the data structure and the work processes of analysis and management and by automating the introduction of risks through zones in such a way that it allows users to meet the legal requirements of safety and health and to obtain the benefits that the BIM methodology can provide.




2. Literature Review


BIM has helped in the analysis of design requirements and the verification of regulations, contributing to the quality of the design, resolution of conflicts, planning and cost evaluation in the design phase of a road [39].



Road construction is fundamentally different from building construction in terms of its products, types of work, operations, processes and the resources used, as well as its BIM modelling, as shown in Table 1, reproduced from Dikbas et al. [39]. In addition, the same author analyzes how the structure of information development for linear infrastructures is much less advanced than it is in the construction of buildings, which implies a difficulty related to interoperability in the development of the methodology workflow. This causes the application of BIM in transport infrastructure to be more limited and applied more slowly than it is in buildings [40,41,42,43]. In the same vein, Collinge et al. [44] conducted very interesting work, creating a risk library by structuring their data in order to perform a risk assessment with the PtD approach, creating scenarios based on seven stages. It brought together explicit and tacit health and safety knowledge in a holistic way. The research focused on building construction, and the risks were associated with the elements of the model but did not indicate how to address them spatially.



Despite the abovementioned considerations, BIM is widely used for road design [44]. Indeed, China has taken an interest in the design of municipal roads, combining traditional CAD 2D drawings with the BIM model in order to share digital design information [45]. Other authors, such as Lou, Omoregie and Turnbull, have studied the application of BIM in complex urban environments [46] and to the design of highway infrastructure [47], as well as the different aspects of the adoption of BIM in public client organizations, taking the German road infrastructure sector as a case study.



For the integration of safety and health into construction projects, some authors have described the conceptual framework, detailing the trends, benefits and challenges, without actually indicating their integration with the methodology, and focusing primarily on building construction [48,49,50].



As mentioned before, BIM also offers the possibility of creating a four-dimensional model, including the time variable. Sulankivi and Zhang studied the relationship of health and safety discipline with 4D analysis. This represents a significant improvement in occupational safety, since it connects safety problems with the work plan in a more intimate way, and in such a way that it enables the simulation of falls or accidents and the corresponding collective protections [51,52].



The first steps were taken by Sulankivi et al. [53] in a partial manner, because he offered a generic proposal without detailing the safety assessment itself using BIM. In other cases [54,55], the study focuses on the creation and standardization of BIM objectives for safety and health. Other authors, such as the authors of [53], have developed systems for the identification of risks in tunnels, obtaining preventive measure sheets, but without carrying out the evaluation and re-evaluation process within the model.



The work developed by Lee [56] adds more value, since it not only identifies the risks but also assesses them according to their probability and severity, obtaining risk output parameters. However, it does not carry out the assessment graphically within the model, nor does it carry out the risk reassessment or its implementation in a road project. Shen’s case [57] is a slightly more particular, because this work does describe the link between a risk and accident database and a color-coded BIM model that specifies the severity of the risk, but the author did not perform the analytical process, re-evaluation and risk management within the model. Another step was taken by Cortés-Pérez [58], who did carry out said evaluation and re-evaluation work. However, this took place within the context of a building construction project.



An important advance in risk assessment research is the work carried out by Lu et al. [59]. In addition to the likelihood and consequence parameters of the accident, they examined the exposure, which takes into account the working hours required to carry out the unit of work. However, they did not indicate how to carry out risk management based on these data and how to integrate this assessment into the BIM methodology. The research of Torrecilla-García et al. [60] is more general, but it represents a step towards integration by proposing a framework for connecting the information flows between the BIM model and the safety management processes. More detailed is the risk assessment procedure for building construction proposed by Tran et al. [61] through a spatio-temporal exposure analysis. This enables the detailed study of space and type by discretizing the space in a rectangular and horizontal way and analyzing the interconnection between up to two activities.



In the literature search carried out in our study, no study was found that solves the problem of the integration of health and safety in BIM road projects into the design phase. The following searches were carried out: topic (BIM + project + Health and Safety + Risk evaluation), topic (BIM + project + Health and Safety + Road) and topic (BIM + Health and Safety + Road design). Only one study [62] has some bearing on the objective of the present research, and it was incorporated into the literature review.



The work carried out by Zou et al. [62] focuses on establishing a communication system for health and safety management in road construction projects, but it is focused on the construction phase and does not address the process of evaluation, the incorporation of preventive measures, risk re-evaluation within the BIM model, information output from this model to the health and safety study, the risk information output and its coordination with the rest of the project agents [63].



The only regulation in Europe that regulates the integration of safety and health into the BIM methodology is PAS 1192-6:2018 [64], but it is very much oriented to the construction of buildings and is used in the building construction environment without specifying the creation of a single database that integrates the evaluation, preventive measures and reassessment. Spanish regulations, due to the implementation of the regulations of the European Union [33,37], require that a document called the Health and Safety Study, or Basic Study, be included in all projects, depending on the characteristics of the project [38].



For example, in Spain, the public administration is legally empowered to demand the inclusion of BIM requirements in the public procurement processes for the design, construction and/or maintenance and exploitation of assets [38], which relates to the European directive on public procurement [37]. Despite this fact, it is currently not being implemented in the sector [65], and there is no regulatory document or guide in Spain or other countries that defines the criteria for integrating Safety and Health into the BIM methodology in road projects using a single database, which is necessary in order to comply with the requirements of safety and health regulations [38,65] in this incipient phase of the implementation of the BIM Methodology.



The discussion of the state of the literature highlights the need to bridge the gap between the legal requirements for health and safety and the application of the BIM methodology in road projects, as well as the lack of methodologies for the integration of health and safety into this type of project, which is the objective of this study.




3. Methodology


3.1. General Description of the Research Methodology


The research methodology follows the process of safety assessments and, as a working framework, is based on the requirements established by European and Spanish Health and Safety regulations in the analysis stage, and it is carried out in the design stage.



Thus, based on the topographical data of the area (Figure 1A), the process begins with the creation of the 3D model for the conceptual design of the road in InfraWorks 2020 (Figure 1B), a specific tool for this type of design. For the construction design, the model is exported to Civil 3D 2020 (Figure 1C) to develop the road in 3D detail. From this point onwards, the process produces a bifurcation of the models, one of which is used for the design of the rest of the construction project in Civil 3D 2020 (Figure 1D). The other is exported from Civil 3D 2020 to Revit 2020 in order to analyze the health and safety details (Figure 1E), and this is where the risk analysis of this research is carried out. This step is essential for carrying out a 3D analysis of the risks.



In the Revit 3D model, the geometric discretization of the space where the construction will take place is carried out (Figure 1F). In this stage, the parameters for the specific risk analysis are created and associated with each zone and phase according to the activities to be carried out in the execution (Figure 2). This stage makes it possible to create the minimum number of parameters using the identified risks, optimizing the process and the volume of data. Part of this stage is automated in order to reduce possible errors, specifically in the identification of risks associated with each activity, starting with an Excel file and progressing towards their subsequent evaluation within the model (Figure 3).



In each zone and construction phase of the 3D model, the risk assessment is carried out by applying the National Institute for Occupational Safety and Health (hereinafter NIOSH) guidelines [67], carrying out the assessment of the parameters in the model according to the 3D analysis of the zone (Table 1). This enables an analysis of the risks according to the zones and construction phases, which helps to improve their management using color filters and data tables and facilitates, for example, the analysis of risks due to interference between activities. This enables the re-evaluation, which is essential for establishing the traceability of the entire process in a single model. It also ensures the ability to respond to the legal requirements by generating the plans and the specifications of the preventive measures, using the 3D model.




3.2. Legal Framework Considered in the Study for the Health and Safety Integration into BIM


For the development of the proposed methodology, the legal requirements established by the health and safety regulations were considered. In this case, the Spanish legal framework was used [38,66], in accordance with the regulations of the European Union [33,37], which is mandatory to consider in the design of any construction work. This regulation requires the inclusion of a study, the Basic Health and Safety Study [38], in all construction projects, with specific contents considered [58]:




	
The definition of the methods, equipment and auxiliary resources necessary to carry out a specific task.



	
The determination of the conditions, applying the corresponding regulations, as well as the specifications for the machines, tools and other preventive resources.



	
The drawings, with the correct definition of the preventive measures and the required technical specifications.



	
Measurement of the health and safety work units.



	
Estimation of the costs required to carry out the health and safety analysis.









3.3. Generation of the BIM Model


The process begins with the road design model in InfraWorks 2020. In this software, a conceptual design of the project is carried out. This model is passed on to Civil 3D 2020, where the accurate design of the project is created. In the early stages, this model is passed on to Revit 2020, the most frequently used BIM software among BIM users [68], where the risk integration is carried out. This results in two BIM models, one for the road’s design and the other for the design of health and safety (Figure 1). This allows the user to perform the risk assessment and continue the road design process at the same time.



Using this software, the road model is composed of certain BIM objects (road divisions) that act as the carriers of the health and safety information. In this case, a BIM object is developed that groups the tasks of each of the main work units: embankments, land clearing, bituminous mixture extension, etc. These BIM objects, which are linked to each work area, are associated with the results of the risk assessment for the purpose of the execution of each work unit in that specific work area.



This process is related to the amount of information associated with the BIM models. It should be noted that the amount of information involved in a project developed with BIM grows from the conceptual phase to the construction phase. The level of information development is defined by the acronym LOD (level of development). This concept is associated with the BIM objects integrated into the model, ranging from the lowest level (LOD 100) to the highest (LOD 500), the latter being the one with the most information regarding manufacturing or installation needs [68].




3.4. Safety and Health BIM Objects and Their LODs


The health and safety integration stage in projects developed with BIM require a methodology for the risk assessment. There are different methodologies, such as the NAIWC method of the National Agency for the Improvement of Working Conditions [69], the RFM method of Renault Factory Management [70], the FINE method of William T. Fine [71] and NIOSH [67]. The latter was used in this study as it is the most widely used in Spain, facilitating its implementation.



The risk assessment process starts with the identification of the specific risks involved in the site activities (transport to landfill, excavation work, teamwork, etc.). The first step in the risk assessment is to identify the risks. This work of the technician is based on guidelines or internal engineering documents and, in this research, was used to generalize the results, applying the guide described in [72] using an Excel sheet (Figure 2A). This guide is based on the study carried out by the Navarra Institute of Occupational Health and the Association of Public Works Construction Companies of Navarra and establishes a methodology for carrying out a general risk assessment of all the work units related to road construction. It determines the probability, consequences and magnitude of the associated risks for each activity of the work units, as well as the preventive measures to be adopted in order to reduce them, based on the criteria of the technicians who comprise this organization.



From this preliminary identification, a grouping of the specific risks in the main work units is carried out. The risks that resulted from the above operation were coded according to the 32 general risks of the NIOSH assessment method, in order to be consistent with the legal specifications [67].



This methodology was adapted in the same way as described in [58]. The adapted methodology consists of the assessment of each identified risk by assigning the following numerical values related to the probability of occurrence (Prob_R0i) and the severity of consequence (Sev_R0i). Prob_R0i is assigned a score of 1, 2 or 3 for a low, medium or high probability, respectively, and Sev_R0i is assigned a score of 1, 2 or 3 for slightly damaging, damaging or extremely damaging, respectively. Thus, the risk level was calculated as the multiplication of its probability by its severity, i.e., Val_R0i = Prob_R0i × Sev_R0i. Finally, a quantitative matrix for the risk rating and color grading was proposed, with a color code associated with each numerical value (Table 1) [66].



Risk assessment methodologies are based on the identification of risks associated with tasks. These tasks can be related to BIM objects, and their geometric definition and the information associated with them depends on the LOD defined in the project. Therefore, the risk assessment depends on this LOD, so that the health and safety technician must indicate the LOD with which the project is evaluated to meet the standardization requirements [73]. This study aimed to integrate risk assessment into the design phase. This involved adopting an LOD of 300 [74], so that the risk assessment in the model could be carried out per unit of work.



To make s comparison between the proposed methodology and the current method of carrying out the risk assessment, the assessment values described by the authors of [73] were introduced into the 3D model. To perform this stage, based on the initial risk identification and assessment carried out in Excel (Figure 2A), the risks are grouped according to the main work units: grubbing, land clearing, embankment, esplanade and bituminous mixture extension. If a risk relates to more than one activity, according to the initial evaluation, its assessment will involve the multiplication of the average value of the probability by the average value of the severity, rounding the result up to the upper integer in order to remain on the side of safety. This process is programmed and structured in Excel in the initial phase (Figure 2B).




3.5. Integration of Risk Assessment into the BIM Model


Initially, the risks of each of the work units are coded according to [67] (Figure 2C), ordering them in order to facilitate the automation with Dynamo 2.3 (Figure 2D). To perform this step, the information is structured in Excel, determining:




	
The name of the information Revit parameter: Prob_Ri, Sev_R0i, Val_R0i, etc.



	
The name of the shared parameter group, which is the name of the file that contains the parameter information.



	
Type of parameter: text, integer, number, etc.



	
Whether it is information of type (same value for the same object BIM type) or instance (different value for the same object BIM type).



	
The category, which is a classification of the parameters in Revit.



	
The risk assessments formula: Val_R0I = Prob_Ri x Sev_Ri.



	
The value of Risk 0i, for example, falls of people at different levels.



	
The value of Prob_R0i, for example, 2.



	
The value of Sev_R0i, for example, 3.








The integration of the preliminary evaluation into the model is accomplished through an application called Dynamo, a visual programming tool that enables programming actions on Revit 2020. For Dynamo to link the results of the risk assessment, one must indicate the characteristics of each type of parameter that it is going to be introduced into the BIM model. The process followed is described below, as follows.



The information contained in the table above is associated with each of the BIM objects that form the discretized geometry of the road model in Revit 2020. The association is carried out through a visual programming code using the Dynamo plugin (Figure 2D). The code selects the BIM elements of the corresponding road according to the work area and work unit they represent (land clearance, embankment, road, etc.) and associates the results of the risk assessment corresponding to that work unit.



Once this is accomplished, the BIM safety and health objects associated with each area of the BIM model of the road are retained with the information from the preliminary risk assessment: the identification, probability, severity and evaluation of the corresponding work unit, which is fully integrated into the BIM model.




3.6. Analysis and Risk Management in the BIM Model


After this previous phase, the final risk assessment of each work unit is carried out for each area within the model, considering the specific conditions of the area, as well as its interaction with the work environment.



For the management of the actions, filters are created that materialize the color code, as shown in the level and risk assessment table, according to the NIOSH evaluation method [58]. These filters are created using the Dynamo plugin. In this way, the BIM objects acquires different colors depending on the probability and severity defined for them, and these are applicable to both the assessment and the probability and severity. This enables the user to visually verify whether the risk assessment is correct and consistent and whether or not preventive measures should be applied.



For a better analysis and risk management, planning tables are created in Revit 2020, which contain the information regarding the evaluation parameters. As the model is parametric, from these tables it is possible to review and change any parameter of the probability, severity or risk assessment.



Preventive measures are introduced into the model using BIM objects with the corresponding characteristics so as to comply with health and safety regulations. It should be noted that, although they are not the object of this research, specific categories of safety and health have been developed, such as those for fences, barriers and railings, as well as specific road signs, both standard and construction, according to the current regulations [75]. The foregoing procedure complies with the provisions of article 5 of the regulations [38], which establishes that, in the Health and Safety Study, preventive measures must be specified using images and plans.



In addition, the same regulations entail the re-evaluation of risks once the preventive measures have been implemented so as to measure the degree of effectiveness with respect to the safety and health of workers. This degree of effectiveness must be determined by the corresponding health and safety technician. In addition, cost information is incorporated into the measures in order to complete the cost–benefit analysis. This process is carried out using the risk re-evaluation parameters, which have the same nomenclature as the evaluation parameters, starting with “Re_”, and are integrated into the model gaps, for example “Re_Prob_R01”. The parameters must be assessed based on the reduction in probability and severity provided by the applied measure. The result is visually verified using the color filters.



The technical characteristics, legal and regulatory requirements and the installation and supplier information must be incorporated into the model with a URL parameter for the BIM objects of the collective protections. Through this, the corresponding BIM object is linked with the documents, enabling their classification, as well as their consultation, in an agile and fast manner. Finally, these objects are exported to IFC for their coordination within the project, leaving a traceable record of the decision making.





4. Results


The theoretical development of the proposed methodology contrasts with its application in a real project, which, in this case, is that of a road located in Miranda de Ebro, Burgos (Spain). The purpose of the project is to define and calculate all the works required for the removal of the level crossing of the PK 456+727 section of the Madrid–Hendaya railway line. To comply with the abovementioned guidelines, a distribution roundabout, a bridge over the N-1, a section connecting the underpass to the roundabout, a section connecting the roundabout to the bridge, two sections connecting the roundabout to paths and, as a replacement for these, four access or exit branches to the N-1, as well as a service road parallel to the N-1, were projected.



In the assessment of risks at the road design level, the starting point is the identification of risks based on previous studies related to each activity, associated with ANECOP [72], and the experience of the technician or company carrying out the analysis. In order to automate the integration of this risk identification of all the BIM objects in each risk area of the project, a structure of the information in Excel (Figure 2) is proposed, grouping the types of risks that can occur in the execution of each unit of work a priori. Figure 2B shows the grouping of the risks associated with each activity. Specifically, in this case, four risks associated with each activity were collected, and the figure shows the case of the bituminous road surface work unit, which involves, among other activities, compaction. However, this activity is carried out in different work units, and in this example it is associated with the execution of the pavement work unit (Figure 2C). This enables the information to be transferred to any road model. In addition, if, during the evaluation, new risks are identified in any construction unit, or new construction units are added, the Excel sheet can be updated.



The introduction of this information to the BIM objects was programmed by means of a routine in Dynamo 2.3, which collects the information from each Excel cell and associates it with each element of the model according to the BIM object of the corresponding work unit. The workflow schematic and explanation of the code are shown in Figure 2D and Figure 3.



The result is an LOD 300 model for road health and safety information, which is applied to the BIM objects and discretizes their geometry into the space occupied by the road construction, as shown in Figure 4. In this figure, it can be seen that the same space may be associated with different work units, with different BIM objects and, therefore, with different risks, establishing the relationships with the work area. Figure 4 also shows how the script optimizes the generation of risks by automating the loading of risk information to the BIM objects. In addition, it should be noted that specific risk information is introduced to each area through different BIM objects depending on the task being performed. For example, Figure 4 shows the pavement BIM object (bottom figure), which has different risks than the embankment BIM object (top figure), with both being in the same area.



After loading the initial data from Excel for the preliminary risk assessment, we proceed to the detailed assessment of each work zone by means of the specific analysis of the risk according to the zone, work unit and phase of execution. Thus, Figure 5 shows how, when loading the initial assessment of the risk of falling to a different level during the earthwork unit, it is the same in all the activities and throughout the spatial distribution of the project, demonstrating the immobility of the conventional risk assessment. This is because it does not consider the severity of the damage according to the area where it occurs.



Therefore, it is necessary to carry out the evaluation within the BIM model, considering its 3D analytical capabilities and the discrimination of the areas that allow for a detailed assessment of the severity for the execution of activities in each work unit. To this end, it is essential to create display filters that enables the better management of health and safety and facilitate the assessment and revaluation of each risk according to the colors of the NIOSH. Thus, Figure 6 shows an example demonstrating how the filters are applied to the risk of entrapment by overturning (risk R12) in the execution of the bituminous road surface work unit. The probability of the risk is shown at the top, with light cyan blue for the low probability and a darker color for the high probability. The lower part of Figure 6 shows the severity parameter value, ranging from light magenta for slightly harmful to dark magenta for a highly harmful risk. This shows the different assessments of the probability and severity depending on the area (BIM object) for which the risk is analyzed, visually indicated by means of color. This procedure is the same for each risk that is assessed.



Due to the parameterization, the risk assessment in the model is automatic, based on probability and severity values of the area being analyzed. Thus, the assessment of the level of the risk of entrapment due to overturning (risk R12), as mentioned above, is greater in areas where the fall height is greater (Figure 7. Left). This facilitates the precise location of preventive measures.



If, when carrying out the execution phases, there were any areas with a trivial risk, a trench was created for the placement of a drainage pipe. This could be observed in the 3D model, and the areas close to the trench had a higher severity assessment. Consequently, the level of risk in that area was not trivial and required preventive measures, such as the cutting off of traffic (Figure 7Right).



The information entered into the model can be managed using dynamic tables (Figure 8), with which the evaluation can be managed while working with the 3D visualization of the model. This allows for greater versatility in the risk assessment.



With the proposed methodology, it is possible to study the interferences between the risks of different work units in the design phase, providing a 4D risk analysis in the design phase. For example, if, according to the work schedule, the bituminous paving work unit on the main trunk of the road and the construction of the access slopes to the bridge are being carried out at the same time, when the data are loaded into the model, it will be observed in the 3D view (Figure 9). When carrying out the risk assessment, the technician defines the radius of action of the machine (marked with vertical cylinders in the figure) and obtains moderate (MO) and significant (I) risks, and the same process is carried out for the areas of the slopes and in areas of the main trunk. Given that other work units are being executed in the main trunk, the interference of risks makes it necessary to apply the preventive measures required to reduce or eliminate the risk (Figure 10), such as the delimitation of the area of the main trunk, which is affected by risks due to the slope execution work unit. Therefore, it is possible to detect interferences between activities and manage the risks added to those existing risks due to the activities in the area.



The assessment proposal also allows for the analysis of risks outside the model, such as those involving workers who are carrying out activities outside the execution of the road, where risks can be generated using the activities which take place on the road itself. Figure 11 shows an example where the construction activity of earthworks using a backhoe on the main trunk of the road and on the secondary road can cause risks to workers who move between the two areas.



Once the risk assessment has been carried out, the implementation of the necessary preventive measures is studied using the BIM objects created according to the specifications of the regulations, technical documentation, installation requirements, supplier information, etc. In this way, the information is registered, classified and centralized in the BIM model. Based on this, the necessary preventive measures are incorporated, and the risk is re-evaluated (Figure 10). In addition, the BIM objects of the preventive measures must include both the legal and technical requirements to be considered for their execution, in order to comply with the legal requirements (Figure 12). In the final BIM model, you will have all the information necessary to produce Health and Safety plans, with collective, individual measures, measurements, costs, etc. (Figure 11).



Finally, associating the cost variable with the element, the costs of the preventive measures can be obtained (Figure 12), in such a way that it is possible to carry out a cost-benefit analysis of the implemented measures.




5. Discussion


From the above results, it can be seen that the integration of safety and health into BIM was carried out using a general approach, as proposed by Zhang et al. [52]. Thus, Figure 1 and Figure 2 show the general processes of safety and health integration in road BIM projects, resulting from the application of the methodology to a specific project. In this work, unlike that of Sulankivi et al. [53], there is a general working methodology that addresses the entire design phase. Furthermore, the proposed methodology represents a step forward because, although there were precedents of the integration of the methodology with BIM, such as the work of Shen et al. [57], who performed the evaluation and re-evaluation, this work took shape in the context of a building construction project rather than infrastructure. In this research, the evaluation and re-evaluation were extended to road infrastructure, with all that this entails in terms of the differences in the operations, processes and resources used, as well as the BIM modelling, as indicated by Dikbas et al. [39].



This research also goes further than Zou et al. [62] because although it applies its research to roads, it focuses on the construction phase, when prevention should start from the design phase as indicated by Yuan et al. [16]. Furthermore, Zou et al. [62] does not address the evaluation process, the incorporation of preventive measures or the re-evaluation of risks within the BIM model, as this methodology allows, as shown in the results of the output of information from this to the health and safety study, the output of risk information and its coordination with the rest of the project agents, as shown in Figure 1, Figure 11 or Figure 12. This is a step forward compared to Zou, Ganah or Musa [48,49,50], as they describe the conceptual framework, detailing trends, benefits and challenges, but do not describe precisely the methodology and its application to road BIM projects. In this case, the benefits derived from the use of the methodology have been shown in a concrete way, reinforcing those described by Zou, Ganah or Musa [48,49,50], and demonstrating that BIM is an ideal tool for the management of Safety and Health [26,27,28,29,30], as shown in Figure 8.



The identification of risks proposed in this research allows, based on prior knowledge of the risks, to group them according to the tasks to be carried out, assigning to each area only the risks that will exist, this fact will reduce inconsistencies and errors in the design phase of road projects, which will provide a safe design with the consequent reduction of accidents at work. This automation will be a benefit for the application of BIM for risk prevention as required by the technicians surveyed in Slovakia by Mayer et al. [36].



In addition, the combination of the discretization of the zones and the automation enables the flexible and precise management of the risks associated with the LOD of the project (Figure 3 and Figure 4), as proposed by Yu, Khan and Arezes [27,29,30]. This discretization, conceptually, has the same basis as that used by Tran et al. [61] for buildings, with the difference lying in the geometric complexity of a road compared to a building plane, where the majority of the space constitutes horizontal planes (see, for example, Figure 9). In addition, the results of this research show that more than two activities can be combined in the same area, overcoming the limitation described by Trans et al. The growing importance of PtD makes risk assessment during the design phase essential for reducing the number of construction fatalities [20]. It is a significant improvement on the current design phase methodology, which, as shown in Figure 5, provides a rigid and ineffective risk assessment. This work not only describes the integration of safety and health into the design stage but also enables 3D risk management, enabling the advantages of BIM as a tool for safety and health management to be realized, as previous research has shown [26,27,28,29,30].



Regarding the ways in which risks are assessed and managed, the above results constitute an improvement on those of Zhang and Shen et al. [52,57], as they described the linking of the risk and accident database to a color-coded BIM model but did not carry out the process analysis, reassessment and risk management in the model, as we demonstrated in this research (Figure 6, Figure 7 and Figure 8). In these figures, it can be seen that risk assessment can be integrated into a BIM model as an alternative to conventional risk assessment.



BIM offers the possibility of creating a four-dimensional model integrating the construction phases in such a way that the problems related to safety are connected in a more intimate way with the work plan [51,52], contributing towards the safe design proposed by Kamardeen and Durán [20,21]. The Figure 9 shows how the proposed methodology allows a connection to be created between the BIM health and safety model and the work plan, enabling the analysis of interferences between activities and the planning of preventive activities in the design phase. Thus, work phases that involve interference between zones can be analyzed, addressing problems involving operating machines that are working in that zone and affect another. For this purpose, the machine BIM object is introduced, and the operating range is analyzed by generating risk cylinders and assessing their interference with other work units carried out in the machine’s radius of action (Figure 9). This is in line with what was proposed by Tran et al. [61] in the case of buildings, without the automation of the interference detection process, which these authors carried out.



Other authors, such as Getuli [55], focus their studies on the creation and standardization of BIM objects for health and safety. The present investigation, although it is not concerned with the same main object of research, also carried out the development of preventive measures according to the health and safety regulations [33]. The advance lies in the fact that, in this case, the BIM object that represents the preventive measure is used to perform a risk re-assessment (Figure 11). Thus, this work overcomes the gap in the procedure developed by Lee et al. [56], since the consistency of the preventive measures adopted as a consequence of a given level of risk can be verified, leaving the traceability of this decision graphically within the model itself.



Once this process is completed, in order to comply with the national and international health and safety regulations of the European Union [33,37] and Spanish regulations [38,65], the final BIM model contains all the information necessary to create health and safety plans, with collective and individual measures, measurements, costs, etc. (Figure 11). These preventive measures are also carriers of relevant information for the project, such as regulations, installation recommendations, costs, etc., with a data structure that can be exported to an open format (IFC). This allows for the coordination of the information not only with the rest of the agents in the team, but also with third parties, as a complement to the data structure proposed by Collinge et al. [44], which focuses on the risk detection and assessment parts but not the measures and information on the legal requirements that must be met, as shown in Figure 12. Moreover, the developed methodology is in line with the processes of PAS 1192-6:2018 [64], such as risk assessment matrix, risk characterization, use of risk information and risk information representation.



An important goal of future development is to address the integration of the site planning into the risk assessment of a road, automating decision making based on the type of activity and the people and machinery involved. This would improve the process of automation and, therefore, the integration.



Another goal for the future is to develop specific automation processes for risk assessment in regard to the tasks that cause the most accidents, considering the real situations on site: the machinery used, specific planning of the work area, people working in the area, etc. In this way, one could facilitate the integration of health and safety into the BIM of the construction phase.



Finally, the proposed methodology addresses the design phase at an already advanced stage, but it is very important to address health and safety at earlier stages. The difficulty that this entails is the fact that there is less graphic information associated with the model, which means that one must define what this should in order to address the safety assessment in these phases with the sufficient level of detail that the phase requires. To this end, it is necessary to make progress in defining the requirements for graphic and non-graphic health and safety information depending on the degree of development of the project.




6. Conclusions


The research carried out in this study shows that the proposed methodology enables the integration of the risk assessment into the virtual construction model in the design phase of a road project developed with the BIM methodology, allowing for the elimination or minimization of occupational risks, coherence between the different phases of the risk assessment and the traceability of decisions. In this way, it complies with the health and safety regulations that are mandatory in Europe and Spain.



This methodology makes it possible to discriminate between levels of risk in the model itself depending on the area in which a particular unit of work is executed, overcoming the limitations of non-digitized risk assessment, which does not enable differentiation by area of work, characteristics, height, machinery used, personnel, etc.



The automation of the introduction of risk information into the model and its dynamic management within the model represent considerable advances, reducing time, errors and inconsistencies, facilitating the assessment of tasks and avoiding risks on site.



The methodology enables the study of interferences between works according to the project work plan, carrying out a 4D risk assessment, which allows the management of occupational risks and their evolution to be considered in different phases of the planning of road works.



The flexibility of the information introduces facilitates that the proposed methodology can be applied to in different topographic environments and in any country, with the only consideration necessary being the specific requirements of these regulations for the risk assessment or for the creation of BIM objects.



The proposed data structure enables the generation of an export in open format (IFC), with structured information that facilitates the interaction of all the agents involved in the collaborative environment for the purpose of decision making.



All of this can result in improved health and safety management in the design phase through the application of PtD.
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Figure 1. Conceptual diagram of the workflow used to create the health and safety road model ((A) Background information on the project, (B) Conceptual design of the project in InfraWorks 2020, (C) Design model with a low level of detail associated with a basic project, (D) Design model with a high level of detail associated with a construction project in Civil 3D 2020, (E) Low level of detail design model associated with a basic project in Revit 2020, (F) Model with information on the result of the implemented risk assessment). 
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Figure 2. Workflow to link the risk assessment results to the BIM objects ((A) Risk assessment information by activities, (B) Risks assessed by activity are then assessed for each work unit, (C) These risks are coded according to the National Institute for Occupational Safety and Health, (D) The risk assessment information is structured in Excel and entered with Dynamo 2.3 to each of the elements in Revit 2020. The background color is not relevant. 
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Figure 3. Automation of the introduction of risk information to BIM objects using Dynamo 2.3. The asterisk in the Revit 2020 table is used as the multiplication symbol. 
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Figure 4. Revit road model with associated risk assessment information. In the image (above) are the risks associated with the execution of the earthworks. In the (lower) image are the risks associated with the execution of the pavement in the same area. 
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Figure 5. BIM model of the risk of falling to different levels during the execution of the earthworks work unit with the conventional risk assessment. 
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Figure 6. Execution of filters in the analysis of the risk of entrapment due to overturning in the bituminous road surface work unit (risk R12). Probability in (upper) figure and gravity in the (lower) figure. 
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Figure 7. (Left): Execution of filters in the risk assessment of the risk of falling to different levels during the execution of the bituminous road surface work unit. (Right): execution of a trench for the placement of a drainage pipe. 
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Figure 8. Risk assessment management. 






Figure 8. Risk assessment management.



[image: Buildings 12 01753 g008]







[image: Buildings 12 01753 g009 550] 





Figure 9. Analysis of specific works. This figure shows the interference between the execution of the refining task of the slopes and the bituminous mixture extension. 
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Figure 10. Introduction of preventive measures and risk reassessment. 
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Figure 11. Plan with information on the risk areas, evaluation and collective protection measures. 
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Figure 12. Association of auxiliary information with preventive measures. 
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Table 1. Quantitative matrix of risk assessment in the BIM, adapted [66], and actions according to the risk level.
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SEVERITY (Sev_R0i)




	

	

	
1

	
2

	
3






	
PROBABILITY (Prob_R0i)

	
1

	
1

	
2

	
3




	
2

	
2

	
4

	
6




	
3

	
3

	
6

	
9




	
ACTIONS ACCORDING TO THE RISK LEVEL

	
Level

	
1

	
2

	
3–4

	
6

	
9




	
Risk assessment

	
Trivial risk-T

	
Tolerable risk-TO

	
Moderate risk-MO

	
Significant risk-I

	
Intolerable risk-IN




	
Action

	
No specific action is required

	
There is no need to improve the preventive action.

	
It is necessary to reduce the risk and identify appropriate actions to do so.

	
Work should not commence until the risk has been reduced.

	
You must not carry out the work until the risk is reduced.
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