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Abstract

:

With developments in Industry 4.0, there is growing momentum to adopt technology-assisted tools to support existing processes. Even though most construction processes are now computerized, safety procedures have not yet fully embraced the digital revolution. Building information modeling (BIM) is a platform that radically redefines the way in which businesses operate. Various past studies on the application of BIM in site safety mainly focus on using BIM for safety during construction and for a specific project type. The potential benefits of BIM for site safety have not yet been fully explored. The aim of the present study is to develop a BIM-based automatic safety checking (ASC) framework for an early identification of hazards. It includes safety checking with codified OSHA rules, corrective actions, scheduling, and reporting in a virtual environment. All these steps are part of the risk lifecycle which is typically managed according to the phases of construction on a physical site. However, in the proposed framework, all these steps are managed at the preconstruction stage in a virtual environment. The major contribution of this study is the proposed framework that provides the conceptual foundation for early site safety management by identifying hazards at the design stage. The integration of a 3D model with codified OSHA standard safety rules ensures that the design is in adherence to safety rules and is rendered hazard-free for a pilot case.
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1. Introduction


Due to its dynamic nature, the construction industry is thought to play a significant role in the economic development of every nation. However, in order to keep up with the fast-paced digital world economy, the industry needs to undergo digital transformation [1]. Different advancements in the realm of information and communication technology (ICT) are quickly changing traditional construction into smart construction [2]. In the construction field this mainly consists of concepts from Industry 4.0, which refers to using digital advancements to innovate and advance the construction industry [3]. It is an umbrella term for trending technologies such as 3D modeling and printing, Artificial Intelligence, Robotics, Cloud computing, virtual reality, sensor technologies, Unmanned Aerial Vehicles (UAV), and BIM. One of the broadly used techniques amongst these is BIM. BIM is described as “a systematic process for managing and disseminating holistic information generated throughout the development and operation of building design” [4]. Applications of BIM cover a facility’s whole lifecycle [5]. The primary BIM applications are visualization, scheduling, cost, energy, facility, and safety management (level 3D–8D) [6]. Despite being aware of BIM’s potential, Indian construction businesses have not completely tapped into its advantages [7].



BIM offers the potential to advance safety management practices. Current safety practices in India are deemed to be inefficient, as the rate of onsite accidents is still on the rise. Manual observations are used in traditional safety planning, which is labour-intensive, prone to error, and frequently highly ineffective [8]. Also, the effectiveness of this practice is determined by the (in)experience of the site safety personnel. These inefficiencies deter the attainment of safety objectives. About 48,000 workers in India die from work-related accidents, 38 of which occur in the construction sector every day [9]. Between 2008 and 2012, the minimum number of fatalities per year in the Indian construction industry was 11,614 [10]. One other compelling factor that contributes to accidents is design errors [11]. According to a 2003 Health and Safety Executive investigation based on 100 accidents, design changes could have avoided around half of these incidents. The Nationwide Institute of Occupational Safety and Health (NIOSH) organised the first prevention through design (PtD) workshop and launched a national campaign to promote PtD practises in July 2007, since they realised the potential of the design for construction safety concepts [12]. Nevertheless, the accident statistics are rising each year, which indicates that traditional safety precautions are insufficient [13].



The widely recognized BIM approach has the potential to overcome the challenges associated with conventional safety practices. Many studies have focused on using BIM for safety during the construction stage [14,15] and for a specific project type. The studies conducted lack the timely execution of safety activities. Moreover, most of the research is unfortunately still in its infancy and not applied in practice. This study utilizes the potential of BIM for safety checking and develops the BIM-based automatic safety checking (ASC) framework, which identifies the hazards at an early stage of construction.




2. Research Purpose and Methodology


The aim of this study is to develop a BIM-based automatic safety checking (ASC) framework for the early identification of hazards. It involves the integration of a 3D model with codified standard safety rules. In this study, the lifecycle of a construction hazard (e.g., fall from edges) is considered, and it includes hazard identification, its safety checking, corrective actions, scheduling, and reporting in a virtual environment. All these steps are the lifecycle of risk which are typically managed across the 3 stages of construction (lifecycle stages). However, this study proposes a framework in which all these steps are managed at the preconstruction stage itself in the virtual environment. The framework shows the different steps designed throughout the three key stages of construction (preconstruction, construction, post construction) that can be performed in the virtual environment prior to the physical construction stage. This research objective is investigated by performing the following activities:




	
Literature Review:




	-

	
Conventional safety practices in India and findings are critiqued by industry professionals.




	-

	
BIM for site safety management.









	
Categorization of BIM tools for site safety throughout the project lifecycle;



	
Development of ASC framework;



	
Validation.








To understand the current safety practices, the initial part of this study presents the flow of the conventional (i.e., pre-BIM) safety process. Further, it focuses on a critical review of different BIM-based approaches to managing site safety. It identifies BIM-based tools and categorizes them as per fundamental safety requirements such as risk identification, safety checking, safety monitoring and inspection, and information management. Further, the framework is validated for the one-hazard case. The findings of the study are globally applicable; for the purpose of this study, the ASC is performed in an Indian scenario. Finally, this paper highlights the potential benefits of adopting BIM-based automatic site safety checking for construction projects.




3. Literature Review


To identify opportunities for automated BIM-based site safety management, it is important to study and understand the existing site safety management processes. This research, although focused on site safety management practices in India, examines research from outside India. This helps us to understand advancements in site safety management practices globally and, as appropriate, apply lessons locally, i.e., within the Indian site safety management context. To understand the current processes, this research examined the current literature (topics covered in Figure 1) and includes findings from discussions with site safety experts. The key topics examined in this research are illustrated in the Venn diagram (Figure 1).



This study examines how BIM capabilities could be leveraged for effective site safety management. To understand this further, a critical review has been conducted and classified using three BIM approaches: (1) through 3D modeling with visual checks; (2) through automatic safety checks with rule-checking platforms; and (3) through integration with innovative technologies. To facilitate the BIM-based safety process, BIM tools play a critical role. Different tools can be used throughout the lifecycle of the project, so a complete safety solution set is provided. The tools identified from the literature review have been categorized as per their ability to fulfil the specific site safety objectives.



3.1. Conventional Site Safety Practices in India


This study began with a critical review of conventional safety approaches that are adopted on typical construction sites. Site safety is one of the major factors that affects overall construction productivity [16,17]. There are various ways in which safety management is explained. According to [18], the duties of setting the context, identifying, evaluating, assessing, treating, monitoring, and communicating risks require the systematic application of management policies, processes, and procedures. As per [19], the key process of typical conventional site safety management is risk establishment for the environment, hazard identification, risk analysis, risk evaluation, and risk treatment. Procedures for risk management involve continuous monitoring with routine evaluations of the safety results, and continuous improvement of the safety management system’s effectiveness [20].



It is also important to understand the flow of these safety-related processes, the stage at which they are conducted, and the people who are involved in this process during the lifecycle of the construction project. On a typical construction project, the execution of work is mainly carried out in three different stages consisting of preconstruction, construction, and post-construction [21]. The preconstruction stage mainly includes the project brief, defining the client/user’s requirements and objectives in sufficient detail to enable the proposed facility to be designed and specified [22]. Designing is the most important step in any construction project. Based on designs, the contracts and tendering are invited for procurement. Various contractors submit their tenders. Considering the safety procurement, for large-scale projects following good safety measures, a separate safety department is appointed, but in the case for small-scale projects, safety is taken up by local contractors [23]. At the design stage, the factor of safety is considered by the designers. The factor of safety is the load-carrying capacity of a structural system beyond what it supports. Thus, the safety consideration in conventional design pertains to structural safety, as opposed to the practice of site safety management. Designers are not asked to consider worker safety [23], and, in the current safety practice, designers are held responsible for the safety of end-users while construction worker safety is the contractors’ responsibility [24]. After the finalization of the project by contractors, the planning department, along with the safety officer/inspector, defines the scope of work and finalizes the activities and their estimated times. The individual plan for each construction activity, i.e., excavation, slab-laying, etc., is designed as per the scope. Further, as per the scope, a health and safety plan is designed, which involves a Job Hazard Analysis (JHA) as a key tool to identify how to perform a step-by-step appraisal of the “job tasks and early identification of any hazards associated with the task, so controls to mitigate the hazards can be introduced”. This critical step, with its emphasis on job task analysis, ensures the early identification of hazards before they result in injury. Hazards are difficult to predict because even though the activities performed are similar or even the same, every construction project has its unique location, time schedule, and work conditions [25]. Moreover, construction sites are dynamic, and even if the hazards were accurately predicted for such precisely defined conditions, there is a large probability that the conditions could change by the time the construction activity is scheduled to be performed. The next step after identifying hazards and before deciding on mitigation strategies is determining the risk levels of the hazards. The risk level is most often determined by multiplying probability and severity scores. Quantifying severity, on the other hand, is much more abstract and is dependent on the safety expert’s judgment [25]. Further, as per the requirements made in the JHA plan, the safety equipment is estimated and purchased for execution.



Until the preconstruction stage, the safety process is paper-based. During the construction stage, the plan is implemented. The workers are given safety training as per the work schedule. The plan implementation and safety checking are supervised physically by a safety inspector. However, there is no evidence as to how strictly the plan is followed; a lack of adherence to standards is one of the major reasons for accidents at this stage. The thoroughness of the inspection held on-site varies from inspector to inspector. Site safety inspectors supervise construction sites based on their previous work experience and through visual observations and the identification of hazards. Hence, the hazards are identified during the construction stage. Typically, verbal instructions are given to mitigate any potential risk. The communication channels are often ad hoc and one-to-one, leading to a risk of costly mistakes because of miscommunication. A lack of communication among the various departments involved and a lack of proper inspections are the major reasons for accidents occurring at construction sites [23]. There is no evidence of the use of a common platform to share information between project stakeholders. Thus, the risk of defects and liabilities because of miscommunication is compounded. The site engineers employed by the contractor collect the necessary on-site progress data, and the progress of site work is recorded manually by updating the construction schedule, which is backed up by images, updates in the site diary, progress meeting minutes, and correspondence [26].



Record keeping of hazards is in the form of safety manuals and paper-based documents [13]. Based on the literature, a flow chart involving the different safety activities that take place in the project’s lifecycle has been prepared. The reported findings on conventional safety management in construction projects in India are presented in Figure 2. All components of the current safety approach illustrated in Figure 2 take place in the physical environment.



On a typical construction project in India, to some extent, safety during a construction project is influenced by decisions made at the early planning and design stages. Thus, the early identification of risks and hazards would ensure that mitigating measures are introduced early on, and safety on site is enhanced. In the early design stage, designs are in a state of constant flux, undergoing changes. Thus, a fluidity in the program is observed. Time and cost estimates are based on the design. So, if the design is ambiguous, then all subsequent activities would be affected, which in turn results in time and cost overruns.



There are several problems with current hazard identification in the construction industry. In India, on a typical construction project, most of the safety management processes are largely paper-based. Manual observations, which require a lot of work and are prone to error, are used to carry out safety planning. There is a lack of practices that identify the risk-prone areas before commencing with construction [13]. There are no specific digital tools that are used on construction sites for safety. AutoCAD is used for designing, but the rest of the processes are carried out by referring to printouts of drawings (e.g., plans, elevations, and sections, to name a few). Traditional safety planning relies on manual efforts for identifying and preventing safety hazards [27]. This approach is manual and based on the knowledge and experience of the safety planner; the process is labour intensive, time-consuming, inefficient, and error-prone [27,28].



To obtain a more realistic view and the current state of the safety practices in Indian AECO, the flow diagram was critiqued by industry professionals through a small semi-structured interview. For this study, three semi-structured interviews were conducted in June 2022 with representatives of various construction companies. The sampling technique adopted for this survey was judgmental sampling and it is often referred to as selective or subjective sampling, which relies on the researcher’s discretion when determining who to ask to participate. The targeted interviewees had rich experience in working on construction projects. Two interviewees were employed as health and safety officers with 15 and 9 years of experience and one interviewee was an owner and contractor with 12 years of experience in the Indian construction sector. Currently, they are associated with multinational companies and contracting firms. The early career professionals understood the current technology being used in construction sector; the mid-stage career professionals were aware of current construction processes. The interview combined open-ended and closed questions. Figure 3 represents the analysis of closed-ended questions and their responses.



The analysis was conducted using MS Excel (Version 2312) where A, B, and C indicate the responses received from three interviewees.



The process for analyzing and interpreting these three interviews involves reviewing the data that were collected in the form of detailed notes. In the respondents’ opinion, the first step for site safety management is understanding the needs; the safety measures required and safety planning, including ensuring that all safety equipment are procured as per the plan. The key steps of safety management that are followed before the commencement of construction include the preparation of the safety plan, hazard probability and severity analysis, the arrangement of PPE, documentation, and safety training for workers. On the commencement of construction, the safety plan is implemented, and the safety inspector supervises the site. Sometimes a site person in charge also supervises the site, conducting toolbox meetings. The recording of hazards is manual, and reports are maintained of daily safety activities. For unforeseen hazards, an emergency plan is prepared, and the opinion of a safety expert is considered during decision making. At the design stage, structural safety is considered, and different design codes are followed; however, designers are not asked to consider the safety of workers.



The responses from the interviewees mapped with the flow chart of conventional safety processes. Their responses helped to strengthen the flow chart (Figure 2). From the interviews it was also noted that, at the design stage, designers consider the codes, which are mainly for structural safety. The supervision is manual, and decisions are based on the expertise of an officer.



The growing rate of accidents [29] points to the severity of the problem and is a strong indicator that conventional approaches are simply not effective. It points to the need to adopt a fresh and improved perspective that promotes effective safety management practices. This research leverages the capability of advanced technologies and promotes safer practices on site.




3.2. BIM for Site Safety Management


The global construction industry has been rapidly moving towards digitization. The adoption of computerized tools to support lifecycle construction processes has rapidly increased. BIM is an enabler of digital information and has gained prominence in the industry and academic research. Different countries are at different levels of maturity. A bibliometric analysis carried out by [5] examined global BIM trends that point to the varying levels of BIM maturity across the globe, and more specifically to the emerging presence of BIM in the Indian construction industry. Thus, the urgent need to act is more pronounced than ever before.



BIM is an integrated process which helps complete a project faster and for less money while reducing risks related to the environment, workplace safety, and other issues [30]. With the help of various BIM-based tools and techniques, safety planning can be carried out more effectively than with a conventional approach. This section explains the BIM approaches and associated tools for the management of construction site safety. There are three different approaches through which risks can be identified in a BIM environment.



3.2.1. Through 3D Modeling with Visual Checks


Modeling is the basic requirement for any digital construction management process. 3D BIM is the process of creating geometrical and non-geometrical information and sharing this information in a common data environment (CDE) [31]. Through this simulation the location of risk areas, the required safety measures, the scheduling of safety plans, and the identification and estimation of PPE can be performed. Three-dimensional models help users to visualize the project well in advance before the structure is constructed. Safety officers can examine the virtual model through a rendering and provide their inputs. Once the model is corrected, it can be used for the final construction stage. This model can be used to train workers to virtually identify hazardous areas and take safety measures accordingly [32]. There are a variety of BIM tools that are used for modeling purposes, for instance, Autodesk Revit, Tekla [33], and SketchUP [34], to name a few. The most popular BIM modeling tool used by Indian AEC professionals is Revit [13]. It is one of the most popular software packages in Autodesk [35,36]. These platforms can be combined with other tools using the export/import function. For example, a Revit model can be exported to Navisworks, which then extends its capability to identify the clashes in the project, and offers 4D scheduling capabilities [37].



The Revit is 3D modeling tool and does not have an ASC capability within. It relies on human input to visually verify whether the model meets the health and safety requirements. Thus, the accuracy of the check is dependent on the knowledge and expertise of the human.




3.2.2. Through Automatic Safety Checks with Rule-Checking Platforms


To determine the requirements for safety equipment on a construction site, traditional safety planning still mostly uses paper-based 2D designs and schedules [28,38]. It also has a problem with the separation of the design and implementation phases. Traditional approaches rely on safety inspections to identify potential dangers and annotate pertinent 2D drawings [39]. Currently, the creation of new tools and technology encourages designers to take construction safety into account early in the design process. Thus, the requirement for safety planning during the design process is becoming more and more apparent. Past studies on information technology-enabled methods or tools for PtD focused on clash detection [40], knowledge-based systems, and rule-based systems. The degree of automation and efficiency in PtD has been improved to a certain extent. However, most existing studies are partial and fragmented or still at the concept and prototype stage [41]. Additionally, effective safety planning is essential for reducing delays and overhead costs [28].



Safety standards (e.g., OSHA) play a crucial part in the safety management of a project as they contain the basic guidelines used to assess hazards. The safety standards are most often paper-based guidelines and procedures that must be followed when carrying out building work and the requirements for specific aspects of a construction project. Rule checking aims to automate the paper-based safety rules and check the design of a project to identify its hazards. To automate the safety rules, they need to be converted into a machine-readable format. ASC is not a function supported within existing BIM-based software. It can be achieved by either incorporating a plugin into the software (for example Revit, ArchiCAD, or Tekla) or by integrating the BIM platform with a rule-checking platform or, alternatively, within a platform that can read building models (for example, IFC (Industry Foundation Class) platforms and Navisworks) [33]. There are benefits and drawbacks to every integration technique (tool type). Since it would be integrated natively into an already-existing software program, like some commercial BIM authoring tools, the plug-in might be the easiest to install. A few programs already have integrated programming tools, like the Application Programming Interface, built-in (API). The major downside in this case would be the limitation to only one BIM authoring software. Due to possible issues with data interoperability, only native BIM models could be used by the system. Another potential issue is the limit of the programming capabilities of the integrated programming tool [25].



To codify the safety rules, various rule-checking systems such as ePlanCheck, FORNAX [42], Sematic Web [43], Kbim [44], and Natural Language Processing (NLP) [45] are available. The Solibri Model Checker is a commercial program that is widely used in various nations, [46]. The Solibri Model Checker has now been superseded by Solibri Office, which can import models from all major BIM software products and allows users to interpret the safety rules and identify hazards from the model. The benefit of these systems is that they check the model in a virtual environment and identify the hazards at the design stage itself. Some widely used rule-checking platforms and their code representations are presented in Table 1 below.



The most important step in automated code compliance checking is the rule interpretation process, for which a number of technologies have been researched and used. There is no standardized way for converting the rules and regulations into a computer-readable form [50]. The above-mentioned platforms have some limitations associated with them. For instance, the FORNAX is a computable rule that will then work with the FORNAX library, but not on any other platform. Similar is the case of SmartCODES; the greatest challenge is its applicability to various kinds of text from different rule sources [51]. Solibri is the only commercial software available for checking some aspects of building design like clash detection and space validation [50]. Through the use of the IFC schema and a separate software package, it is possible to import models from almost any BIM modeling tool, making it less constrained by the capabilities of the programming language being used. Additionally, the software itself could incorporate a few basic modeling features.




3.2.3. Through an Integrated Approach


In the construction sector, technology has been crucial in identifying site risks. The availability of technology is thought to make construction safety attainable. There are various technologies that have been integrated with BIM. BIM aims to provide real-time hazard identification, accident prediction, workspace planning, and more. The BIM can be integrated with other technologies, which mainly include the Global Information System (GIS) [52], UAV [53], Global Positioning System (GPS) [54], Radio Frequency Identification (RFID) [55], Ultra-Wide Bands (UWBs) [56], and sensors [57]. The application of all these technologies is presented in Table 2.



Monitoring and control systems are used to make sure that safety regulations and standards are followed when implementing safety measures during a project. Data from real-time data capturing technologies (e.g., UAVs such as drones) can help to monitor progress on construction projects. Drones have a fantastic potential to increase construction site safety [61]. The use of 4D simulation and scheduling in BIM-based modeling has greatly improved safety and logistics applications.



Many research articles contain more than one technology or approach. It was discovered that BIM and 3D/4D models have a boundless potential to integrate with technologies used in construction site health and safety [62]. However, only a small amount of automation in safety process modeling and planning has been utilized thus far [63]. These technologies are advanced in comparison to conventional practices. However, there are some limitations associated with these technologies. For instance, in the case of UWBs, they do not produce a strong signal, and were unable to pass through more than two heavy walls. A single UWB receiver also does not cover a large area effectively. So, with its capacity it could alert the workers regarding hazards within a limited area. The positioning sensors required a high-frequency strong sensor, and this had given false alarms sometimes. For GPS-based safety tracking, continuous Wi-Fi is required, and this system is very expensive.



Although three different BIM approaches are reviewed (Section 3) in this paper, this paper focuses on approach 2, which is an automatic safety checking (ASC) approach. The purpose behind selecting this approach is because it considers hazard management holistically at the design stage, which covers hazard identification, safety checking, corrective actions, and reporting. The first approach, that of 3D modeling, is limited to risk identification, and it relies on humans for checking. However, the third approach is about real-time safety, which relies on hazard-capturing tools. If safety is effectively managed at the design stage, then it certainly helps to minimize real-time hazards as they have already been considered. Hence, the scope of this study is focused on reducing the risks at the design stage, offering the lifecycle management of hazards in the virtual environment. This study proposes a conceptual framework for BIM-based ASC and incorporates some of the identified BIM tools to provide an effective safety solution that is hazard-free. Since it can be difficult to identify which tool can be used for fulfilling different safety objectives, a categorization of tools was necessary. This helped us to identify which specific tools are used for specific safety requirements at different periods across the entire ASC process.



The above review explained the different BIM approaches for safety management throughout the lifecycle of a project. In addition, it was observed that most of these technologies focused on one type of hazards, i.e., fall hazards; there are various types of fall hazards such as unprotected edges, holes and openings, staircase falls, and scaffolding falls. Each of these causes needs to be considered while designing the technology-based safety system. It is also noted that the majority of these technologies were created with safety solutions for the construction stage in mind. Nevertheless, it is necessary to expand the applications of technology for construction safety beyond the construction stage to include the preconstruction and post-construction phases. The majority of these technological applications were restricted to academic research and had limited implementation for construction safety management. The focus should be more on transitioning technology from research into practice.



To facilitate BIM-based safety processes, BIM tools play a critical role. For the purposes of this research, BIM tools are software (e.g., Revit, Navisworks) that support the BIM process. Here the software could be one proprietary tool or a suite of a few. Different tools can be used throughout the lifecycle of a project, so a complete safety solution set is provided. The tools required at each stage may not be the same. Hence, to identify the tools according to their use, as well as the stage at which they can be used, a categorization of these tools is carried out and presented in the next section.






4. BIM-Based Tools for Safety Management


Based on the review conducted, the different tools have been identified. These tools have specific functionalities that can be utilized as per the safety requirement throughout the lifecycle of the project. Table 3 shows the project stage-wise requirements of BIM-based safety processes and suitable tools that can fulfill those requirements.



The safety requirements and their tools mentioned above show that, at each stage of construction, different BIM approaches can be adopted. At the preconstruction stage BIM helps to build an as-planned model, while at the construction stage it builds an as-built model, and at the post-construction stage it creates an as-constructed model. The as-planned model differs substantially from the as-built model for reasons including rework and other changes to the original design made as construction progresses. All these models are generated at different stages, with a huge amount of information forming a repository of the data of the entire project. The potential of BIM-based safety is that it allows designers to combine different platforms with distinct natures.



The identification and categorization of tools helps us to understand which BIM tools could be used to perform a specific safety requirement. There are different safety requirements throughout the lifecycle of a project. For instance, in a typical safety management scenario of a construction project, the requirement of 3D modeling can be carried out using the tool Revit, likewise the scheduling requirement of safety activities can be fulfilled using Navisworks. The ability of a single tool is limited and alone it cannot meet different safety requirements. However, with the interoperability of BIM different tools can be combined, and a complete package of safety solutions can be achieved.



The categorization of tools helps us to develop a conceptual framework by indicating the specific tools needed for specific safety requirements at different periods in the entire ASC process, with the aim of the early identification of hazards. The identified tools also help us to understand the nature of the input data required for conducting the process in the respective tool. The type of tool determines the data input requirements to be ‘processed’ to produce a hazard-free site safety output. This forms the basis of the conceptual framework presented in this paper.



The novelty of this study is the proposed framework for the early identification of hazards by safety checking with standard rules at the preconstruction stage. It also includes the virtual scheduling (4D) of required safety equipment, which is typically carried out at the physical construction stage, followed by information storage. All of these steps are the lifecycle of risk, which is typically managed in all three stages of construction (lifecycle stages). However, this study proposes a framework wherein all these steps are managed at the preconstruction stage itself, in a virtual environment. Hazard identification, and its virtual inspection, will be conducted in a virtual environment prior to actual construction. Further, the framework is validated for the one-hazard case of an Indian construction environment, highlighting the potential benefits of BIM-based automatic site safety checking that can support current safety practices for the effective site safety management of construction projects.




5. Development of BIM-Based Automatic Safety Checking Framework


Considering all BIM approaches, and to understand the process flow of ASC, this study presents a conceptual framework. This framework is developed for the lifecycle management of a Hazard Scenario (HS) in virtual environments, with the main purpose of reducing the onsite hazards by managing them at an early stage of construction. The designs are the critical element of the entire construction project, as further execution of the project is dependent upon the designs, and so also the designers. If the safety management can be achieved through the design, major delays, reworks, and overruns can be avoided at an early stage. Hazard identification achieved at an early stage can save the time required for physical identification. In addition, design errors such as conflicts in the design, the overlapping of structural, mechanical, plumbing, and electrical elements, leads to a rework of the design, through which the project schedule is impacted [64]. These clashes can be detected and fixed before the construction begins, and reduce the rework required as well the associated delays [65]. The study of conventional safety practices helped to identify the key processes that must be considered while developing any safety management framework. Those processes include risk identification, safety checking with standards, and safety monitoring and reporting. These identified processes form the basis for the development of an ASC framework, and they are performed in the Preconstruction, Construction, and Post construction stages.



To perform the key processes in ASC, some steps have been designed. The key steps in the framework include the preparation of a 3D model, interpretation of safety rules, integration of the model and the rules, rule checking and reporting, and preparation of a 4D model followed by report generation. The process of ASC is continuous until the design is hazard-free, with all safety checks passed. The output for this process results in the hazard-proof design of the construction project along with safety provisions and its schedule. Figure 4 depicts the conceptual framework for ASC to be conducted at the preconstruction stage in a virtual environment.



The process of ASC begins at the preconstruction stage. The key steps designed to be conducted in this stage are explained below:




	
Define scope of the work: There are multiple sequential activities (excavation, foundation, slab casting) to be conducted in an entire construction project. Each of these activities requires specific safety measures. Hence, to manage these measures effectively, the framework begins with defining the scope of the work. In this study, the scope of the work includes considering hazards and designing the HS. To design the HS, past research on types of accidents and hazard statistics from various organizations can be refered to. For instance, in the activity of slab casting (a scope), one major hazard that led to falls is the “Unprotected edges of slab”. So, complete ASC will be performed for this HS in a virtual environment. Similarly, different HSs can be considered, and safety checks can be performed.



	
Prepare 3D model: This is a fundamental step of ASC. In this process, 3D models provide highly detailed geometric and parametric information about the construction components. The facilitate this, the input data required are drawing plans (2D plans) along with all sets of dimensions, such that the HSs can be presented in a 3D model. One of the key benefits of BIM-enabled ASC is the virtual replica of the developed construction project, which helps designers to observe and identify issues in a cyber environment. The proposed framework uses Revit (Version 2020) as it is one of the most popular 3D modeling tools.



	
Interpret safety rules: A vital step of the ASC process is converting the paper-based safety rules into a computer-readable format. This interpretation requires data on the standard safety rules (OSHA). Notably, these rules are in sentence format and need to be converted into a parametric format. For this purpose, Solibri office (Version 9.13.0.23) is used as it is recognized as a prominent tool for rule checking and interpretation. For instance, as per OSHA [66], the standard rule for an unprotected edges scenario is that “Each employee on a walking/working surface (horizontal and vertical surface) with an unprotected side or edge which is 6 feet (1.8 m) or more above a lower level shall be protected from falling by the use of guardrail systems, safety net systems, or personal fall arrest systems”. This textual rule is considered while interpreting and converting it into a parametric format along with the dimensions of the guardrails.



	
Integrate the model and safety rules: Once the rules are interpreted, they need to be assimilated with the information-rich 3D model. The interoperability function of BIM allows us to exchange data between two different platforms. Here, the 3D model is integrated with a rule platform using an IFC capability. During the integration, the rule-checking platform reads the 3D model and makes it ready for performing rule checking.



	
Rule check and report: The successfully integrated model can be checked for designed HSs with associated safety rules from Solibri. The checking would result in a passing or failure of the rule. If the rule is passes, it indicates that the model design is hazard-free. However, if the rule fails, it shows that the design has errors and does not comply with the safety rule. A detailed report and presentation of hazards can be created, along with responsibilities to be assigned, in platform itself. The report for hazards includes detailed information about hazards such as the components of the hazard, its location, and mitigations. The report can be sent to the design team to make the corrections.



	
Take corrective action and recheck: This step involves the redesigning of the 3D model considering the hazard measures mentioned in the report. The 3D model needs to be updated and rectified. Further, safety checking can be performed until the rule is successfully passed and the model becomes hazard-free.








Once the checking of all scenarios is completed, the hazard-free design can be progressed to construction stage, which includes scheduling. The steps designed for the construction stage are explained below:




	7.

	
Prepare 4D Model: The hazard-free model is further progressed to scheduling. The scheduling of construction activities helps us to understand the sequence and time required for each activity involved. The 4D BIM deals with the time function. The schedule of the project is required as input data here. In this step, safety activities such as the installation and removal of safety equipment such as guardrails is scheduled with the tool Navisworks (Version 2020). The 4D model will ensure the correct sequence of the guardrails, i.e., if the walls or any vertical element across the edges of slabs are to be constructed the provided guardrails will be removed, and the same guardrails will be reinstalled for the next slab. This way, the model will use the required set of guardrails repeatedly throughout the construction work to maintain economic viability.




	8.

	
Inspect virtually and monitor: In this step, the safety officers and project managers can inspect the model virtually. This will provide a clear understanding of the sequence of safety activities, while clashes can be resolved, and any required modifications to the schedule or design can be carried out before the model proceeds further.




	9.

	
Generate report: the final report of the ASC for the project includes a hazard-free 3D design model, the location and properties of PPE, a schedule for installation and the removal of PPE, and details of the data generated throughout the process.









At the end, in the post-construction stage, the data which are created throughout the process are stored and used for facility management purposes. These data can be used for future projects/renovation of the building, and maintenance purposes [67]. The data generated through the safety checking process can be used for similar kinds of projects to locate hazard cases, their mitigation, and equipment information, eliminating the repetition of all the safety checking steps.



The output for this ASC process is a hazard-free construction design at the preconstruction stage. All the safety measures are provided in the virtual environment, including the project’s scheduling and data storage. The mitigation measures are proactive rather than reactive.




6. Validation of the Framework


For the validation of the proposed framework, a pilot study is conducted with the one-hazard scenario of the unprotected edges of a slab. A sample 3D model without a safety guardrail system at the edge of the slab is created using Autodesk Revit. To perform the automatic safety checking, all the required steps presented in the framework are followed. In this study, the framework is validated for the preconstruction stage, which mainly consists of the automatic safety checking of the model for a hazard-free design. Figure 5 represents the validation results for the sample model.



The safety rule for the case of an unprotected edge of a slab is identified from OSHA. In Solibri Office, using the ruleset manager, the rule is created as “Slab must be protected with guardrails” and all the required dimensions of the guardrails are converted into a parametric table. Further, for the purpose of integration, the 3D model is converted to IFC and transferred to Solibri Office (Figure 5c). Furthermore, the rule checking is performed in Solibri, and it runs successfully. The hazards are identified and represented by missing barriers along the edge of the slab, highlighted with a red-colored line (Figure 5d).



Once the hazards are identified, the reports will be generated (Figure 5e). The report highlights the edges of the slabs which are unprotected, and it also mentions that there are missing barriers for the slab levels. So, here it is identified that the design is not hazard-proof and needs revision. The generated report of the identified hazards will be communicated for corrective actions. Figure 5f represents the corrective actions taken in the form of the provision of safety guardrails to the 3D model.



After the corrective actions, the model is integrated with the rule-checking platform once again, and a rechecking of the model is performed. The checking is performed until all the slabs are provided with guardrails of an appropriate size and the design is hazard-free.



After a successful passing of the rules, a hazard-free 3D model is obtained, and a report is generated. The next part of the framework includes the 4D model, and this will be performed in future work, where the scheduling of safety guardrails will also be performed.




7. Discussion


The BIM-based automatic safety checking system has different benefits for safety management. Some of the benefits are discussed in this section.



	
3D modeling and the visualization of hazards: As opposed to updating a 2D design, a 3D model enables designers to explore a wider range of options during the design process and adjust the design quickly and effectively. The benefits of the 3D model are not limited to visualization, as it also offers precise geometrical and parametric information about the construction components. Hazard areas can be visualized in the model and required preventions can be checked out. The visual model can be used for providing safety training to the workers. The 3D model is an excellent communication tool for all stakeholders. Safety officers can virtually review the project and can provide their inputs to reduce the possible risks earlier.



	
Eliminates relying on manual checking: The process of ASC in the proposed framework mainly relies on computerized safety rules. The paper-based rules are interpreted and stored in a library of the rule-checking platform. These rules automatically check the model, identify the hazards, and provide safety solutions. Unlike conventional approaches, it does not have to rely on human decisions. However, it also allows humans to provide their input if required.



	
Guaranteed to follow safety guidelines: Obedience of the safety standards is crucially important in any construction project. The ASC completely relies on the standard rules that are codified. The design model can go through standard-based safety checking at the design stage.



	
Scheduling of safety activities: The technique of intelligently connecting a 3D digital model with time- or schedule-related information is known as 4D BIM. Navisworks can be used to plan PPE installation and removal procedures while taking safety into consideration. This has eliminated the problem of misunderstanding brought on by a lack of visibility that was present in conventional construction scheduling.



	
Storage of information: Data management in construction is equally important in as huge volumes of data are generated over the entire construction project. In the process of ASC, the rules will be interpreted and stored in a library which will form the knowledge database for different HSs. Because of the automatic systems, at each stage the data will be stored in the required format, which can be used anytime in the future.







8. Conclusions


The applications of BIM for site safety checking can provide effective safety solutions throughout the lifecycle of a project. However, its potential applications are not fully explored in India’s construction industry. Nevertheless, the need to better manage safety process lifecycles is clear. Poor safety practices lead to increases in accidents and reduced productivity. This study examined the current approach of conventional site safety practices and reveals different BIM-enabled approaches to site safety. The conventional approaches are paper-based and rely on human decisions. These practices are error-prone and reactive. In the conventional process, at the preconstruction stage, paper-based methods such as checklists and manuals are prepared; however, there are no methods that can identify the hazards prior to construction, and no adherence to safety standards is ensured. These safety practices hence lack the proper execution of safety activities, which leads to onsite accidents. This study provides direction to streamline the focus on overcoming these challenges with different BIM-based approaches. The major contributions of the present study to the existing body of knowledge are two-fold. First, the different BIM tools for lifecycle safety management are identified and categorized, as per safety requirements, in the form of a comprehensive table for construction professionals. This will help us in understanding the abilities of different tools and the input data required for fulfilling different safety objectives throughout the lifecycle of a project. The integration of BIM with innovative technologies such as UAV, GIS, GPS, and RFID can provide the best possible solution. Second, a conceptual framework for the early identification of hazards is developed.



The lifecycle management of a hazard is considered in the virtual environment. The proposed framework allows for the ASC of a construction project by integrating its 3D model with computerized standard safety rules. It also provides the scheduling of safety activities. This framework is validated with a sample model for hazard identification obtained by performing automatic safety checking.



Considering the growing rate of onsite accidents, the current practices need improvement and ASC can overcome the challenges of conventional approaches. This conceptual framework analyses how BIM can be used for site safety in the lifecycle of project management and provides a conceptual foundation to facilitate further research into the implementation of BIM in practice. The process of ASC requires information from different disciplines such as design, safety rules, and schedules, and here all these are integrated, which enhances their multidisciplinary collaboration. The stakeholders, along with the safety officer, will be involved, since this process occurs at the preconstruction stage and they can provide their input from the start, which will lead to the smooth performance of work at the construction stage. This ASC process would form a library of safety rules that can be used by construction professionals to check their designs and manage the hazards involved. Designs and their related hazards can be visualized in a 3D environment; hazards can be identified, and checking can be performed until the issues are solved or corrective actions are taken at the design stage itself. By identifying hazards earlier, the rework can be reduced, leading to reduced time and cost overruns. An early plan for the scheduling of safety activities helps stakeholders to consider all possible delays before the execution of work and keeps the project on track. Through virtual training, workers can be informed about hazard-prone areas and can prepare accordingly. Through the ASC process accidents can be minimized by considering them at the design stage. The knowledge which usually takes place at the construction stage is brought forward to the preconstruction stage.



In this study, the model was validated only up to the automatic safety checking stage for the early identification of hazards. The further part, 4D scheduling, will be validated in future work. Also, only a one-hazard scenario was considered for safety checking; future research can focus on implementing the framework for different types of hazard scenarios.
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Figure 1. Key topics examined. 
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Figure 2. General conventional safety management approach. 
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Figure 3. Analysis of quantitative questions from semi-structured interviews: (a) stage of a construction project at which safety-related processes initiate, (b) responsible stakeholder for the execution of the safety plan at the construction stage, (c) stage at which safety officers get involved in the construction project, (d) stakeholders involved in the safety management process. 
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Figure 4. Conceptual framework for ASC. 
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Figure 5. Validation of the framework for a sample model: (a) 3D model prepared in Revit, (b) safety rule interpretation in Solibri, (c) integration of model, (d) rule checking and hazard identification, (e) generated hazard report, (f) corrective actions taken in 3D model, (g) rechecking after corrective actions, (h) generated safety report. 
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Table 1. Automatic rule-checking platforms.






Table 1. Automatic rule-checking platforms.





	Sr. No
	Rule-Checking Platform
	Development Agency/Project
	Code Representation
	Reference





	1.
	FORNAX
	Singapore CORENET
	Computer code
	[42]



	2.
	Sematic Web
	Acoustic Performance Checking

Occupational Circulation Rules
	Semantic rule language
	[43]



	3.
	KBIM
	Korea
	Parametric table
	[44]



	4.
	Solibri Office
	Finland
	Parametric tables
	[47]



	5.
	EDM
	Australia
	Rule-based language
	[48]



	6.
	SmartCodes
	ICC (International Code Council)
	SMARTCODE builder
	[49]










 





Table 2. Integrated technologies for site safety.






Table 2. Integrated technologies for site safety.





	Sr. No
	Integrated Technology
	Application
	Reference





	1.
	BIM, UWBs
	Tracking of workers, real-time risk management, transmission of safety information
	[56]



	2.
	BIM, Sensors
	Real-time construction safety monitoring
	[57,58]



	3.
	BIM, GIS
	Hazard identification with GIS-based navigable 3D animation in the safety planning process, 3D model along with its surrounding topography and schedule for documentation, risk evaluation, and accident prediction
	[28,59]



	4.
	BIM, GPS
	Tracking worker movements in dynamic construction environments, identification of high-risk locations, workforce location tracking
	[54,60]



	5.
	BIM, RFID
	Worker location tracking, monitoring safety
	[55,61]



	6.
	BIM, UAV
	Hazard identification in the construction phase
	[26,53]



	7.
	BIM VR
	Workspace planning
	[8]










 





Table 3. Tools used throughout the project lifecycle.
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Stage

	

	
BIM-Based Safety Requirements

	
Tools/File Format






	

	
Site Safety Management




	
Preconstruction stage

	
As-planned model




	
Communication and co-ordination

	
Preparation of 3D model and visualization of hazards
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Visual checks
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Safety Data Generation and Transfer from preconstruction stage




	
Construction stage

	
As-built model
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Data generation and transfer from construction stage




	
Post-construction stage

	
As-constructed model

	
Data stored in associated platforms/COBie /BIM Cloud
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