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Abstract

:

The off-site construction (OSC) method has attracted the interest of experts to resolve productivity stagnation and lack of skilled workforce and to reduce greenhouse gas emissions in the construction industry. Due to the unique characteristics of OSC projects, wherein building elements are produced in a factory, transported, and installed in the field, a management approach that differs from the management techniques of previous construction projects is required. Accordingly, with this study, we examined the characteristics of OSC projects and derived key management items through literature review, case analysis, and expert meetings to develop an integrated management system for OSC projects (OSC-IMS). The proposed system, OSC-IMS, integrates the entire supply chain of the OSC project. It includes the following functions: drawing management, scheduling and planning, site installation planning, production planning, production monitoring, shipping and transportation, delivery and inspection, site installation monitoring, and progress payment management. To verify the applicability and effectiveness of OSC-IMS, it was implemented in four projects. The application of the system to the case studies demonstrated the improvements in work efficiency and accuracy and decreased waste time in every work step. The findings indicate that the system can enhance project performance. This study contributes to the identification of the features and key elements of OSC management such that these factors can be linked with managing system development. This work describes the overall effect of the proposed system on real projects.
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1. Introduction


The construction industry is facing several challenges. Low labor productivity is a long-unsolved problem for the global construction industry. McKinsey & Company reported that the construction industry’s productivity grew by only 1% over 20 years [1]. Furthermore, the lack of a skilled workforce exacerbates this phenomenon [2]. The United Nations Environment Program announced that the construction sector emitted 38% carbon dioxide, the highest among all sectors [3]. As interests and concerns about environmental issues continue to increase globally, solutions to reduce the environmental load generated from construction projects are vital [4].



Off-site construction (OSC) is drawing attention to solve these internal and external problems in the construction industry as a driving force for future development [5]. OSC is a construction method that completes buildings and facilities by producing elements and components of a construction project at different locations from where they will be permanently installed and then transporting and installing them on site [6]. OSC is also called prefabrication, industrialized construction, modern methods of construction, modular construction, or prebuilt construction, depending on the construction method and country. Although these terms differ subtly, they share a core meaning.



OSC is expected to address the limitations and disadvantages of the most common construction methods, where most work is performed sequentially on site [7]. OSC could improve project performance to complete the construction object with higher quality, less time, and lower cost in a safer and more comfortable environment [8]. Workers can safely work in well-equipped production facilities [9], and less on-site work can reduce wasted energy and materials [10]. Because the portion of construction field work constrained by limited working time, limited space, and bad weather is performed at off-site factories, project time and cost could be significantly reduced [11]. Furthermore, production in dedicated off-site factories and site installation could improve the quality of construction projects by producing high-quality elements [12].



The OSC method requires a new management approach because it differs from existing site-oriented production methods. For the OSC method to work effectively, integrated management must be conducted to improve the efficiency and productivity of each project process, including planning, design and engineering, production, transportation, and site installation [13]. The management of OSC projects should be approached from the perspective of supply chain management (SCM) so that the flow of elements and components, essential characteristics of OSC, can be understood and the entire process of production, transportation, and installation can be synchronized [14]. From this perspective, OSC projects require a management system that can deliver each phase organically. In particular, it is important to ensure that each process ultimately leads to efficiency and productivity improvement during project execution through integrated management [15].



The aim of this study is to develop an integrated management system for the efficient execution of OSC projects. The development of the integrated management system for OSC project follows the waterfall model, as many previous studies [16,17,18,19] considered in the next chapter. The waterfall model consists of five steps: requirements, design, implementation, verification, and maintenance [20,21,22]. However, this study has a more challenging goal of realizing the integrated management of OSC projects. To this end, we followed the three steps shown in Figure 1. First, the characteristics of OSC projects that differ from those of on-site constructions are identified. Moreover, the key factors for OSC project management are derived through literature review, expert interviews, and case studies. Then, an integrated management system is designed and implemented to achieve the derived key factors of OSC project management and apply the system to the field. Finally, a field application case analysis is conducted, and the effect of the integrated management system is presented.




2. Literature Review


2.1. OSC Project Management


With OSC still being introduced or implemented by countries and for projects, project participants are unfamiliar with this new production system, and their knowledge is shallow [23]. Because the policies and guidelines for OSC have not yet been standardized, the more flexible the project, the higher the risk [24]. Such flexible conditions must be managed differently because OSC projects are fundamentally distinct from on-site construction projects. Zhang et al. [25] suggested a process-oriented framework to identify and improve the performance of OSC projects through value stream mapping. Although OSC overcomes the limitations of the conventional construction method, new risks arise. Zhai et al. [26] proposed a new management plan for OSC projects that identifies, evaluates, and responds to risks that may occur in each stage.



Because each phase of OSC project execution—production, transportation, and installation—is critical for project success [27], the literature has suggested new managerial methods. Researchers have focused on optimization theory with respect to the production phase occurring at off-site factories that emulate the manufacturing environment. Arashpour et al. [28] derived a method for producing a concrete panel in the shortest time using optimization problems. Ma et al. [29] optimized two different production lines with genetic algorithms. Furthermore, Abdula and Usman [30] identified factors impeding the lean supply chain flow of all resources through the six-sigma method, and Ismail [31] applied ANN and a genetic algorithm to monitor and manage workflows. Several studies identified that integrated management is of paramount importance in OSC projects; each phase is closely linked like a chain [27], focusing on integrated management to fill and bridge the gaps between the project phases. Lee and Lee [18] proposed a digital twin framework for managing schedules during entire processes. Hussein et al. [32] conducted a holistic review of material management in OSC projects.




2.2. Supply Chain Management (SCM) in OSC Projects


SCM is the broad range of activities required to economically plan, control, and execute a product’s flow from materials to production [33]. The importance of SCM for practical OSC projects has been emphasized. Hussein et al. [32] claimed that SCM—a vital connection between construction sites and off-site factories—is a crucial challenge in the successful delivery of OSC Projects. A poor supply chain causes multiple problems, such as early or late transportation, project delays, additional workforce input due to business setbacks, and increasing costs [34]. Therefore, SCM serves as the backbone of OSC to fully realize its benefits.



SCM could eliminate waste factors by seamlessly connecting all the processes from production to installation to move the correct elements within time. There have been two research directions for SCM. The first is the management of storage and inventory. Efficient stocking of produced components is a critical factor affecting time and cost. Accordingly, Ekanayake et al. [35] classified key indices in the view of flexibility, recovery, collaboration, and security of supply chain capabilities. Furthermore, Lee et al. [36] identified the logistical problem in OSC projects and proposed a stacking strategy considering inventory stability and reshuffling effort during the transportation phase. Furthermore, researchers have optimized the process during transportation for efficient management. Xu et al. [37] identified the adverse conditions during loading–transportation of house wall components, and Shayanfar et al. [38] categorized the types of component damage during transportation.



The second research direction for SCM is just-in-time (JIT) production and delivery. OSC projects with JIT reduce carbon emissions, as well as time and cost, thereby improving quality [12]. Because the type and shape of components produced for OSC projects vary widely, recognition and tracking of components are significant for JIT management. Several technologies to identify and record the flow of components using RFID and barcodes have been developed. Panahi et al. [39] presented an RFID method for locating materials and managing inventory. Yang et al. [40] identified and categorized five sources of uncertainties affecting off-site logistics and transportation: off-site logistics process, demand side, supply side, planning and control systems, and environment. Furthermore, Xu et al. [41] proposed a transportation strategy that can achieve remote management using a cloud-based real-time status of the OSC components.



Although most previous studies have sought to increase efficiency at one stage in OSC projects, any malfunction or mistake in a stage could propagate to an entire project supply chain [42]. Accordingly, close collaboration among project participants, including designers, manufacturers, suppliers, specialty contractors, and general contractors across the supply chain, is valuable [43]. However, few studies on SCM in OSC projects have investigated this from an integrated and holistic viewpoint. Moreover, sharing information collected in each stage of the supply chain among participants and using said information for decision making is essential for efficient project performance. Most existing studies [44,45,46] have focused on the data collection mechanism rather than suggesting how the collected information can increase supply chain efficiency.




2.3. OSC Project Management System


A management system for efficiently managing OSC projects has been developed alongside the increased use of the OSC method. Luo et al. [47] and Yazdani et al. [48] derived a framework for the overall management of OSC projects based on a combination of existing architectural project management systems and manufacturing. Furthermore, some management systems have been used for real-world projects [36,49,50]. Sutrisna and Goulding [51] and Yang et al. [16] focused on system development to enhance the use of building information modeling (BIM) from the design stage. They analyzed the model needs for prefabricated buildings following the general waterfall model and designed the systems by dividing it into four layers: analysis, interoperability, realization, and data acquisition. The implemented model was applied to a local project for verification. Several platform studies [17,52,53,54] have also optimized SCM from the JIT perspective after the design stage. Furthermore, Tan et al. [55] proposed a user-friendly system for the effective collaboration of participants. Many platform studies [18,19,56,57,58,59,60] have been combined with emerging high-tech technologies, such as RFID, BIM, the Internet of Things (IoT), and blockchain.



OSC project management systems have different features than existing construction project management systems due to the characteristics of OSC projects. The importance of SCM is emphasized in OSC projects, so several research projects have been conducted for production management and information management across the entire supply chain. Based on the importance of knowledge sharing and diffusion in the system for the OSC project’s supply chain, Liu et al. [52] examined the mechanism of knowledge exchange networks. Especially during the off-site production and transportation processes, Salari et al. [53] noted that the project could not be conducted as planned or additional costs would be incurred because all the materials, quantity, and distance supplied to each factory were different. They defined this situation as a stochastic NP hard problem and solved it using the grasshopper optimization algorithm. In parallel, Niu et al. [17] presented a system for planning, optimizing, and visualizing off-site supply chains. They attempted to manage uncertain factors associated with logistics resources, workforce, and process management when delivering prefabricated components to solve a vehicle-routing problem. To enable immediate application of the system in the field, they selected an OSC project in Hong Kong, analyzed the requirements, designed the necessary functions, and realized each system element through programming. Jaskowski et al. [54] proposed a fuzzy logic-based mathematical model to determine the optimal economic order quantity and minimize the total production, inventory, and delivery costs.



Furthermore, studies have been conducted to improve the efficiency of production, transportation, and installation and to optimize the supply chain in OSC projects by adopting rapidly developing information and communication technologies, such as RFID and BIM. Wang et al. [56] developed an information exchange system through cloud-based BIM, extending one step beyond RFID. A multidimensional IoT-enabled BIM platform [19] followed the linear model, introducing the system architecture, analyzing and discussing considerations to implement, and realizing the platform technically. They verified that information exchange using BIM in OSC projects could improve the performance of SCM. In addition to BIM, Lee and Lee [18] developed a digital twin system for real-time project monitoring and simulation mediated by IoT and geographic information system (GIS) technologies. Tang et al. [57] integrated semantic web-based BIM and a relational database for IoT at a detailed level. In contrast, Li et al. [58] embedded the blockchain into an OSC management system and proposed a novel service-oriented architecture to address security issues within current systems, such as data manipulation and accuracy. Furthermore, Zhang et al. [59] expanded the usability of system-based data collection devices to track cost information, computing the severities of related variables. Zhao et al. [60] studied a management system (specializing in the installation phase) to enable structural health monitoring with a stress sensor.





3. Key Elements of OSC Project Management


An OSC project has characteristics that distinguish it from the on-site construction method. Accordingly, the on-site construction project management method has limitations to apply to OSC projects, and a management method suitable for OSC projects is necessary. In this section, we describe the key elements of project management required based on the characteristics of OSC projects. We identified the technical level and function of OSC project management techniques and management system development by conducting a comprehensive literature review (presented earlier) and analyzed several OSC project cases to specify the project execution process. Then, we interviewed experts from five construction sites who are conducting projects with the OSC method, as well as designers, production plant managers, and installers, to verify the results of the preliminary research. We derived the key elements to be included in the development of OSC project management system by integrating these research results.



First, because production, transportation, and installation are performed in different places in OSC projects, time, cost, quality, and safety management, which are essential to construction project management, should be conducted based on the characteristics of each place (Figure 2). Time, cost, and quality control of the final product are critical in the factory responsible for most of the production, whereas time is critical during the transportation stage. Furthermore, quality control of members to be installed and safety management are additional critical factors. Accordingly, the key elements of project management include:




	
Production: schedule management, cost management, production management, quality management, inventory management, delivery management, safety management, and process management;



	
Transportation: schedule management, transportation equipment, and loading planning;



	
Installation: schedule management, progress monitoring, quality management, labor and equipment management, quality management, site management, payment management, and safety management.
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Figure 2. Supply chain in OSC production method. 






Figure 2. Supply chain in OSC production method.
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Second, as shown in Figure 2, design and engineering, factory production, transportation, and installation must be closely linked, and information generated in each phase must be integrated into an OSC project. First, DfMA is performed in the design and engineering phase (Figure 2a) based on the requirements and constraints of the factory production, inventory management, transportation, and site installation stages. Then, from factory production to the transportation stage (Figure 2b–d), managers continuously adjust the production method, production plan, and transportation schedule through communication with field personnel. Manufacturers and constructors participate in the design stage to provide consistent and accurate information; then, factory production and site installation work (Figure 2e) are performed. Because the participants of each stage work in separate places, they rely heavily on information to understand the project’s overall situation and make decisions about their work. Therefore, integrated management of project-related information is crucial—to avoid errors, omissions, and delays—for linking each stage through comprehensive information sharing. Accordingly, the key elements of project management include:




	
Linkage and integration of distributed and disparate project information;



	
Supporting features for collaboration and communication for integrated design work (i.e., DfMA);



	
Supporting features for information provision and performing tasks using 3D drawings and information visualization;



	
Connecting individual systems of project participants;



	
Supporting features for real-time communication and decision making between production factories, transportation, and construction sites.








Third, SCM from production plants to the site is vital for JIT production and installation in OSC projects. Production in each plant can lead to maximized productivity due to specialized equipment and trained labor, and products must be moved to the next place or final construction site when the production process in one place is completed. The efficiency of the transfer process is essential to determining project performance. Therefore, JIT inventory management is necessary to prevent over- or underproduction. If there is a shortage of products, the project cost may increase due to delays in delivery and unnecessary overhead costs. In contrast, excess inventory caused by premature production can lead to increased stock management costs and poor quality. Accordingly, the key elements of project management include:




	
Real-time production-level monitoring;



	
Lead-time management for each element and part;



	
Quantity and location management of inventory in production plants and construction sites;



	
Supporting features for establishing an optimal transportation plan and selecting optimal transportation equipment.








Fourth, it is necessary to synchronize the planning and execution of each stage of factory production, transportation, and on-site installation. The factory production plan is established consistent with the delivery schedule to avoid disruptions to the on-site installation process. If delays or omissions occur when examining the site installation plan and current status, they will disrupt the production plan and production process. Likewise, if the factory production plan and status are not adequately communicated to the field, problems arise in the installation process. Therefore, the production plant requires timely production based on the on-site installation plan and progress. In the field, it is necessary to synchronize planning and management to proceed with the work to meet the factory production status. Accordingly, the key elements of project management include:




	
Supporting features for synchronizing factory production and on-site installation plans;



	
Real-time production progress and transportation status monitoring;



	
Real-time installation progress monitoring;



	
Supporting features for synchronizing factory production control, inventory management, and on-site installation progress.








Fifth, the production process of OSC projects is performed predominantly in factories, increasing the importance of factory production management. It is necessary to thoroughly manage the production process, which affects the duration and cost of the entire project. Accordingly, the production period and cost should be optimized through the production plan linked to the work status of the site. It is necessary to increase productivity through line process monitoring of factories and constantly manage resources, facilities, and equipment. Furthermore, strict quality control is required for the entire production process due to the nature of the OSC project, where the final product of the factory is installed without additional processing on site. It is essential to monitor whether the specifications and performance conditions are satisfied based on the drawings and specifications.



In contrast, if a factory runs multiple projects simultaneously, it optimizes production time and cost by establishing an efficient resource management plan. Furthermore, it increases overall production efficiency through standardization, mass production, and cost reduction. Accordingly, the key elements of project management include:




	
Supporting features for establishing and changing the production plan;



	
Supporting features for decision making related to production planning;



	
Production time and cost monitoring and management;



	
Production quality monitoring and management;



	
Safety and environment monitoring and management.








Sixth, the proper operation of facilities and equipment is critical to determining time, cost, and quality in factory production, transportation, and on-site installation. It is necessary to establish a comprehensive production and equipment operation plan during the factory production stage to avoid equipment failure, inappropriate planning, reproduction, and other factors that hinder the efficiency of the production process. Likewise, a well-established facility and equipment plan is required to install large and heavy components at the site. If facilities and equipment are not ready, the waiting time for the final product is increased, resulting in wasted time. Conversely, if unnecessary facilities or equipment are provided, the operation rate is reduced, resulting in wasted resources. Accordingly, the key elements of project management include:




	
Establishing a production facility and equipment operation plan;



	
Facilities and equipment operation simulation;



	
Facility and equipment operation monitoring and inspection.









4. Integrated Management System: Development and Implementation


Ewha Womans University and Lotte E&C are jointly developing an integrated management system for OSC projects (OSC-IMS), which have recently been increasing. OSC-IMS is being developed based on the key elements of OSC project management described in the previous section and has been piloted and modified several times. The development scope of the system includes the frameworks and all finishing work. The development of the precast concrete construction management portion has been completed, and the development of the finishing work portion is in progress. In this paper, we present the implementation process and primary functions of the precast concrete construction portion of the system.



The system was developed by constructing basic systems and functions, implementing functions to support project management, and testing. The system was planned with two parts—user interface and database—and divided into four sections according to the management object: model management, drawing management, quantity management, and construction site management. Based on this plan, the development environment was established, and the general function to support OSC project management was implemented. The external functions were included as plug-in modules through the Open Application Program Interface. The system was developed based on object-based BIM and adopted Tekla Structures to generate industry foundation classes (IFC) formats to be used in the system. The script was programmed using Visual C# in the .NET framework, which is most compatible with Microsoft Windows for stable and efficient system implementation.



OSC-IMS covers the core processes of OSC project management: drawing confirmation, construction planning and scheduling, site installation planning, production drawing confirmation and planning, production and inventory management, shipping and transportation management, delivery, and installation monitoring. Furthermore, functions to monitor project performance in real time and calculate progress payments were implemented. User interface examples for each system function are presented in Figure 3, and detailed explanations follow.



4.1. Drawing Confirmation


The system supports project participants in completing preparations for construction work by confirming structural drawings and construction drawings before the project begins. The construction drawing is converted from the structural drawing for project execution and includes a member assembly plane, an anchor drawing, an electric drawing, and other required components. The manager can upload the structural and construction drawings from the design data management menu in the system and check them without any additional software. Users can check the drawings and models in the system and write notes or chat on the necessary parts in real time. The determined drawings are linked with other information by storing them as object-oriented information in the database.




4.2. Construction Planning and Scheduling


OSC-IMS was implemented to synchronize all stages of project planning, production, transportation, and installation under the master schedule plan. The project manager uses the master planning function in the construction planning and scheduling menu to generate a blank schedule table containing basic information, such as the project name, period, type of work, and construction manager and inputs the detailed activity information to develop a master schedule. The completed master schedule is linked to the 3D model when establishing a work area plan in the system. The work area plan proceeds from the zone setting dividing the entire work area. The zone is defined by selecting objects in the 3D model view (Figure 3a). After zone setting is completed, a detailed work area plan is set up by building, floor, and unit. When a work area plan is established, the relevant information is stored in objects in the BIM model representing members to be installed. The master plan was developed to link functions, such as the production and installation plan, and minimize conflicts.




4.3. Site Installation Planning


OSC-IMS implemented an installation plan establishment function so that the member can be installed according to the master plan. The installation plan consists predominantly of a lifting equipment plan and installation scheduling. The manager first establishes a lifting equipment plan on site before setting up the detailed installation plan. In establishing a lifting equipment plan, the type, quantity, installation location, and period of the equipment are determined, and the movement path of the lifting equipment is set, considering the technical detail of the equipment and the installation sequence. The system designs the scheduled installation date for each member and installation completion date for each work area to be automatically calculated as the equipment movement plan is set up.



The system has a bidirectional function to select members in a 3D view and change their information. Conversely, it searches members based on information to select members in a 3D view, quickly checking and modifying the scheduled installation date for each member using the function. Furthermore, for the user’s convenience, the conditional member selection function is implemented to select multiple members with the same properties and input/modify information, such as the scheduled installation date, simultaneously (Figure 3b).



The function of requesting and approving members was implemented to accurately bring them to and install them on site according to the established installation plan. The import request menu was activated only for members for which the installation scheduled date was set up among members. The user can easily make an import request by clicking among the activated members in the graphical user interface. Information (such as the import request code and request date) is automatically linked with the installation plan during the import request process, which the user can change if necessary. When the import request information about the corresponding installation date is completed, the request information is stored in the database and confirmed by the manager. Moreover, the system is easily compatible with the existing work process because the stored information can be converted into spreadsheets using import and export functions.



Figure 4 is a use-case diagram representing the decision-making process that occurs in establishing the system described above and used to design and develop the system. All data, such as schedule plans, components, drawings, and models, are integrated and linked to demonstrate the process of starting from the master plan, going through the detailed plan, and finally establishing the installation plan.




4.4. Production Drawing Confirmation and Planning


OSC-IMS has a function for designers and manufacturers to collaboratively review and confirm production drawings. This activity is available in the design data management menu and starts with uploading a draft production drawing with the details of the members. The system displays the feedback function for the loaded drawings and models to establish effective, real-time decision making between participants. The confirmed production drawings and model information are linked to the information of other databases in the system and are used to establish the production and installation plans. We devised an automatic production planning function—conforming to the project master plan, considering the member’s type, standard, quantity, installation date, and import request date—and applied it to the system to simplify production planning. The system enables project participants to review the generated plans and adjust them according to the situation of the site and factories.




4.5. Production and Inventory Management


The system implemented a module that can reflect the current status of the manufactured members. A function to check changes in information related to the elements to be manufactured and production plan in real time was developed to cope with uncertainties, such as design changes, and schedule modifications during project execution. Furthermore, the production status can be automatically transmitted to the system based on an RFID tag embedded inside the elements. It was implemented to manage the quantity and location of the members temporarily stored in the yard using the system. The field manager transmits the location information to the system by recognizing the RFID of the member through the transportable reader.




4.6. Shipping and Transportation Management


OSC-IMS implemented a shipment and transportation menu so that the building elements can be transported to the site so that the site and the production plant are linked. The site manager can use the system to identify the current production status and request the shipment of building elements stacked in the yard according to the scheduled installation date. The basic information on the shipment request screen, including the name, weight, and volume of the element, can be verified. A shipment request can be made by inputting the element quantity, import date and time, and destination. The shipment request information can also be converted into a spreadsheet using the export function.



The shipping officer who received the shipment request confirms and approves the shipment requested in the system and requests transportation with preparation for shipping elements. The transportation request screen is implemented to appear when the transport request button in the list of shipping elements is selected. On the transportation request screen, information regarding shipping elements, total quantity and weight, destination, shipping date, and time is automatically inserted, and a proper vehicle is automatically allocated if a user designates the shipping time and detailed location. When the transportation officer confirms and approves the transportation request, the invoice is automatically generated, and the transportation process begins (Figure 3c).




4.7. Delivery and Installation Monitoring


The site installation manager can manage product delivery and installation status in the system. The system automatically records information, including element information and arrival time, using RFID tags embedded in the elements loaded on transportation vehicles recognized by an RFID reader attached to site gates. After the field manager completes inspection of the members brought into the site and selects the completion of the import button in the system (Figure 3d), the transportation process is completed. As field assembly and installation proceed, progress information about the completed elements is inputted into the system, and the field installation status is updated. The member that has been installed is implemented to be automatically included in the progress payment calculation.




4.8. Progress Monitoring


OSC-IMS implemented a monitoring function whereby participants can identify the project’s progress in real time. It visualizes the project progress status by day and identifies the completion rate if the desired period is set. The system monitors the schedule and implements functions to monitor the state of each construction element. Each member successively stores information on its status based on the project progress, such as production and installation status, design change, and field location. Such monitoring by member status is possible by activating each member on the project view screen. The possibility of error and omission is prevented by providing a non-input button. Project participants can use the real-time monitoring function to minimize the difference between project planning and performance (Figure 3e).




4.9. Progress Payment Management


The system can automatically estimate the amount of progress payments throughout the entire process of production, transportation, and installation. The project manager can manage the contract amount, create new payment details, and inquire about progress payment history through the progress payment management menu in the system. The user can start to process a progress payment by setting the payment period in the progress payment management menu. The contract amount consists of three items: direct cost, indirect cost, and others. The direct cost is composed of the four subcategories of design, manufacturing, transportation, and installation based on the characteristics of the OSC project. The direct cost for element production and installation is automatically calculated in the system, and the item requiring user input is generated as a blank. For indirect and other expenses, all subitems other than administrative expenses and insurance premiums are implemented so that the manager can organize and input them according to the characteristics of the project. The system simplifies payment management by tracking changes in the contract amount during project execution. Users can convert the prepared progress payment information into several formats and check the cost execution rate compared with the project cost plan by implementing the inquiry function to examine the current status of the progress payment (Figure 3f).





5. Application and Effects of OSC-IMS


OSC-IMS has been tested and applied to several projects. The system’s applicability and effectiveness were verified by collecting data for four representative projects among all the applied projects and used to improve the system. In this section, we present the applicability and effects of the integrated management system for precast concrete construction in four projects in Korea (Table 1): two logistics centers, an apartment building, and a large shopping mall. The system was applied for some of the total project duration, and the applicability and effect were analyzed based on the data and feedback provided by users. Consequently, work process improvement effects, such as increased work efficiency and accuracy and reduced wasted time, were observed for each project stage. The work process improvement compared with the previous process and the effects of system use are presented in Table 2.



5.1. Construction Drawing Management


The system improved the efficiency in the drawing management of the projects by providing a data exchange function to the participants. Data exchange for decision making in the construction stage inevitably entailed the process of the user checking the data and resharing it with the project participants and required approximately 48 h, on average (three business days). Furthermore, it required ample time to determine whether there was an error in the data when the data were distributed from the user to the project participants. However, the uploaded data were immediately available to all authorized participants through the system, requiring less than 16 h, on average, which is approximately three times less than the previous communication method. Furthermore, because the information is shared through a centralized digital model, the frequency of finding and correcting incorrect information increased by multiple participants accessing the data simultaneously.



When uploading and downloading the digital model in the system for use in the construction stage, the data processing time was reduced by 90% compared with before the system application. Timely and appropriate decisions are essential in construction projects where various tasks are conducted simultaneously. If users need to load a large model containing detailed project information on an ordinary personal computer to make decisions, the waiting time can become excessive. Furthermore, incomplete decisions that are not based on comprehensive and accurate information could result in rework, as well as wasted time and human resources. In the applied projects, the filtering function implemented in the system was used to create and use a digital model with only the information and elements required by the user. Consequently, the upload time of the model, requiring up to 72 h, could be drastically shortened to 0.25 h. Field use of a 3D model with the filtering function increased, demonstrating the accuracy of decision making and the reduction in simple, repetitive work.




5.2. Scheduling and Planning


In the system’s project scheduling and planning process, the users could reduce simple, repetitive tasks and manual information processing that frequently occurred in the previous work process, minimizing errors. In the previous scheduling and planning process, the master plan was first prepared in a spreadsheet, and the work area and equipment operation plan were established in a separate document and 2D drawings. Subsequently, the manager had to manually identify necessary information from other plans to establish a monthly plan, and errors, such as information conflicts and omissions, often occurred when linking with other plans.



Moreover, the plans were integrated—if changes occurred in a portion of the plan, all relevant data needed to be modified. In contrast, as the master plan was established in the system, its contents were automatically linked to the detailed plans, so the efficiency of the planning process was significantly improved. If there were changes related to project execution, all relevant information was collectively updated through the system. Therefore, simple, repetitive tasks by the user were declined, and task accuracy improved by preventing information collision by automatic data linkage.




5.3. Site Installation Planning


OSC-IMS effectively establishes the installation plan by quickly supporting optimized decision making using a lifting-heavy-equipment simulation instead of manual review, as in the previous work process. Prior to system application, the installation manager had to repeatedly write the installation sequence and schedule for numerous components on printed 2D drawings. Such an information management method was inefficient in terms of both time and cost because of storage, linkage, and tracking limitations. The projects were able to overcome these problems by using the system. Users were able to easily add installation schedules in any view of project information related to components in the system (including a 2D/3D model and a table view). Furthermore, the updated installation schedules could be checked in the desired format by calling them from the centralized digital model. The improved work process resulted in simple, repetitive task reduction and increased efficiency and accuracy of site installation planning.




5.4. Production Planning


Project participants communicated effectively during the production phase by sharing information quickly and accurately through the system. In the past, project data were exchanged primarily via email or a cloud storage system; when new data were transmitted, a manager needed 48 h, on average, to check, share, and process the information within the organization. In contrast, when users exchanged data using the system, all authorized officials could simultaneously check the data. Therefore, the subsequent process occurred quickly—within an average of 16 h.



The system provided an automatically configured production schedule table in the production planning process, allowing users to review and confirm it and start production faster. Without the system, ample time was required to enter each schedule in the spreadsheet by referring to the scheduled date and production drawings. It was difficult and time-consuming to re-establish the entire schedule whenever one element was changed. Moreover, an average of 48 h was required to check and confirm the request for production by email. In the projects to which the system is applied, the production schedule table was automatically created to meet the planned date of installation of the elements and the production drawing. Whenever it was necessary to change a part in the production schedule, the remaining schedule was adjusted according to the changed contents, and the production request was made in real time through the system. Consequently, the production plan was confirmed within 16 h, on average, and the work accuracy increased in terms of communication.




5.5. Production Monitoring


The system improves the overall efficiency, accuracy, and speed of work compared with existing systems in terms of understanding the production status of projects, such as mold and product management. Planning and production were automatically linked to the scheduled date and production drawing in the system to immediately identify the lead time and status of import, delivery, and inventory. Previously, a disruption in production required additional time to understand. However, it was possible to immediately inquire about the current status of the elements that differ from the plan using the system to track the product-related information. The projects used RFID inserted into the elements to automatically store the location information in the system and conduct integrated management activities related to the production status by linking it with the production log and the stacking yard status.




5.6. Shipment Request


OSC-IMS also improves the shipping stage, which is an essential process of SCM. The installer could request shipment of the product at a time that conforms to both production status and installation plan. Before the application of the system, the installation manager was periodically informed of the status of factories and reviewed it with the installation plan. In the meantime, the installer identified the following targets by repetitively hand marking installation components on paper-based 2D drawings and 3D models. Moreover, considerable time was required to request shipment. Effective communication was difficult because each company had various shipment request forms, even via email. The system fundamentally eliminates the time required, owing to its ability to immediately inquire about the following product to be requested from the factory on the spot based on the stored installation plan and status. The system also automatically recognizes the form for each company and automatically generates documents, requiring minimal information. After the shipment request, the person in charge shares it in the system in real time, with no need for a separate acknowledgment by email. During the system application period, simple, repetitive tasks were reduced, reducing errors and increasing efficiency.




5.7. Shipping and Transportation


As a result of applying the system in the shipment and transportation of the construction elements, manual management was reduced, and sensor-based automatic management became possible, increasing the execution speed, efficiency, and accuracy of the work. In the system, 0.05 h were required to check product availability and location immediately after selecting a target component, which is only 10% compared with the previous 0.5 h required to check the status of one component. Furthermore, because the invoice was shared with all parties on the system, there was no time difference due to exchange, so the accuracy and efficiency of work could be improved without errors in communication.




5.8. Delivery and Inspection


In terms of receiving and inspecting components on site, the system improved previous work processes to increase work speed and accuracy. When component transport vehicles entered the construction site, an average of 5.5 h per day were required to check the status of the components and invoices and then conduct the inspection procedure. In the case where the system was used and the import and inspection procedure progressed, if transport vehicles passed through the gate of the field in which the RFID reader was attached, the components and vehicle information were automatically identified, requiring approximately 3.25 h each day. After automatic inspection using the system, the manager conducted a second review within a shorter time, significantly reducing the error rate.




5.9. Site Installation Monitoring


The managers quickly and accurately examined the construction status through real-time monitoring using the system. They improved the performance speed, accuracy, and efficiency of their work compared with the previous method. Because individual information was not linked, ample time was required to observe the critical indicators of the project, such as schedule and cost, and it was troublesome to repeat these tasks periodically. In the projects, the system was used to monitor the progress of the project immediately according to various conditions. Even if the project contents were changed, all the related data were automatically updated so that the changed status could be easily managed. Consequently, the data update rate, which required approximately two hours for one change, was reduced by eight times to 0.25 h.




5.10. Progress Payment Management


In the last stage of construction, users improved work speed and accuracy by calculating progress payments within the system. It is critical but time-consuming to accurately write the quantity and unit price information when calculating the progress payment. Before the system was used, managers checked with the naked eye and manually displayed on 2D drawings, 3D models, or spreadsheets. The project manager repeatedly calculated the quantity to improve accuracy based on the indicated contents, and this process was repeated every month until the project was completed. In the projects to which the system was applied, users could check the quantity information of installed components automatically collected through the sensors linked with the system. Furthermore, unit price information could aggregate progress payments quickly and accurately by linking the latest information based on contracts. This automated quantity and unit price calculation prevented disputes during the progress payment stage by significantly reducing delays and errors.



The effects of using OSC-IMS summarized in Table 2 have implications complementing previous studies in three aspects. First, the focus of this study was on the OSC project’s nature. The present study fills the gap left by previous studies wherein management systems were developed without sufficiently considering what management requires based on the OSC characteristics [16,17,19,56,58]. In this study, we explicitly presented the characteristics of the OSC project before development of the management system. Second, the gap between research and practice was narrowed further. The management systems developed in previous studies were only a prototype and often did not reach practical levels [16,55,56]. OSC-IMS was applied to actual projects to verify its effectiveness. Finally, unlike previous studies, which focused only on one or two phases of the whole project [17,18,54,56], OSC-IMS was designed and developed to manage the entire supply chain of an OSC project in an integrated manner. The development of an integrated perspective enables OSC-IMS to demonstrate the flexible flow of all phases in the OSC project and its result.





6. Conclusions


In this study, we developed an integrated management system to effectively manage OSC projects, which are being used as alternatives to the on-site construction production method due to recent environmental changes in the construction industry. According to an extensive literature review on OSC research, previous research focused on one stage of production, transportation, or installation in the performance of OSC projects or improved existing construction project management systems. Furthermore, integrated digitalization across the supply chain using BIM and sensing technology is essential to perform OSC projects efficiently, although existing studies have reported limited practical effects.



With this study, we addressed this gap by thoroughly analyzing the OSC project process through case analysis, expert interviews, and focus group meetings. Then, the OSC production method was systematized into six categories: place and time of production, process, construction method, method, subject and facility of production, and environment. Based on these characteristics, we developed an integrated management system by specifying and reflecting key management items for processes and activities during the project. As a result of applying the proposed system to an OSC project in progress, work efficiency increased, accuracy increased, and wasted time decreased.



This study contributes to three aspects of project management. First, the characteristics of the OSC project and key management items were systematized. Although there have been cases of OSC project management system development, few studies have derived the characteristics and key management items of OSC projects and applied them to system development. In this study, we focused on the synchronized management of the entire process in OSC projects and systematically presented the unique characteristics and key management items. Second, the results of this study improve practicability by implementing OSC-IMS, which is a BIM-based system contingent on the key items of OSC project management. The systems proposed in previous research were developed by improving the general construction project management system without considering the unique characteristics of OSC. Consequently, they were inconsistent with the OSC project management process and unable to achieve practicability. In this study, the management system’s practicability was significantly enhanced by formulating an OSC-IMS that can manage the main items throughout the OSC supply chain. The final contribution of this study is that it presents system effects more comprehensively based on practitioner experience and data. Most previous studies presented the effects of OSC project management system application in a fragmented manner. However, the results of this study shows how OSC-IMS can work in OSC projects by systematically presenting a series of processes, from design to development and application. Furthermore, the influence of system application is described based on the objective of system design and implementation and not simply program testing or reviews of use. The system presented in this study is the result of research and development, reflecting the unique characteristics of an OSC project. It is purposeful because it identifies the development direction and potentials of an OSC project management system. In future research, we will extend the function developed in this study to provide more details, focusing on the technical aspects of BIM and ICT. In addition, an advanced OSC-IMS will be developed to examine the entire flow, including the planning, design and engineering, and construction phases.







Author Contributions


Conceptualization, J.-M.L.; Data curation, Y.J.; Formal analysis, J.S.; Funding acquisition, J.S.; Investigation, Y.J., J.-M.L. and J.S.; Methodology, J.S.; Project administration, J.S.; Resources, J.-M.L.; Supervision, J.S.; Validation, J.-M.L. and J.S.; Visualization, Y.J.; Writing—original draft, Y.J.; Writing—review & editing, J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported by the Korea Agency for Infrastructure Technology Advancement (KAIA) grant funded by the Ministry of Land, Infrastructure and Transport (Grant 22ORPS-B158109-03) and the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (No. NRF-2019R1F1A1060646).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Acknowledgments


The authors would like to thank the participants who took part in the expert interview.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Barbosa, F.; Woetzel, J.; Mischke, J. Reinventing Construction: A Route of Higher Productivity; McKinsey Global Institute: Washington, DC, USA, 2017. [Google Scholar]

	



Bertram, N.; Fuchs, S.; Mischke, J.; Palter, R.; Strube, G.; Woetzel, J. Modular Construction from Projects to Products; McKinsey & Company: Atlanta, GA, USA, 2019. [Google Scholar]

	



The United Nations Environment Programme. 2020 Global Status Report for Buildings and Construction: Towards a Zero-Emission, Efficient and Resilient Buildings and Construction Sector; GlobalABC: Nairobi, Kenya, 2020. [Google Scholar]

	



Huang, L.; Krigsvoll, G.; Johansen, F.; Liu, Y.; Zhang, X. Carbon emission of global construction sector. Renew. Sustain. Energy Rev. 2018, 81, 1906–1916. [Google Scholar] [CrossRef]

	



Gan, X.; Chang, R.; Wen, T. Overcoming barriers to off-site construction through engaging stakeholders: A two-mode social network analysis. J. Clean. Prod. 2018, 201, 735–747. [Google Scholar] [CrossRef]

	



Kamali, M.; Hewage, K.; Milani, A.S. Life cycle sustainability performance assessment framework for residential modular buildings: Aggregated sustainability indices. Build. Environ. 2018, 138, 21–41. [Google Scholar] [CrossRef]

	



Ribeirinho, M.J.; Mischke, J.; Strube, G.; Sjödin, E.; Blanco, J.L.; Palter, R.; Biörck, J.; Rockhill, D.; Andersson, T. The Next Normal in Construction; McKinsey & Company: Atlanta, GA, USA, 2020. [Google Scholar]

	



Tam, V.W.; Fung, I.W.; Sing, M.C.; Ogunlana, S.O. Best practice of prefabrication implementation in the Hong Kong public and private sectors. J. Clean. Prod. 2015, 109, 216–231. [Google Scholar] [CrossRef]

	



Jiang, R.; Mao, C.; Hou, L.; Wu, C.; Tan, J. A SWOT analysis for promoting off-site construction under the backdrop of China’s new urbanisation. J. Clean. Prod. 2018, 173, 225–234. [Google Scholar] [CrossRef]

	



Kamali, M.; Hewage, K. Development of performance criteria for sustainability evaluation of modular versus conventional construction methods. J. Clean. Prod. 2017, 142, 3592–3606. [Google Scholar] [CrossRef]

	



Arashpour, M.; Wakefield, R.; Blismas, N.; Maqsood, T. Autonomous production tracking for augmenting output in off-site construction. Autom. Constr. 2015, 53, 13–21. [Google Scholar] [CrossRef]

	



Mao, C.; Xie, F.; Hou, L.; Wu, P.; Wang, J.; Wang, X. Cost analysis for sustainable off-site construction based on a multiple-case study in China. Habitat Int. 2016, 57, 215–222. [Google Scholar] [CrossRef]

	



Jin, R.; Gao, S.; Cheshmehzangi, A.; Aboagye-Nimo, E. A holistic review of off-site construction literature published between 2008 and 2018. J. Clean. Prod. 2018, 202, 1202–1219. [Google Scholar] [CrossRef]

	



Akman Syed Zakaria, S.; Gajendran, T.; Rose, T.; Brewer, G. Contextual, structural and behavioural factors influencing the adoption of industrialised building systems: A review. Archit. Eng. Des. Manag. 2018, 14, 3–26. [Google Scholar] [CrossRef]

	



Hu, X.; Chong, H.Y.J.; Wang, X.; London, K. Understanding stakeholders in off-site manufacturing: A literature review. J. Constr. Eng. Manag. 2019, 145, 03119003. [Google Scholar] [CrossRef]

	



Yang, B.; Dong, M.; Wang, C.; Liu, B.; Wang, Z.; Zhang, B. IFC-based 4D construction management information model of prefabricated buildings and its application in graph database. Appl. Sci. 2021, 11, 7270. [Google Scholar] [CrossRef]

	



Niu, S.; Yang, Y.; Pan, W. Logistics planning and visualization of modular integrated construction projects based on BIM-GIS integration and vehicle routing algorithm. In Proceedings of the Modular and Offsite Construction (MOC) Summit Proceedings, Banff, AB, Canada, 21–24 May 2019; pp. 579–586. [Google Scholar]

	



Lee, D.; Lee, S. Digital twin for supply chain coordination in modular construction. Appl. Sci. 2021, 11, 5909. [Google Scholar] [CrossRef]

	



Zhong, R.Y.; Peng, Y.; Xue, F.; Fang, J.; Zou, W.; Luo, H.; Ng, S.T.; Lu, W.; Shen, G.Q.; Huang, G.Q. Prefabricated construction enabled by the Internet-of-Things. Autom. Constr. 2017, 76, 59–70. [Google Scholar] [CrossRef]

	



Royce, W.W. Managing the development of large software systems: Concepts and techniques. In Proceedings of the 9th international conference on Software Engineering, Monterey, CA, USA, 30 March–2 April 1987; pp. 328–338. [Google Scholar]

	



Saravanan, K.; Floyd, R.W.; Mcllroy, D.; Morris, C.; Boehm, B.; Methodo, C.; North, D. Systems development methodologies: Conceptual study. Indian J. Sci. Res. 2017, 14, 27–37. [Google Scholar]

	



Petersen, K.; Wohlin, C.; Baca, D. The waterfall model in large-scale development. In International Conference on Product-Focused Software Process Improvement; Springer: Berlin/Heidelberg, Germany, 2009; pp. 386–400. [Google Scholar]

	



Blismas, N.; Wakefield, R. Drivers, constraints and the future of off-site manufacture in Australia. Constr. Innov. 2009, 9, 72–83. [Google Scholar] [CrossRef]

	



Pan, W.; Gibb, A.G.; Dainty, A.R. Strategies for integrating the use of off-site production technologies in house building. J. Constr. Eng. Manag. 2012, 138, 1331–1340. [Google Scholar] [CrossRef]

	



Zhang, Y.; Lei, Z.; Han, S.; Bouferguene, A.; Al-Hussein, M. Process-oriented framework to improve modular and offsite construction manufacturing performance. J. Constr. Eng. Manag. 2020, 146, 04020116. [Google Scholar] [CrossRef]

	



Zhai, Y.; Zhong, R.Y.; Huang, G.Q. Towards operational hedging for logistics uncertainty management in prefabrication construction. IFAC-PapersOnLine 2015, 48, 1128–1133. [Google Scholar] [CrossRef]

	



Afolabi, A.O.; Abraham, Y.S.; Awosika, O. Web-based material requisition system in the supply chain of construction businesses. Int. J. Electr. Comput. Eng. 2021, 11, 1531–1538. [Google Scholar]

	



Arashpour, M.; Wakefield, R.; Abbasi, B.; Lee, E.W.M.; Minas, J. Off-site construction optimization: Sequencing multiple job classes with time constraints. Autom. Constr. 2016, 71, 262–270. [Google Scholar] [CrossRef]

	



Ma, Z.; Yang, Z.; Liu, S.; Wu, S. Optimized rescheduling of multiple production lines for flowshop production of reinforced precast concrete components. Autom. Constr. 2018, 95, 86–97. [Google Scholar] [CrossRef]

	



Abdula, S.A.; Usman, M. Identifying, Analyzing and Evaluating the Impact of Quality of Supply Chain in Construc-tion Sector Using Lean Six Sigma Methodology. In Proceedings of the 36th International Business Information Manage-ment Association (IBIMA), Granada, Spain, 4–5 November 2020; ISBN 978-0-9998551-5-7. [Google Scholar]

	



Ismail, Z.A.B. Hybrid intelligent vehicle system for managing construction supply chain in precast concrete building construction projects. World J. Eng. 2020, 18, 538–546. [Google Scholar] [CrossRef]

	



Hussein, M.; Eltoukhy, A.E.; Karam, A.; Shaban, I.A.; Zayed, T. Modelling in Off-Site Construction Supply Chain Management: A Review and Future Directions for Sustainable Modular Integrated Construction. J. Clean. Prod. 2021, 310, 127503. [Google Scholar] [CrossRef]

	



Tao, Z.; Wang, B.; Shu, L. Analysis on the Procurement Cost of Construction Supply Chain based on Evolutionary Game Theory. Arab. J. Sci. Eng. 2021, 46, 1925–1940. [Google Scholar] [CrossRef]

	



Wang, Z.; Hu, H.; Gong, J. Framework for modeling operational uncertainty to optimize off-site production scheduling of precast components. Autom. Constr. 2018, 86, 69–80. [Google Scholar] [CrossRef]

	



Ekanayake EM, A.C.; Shen, G.Q.; Kumaraswamy, M.M. Identifying supply chain capabilities of construction firms in industrialized construction. Prod. Plan. Control. 2021, 32, 303–321. [Google Scholar] [CrossRef]

	



Lee, Y.; Kim, J.I.; Khanzode, A.; Fischer, M. Empirical study of identifying logistical problems in prefabricated interior wall panel construction. J. Manag. Eng. 2021, 37, 05021002. [Google Scholar] [CrossRef]

	



Xu, C.Y.; Yan, L.; Xu, C.L.; Jiang, S.K. Mold-unloading-lifting and lifting-transportation’s construction checking of composite wallboard in industrial production. Appl. Mech. Mater. 2014, 580, 2285–2288. [Google Scholar] [CrossRef]

	



Shayanfar, M.A.; Mahyar, P.; Jafari, A.; Mohtadinia, M. Classification of precast concrete segments damages during production and transportation in mechanized shield tunnels of Iran. Civ. Eng. J. 2017, 3, 412–426. [Google Scholar] [CrossRef]

	



Panahi, R.; Louis, J.; Podder, A.; Swanson, C. Tracking Volumetric Units in Modular Factories for Automated Progress Monitoring Using Computer Vision. In Constrion Research Congress; ASCE: Reston, VA, USA, 2022; pp. 822–829. [Google Scholar]

	



Yang, Y.; Pan, M.; Pan, W.; Zhang, Z. Sources of uncertainties in offsite logistics of modular construction for high-rise building projects. J. Manag. Eng. 2021, 37, 04021011. [Google Scholar] [CrossRef]

	



Xu, M.; Xu, B.; Zhou, L.; Wu, L. Construction project cost prediction based on genetic algorithm and least squares support vector machine. In Proceedings of the 5th International Conference on Civil Engineering and Transportation, Guangzhou, China, 28–29 November 2015. [Google Scholar]

	



Wang, Z.; Hu, H.; Gong, J.; Ma, X.; Xiong, W. Precast supply chain management in off-site construction: A critical literature review. J. Clean. Prod. 2019, 232, 1204–1217. [Google Scholar] [CrossRef]

	



Bakhshi, S.; Chenaghlou, M.R.; Rahimian, F.P.; Edwards, D.J.; Dawood, N. Integrated BIM and DfMA parametric and algorithmic design-based collaboration for supporting client engagement within offsite construction. Autom. Constr. 2022, 133, 104015. [Google Scholar] [CrossRef]

	



Lin, Y.C.; Hsu, Y.T. Enhancing the Visualization of Problems Tracking and Management Integrated BIM Technology for General Contractor in Construction. In Collaboration and Integration in Construction, Engineering, Management and Technology; Springer: Cham, Switzerland, 2021; pp. 427–432. [Google Scholar]

	



Maxwell, D.; Couper, R. Construction tracking: Implications of logistics data. Constr. Innov. 2022. ahead-of-print. [Google Scholar] [CrossRef]

	



Sarkar, D.; Pandya, K.; Dave, B.; Jha, K.N.; Dhaneshwar, D. Development of an integrated BIM-ERP-IoT module for construction projects in Ahmedabad. Innov. Infrastruct. Solut. 2022, 7, 1–19. [Google Scholar] [CrossRef]

	



Luo, J.; Zhang, H.; Sher, W. A mixed method for measuring incompatibilities between manufacturing approaches and off-site construction. Eng. Constr. Archit. Manag. 2021, 28, 2516–2548. [Google Scholar] [CrossRef]

	



Yazdani, M.; Kabirifar, K.; Fathollahi-Fard, A.M.; Mojtahedi, M. Production scheduling of off-site prefabricated construction components considering sequence dependent due dates. Environ. Sci. Pollut. Res. 2021, 28, 1–17. [Google Scholar] [CrossRef]

	



Roos, C.H.; Olanipekun, A.; Shahzad, W.; Sutrisna, M. Modular Prefabricated Classrooms: A New Zealand Study to Investigate Cost and Time Performance Potential. In Proceedings of the Australasian University Building Educators Association (AUBEA) Conference, Virtual Conference, 28–29 October 2021; pp. 582–594. [Google Scholar]

	



Xu, G.; Li, M.; Chen, C.H.; Wei, Y. Cloud asset-enabled integrated IoT platform for lean prefabricated construction. Autom. Constr. 2018, 93, 123–134. [Google Scholar] [CrossRef]

	



Sutrisna, M.; Goulding, J. Managing information flow and design processes to reduce design risks in offsite construction projects. Eng. Constr. Archit. Manag. 2019, 26, 267–284. [Google Scholar] [CrossRef]

	



Liu, K.; Su, Y.; Pollack, J.; Liang, H.; Zhang, S. Explaining the Formation Mechanism of Intrateam Knowledge Exchange Network in Offsite Construction Projects: A Social Cognitive Perspective. J. Constr. Eng. Manag. 2022, 148, 04021192. [Google Scholar] [CrossRef]

	



Salari, S.A.S.; Mahmoudi, H.; Aghsami, A.; Jolai, F.; Jolai, S.; Yazdani, M. Offsite Construction Three-Echelon Supply Chain Management with Stochastic Constraints: A Modelling Approach. Buildings 2022, 12, 119. [Google Scholar] [CrossRef]

	



Jaśkowski, P.; Sobotka, A.; Czarnigowska, A. Decision model for planning material supply channels in construction. Autom. Constr. 2018, 90, 235–242. [Google Scholar] [CrossRef]

	



Tan, T.; Mills, G.; Papadonikolaki, E. Building information modeling-enabled platform approach to design for manufacture and assembly. Res. Companion Build. Inf. Modeling 2022, 19, 373–394. [Google Scholar]

	



Wang, L. Heterogeneous data and big data analytics. Autom. Control. Inf. Sci. 2017, 3, 8–15. [Google Scholar] [CrossRef]

	



Tang, S.; Shelden, D.R.; Eastman, C.M.; Pishdad-Bozorgi, P.; Gao, X. A review of building information modeling (BIM) and the internet of things (IoT) devices integration: Present status and future trends. Autom. Constr. 2019, 101, 127–139. [Google Scholar] [CrossRef]

	



Li, X.; Lu, W.; Xue, F.; Wu, L.; Zhao, R.; Lou, J.; Xu, J. Blockchain-Enabled IoT-BIM Platform for Supply Chain Management in Modular Construction. J. Constr. Eng. Manag. 2022, 148, 04021195. [Google Scholar] [CrossRef]

	



Zhang, W.; Kang, K.; Zhong, R.Y. A cost evaluation model for IoT-enabled prefabricated construction supply chain management. Ind. Manag. Data Syst. 2021, 121, 2738–2759. [Google Scholar] [CrossRef]

	



Zhao, L.; Liu, Z.; Mbachu, J. Development of intelligent prefabs using IoT technology to improve the performance of prefabricated construction projects. Sensors 2019, 19, 4131. [Google Scholar] [CrossRef]








[image: Buildings 12 01063 g001 550] 





Figure 1. Research flow. 
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Figure 3. OSC-IMS user interface. 
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Figure 4. Use-case diagram for site installation planning process. 
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Table 1. Project overview.
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	Project A
	Project B
	Project C
	Project D





	Type
	Logistics

warehouse
	Logistics

warehouse
	Residential

building
	Complex

shopping mall



	Location
	Yangsan
	Jincheon
	Seoul
	Uiwang



	Project Period
	July 2019–

March 2021
	June 2019–

March 2021
	November 2019–

April 2020
	March 2020–

November 2020



	PC Installation Area
	Six storeys above ground level
	Three storeys above ground level
	Three storeys below ground level
	Three storeys below ground level



	Number of PC Elements
	2600
	6600
	2400
	2900
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Table 2. Work process improvement and effects based on OSC-IMS use.
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Step

	
Work Process Improvement

	
Effects of Use




	
Without OSC-IMS

	
With OSC-IMS






	
Construction drawing management

	

	▪

	
Increased loading time due to large model size







	

	▪

	
Reduced model loading time by applying filtering







	

	▪

	
90% file loading time reduction (◆)




	▪

	
Simple repetitive task reduction (◆)










	

	▪

	
Unnecessary time and human resources input due to repetitive document creation when changing part of the information







	

	▪

	
Updating only necessary parts in the central digital model when information changes are required










	
Scheduling and planning

	

	▪

	
Incompatibility between plans; separately establishing the work area plan after reviewing the master plan







	

	▪

	
Avoiding omissions and errors by linking the planning process by recycling the digital model







	

	▪

	
Schedule conflict prevention (■)




	▪

	
Error prevention in planning process (■)




	▪

	
Simple repetitive task reduction (◆)










	

	▪

	
Possible errors in manually reviewing plan details







	

	▪

	
Automatic generation of the initial schedule suggestion by the system










	

	▪

	
Manual revision for all related data when changing planning information







	

	▪

	
Automatic update for all linked data when changing a part in the digital model










	
Site installation planning

	

	▪

	
Manual installation planning and management on printed drawings or documents







	

	▪

	
Automatic generation of the installation plan suggestion linked to the master schedule







	

	▪

	
Planning accuracy improvement (■)




	▪

	
Simple repetitive task reduction (◆)










	

	▪

	
Difficulty in information storage and tracking with paper-based work process







	

	▪

	
Information linkage, storage, and reuse using the digital model










	

	▪

	
Manual revision for all related data and consultation via telephone and email with production plant when changing the plan







	

	▪

	
Automatic update for all linked data and communication among project participants in the digital model when changing the plan










	
Production planning

	

	▪

	
Manual production planning in a spreadsheet format







	

	▪

	
Automatic generation of production plan linked to the site installation plan







	

	▪

	
Two-thirds data exchange time reduction in planning process (about 48 to 16 h) (■)




	▪

	
Error reduction in communication process (■)










	

	▪

	
Manual revision of all related data when changing the plan







	

	▪

	
Automatic update for all linked data when changing the plan in the digital model










	
Production monitoring

	

	▪

	
Spreadsheet-based production log recording and sharing via email







	

	▪

	
Automatic production log creation in a digital format using the RFID system







	

	▪

	
Half data exchange time reduction in monitoring process (about 4 to 2 h) (■)




	▪

	
Simple repetitive task reduction due to RFID system use (◆)




	▪

	
Omission and error reduction inventory management due to RFID and GPS system use (■)




	▪

	
Integration of production status monitoring of all plants (●)










	

	▪

	
Manual monitoring of whether production status meets the plan







	

	▪

	
Automatic monitoring production status based on data input by the RFID systems










	

	▪

	
Inventory management with the naked eye or skipping







	

	▪

	
Automatic record of the location information by RFID and GPS when stacking elements










	
Shipment request

	

	▪

	
After confirming the installation plan, creation of separate shipment requests







	

	▪

	
Automatic creation of shipment requests in a digital format linked with the installation plan







	

	▪

	
Error prevention through automatic shipment request (◆)




	▪

	
Simple repetitive task reduction (◆)










	
Shipping and transportation

	

	▪

	
Difficulty locating elements to be shipped due to manual location management







	

	▪

	
Immediate inquiry of elements to be shipped using GPS-based location management







	

	▪

	
90% element-seeking time reduction (0.5 to 0.05 h) (◆)




	▪

	
Simple repetitive task reduction (◆)




	▪

	
Communication error reduction (■)










	

	▪

	
Possible errors in manually searching elements to be shipped







	

	▪

	
Error prevention in searching elements to be shipped using the RFID system










	
Delivery and inspection

	

	▪

	
Manual validation of elements and the invoice







	

	▪

	
Automatic validation of elements and the invoice using RFID tags and a reader installed on site







	

	▪

	
40% element-inspection time reduction (5.5 to 3.25 h) (◆)




	▪

	
Rework prevention through automatic inspection (■)










	
Site installation monitoring

	

	▪

	
Manual installation status monitoring using printed drawings or documents and entering them in a computer file







	

	▪

	
Installation status data collection using the RFID system and searching it in various ways using sorting and filtering function







	

	▪

	
75% design-change response time reduction (2 to 0.25 h) (●)




	▪

	
Installation error reduction due to mass and standardized production (■)




	▪

	
Work at a personal computer due to increased computing efficiency (●)










	

	▪

	
Manual revision for all related data when changing planning information







	

	▪

	
Automatic update for all linked data when changing a part in the digital model










	
Progress payment management

	

	▪

	
Manual quantity calculation for progress payment using installation completion data inputted to spreadsheets







	

	▪

	
Automatic quantity calculation for progress payment linked to the installation completion data stored in the system







	

	▪

	
Reduction in progress payment delay (◆)




	▪

	
Reduction in disputes in progress payment (■)










	

	▪

	
Manual calculation of monthly progress payment







	

	▪

	
Automatic calculation of monthly progress payment and generation of progress payment document














◆ Increase in work efficiency. ■ Increase in work accuracy. ● Decrease in wasted time.
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