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Abstract

:

Prefabricated construction (PC) activities are geographically fragmented, temporally disrupted, resulting in numerous and complex interfaces. It is stakeholder collaboration by integrating diverse resources within the PC industry to potentially address the factors that impact interface management performance. Previous studies have explored the impact factors of interface management performance without deeply considering the stakeholder and their linkages with the impact factors of interface management. Therefore, this study used a two-mode social network to investigate the impact of the interface management performance of sustainable PC from a stakeholder perspective. Firstly, 24 factors impact interface management of sustainable PC, as well as 12 stakeholders with power to address the factors, were identified based on a literature review and interviews with experts. Subsequently, Stakeholder-factors relationships were judged by a designed questionnaire. Then, the centrality and core-periphery structure analysis methods were adopted to study the network. The findings revealed that developers, general contractors, subcontractors, designers, and suppliers are the core stakeholders, with improved collaboration between these five stakeholders (42%) able to address 18 core factors (75%). The factors that have the most significant impact on the interface management performance of prefabricated construction include understanding and trust, communication and learning, and cooperative attitudes among participants, the effectiveness and timeliness of information communication, formal interface management processes, technical innovation, and the perfection of standards and specifications. By prioritizing these factors, the complexity of the network can be successfully decreased and interface management performance can be improved. This study not only contributes to identifying the impact mechanism of stakeholders on the factors of interface management performance, but also contributes to promoting stakeholder cooperation to improve the sustainability of prefabricated construction.
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1. Introduction


In the construction industry, some drawbacks of traditional construction methods are accumulated and are difficult to improve. The lack of flexibility and adaptability of traditional construction methods can lead to a short service life of buildings, the demolition of which will lead to considerable consumption of resources and energy, and the generation of waste [1,2]. On the other hand, traditional construction methods have a negative influence on the natural environment, producing a large amount of greenhouse gases and polluting gases, as well as dust pollution and noise pollution [3]. At the same time, it should also be noted that the on-site environmental conditions of traditional construction methods are harsh, which may easily lead to frequent accidents [4]. Therefore, it is critical to innovate construction technology to improve the above problems. Prefabricated construction (PC) refers to a modern construction method that is manufactured in a factory and then transported to the construction site for assembly [5]. Compared with traditional construction methods, PC moves the production site to a factory with a controlled environment and adopts a mechanized and standard assembly line production method, which facilitates the mass production and automation of components [6,7]. Because of this, prefabricated construction has some advantages over traditional construction methods, including shorter construction times, less labor, less material waste, increased site safety, increased production efficiency, standardized production processes, reduced energy use, and lower emissions [8,9]. These advantages are in line with the concept of sustainable development of the construction industry, which has attracted many countries to adopt PC to promote the sustainable development of the construction industry.



However, PC has highly decentralized and fragmented attributes, with dispersed workplaces, fragmented construction processes, numerous stakeholders, a wide range of information crossover, and a high degree of specialization, when compared to traditional construction [10,11,12,13]. This brings a higher level of complexity to the construction process. Specifically, interfaces exist when projects are discontinuous in time, space, technology, or organization, resulting in breakpoints between construction activities [14]. Consequently, the complexity of interface management (IM) increases due to large and various of construction activities and the multiple stakeholders involved [15,16,17]. To meet the continuity and integration requirements of PC and ensure the smooth delivery of prefabricated components, it is necessary to ensure a “seamless” interface between fragmented processes and stakeholders.



In the construction sector, the term “interface” refers to “the common boundary between independent but interacting systems, organizations, project phases, and construction components” [18]. Compared with traditional construction projects, PC projects created more intricate and diverse interfaces between stakeholders, processes, and products that are geographically and temporally independent yet logically interrelated. These interfaces can put projects at risk if they are not adequately managed, including but not limited to design mistakes, component failures, schedule delays, rework, etc. [17,19,20]. The presence of these issues has a substantial impact on the IM performance of PC. Therefore, it is critical to handle PC interface problems to improve these issues and enhance the successful of PC.



Previous studies mainly focused the IM challenges from certain perspective, such as design interface management [21,22,23,24], construction interface management [16,25,26,27], and BIM-based interface management [26,28]. However, research on the factors influencing the IM performance of PC is lacking, and few studies take into account interface management issues comprehensively. Furthermore, it is crucial to note that stakeholders undertake all production and construction tasks in PC projects and have the power to directly or indirectly affect IM [29]. In other words, stakeholders can improve and address the IM influence factors of PC to increase its performance. However, the impact mechanism between stakeholders and the IM factors of PC, and the collaborative relationship between stakeholders, are not clear.



To address the aforementioned issues, it is necessary to identify the PC stakeholders and influence factors of PC interface management. According to [30,31], a two-mode social network analysis was used to explore the relationship between stakeholders and factors. The remainder of this study is organized as follows: Section 2 provides an overview of the interface management, PC stakeholders, and social network analysis methods; Section 3 details the methodology and process used in this study; and Section 4 analyzes the results obtained from the two-mode social network and discusses them in Section 5. Finally, Section 6 summarizes the main findings, implications, and limitations of this study.




2. Literature Review


2.1. Interface Management in the Construction Industry


In the construction industry, the amount of literature on IM is relatively small, and the understanding of IM is limited. As defined by Verma (1995), IM in construction projects is the management of communication, coordination, and responsibility for a common boundary between two interdependent organizations, phases, or entities. Additionally, IM happens outside of the project team, across members, departments, and disciplines [32]. Therefore, interfaces in the construction industry involve multiple types, including but not limited to organizational interfaces, system interfaces, temporal interfaces, geographic interfaces, and technical interfaces [33,34]. As the complexity of the project grows, the number of interfaces that must be handled grows exponentially, and managing them gets more and more challenging [35]. Information technologies, such as BIM (building information modeling) and IoT (internet of things), are utilized for IM during the construction process to better manage the interfaces in the construction industry [26,28]. Zhang et al. developed an interface management performance assessment framework for sustainable prefabricated construction that takes into account physical, informational, relational, and logistic interfaces [36]. Refs. [29,37,38] all highlight the significance of stakeholders to IM, contending that formal governance and social norms have a favorable influence on individual behavioral attitudes and that promoting trust, communication, and cooperation among stakeholders significantly enhances the performance of IM. Design structure matrix (DSM), multilevel interface matrix, and work breakdown structure (WBS) matrix are also used to optimize the process of IM [22,24,27,39]. Additionally, it is important to comprehend the root causes and influence factors of interface issues before implementing effective IM in construction projects. For instance, Shar’ar et al. explored the reasons for design–construction interaction issues in large building construction projects [40]. Weshan et al. identified 10 interface issues that affect IM performance and 6 influence factors of IM that affect construction project performance, and then examined the linkages between the issues and factors [41]. From six interconnected perspectives—people/participants, methods/processes, resources, documentation, project management, and environment—Chen et al. examined the reasons for interface issues [42]. Furthermore, Zhang et al. identified 27 crucial factors influencing PC interface management performance [43]. It can be seen that there is still a lack of understanding of how stakeholders deal with factors that affect the IM performance of sustainable PC.




2.2. Stakeholders in Prefabricated Construction


PC projects are made up of a series of distinct but interdependent activities carried out by professional organizations, which create several interfaces in time and space [34]. At the same time, the success of PC projects requires communication and cooperation among all stakeholders (e.g., developers, contractors, designers, etc.) [19,29]. To facilitate communication and cooperation among the stakeholders, it is essential to identify the PC stakeholders, and explain how they impact the factors of IM performance. At present, there is a large body of studies that have examined the stakeholders in PC. This study summarizes the stakeholders involved in these studies and the results are shown in Table 1.




2.3. Social Network Analysis


Social network analysis (SNA) is the main technique used to evaluate project performance in complex collaborative systems. It can not only determine the network structure by identifying the connections and elements involved, but also analyze the network by finding the importance of the relationships between the elements and the attributes of the nodes [53,54]. SNA has been utilized extensively in the construction industry, including but not limited to supply chain management [44,45], sustainable construction [46,54], and off-site construction management [30,47,55]. Social networks are generally divided into two types: one-mode social networks and two-mode social networks, depending on the number of node types that make up the network. One-mode social networks can only analyze the relationships between homogeneous nodes, while two-mode social networks are able to study the connections between two sets of heterogeneous nodes with different attributes, and these connections can only exist between distinct sets [30]. Two-mode social networks have been used in the construction industry to study the relationship between stakeholders and off-site construction obstacles [30], stakeholders’ power over social responsibility issues [31], and stakeholders’ power over the impact issues of building energy performance gaps [46].





3. Methodology


The purpose of this study is to illustrate the impact mechanism of stakeholders on IM performance factors of sustainable PC by establishing the network between stakeholders and factors. To achieve this, this study followed three steps: (1) identifying PC-related stakeholders and influence factors of IM performance through a literature review and semi-structured interviews; (2) ascertaining the association between stakeholders and factors through semi-structured interviews; and (3) visualizing and analyzing the two-mode social network of stakeholder-factors. The detailed flow of this study is depicted in Figure 1.



In the first stage, Zhang et al. identified 27 critical factors affecting the IM performance of sustainable PC through a literature review, questionnaires, and face-to-face interviews in their previous work [43]. Meanwhile, using factor analysis, the 27 factors were further divided into seven categories: trust and cooperation (TR), information communication (IN), technical and managerial ability (TE), organizational integration (OR), standardization (ST), technical environment (EN), and contract management (CO). On this basis, exploratory factor analysis and confirmatory factor analysis were examined to test the structure of seven dimensions composed of 27 factors, of which three factors that did not meet the test requirements were deleted. Therefore, the remaining 24 factors were used as the influence factors of IM performance in this study, and the specific list of factors is shown in Table 2.



Furthermore, to reasonably identify the stakeholders in PC projects, this study reviewed the relevant literature involving the stakeholder research of PC to identify a preliminary list of stakeholders, which is shown in Table 1. Building upon this, the stakeholders initially identified in this study include developers, designers, general contractors, subcontractors, manufacturers, suppliers, consultants, logistics, government, supervisions, industry associations, media and other social groups, research units, and users. Then, a pilot study based on semi-structured interviews was conducted to further determine the relevance and reliability of the aforementioned stakeholders. In the pilot study, 12 experienced experts discussed and analyzed each of the 14 identified stakeholder groups to confirm the final list of PC-related stakeholders. The specific information of these 12 experts is shown in Table 3. The interviews revealed that while research units can support some industry-academia-research collaboration in PC projects with technical and decision-making support, they are rarely involved in engineering practice. Consequently, it was decided to remove the research units. Additionally, although users are regarded as important stakeholders in much of the literature, in reality they have not been able to participate substantially in the construction process. Therefore, users are excluded from the final stakeholders of PC. In summary, developers (S1), designers (S2), general contractors (S3), subcontractors (S4), manufacturers (S5), suppliers (S6), government (S7), consultants (S8), supervisors (S9), logistics (S10), industry associations (S11), media, and other social groups (S12) are identified as the final stakeholder groups in PC.



In the second stage, semi-structured interviews were used to gather data. It is the interviews conducted with individuals who have extensive expertise and experience that can better cover knowledge gaps in complex research issues [56]. On the other hand, the interviews are flexible, which allows in-depth analysis and discussion between the researcher and the respondents to provide new information [57]. For example, Ref. [46] identified stakeholders and factors related to building energy consumption and the relationships between them through semi-structured interviews. Due to the lack of prior experience [58], conducted 19 semi-structured interviews with customers and suppliers involved in the modern technology adoption process to fully understand the respondents’ descriptions of the technology adoption process. To ascertain the relationship between the 12 stakeholders and the 24 factors, the 12 experts from Table 3 are once more invited to take part in the interviews. These experts are asked to assess whether the 12 stakeholders have influence over each of the 24 factors during the interviews. The score is 1 if there is an impact. Otherwise, the result is 0. Table 3 shows that respondents included stakeholders from many fields, with 83.3 percent of them having experience of three years or more. As a result, the data of this study are valid and representative.



In the third stage, the stakeholder-factor adjacency matrix created in the first and second stages was loaded into Pajek software for network visualization and analysis. Subsequently, the structure of the two-mode social network is analyzed using four network indicators: degree centrality, betweenness centrality, eigenvector centrality, and core-periphery structure. Table 4 displays the specific explanation of four indicators.




4. Results and Analysis


4.1. Matrix Analysis of Stakeholders-Factors


The stakeholder-factor adjacency matrix identifies whether the stakeholder has an influence on each factor. Suppose that the stakeholder-factor adjacency matrix is A, where the set of stakeholders is denoted by X, and Xi represents each of the 12 stakeholders; the set of factors is denoted by Y, and Yj represents each of the 24 factors. The matrix A is shown in Equation (1).


  A =        a  11        a  12      …     a  1 j      …     a  1 n          a  21        a  22      ⋯     a  2 j      ⋯     a  2 n        ⋮   ⋮   ⋮   ⋮   ⋮   ⋮       a  i 1        a  i 2      ⋯     a  i j      ⋯     a  i n        ⋮   ⋮   ⋮   ⋮   ⋮   ⋮       a  m 1        a  m 2      ⋯     a  m j      ⋯     a  m n          



(1)




where aij represents whether stakeholder Xi can influence factor Yj, and m, n represent the number of stakeholders and factors, respectively.



The relationship between stakeholders and factors can be divided into two categories; if stakeholder Xi can influence the factor Yj, then aij = 1; otherwise, aij = 0. According to the “majority rule” adopted in previous studies [62,63], it is considered that aij = 1 when six or more experts believe that stakeholder Xi can influence Yj.



Based on the results of semi-structured interviews, the stakeholder-factor adjacency matrix obtained in this study is shown in Table 5. Among them, the row elements are the stakeholder groups and the column elements are the influence factors of IM performance. From the perspective of stakeholders, S3 (general contractors) can participate in addressing the most influence factors of IM performance with 24, followed by S1 (developers), S2 (designers), and S5 (manufacturers), which can address 23, 21, and 21 factors, respectively. It is clear that these four stakeholders have a significant impact on the IM performance of sustainable PC. With regard to the factors of IM performance, TR2 (understanding and trust of the participants) and IN1 (effectiveness of information communication) demand the most stakeholders involvement addressed with 10, followed by TR1 (cooperative attitude of the participants), TR3 (communication and learning of the participants), IN3 (timeliness of information communication), ST3 (formal interface management process), EN1 (technical innovation), and EN2 (perfection of standards and specifications), all of which require nine stakeholders to address. Moreover, each stakeholder must handle at least three factors, and each factor requires collaboration from two or more stakeholders.



Additionally, the stakeholder-factor adjacency matrix can be converted into a stakeholder-stakeholder adjacency matrix, as well as factor-factor adjacency matrix. If two stakeholders are able to address the same factor, it can be considered that the two stakeholders need to collaborate in addressing this factor [64]. Therefore, the number of factors that stakeholders can address together can be further revealed by the stakeholder-stakeholder adjacency matrix, as illustrated in Table 6. In comparison to other paired stakeholders, S1 and S3 have the largest need for collaboration in IM of PC, jointly addressing 23 factors. More than 20 factors are handled collectively in the stakeholder pairs of S1–S2, S1–S5, S2–S3, and S2–S5, as well as S3-S5, indicating a high demand for collaboration among them. In contrast, there is no need for collaboration between S8 (logistics)–S12 (media and other social groups), and S10 (supervisions)–S12 (media and other social groups).



Similarly, the factor-factor adjacency matrix in Table 7 can further reflect how many stakeholders need to be jointly addressed the factor. If two factors can be jointly addressed by more stakeholders, the more similar the two factors are in terms of management resource requirements. For instance, the six factor pairs TR1 and IN1, TR2 and IN1, TR2 and IN3, TR2 and ST3, IN1 and IN3, and EN1 and EN2 all call for the collaboration of nine or more stakeholders, demonstrating these pairs of factors have high similarity in their resource demands on stakeholders.




4.2. Visualizing the Stakeholder-Factors Network


The stakeholder-factor adjacency matrix was transformed into a two-mode social network with 36 nodes and 166 edges by Pajek software, as shown in Figure 2. The red circular nodes represent each stakeholder, and the square nodes represent influence factors of IM performance, with different colors used to distinguish the factors in different dimensions. The stakeholders who have an impact on the influence factors of IM performance are shown by the lines connecting the circular nodes and square nodes. Based on this, the study computes the properties of each node in the two-mode social network using degree centrality, betweenness centrality, and eigenvector centrality, as illustrated in Table 8 and Table 9.



Combining Figure 2 and Table 8, it can be found that S1 (developers), S2 (designers), S3 (general contractors), S4 (subcontractors), and S5 (manufacturers) are all located in the core of the network and have relatively consistent ranking in the top five of the three metrics. It also shows that the five stakeholders are not only able to address multiple factors but also have a high influence on those factors. The dominance of general contractors (S3) and developers (S1) in PC projects is consistent with S3 and S1 consistently ranking in the top two of the three centrality indicators. General contractors are responsible for the full implementation and management of the construction site. They must oversee the subcontractors and carry out their commitments under the subcontract in addition to having full legal and financial accountability to the developers. At the same time, general contractors are responsible for allocating resources and coordinating interfaces between manufacturers, subcontractors, and designers [13,45,65]. In addition, in recent years, many large developers have participated in the construction process of PC projects. For instance, enterprises like Country Garden and Vanke have been devoted to the integration of the PC industrial chain to have the ability to coordinate the design, manufacture, construction and other stages and manage multiple interfaces between the essential stakeholders in the process of project implementation [13].



Combining Figure 2 and Table 9, it can be observed that the ranking of the influence factors of IM in the three centrality measures is not constant. First of all, TR2 and IN1 rank highest in terms of degree centrality, followed by TR1, TR3, IN3, ST3, EN1, and EN2. The higher degree centrality illustrates that these factors require a larger number of stakeholders to collaborate on them, reflecting the complexity of these factors. Second, the high eigenvector centrality of TR2, IN1, IN3, ST3, and TR1 indicates that these factors have a considerable influence on the IM performance of sustainable PC. In addition, they have a high degree centrality, which reflects that the stakeholders dealing with these issues not only need to collaborate with each other, but also to have a high position of influence themselves. Finally, TR3, EN1, EN2, IN1, and TR2 have the prioritization in betweenness centrality, reflecting their need for closer cooperation among stakeholders, and prioritizing these five factors is most conducive to the reduction in network complexity.




4.3. Core-Periphery Structure of Stakeholder-Factor Network


The core-periphery structure can be used to pinpoint the primary PC stakeholders and the core influence factors of IM performance. Figure 3 displays the core-periphery structure created in this study using the Pajek software, and Table 10 displays the corresponding density matrix and final fitness. According to Table 10, there are strong connections between core blocks, as evidenced by the density of core stakeholders and core factors, which is 0.977. The density between core stakeholders and peripheral factors and between peripheral stakeholders and core factors are 0.690 and 0.426, respectively, which are both significantly lower than the core block, demonstrating that they are relatively loosely connected to each other. Particularly, there is essentially little connection and only a 0.07 density between peripheral stakeholders and peripheral factors. Finally, the final fitness of the core-periphery structure is 0.894. Accordingly, the validity of the two-mode social network structure of stakeholder-factor is reflected in these positive statistics.



The upper left corner of Figure 3 shows the stakeholders and factors located in the core block, including five stakeholders and 18 factors. The factors of information communication, standardization, technical environment, and contract management dimensions are all located in the core block, indicating that these dimensions have a greater impact on the IM performance of sustainable PC. In addition, stakeholders in the core block account for approximately 42% of the total, while factors account for 75%. It is evident that less than half of the stakeholders hold the resources and capabilities to deal with the vast majority of influence factors of IM performance. Strengthening the mutual collaboration of these five critical stakeholders will be beneficial to defuse the adverse impact of the influence factors of IM performance in the core block. The relationship between the core stakeholders and the peripheral factors is relatively loose, and the way in which these factors are handled reflects the necessity for cooperation with some of the core stakeholders. For instance, the factors of the organizational integration dimension can be effectively addressed by strengthening the collaboration between S1 (developers) and S3 (general contractors). Moreover, peripheral stakeholders are loosely associated with the core factors, demonstrating that the resolution of the core influence factors of IM performance requires the participation and cooperation of peripheral stakeholders. In summary, maintaining a strong collaborative relationship among core stakeholders is essential to IM, and timely participation and intervention of peripheral stakeholders in dealing with specific issues is an important guarantee for successful IM.



It is significant to note that according to prior research, government is one of the primary managers of IM and plays a crucial role in PC projects [30,48,66]. However, government is not one of the main stakeholders. An in-depth analysis of Figure 3 reveals that the factors of trust and collaboration (TR1, TR3), information communication (IN1, IN2), and technical environment (EN1, EN2, EN3) are most closely associated with the government. Its impact on IM is mainly reflected in industrial policies and systems that foster innovation, and strengthen trust and cooperation among enterprises within the PC industry, as well as develop information and technical standards, etc. [49,67]. While government can influence IM through these industrial policies and systems, they are less directly involved in the interface management activities of PC projects.





5. Discussion


The relationship between PC stakeholders and the influence factors of IM performance is captured by the stakeholder-factor adjacency matrix. Based on the findings of the analysis in the previous section, it can be seen that a factor requires a minimum of two stakeholders to collaborate (i.e., OR1) and up to ten stakeholders to collaborate (i.e., TR2, IF1), indicating that strengthening collaborative relationships among stakeholders is a crucial prerequisite for enhancing the IM performance of sustainable PC [29]. In addition, more than half of the stakeholders must participate in the influence factors of trust and cooperation, information communication, technical environment, and contract management. This can be explained by the fact that facilitating effective and accurate information communication among stakeholders can help stakeholders effectively alleviate the problem of information asymmetry. At the same time, it can enhance the trust and cooperation among stakeholders and improve the IM performance of sustainable PC [28]. The technical environment mainly reflects the prefabricated technology itself, and solving the problems therein can facilitate the articulation of the physical interface in PC [25]. Additionally, each stakeholder performs their duties in line with the contracts can successfully mitigate conflicts and foster collaboration among the stakeholders [68]. Therefore, these issues require the joint participation of more stakeholders.



It should be highlighted that there is an extreme demand for collaboration among developers (S1), designers (S2), general contractors (S3), subcontractors (S4), and manufacturers (S5). If a good interface cannot be formed between these stakeholders, the sustainability of prefabricated buildings will be compromised. First, during the design stage, the designers need to create the scheme in accordance with the requirements of the developers, and the contractors and manufacturers need to participate in determining the constructability of the scheme. The lack of good IM between the developers and the designers will lead to repeated design schemes and the lack of IM between the designer-contractor-manufacturer will cause problems such as difficulty in realizing the design scheme, design errors, and scheme changes [40]. Second, during the construction stage, the general contractors, subcontractors, and manufacturers need to coordinate and cooperate, and the lack of good IM will lead to problems such as extra costs, quality defects, waste of resources, and schedule delays [28].



In the two-mode social network of stakeholder-factor, there are a number of factors that need attention. TR3, EN1, EN2, IN1, TR2 shows with high mediation centrality among the factors, which means closer cooperation among stakeholders required to handle them. Thereby, prioritizing these factors is conducive to simplifying the complexity of stakeholders-factor dual-mode social networks. For example, the application of new technologies is frequently accompanied by technical uncertainty, and stakeholders must seek technical and knowledge support across interfaces because of a lack of knowledge and experience [69]. Thus, by encouraging technological innovation and standardization of PC interface management design, the level of dependency between prefabricated components installation operations and the complexity of physical interface management can be decreased [70,71]. For the factors with high eigenvector centrality (i.e., TR2, IF1, IF3, ST3, TR1), these factors have a considerable impact on the IM performance of sustainable PC and prioritizing these influence factors can significantly improve the IM performance of sustainable PC. For instance, it is important to establish cross-interface communication mechanisms between organizations to obtain information or knowledge from other organizations [38]. In addition, due to the greater number of participants, higher professional barriers, and more complicated conflicts of interest in PC, differences in attitudes toward cooperation may result in more serious interface issues [43]. Meanwhile, numerous studies have demonstrated that different cooperative attitudes are the root cause of interface conflicts in construction projects [72,73]. Accordingly, these factors deserve the attention of the stakeholders. For stakeholders, S1, S2, S3, S4, and S5 have the ability to process the factors under the trust and cooperation (TR1, TR2, TR3), information communication (IN1, IN2, IN3), standardization (ST1, ST2, ST3, ST4), and contract management dimensions (CO1, CO2). They can also process part of the factors under the technical and managerial ability, organizational integration, and technical environment dimensions. Further, collaboration-based partnerships between general contractors and developers, designers and manufacturers can enhance trust, cooperation and information communication among them. And on that basis, a systematic industry chain from upstream to downstream will be formed, which can reduce construction costs and improve construction efficiency [74].




6. Conclusions


Due to the fragmented work sites, disrupted construction process, and various stakeholders, prefabricated construction projects have established complicated and numerous interfaces. The IM performance is affected by the factors in trust and cooperation, information communication, technical and managerial ability, organizational integration, standardization, technical environment, and contract management dimensions, while having a sizable impact on the sustainability of PC [43]. This study aims to improve the IM performance of sustainable PC by exploring the impact mechanisms of stakeholders on the factors of IM performance. First of all, by analyzing the relevant data in the two-mode social network of stakeholder-factor, we get the following conclusions.



	(1)

	
In the matrix analysis, each stakeholder must handle at least three factors, and each factor requires collaboration from two or more stakeholders, indicating that the IM of sustainable prefabricated construction requires extensive collaboration of stakeholders. Among them, S1, S2, S3, and S5 have high influence on IM, and there is a high demand for cooperation among them. TR1, TR2, TR3, IN1, IN3, ST3, EN1, and EN2 are affected by more stakeholders, implying the complex collaboration needs of stakeholders in dealing with these issues.




	(2)

	
In the stakeholder-factor network, S1, S2, S3, S4, and S5 occupy an important position, which can participate in the processing of multiple IM influence factors, and have a high influence on the factors to be processed. The eigenvector centrality scores of IN1, IN3, ST3, and TR1 are in the top five of all factors, which reflects that the stakeholders dealing with these issues not only need to collaborate with each other, but also to have a high position of influence themselves. The betweenness centrality of TR3, EN1, EN2, IN1, and TR2 ranks in the top five, indicating that they are on the shortcut of paired stakeholders and prioritizing these five factors is most conducive to the reduction of network complexity.




	(3)

	
In the core-peripheral structure, the five core stakeholders (42%) can manage 18 elements (75%), and the coordination and cooperation of the five core stakeholders need to be strengthened. Therefore, maintaining a strong collaborative relationship among core stakeholders is crucial to IM, and the timely participation and intervention of peripheral stakeholders in dealing with specific issues is an important guarantee for the success of IM.







Secondly, by analyzing the impact mechanism between the stakeholder-IM performance factor of sustainable prefabricated construction, this study also provides some suggestions for future research work and industry practitioners. First, improve the efficiency of problem solving. Stakeholders should address issues based on how similar the resources demand. For instance, the resolution of EN1 and EN2 requires the participation of nine common stakeholders. To increase the efficiency of IM, these stakeholders should complete and perform the corresponding standards and specifications (EN2) while carrying out technological innovation (EN1). Second, improve the efficiency of collaboration among stakeholders. Protocol-based partnerships can drive long-term interests, ensuring trust and cooperation for one or more projects. This mechanism of trust and cooperation ensures the establishment of stable trust and cooperation between stakeholders in the entire prefabricated supply chain, so that transactions can be carried out in a coherent manner. Finally, enhance the IM technical environment. Stakeholders should actively embrace and innovate technology to improve the technological environment through collaborative innovation. Changes in the technical environment often require government authorities, industry associations and stakeholders who master core technologies to jointly formulate corresponding technical standards and specifications. Therefore, collaboration between project stakeholders, government departments, and industry associations is the key to improving the technological environment.



Thirdly, this study offers theoretical contributions and practical insights for research related to improving the IM performance of sustainable PC. Theoretically, this study explores in an innovative way how 12 stakeholders can manage 24 influence factors of IM performance from the perspective of stakeholders. And it identified the attributes of stakeholders and influence factors, the cooperative relationship between stakeholders, and the complexity of factors. The primary stakeholders and factors are also recognized in this study, which provides a theoretical basis for researchers and industry practitioners to address the influence factors of IM performance and promote the sustainability of PC. Practically, the impact mechanism identified by this study helps project participants gain a better understanding of themselves and other stakeholders. And it can promote the quality of the relationship between stakeholders by adopting more scientific method, and ensure the IM performance of the prefabricated construction. As a result, this study has significant practical implications for prefabricated building, which in fact is highly dispersed but has high integration requirements.



However, there are some limitations in this study. For one thing, the focus of this study is the impact mechanism of the IM performance of sustainable prefabricated construction from the perspective of stakeholders. When determining the influencing factors of IM performance, it mainly considers the management behaviors and relationships among stakeholders and the macro-environmental level, ignoring the impact of materials and structures on IM performance in sustainable prefabricated buildings. Therefore, this is also the direction that needs to be further studied in future research. For another thing, since there are still few studies on the IM performance of PC, the literature reference is scant, and the scope of data sources is relatively narrow, so the results obtained are limited. Future research should further expand the scope of research and investigation to increase the sample and applicability of the study.







Author Contributions


Conceptualization, H.L. and S.Z.; data curation, L.L.; formal analysis, H.L.; funding acquisition, L.L.; investigation, H.L. and S.Z.; methodology, H.L.; validation, L.L. and S.Z.; writing—original draft, H.L.; writing—review and editing, L.L. and S.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Science Foundation of Shandong Province, grant number ZR2021QG046.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated or analyzed during the study are available from the corresponding author by request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Shahpari, M.; Saradj, F.M.; Pishvaee, M.S.; Piri, S. Assessing the Productivity of Prefabricated and In-Situ Construction Systems Using Hybrid Multi-Criteria Decision Making Method. J. Build. Eng. 2020, 27, 100979. [Google Scholar] [CrossRef]

	



Xu, K.; Shen, G.Q.; Liu, G.; Martek, I. Demolition of Existing Buildings in Urban Renewal Projects: A Decision Support System in the China Context. Sustainability 2019, 11, 491. [Google Scholar] [CrossRef]

	



Wu, Z.; Luo, L.; Li, H.; Wang, Y.; Bi, G.; Antwi-Afari, M.F. An Analysis on Promoting Prefabrication Implementation in Construction Industry towards Sustainability. Int. J. Environ. Res. Public Health 2021, 18, 11493. [Google Scholar] [CrossRef]

	



Chen, Y.; Okudan, G.E.; Riley, D.R. Sustainable Performance Criteria for Construction Method Selection in Concrete Buildings. Autom. Constr. 2010, 19, 235–244. [Google Scholar] [CrossRef]

	



Kamali, M.; Hewage, K. Life Cycle Performance of Modular Buildings: A Critical Review. Renew. Sustain. Energy Rev. 2016, 62, 1171–1183. [Google Scholar] [CrossRef]

	



Goodier, C.; Gibb, A. Future Opportunities for Offsite in the UK. Constr. Manag. Econ. 2007, 25, 585–595. [Google Scholar] [CrossRef]

	



Li, L.; Li, Z.; Li, X.; Zhang, S.; Luo, X. A New Framework of Industrialized Construction in China: Towards on-Site Industrialization. J. Clean. Prod. 2020, 244, 118469. [Google Scholar] [CrossRef]

	



Wong, P.S.P.; Zwar, C.; Gharaie, E. Examining the Drivers and States of Organizational Change for Greater Use of Prefabrication in Construction Projects. J. Constr. Eng. Manag. 2017, 143, 04017020. [Google Scholar] [CrossRef]

	



Li, Z.; Zhang, S.; Meng, Q.; Hu, X. Barriers to the Development of Prefabricated Buildings in China: A News Coverage Analysis. Eng. Constr. Archit. Manag. 2021, 28, 2884–2903. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, Z.; Li, T.; Yuan, M. A Holistic Literature Review of Building Information Modeling for Prefabricated Construction. J. Civ. Eng. Manag. 2021, 27, 485–499. [Google Scholar] [CrossRef]

	



Li, X.; Shen, G.Q.; Wu, P.; Yue, T. Integrating Building Information Modeling and Prefabrication Housing Production. Autom. Constr. 2019, 100, 46–60. [Google Scholar] [CrossRef]

	



Li, C.Z.; Xu, X.; Shen, G.Q.; Fan, C.; Li, X.; Hong, J. A Model for Simulating Schedule Risks in Prefabrication Housing Production: A Case Study of Six-Day Cycle Assembly Activities in Hong Kong. J. Clean. Prod. 2018, 185, 366–381. [Google Scholar] [CrossRef]

	



Teng, Y.; Mao, C.; Liu, G.; Wang, X. Analysis of Stakeholder Relationships in the Industry Chain of Industrialized Building in China. J. Clean. Prod. 2017, 152, 387–398. [Google Scholar] [CrossRef]

	



Archibald, R.D. Managing High-Technology Programs and Projects; John Wiley & Sons: New York, NY, USA, 2003. [Google Scholar]

	



Gibb, A. Off Site Fabrication-Prefabrication, Preassembly and Modularisation; John Wiley & Sons: Hoboken, NJ, USA, 1999; Volume 1, ISBN 9781848061378. [Google Scholar]

	



Pavitt, T.C.; Gibb, A.G.F. Interface Management within Construction: In Particular, Building Facade. J. Constr. Eng. Manag. 2003, 129, 8–15. [Google Scholar] [CrossRef]

	



Shokri, S.; Haas, C.T.; Haas, R.C.G.; Lee, S.H. Interface-Management Process for Managing Risks in Complex Capital Projects. J. Constr. Eng. Manag. 2016, 142, 04015069. [Google Scholar] [CrossRef]

	



Wren, D.A. “Interface and Interorganizational Coordination”—Some Comments. Acad. Manag. J. 1967, 10, 309–311. [Google Scholar] [CrossRef]

	



Shokri, S.; Ahn, S.; Lee, S.; Haas, C.T.; Haas, R.C.G. Current Status of Interface Management in Construction: Drivers and Effects of Systematic Interface Management. J. Constr. Eng. Manag. 2016, 142, 04015070. [Google Scholar] [CrossRef]

	



Liu, K.; Zhang, S. Assessment of Sustainable Development Capacity of Prefabricated Residential Building Supply Chain. In Proceedings of the International Conference on Construction and Real Estate Management 2018: Sustainable Construction and Prefabrication, Charleston, SC, USA, 9–10 August 2018; American Society of Civil Engineers: Reston, VA, USA, 2018. [Google Scholar] [CrossRef]

	



Whang, S.-W.; Flanagan, R.; Kim, S.; Kim, S. Contractor-Led Critical Design Management Factors in High-Rise Building Projects Involving Multinational Design Teams. J. Constr. Eng. Manag. 2017, 143, 06016009. [Google Scholar] [CrossRef]

	



Senthilkumar, V.; Varghese, K. Case Study–Based Testing of Design Interface Management System. J. Manag. Eng. 2013, 29, 279–288. [Google Scholar] [CrossRef]

	



Senthilkumar, V.; Varghese, K.; Chandran, A. A Web-Based System for Design Interface Management of Construction Projects. Autom. Constr. 2010, 19, 197–212. [Google Scholar] [CrossRef]

	



Manoj, G.; Shivaji, C.Y. Design Interface Management of Airport Projects. Int. J. Constr. Manag. 2010, 10, 29–44. [Google Scholar] [CrossRef]

	



McCarney, M.; Goodier, C.I.; Gibb, A. Interface management of offsite bathroom construction: A conceptual model. Constr. Innov. 2022. ahead of printing. [Google Scholar] [CrossRef]

	



Lin, Y.C. Use of BIM Approach to Enhance Construction Interface Management: A Case Study. J. Civ. Eng. Manag. 2015, 21, 201–217. [Google Scholar] [CrossRef]

	



Siao, F.; Lin, Y. Enhancing Construction Interface Management Using Multilevel Interface Matrix Approach. J. Civ. Eng. Manag. 2012, 18, 133–144. [Google Scholar] [CrossRef]

	



Hmidah, N.A.; Haron, N.A.; Alias, A.H.; Law, T.H.; Altohami, A.B.A.; Effendi, R.A.A.R.A. The Role of the Interface and Interface Management in the Optimization of BIM Multi-Model Applications: A Review. Sustainability 2022, 14, 1869. [Google Scholar] [CrossRef]

	



Shen, W.; Tang, W.; Wang, Y.; Duffield, C.F.; Hui, F.K.P.; Zhang, L. Managing Interfaces in Large-Scale Projects: The Roles of Formal Governance and Partnering. J. Constr. Eng. Manag. 2021, 147, 04021064. [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]

	



Lin, X.; Ho, C.M.F.; Shen, G.Q.P. Who Should Take the Responsibility? Stakeholders’ Power over Social Responsibility Issues in Construction Projects. J. Clean. Prod. 2017, 154, 318–329. [Google Scholar] [CrossRef]

	



Verma, V.K. The Human Aspects of Project Management: Organizing Projects for Success; Project Management Institute: Newtown Square, PA, USA, 1995; pp. 15–190. [Google Scholar]

	



Stuckenbruck, L.C. Integration: The Essential Function of Project Management. Proj. Manag. Handb. 1988, 2, 56–81. [Google Scholar] [CrossRef]

	



Healy, P. “Interfaces”. Project Management: Getting the Job Done on Time and in Budget; Butterworth-Heinemann: Port Melbourne, Australia, 1997; pp. 267–278. [Google Scholar]

	



Ahn, S.; Shokri, S.; Lee, S.; Haas, C.T.; Haas, R.C.G. Exploratory Study on the Effectiveness of Interface-Management Practices in Dealing with Project Complexity in Large-Scale Engineering and Construction Projects. J. Manag. Eng. 2017, 33, 04016039. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, Z.; Li, L.; Yuan, M. Interface Management Performance Assessment Framework for Sustainable Prefabricated Construction. Buildings 2022, 12, 631. [Google Scholar] [CrossRef]

	



Shen, W.; Choi, B.; Lee, S.; Tang, W.; Haas, C.T. How to Improve Interface Management Behaviors in EPC Projects: Roles of Formal Practices and Social Norms. J. Manag. Eng. 2018, 34, 04018032. [Google Scholar] [CrossRef]

	



Shen, W.; Tang, W.; Wang, S.; Duffield, C.F.; Hui, F.K.P.; You, R. Enhancing Trust-Based Interface Management in International Engineering-Procurement-Construction Projects. J. Constr. Eng. Manag. 2017, 143, 04017061. [Google Scholar] [CrossRef]

	



Chua, D.K.; Godinot, M. Use of a WBS Matrix to Improve Interface Management in Projects. J. Constr. Eng. Manag. 2006, 132, 67–79. [Google Scholar] [CrossRef]

	



Sha’ar, K.Z.; Assaf, S.A.; Bambang, T.; Babsail, M.; Fattah, A.M.A. El Design–Construction Interface Problems in Large Building Construction Projects. Int. J. Constr. Manag. 2017, 17, 238–250. [Google Scholar] [CrossRef]

	



Weshah, N.; El-Ghandour, W.; Falls, L.C.; Jergeas, G. Enhancing Project Performance by Developing Multiple Regression Analysis and Risk Analysis Models for Interface. Can. J. Civ. Eng. 2014, 41, 929–944. [Google Scholar] [CrossRef]

	



Chen, Q.; Reichard, G.; Beliveau, Y. Multiperspective Approach to Exploring Comprehensive Cause Factors for Interface Issues. J. Constr. Eng. Manag. 2008, 134, 432–441. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, Z.; Ma, S.; Li, L.; Yuan, M. Critical Factors Influencing Interface Management of Prefabricated Building Projects: Evidence from China. Sustainability 2022, 14, 5418. [Google Scholar] [CrossRef]

	



Luo, L.; Qiping Shen, G.; Xu, G.; Liu, Y.; Wang, Y. Stakeholder-Associated Supply Chain Risks and Their Interactions in a Prefabricated Building Project in Hong Kong. J. Manag. Eng. 2019, 35, 05018015. [Google Scholar] [CrossRef]

	



Wu, H.; Qian, Q.K.; Straub, A.; Visscher, H. Exploring Transaction Costs in the Prefabricated Housing Supply Chain in China. J. Clean. Prod. 2019, 226, 550–563. [Google Scholar] [CrossRef]

	



Xu, X.; Xiao, B.; Li, C.Z. Stakeholders’ Power over the Impact Issues of Building Energy Performance Gap: A Two-Mode Social Network Analysis. J. Clean. Prod. 2021, 289, 125623. [Google Scholar] [CrossRef]

	



Zhengdao, C.; Hong, J.; Xue, F.; Qiping, G.; Xu, X.; Kayan, M. Schedule Risks in Prefabrication Housing Production in Hong Kong: A Social Network Analysis. J. Clean. Prod. 2016, 134, 482–494. [Google Scholar] [CrossRef]

	



Hu, X.; Chong, H.; Wang, X.; London, K. Understanding Stakeholders in Off-Site Manufacturing: A Literature Review. J. Constr. Eng. Manag. 2019, 145, 03119003. [Google Scholar] [CrossRef]

	



Li, H.; Zhang, X. Quantifying Stakeholder in Fl Uence in Decision / Evaluations Relating to Sustainable Construction in China e A Delphi Approach. J. Clean. Prod. 2018, 173, 160–170. [Google Scholar] [CrossRef]

	



Yu, T.; Man, Q.; Wang, Y.; Qiping, G. Evaluating Different Stakeholder Impacts on the Occurrence of Quality Defects in Offsite Construction Projects: A Bayesian-Network-Based Model. J. Clean. Prod. 2019, 241, 118390. [Google Scholar] [CrossRef]

	



Bal, M.; Bryde, D.; Fearon, D.; Ochieng, E. Stakeholder Engagement: Achieving Sustainability in the Construction Sector. Sustainability 2013, 5, 695–710. [Google Scholar] [CrossRef]

	



Wuni, I.Y.; Shen, G.Q.P.; Mahmud, A.T.; Wuni, I.Y.; Shen, G.Q.P.; Tahir, A.; Critical, M. Critical Risk Factors in the Application of Modular Integrated Construction: A Systematic Review. Int. J. Constr. Manag. 2019, 22, 133–147. [Google Scholar] [CrossRef]

	



Wang, Y.; Thangasamy, V.K.; Hou, Z.; Tiong, R.L.K.; Zhang, L. Collaborative Relationship Discovery in BIM Project Delivery: A Social Network Analysis Approach. Autom. Constr. 2020, 114, 103147. [Google Scholar] [CrossRef]

	



Wang, H.; Zhang, X.; Lu, W. Improving Social Sustainability in Construction: Conceptual Framework Based on Social Network Analysis. J. Manag. Eng. 2018, 34, 05018012. [Google Scholar] [CrossRef]

	



Li, Z.; Shen, G.Q.P.; Ji, C.; Jingke, H. Stakeholder-Based Analysis of Drivers and Constraints in the Use of Off-Site Construction. In Proceedings of the 2014 International Conference on Construction and Real Estate Management, Kunming, China, 27–28 September 2014. [Google Scholar] [CrossRef]

	



Minichiello, V.; Aroni, R.; Hays, T. In-Depth Interviewing: Principles, Techniques, Analysis; Pearson Education Australia: Frenchs Forest, Australia, 2008. [Google Scholar]

	



Young, J.C.; Rose, D.C.; Mumby, H.S.; Benitez-capistros, F.; Derrick, C.J.; Finch, T.; Parkinson, M.S.; Shah, J.; Wilson, K.A.; Rose, D.C. A Methodological Guide to Using and Reporting on Interviews in Conservation Science Research. Methods Ecol. Evol. 2018, 9, 10–19. [Google Scholar] [CrossRef]

	



Sepasgozar, S.M.E.; Davis, S.; Loosemore, M.; Bernold, L. An Investigation of Modern Building Equipment Technology Adoption in the Australian Construction Industry. Eng. Constr. Archit. Manag. 2018, 25, 1075–1091. [Google Scholar] [CrossRef]

	



Abdul Nabi, M.; El-adaway, I.H. Modular Construction: Determining Decision-Making Factors and Future Research Needs. J. Manag. Eng. 2020, 36, 04020085. [Google Scholar] [CrossRef]

	



Zaffar, M.A.; Kumar, R.L.; Zhao, K. Impact of Interorganizational Relationships on Technology Diffusion: An Agent-Based Simulation Modeling Approach. IEEE Trans. Eng. Manag. 2014, 61, 68–79. [Google Scholar] [CrossRef]

	



Xue, X.; Zhang, X.; Wang, L.; Skitmore, M.; Wang, Q. Analyzing Collaborative Relationships among Industrialized Construction Technology Innovation Organizations: A Combined SNA and SEM Approach. J. Clean. Prod. 2018, 173, 265–277. [Google Scholar] [CrossRef]

	



Pan, W.; Gibb, A.G.F.; Dainty, A.R.J.; Asce, M. Strategies for Integrating the Use of Off-site Production Technologies in Housebuilding. J. Constr. Eng. Manag. 2012, 138, 1331–1340. [Google Scholar] [CrossRef]

	



Shen, L.; Song, X.; Wu, Y.; Liao, S.; Zhang, X. Interpretive Structural Modeling Based Factor Analysis on the Implementation of Emission Trading System in the Chinese Building Sector. J. Clean. Prod. 2016, 127, 214–227. [Google Scholar] [CrossRef]

	



Borgatti, S.P.; Everett, M.G. Network Analysis of 2-Mode Data. Soc. Networks. 1997, 19, 243–269. [Google Scholar] [CrossRef]

	



Choi, J.O.; Chen, X.B.; Kim, T.W. Opportunities and Challenges of Modular Methods in Dense Urban Environment. Int. J. Constr. Manag. 2019, 19, 93–105. [Google Scholar] [CrossRef]

	



Shi, Q.; Yu, T.; Zuo, J.; Lai, X. Reprint of: Challenges of Developing Sustainable Neighborhoods in China. J. Clean. Prod. 2017, 163, S42–S53. [Google Scholar] [CrossRef]

	



Wang, W.; Zhang, S.; Su, Y. An Empirical Analysis of the Factors Affecting the Adoption and Diffusion of GBTS in the Construction Market. Sustainability 2019, 11, 1795. [Google Scholar] [CrossRef]

	



Dai, C.; Tao, D.; Hou, W. Research on Interface Management in EPC Project Implementation. Constr. Econ. 2019, 40, 52–55. [Google Scholar] [CrossRef]

	



Ancona, D.G.; Mj, T. Beyond boundary spanning: Managing external dependence in product development teams. J. High Technol. Manag. Research. 1990, 1, 119–135. [Google Scholar] [CrossRef]

	



Li, L.; Li, Z.; Wu, G. Critical Success Factors for Project Planning and Control in Prefabrication Housing Production: A China Study. Sustainability 2018, 10, 836. [Google Scholar] [CrossRef]

	



Isaac, S.; Bock, T.; Stoliar, Y. Automation in Construction A Methodology for the Optimal Modularization of Building Design. Autom. Constr. 2016, 65, 116–124. [Google Scholar] [CrossRef]

	



Awakul, P.; Ogunlana, S.O. The Effect of Attitudinal Differences on Interface Conflicts in Large Scale Construction Projects: A Case Study. Constr. Manag. Econ. 2002, 20, 365–377. [Google Scholar] [CrossRef]

	



Yeganeh, A.A.; Azizi, M.; Falsafi, R. Root Causes of Design-Construction Interface Problems in Iranian Design-Build Projects. J. Constr. Eng. Manag. 2019, 145, 1–14. [Google Scholar] [CrossRef]

	



Tam, V.W.Y.; Fung, I.W.H.; Sing, M.C.P.; 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]








[image: Sustainability 14 10704 g001 550] 





Figure 1. Research Framework. 
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Figure 2. Two-Mode Social Network Measured by Centrality. 
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Figure 3. Core-Periphery Structure of Stakeholder-Factor. 
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Table 1. Stakeholders in prefabricated construction.
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	Reference
	Study Theme
	Quantity
	Stakeholders





	[13]
	Stakeholder relationships in the industry chain of industrialized building
	13
	Developers, Designers, Users, Capital providers, Research institutions, Contractors, Module suppliers, Material and Equipment suppliers, Supervisors, Sales agent, Facility managers, Surveyors, Waste management organizations



	[30]
	Overcoming barriers to off-site construction through engaging stakeholders
	15
	Government, Developers, Designers, Contractors, Professional subcontractors, Supervisors, Manufacturers, Researchers, Education institutions, Consultants, Suppliers of equipment and materials, Financial institutions, the Public, Logistic enterprises, the Media.



	[44]
	Stakeholders in prefabricated construction supply chain
	7
	Client, Designer, Main contractor, Manufacturer, Transporter, Assembly subcontractor, and Government



	[45]
	Stakeholders in prefabricated housing supply chain
	15
	developer, General contractor, Subcontractors, Local government, Architect, Surveyor, Consultants, Supervision company, Components suppliers, Materials suppliers, Logistic company, Financial institution, Residents (End users/Occupiers), Sales agent, Property management company



	[46]
	Stakeholders in building energy performance
	12
	Owner, Designer, Contractor, Subcontractor, Supervision, Manufacturer, Commissioning agent, Energy manager, Occupant, Policymakers and government agencies, Media, Researcher



	[47]
	Stakeholders in prefabrication housing production
	7
	Client, Designer, Main contractor, Manufacturer, Transporter, Assembly subcontractor, and Government



	[48]
	Understanding stakeholders in off-site manufacturing
	8
	manufacturers, Suppliers, Owners, Designers, Contractors, Clients, Governments, and the Public



	[49]
	Stakeholders in sustainable construction
	7
	Government organization, Owners, Designers, Contractors, End users, Nongovernmental organizations, other relevant groups (e.g., material/technology providers)



	[50]
	Influence of different stakeholders on quality defects of off-site construction projects
	6
	Developer, Designer, PC manufacturer, Transportation company, Contractor, and Engineering supervisor



	[51]
	Sustainability in construction through stakeholder engagement
	22
	Sustainability Consultant, Contractor, Employee, Client, Engineers, Trade subcontractor, Archaeologist, Development manager, Local government, Design coordinator, Regulatory agency, Managing director, Technical director, Conservationist, Environmentalist, Project manager, Area manager, Material supplier, Subcontractor, Architect and Quantity surveyor, and other specialist consultants



	[52]
	Stakeholders in modular integrated construction
	12
	Designers, Engineers, Architects, Manufacturers, Suppliers, Logistics companies, Developers, Clients, Contractors, Project managers, Academics, and Local government
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Table 2. Influence factors of interface management performance in sustainable PC.
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Dimension

	
Code

	
Factors






	
Trust and cooperation

	
TR1

	
Cooperative attitude of the participants




	
TR2

	
Understanding and trust of the participants




	
TR3

	
Communication and learning of the participants




	
TR4

	
Degree of participant involvement in design




	
Information communication

	
IN1

	
Effectiveness of information communication




	
IN2

	
Integrity and Accuracy of Information




	
IN3

	
Timeliness of information communication




	
Technical and managerial ability

	
TE1

	
Timeliness of production and supply of prefabricated components




	
TE2

	
Accuracy of design




	
TE3

	
Project management experience and ability




	
TE4

	
Reasonableness of production and construction scheme




	
Organizational integration

	
OR1

	
Organizational structure




	
OR2

	
Professional differences between organizations




	
OR3

	
Project contracting mode




	
OR4

	
Alignment of stakeholders’ goals




	
Standardization

	
ST1

	
Standardization of information




	
ST2

	
Standardization of production and construction processes




	
ST3

	
Formal interface management process




	
ST4

	
Complexity of the connection interface between components




	
Technical environment

	
EN1

	
Technical innovation




	
EN2

	
Perfection of standards and specifications




	
EN3

	
Industry design standardization




	
Contract management

	
CO1

	
Reasonableness of work content and scoping




	
CO2

	
Rationality of the definition of responsibilities, powers and interests
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Table 3. Profiles of respondents.
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Categories

	
Respondent Types

	
Number of Respondents

	
Percentage (%)






	
Occupation type

	
Developers

	
3

	
25%




	
Designers

	
1

	
8.3%




	
Manufacturers

	
1

	
8.3%




	
Contractors

	
2

	
16.7%




	
Consultants

	
2

	
16.7%




	
Research units

	
3

	
25%




	
Educational background

	
Ph.D.

	
3

	
25%




	
Master’s degree

	
2

	
16.7%




	
Undergraduate or below

	
7

	
58.3%




	
Years of experience in PC

	
>10

	
1

	
8.3%




	
6~10

	
5

	
41.7%




	
3~5

	
4

	
33.3%




	
< 3

	
2

	
16.7%
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Table 4. Social Network Analysis Measurement Metrics.
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	Indicators
	Definition
	Reference





	Degree centrality
	In a two-mode social network, the degree centrality of a node is determined by the number of linkages it has to the nodes in the other set. Stakeholders with high centrality have more authority to deal with factors, and factors with high degree centrality need to be solved by more stakeholders.
	[30,46,59]



	Betweenness centrality
	Betweenness centrality determines the occurrence that a specific node will be between other node pairs based on the shortest path. Stakeholders with high betweenness centrality can manage more coupled factors. Factors with high betweenness centrality imply that require more cooperation among stakeholders, and raise the complexity of the network.
	[46,47,54]



	Eigenvector centrality
	For eigenvector centrality, if the neighbours connected to a certain node are significant, then this certain node is also significant. Stakeholders with higher eigenvector centrality can manage critical factors. Factors with higher eigenvector centrality need to be addressed by critical stakeholders, and have a significant impact on the network.
	[46,54,60]



	Core-periphery network structure
	The core-periphery structure can decompose social networks into a cohesive core and a loosely connected periphery. Core stakeholders play a critical role in coordinating social networks, and core factors greatly affect the performance of the social network.
	[30,46,61]
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Table 5. Adjacency Matrix of Stakeholder-Factor.
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	TR

1
	TR

2
	TR

3
	TR

4
	IN

1
	IN

2
	IN

3
	TE

1
	TE

2
	TE

3
	TE

4
	OR

1
	OR

2
	OR

3
	OR

4
	ST

1
	ST

2
	ST

3
	ST

4
	EN

1
	EN

2
	EN

3
	CO

1
	CO

2
	Total





	S1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	0
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	23



	S2
	1
	1
	1
	1
	1
	1
	1
	0
	1
	1
	1
	0
	1
	0
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	21



	S3
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	24



	S4
	1
	1
	1
	0
	1
	1
	1
	0
	1
	1
	1
	0
	1
	0
	1
	1
	1
	1
	1
	1
	1
	0
	1
	1
	19



	S5
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	0
	1
	0
	1
	1
	1
	1
	1
	1
	1
	0
	1
	1
	21



	S6
	1
	1
	0
	0
	1
	1
	1
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	1
	0
	1
	1
	10



	S7
	0
	1
	1
	1
	1
	1
	1
	0
	1
	0
	1
	0
	0
	0
	0
	0
	1
	1
	0
	0
	0
	1
	1
	1
	13



	S8
	1
	1
	0
	0
	1
	0
	1
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	1
	1
	8



	S9
	1
	0
	1
	0
	1
	1
	0
	0
	0
	0
	0
	0
	0
	1
	0
	1
	0
	0
	0
	1
	1
	1
	0
	0
	9



	S10
	1
	1
	0
	0
	1
	0
	1
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1
	0
	0
	0
	0
	0
	0
	6



	S11
	0
	1
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	1
	1
	1
	1
	1
	1
	0
	0
	9



	S12
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	1
	0
	0
	0
	3



	Total
	9
	10
	9
	5
	10
	8
	9
	4
	6
	6
	5
	2
	5
	3
	6
	7
	7
	9
	6
	9
	9
	6
	8
	8
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Table 6. Adjacency Matrix of Stakeholder-Stakeholder.
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	S1
	S2
	S3
	S4
	S5
	S6
	S7
	S8
	S9
	S10
	S11
	S12





	S1
	23
	
	
	
	
	
	
	
	
	
	
	



	S2
	20
	21
	
	
	
	
	
	
	
	
	
	



	S3
	23
	21
	24
	
	
	
	
	
	
	
	
	



	S4
	18
	19
	19
	19
	
	
	
	
	
	
	
	



	S5
	20
	20
	21
	19
	21
	
	
	
	
	
	
	



	S6
	10
	10
	10
	10
	10
	10
	
	
	
	
	
	



	S7
	12
	13
	13
	11
	12
	6
	13
	
	
	
	
	



	S8
	8
	7
	8
	7
	8
	6
	6
	8
	
	
	
	



	S9
	9
	8
	9
	7
	7
	5
	4
	2
	9
	
	
	



	S10
	6
	6
	6
	6
	6
	4
	4
	5
	2
	6
	
	



	S11
	9
	9
	9
	8
	8
	3
	5
	2
	5
	2
	9
	



	S12
	3
	3
	3
	3
	3
	2
	1
	0
	3
	0
	3
	3
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Table 7. Adjacency Matrix of Factor-Factor.
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	TR1
	TR2
	TR3
	TR4
	IN

1
	IN

2
	IN

3
	TE1
	TE2
	TE3
	TE4
	OR1
	OR2
	OR3
	OR4
	ST1
	ST2
	ST3
	ST4
	EN1
	EN2
	EN3
	CO1
	CO2





	TR1
	9
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	TR2
	8
	10
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	TR3
	6
	7
	9
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	TR4
	4
	5
	5
	5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	IN1
	9
	9
	7
	5
	10
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	IN2
	7
	7
	7
	5
	8
	8
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	IN3
	8
	9
	6
	5
	9
	7
	9
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	TE1
	4
	4
	3
	3
	4
	3
	4
	4
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	TE2
	5
	6
	6
	5
	6
	6
	6
	3
	6
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	TE3
	6
	6
	5
	4
	6
	6
	6
	3
	5
	6
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	TE4
	4
	5
	5
	4
	5
	5
	5
	2
	5
	4
	5
	
	
	
	
	
	
	
	
	
	
	
	
	



	OR1
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	1
	2
	
	
	
	
	
	
	
	
	
	
	
	



	OR2
	5
	5
	5
	4
	5
	5
	5
	3
	5
	5
	4
	2
	5
	
	
	
	
	
	
	
	
	
	
	



	OR3
	3
	2
	3
	2
	3
	3
	2
	2
	2
	2
	1
	2
	2
	3
	
	
	
	
	
	
	
	
	
	



	OR4
	6
	6
	5
	4
	6
	5
	6
	3
	5
	5
	4
	2
	5
	2
	6
	
	
	
	
	
	
	
	
	



	ST1
	6
	6
	7
	4
	6
	6
	5
	3
	5
	5
	4
	2
	5
	3
	5
	7
	
	
	
	
	
	
	
	



	ST2
	5
	7
	7
	5
	6
	6
	6
	3
	6
	5
	5
	2
	5
	2
	5
	6
	7
	
	
	
	
	
	
	



	ST3
	7
	9
	7
	5
	8
	6
	8
	4
	6
	5
	5
	2
	5
	2
	6
	6
	7
	9
	
	
	
	
	
	



	ST4
	5
	6
	6
	4
	5
	5
	5
	3
	5
	5
	4
	2
	5
	2
	5
	6
	6
	6
	6
	
	
	
	
	



	EN1
	7
	7
	8
	4
	7
	7
	6
	3
	5
	6
	4
	2
	5
	3
	5
	7
	6
	6
	6
	9
	
	
	
	



	EN2
	7
	7
	8
	4
	7
	7
	6
	3
	5
	6
	4
	2
	5
	3
	5
	7
	6
	6
	6
	9
	9
	
	
	



	EN3
	4
	5
	6
	4
	5
	5
	4
	2
	4
	3
	3
	2
	3
	3
	3
	5
	5
	5
	4
	5
	5
	6
	
	



	CO1
	7
	8
	6
	5
	8
	7
	8
	4
	6
	6
	5
	2
	5
	2
	5
	5
	6
	7
	5
	6
	6
	4
	8
	



	CO2
	7
	8
	6
	5
	8
	7
	8
	4
	6
	6
	5
	2
	5
	2
	5
	5
	6
	7
	5
	6
	6
	4
	8
	8
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Table 8. Social Network Indicator Measurement of Stakeholders.
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	Degree Centrality
	Ranking
	Eigenvector Centrality
	Ranking
	Betweenness Centrality
	Ranking





	S1
	0.958
	2
	0.407
	2
	0.150
	2



	S2
	0.875
	3
	0.397
	3
	0.096
	4



	S3
	1.000
	1
	0.422
	1
	0.166
	1



	S4
	0.792
	5
	0.368
	5
	0.074
	5



	S5
	0.875
	3
	0.393
	4
	0.099
	3



	S6
	0.417
	7
	0.207
	7
	0.017
	8



	S7
	0.542
	6
	0.250
	6
	0.033
	6



	S8
	0.333
	10
	0.161
	10
	0.010
	10



	S9
	0.375
	8
	0.166
	9
	0.019
	7



	S10
	0.250
	11
	0.126
	11
	0.005
	11



	S11
	0.375
	8
	0.174
	8
	0.015
	9



	S12
	0.125
	12
	0.062
	12
	0.001
	12
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Table 9. Social Network Indicator Measurement of Factors.
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	Degree Centrality
	Ranking
	Eigenvector Centrality
	Ranking
	Betweenness Centrality
	Ranking





	TR1
	0.750
	3
	0.235
	5
	0.025
	6



	TR2
	0.833
	1
	0.258
	1
	0.030
	5



	TR3
	0.750
	3
	0.234
	6
	0.034
	1



	TR4
	0.417
	19
	0.166
	19
	0.003
	20



	IN1
	0.833
	1
	0.257
	2
	0.031
	4



	IN2
	0.667
	9
	0.231
	7
	0.014
	11



	IN3
	0.750
	3
	0.242
	3
	0.022
	8



	TE1
	0.333
	22
	0.123
	22
	0.003
	19



	TE2
	0.500
	14
	0.198
	14
	0.004
	18



	TE3
	0.500
	14
	0.195
	15
	0.005
	17



	TE4
	0.417
	19
	0.162
	20
	0.003
	21



	OR1
	0.167
	24
	0.074
	24
	0.000
	24



	OR2
	0.417
	19
	0.176
	18
	0.002
	22



	OR3
	0.250
	23
	0.088
	23
	0.002
	23



	OR4
	0.500
	14
	0.187
	17
	0.008
	15



	ST1
	0.583
	12
	0.206
	13
	0.010
	12



	ST2
	0.583
	12
	0.214
	12
	0.009
	14



	ST3
	0.750
	3
	0.239
	4
	0.024
	7



	ST4
	0.500
	14
	0.192
	16
	0.006
	16



	EN1
	0.750
	3
	0.230
	10
	0.034
	2



	EN2
	0.750
	3
	0.230
	10
	0.034
	2



	EN3
	0.500
	14
	0.161
	21
	0.009
	13



	CO1
	0.667
	9
	0.231
	8
	0.014
	9



	CO2
	0.667
	9
	0.231
	8
	0.014
	9
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Table 10. Density Matrix and Final Fitness of Stakeholder-Factor Network.
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Factors






	

	

	
Core

	
Periphery




	
Stakeholders

	
Core

	
0.977

	
0.690




	
Periphery

	
0.426

	
0.077




	

	
Final fitness

	
0.894
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