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Abstract

:

Prefabricated building projects (PBPs) face more risks than traditional construction projects, especially in underdeveloped areas. This study takes Qinghai Province as a study case. Social network analysis (SNA) is adopted to develop a risk network of PBPs, and nine core risk factors and five key risk relationships are identified. Risk effect detection reveals the effectiveness of risk response strategies. The research shows that PBPs in underdeveloped areas are still in the early stage of development, and developers generally lack a leading role. There are prominent problems in the design stage of PBPs, so the stakeholders pay special attention to them. In underdeveloped regions, the development of PBPs must rely on the strong promotion of the government. Limited by natural and economic conditions, the market mechanism of PBPs in underdeveloped areas is not perfect, and policy regulation greatly affects the spread of the risk network. Therefore, local governments need to actively introduce corresponding supportive policies and mobilize the enthusiasm of stakeholders. This is the first study to consider the risk within the life cycle of PBPs in underdeveloped plateau areas. This study expands the research system of risk management of PBPs and provides valuable risk response strategies for the stakeholders.
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1. Introduction


Compared with traditional buildings, prefabricated building projects (PBPs) can reduce construction energy consumption by 20%, conserve construction materials by 60%, save labor by 40%, and shorten the construction period by one-third [1]. Therefore, PBPs have significant advantages in protecting the environment and conserving resources [2,3], which are regarded as the key to the industrialization and upgrading of the construction industry [4,5]. During China’s “13th Five-Year Plan” period, the national prefabrication rate is required to reach 15% [6]. In 2020, the national prefabrication rate reached 20.5% [7], and the work target of the “13th Five-Year Plan of Action for Prefabricated Buildings” has been completed.



However, the development of PBPs in China shows obvious regional distribution characteristics of “strong in the east and weak in the west”. The plateau areas in western China are restricted by natural and economic conditions [8]. Therefore, unlike the rapid development of PBPs in eastern, coastal China, PBPs in the western plateau develop slowly [7]. Qinghai Province is one of the typical underdeveloped plateau regions in China [9]. By the end of 2021, the new PBPs area in Qinghai Province has reached 1,557,900 square meters in the past five years [10], and the prefabrication rate is still less than 10%. The low degree of industrialization [11] and the prominent contradiction between economic development and the ecological environment [12] restrict the development of these regions [13]. Furthermore, the promotion and construction costs of PBPs are much higher than traditional buildings [14], and the climate and geological conditions in the plateau region have greatly increased labor costs and material transportation costs [15]. There are also problems in respect of unsound policies and inconsistent design standards. In short, the unique characteristics of construction projects, such as large construction investment, long periods, complex natural and technical conditions, and unpredictable external environmental impacts [16], expose them to many risks [17].



Due to the changes in construction methods, PBPs face more risks than traditional construction projects [18], especially in underdeveloped plateau areas. In order to control the risk factors that hinder the success of PBPs to the greatest extent, improve the risk management level of projects effectively, reduce project losses, and promote the development of PBPs, experts and scholars in the construction project industry have been keen on risk management research.



When exploring the risks of PBPs in China, “imperfect policies and regulations” [1,19] have been listed as the primary risk many times, reflecting the importance of policies. In terms of supply chain management risks of PBPs, “poor planning of resources and schedules”, “poor control of working flows”, and “poor information sharing” were the three major challenges in Hong Kong [20], and “component supply” [21] also required attention. The “economic situation” ranked first in the cost and schedule risk of PBPs in North America [22] and the investment risk of PBPs in China [23]. The construction cost risk of PBPs in South Korea mainly came from the design stage and construction stage [24]. Furthermore, the core stakeholders of a project in Nanjing were developers and contractors [25].



In previous studies, the content of risk management of PBPs has great regional differences. The core risks faced by PBPs in different regions were different, so there was no universal risk response strategy. In addition, the risk stages of each study were also different. Some studies only focused on the risk factors of a single construction stage, while others integrated risk across the life cycle of PBPs.



These studies provide diversified perspectives and personalized cases for the risk research of PBPs. However, most studies were carried out in countries with relatively developed economies and prosperous construction industries [20,22,24,26,27,28], which could not provide specific management ideas and development strategies for the risk management of PBPs in underdeveloped areas in China. The PBPs are in a complex social network environment, and various risk factors will also change due to different stakeholders. In addition, the current risk management system of PBPs in China is not perfect. Most of the existing research on risk assessment of PBPs regard risk factors as isolated points, and there are many studies on the influence of independent risk factors [29,30,31,32,33]. These studies did not consider the complex relationships among risks and the perspective of interrelationships among risk factors.



Therefore, exploring the relative importance of risk factors is significant for developing PBPs in underdeveloped areas. This paper takes Qinghai Province as a study case to develop and analyze the risk network of PBPs and control core risks and key relationships to block the spread of risks. The research can provide valuable information for developing PBPs in underdeveloped plateau areas.




2. Literature Review


2.1. Development of PBPs in China


The concept of PBPs first appeared in China in the 1950s [34]. In the 1980s, China began to promote industrialized buildings, and PBPs gradually developed [5]. However, by the 1990s, the development of PBPs remained stagnant due to the constraints of the technical level, economic conditions, and people’s cognition [26]. Although China introduced PBPs decades ago, the application of PBPs still faces major problems [31]. Since the General Office of the State Council issued a policy on vigorously developing PBPs in 2016, China’s PBPs have developed rapidly. The PBPs are very attractive to China’s construction industry [14] because they conform to the construction concept of “sustainable green development” [35]. With the increasing demand for PBPs in China’s construction industry, the central government has promulgated many policies to promote the development of PBPs [34]. However, the development of PBPs in China, including related technical levels, is still in its infancy [23], resulting in a relatively low proportion of PBPs in the existing building stock [36].



Many researchers have explored the reasons that hinder the development of PBPs from finding effective solutions. Lu et al. [37] developed a PBP analysis framework with 13 unfavorable factors to study the optimal level of prefabrication and clarify the prevailing misconception that “the higher the prefabrication level, the better”. Xie et al. [28] used the importance–performance analysis (IPA) to explore the sustainability importance and performance levels of PBPs from three dimensions (economic, social, and ecological sustainability) and proposed key sustainability criteria. Hong et al. [38] established a framework for cost-benefit analysis of PBPs and suggested that future development should focus on providing financial support for advancing technology development, optimizing structural integrity, and increasing market maturity. Liang et al. [39] used the fuzzy analytic hierarchy process (fuzzy AHP) to develop a performance evaluation model, which provided reliable support for the decision-making stage of PBPs. These studies used different methods and provided suggestions for promoting the development of PBPs from different dimensions but ignored the geographical situation. The economic level and natural conditions of different regions are quite different. For example, PBPs are better developed in the eastern provinces of China and lag behind in the western and northwestern provinces [40]. Even though the implementation of some PBP incentive policies is not effective [41], the government plays a leading role in the promotion of new things [42]. Therefore, relying on policies to promote the development of PBPs is still considered a strong strategy in less developed regions [43].




2.2. Risk Management of PBPs


The Project Management Institute [44] defines risk as “an uncertain event or condition that, if it occurs, has a positive or negative effect on a project’s objectives.” Construction is a highly risk-prone industry [45], and the risks of PBPs are more prominent than those of traditional buildings [30]. No project is risk-free [46], but effective risk management can minimize the impact of risk [47]. Therefore, many researchers believe that it is necessary to take risk management as an important part of project management in PBPs [48].



The construction goals of PBPs are wider and longer than those of traditional construction. In addition, PBPs have the typical expression of economic externality. The long-term benefits of PBPs are difficult to quantify and cannot be directly reflected, making risk management more difficult for stakeholders [30]. The high initial investment is one of the most significant risks of PBPs [29]. The PBPs face the uncertainty of future investment income and the possible loss of investment principal. The PBPs will face serious risks if risk management measures are inadequate [49]. Li [23] used structural equation modeling (SEM) to explore the factors of an investment risk evaluation system from the policy, market, technology, economy, and management perspectives, and proposed a method that can evaluate the investment risk. Li et al. [30] constructed a risk identification feedback graph and a risk flow chart using the system dynamics method to comprehensively identify investment risks that projects in China may face, and identify four key risk factors. Ye et al. [35] established a dynamic evolution model of PBP cost risk based on the dynamic Bayesian network (DBN) and studied the construction cost risk evolution and transfer mechanism of PBPs. Rose [27] used an interactive research approach to conduct a case study of a Swedish PBP and proposed solutions for three major risks. Xia et al. [26] analyzed the risks faced by PBPs using EPC from the perspective of general contractors, conducted an empirical study in Nanjing, China, and found that construction and design are the main factors that determine the level of project risk.



In addition to the risks at various stages, the overall risks in the life cycle of PBPs are also worthy of attention. Yuan et al. [19] established a risk network containing 41 factors based on the life cycle theory and proposed ten challenges that must be solved for PBPs. Wang et al. [36] identified 77 risk factors covering the life cycle of PBPs using an important performance analysis method and revealed eight key risks. Luo et al. [20] explored the supply chain risks of the identified 30 PBPs in Hong Kong using social network analysis (SNA), and finally came up with three main challenges and gave specific response strategies. Identifying the risks in PBPs accurately and proposing strategies for different types of risks is a common research process in the current risk management of PBPs [46,47].





3. Methodology


SNA originated from sociological research [50]. SNA is a quantitative analysis method that uses graph theory and mathematical methods to quantitatively analyze the relationship between actors (nodes) in the network. The whole network analysis is suitable for exploring the overall characteristics of the network relationship structure, and the ego-network analysis is applied to quantify the impact of the attributes, positions, and degrees of individuals in the network [51]. Combined with the characteristics of multiple parallel processes, complex stakeholder relations, and emphasis on the integration of PBPs, SNA has its unique advantages over classical risk network research methods such as interpretative structural modeling (ISM) and the bayesian network (BN). This study constructs and evaluates the risk network of PBPs in Qinghai Province based on SNA, and follows a classical risk management framework [19,20,44]. The research framework is shown in Figure 1.



In the risk identification stage, boundary identification is the first step. The main stakeholders and key risk factors are explored to determine the risk list by combining literature review and expert interviews. Then, the relationship between risks is determined through a questionnaire survey and consensus analysis, thus building a risk network adjacency matrix. In the risk assessment stage, a risk network model is constructed for PBPs in Qinghai Province, and the relationship between the risk factors is revealed based on SNA to identify the core risk. The risk network model and field investigations are analyzed comprehensively in the risk response stage. Then, the actual risk response strategy is put forward according to expert suggestions. Finally, the effect of various indicators of the risk network is evaluated to test the criticality and effectiveness of the risk response strategy.



The respondents who filled out the questionnaire and were interviewed were the same experts in the research process. This study followed the principle of stakeholder sampling [52], and experts were selected and invited. Based on our stakeholder analysis (Section 4.1.1), six stakeholder groups (Developer, Designer, Contractor, Manufacturer, Government, and Facility) were surveyed in Qinghai Province. A total of 12 experts (two people in each stakeholder group) in the field of PBPs in Qinghai Province were contacted through the internet and recommendations from cooperative schools and enterprises. One of the experts was not willing to be interviewed, so 11 experts were finally interviewed. The background information of the 11 experts is shown in Table 1. Experts meet the following requirements:




	
They have more than six years of work experience in PBPs in Qinghai Province.



	
They participated in and completed at least two PBPs in Qinghai Province.



	
They have senior titles or hold senior positions in their organizations.
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Table 1. Profiles of respondents.






Table 1. Profiles of respondents.





	
Experts

	
Position

	
Years of Working in PBPs

	
Number of PBPs

	
Professional Title






	
Developer

	
1

	
Technology

	
6–10 years

	
At least 5 projects

	
Intermediate title




	
2

	
Research

	
6–10 years

	
At least 5 projects

	
Intermediate title




	
Designer

	
1

	
Management

	
More than 20 years

	
2 projects

	
Senior title




	
2

	
Technology

	
11–15 years

	
2 projects

	
Senior title




	
Contractor

	
1

	
Management

	
16–20 years

	
2 projects

	
Senior title




	
2

	
Technology

	
6–10 years

	
At least 5 projects

	
Intermediate title




	
Manufacturer

	
1

	
Management

	
More than 20 years

	
At least 5 projects

	
Senior title




	
2

	
Technology

	
6–10 years

	
At least 5 projects

	
Intermediate title




	
Government

	
1

	
Management

	
More than 20 years

	
3 projects

	
Senior title




	
2

	
Administration

	
11–15 years

	
4 projects

	
Intermediate title




	
Facility

	
1

	
Management

	
6–10 years

	
At least 5 projects

	
Intermediate title









Before the first face-to-face interview, the research background, purpose, and risk factors collated from a literature review were emailed to experts. Short interviews with experts were completed by phone and email. Experts were invited to review the representativeness of risk factors and judge whether they fit the actual situation in Qinghai Province. Some experts had proposed new risk factors and given reasons. Then, the questionnaire was designed according to the compiled list of risk factors (Section 4.2) and the special data form [52] required for SNA. Two points should be noticed when designing the questionnaire:




	
The relationship between risks may be mutual, but the effects may be different. For example, risk A directly affects risk B, but risk B does not directly affect risk A.



	
It is necessary for respondents to theoretically judge 1600 groups (40 × 40) of relations to obtain the data in the matrix form. However, overwork may lead to unclear thinking and judgment of respondents, resulting in larger errors.








Based on the above key points and design skills, the questionnaire consists of the introduction, basic information, the judgment of the interaction between risk factors, and thanks. The binary matrix is used to quantify the relationship between the risks of each group, and the judgment of the risk relationship is the core part of data collection. The risk factors of the line and the column are compared. If the respondents think that the line risk factor directly affects the column risk factor, “1” will be filled at the intersection of the line and column; otherwise, respondents will fill “0”. The questionnaire has eliminated the intersection of risk factors that almost have no mutual influence, and the respondents only judge the possible relationship, thus improving the quality of the questionnaire.



We made an appointment with each expert before the one-on-one interview and informed them that the interview was expected to take 60–90 min. The first face-to-face interview was mainly divided into three processes:




	
General Introduction. Experts were provided with the background, purpose, and refined list of risk factors.



	
Questionnaire. Experts were invited to fill out the questionnaire on-site.



	
Semistructured interview. Experts talked about their opinions and suggestions on the development of prefabricated buildings in Qinghai Province.








Each interview took an average of 70 min, and the interview time was adequate and effective [19]. After obtaining the consent of experts, interview processes were recorded to ensure the completeness of the materials.



During the risk response phase, a second interview was conducted to invite the above 11 experts to propose some targeted risk response strategies based on our research findings. Because of the experience of the first interview, the second interview process went smoothly. After the expert interview, field research was conducted at a national prefabricated construction industry demonstration base in Qinghai Province to ensure the strategy was on the ground. The views and demands of managers and operational workers were adopted to help refine the risk response strategy.




4. Risk Identification


4.1. Boundary Identification


4.1.1. Critical Stakeholders


Freeman [53] defines “stakeholders” as individuals and collectives that can influence the realization of or be affected by organizational goals. In the PBP, stakeholders are individuals or organizations that work hard to achieve the project goals or are affected by the construction process of the project. PBP risks run through the life cycle of the project that involves many stakeholders, and different stakeholders have different priorities [54] that should be taken into account.



As shown in Figure 2, core stakeholders and the relevant statistics are selected from 10 papers related to stakeholders of PBPs [19,20,25,36,55,56,57,58,59,60]. Since the focus of this research is not on the project contracting model, the main contractor and subcontractors are collectively referred to as contractors. The transportation of prefabricated components in Qinghai Province is arranged by manufacturers, and there is almost no independent transporter. Therefore, component manufacturers and transporters are collectively called manufacturers. Finally, six types of stakeholders are selected as the core stakeholders of the life cycle of PBPs in Qinghai Province: developer, designer, contractor, manufacturer, government, and facility, as shown in Table 2.




4.1.2. The Life Cycle


PBP’s management focuses on integrated management [61]. Therefore, the analysis of PBP risk needs to be based on the life cycle theory [52,62]. The life cycle of construction projects covers the stages of planning, design, construction, operation, and demolition, and there are interactions between different stages. Compared with the traditional construction method, the new component supply stage of the PBP will affect the realization of the project goal to a greater extent.



At present, the development of PBPs in underdeveloped areas is in the primary stage, and it does not involve the operation and maintenance stage and the demolition and recovery stage. However, it is still necessary to consider the risks of the two stages for ensuring the integrity of the research [63] and provide some forward-looking and instructive suggestions to promote the development of PBPs in underdeveloped regions.



According to the literature review and expert interviews, the life cycle of PBPs is divided into seven stages: feasibility study stage, design stage, component supply stage, construction stage, acceptance stage, operation and maintenance stage, and demolition and recovery stage.





4.2. Risk List


The risk factors involved in 20 highly relevant papers were reviewed and supplemented by experts. Finally, a risk list of PBPs containing 40 factors was determined. This process was widely used in previous studies [19,20,64]. Furthermore, according to experts’ suggestions, six risk factors (R7, R8, R22, R23, R39, and R40) that were not covered much in references were included in the list of risk factors. Risk factors have been classified based on stakeholder perspective and life cycle theory, as shown in Table 3.





5. Construction of Risk Network


5.1. Consistency Analysis


“Consistency analysis” explores the consistency of different experts’ answers to the direct relationship between risk factors [76]. Then, the risk network of PBPs is constructed according to the final consistent answers of experts, and the steps are shown in Figure 3. First, the “Respondent–Answer” binary matrix is constructed using the 11 valid questionnaires recovered in the data sorting part. Then, the consistency matrix is calculated in the software operation part to obtain analysis results using Ucinet 6.0. Finally, in the result-analysis part, the ratio of the first largest to the second largest eigenvalue is 9.196, and the ratio is greater than three, proving that the answer data have a single answer mode. The analysis results can be used to construct an adjacency matrix of the risk factor relationship of PBPs.




5.2. Risk Network Model


The adjacency matrix of the PBP risk relationship is imported into NetDraw, and a risk network model composed of 40 nodes and 129 directed arrow lines is obtained, as shown in Figure 4. Each risk factor is represented by a node (square). Different patterns in the node represent different stakeholders, and different colors represent different stages of the entire life cycle of the risk node. The arrow tail of the connection between the two nodes is the sender of the risk factor, and the arrow is the receiver of the risk factor.





6. Key Risk Analysis


6.1. Key Risk Factor


6.1.1. Whole Network Analysis


The whole network analysis can comprehensively study the whole network relationship and reveal various structural characteristics [77]. According to the block model theory of White et al. [78], the most basic characteristics of a network can be shown by the relationships between various point sets, and these relationships can be reflected by the image matrix of the block model. In the whole network analysis, the block model theory can be used to make the relationship of the entire risk network clearer. Following the block model construction ideas of Wasserman and Faust [79], the block model is constructed and analyzed for the risk network of PBPs. In Ucinet 6.0, the CONCOR algorithm is used to block the risk network nodes of PBPs. The block matrix is shown in Table 4. Furthermore, the density matrix of the risk network block model is shown in Table 5.



The high network density of the whole network indicates the close links between network members, thus resulting in the strong impact of the network on the attitude and behavior of the actors [80]. The whole network density of the risk network is calculated to be 0.0647. The value greater than 0.0647 in Table 5 is replaced by 1, and the value less than 0.0647 is replaced by 0 to obtain the image matrix of the risk network block model, as shown in Table 6.



Based on the descriptive analysis and classification research of various positions in the network structure from the study of Burt [81], it can be analyzed from Table 6 that: ① Block 2, Block 4, and Block 6 have both transmitting and receiving relationships, and are closely related to each other, indicating that they are in the primary position. ② Block 5 has both transmitting and receiving relationships, and the internal connection is not close, implying it is in the broker position. ③ Block 1, Block 3, Block 7, and Block 8 have only transmit or receive relationships, showing that they are in isolated positions. To sum up, the nodes in the core position of the network should have many external connections and close internal connections. Therefore, Block 2, Block 4, Block 5, and Block 6 are the core positions in the risk network.




6.1.2. Ego-Network Analysis


The ego-network analysis mainly measures the importance of a single risk factor in the risk network, which helps to identify key risk factors. Generally, brokerage roles, node degree centrality, and node betweenness centrality analyses are used for individual network analysis. The top 20% risk factors in the three analysis methods are taken as the key factors, and the union is taken as the list of key risk factors in the ego-network analysis.



	
Brokerage Roles Analysis






The brokerage roles analysis focuses on the characteristics of the ego-network. The broker occupies an essential position in the network because they often hold the secrets between multiple groups [82]. Gould and Fernandez [83] classified brokers into five categories: Coordinator, Gatekeeper, Representative, Consultant, and Liaison.



The frequency of the brokers in a node is proportional to the influence of the node and the complexity of the network. Based on the PBP risk network constructed above, the nodes are classified from the perspective of stakeholders and the life cycle (Table 3). Five types of brokerage roles analysis are obtained using Ucinet 6.0. The risk factors for the top eight brokerage roles with the consideration of 20% of the 40 risk factors are shown in Table 7.



The above eight risk factors act as 118 brokerage roles, accounting for 74.68% of all brokerage roles (40 risk factors act as a total of 158 brokerage roles). R10 (design changes frequently) plays all brokerage roles in both dimensions and ranks first in number. Both R3 (difficulties in financing) and R5 (low level of decision making) play the role of four types of brokerage roles in a certain perspective, but the number of R5 is small with little influence. R14 (unreasonable construction scheme), R24 (immature key technologies), R31 (problems in factory management), R9 (low level of information technology), and R6 (lack of professional consultants) all play three types of brokerage roles in at least one perspective. Among them, R6 only plays two types of brokerage roles from the perspective of stakeholders, and the number of R6 is small. Considering the types and number of brokerage roles, R10, R14, R24, R31, R9, and R3 are key risk factors.



	2.

	
Node Degree Centrality Analysis







The node degree centrality is proportional to the importance of risks in the risk network [84]. The influence between risk factors is directional. In the digraph, the degree of each point can be divided into “out-degree” and “in-degree”. The “out-degree” of a risk factor is large, and the “in-degree” is small, showing that the risk has a large influence on other risks, and there are many uncontrollable factors. Such risk factors easily become risk sources and should be avoided from the source. The “in-degree” is large, and the “out-degree” is small, indicating that the risk factor is easily affected by other risk factors, but it is not easy to cause new risks. The degree difference equals the “out-degree” minus the “in-degree”. A large degree difference means that the impact of the risk on other risks is significant, while the impact on itself is relatively small. The top eight risk factors based on node degree centrality are shown in Table 8.



The “in-degree” of R21 (lack of management experience) and R36 (imperfect regulations and standards) are both 0, which are trigger nodes and the source of affecting the transmission of risk relationships, and they need to be controlled and contained from the source of risk. The “out-degree” and “in-degree” of other nodes are all greater than 0, which are path nodes. The node degree difference of R6 (lack of professional consultants) and R9 (low level of information technology) is relatively high, indicating that they have a greater impact on other risk nodes, but they are not easily affected. R6 and R9 belong to risk sources, which need attention. The node degree difference of R32 (poor quality of prefabricated components), R3 (difficulties in financing), and R11 (lack of standardized design system) is small, but the “out-degree” is still greater than the “in-degree”, and they tend to be risk sources. The “in-degree” of R31 (problems in factory management) is the largest among the top eight nodes, indicating that this risk is vulnerable to other risks.



	3.

	
Node Betweenness Centrality Analysis







The node betweenness centrality can reflect the control ability of each risk node in the network to risk transmission and act as an “intermediary” connecting each node. The centrality is proportional to the “mediation effect” and the control power. The top eight risk factors ranked by node betweenness centrality are shown in Table 9.



In Table 9, the node betweenness centrality of the eight risks is large, and the influence on other risk nodes is relatively strong. The eight risks can be listed as key risks. The node betweenness centrality of R24 (immature key technologies) is greater than 100, indicating that R24 belongs to the super influential node, and the risk control of this node should be paid special attention.



Table 9 shows that the key risk factors obtained from the brokerage roles analysis are: R10, R14, R24, R31, R9, and R3; from the node degree centrality analysis are: R21, R6, R9, R36, R32, R31, R3, and R11; from the node betweenness centrality analysis are: R24, R10, R31, R5, R11, R4, R12, and R14. The union of key risk factors from three dimensions is taken as the final key risk list for ego-network analysis, containing 14 risk factors: R3, R4, R5, R6, R9, R10, R11, R12, R14, R21, R24, R31, R32, and R36.





6.2. Key Risk Relationship


The directed arrow between nodes represents the interaction relationship in the risk network, and the key risk interaction relationship is identified by line betweenness centrality analysis. Line betweenness centrality measures the control advantage of the relationship between two nodes in the whole network [51]. The betweenness centrality of a line is proportional to the ability to control risk transmission and the importance of the control. The line betweenness centrality of the risk network can be calculated by Ucinet 6.0. There are 101 lines (relationships) greater than 0, and the top 20 (20% of the 101 lines) are shown in Table 10.



The betweenness centrality of the above 20 relationships is relatively large, indicating that the ability to “control information” is strong. The above 20 relationships have a greater impact on the structure of the entire risk network and should be controlled as key risk relationships. In addition, there are 15 relationships among 14 key risk factors in Table 10, indicating that the key risk factors in the above analysis have a great control advantage in the risk network.





7. Risk Control and Effect Detection


7.1. Core Risk Identification


Identifying core risks relies on the results of ego-network analysis and whether the key risk factors are in the core block of the whole network. The key risk in the core block is the core risk. The identification process of the core risk factors is shown in Figure 5.



The whole network analysis shows that only Block 2, Block 4, Block 5, and Block 6 are at the core position in the risk network. R3 belongs to Block 1; R5, R6, and R9 belong to Block 3; and R32 belongs to Block 7. Therefore, the core risks consist of R4, R10, R11, R12, R14, R21, R24, R31, and R36 (Table 11).



7.1.1. Communication


R4 (low communication efficiency between partners) is a core risk throughout the main stage of PBPs, involving many stakeholders led by developers. During the promotion of PBPs in underdeveloped areas, the communication between partners does not belong to the technical or economic aspects, which can easily lead all stakeholders to ignore the importance and influence of this risk.




7.1.2. Design


The stakeholders involved in R10 (design changes frequently), R11 (lack of standardized design system), and R12 (imperfect design paper) are mainly designers, and they are relatively single from the perspective of the life cycle. R10, R11, and R12 are concentrated in the design stage. Many experts highlight the above design risks in field research.



	
R10 is mainly caused by the developer’s insufficient experience and incomprehensive overall control of the PBP, leading to the heavy task of design changes.



	
R11 mainly stems from the fact that underdeveloped areas did not adjust the relevant design standards for PBPs to local conditions and lacked a specific and unified design system during construction.



	
R12 and R11 are closely related. The lack of a targeted standard design system results in problems for designers, such as insufficient construction drawings and undetailed component drawings. Therefore, many risks in the design stage have seriously hindered the development of PBPs.







7.1.3. Construction


R14 (unreasonable construction scheme), R21 (lack of management experience), and R24 (immature key technologies) are mainly concentrated in the construction stage.



	
At present, there are few PBPs and few contractors with rich experience in underdeveloped plateau areas. Therefore, lack of management experience is one of the core risks.



	
Compared with the developed areas in the east, the theoretical and technical aspects are still backward. Some key technologies of PBPs are not mature enough. There are generally problems such as large errors in on-site installation components and insufficient node processing.



	
When formulating the construction scheme, the contractor follows the experience of traditional construction projects and copies the construction mode of PBPs in other regions but fails to adjust the construction scheme to local conditions, thus leading to an unreasonable construction plan.







7.1.4. Component Supply


R31 (problems in factory management) is mainly caused by the problems of component manufacturers (which contains PC components and steel structures), including unreasonable production line scheduling, long-term storage of components, and a small supply radius of factory components. In fact, there are fewer component factories in less-developed areas. At present, there are only two large component manufacturers in Qinghai Province, which has almost formed a monopoly in the market. Qinghai Baoheng Green Building Industry Co., Ltd., Haidong, China mainly produces PC components, and Qinghai Xikuang Hangxiao Steel Structure Co., Ltd., Xining, China mainly produces steel structure components. From a long-term perspective, this is detrimental to the development of the PBP market. Additionally, these two large-scale manufacturers are currently facing a situation of “no order to do”.



	
The current PBP market in underdeveloped areas is oversupplied. Although the production line operation of steel structure components is slightly better than that of PC components, it is still not optimistic.



	
The transportation distance of PC components is limited and even cannot be transported to other provinces. However, since the production line of PC components is generally not interrupted, there is a conflict in production line scheduling, leading to the long-term stacking of components.






The PBP market environment in underdeveloped areas is not very friendly to manufacturers, and factory management naturally faces many problems. It is necessary to control such risks to find a balance between market supply and demand.




7.1.5. Policy


R36 (imperfect regulations and standards) is mainly due to the lack of comprehensive policies, regulations, and standards in underdeveloped areas. Although the local government strongly supports the development of PBPs and promulgates many supporting policies, there are still two problems.



	
The relevant construction departments are actively promoting PBPs, but the funds are difficult to implement. Compared with other plain areas, the plateau area has higher construction costs, such as artificial construction costs, material transportation costs, and mechanical maintenance costs. Therefore, financial support is particularly important.



	
The relevant regulations and standards are not targeted enough, and the operability and supervision ability of policies are poor. When learning from the experience of PBPs in developed areas, it is easy to ignore whether certain aspects apply to local development. For example, it is difficult to achieve a high prefabrication rate in the short term under the current situation.








7.2. Risk Response Strategy


There are usually four risk response strategies: risk avoidance, risk mitigation, risk transfer, and risk acceptance. Given the above nine core risk factors and five key risk relationships, 11 experts have been interviewed again, and specific measures have been put forward accordingly. Then, field research has been conducted on a national prefabricated construction industry demonstration base in Qinghai Province and improved various strategies according to the research situation.



7.2.1. Core Risk Factors


	
For R4, the risk mitigation strategy is adopted.




	
With the help of building information modeling (BIM) technology, developers can establish a network information management platform for PBPs that includes all stakeholders to strengthen project progress management, expand information sharing channels, and improve communication efficiency among all parties.



	
The government should speed up the implementation of the engineering, procurement, and construction (EPC), and strengthen the connection between design, construction, manufacturer, and management personnel. By doing so, the efficiency of information transmission is improved, the common goals of all stakeholders are promoted, and inefficient communication and ineffective management are avoided.








	
For R10, the risk mitigation strategy is adopted.




	
Designers should fully understand the needs of developers in the early stage of design and keep in touch with all participants at any time to reduce design changes caused by information asymmetry.



	
Designers can visualize the design scheme through BIM technology and try to standardize and modularize the design drawings to avoid excessive design changes.








	
For R11, the risk avoidance strategy is adopted.




	
Designers can use BIM to create a component library for checking collisions and optimizing the design. Then, a standardized design system can be gradually built.



	
The government can actively promote the creation of a standardized design system for PBPs, encourage relevant enterprises to formulate design standards, and prepare for the formation of a complete standardized design system for PBPs.








	
For R12, the risk avoidance strategy is adopted.




	
Designers need to improve their professional ability, master the specifications of PBP design drawings, and use BIM technology appropriately to improve the design level to ensure the accuracy and completeness of drawings.



	
Designers can establish a drawing control system, complete the design according to laws, regulations, and industry standards, and focus on reviewing drawings involving project quality and safety. According to the characteristics of PBPs, the drawing control system can ensure the design quality effectively.








	
For R14, the risk mitigation strategy is adopted.




	
When formulating construction schemes, contractors should strengthen communication with developers to clarify their goals. The scheme should also be dynamically adjusted according to the construction progress to reduce rework during the construction process.



	
Contractors should be involved in the design of the project scheme at the design stage, which can improve the constructability of the design scheme.








	
For R21, risk mitigation and risk transfer strategies are adopted.




	
Contractors should use reasonable construction technology and scientific management methods to implement the construction scheme seriously, report and solve problems found on-site promptly, and do a good job in construction organization and coordination.



	
Contractors should pay attention to management innovation, establish a management system in line with PBPs, and strengthen mechanism innovation in quality management and progress management.



	
According to the actual situation of the contractor, the developer can reasonably transfer the construction risk through subcontracting and engineering insurance.








	
For R24, the risk avoidance strategy is adopted.




	
Contractors should strengthen the technical training of construction personnel of PBPs and build a skilled prefabricated construction team.



	
The government can organize colleges and universities, scientific research institutes, and relevant large enterprises to pool scientific research resources and promote industry–university–research cooperation. Furthermore, the bottleneck of key technologies in PBPs should be broken in plateau areas, and especially research on prefabricated structural systems should be strengthened to promote the development of key prefabricated technologies in a large-scale and systematic manner.








	
For R31, the risk mitigation strategy is adopted.




	
Manufacturers should actively adjust component production tasks and innovate the industrial structure according to the market environment to optimize factory management.



	
Manufacturers can build a factory information management system combined with emerging technologies to provide a collaborative work platform for all stakeholders, efficiently assisting in information management, production scheduling, and on-site assembly tasks for components.








	
For R36, the risk mitigation strategy is adopted.




	
The government should establish and improve relevant laws and regulations as soon as possible, gradually standardize the PBP market, and improve the whole-process supervision mechanism to reduce construction risks.



	
The government should formulate policies scientifically based on the actual local conditions. PBPs in underdeveloped areas are still in the promotion stage, and financial subsidies need to be implemented. Dynamic adjustments will be made later according to the development situation.












7.2.2. Other Key Relationships


Since the core risk factors can be controlled to a certain extent through the above risk response strategies, the related key relationships are no longer considered. The list of other key risk relationships is shown in Table 12, and the specific response strategies are as follows.



	
For R1→R6, risk mitigation and risk transfer strategies are adopted.




	
The government can issue relevant policies to strongly support the development of consulting companies whose main business is PBP professional consulting.



	
Universities and enterprises should strengthen the training of BIM talents, which can improve the ability of practitioners to use information technology to solve engineering problems and cultivate more talents for the PBP consulting industry in underdeveloped areas.








	
For R2→R15, the risk avoidance strategy is adopted.




	
Developers should fully consider the particularity of plateau projects and appropriately increase the cost budget of PBPs.



	
Contractors should keep the labor cost of PBPs and market conditions abreast in underdeveloped areas and try to maintain long-term cooperation with experienced and reliable construction teams.








	
For R35→R1, the risk mitigation strategy is adopted




	
The government should guide relevant enterprises to establish a unified, fair, and open construction market, break down regional barriers, remove unreasonable local market access restrictions, and minimize market downturns caused by excessive market demand fluctuations.



	
The government should actively evaluate the support policy of PBPs, consider the factors such as construction cost and market promotion comprehensively, and continue or increase the policy support of credit financing appropriately. The government should also actively promote the prefabrication of public buildings to increase the production orders of components, offset the impact of high costs, and expand market applications.








	
For R6→R9, the risk avoidance strategy is adopted.




	
The government can support enterprises in carrying out professional training by pretax exemption or by setting up special funds. Furthermore, support funds can be weighted towards the development of higher education, encouraging colleges and universities to open related majors or courses, which can cultivate more professional talents.



	
The government needs to actively guide relevant enterprises to create an integrated cooperation platform based on BIM, which will help designers achieve “forward design”. In addition, the platform is conducive to information sharing and resource integration in the industrial chain, thus improving the information technology level of the PBP industry.








	
For R40→R8, the risk mitigation strategy is adopted.




	
Developers and facilities can introduce BIM technology into the operation and maintenance stage of PBPs to achieve information sharing throughout the life cycle. BIM technology can monitor the usage and safety performance of PBPs in real-time and provide data support for the recycling and utilization of PBP resources in the future.



	
Facilities need to strengthen training in the maintenance of PBPs for ensuring reasonable and safe construction of PBPs.













7.3. Risk Effect Detection


Core risk factors play an essential role in different dimensions of the risk network. Removing these core nodes and lines can effectively reduce the overall complexity of the network. To test the effectiveness of the above risk response strategies, the methods proposed by Yu et al. [52] and Yang et al. [85] are adopted to eliminate all core risks and relationships and construct a new risk network (Figure 6). Then, the network integrity, network cohesion, and network reachability are measured to analyze their impact on the network.



If all proposed risk response strategies are implemented effectively, core risks and key relationships in the risk network can be eliminated. The calculation results show that the number of risk factors is reduced from 40 to 31, and the number of risk relationships is reduced from 129 to 35. Compared with Figure 4, the risk network in Figure 6 becomes sparse, and the risk relationship is significantly reduced, indicating that the tightness between nodes in the network is significantly reduced. The specific indicators are analyzed as follows.



	
Network integrity. The whole network density can reflect the completeness of the network [80]. High network density is proportional to the connections between nodes and network integrity. After controlling the risk, the whole network density decreases from 0.0647 to 0.0376, reduced by 41.89%. The network density is significantly reduced, and the integrity of the risk network structure is weakened.



	
Network cohesion. The average distance and cohesion index of each node in the network are large, showing that the whole network is cohesive and the network structure is strong [79]. The average distance of each point decreases from 2.92 to 1.65, decreasing by 43.49%, and the cohesion index decreases from 0.151 to 0.049, decreasing by 67.55%. The results indicate that the network structure is no longer solid, and the risk control measures block the influence between risks.



	
Network reachability. Analyzing network reachability can explore the ways of risk transmission and determine the impact of risk transmission. The value is proportional to the number of ways that the risk spreads and the reachability, thus affecting the degree of the impact. The statistical number of reachable matrices before and after the risk control is shown in Table 13. Before the risk control, the reachable number between risks in the reachability matrix is 486, accounting for 31.53% of the maximum reachable number (40 × 39 = 1560). After the risk control, the reachable number between risks in the reachability matrix is 60, accounting for 6.45% of the maximum reachable number (31 × 30 = 930), which is much lower than before. The results indicate that the risk control is effective. It can block the reachability between a large number of risks.






In addition, R35 and R38 become isolated nodes, and the subgroup consisting of R25, R29, and R30 are also independent of the main risk network. Therefore, these nodes can be treated separately. In summary, after removing the core risk nodes and key relationships, the complexity of the entire risk network is significantly reduced, indicating that the above risk response strategies are very effective.





8. Discussions


This study follows the classic risk management framework and builds a risk network model for PBPs, which provides response strategies for stakeholders to control the risks of PBPs in the life cycle. Few studies combine the two dimensions of stakeholders and the life cycle for risk analysis of PBPs. However, risks exist at every stage and are closely related to every stakeholder. Compared with other studies, the interaction between risks has been considered in this paper to identify and analyze risks effectively. However, this study has been conducted in an underdeveloped plateau region, and the value for promotion and application in other areas needs to be improved.



Through an in-depth investigation into the underdeveloped plateau area of Qinghai Province, the developers of PBPs, as the core stakeholders, did not show a strong “existence” and did not play a leading role in this study. The results are different from some previous studies. In previous studies, developers and contractors are the core stakeholders of the risk management of PBPs [20,24,25]. Among the core risk factors identified in this study, the risks involved by designers and contractors, respectively, account for more than 33%. Except for the construction stage, the design stage occupies most of the risks, which is closely related to the particularity of underdeveloped plateau areas. Consistent with the research conclusions of Jiang et al. [43] and Wuni et al. [32], the design stage should receive the attention of the stakeholders of the PBP to reduce problems in the component production and construction stages. When dealing with risks, the government and other core stakeholders are not at the same level in promoting the development of PBPs. Many risk issues need to be solved by the government’s policy of regulation or incentives in China’s underdeveloped areas [29,31,86], which is different from other studies conducted in developed regions [67]. Therefore, it is significant to explore specific and effective PBP policies in further research. In addition, the lack of the facility is also a problem worth considering. Underdeveloped areas lack professional operation and maintenance teams or enterprises, developers, and contractors, making the public generally have “worries” about the maintenance of PBPs.




9. Conclusions


The SNA is adopted to develop a risk network of PBPs, and nine core risk factors and five key risk relationships are identified. Finally, the effectiveness of relevant risk response strategies through risk effect detection is shown. The main conclusions are as follows:




	
Developers of PBPs in underdeveloped areas fail to play a leading role. Among the nine core risks, developers are only involved in one risk, showing that developers have not yet fully understood the PBPs, resulting in insufficient awareness of developers in the entire construction process.



	
There are prominent problems in the design stage of PBPs. Stakeholders should focus on the design stage of PBPs. While other regions are already advancing the technical breakthroughs in the construction stage, the PBPs in underdeveloped areas are still in the early stage of development, where many design problems still need to be solved. Additionally, these regions lack a unified design system, and there is a phenomenon of “each speaks its own words”.



	
In less-developed regions, the development of PBPs must rely on the strong promotion of the government. The market mechanism of PBPs in underdeveloped areas is not perfect, the supply and demand risks are relatively large, and policy regulation greatly affects the spread of the risk network. Therefore, in underdeveloped areas, local governments need to actively introduce corresponding supporting policies to strengthen market cultivation and industrial chain integration and mobilize the enthusiasm of stakeholders.








This is the first study to consider the risk within the life cycle of PBPs in underdeveloped plateau areas, providing theoretical support for the development of PBPs in similar regions. The risk interdependence has been considered, the limitations of traditional risk analysis have been overcome, and the research system of risk management of PBPs has been expanded in this paper. In practice, this study provides valuable risk response strategies for the stakeholders and a reference for the government to formulate targeted incentive policies, thus helping to improve the risk management level of PBPs in underdeveloped areas. The government of underdeveloped areas should actively introduce various policies to improve developers’ willingness and the dominant consciousness of PBPs. Furthermore, the design specifications should be standardized and unified to effectively reduce the bottleneck problem in the design stage of PBPs.



Limitations and further research on this topic area should mainly focus on the following two aspects:




	
Although the risk network model of this study can reflect the relationship between risks, it ignores the intensity of the impact. There are solid or weak relationships between risk factors, and the quantitative evaluation of the risk relationship will be realized in future research.



	
The risk strategy proposed in this study is subjective, and some empirical analysis may be required for the actual effect of risk control. In the future, case studies will be conducted on more suitable PBPs to improve risk management strategies.
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Figure 1. Research framework. 
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Figure 2. Literature statistical analysis for stakeholders. 
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Figure 3. Consistency analysis process. 






Figure 3. Consistency analysis process.



[image: Sustainability 14 06335 g003]







[image: Sustainability 14 06335 g004 550] 





Figure 4. Risk network model. 
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Figure 5. The identification process of the core risk factors. 
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Figure 6. Risk network model after taking risk response strategies. 
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Table 2. Core stakeholders of PBPs in Qinghai province.
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	ID
	Stakeholder
	Position





	1
	Developer
	Responsible for project development, decision making, and integrated management



	2
	Designer
	Responsible for the design task of the whole process of the project



	3
	Contractor
	Responsible for site construction and coordinated management



	4
	Manufacturer
	Responsible for the production and transportation of components



	5
	Government
	Formulate relevant policies and approve and supervise projects



	6
	Facility
	Daily management and regular maintenance of PBPs
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Table 3. Risk list of PBPs.
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Risk ID

	
Risk

	
Classification

	
References




	
Stakeholder

	
Life Cycle






	
R1

	
Market demand fluctuation

	
Developer/Designer/

Contractor/Manufacturer

	
Feasibility study

	
F1, F2, F3, F4, F16, F17, F18




	
R2

	
Underestimate cost

	
Developer

	
F1, F2, F5, F18




	
R3

	
Difficulties in financing

	
F1, F4, F6, F8, F14, F16, F17




	
R4

	
Low communication efficiency between partners

	
Developer/Designer/

Contractor/Manufacturer

	
Feasibility study/Design/

Construction/Component supply

	
F3, F4, F6, F7, F8, F9, F10, F11, F12, F14, F15




	
R5

	
Low level of decision-making

	
Developer

	
Feasibility study

	
F5, F6, F9, F10, F11, F15, F18, F20




	
R6

	
Lack of professional consultants

	
F5, F6, F17, F18




	
R7

	
Low material reuse

	
Demolition and recovery

	
F6, F15




	
R8

	
Difficult to recycle resources

	
F6, F15




	
R9

	
Low level of information technology

	
Designer

	
Design

	
F5, F10, F15, F17




	
R10

	
Design changes frequently

	
F2, F3, F4, F7, F8, F12, F20




	
R11

	
Lack of standardized design system

	
F1, F3, F4, F5, F10, F11, F12, F14, F16, F17, F19




	
R12

	
Imperfect design paper

	
F2, F3, F4, F5, F7, F8, F10, F14, F17, F19




	
R13

	
Inadequate design review

	
F3, F4, F7, F8, F12, F17




	
R14

	
Unreasonable construction scheme

	
Contractor

	
Construction

	
F2, F3, F5, F7, F9, F10, F14, F16, F19, F20




	
R15

	
Lack of skilled labor

	
F1, F2, F4, F6, F7, F14, F17, F18, F20




	
R16

	
Frequent personnel flow

	
F5, F13, F19, F20




	
R17

	
Safety accidents

	
F5, F7, F15, F20




	
R18

	
Labor disputes

	
F3, F5, F7, F8




	
R19

	
Mechanical failure

	
F3, F4, F7, F12, F17, F18




	
R20

	
Irresistible force

	
F3, F5, F7, F8, F17, F20




	
R21

	
Lack of management experience

	
F2, F3, F4, F6, F8, F10, F14, F16, F18, F19




	
R22

	
Turnover of own funds

	
F4, F5




	
R23

	
Project scope changes

	
F2, F8




	
R24

	
Immature key technologies

	
F1, F6, F10, F14, F15, F18




	
R25

	
Unreasonable storage of components

	
F12, F13, F14, F17




	
R26

	
Installation error of prefabricated components

	
F2, F7, F12, F14, F17




	
R27

	
Delayed payment

	
Acceptance

	
F3, F4, F7, F9




	
R28

	
Construction quality accident

	
F2, F3, F18, F20




	
R29

	
Delayed delivery of components to the site

	
Manufacturer

	
Component supply

	
F2, F3, F4, F7, F8, F12, F13, F17




	
R30

	
Unclear prefabricated components

	
F7, F12, F13




	
R31

	
Problems in factory management

	
F2, F3, F7, F17




	
R32

	
Poor quality of prefabricated components

	
F2, F4, F7, F8, F14, F15, F17, F18, F20




	
R33

	
Does not meet shipping standards

	
F4, F11, F15, F17, F20




	
R34

	
Transportation damage of components

	
F2, F7, F14, F15, F17, F20




	
R35

	
Policy changes

	
Government

	
Feasibility study

	
F3, F4, F7, F15, F16, F17, F18




	
R36

	
Imperfect regulations and standards

	
F1, F2, F3, F4, F14, F15, F16, F17, F18, F20




	
R37

	
Lack of financial support policies

	
F1, F2, F4, F6, F14, F16, F17, F18, F20




	
R38

	
Complex or inefficient approval procedures

	
F6, F7, F9, F13, F18




	
R39

	
Lack of experienced facility companies

	
Facility

	
Operation and maintenance

	
F19, F20




	
R40

	
Lack of reasonable and scientific maintenance

	
F2, F13, F19








Note: F1 = [31]; F2 = [19]; F3 = [65]; F4 = [66]; F5 = [67]; F6 = [68]; F7 = [20]; F8 = [69]; F9 = [70]; F10 = [32]; F11 = [33]; F12 = [71]; F13 = [72]; F14 = [18]; F15 = [73]; F16 = [23]; F17 = [36]; F18 = [30]; F19 = [74]; F20 = [75].
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Table 4. Block matrix of risk network.
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	Block
	Risk Factor





	1
	R1, R37, R3



	2
	R16, R2, R22, R27



	3
	R9, R5, R23, R6, R35, R36



	4
	R24, R13, R12, R10, R11



	5
	R4, R18, R19, R40, R39, R31



	6
	R28, R15, R17, R20, R14, R26, R21



	7
	R8, R33, R32, R7, R34, R38



	8
	R25, R29, R30
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Table 5. Density matrix of risk network block model.
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	Block
	1
	2
	3
	4
	5
	6
	7
	8





	1
	0.500
	0.417
	0.056
	0.067
	0.000
	0.000
	0.000
	0.000



	2
	0.000
	0.167
	0.000
	0.000
	0.042
	0.071
	0.000
	0.000



	3
	0.056
	0.083
	0.133
	0.500
	0.139
	0.048
	0.000
	0.000



	4
	0.000
	0.050
	0.000
	0.500
	0.033
	0.114
	0.033
	0.067



	5
	0.000
	0.000
	0.056
	0.000
	0.033
	0.024
	0.083
	0.167



	6
	0.000
	0.000
	0.024
	0.000
	0.119
	0.286
	0.000
	0.048



	7
	0.000
	0.000
	0.000
	0.033
	0.000
	0.048
	0.167
	0.000



	8
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.333
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Table 6. Image matrix of risk network block model.
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	Block 1
	Block 2
	Block 3
	Block 4
	Block 5
	Block 6
	Block 7
	Block 8
	Transmit
	Relations with Oneself





	Block 1
	1
	1
	0
	1
	0
	0
	0
	0
	2
	1



	Block 2
	0
	1
	0
	0
	0
	1
	0
	0
	1
	1



	Block 3
	0
	1
	1
	1
	1
	0
	0
	0
	3
	1



	Block 4
	0
	0
	0
	1
	0
	1
	0
	1
	2
	1



	Block 5
	0
	0
	0
	0
	0
	0
	1
	1
	2
	0



	Block 6
	0
	0
	0
	0
	1
	1
	0
	0
	1
	1



	Block 7
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1



	Block 8
	0
	0
	0
	0
	0
	0
	0
	1
	0
	1



	Receive
	0
	2
	0
	2
	2
	2
	1
	2
	
	



	Relations with oneself
	1
	1
	1
	1
	0
	1
	1
	1
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Table 7. The risk factors for the top eight brokerage roles.
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Rank

	
Risk ID

	
Based on the Stakeholder Perspective

	
Based on the Life Cycle Perspective

	
Total




	
Coordinator

	
Gatekeeper

	
Representative

	
Consultant

	
Liaison

	
Coordinator

	
Gatekeeper

	
Representative

	
Consultant

	
Liaison






	
1

	
R10

	
2

	
8

	
4

	
3

	
14

	
2

	
8

	
4

	
7

	
10

	
31




	
2

	
R14

	
6

	
12

	
0

	
0

	
0

	
6

	
9

	
0

	
0

	
3

	
18




	
3

	
R24

	
0

	
12

	
0

	
2

	
4

	
0

	
8

	
0

	
2

	
8

	
18




	
4

	
R31

	
0

	
12

	
0

	
1

	
4

	
0

	
9

	
0

	
2

	
6

	
17




	
5

	
R9

	
0

	
2

	
0

	
1

	
7

	
0

	
2

	
0

	
1

	
7

	
10




	
6

	
R3

	
1

	
1

	
4

	
0

	
3

	
2

	
0

	
7

	
0

	
0

	
9




	
7

	
R6

	
2

	
0

	
6

	
0

	
0

	
2

	
0

	
6

	
0

	
0

	
8




	
8

	
R5

	
0

	
0

	
4

	
1

	
2

	
0

	
0

	
4

	
1

	
2

	
7
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Table 8. The top eight risk factors based on node degree centrality.
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	Risk ID
	Out-Degree
	In-Degree
	Normalized Out-Degree
	Normalized In-Degree
	Degree Difference





	R21
	9
	0
	23.077
	0
	9



	R6
	8
	1
	20.513
	2.564
	7



	R9
	8
	2
	20.513
	5.128
	6



	R36
	6
	0
	15.385
	0
	6



	R32
	5
	1
	12.821
	2.564
	4



	R31
	6
	3
	15.385
	7.692
	3



	R3
	5
	2
	12.821
	5.128
	3



	R11
	5
	2
	12.821
	5.128
	3
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Table 9. The top eight risk factors ranked by node betweenness centrality.
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	Rank
	1
	2
	3
	4
	5
	6
	7
	8





	Risk ID
	R24
	R10
	R31
	R5
	R11
	R4
	R12
	R14



	Node Betweenness Centrality
	113.333
	97.167
	96.833
	91.667
	78.000
	67.000
	63.167
	52.333
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Table 10. The top 20 relationships according to line betweenness centrality analysis.
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	Rank
	Relationships
	Betweenness Centrality Analysis





	1
	R5→R31
	89.333



	2
	R4→R5
	89.000



	3
	R24→R11
	87.000



	4
	R12→R24
	85.167



	5
	R11→R4
	76.000



	6
	R1→R6
	52.667



	7
	R31→R9
	45.333



	8
	R10→R12
	44.667



	9
	R9→R40
	34.333



	10
	R2→R15
	31.000



	11
	R31→R32
	28.667



	12
	R10→R14
	28.500



	13
	R35→R1
	27.500



	14
	R3→R10
	25.500



	15
	R13→R12
	24.667



	16
	R6→R9
	24.000



	17
	R32→R24
	23.333



	18
	R40→R8
	22.333



	19
	R10→R2
	22.000



	20
	R14→R17
	22.000
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Table 11. Core risk factors of PBPs in Qinghai Province.
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Risk ID

	
Risk

	
Classification




	
Stakeholder

	
Life Cycle






	
R4

	
Low communication efficiency between partners

	
Developer/Designer/

Contractor/Manufacturer

	
Feasibility study/Design/

Construction/Component supply




	
R10

	
Design changes frequently

	
Designer

	
Design




	
R11

	
Lack of standardized design system




	
R12

	
Imperfect design paper




	
R14

	
Unreasonable construction scheme

	
Contractor

	
Construction




	
R21

	
Lack of management experience




	
R24

	
Immature key technologies




	
R31

	
Problems in factory management

	
Manufacturer

	
Component supply




	
R36

	
Imperfect regulations and standards

	
Government

	
Feasibility study
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Table 12. List of other key risk relationships.






Table 12. List of other key risk relationships.





	
Rank

	
Relationships

	
Betweenness Centrality Analysis






	
6

	
R1→R6

	
Market demand fluctuation → Lack of professional consultants

	
52.667




	
10

	
R2→R15

	
Underestimate cost → Lack of skilled labor

	
31




	
13

	
R35→R1

	
Policy changes → Market demand fluctuation

	
27.5




	
16

	
R6→R9

	
Lack of professional consultants → Low level of information technology

	
24




	
18

	
R40→R8

	
Lack of reasonable and scientific maintenance → Difficult to recycle resources

	
22.333
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Table 13. The statistical number of reachable matrices before and after the risk control.
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Risk ID

	
Before the Risk Control

	
After the Risk Control

	
Risk ID

	
Before the Risk Control

	
After the Risk Control

	
Risk ID

	
Before the Risk Control

	
After the Risk Control






	
R1

	
29

	
9

	
R15

	
5

	
2

	
R29

	
0

	
0




	
R2

	
6

	
0

	
R16

	
7

	
4

	
R30

	
2

	
2




	
R3

	
27

	
8

	
R17

	
1

	
1

	
R31

	
22

	
0




	
R4

	
22

	
0

	
R18

	
0

	
0

	
R32

	
22

	
4




	
R5

	
22

	
1

	
R19

	
2

	
2

	
R33

	
2

	
2




	
R6

	
23

	
2

	
R20

	
2

	
2

	
R34

	
1

	
1




	
R7

	
0

	
0

	
R21

	
26

	
0

	
R35

	
30

	
0




	
R8

	
1

	
1

	
R22

	
8

	
2

	
R36

	
31

	
0




	
R9

	
22

	
4

	
R23

	
23

	
1

	
R37

	
30

	
10




	
R10

	
22

	
0

	
R24

	
22

	
0

	
R38

	
0

	
0




	
R11

	
22

	
0

	
R25

	
0

	
0

	
R39

	
3

	
1




	
R12

	
22

	
0

	
R26

	
1

	
1

	
R40

	
2

	
0




	
R13

	
22

	
0

	
R27

	
0

	
0

	
Total

	
486

	
60




	
R14

	
4

	
0

	
R28

	
0

	
0
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