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Abstract

:

Prefabricated buildings that are more environmentally friendly have been vigorously promoted by the Chinese government because of the reduced waste and carbon emissions during the construction process. Most of the construction processes of prefabricated buildings are completed in the prefabricated component factory, but the safety risks during the hoisting process cannot be ignored. In this paper, the initial framework of a Bayesian Network (BN) is obtained from the combination of the improved Human Factors Analysis and Classification System Model (HFACS) and BN. The improved similarity aggregation method (SAM) is used to calculate the prior probability of BN, which can better summarize and deal with the fuzzy judgment of experts on risk accidents. The improved SAM can consider both the weight of experts and the relative consistency of their opinions, which is of great significance for improving the reliability of BN inputted data. This paper uses the construction project in Sanya, Hainan Province, to verify the validity of the model. The results show that the calculation results of the model are basically consistent with the actual situation. The safety risk of this project is relatively low, and the premise of unsafe behaviors and unsafe supervision are the key risk factors of the project. In addition to maintaining good construction conditions and workers’ healthy states, it is also necessary to carefully check the performance of tower cranes and equipment such as spreaders. During the operation process of the tower crane, workers should avoid walking or staying within the hoisting range.
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1. Introduction


Prefabricated buildings have been vigorously promoted by the Chinese government because of the advantages of producing less construction waste [1] and carbon emissions [2], and faster construction [3]. In the past few years, the areas of newly built prefabricated buildings have been increasing [4], and the proportion of newly built prefabricated buildings in 2021 has reached 20.5% of the new buildings in China [5]. The “Opinions on Promoting the Green Development of Urban and Rural Construction” issued by the General Office of the Central Committee of the Communist Party of China and the General Office of the State Council pointed out [6] that it is necessary to vigorously develop prefabricated buildings and focus on promoting the construction of steel-structure prefabricated buildings, so as to continuously improve the standardization level of components and promote the formation of a complete industrial chain, thus increasing the coordinated development of intelligent construction and building industrialization. Therefore, local governments have actively responded to the call of the central government through the issues of various planning policies for the development of prefabricated buildings [7,8]. For example, Beijing clearly required steel structures to be used in new public buildings [9]. By 2022, the area of prefabricated buildings will account for more than 35% of that of the new constructions; Guangdong Province clearly pointed out that by 2025, the proportion of urban prefabricated buildings in the Pearl River Delta will account for more than 35% of the new construction area, and more than 30% of the prefecture level downtown areas in eastern and northwestern Guangdong with a permanent resident population of more than 3 million, and more than 20% in other areas. Hainan Province has higher requirements: by the end of 2025, prefabricated buildings should account for more than 80% of new constructions, and two national-level prefabricated building demonstration cities should be built. It is also vital to balance the supply and demand of the annual production capacity of prefabricated components. The introduction of these policies demonstrates that prefabricated buildings will be an important and even main construction method in China [10].



The construction process of prefabricated buildings can be roughly divided into five stages: component production [11], transportation [12], on-site storage, hoisting, splicing, and installation [13,14]. The component production is mainly carried out in the prefabricated component factory, in which the corresponding prefabricated components are produced according to the design instructions and the production standards [15]. Then, the prefabricated components will be transported to the construction site for storage. When the construction starts, the construction unit will transport the prefabricated components to the corresponding position through the tower crane. During the hoisting process, the tower crane driver and the ground workers (signalmen and riggers) must cooperate with each other to better promote construction safety because of their different sights [16]. After the prefabricated components are hoisted to the corresponding position, the tower crane driver and the installers also need to cooperate with each other. The installers set up temporary supports to completely fix the prefabricated components, then the connection between the components and the tower crane can be removed [17].



By repeating the above process, a prefabricated building can be built [18]. It is obvious to find that the main process of the prefabricated building at the construction site is to hoist the prefabricated components. A more specific description of the hoisting process of the prefabricated components is shown in Figure 1 (referring to the actual prefabricated construction project, the solid line frame is the basic process of hoisting the prefabricated components; the dotted line frame is the preparation and perfection).



In Figure 1, “component lifting and installation” and “component adjustment and temporary fixation” are the two links with the longest construction time and are the most likely to lead to safety accidents [19]. Before hoisting the prefabricated components, the positioning traction ropes should be fastened onto the components to ensure safety and firmness; the special spreader shall be installed and hung on the hook of the tower crane and connected with the hanging point on the component. The workers should check whether it is firm. After the prefabricated components are hoisted and before installation, the sling should be kept balanced, and the components should be lowered when it is safe. When lowering the prefabricated components, the installers should use the traction rope to control the position and direction to make the whole process smooth and slow. After the installation is completed, the position without force or unbalanced force shall be adjusted in time [20]. In summary, the hoisting construction of prefabricated buildings is very complex. It is necessary to analyze the construction risks in hoisting construction to avoid safety accidents.



The rest of this paper is structured as follows: Section 2 is the relevant literature. Section 3 introduces the methodology and establishes a model for the problem of this paper. Section 4 validates the model with real cases and conducts sensitivity analysis. Section 5 discusses the model and puts forward relevant management suggestions. Section 6 summarizes the full text and gives an outlook for future research.




2. Literature Review


2.1. Safety Risk Analysis of Construction Project


Construction safety risk analysis has always been the focus of academic research. The analysis can be divided into two aspects: the overall construction risks analysis and the risk analysis in the specific construction process.



From the overall construction risks, many scholars are keen to study the construction risks of subway projects. Zhou [21] established an intelligent model based on random forest for the risk prediction of subway construction. The prediction model can be used as the basis for the implementation of subway foundation pit safety risk prediction, helping to implement emergency measures in advance. Based on the BP neural network, Li [22] has carried out intelligent identification of the safety risks of subway construction from the aspects of human factors and managements, which can ensure that the construction unit finds the risks and takes measures in time. In order to determine the success factors of construction safety management, Liu [23] established an interpretative structural model (ISM) through a literature review and questionnaire to find out the relationship between different factors, which is helpful to improve the safety performance in the process of subway construction and reduce the safety accidents. Many scholars have also conducted research on prefabricated buildings. Through the analytic hierarchy process (AHP) and entropy weight method, Liu [24] proposed an evaluation method of prefabricated buildings’ construction safety based on a cloud model, which provides a new perspective to objectively evaluate the safety of prefabricated projects. Based on an ISM and the analytical network process (ANP), Xu [25] evaluated the safety factors of prefabricated building construction, which is of great significance to reduce the safety risks in prefabricated building construction.



From the perspective of specific construction risks, many scholars believe that the hoisting is the most risky. Liu [26] thought that some of the existing pieces of research do not consider the interaction of risk factors in the hoisting stage, so he proposed a security risk analysis method that integrates the Internet of Things, a building information model, the Apriori algorithm, and a complex network, in order to achieve effective security management and decision-making. Lu [27] established a comprehensive prefabricated construction site layout model, which integrated the hoisting efficiency, construction risks, and transportation costs of the prefabricated components, and obtained the Pareto optimal solution by a genetic algorithm. This model helps to solve the site layout problem of prefabricated building construction.



In summary, the hoisting construction is the key point in the safety management of prefabricated buildings. This paper will further analyze the relationship between the safety risks of prefabricated building hoisting construction and propose new management suggestions.




2.2. HFACS Model


The traditional theory of accident causes is mostly analyzed separately from the four aspects of human, object, management, and environment, without considering the internal relationship between the factors [28]. The HFACS frame takes into account the transitive impact of organizational factors on unsafe behaviors at the individual level, which is more comprehensive and scientific than the independent analysis. The HFACS model was first proposed by scholars such as SHAPPELL in 2000 [29], and it is still used by researchers in various academic fields. The specific analysis of the model includes four levels: unsafe behavior, the premise of unsafe behavior, unsafe supervision, and organizational impact. As shown in Figure 2.



Since 2000, many scholars have promoted and applied the HFACS model. For example, Reinach and Viale [30] firstly modified the HFACS frame by adding external factors and established the HFACS-RR frame suitable for railway accidents. Chauvin [31] constructed a HFACS-Cloo frame for marine collision accidents and proved its rationality by analyzing 27 typical marine collision accidents. Spiess [32] applied the HFACS frame to the analysis of medical malpractice by adding health education and proved that it can improve the health condition of patients. Patterson and Shappell [33] introduced the HFACS frame into the safety analysis of the coal mining industry and verified the applicability and rationality of the frame with 508 typical accidents in the coal mining industry. In conclusion, the HFACS frame has strong extensibility and practicability. The extension and application of HFACS to the safety risk analysis of prefabricated building hoisting construction will contribute to different conclusions from the previous research. The specific extended application in this paper is detailed in Chapter 3 Methodology and Chapter 4 Case Analysis.




2.3. Fuzzy Bayesian Network


The HFACS frame can determine the specific risk factors of safety accidents and their interrelationships, but it cannot confirm the weight and control focus of each risk factor in detail [34]. Therefore, in order to further sort out and determine the impact of risk factors, the author mapped the HFACS frame to a BN. Liu [35] constructed the HFACS-CM frame of coal mine accidents and analyzed it combined with structural equation model (SEM), thus obtaining the main risk factors that will lead to safety accidents for miners. Xia [36] constructed the HFACS-BN model to actively predict the safety performance of construction projects and provide some suggestions for the safety risk management. Rostamabadi [37] proposed an accident analysis model that combines BN and the fuzzy best worst method (fuzzy BWM) into the HFACS frame. This method can effectively analyze and predict the safety risks in accidents. Based on the literature analysis and the characteristics of high-altitude crashes during construction, Luo [38] established the HFACS-BN model and put forward management opinions on high-altitude crash events. When constructing a BN and analyzing the risk probability, the prior probability of the accident must be determined by integrating the opinions of experts. There are many methods of integrating experts’ opinions, such as the arithmetic mean method of reserve calculation [39], the Delphi method [40], the similarity aggregation method (SAM) [41], and the fuzzy analytic hierarchy process (FAHP) [42]. Among them, the arithmetic mean method of reserve calculation is just a simple arithmetic average of experts’ opinions; the Delphi method considers the maximum uncertainty of experts; and FAHP is an extension of traditional AHP, which uses fuzzy language to deal with the experience and knowledge of each expert, so as to obtain the objective weight; while SAM can comprehensively consider the weight of each expert and the consistency between different experts.



The above-mentioned experts’ opinions and methods have their own characteristics and scopes of application, and most of them pay attention to the evaluation value of high-weight experts, while ignoring the opinions of low-weight experts. If the opinions of most low-weight experts are similar, the results will be biased, because authoritative experts may also make inaccurate judgments. Among the above methods, only SAM considers both the expert weight and consistency. However, the traditional SAM method ignores the influence of expert weight on consistency; therefore, this paper improves the traditional SAM by integrating the influence of expert weight on consistency. The improved SAM method can make the aggregation results more scientific. Using this method to calculate the prior probability of a BN can reduce the uncertainty and identify the probabilities of key accidents more reliably.





3. Methodology


3.1. HFACS Frame for Hoisting Construction of Prefabricated Building Components


The traditional HFACS frame is mostly used in the aviation industry [43]. Compared with the hoisting construction of prefabricated components studied in this paper, the working conditions, workers, management, and many other factors are different, which brings different transmission process of risks. Therefore, it is not suitable to directly apply the HFACS frame for the aviation industry to the hoisting construction of prefabricated components. This paper extracts the process and causes of the accidents from the investigation report and cases of safety accidents in hoisting construction of prefabricated components in recent years [44] and modifies the original HFACS frame to adapt to the environmental characteristics of prefabricated component hoisting construction accidents. The revised HFACS frame is shown in Figure 3. With reference to literature [44,45] and specific hoisting construction accidents of prefabricated buildings, and combined with the construction characteristics of prefabricated buildings, the specific causative factors are obtained and shown in Table 1.



Considering the current situation of China’s construction industry and the characteristics of prefabricated building construction, the following improvements are made on the basis of the original HFACS frame [46,47]:




	(1)

	
External environment factor that includes policy factors and industry management is added. Policy factors include two aspects: imperfect technical safety standards for hoisting constructions and imperfect management methods of special operation workers. If the government cannot issue perfect management methods, it is not conducive to standardizing the behaviors of the construction unit and construction safety.




	(2)

	
In terms of unsafe supervision, improper planning, and inability to fix the problems are combined into insufficient supervision. Improper planning corresponds to the behavior before supervision, and unable to fix the problems corresponds to the behaviors after the accidents, both of which can be summarized in insufficient supervision. Insufficient dynamic supervision is added. Tower crane construction needs to consider the cooperation between workers in construction space and on the ground. The tower crane hook visualization system and safety monitoring system for collision avoidance of tower crane can effectively reduce the probability of mishook and collision accidents.




	(3)

	
In terms of the premise of unsafe behavior, the operators’ states and personnel factors are merged into the states of workers. As mentioned above, tower crane construction workers mainly include tower crane drivers and ground workers whose situation should be taken into account. The factor of construction conditions is added. The natural environment is uncontrollable, and the construction conditions are artificially determined, including unreasonable stacking of prefabricated components on the ground and the height of tower crane.




	(4)

	
Unsafe behaviors are divided into two major aspects: professional skill errors such as invalid communication between tower crane drivers and ground workers, and errors in normal operations such as multitasking.










3.2. Bayesian Networks (BN)


According to the above-established HFACS frame for hoisting construction of prefabricated buildings, the identified factors are converted into nodes in the BN, and the HFACS frame is mapped to the BN structure, as shown in Figure 4. H is the leaf node of BN, that is, the node where the accident happens.



Considering that the occurrence of variables requires certain conditions, the joint probability distribution   P  ( X )    [48] of the variable   X =  {   X 1  , ⋯  X n   }    in the BN can be expressed as:


  P  ( X )  =   ∏   i = 1  n  P (  X i  | P a  (   X i   )  )  



(1)







In the above formula,   P a  (   X i   )    is the superset of    X i   . When   ∀ i ϵ    [  1 , n  ]   , the probability of    X i    will be defined as:


  P  (   X i   )  =   ∑    X i  , j ≠ i   P  ( X )   



(2)







BN uses the observation result (defined as E) before the update of Bayesian theorem, that is, the prior probability of variables to produce a posterior probability [49]. As shown in formula (3):


  P  (  X | E  )  =   P  (  X , E  )    P  ( E )    =   P  (  X , E  )      ∑  X  P  (  X , E  )     



(3)







The above prior probabilities are often obtained through expert interviews or questionnaires [42]. As described in the literature review, most scholars have adopted various methods to deal with experts’ estimates, and different methods have different advantages and scope of application. Considering that experts will give different, or even opposite results, the reliability of the research may be greatly reduced. In order to consider the weight importance of experts and the relative consistency of the opinions, this paper intends to consider the use of an improved SAM method to aggregate experts’ judgments, thus getting more reliable results.




3.3. Improved SAM


The method of aggregating experts’ opinions adopted by previous scholars is to make the weight of experts the only indicator to show the reliability of the estimated values [50], that is, the opinions of experts with high weight tend to be more influential than those of low-weight experts. SAM can not only consider the relative importance of experts, but also the relative consistency of their opinions. However, the original SAM integrates these two factors only through simple linear addition. Therefore, the main goal of this chapter is to improve the original SAM and take the weight of experts and the consistency of their opinions into consideration (see details in formula (5)). In addition, it is unreasonable to judge experts’ weights only by the educational background or professional title. This paper comprehensively considers the experts’ professional title, work experience, educational background, and age [41,51]. The specific parameters and scores are shown in Table 2.



If there is a 45-year-old expert with the title of associate professor with a Ph.D. and 20 years of work experience, his score is   30    (  6 + 8 + 10 + 6  )   . After synthesizing all the scores, his expert weight is the result of dividing his weight score by the scores of all experts. The specific steps of obtaining the prior probability by the improved SAM method are as follows:



Firstly, calculate the similarity   S  (   E a  ,  E b   )    of opinions between each pair of experts.    E a    and    E b    represent the judgments of expert a and b on fuzzy events. The specific weight values of expert a and b are, respectively, defined as    E a  =  (   a 1  ,  a 2  ,  a 3  ,  a 4   )   ,    E b  =  (   b 1  ,  b 2  ,  b 3  ,  b 4   )   . The calculation formula of   S  (   E a  ,  E b   )    [49] is:


  S  (   E a  ,  E b   )  = 1 − 1 / 4   ∑   i = 1  4   |   a i  −  b i   |   



(4)







The similarity of the two experts’ opinions can be judged by calculating the differences between the professional titles, work experience, educational background, and age.



Secondly, calculate the weighted agreement degree   W A (  E a  )   of expert a. The weights of expert a and b are defined as   W (  E a  )   and   W (  E b  )  . The calculation formula to define the weighted agreement   W A (  E a  )   of expert a is:


  W A (  E a  ) =     ∑   b = 1  N  W  (   E b   )  · S  (     R a   ˜  ,    R b   ˜   )      ∑   b = 1  N  W  (   E b   )    , a ≠ b  



(5)







Then, calculate the degree of relative consistency (  R A  ) of the experts [52], defined as:


  R A (  E a  ) =   W A (  E a  )     ∑   a = 1  N  W A  (   E a   )     



(6)







Then, calculate the Consensus Coefficient (CC) of each expert [52], defined as:


  C C (  E a  ) = β × W (  E a  ) +  (  1 − β  )  × R A (  E a  )  



(7)







  β  (  0 ≤ β ≤ 1  )    in the above formula is the relaxation coefficient, which is the key factor to balance the importance of   W (  E a  )   and   R A (  E a  )  , so this needs to be decided by the decision makers.



Finally, the opinions of experts can be aggregated, and the final fuzzy number  E  can be obtained, which is defined as:


  E = C C (  E 1  ) ×  E 1  + C C (  E 2  ) ×  E 2  + ⋯  



(8)







In order to turn the fuzzy number  E  into a fuzzy possibility score (FPS), this paper adopts the CoA fuzzification technology.    E a  =  (   a 1  ,  a 2  ,  a 3  ,  a 4   )    is a standard trapezoidal number, and its member function is defined as:


  u  ( x )  =  {     0        x −  a 1     a 2  −  a 1         1        x −  a 4     a 4  −  a 3         0          x <  a 1         a 1  ≤ x <  a 2              a 2  ≤ x <  a 3         a 3  ≤ x <  a 4             x ≥  a 4       



(9)







Defuzzification of trapezoidal fuzzy numbers is as follows:


   F P S =     ∫    a 1     a 2      x −  a 1     a 2  −  a 1    x d x +   ∫    a 2     a 3    x d x +   ∫    a 3     a 4       a 4  − x    a 4  −  a 3    d x     ∫    a 1     a 2      x −  a 1     a 2  −  a 1    d x +   ∫    a 2     a 3    d x +   ∫    a 1     a 2       a 4  − x    a 4  −  a 3    d x      =  1 3       (   a 4  +  a 3   )   2  −  a 3   a 4  −    (   a 1  +  a 2   )   2  +  a 1   a 2     (   a 4  +  a 3  −  a 1  −  a 2   )      



(10)







In order to convert   F P S   into the corresponding fuzzy failure probability (  F F P  ), this paper adopts the commonly used Onisawa function [53]. The conversion of fuzzy   F P S   into   F F P   is as follows:


  F F P =  {       1    10  K      i f   F P S ≠ 0       0   i f   F P S = 0       K =    [   (    1 − F P S   F P S    )   ]     1 3    × 2.301  



(11)







This paper defuzzifies the obtained fuzzy possibility to obtain   F P S  , and then converts it into   F F P  , so that a quantified probability value, that is, a prior probability value, can be obtained. Through the calculation of the formulas (4)–(11), the prior probability of the BN can be obtained, and by inputting the prior probability into the BN, the posterior probability, that is, the possibility of an accident, can be obtained. Validation studies with real cases will be analyzed in the next chapter.





4. Case Analysis


4.1. Project Overview and Data Sources


The Hongye Haitang Residential Community Project is located in the east of Sanya City, Hainan Province, China, with a total construction area of 36,911.4 m2 and a prefabricated construction area of 21,438.92 m2, including 11 six-story residential buildings and one commercial supporting building. The prefabricated components are prefabricated stairs, prefabricated laminated floor slabs, and prefabricated lightweight interior partition walls. The building height is 19.6m. The BN structure in this paper is shown in Figure 4. In order to figure out the prior probability of each accident during the construction, it is necessary to investigate with experts to determine the probability of the accidents. This paper selects an expert engaged in the construction of prefabricated buildings, an expert engaged in the research of tower crane construction in universities, and one safety manager on the construction site to collect their evaluation indicators of the project by means of telephone interview and questionnaire. The data are collected in the form of fuzzy numbers [51]. The specific fuzzy language terms are shown in Table 3. Taking “Very low” as an example, the fuzzy number is (0, 0, 0.1, 0.2), which corresponds to the judgment    E a  =  (   a 1  ,  a 2  ,  a 3  ,  a 4   )    of expert a in formula (4). If expert a believes that the probability of the accident leading to the final result is very low, and then    E a  =  (   a 1  ,  a 2  ,  a 3  ,  a 4   )  =  (  0 , 0 , 0.1 , 0.2  )   .



The detailed data of the three experts involved in this study are shown in Table 4. Taking Expert One as an example, referring to the standard in Table 2, its weight score calculation formula is   36  (    8 + 10 + 10 + 8  )   . After the scores of all experts are obtained, the weight ratio of experts can be calculated by dividing the scores of individual experts by the sum of the total scores of experts.



After calculating the weight ratio of each expert and collecting the judgment of each expert on the node accident, the prior probability of each node accident can be calculated through the above formulas (4)–(11). Showing the process of calculating all 34 nodes in this study will lead to a cumbersome paper, so the researcher selected node    C  21    “without using the tower crane hook visualization system” for the example calculation. The judgments of the three experts on node    C  21     are (high, low, and lower). The detailed calculation process is shown in Table 5.



The calculation of other nodes is similar to the calculation process in Table 5, so it is not repeated. Through the above process, the prior probability of other nodes can be calculated. The prior probabilities of all nodes are shown in Table 6.



Summarize the opinions of experts and calculate the prior probability of each node. The posterior probability can be obtained by further analysis by establishing a hoisting construction safety evaluation model.




4.2. Construction of Safety Evaluation Model for Hoisting Construction


According to the BN constructed in Section 3.2, the BN structure of the safety risk of the prefabricated building hoisting construction was established in the graphical view interface of GeNIe2.3. The forward and reverse reasoning are performed on the BN. Through forward reasoning, the prior probability of intermediate nodes and accident nodes can be obtained, that is, the probability of accidents during the hoisting process of prefabricated components. Through reverse reasoning, the posterior probability of the initial node can be obtained, and the key risk factors can be identified. Input the prior probability of each node obtained in Section 4.1 and calculate the data by GeNIe2.3. The result is shown in Figure 5.



The results show that the probability of safety accidents in the hoisting construction of prefabricated components of the project is 1%, which is consistent with the operation of the project. No safety accidents occurred during the hoisting of the prefabricated components of the project, mainly because the buildings are not very high, and the construction is not difficult. In order to analyze the key points of control in the hoisting construction of prefabricated components, the author assumed that a safety accident has occurred (i.e., the probability of the occurrence of accident node H is 100%) and obtained the posterior probability of each risk factor through GeNIe2.3. The results are shown in Figure 6.



It can be seen from the above that the posterior probabilities of A, B, C, D, and E are 0.11, 0.21, 0.29, 0.36, and 0.28, respectively, indicating that if a safety accident occurs in the hoisting construction of prefabricated components, the unsafe supervision, the premise of unsafe behaviors, and unsafe behaviors are most likely to have something wrong. This may because that the operation of the tower crane driver and the ground workers and their cooperation as well as the supervision are the necessary prerequisites for the safe construction of the tower crane. Further diagnosis and reasoning are carried out on the three factors to obtain the possible factors that need to be checked after the factors with a high posterior probability have problems. Let the occurrence probability of node C unsafe supervision, node D the premise of unsafe behavior, and node E unsafe behavior be 100%, respectively, and input them into the model. The risk probability of the factors affecting the root nodes of nodes C, D, and E is obtained as shown in Table 7, Table 8 and Table 9.




4.3. Sensitivity Analysis


In order to measure the importance of the root nodes in the BN structure, this paper calculates the sensitivity of the root node to the leaf nodes through the Ratio of Variation (RoV) of failure probability. The detailed calculation formula is as follows:


  R o V  (   x r   )  =    P L   (   x r   )  −  P F   (   x r   )     P F   (   x r   )     



(12)







Among them,    P L   (   x r   )    and    P F   (   x r   )    are the posterior probability and prior probability of the root nodes. The larger the value of the   R o V  , the stronger the probability dependence of the leaf node on the root node. The author sets node H as the target node and calculates the sensitivity of each safety risk factor by formula (12). The results are shown in Table 10, Table 11, Table 12 and Table 13.



It can be seen from Table 10 that the key safety risk factors of prefabricated building hoisting construction mainly include:    E  22     Multitasking of tower crane drivers and ground workers,    D  33     Height of tower cranes,    B  31     Safety defects of imported the tower cranes, spreaders, slings, hoisting baskets, and claps,    C  12     Incomplete safety inspection of tower cranes by maintainers and drivers,    E  21     In-site workers move or stay within the hoisting range, and    E  13     No temporary supports.



This shows that the hoisting construction of prefabricated buildings should focus on the management of the tower crane drivers and ground workers on the construction site and improve their safety awareness. The imported tower cranes and the tools should be carefully checked, and perfect equipment management measures should be established. The training and assessment of construction workers are also of great importance, especially the training about technologies related to temporary support and the installation of prefabricated components. It can be seen from Table 12 that from a macro perspective, the risk factors affecting the hoisting and construction of prefabricated buildings are the unsafe supervision, organizational influence, unsafe behavior, external factors, and premise of unsafe behavior, which are consistent with the prior probability calculation. The same results indicate that the prefabricated building hoisting construction should pay attention to the premise of unsafe behavior at the macro level and improve the safety supervision system.





5. Discussion


5.1. Model Analysis


The prior probabilities of BN in this paper are calculated by the improved SAM. There is a relaxation coefficient  β  in the improved SAM, which is a key factor to balance the importance of   W (  E a  )   and   R A (  E a  )  . In this paper, but the actual value is not necessarily 0.5. Take node    C  21     “without using the tower crane hook visualization system” an example calculation. Make  β  be 0.2, 0.5, and 0.8, and calculate the prior probability of node    C  21     again.



	(1)

	
Make   β = 0.2  , where the calculation of   S  (   E a  ,  E b   )  , W A (  E a  ) ,   R A (  E a  )   are not affected.


    C C (  E a  ) = β × W (  E a  ) +  (  1 − β  )  × R A (  E a  ) , C C (  E 1  ) = β × W (  E 1  ) +  (  1 − β  )  × R A (  E 1  )  = 0.2 × 0.43 + 0.8 × 0.27 = 0.302    C C (  E 2  ) = β × W (  E 2  ) +  (  1 − β  )  × R A (  E 2  ) = 0.2 × 0.33 + 0.8 × 0.33 = 0.33    C C (  E 3  ) = β × W (  E 3  ) +  (  1 − β  )  × R A (  E 3  ) = 0.2 × 0.24 + 0.8 × 0.4 = 0.368    E = C C (  E 1  ) ×  E 1  ⋯ ,   E = 0.302 ×  (  0.7 , 0.8 , 0.8 , 0.9  )  + 0.33 ×  (  0.1 , 0.2 , 0.2 , 0.3  )  + 0.368 ×  (  0.2 , 0.3 , 0.4 , 0.5  )   =  (  0.319 , 0.419 , 0.455 , 0.555  )     F P S =  1 3       (   a 4  +  a 3   )   2  −  a 3   a 4  −    (   a 1  +  a 2   )   2  +  a 1   a 2     (   a 4  +  a 3  −  a 1  −  a 2   )    = 0.437    F F P =  {       1    10  K      i f   F P S ≠ 0       0   i f   F P S = 0       K =    [   (    1 − F P S   F P S    )   ]     1 3    × 2.301 ,   K =    [   (    1 − 0.458   0.458    )   ]     1 3    × 2.301 = 2.43 , F F P = 0.0031    












	(2)

	
Make   β = 0.5  


   C C (  E a  ) = β × W (  E a  ) +  (  1 − β  )  × R A (  E a  ) , C C (  E 1  ) = β × W (  E 1  ) +  (  1 − β  )  × R A (  E 1  )  = 0.5 × 0.43 + 0.5 × 0.27 = 0.35    C C (  E 2  ) = β × W (  E 2  ) +  (  1 − β  )  × R A (  E 2  ) = 0.5 × 0.33 + 0.5 × 0.33 = 0.33    C C (  E 3  ) = β × W (  E 3  ) +  (  1 − β  )  × R A (  E 3  ) = 0.5 × 0.24 + 0.5 × 0.4 = 0.32    E = C C (  E 1  ) ×  E 1  ⋯ ,   E = 0.35 ×  (  0.7 , 0.8 , 0.8 , 0.9  )  + 0.33 ×  (  0.1 , 0.2 , 0.2 , 0.3  )  + 0.32 ×  (  0.2 , 0.3 , 0.4 , 0.5  )   =  (  0.342 , 0.442 , 0.474 , 0.574  )     F P S =  1 3       (   a 4  +  a 3   )   2  −  a 3   a 4  −    (   a 1  +  a 2   )   2  +  a 1   a 2     (   a 4  +  a 3  −  a 1  −  a 2   )    = 0.458    F F P =  {       1    10  K      i f   F P S ≠ 0       0   i f   F P S = 0       K =    [   (    1 − F P S   F P S    )   ]     1 3    × 2.301 ,   K =    [   (    1 − 0.458   0.458    )   ]     1 3    × 2.301 = 2.43 , F F P = 0.0037   












	(3)

	
Make   β = 0.8  


   C C (  E a  ) = β × W (  E a  ) +  (  1 − β  )  × R A (  E a  ) , C C (  E 1  ) = β × W (  E 1  ) +  (  1 − β  )  × R A (  E 1  )  = 0.8 × 0.43 + 0.2 × 0.27 = 0.398    C C (  E 2  ) = β × W (  E 2  ) +  (  1 − β  )  × R A (  E 2  ) = 0.8 × 0.33 + 0.2 × 0.33 = 0.330    C C (  E 3  ) = β × W (  E 3  ) +  (  1 − β  )  × R A (  E 3  ) = 0.8 × 0.24 + 0.2 × 0.4 = 0.272    E = C C (  E 1  ) ×  E 1  ⋯ ,   E = 0.398 ×  (  0.7 , 0.8 , 0.8 , 0.9  )  + 0.33 ×  (  0.1 , 0.2 , 0.2 , 0.3  )  + 0.272 ×  (  0.2 , 0.3 , 0.4 , 0.5  )   =  (  0.366 , 0.466 , 0.493 , 0.593  )     F P S =  1 3       (   a 4  +  a 3   )   2  −  a 3   a 4  −    (   a 1  +  a 2   )   2  +  a 1   a 2     (   a 4  +  a 3  −  a 1  −  a 2   )    = 0.480    F F P =  {       1    10  K      i f   F P S ≠ 0       0   i f   F P S = 0       K =    [   (    1 − F P S   F P S    )   ]     1 3    × 2.301 ,   K =    [   (    1 − 0.458   0.458    )   ]     1 3    × 2.301 = 2.43 , F F P = 0.0043   















It can be seen from the above that   F F P  |  β = 0.8   > F F P  |  β = 0.5   > F F P  |  β = 0.2    , that is, if the value of  β  is increased, the value of   F F P   will be more inclined to the judgment of high-weight experts. While reducing the value of  β  and increasing    (  1 − β  )   , the value of   F F P   will be more inclined to the result chosen by the majority of experts. Therefore, when decision makers use the above formulas to calculate the prior probabilities of BN, they should first clarify their risk preferences, whether they are willing to trust experts with a larger weight proportion and are more reliable, or to trust the choices of the majority.




5.2. Key Findings and Management Suggestions


In Section 4.3, the author conducts a sensitivity analysis on the different indicators of the three levels. The top five most sensitive indicators at each level are summarized in Table 13.



Based on the IHFACS frame, this paper establishes a safety risk evaluation indicator system for the hoisting construction of prefabricated buildings. The system includes 5 first-level indicators such as the premise of unsafe behaviors, 13 second-level indicators such as policy factors, industry management, and the natural environment, and 34 third-level indicators such as the multitasking of tower crane drivers and ground workers and tower cranes’ height. By analyzing the sensitivity results of various security risk factors shown in Table 13, the author can obtain the following key findings and put forward some management suggestions:



From a macro perspective, the premise of unsafe behavior and unsafe supervision are the most critical factors, which are largely determined by the contractor. According to the IHFACS frame, the premise of unsafe behaviors will be affected by unsafe supervision, therefore the contractor should strengthen daily supervision and management to avoid illegal supervision and introduce dynamic supervision methods for hoisting construction. In addition, The Contractor shall fully consider the natural environment of the construction site to avoid the impact on the construction process, provide good construction conditions for the workers, pay attention to the health of the workers, and establish a safety technical support system. In addition, strengthen the management of tower cranes, drivers, and ground workers, avoid the situation of relevant personnel working without certificates, and prevent the tower crane from continuing to work in the presence of potential safety hazards.



At the medium level, in addition to paying attention to the natural environment, maintaining good construction conditions, and the state of workers, policy factors and industry management factors should also be considered. However, policy factors and industry managements are not determined by contractors. Incomplete policies and regulations and unreasonable industry management often make contractors put their own interests first without considering the potential safety risks of construction. The contractors often take actions that are not conducive to construction safety in order to catch up with the construction period and seek more benefits. Therefore, it is necessary for the government to strengthen the management of the industry and formulate relevant policies to ensure construction safety.



At the micro level, the key safety risk factors are the Multitasking of tower crane drivers and ground workers, the Height of tower crane, the Safety defects of introduced tower cranes, spreaders, slings, hoisting baskets, and claps, and so on. Contractors should attach importance to the management and safety education of the tower crane drivers and ground workers, and implement the safety responsibility distribution system step by step. A good safety awareness of the tower crane drivers and ground workers should be cultivated so that they can concentrate on the construction. During the contractors’ daily supervision, the performance of the tower cranes’ spreaders, slings, hanging baskets, and hooks should be carefully checked. The contractor should establish a daily maintenance and inspection system for tower cranes, which not only urges maintainers and tower crane drivers to conduct daily inspections and maintenance of tower cranes, but also needs to check maintenance records to avoid staffs’ perfunctory effort. During the construction of the tower crane, workers should avoid walking or staying within the hoisting range.





6. Conclusions


Compared with the previous research on construction risk analysis, this paper adopts an improved HFACS model and considers the influence of external factors to integrate the factors of the original HFACS model, which makes the model more suitable for the research in this paper. In this paper, an improved SAM is proposed to calculate the prior probability in BN, and the improved SAM and BN are combined to evaluate the construction risks of prefabricated building hoisting. The improved SAM can better summarize the fuzzy opinions and truly reflect the judgments of the experts. Through the relaxation coefficient  β , it can effectively balance the relationship between the experts’ weight and consistency. The larger  β  is, the more it favors the opinions of high-weight experts, and the smaller  β  is, the more it favors the opinions chosen by the majority of experts. Compared with the previous SAM, the improved one reduces the weight of high-weight experts’ opinions and increases the weight of the opinions selected by more experts, which can effectively avoid the judgment errors of high-weight experts.



For the cases selected in this paper, the overall safety risk probability level of the project is obtained through the forward reasoning of the BN. Through reverse reasoning, the key risk factors of the project were identified. The evaluation results of the Hongye Haitang Residential Community Project are basically consistent with the actual situation on the construction site, which proves the validity of the model. Since the buildings of the project selected in this paper are not very high and the construction is not difficult, it may be considered to use a project with more construction difficulty for case analysis in the future.



Through the analysis of this paper, the most sensitive factors are determined from the macro, medium, and micro levels. Macro level:  D  Premise of unsafe behavior,  C  Unsafe supervision,   B     Organizational impact,  E  Unsafe behavior, and     A   External factor; Medium level:    A 1    Policy factors,    A 2    Industry management,    D 1    Natural environment,    D 3    Construction conditions, and    D 2    State of workers; Micro level:    E  22     Multitasking of tower crane drivers and ground workers,    D  33     Height of tower crane,    B  31     Safety defects of the tower cranes, spreaders, slings, hoisting baskets, and claps,    C  12     Incomplete safety inspection of tower cranes by maintainers and drivers, and    E  21     In-site workers move or stay within the hoisting range. By strengthening the management of the above-mentioned factors, it is possible to effectively avoid safety accidents during the hoisting construction of prefabricated buildings, which is beneficial for contractors to achieve optimal resources allocation with limited resources and carry out risk managements.



This study also has some limitations. Although the model constructed in this paper can summarize and deal with the fuzzy judgments of experts on risk accidents well, the subjectivity of experts’ judgments still has an impact on the results. Subjective judgments combined with objective construction data can obtain more accurate results. In addition, for the purpose of acquiring more complete conclusion, it is necessary to consider more factors that affect prefabricated building hoisting construction accidents.
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Figure 1. Specific construction procedures for hoisting of prefabricated components. 
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Figure 2. HFACS frame. 
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Figure 3. Prefabricated building hoisting construction HFACS frame. 
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Figure 4. BN structure of prefabricated building hoisting construction. 
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Figure 5. BN forward reasoning of safety accidents in hoisting construction of prefabricated components. 
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Figure 6. BN reverse reasoning of safety accidents in hoisting construction of prefabricated components. 
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Table 1. Causation factors of prefabricated building hoisting construction accidents based on improved HFACS frame.
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Level

	
Category

	
Causation Factor






	
   External   factors   A   

	
   Policy   factor    A 1    

	
   A  11        Imperfect   technical   safety   standards   for   hoisting   constructions .    A  12     Imperfect management methods of special operation workers.




	
   Industry   management    A 2    

	
   A  21     Lack of registration management and inspection of tower cranes.

   A  22     No qualification of workers involved in special type of work.




	
   Organizational   impact   B   

	
   Management   process    B 1    

	
   B  11     Incomplete safety plans for tower crane assembly, operation, and separation.    B  12     Unreasonable construction schedule.




	
   Organizational   atmosphere    B 2    

	
   B  21     Insufficient safety awareness of tower     crane   installation   and   demolition   workers .    B  22     Insufficient safety awareness of tower crane drivers and ground workers.




	
   Resource   Management    B 3    

	
   B  31        Safety   defects   of   imported   the   tower   cranes ,   spreaders ,   slings ,   hoisting   baskets ,   and   claps .    B  32        The   lack   of   safety   education   and   training .    B  33      The   lack   of   warning   signs   in   the   isolation   area   for   tower   crane   installation ,   demolition ,   and   hoisting .    B  34     No safety protection measures such as scaffolds, skids, and locks.




	
Unsafe supervision  C 

	
  Insufficient   supervision    C 1   .

	
   C  11        Insufficient   safety   supervision   of   tower   crane   operation   by   contractors .    C  12     Incomplete safety inspection of tower cranes by maintainers and drivers.




	
  Insufficient   dynamic   supervision    C 2   .

	
   C  21        Tower   crane   hook   visualization   system   is   unused .    C  22        Safe   load   indicator   and   graphic   display   of   crane   operation   are   unused .    C  23     Safety monitoring system for collision avoidance of tower crane is unused.




	
  Illegal   supervision    C 3   .

	
   C  31        Authorization   of   extra - served   tower   cranes .    C  32        Workers   such   as   tower   crane   drivers   and   signal   workers   are   employed   without   certification .    C  33     Although the position of the tower crane does not match the working scope, the construction is still carried out.




	
   Premise   of   unsafe   behavior   D   

	
  Natural   environment    D 1   .

	
   D  11        Poor   ground   conditions   at   the   construction   site .    D  12        Low   visibility   at   the   construction   site .    D  13     Quality changes of prefabricated components caused by ground water on the construction site.




	
  States   of   workers    D 2   .

	
   D  21        Physical   condition   of   tower   crane   drivers   and   ground   workers .    D  22        Tower   crane   drivers   and   ground   workers ’   psychological   pressure   on   construction   progress .    D  23     Lack of practical skills of tower crane drivers and ground workers.




	
  Construction   condition    D 3   .

	
   D  31        Cross   work   of   multiple   tower   cranes .    D  32        Unreasonable   stacking   of   prefabricated   components   on   the   ground .    D  33     Height of tower cranes.




	
   Unsafe   behavior   E   

	
  Errors   in   professional   skills    E 1   .

	
   E  11     Ineffective   communication   between   tower   crane   drivers   and   ground   workers .    E  12        Hoisting   of   prefabricated   components   does   not   use   special   spreaders   and   slings .    E  13     No temporary support is set up, which violates the requirements of the technical solution.




	
  Errors   in   normal   operations    E 2   .

	
   E  21     In-site workers move or stay within the hoisting range.    E  22     Multitasking of tower crane drivers and ground workers.
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Table 2. Experts’ weight and corresponding scores.






Table 2. Experts’ weight and corresponding scores.





	
Indicator

	
Category

	
Score






	
Professional title

	
Senior engineer

	
10




	
Professor

	
8




	
Associate professor/Intermediate engineer

	
6




	
Technician

	
4




	
Worker

	
2




	
Work experience (years)

	
   ≥ 30   

	
10




	
   20 – 29   

	
8




	
   10 – 19   

	
6




	
   6 – 9   

	
4




	
   ≤ 5   

	
2




	
Educational background

	
Doctor

	
10




	
Master

	
8




	
Bachelor

	
6




	
Junior college

	
4




	
Middle school

	
2




	
Age

	
   ≥ 60   

	
10




	
   50 – 59   

	
8




	
   40 – 49   

	
6




	
   30 – 39   

	
4




	
   ≤ 30   

	
2
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Table 3. Fuzzy number set.






Table 3. Fuzzy number set.





	Fuzzy Language
	Fuzzy Number





	Very low
	(0, 0, 0.1, 0.2)



	Low
	(0.1, 0.2, 0.2, 0.3)



	Lower
	(0.2, 0.3, 0.4, 0.5)



	Moderate
	(0.4, 0.5, 0.5, 0.6)



	Higher
	(0.5, 0.6, 0.7, 0.8)



	High
	(0.7, 0.8, 0.8, 0.9)



	Very high
	(0.8, 0.9, 1, 1)







Attach: The larger the value in Table 3, the greater the security risk of the node.
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Table 4. Experts’ information and weight.






Table 4. Experts’ information and weight.














	Expert
	Professional Title
	Work Experience
	Educational Background
	Age
	Score
	Weight Ratio





	Expert1
	Professor
	30
	Doctor
	56
	   8 + 10 + 10 + 8 = 36   
	   36 / 84 = 0.43   



	Expert2
	Intermediate engineer
	25
	Master
	47
	   6 + 8 + 8 + 6 = 28   
	   28 / 84 = 0.33   



	Expert3
	Technician
	12
	Bachelor
	34
	   4 + 6 + 6 + 4 = 20   
	   20 / 84 = 0.24   



	
	
	
	
	
	84
	1
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Table 5. The detailed calculation process of the prior probability of node    C  21    .






Table 5. The detailed calculation process of the prior probability of node    C  21    .





	
Indicator

	
Value

	
Calculation Process






	
   S  (   E 1  ,  E 2   )    

	
   0.4   

	
    S  (   E a  ,  E b   )  = 1 − 1 / 4   ∑   i = 1  4   |   a i  −  b i   |  , S  (   E 1  ,  E 2   )     = 1 − 1 / 4  (   |  0.1 − 0.7  | + |  0.2 − 0.8  | + |  0.2 − 0.8  | +   | 0.3 − 0.9  |    )  = 0.4    

   S  (   E 1  ,  E 3   )  = 1 − 1 / 4  (   |  0.7 − 0.2  | + |  0.8 − 0.3  | + |  0.8 − 0.4  | + |  0.9 − 0.5  |   )  = 0.55   

   S  (   E 2  ,  E 3   )  = 1 − 1 / 4  (   |  0.2 − 0.1  | + |  0.3 − 0.2  | + |  0.4 − 0.2  | + |  0.5 − 0.3  |   )  = 0.85   

   W A (  E a  ) =     ∑   b = 1  N  W  (   E b   )  · S  (     R a   ˜  ,    R b   ˜   )      ∑   b = 1  N  W  (   E b   )    , a ≠ b , W A (  E 1  )  =   W (  E 2  ) · S  (   E 1  ,  E 2   )  + W (  E 3  ) · S  (   E 1  ,  E 3   )    W (  E 2  ) + W (  E 3  )    =   0.33 · 0.4 + 0.24 · 0.55   0.33 + 0.24   = 0.46   

   W A (  E 2  ) =   W (  E 1  ) · S  (   E 1  ,  E 2   )  + W (  E 3  ) · S  (   E 2  ,  E 3   )    W (  E 1  ) + W (  E 3  )   =   0.43 · 0.4 + 0.24 · 0.85   0.43 + 0.24    = 0.56   

   W A (  E 3  ) =   W (  E 1  ) · S  (   E 1  ,  E 3   )  + W (  E 2  ) · S  (   E 2  ,  E 3   )    W (  E 1  ) + W (  E 2  )    =   0.43 · 0.55 + 0.33 · 0.85   0.43 + 0.33   = 0.68   

   R A (  E a  ) =   W A (  E a  )     ∑   a = 1  N  W A  (   E a   )    , R A (  E 1  ) =   0.46   0.46 + 0.56 + 0.68   = 0.27 , R A (  E 2  )  =   0.56   0.46 + 0.56 + 0.68   = 0.33 , R A (  E 3  )  =   0.68   0.46 + 0.56 + 0.68   = 0.4   

   C C (  E a  ) = β × W (  E a  ) +  (  1 − β  )  × R A (  E a  ) , C C (  E 1  )  = β × W (  E 1  ) +  (  1 − β  )  × R A (  E 1  )  = 0.5 × 0.43 + 0.5 × 0.27 = 0.35   

   C C (  E 2  ) = β × W (  E 2  ) +  (  1 − β  )  × R A (  E 2  ) = 0.5 × 0.33 + 0.5 × 0.33  = 0.33   

   C C (  E 3  ) = β × W (  E 3  ) +  (  1 − β  )  × R A (  E 3  ) = 0.5 × 0.24 + 0.5 × 0.4 = 0.32   

   E = C C (  E 1  ) ×  E 1  ⋯ ,   E  = 0.35 ×  (  0.7 , 0.8 , 0.8 , 0.9  )  + 0.33 ×  (  0.1 , 0.2 , 0.2 , 0.3  )   + 0.32 ×  (  0.2 , 0.3 , 0.4 , 0.5  )  =  (  0.342 , 0.442 , 0.474 , 0.574  )    

   F P S =  1 3       (   a 4  +  a 3   )   2  −  a 3   a 4  −    (   a 1  +  a 2   )   2  +  a 1   a 2     (   a 4  +  a 3  −  a 1  −  a 2   )    = 0.458   

   F F P =  {       1    10  K      i f   F P S ≠ 0       0   i f   F P S = 0       K =    [   (    1 − F P S   F P S    )   ]     1 3    × 2.301 ,   K  =    [   (    1 − 0.458   0.458    )   ]     1 3    × 2.301 = 2.43 , F F P = 0.0037   




	
   S  (   E 1  ,  E 3   )    

	
   0.55   




	
   S  (   E 2  ,  E 3   )    

	
   0.85   




	
   W A (  E 1  )   

	
   0.46   




	
   W A (  E 2  )   

	
   0.56   




	
   W A (  E 3  )   

	
   0.68   




	
   R A (  E 1  )   

	
   0.27   




	
   R A (  E 2  )   

	
   0.33   




	
   R A (  E 3  )   

	
   0.4   




	
   C C (  E 1  )   

	
   0.35   




	
   C C (  E 2  )   

	
   0.33   




	
   C C (  E 3  )   

	
   0.32   




	
  E  

	
    (  0.342 ,   0.442 ,   0.474 ,   0.574  )    




	
   F P S   

	
   0.458   




	
   F F P   

	
   0.003   
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Table 6. Prior probability and ranking of all nodes.






Table 6. Prior probability and ranking of all nodes.





	Indicator
	Prior Probability
	Ranking
	Indicator
	Prior Probability
	Ranking





	    A  11     
	0.004539
	28
	    C  31     
	0.036522
	5



	    A  12     
	0.001588
	34
	    C  32     
	0.049201
	3



	    A  21     
	0.002695
	31
	    C  33     
	0.026871
	9



	    A  22     
	0.007936
	24
	    D  11     
	0.002445
	32



	    B  11     
	0.010329
	20
	    D  12     
	0.014106
	30



	    B  12     
	0.005551
	27
	    D  13     
	0.019146
	12



	    B  21     
	0.032023
	7
	    D  21     
	0.034773
	6



	    B  22     
	0.023769
	22
	    D  22     
	0.014044
	16



	    B  31     
	0.097932
	1
	    D  23     
	0.012839
	18



	    B  32     
	0.014755
	14
	    D  31     
	0.014044
	17



	    B  33     
	0.009872
	11
	    D  32     
	0.001707
	33



	    B  34     
	0.007936
	25
	    D  33     
	0.032023
	8



	    C  11     
	0.011716
	19
	    E  11     
	0.026871
	10



	    C  12     
	0.056632
	2
	    E  12     
	0.007936
	26



	    C  21     
	0.003695
	15
	    E  13     
	0.044988
	4



	    C  22     
	0.009889
	21
	    E  21     
	0.009872
	23



	    C  23     
	0.004424
	29
	    E  22     
	0.018226
	13
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Table 7. Posterior probability of reasoning on node C.






Table 7. Posterior probability of reasoning on node C.





	Risk Factor
	Posterior Probability
	Ranking





	   Organizational   impact   B   
	0.113
	3



	   Insufficient   supervision    C 1    
	0.487
	1



	   Insufficient   dynamic   supervision    C 2    
	0.07
	4



	   Illegal   supervision    C 3    
	0.421
	2
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Table 8. Posterior probability of reasoning on node D.






Table 8. Posterior probability of reasoning on node D.





	Risk Factor
	Posterior Probability
	Ranking





	   Unsafe   supervision   C   
	0.227
	3



	   Natural   environment    D 1    
	0.208
	4



	   State   of   workers    D 2    
	0.356
	1



	   Construction   conditions    D 3    
	0.276
	2
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Table 9. Posterior probability of reasoning on node E.






Table 9. Posterior probability of reasoning on node E.





	Risk Factor
	Posterior Probability
	Ranking





	   Premise   of   unsafe   behavior   D   
	0.157
	3



	   Errors   in   professional   skills    E 1    
	0.518
	1



	   Errors   in   normal   operations    E 2    
	0.361
	2
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Table 10. Risk factor sensitivity and ranking of each node (third-level indicators).






Table 10. Risk factor sensitivity and ranking of each node (third-level indicators).





	Indicator
	Prior Probability
	Posterior Probability
	Sensitivity
	Ranking





	    A  11     
	0.004539
	0.033846
	6.456709
	9



	    A  12     
	0.001588
	0.011872
	−0.878777
	24



	    A  21     
	0.002695
	0.020128
	0.364145
	32



	    A  22     
	0.007936
	0.059001
	6.434639
	10



	    B  11     
	0.010329
	0.028590
	1.896040
	20



	    B  12     
	0.005551
	0.015412
	−0.686754
	28



	    B  21     
	0.032023
	0.085425
	1.338991
	22



	    B  22     
	0.023769
	0.063744
	5.445973
	12



	    B  31     
	0.097932
	0.139242
	30.474179
	3



	    B  32     
	0.014755
	0.022596
	5.115380
	13



	    B  33     
	0.009872
	0.015182
	−0.435011
	30



	    B  34     
	0.007936
	0.012225
	−0.728267
	27



	    C  11     
	0.011716
	0.032159
	0.196787
	34



	    C  12     
	0.056632
	0.150956
	18.021711
	4



	    C  21     
	0.003695
	0.007165
	−0.873479
	25



	    C  22     
	0.009889
	0.019063
	−0.404722
	31



	    C  23     
	0.004424
	0.008573
	−0.639328
	29



	    C  31     
	0.036522
	0.070172
	4.989439
	14



	    C  32     
	0.049201
	0.093437
	8.046061
	8



	    C  33     
	0.026871
	0.052080
	8.382063
	7



	    D  11     
	0.002445
	0.007520
	−0.765171
	26



	    D  12     
	0.014106
	0.042728
	0.228781
	33



	    D  13     
	0.019146
	0.057607
	2.008810
	19



	    D  21     
	0.034773
	0.103335
	6.325584
	11



	    D  22     
	0.014044
	0.042886
	2.053663
	18



	    D  23     
	0.012839
	0.039266
	1.795961
	21



	    D  31     
	0.014044
	0.042718
	2.327203
	16



	    D  32     
	0.001707
	0.005275
	2.090364
	17



	    D  33     
	0.032023
	0.095100
	37.895755
	2



	    E  11     
	0.026871
	0.065590
	2.598690
	15



	    E  12     
	0.007936
	0.019784
	1.004101
	23



	    E  13     
	0.044988
	0.107527
	12.549258
	6



	    E  21     
	0.009872
	0.037556
	12.935310
	5



	    E  22     
	0.018226
	0.068905
	42.391196
	1
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Table 11. Risk factor sensitivity and ranking of each node (second-level indicators).






Table 11. Risk factor sensitivity and ranking of each node (second-level indicators).





	Indicator
	Prior Probability
	Posterior Probability
	Sensitivity
	Ranking





	   Policy   factor    A 1    
	0.003064
	0.042682
	12.932486
	1



	   Industry   management    A 2    
	0.005316
	0.073903
	12.903272
	2



	   Management   process    B 1    
	0.007940
	0.036082
	3.544348
	9



	   Organizational   atmosphere    B 2    
	0.027896
	0.121332
	3.349424
	13



	   Resource   Management    B 3    
	0.017186
	0.076546
	3.454042
	11



	   Insufficient   supervision    C 1    
	0.034174
	0.150722
	3.410432
	12



	   Insufficient   dynamic   supervision    C 2    
	0.004526
	0.021276
	3.700792
	8



	   Illegal   supervision    C 3    
	0.029149
	0.129996
	3.459647
	10



	   Natural   environment    D 1    
	0.009012
	0.080985
	7.986626
	3



	   State   of   workers    D 2    
	0.015690
	0.138616
	7.834901
	5



	   Construction   conditions    D 3    
	0.012075
	0.107675
	7.917023
	4



	   Errors   in   professional   skills    E 1    
	0.020389
	0.132815
	5.514145
	7



	   Errors   in   normal   operations    E 2    
	0.014049
	0.092511
	5.584861
	6
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Table 12. Risk factor sensitivity and ranking of each node (first-level indicators).






Table 12. Risk factor sensitivity and ranking of each node (first-level indicators).





	Indicator
	Prior Probability
	Posterior Probability
	Sensitivity
	Ranking





	   External   factor   A   
	0.004190
	0.112428
	25.835758
	5



	   Organizational   impact   B   
	0.007414
	0.212063
	27.601368
	3



	   Unsafe   supervision   C   
	0.009851
	0.289889
	28.427518
	2



	   Premise   of   unsafe   behavior   D   
	0.006027
	0.359413
	58.629575
	1



	   Unsafe   behavior   E   
	0.010239
	0.279783
	26.325399
	4
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Table 13. Ranking of the sensitivity of each indicator at the three levels.






Table 13. Ranking of the sensitivity of each indicator at the three levels.





	First Level Indicator
	Ranking





	   Premise   of   unsafe   behavior   D   
	1



	   Unsafe   supervision   C   
	2



	   Organizational   impact   B   
	3



	   Unsafe   behavior   E   
	4



	   External   factors   A   
	5



	Second level indicator
	Ranking



	   Policy   factor    A 1    
	1



	   Industry   management    A 2    
	2



	   Natural   environment    D 1    
	3



	   Construction   condition    D 3    
	4



	   State   of   workers    D 2    
	5



	Third level indicator
	Ranking



	   E  22     Multitasking of tower crane drivers and ground workers
	1



	   D  33     Height of tower crane
	2



	   B  31     Safety defects of introduced tower cranes, spreaders, slings, hoisting baskets, and claps
	3



	   C  12     Incomplete safety inspection of tower cranes by maintainers and drivers
	4



	   E  21     In-site workers move or stay within the hoisting range
	5
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