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Abstract

:

With the rapid development of urbanization in China, a vast number of subway projects are under construction and planned in many cities. However, the complexities of the environment in subway construction inherently bring about many uncertainties and risk factors. Understanding the inherent properties of the critical success factors (CSFs) will contribute significantly to the subway construction. From this perspective, this paper aims to identify the CSFs for safety management in subway construction. This study screened preliminary CSFs through a literature review and in-depth interviews with experts in China. Based on the data gathered and subsequently analyzed from the questionnaire surveys, a final total of 24 CSFs were identified. Then, interpretative structural modeling was employed to ascertain the interrelations among them. The result showed that the factors concerning the engineering survey and design not only occupy relatively higher scores in the questionnaire survey but also contribute significantly latent impacts on other factors. In addition, the creation of a reasonable schedule and the investment of the safety measures were also found to have a fundamental impact on the safety management of subway construction. This research guided the safety managers in determining the most important safety factors they must face and provided them valuable information that could promote safety performance and decrease the number of accidents over the course of subway construction.
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1. Introduction


One of the major objectives and tasks for the 13th Five-Year Plan (2016–2020) period in China is to increase the urbanization level from the current 56.1 to 60%. In order to deal with urbanization pressures such as increasing traffic volume and growing demands for land, a vast number of subway projects are under construction and planned in many cities. As a result, as of 31 December 2017, up to 44 cities in China had been approved for the construction of subway systems, and 35 cities had already been operating subway systems. However, the complexity of the environment in subway construction inherently leads to many uncertainties and risk factors, which may lead to accidents [1]. Additionally, subway construction through dense urban areas increases the safety risks on nearby drainage systems, water supply systems, and gas pipelines [2]. Subway construction involves complicated and high-risk construction work. For example, a section of a tunnel collapsed suddenly on 15 November 2008, causing 21 fatalities and 24 injuries [3]. Therefore, it is extremely important to identify the risk factors for safety management in subway construction, which could promote safety performance and decrease the number of accidents.



Safety is the system property or quality, which is necessary and sufficient to ensure that the following construction activities. [4]. According to Hollnagel, most socio-technical systems are intractable, and performance variability is inevitable [5]. Consequently, resilience engineering was employed to enhance the ability of a complex socio-technical system to adapt or absorb disturbance, disruption, and change. [6]. Hollnagel presented the four abilities that characterize resilient systems, which have been widely adopted by resilience engineering researchers: anticipating, monitoring, responding, and learning [5]. A philosophy of safety management, e.g., Safety II, demonstrates the purpose of safety management is the ability to succeed under varying conditions, so that the number of intended and acceptable outcomes is as high as possible [4]. This means that safety is managed by what it achieves (successes, things that go right). In order to do this, safety management cannot only be reactive, it must also be proactive. Currently, safety management in construction projects is divided by different phases. Realizing the influence of design work in subway safety management, Seo and Choi introduced the concept of a safety impact assessment to achieve “design-for-safety” in the design phase [7]. An event tree analysis was applied to quantify the risk at the preliminary design stage in underground construction [8]. Ding et al. developed a safety risk identification system, which aims to assess pre-construction safety risks based on construction drawings [9]. Reducing or eliminating safety risks in the design has been a common trend with great potential in subway projects. Research can also be found in the construction phase. For example, Haslam et al. revealed that front line managers and supervisors are the key individuals in accidents through the investigation of 100 individual construction accidents [10].



Since the beginning of modern project management in 1960s, academic researchers have sought to identify a definitive list of Critical Success Factors (CSFs), the key things that project managers must get right in order to deliver a successful product [11]. Previous studies have identified many CSFs for construction project implementation, planning processes, and project risk management [12,13]. Aksorn and Hadikusumo identified 16 CSFs of safety factors and found that management support was the most effective factor [14]. Additionally, Ng et al. tested and validated 31 safety factors to evaluate a contractor’s safety performance at the organization level and the project level [15]. Mahmoudi et al. developed a framework that includes seven main factors and 120 sub factors for the improvement of safety in construction projects and validated the relative importance of the factors [16]. Twenty-five factors affecting construction site safety were identified and summarized into five main factors, consisting of: organizational poor safety awareness of top management, lack of training, poor safety awareness of project managers, reluctance to input resources for safety, and reckless operations [17]. Besides these, Rosa et al. utilized the Functional Resonance Analysis Method (FRAM) to assess risk in sustainable construction and adopted the Analytic Hierarchy Process to reduce the subjectivity in the evaluation of FRAM variability [18]. After an extensive literature review in the field of Resilience Engineering, Patriarca et al. summarized the research in Resilience Engineering and extracted relevant research factors using Factor Analysis and Multi-Dimensional Scaling. [19]. Meanwhile, safety risk factors from contractors and subcontractors [20], safety incentives [21,22], worker’s fatigue-management [23], safety training [17,24,25], safety inspections and job hazard analyses [26,27,28], safety climate [29,30,31], accident and near-miss investigations [32,33,34], and emergency response plans [28,35] were identified as factors influencing the relative effectiveness of CSFs for safety management in the construction phase.



Most prior studies concentrated on exploring CSFs for safety management in construction, with fewer studies aiming to consider the interrelationships among the CSFs in subway construction. To address this knowledge gap, a method for ascertaining the interrelations among CSFs was proposed. The objective of this paper is to provide a reasonable method to identify the CSFs for safety management in subway construction in order to enhance safety performance. The research objectives include: (1) determining the CSFs for safety management in subway construction; and (2) evaluating the relative importance of CSFs as well as the interrelations among them. The paper is organized and presented in the following structure: Section 2 elaborates on the preliminary screening of factors for safety management in subway construction. A final list of factors is determined through the questionnaire survey method and ISM (Interpretative Structural Modeling) is introduced in Section 3. Section 4 applies this method to identify the most important factors and demonstrates the interrelationships among the factors. Based on the result from Section 4, a further discussion about the findings is conducted in Section 5. Finally, Section 6 draws the overall conclusions.




2. Preliminary Screening of Factors for Safety Management in Subway Construction


The research goal of this paper is to explore the CSFs for safety management in subway construction in order to enhance safety management performance. To achieve this purpose, collecting the factors was a critical process of the research, which provided a foundation for the following analysis. This paper puts emphasis on extracting common elements for safety management factors from the activities and processes in subway construction.



In order to establish a comprehensive list of factors, the factors for safety management in subway construction should be considered from different views. As a construction project always starts with planning and design, followed by a construction stage, decisions made upstream have inherent influences on other stages [36]. Other researchers also found that design work is contributory to lifecycle safety performance in the construction industry [37,38,39]. Therefore, the influencing factors of planning and design should be considered for safety management in subway construction.



The following two typical options were adopted for the selection of factors. First, a literature review was used to identify the original factors. Second, preliminary factors were selected based on in-depth interviews with experts. Code of construction safety management is a significant part in literatures, which is summary of construction safety management after years’ experience. Therefore, code reading and review is an effective way to acquire factors (see Table 1). Though codes from different counties and regions slightly distinguish in contents and forms, safety management work has something in common.



According to the literature review, 28 related original factors were found. There were some similarities between the 28 related original factors, so in-depth interviews were then conducted to ensure the reliability of those dimensions and factors. There were some similarities among the 28 related original factors. As a consequence, the experts came to the consensus that the original factors should be reduced to 24 preliminary factors. Finally, a summary of 24 factors are presented in Table 2, which could be grouped into five dimensions based on their properties and attributes: engineering survey and design, construction safety management measures, construction sites security measures, workers’ safety behavior, and guarantee and supervision mechanism.




3. Research Methodology


3.1. The In-Depth Interviews


In-depth interviewing is a qualitative research technique, which conducting intensive individual interviews with a small number of respondents to explore their perspectives on a particular idea, program, or situation [44]. In order to ensure the reliability of the preliminary screening of factors, five experienced experts who were engaged in long-term safety management works in subway construction in authoritative enterprises were invited to revise the initial list of factors. All five of experts had over 10 years of working experience and participated in more than three subway construction projects. Considering there were some similarities between the 28 related original factors, the experts came to the consensus that the original factors should be reduced to 24 preliminary factors. Questionnaire survey was refined based on the feedback from the in-depth interviews.




3.2. Questionnaire Survey


Questionnaire surveys, is widely used method for extracting or identifying key factors [41,45]. The questionnaire was designed to test the preliminary CSFs for safety management in subway construction, in particular from the angle of reasonability and operability. The questionnaire passed the validity and reliability test before being sent out. The survey was conducted in May–August 2017, Six hundred survey questionnaires were distributed to professionals (project employers, contractors, designers, supervisors, and government regulators). They are the main actors in the subway construction process and have a significant influence on safety management. In the first part of the questionnaire, respondents’ personal information was collected, including job title, age, gender, education level, working experience in the subway construction, and other related personal information. In the second part, they were asked to make their own judgments on the CSFs for safety management according to experience in subway construction. A five-point Likert scale was used for data collection about the preliminary CSFs (where 1—can be ignored or not important; 2—slightly important; 3—important; 4—very important; and 5—extremely important).



In total, 600 questionnaires were distributed and 182 of them were collected from project employers, contractors, designers, contractors, and government regulators. Table 3 presents the profile of the data collected via the questionnaires. Among them, over 60% of the respondents have more than 10 years of subway construction safety management experience. Twenty-one questionnaires were discarded and 161 valid questionnaires remained. The 21 questionnaires were found to be invalid due to a significant amount of missing or incomplete data (missing data > 10%) and a very high proportion of same answers. The respondent rate was 26.8%, consistent with the criterion of 20–30% for questionnaire surveys in the construction industry [46,47]. Therefore, this sample was adequate for data analysis.




3.3. Interpretative Structural Modeling (ISM)


Interpretative structural modeling (ISM) was first proposed by Warfield in 1973, with the aim of analyzing complex systems [48]. Wang et al. applied this method to classify the nine kinds of accident causes into five layers, with definitive relationships between different layers [49]. Tian et al. established the structure of the risk factors at the workplace and reflected the hierarchical relationships of factors [50]. Song et al. made use of ISM to determine the interrelations among vulnerability factors of an urban rail transit system [51]. Considering that subway constructions are continuously affected by many factors, the reason for selecting ISM is that it is a well-established methodology for identifying relationships among specific items, and is frequently used to provide a fundamental understanding of complex situations as well as to put together a course of action for solving a problem [52,53].



The ISM process is an interactive process in which a group of both directly related and different elements are organized into an all-inclusive systematic framework [54]. In virtue of the structural relationships diagram, it is easy to visualize the interrelationships between various elements [55]. The steps of ISM development is described below [56,57]:



Step 1: Identify the system factors set. A set of variables affecting the system is defined. The factors for safety management in subway construction were generated using literature review, in-depth interviews, and questionnaire surveys, as shown in Table 2.



Step 2: Construct the adjacency matrix. The adjacency matrix is employed to demonstrate the relationships among the factors in ISM,     a  i j      is the adjacency value of the factor   i   to    j    (   i = 1 ,   2 ,   … ,   n ;   j = 1 ,   2 ,   … ,   n   ). A panel of seven experts was invited to participate in making the adjacency matrix, consisting of three professors from Southeast University and four senior managers in Nanjing Metro Co., Ltd. (Nanjing, China). These experts all had more than 10 years of work experience, which could make the judgments more credible and reliable. Before making the judgments, several experts were consulted to ensure that the questions were properly phrased and established. In the process of constructing the adjacency matrix, direct relationships among factors were obtained from the judgments of the experts with the question: does the factor   i   have an impact on j? As a result, four rounds of discussion were carried out to reach an agreement were about the interrelations. The adjacency matrix is formed by the following three principles:




	(1)

	
For the relationships      a   ij   ,    if   i   has an impact on    j   ,     a  ij   = 1   ; if not,     a  ij   = 0    and vice versa.




	(2)

	
If there are strong mutual influences between   i   and   j  , then     a  ij      and     a  ji      equals 1, if the degree of mutual influence is different between them, then the larger equals 1, the smaller equals 0.




	(3)

	
When    i = j ,    then     a  i j   =  a  j i   = 0   .









The adjacency matrix A is as follows:


   A =    [           a  11        a  12          a  21        a  22              ⋯     a  1 n        ⋯     a  2 n                ⋮   ⋮       a  n 1        a  n 2              ⋱   ⋮     ⋯     a  n n            ]    n × n     



(1)







Step 3: Generate the reachability matrix. The reachability matrix is used to represent the extent to which different nodes in a directed graph can reach (i.e., indirect influence) each other through certain channels.



Let


   E =    [         1   0     0   1           ⋯   0     ⋯   0             ⋮   ⋮     0   0           ⋱   ⋮     ⋯   1         ]    n × n     



(2)




be a    n × n    identity matrix, the adjacency matrix   A   and the unit matrix    E    leads to a new matrix     A 1    , and the square of the new matrix     A 1     can be calculated by using the Boolean rules (   0 + 0 = 0 ,   0 + 1 = 1 ,   1 + 1 = 1 ,   0 × 0 = 1 ,   0 × 1 = 0 ,   1 × 1 = 1   ), the result is as follows:      A  2  =   (  A 1  )  2  =   ( A + I )  2  =  A 2  + A + I .    Through sequential calculations, the reachability matrix   R   can be calculated by the formula:


    (  A + E  )  ≠    (  A + E  )   2  ≠    (  A + E  )   3  ≠ ⋯ ≠    (  A + E  )   r  =    (  A + E  )    r + 1   = R   



(3)






   R =    [           R  11        R  12          R  21        R  22              ⋯     R  1 n        ⋯     R  2 n                ⋮   ⋮       R  n 1        R  n 2              ⋱   ⋮     ⋯     R  n n            ]    n × n     



(4)




where    R =    (  A + E  )   r     is the reachability matrix of adjacency matrix   A  .



Step 4: The analysis of the reachability matrix. According to the reachability matrix, the reachability sets and antecedent sets of every factor must be determined. In the    i    th row     R i     of reachability matrix    R   , if     R  ij   = 1  (  j = 1 ,   2 , … ,   n  )    , then the element     R  ij      is put into the reachable set, which is expressed as     S i    . Meanwhile, in the    j    th column      R  j     of reachability matrix    R   , if     R  ij   = 1    (  i = 1 ,   2 , … ,   n  )    , then the element     R  ij      is put into the antecedent sets, which is expressed as     B j    . The intersection of these sets,     S i  ∩   B  j    , is derived for all the factors. If     S i  ∩   B  j  =  S i    , and then the highest level of factors     L 1     is identified. The column and row corresponding to     L 1     are removed from matrix   R  . By the same decision rules,     L 2  ,     L  3  ,   … ,     L  K     can be identified. The last step is to establish the hierarchy model of ISM using each level of   L  .



Step 5: Draw the ISM relationships diagram. In accordance with the results of partitioning the reachability matrix, the top-level factor is positioned at the top of the hierarchy and the second level factor is placed just below the top level. This process is repeated until the bottom level factors are placed at the lowest position in the hierarchy.




3.4. Overall Research Methodology


A flowchart of the overall methodology combining the questionnaire survey method and the ISM process adopted here is presented in Figure 1. First, literature review and in-depth interviews methods were used to identify the preliminary factors. Secondly, the final list of factors was then determined through the questionnaire survey method. Then, the ISM was employed to evaluate the relative importance of each factor properly and the interrelations among them.





4. Result Analysis


4.1. Result Analysis of Questionnaire Survey


4.1.1. Reliability Analysis


Reliability analysis was performed on the 161 valid questionnaires, with the results indicating a high reliability (Cronbach’s α = 0.847). Shen et al. noted that the threshold value of Cronbach’s α for a reliable questionnaire is 0.70 [58].




4.1.2. Mean Value and Ranking of the Factors


The scores and rankings of the 24 factors were examined by descriptive statistics (Table 4). If the factor mean value is above 3, it means that it passed the verification. It was found that all 24 factors were critical as they all have mean values above 3. The mean values for these 24 factors range from a minimum of 3.16 (F22) to a maximum of 4.67 (F3). More than half (54%) of the factors’ mean values are over 4.00 (13 factors). This indicates that most of the factors are very important and can be used as CSFs for safety management in subway construction in China. Of the top five factors with the highest mean values, two belong to the dimension of engineering survey and design (D1). The result shows that engineering survey and design for safety management could strongly influence subway construction safety.



Based on the questionnaire survey data gathered and the comprehensive analysis of the data, 24 factors were identified as the CSFs for safety management in subway construction. After calculating and analyzing the questionnaire survey data, it was found that the total effects of the dimension layers on safety management in subway construction ranged from 3.57 to 4.27. Given that four out of the 10 top factors were located in the engineering survey and design dimension (Figure 2), it is believed that the role of the engineering survey and design phase in subway construction is a vital factor of successful safety management. Surveying surrounding buildings and municipal pipelines (F3, 4.67), safety training (F7, 4.62), design scheme constructability review (F5, 4.59), ensuring the investment of the safety measures (F23, 4.54), and the foreman’s safety attitude (F17, 4.53) were identified as the most important factors for safety management in subway construction; these were the top five factors, indicating that these factors played vital roles in safety management.





4.2. Result Analysis of ISM


The adjacency matrix and reachability were obtained as per the steps and rules discussed in ISM methodology Section 3.2. Figure 3 graphically presents these relationships, in which nodes represent the safety factors, arrows indicate their interrelations, and the arrow points to the affected node. It is clear that 31 pairs of direct relationships exist among the factors and no bidirectional relationship exists. Only one node (F24) is isolated from the other nodes, and the nodes F6, F7, F17, and F20 exhibit the strongest relationships. However, the indirect interrelations among the safety factors and how these factors influence subway construction remain obscure from this picture.



According to Figure 3, the adjacency matrix A was simultaneously generated based on the relationships among the factors. A reachability matrix M was used to represent the extent to which different nodes in a directed graph can reach each other through certain channels. The feature of transformation means that if there is one channel through which factor    F i    can reach    F j    directly, there is also one channel through which    F j    can reach    F k   . Therefore, there must be two channels through which    F i    can reach    F k   . The calculation process was implemented in Matlab (2018a) and the final result is presented in Table 5. All of the indirect impacts are reflected in the reachability matrix as 1* and the original interrelations are expressed as 1 in Table 5.



According to Step 4 for the level partitioning of matrix   M   in Section 3.2, the reachability sets and antecedent sets of every factor should be determined. The reachability set is composed of all of the related factors that    F i    can reach (on which    F i    has an impact), which are shown in the second column of Table 6. The antecedent set is the set composed of all of the factors that can reach    F i   , which are shown in the third column. The last column is the intersection set, which contains the common factors in the reachability and antecedent sets. In Table 6, factors F10, F16, F19, F20, and F24 were found at level 1 and subsequently removed before the next partition. The process was repeated for four times until all factors were well arranged.



In accordance with the results of partitioning the reachability matrix, the reachability matrix was rearranged, and the hierarchical structural structure diagram for the safety factors was drawn as a five-layer hierarchy, shown in Figure 4. A relationship between two factors is shown by an arrow which points from a higher-level variable to a lower-level variable. Several observations could be drawn from Figure 4. First, this model is not symmetric. Second, factor F24 is entirely independent and has no relationship with the other factors. Third, factors F1, F2, F3, F11, F21, and F23 are at the deepest layer of the structure. Factors F10, F16, F19, and F20 are at the surface layer of the structure. The rest of the factors are in the middle; moreover, factors F15, F17, and F18 have bidirectional relationships.





5. Discussion


Knowing what safety factors influence and how these factors influence subway construction is necessary to promote and improve safety performance level. With the assistance of in-depth interviews and questionnaire survey, a final total of 24 CSFs was identified. Through the analysis of all of the indicator scores, shown in Table 3, it was discovered that the dimension of engineering survey and design (D1) achieved the top score. Consistent with the current studies concerning subway construction safety [59,60], the engineering survey and design dimension (D1) is believed to be the key factor influencing subway construction accidents in China. In addition, four out of the 10 top indicators were located in the engineering survey and design dimension (Figure 2).



Surveying surrounding buildings and municipal pipelines (F3), design scheme constructability review (F5), engineering geological condition analysis, and the disturbance of groundwater (F1) ranked first, third, eighth, and ninth, respectively. Considering that subway constructions through dense urban areas increase the unpredictability of tasks and the relationships of this unpredictability to safety, the above factors represent the crucial tasks in subway construction [2]. The management measures dimension (D2) plays the second most important role in the subway construction safety. Related factors such as safety training (F7) and a reasonable schedule (F11) also obtained higher scores in the final list of factors. Obviously, only with sufficient safety training (F7) can employees work more efficiently and handle unexpected situations more flexibly. While creating a reasonable schedule (F11) is the most important way to guarantee a safe working environment, the stress of meeting the schedule leads to increased safety risks, resulting in increased accidents in subway construction [61]. As the fundamental determinants of human performance, the foreman’s safety attitude (F17) is influenced the safety climate of construction teams [43], which is also a critical factor for decreasing the accidents in subway construction. Moreover, it is worth noting that the factor of ensuring the investment of the safety measures (F23) ranked fourth in the identified 24 factors. It is generally recognized that insufficient safety investment is the immediate cause of accidents [62]. Therefore, safety investment should be strengthened to guarantee safety procedures and a safe operating environment [61].



The ISM model (Figure 4) revealed the contextual relationship of identified CSFs and helped develop a hierarchical model. Figure 4 reveals some valuable insights into the relative importance of CSFs as well as the interdependencies among them. In Figure 4, all of the factors associated with subway construction can be classified into five levels. The majority of engineering survey and design factors, such as the disturbance of groundwater (F1), engineering geological condition analysis (F2), and surveying of surrounding buildings and municipal pipelines (F3), are at the deepest hierarchy of the mode, meaning that these factors contribute significantly latent impacts on other dimension factors. The finding is consistent with the studies from Suraji et al. [63] and Haslam et al. [10]. It was found that essential planning and design work are the essential factors, which could bring out inappropriate site conditions and construction operations. Designers can mitigate safety hazards by designing barriers, selecting alternative techniques, and increasing the resilience of the project [64]. In addition, creating a reasonable schedule (F11), establishing a project safety leading group (F21), and ensuring the investment of the safety measures (F23) are also at the bottom of the ISM structure, indicating that they have a fundamental impact on subway construction safety. Consequently, more attention should be paid to these factors.



Five superficial factors in the upper level have a direct impact on subway construction safety: the supervision of special operations (F10), guaranteeing temporary power use safety (F16), workers’ safety awareness (F19), workers’ potential safety hazard insight (F20), and emergency rescue measures (F24). Once an accident occurs, emergency rescue measures would be undertaken by the experienced project managers according to the accident type and characteristics. Therefore, F24 is isolated from the other factors. These factors will directly affect subway construction safety and cannot influence other factors. Moreover, it is worth noting that workers’ potential safety hazard insight (F20) is influenced by five factors in the middle levels, which means the abilities of the workers to find the potential safety hazards without warning have the most significant impact on reducing accidents in construction [43,65].



The factors in the middle levels (    L 2    ,     L 3    , and     L 4    ) are influenced by the lower levels and indirectly influence the safety management of subway construction, thus playing a role in connecting the levels above and below. In addition, it could be distinctly observed that safety procedure and policy (F6) has the maximum number of relationships, as it is influenced by factors F11, F21, and F21, and directly influences factors F7, F9, and F12, indicating that this factor plays vital roles in effectively reducing the occurrence of accidents in subway construction. It is recommended that the establishment of appropriate safety procedure and policy is essential in protecting workers from workplace hazards [35].



The Resilience-based Early Warning Indicators (REWI) method was applied to provide early warning to avoid major accidents and to improve the organization’s resilience through the selected set of Contributing Success Factors [66]. The REWI indicators are not static, and provide proactive monitoring and successive evaluating of safety critical activities over time. However, the relationships among the various systematic indicators are not considered. By comparison, the proposed approach in this research was not only to identify CSFs of safety management in subway construction, but also to understand the relationships between different CSFs.




6. Conclusions


The promotion of safety management in subway construction is complex, as it involves many uncertainties and a mass of risk factors. Understanding the inherent properties of the CSFs for safety management in subway construction is conducive to retaining a high level of safety performance. This paper provides a comprehensive list of CSFs influencing subway construction safety management in China, based on literature review, in-depth interviews, and questionnaire survey. After calculating and analyzing the questionnaire survey data, it was found that the engineering survey and design phase in subway construction is a vital factor of successful safety management. In addition, surveying surrounding buildings and municipal pipelines, safety training, design scheme constructability review, ensuring the investment of the safety measures, and foreman’s safety attitude were identified as the most important factors for safety management in subway construction; these were the top five factors, indicating that these factors played vital roles in safety management.



Many researchers have tried to identify critical safety factors to effectively prevent construction accidents, while minimal efforts have been made to investigate the relationships and interactions among the CSFs in subway construction. To address this knowledge gap, the interrelations among factors are illustrated by utilizing the proposed ISM method. As the ISM model analysis shows, the engineering survey and design factors, such as surveying surrounding buildings and municipal pipelines, the disturbance of groundwater, and engineering geological condition analysis not only occupy relatively higher scores in the questionnaire survey but are also located at the deepest hierarchy of the interpretative structural model. In addition, the factors of creating a reasonable schedule and ensuring the investment of the safety measures occupy relatively higher scores and are also located at the bottom of the ISM structure. As such, more attention should be paid to these factors. It is also concluded that the factor of workers’ potential safety hazard insight is a critical superficial factor in the upper level, which will directly affect subway construction safety.



In general, this research contributed to the improvement of subway construction safety management in China. This research guided the participants in determining the most important safety factors to be addressed and provided them with valuable insights into the perception of and knowledge about subway construction safety. Although this study obtained very useful findings regarding safety management in subway construction, more factors should be gathered from construction sites to avoid deviations. Moreover, the research has been raised based on the factors, and their interaction regularity is not quantitatively analyzed, which should be clarified by further research. Meanwhile, subway construction involves many activities and these activities involve many processes, and it is encouraged to apply the proposed approach to analyze the particular activities in future research.
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Figure 1. Flowchart of the methodology. 
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Figure 2. The top ten ranked factors through questionnaire survey analysis. 
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Figure 3. Relationships among factors. 
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Figure 4. Interpretative structural model. 
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Table 1. Codes of construction safety management in different countries or regions.
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Country/Region

	
Code

	
Abbreviation






	
China Mainland

	
Standard for construction safety assessment of metro engineering (GB 50715-2011)

	
GB 50715




	
Code for risk management of underground works in urban rail transit (GB50652-2011)

	
GB 50652




	
Code for Construction company safety manage criterion (GB50656-2011)

	
GB 50656




	
Standard for construction safety inspection (JGJ59-2011)

	
JGJ59




	
Hong Kong

	
Factories and Industrial Undertakings Ordinance (FIUO-Cap.59)

	
FIUO




	
Occupational Safety and Health Ordinance (OSHO-Cap.509)

	
OSHO




	
Japan

	
Construction Occupational Health and Safety Management System (COHSMS)

	
COHSMS




	
Guidelines & COHSMS External System Evaluation




	
Singapore

	
The Factories (Building Operations and Work of Engineering Construction) Regulations

	
BOWES




	
Code of practice for safety management system for construction worksites (Singapore standard CP79:1999)

	
CP79
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Table 2. The preliminary list of factors.
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Dimensions

	
Factors

	
Description

	
Source






	
Engineering survey and design (D1)

	
The disturbance of groundwater (F1)

	
Analyzes the disturbance of the groundwater table by subway construction

	
GB 50715, GB 50652




	
Engineering geological condition analysis (F2)

	
Analyzes the main impact of soil physical properties, mechanical properties, and soil distribution during the construction process

	
GB 50715, GB 50652




	
Survey surrounding buildings and municipal pipelines (F3)

	
Detects the impact of surrounding buildings and complex municipal pipelines on subway construction.

	
GB 50715, GB 50652




	
Construction drawing examination (F4)

	
Construction drawing in the early stages serves as the foundation for an effective construction program

	
GB 50652, GB 50656




	
Design scheme constructability review (F5)

	
Checks the rationality and security of the design scheme against the constructability of the subway construction

	
Moon et al. (2014) [40],




	
Construction safety management measures (D2)

	
Safety procedure and policy (F6)

	
Determines whether there are proper safety procedures and policies for guiding team workers’ safety behavior

	
FIUO, CP79, BOWES




	
Safety training (F7)

	
A vital factor of a successful safety program is to periodically train and educate all employees to enhance their skills and knowledge about safety at work

	
JGJ59, FIUO, BOWES, CP79




	
Safety technical disclosure (F8)

	
Disclose all information about the drawings, designs, and safety to the constructors before the construction

	
GB 50652, JGJ59, FIUO




	
Safety checks on construction site (F9)

	
Safety risk identification and analysis on construction site during subway construction

	
GB50652, JGJ59, FIUO, BOWES, CP79




	
Supervision of special operation (F10)

	
Special operators must be provided with necessary occupational training and related certificates

	
GB 50715, JGJ59




	
Creating a reasonable schedule (F11)

	
Avoid the occurrence of accidents caused by rushing to meet the construction schedule

	
Yu et al. (2014) [41]




	
Holding regular safety consultations and meetings (F12)

	
Participation in regular safety consultations and meetings to discuss work safety

	
Cheng et al. (2012) [42]




	
Construction sites security measures (D3)

	
Personal protective equipment (F13)

	
Determines whether there is enough proper and available equipment to protect team workers from injury when at work

	
GB 50656, CP79




	
Machinery’s safety state (F14)

	
Assesses the conditions of construction machines and tools

	
GB 50715, JGJ59




	
Workplace’s safety situation (F15)

	
Addresses the situation of potential safety hazards, safety accidents, or injuries in the workplace

	
JGJ59, CP79




	
Guaranteeing temporary power use safety (F16)

	
Determines whether there are proper safety procedures to guarantee temporary power use safety

	
GB 50715, JGJ59, CP79




	
Workers’ safety behavior (D4)

	
Foreman’s safety attitude (F17)

	
Addresses the foreman’s attitudes toward safety problems and attitudes to promote the workers’ safety skill and knowledge within the construction teams

	
Li et al. (2017) [43]




	
Foreman’s competence (F18)

	
Addresses the foreman’s experience and competence in dealing with safety problems within his construction team

	
Li et al. (2017) [43]




	
Workers’ safety awareness (F19)

	
Addresses attitudes to hazards, risks, and the possibility of personal injury in the workplace.

	
Yu et al. (2014) [41]




	
Workers’ potential safety hazard insight (F20)

	
Assesses capabilities to find or identify the potential safety hazard without warning

	
Aksorn et al. (2008) [14]




	
Guarantee and supervision mechanism (D5)

	
Establishing project safety leading group (F21)

	
Defines the organizational structure and labor division of safety supervision in subway construction

	
GB 50715, GB 50656, FIUO




	
Safety promotional activities (F22)

	
Includes safety promotion activities through many mediums such as campaigns, publications, competitions, and contests

	
Yu et al. (2014) [41]




	
Ensuring the investment of the safety measures (F23)

	
Determines whether the contractor’s safety measures fee is used for subway construction

	
Yu et al. (2014) [41]




	
Emergency rescue measures (F24)

	
The emergency response plan involves making a plan to follow in the case of a critical situation or severe accident

	
GB 50656, JGJ59, FIUO, COHSMS, CP79











[image: Table] 





Table 3. Profile of the data collected from the questionnaires.
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Respondents’ Characteristics

	
Description

	
N

	
%






	
Project employers (N = 46)

	
Senior manager

	
27

	
58.7




	
Project manager

	
19

	
41.3




	
Contractors (N = 61)

	
Senior manager

	
23

	
37.7




	
Project manager

	
28

	
45.9




	
Safety engineer

	
10

	
16.4




	
Designers (N = 17)

	
Geotechnical engineer

	
4

	
23.5




	
Designer

	
13

	
76.5




	
Supervisors (N = 24)

	
Chief supervision engineer

	
13

	
54.2




	
Safety supervision engineer

	
11

	
45.8




	
Government regulators (N = 13)

	
Leader

	
11

	
84.6




	
Staff

	
2

	
15.4




	
Years of experience (N = 161)

	
<5

	
23

	
14.3




	
5–9

	
36

	
22.4




	
10–15

	
74

	
45.9




	
>15

	
28

	
17.4




	
Regions (N = 161)

	
Nanjing

	
60

	
37.2




	
Shanghai

	
45

	
28.0




	
Beijing

	
22

	
13.7




	
Others

	
34

	
21.1











[image: Table] 





Table 4. Scores and ranking of the factors.
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Dimension

	
Factor

	
Mean

	
Standard Deviation

	
Rank

	
Group Mean

	
Group Rank

	
Verification






	
Engineering survey and design (D1)

	
F1

	
4.31

	
0.62

	
9

	
4.27

	
1

	
Pass




	
F2

	
4.37

	
0.87

	
8

	
Pass




	
F3

	
4.67

	
0.96

	
1

	
Pass




	
F4

	
3.39

	
0.76

	
20

	
Pass




	
F5

	
4.59

	
0.81

	
3

	
Pass




	
Construction safety Management Measures (D2)

	
F6

	
3.90

	
0.78

	
14

	
4.12

	
2

	
Pass




	
F7

	
4.62

	
0.50

	
2

	
Pass




	
F8

	
4.17

	
1.05

	
11

	
Pass




	
F9

	
4.43

	
0.86

	
7

	
Pass




	
F10

	
3.59

	
1.13

	
17

	
Pass




	
F11

	
4.49

	
0.83

	
6

	
Pass




	
F12

	
3.64

	
0.71

	
16

	
Pass




	
Construction sites security measures (D3)

	
F13

	
4.07

	
1.21

	
12

	
3.75

	
4

	
Pass




	
F14

	
3.48

	
0.66

	
18

	
Pass




	
F15

	
4.24

	
0.74

	
10

	
Pass




	
F16

	
3.21

	
0.61

	
23

	
Pass




	
Workers’ safety behavior (D4)

	
F17

	
4.53

	
0.70

	
5

	
3.97

	
3

	
Pass




	
F18

	
4.01

	
0.85

	
13

	
Pass




	
F19

	
3.88

	
0.63

	
15

	
Pass




	
F20

	
3.47

	
0.98

	
19

	
Pass




	
Guarantee and Supervision Mechanism (D5)

	
F21

	
3.27

	
1.22

	
22

	
3.57

	
5

	
Pass




	
F22

	
3.16

	
0.98

	
24

	
Pass




	
F23

	
4.54

	
0.82

	
4

	
Pass




	
F24

	
3.32

	
1.15

	
21

	
Pass
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Table 5. Reachability matrix.
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	Factor
	F1
	F2
	F3
	F4
	F5
	F6
	F7
	F8
	F9
	F10
	F11
	F12
	F13
	F14
	F15
	F16
	F17
	F18
	F19
	F20
	F21
	F22
	F23
	F24





	F1
	1
	0
	0
	1
	1
	0
	0
	1*
	0
	0
	0
	0
	1*
	0
	0
	0
	0
	0
	0
	1*
	0
	0
	0
	0



	F2
	0
	1
	0
	1
	1
	0
	0
	1*
	0
	0
	0
	0
	1*
	0
	0
	0
	0
	0
	0
	1*
	0
	0
	0
	0



	F3
	0
	0
	1
	0
	1
	0
	0
	1*
	0
	0
	0
	0
	1*
	0
	0
	0
	0
	0
	0
	1*
	0
	0
	0
	0



	F4
	0
	0
	0
	1
	0
	0
	0
	1
	0
	0
	0
	0
	1*
	0
	0
	0
	0
	0
	0
	1*
	0
	0
	0
	0



	F5
	0
	0
	0
	0
	1
	0
	0
	1
	0
	0
	0
	0
	1*
	0
	0
	0
	0
	0
	0
	1*
	0
	0
	0
	0



	F6
	0
	0
	0
	0
	0
	1
	1
	0
	1
	1*
	0
	1
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	0
	0
	0



	F7
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1
	0
	0
	1
	0
	1*
	1
	1*
	1*
	1*
	1*
	0
	0
	0
	0



	F8
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	1*
	0
	0
	0
	0



	F9
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	1
	1
	0
	1
	1*
	1*
	1*
	0
	0
	0
	0



	F10
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0



	F11
	0
	0
	0
	0
	0
	1
	1*
	0
	1*
	1*
	1
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	0
	0
	0
	0



	F12
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	1*
	0
	1
	1*
	1*
	1*
	0
	0
	0
	0



	F13
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0



	F14
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0



	F15
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	1
	1*
	1*
	1
	0
	0
	0
	0



	F16
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0



	F17
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1*
	0
	1
	1
	1
	1*
	0
	0
	0
	0



	F18
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	1*
	1
	1*
	1
	0
	0
	0
	0



	F19
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0



	F20
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0



	F21
	0
	0
	0
	0
	0
	1
	1*
	0
	1*
	1*
	0
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	1
	1
	0
	0



	F22
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1*
	0
	1
	1*
	1*
	1*
	0
	1
	0
	0



	F23
	0
	0
	0
	0
	0
	1
	1*
	0
	1*
	1*
	0
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	1*
	0
	0
	1
	0



	F24
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	1
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Table 6. Level partition of reachability matrix.






Table 6. Level partition of reachability matrix.





	
Factor

	
Reachability Set

	
Antecedent Set

	
Intersection Set






	
    L 1  =  {  F 10 , F 16 , F 19 , F 20 , F 24  }    




	
F1

	
1, 4, 5, 8, 13, 20

	
1

	
1




	
F2

	
2, 4, 5, 8, 13, 20

	
2

	
2




	
F3

	
3, 5, 8, 13, 20

	
3

	
3




	
F4

	
4, 8, 13, 20

	
1, 2, 4

	
4




	
F5

	
5, 8, 13, 20

	
1, 2, 3, 5

	
5




	
F6

	
6, 7, 9, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21

	
6, 11, 21, 23

	
6, 21




	
F7

	
7, 10, 13, 15, 16, 17, 18, 19, 20,

	
6, 7, 11, 21, 23

	
7




	
F8

	
8, 13, 20

	
1, 2, 3, 4, 5, 8

	
8




	
F9

	
9, 14, 15, 17, 18, 19, 20

	
6, 9, 11, 21, 23

	
9




	
F10

	
10

	
6, 7, 10, 11, 16, 21, 23

	
10




	
F11

	
6, 7, 9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20

	
11

	
11




	
F12

	
12, 15, 17, 18, 19, 20

	
6, 11, 12, 21, 23

	
12




	
F13

	
13, 20

	
1, 2, 3, 4, 5, 6, 7, 8, 11, 13, 21, 23

	
13




	
F14

	
14, 20

	
6, 9, 11, 14, 21, 23

	
14




	
F15

	
15, 17, 18, 19 20

	
6, 7, 9, 11, 12, 15, 17, 18, 21, 22, 23

	
15, 17, 18




	
F16

	
16

	
6, 7, 11, 16, 21, 23

	
16




	
F17

	
15, 17, 18, 19, 20

	
6, 7, 9, 11, 12, 15, 17, 18, 21, 22, 23

	
15, 17, 18




	
F18

	
15, 17, 18, 19, 20

	
6, 7, 9, 11, 12, 15, 17, 18, 21, 22, 23

	
15, 17, 18




	
F19

	
19

	
6, 7, 9, 11, 12, 15, 17, 18, 19, 21, 22, 23

	
19




	
F20

	
20

	
1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 12, 13, 14, 15, 17, 18, 20, 21, 22, 23

	
20




	
F21

	
6, 7, 9, 12, 13, 14, 15, 16, 17, 18, 19, 20, 23

	
21

	
21




	
F22

	
15, 17, 18, 19, 20, 22

	
21, 22

	
22




	
F23

	
6, 7, 9, 12, 13, 14, 15, 16, 17, 18, 19, 20, 23

	
23

	
23




	
F24

	
24

	
24

	
24




	
    L 2  =  {  F 13 , F 14 , F 15 , F 17 , F 18  }    




	
F1

	
1, 4, 8

	
1

	
1




	
F2

	
2, 4, 5, 8

	
2

	
2




	
F3

	
3, 5, 8

	
3

	
3




	
F4

	
4, 8

	
1, 2, 4

	
4




	
F5

	
5, 8

	
1, 2, 3, 5

	
5




	
F6

	
6, 7, 9, 12, 13, 14, 15, 17, 18, 21

	
6, 11, 21, 23

	
6, 21




	
F7

	
7, 13, 15, 17, 18

	
6, 7, 11, 21, 23

	
7




	
F8

	
8, 13

	
1, 2, 3, 4, 5, 8

	
8




	
F9

	
9, 14, 15, 17, 18

	
6, 9, 11, 21, 23

	
9




	
F11

	
6, 7, 9, 11, 12, 13, 14, 15, 17, 18

	
11

	
11




	
F12

	
12, 15, 17, 18

	
6, 11, 12, 21, 23

	
12




	
F13

	
13

	
1, 2, 3, 4, 5, 6, 7, 8, 11, 13, 21, 23

	
13




	
F14

	
14

	
6, 9, 11, 14, 21, 23

	
14




	
F15

	
15, 17

	
6, 7, 9, 11, 12, 15, 17, 18, 21, 22, 23

	
15, 17




	
F17

	
17, 18

	
6, 7, 9, 11, 12, 15, 17, 18, 21, 22, 23

	
17, 18




	
F18

	
15, 18

	
6, 7, 9, 11, 12, 15, 17, 18, 21, 22, 23

	
15, 18




	
F21

	
6, 7, 9, 12, 13, 14, 15, 17, 18, 23

	
21

	
21




	
F22

	
15, 17, 18, 22

	
21, 22

	
22




	
F23

	
6, 7, 9, 12, 13, 14, 15, 17, 18, 23

	
23

	
23




	
    L 3  =  {  F 7 , F 8 , F 9 , F 12 , F 22  }    




	
F1

	
1, 4, 8

	
1

	
1




	
F2

	
2, 4, 5, 8

	
2

	
2




	
F3

	
3, 5, 8

	
3

	
3




	
F4

	
4, 8

	
1, 2, 4

	
4




	
F5

	
5, 8

	
1, 2, 3, 5

	
5




	
F6

	
6, 7, 9, 12, 21

	
6, 11, 21, 23

	
6, 21




	
F7

	
7

	
6, 7, 11, 21, 23

	
7




	
F8

	
8

	
1, 2, 3, 4, 5, 8

	
8




	
F9

	
9

	
6, 9, 11, 21, 23

	
9




	
F11

	
6, 7, 9, 11, 12

	
11

	
11




	
F12

	
12

	
6, 11, 12, 21, 23

	
12




	
F21

	
6, 7, 9, 12, 23

	
21

	
21




	
F22

	
22

	
21, 22

	
22




	
F23

	
6, 7, 9, 12, 23

	
23

	
23




	
    L 4  =  {  F 4 , F 5 , F 6  }    




	
F1

	
1, 4

	
1

	
1




	
F2

	
2, 4, 5

	
2

	
2




	
F3

	
3, 5

	
3

	
3




	
F4

	
4

	
1, 2, 4

	
4




	
F5

	
5

	
1, 2, 3, 5

	
5




	
F6

	
6, 21

	
6, 11, 21, 23

	
6, 21




	
F11

	
6, 11

	
11

	
11




	
F21

	
6, 21

	
21

	
21




	
F23

	
6, 23

	
23

	
23




	
    L 5  =  {  F 1 , F 2 , F 3 , F 11 , F 21 , F 23  }    




	
F1

	
1

	
1

	
1




	
F2

	
2

	
2

	
2




	
F3

	
3

	
3

	
3




	
F11

	
11

	
11

	
11




	
F21

	
21

	
21

	
21




	
F23

	
23

	
23

	
23
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