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Abstract

:

Construction engineering projects are costly and require large amounts of labor, physical, and financial resources. The failure of a construction engineering project typically brings huge losses. Previous studies have focused on the identification of risks, but insufficient attention has been given to strategic resource allocation for risk management after risk identification. Statistics show that most construction engineering project failures are caused by common risks. Common risks are called gray rhino risks. This metaphor illustrates that many risks are obvious but dangerous. This study was motivated by the challenge of efficiently managing gray rhino risks with limited inputs. The literature suggests that gray rhino risks are abundant in construction engineering projects and that there are mutual eliciting relationships between them, which make it difficult for the manager to devote enough resources to the prevention of key risks. Considerable resources are wasted on unimportant risks, resulting in key risk occurrence and failure of construction engineering projects. Therefore, this study describes an innovative multi-criteria decision making (MCDM) technique for ranking risks based on the strength of the eliciting relationships between them. This study used the fuzzy technique and created an interference fuzzy analytical network process (IF-ANP) method. By employing the IF-ANP alongside a decision-making trial and evaluation laboratory (DEMATEL) approach, the subjectivity can be effectively reduced and the accuracy improved during expert risk evaluation for construction engineering projects. IF-ANP was used to quantify eliciting relationships between risks and DEMATEL was used to rank risks based on the IF-ANP result. An empirical study was done to meticulously rank five risks that were selected from the gray rhino risks in the Chengdu–Chongqing Middle Line High-speed Railway construction engineering project. They are capital chain rupture, decision failure, policy and legal risk, economic downturn, and stakeholder conflict. The results showed that the policy and legal risk was the source of other risks, and that these other risks were symptoms rather than the disease.
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1. Introduction


Statistically, more than 92% of construction engineering projects in China are influenced by risks such as broken capital chains, decision-making errors, and changes in the economic or political environment, leading to negative consequences such as scheduling delays, budget overruns, and substandard quality. These risks are obvious but do not receive enough attention, which ultimately leads to large losses. Risks with common and dangerous characteristics are metaphorically described as gray rhino risks. Ineffective management of gray rhino risks has become one of the major reasons that prevent projects from achieving their desired goals. In construction projects, significant resources have been devoted to risk management, but gray rhino risks still occur and negatively influence project outcomes. This mismatch between risk management inputs and risk management effectiveness motivated this study.



As construction technology and productivity continue to improve, construction projects are becoming more large-scale and complex. As a result, construction projects are characterized by longer construction cycles, more stakeholders, and more complex interactions with the external environment. Traditional risk research has several shortcomings when dealing with these evolving circumstances. First, insufficient attention has been given to handling obvious risks. Risk identification is always considered the most important stage of risk management [1], and significant effort has been invested in the identification and analysis of the risk factors in construction engineering projects. As such, the scope of risk recognition is constantly expanding [2,3,4]. However, recurrent failures to effectively address these risks have resulted in the continued occurrence of such risks, which has caused preventable project failures [5,6]. While risk identification remains a necessary task, though not a difficult one, construction engineering management must also consider strategies to effectively control risks that are already obvious in order to achieve the desired project goals. Second, few studies evaluate construction project risks from a system perspective. There are often mutualistic relationships between different construction project risks. Risks and relationships constitute a network structure of mutual influence, and evaluation of project risks from an isolated perspective will ignore the types of risks that are prone to secondary risks but do not cause much damage themselves [7]. This results in the frequent occurrence of secondary risks in engineering projects. Third, the risk evaluation process ignores the impact of complex systems on the accuracy of expert evaluation data. Existing research approaches mostly consider the fuzziness of the collected data at the computational stage and attempt to reduce its effect on the results using specific data processing methods. Few studies have reduced data ambiguity from the data collection process. Unfortunately, reducing the adverse effects of data subjectivity through a complex calculation process has limited effect. When the evaluation object is the relationship between construction project risks, a new method of data collection is required to improve the data quality.



The current work is motivated by these research gaps and combines innovation relating to both theory and methodology. In terms of theoretical innovation, this study attempts to consider engineering project risks as a network system. The risk weights are evaluated by calculating the ability of the risk to elicit other risks in the network system. This is more consistent with engineering reality, where project risks exist as interacting systems rather than as independent events. In terms of methodology innovation, this research incorporates the idea of interference into the MCDM method to create an interference-MCMD method. The interference-MCDM replaces the traditional one-time direct evaluation of risk relationships with a two-time indirect evaluation of risk relationships under different risk assumptions. The eliciting relationships among risks are reflected by the difference between these two sets of indirect evaluations. This method is closer to the essence of risks and causes subjectivity in expert survey data to cancel each other out. The data processing result shows that data calculated by the interference fuzzy analytical network process (IF-ANP, one of the interference-MCDM methods combined with the fuzzy technique) have much better credibility than traditional MCDM methods.



The remainder of this paper is organized as follows: Section 2 is a review of the existing literature related to this work. Section 3 clarifies the study framework, offers a brief introduction to factor analysis fuzzy measure, the IF-AHP method, and the DEMATEL method, and constructs the construction engineering risk analysis model. In Section 4, empirical experiments of the Chengdu–Chongqing Middle Line High-speed Railway construction engineering project are studied using the proposed model. The analysis result is shown in Section 5. Section 6 presents the conclusions obtained through the research results. The conclusions are discussed in Section 7.




2. Literature Review


2.1. Gray Rhino Risks in Construction Engineering Projects


Gray rhino risks are obvious risks that are inadequately acknowledged and ultimately lead to serious damage and great loss [8]. This metaphor illustrates that many risks are obvious but dangerous. In the field of construction engineering projects, gray rhino risks are common [9]. Xiang investigated 30 megaprojects that failed to achieve expected goals. The study found that the five most common reasons for the failures were (1) a break in the capital chain, which includes insufficient financing and cost overrun (eight projects), (2) decision-making mistakes caused by the chief company’s poor management skills and inexperience (seven projects), (3) contract changes due to business problems of the contracting award company (five projects), (4) legal risks and policy changes (five projects), and (5) stakeholder conflict (four projects) [10]. Utama et al. studied 26 papers concerning megaproject risks. They summarized 31 risks pointed out by 26 experts that may hinder the implementation of megaprojects [11]. The risks found in Xiang’s research were also recognized by these authors. Among the 26 experts, risk 1 was recognized by 22, risk 2 by 14, risk 3 by 14, risk 4 by 15, and risk 5 by 17. These risks were considered likely to hinder megaprojects from reaching their intended goals. Hence, in these two studies, the experts demonstrate an accurate understanding of the risks of megaprojects. Risk types with high recognition have a greater probability of leading to the failure of megaprojects. Whereas experts can accurately evaluate the probability and loss of various risk events, this still cannot prevent these risk events or reduce the losses after they occur.



An important reason for the phenomenon that obvious risks cause many construction engineering project failures is that the number of obvious risks is too large to allocate sufficient resources to managing each risk. Many resources are wasted on unnecessary risks, which results in insufficient investment in the prevention of key risks [12]. An effective risk ranking method for screening key risks is necessary to manage gray rhino risks in construction engineering projects. The complex eliciting relationships among gray rhino risks also make it difficult to manage them effectively. Goldratt presented the theory of constraints, which suggests that the whole concept should be regarded as a system, and the efficiency of the system can be maximized only when the relationship between each part of the system is accurately grasped and handled properly [13]. Common methods for ranking risks are based on the probability of risk occurrence and the expected loss caused by the risk [14,15]. Based on these traditional methods, more resources are put into preventing risks that have a high probability of occurrence or cause high loss. However, the occurrence of a risk event usually leads to a variety of other risks at the same time, and all risk probabilities will change [16]. Common risk ranking methods rarely consider eliciting relationships between risks. When risk prevention is carried out from an isolated perspective while ignoring the impact of other related risks, it is difficult to achieve desired holistic results [17]. Therefore, it is necessary to design a method that can consider the eliciting relationships among risks for assessing gray rhino risks in construction engineering projects.




2.2. MCDM Methods for Construction Engineering Project Risk Evaluation


Because of its simplicity and flexibility, the MCDM method is widely used to assess problems and has been successfully implemented in many research fields [18,19]. The gray rhino risks of construction engineering projects can be characterized by several ranking criteria and managers in construction engineering projects need to convert these numerous criteria into a tangible risk prevention plan. The problem of risk ranking based on several criteria has already been identified as an MCDM problem by different researchers [20,21]. Many MCDM methods have been able to rank the factors based on their interrelationships, such as decision-making trial and evaluation laboratory (DEMATEL), distance-based approximate (DBA), complex proportional assessment (COPRAS), etc. However, the risks in construction engineering projects and their relationship network constitute a complex system, which makes it difficult for experts to directly provide clear judgments on relationships among risk factors [22]. The greater the complexity of the evaluation object, the stronger the subjectivity of expert evaluation results; hence, MCDM methods for construction engineering project risk evaluation often require additional techniques to reduce subjectivity in expert survey data [23]. Fuzzy theory has been used to reduce the influence of human cognition fuzziness. For example, Yan used the fuzzy-ANP to evaluate risks in the process of engineering construction, Yucesan and Kahraman used the fuzzy-ANP to manage risks in hydropower plant construction operation projects, and Maria and Reinhard used the fuzzy-AHP to analyze risks in energy projects [24,25]. Many fuzzy number transfer techniques such as triangle fuzzy number, trapezoid fuzzy number, fuzzy sets (type-1 and 2), and spherical fuzzy sets have been successfully used to reduce subjectivity in expert scoring [26,27]. The current work also used the fuzzy technique to deal with the complexity of construction engineering projects.



However, while fuzzy technology can remedy the subjective influence in survey data, it cannot improve the credibility of survey data itself. As research objects become more complex, further reductions in subjectivity require more complex fuzzy sets [28]. Yet the complexity of fuzzy sets used to reduce subjectivity in expert survey data has already reached the technical limits. Many studies have demonstrated that there is little difference between using different fuzzy sets in the same study; in some cases, simple fuzzy sets performed even better than complex ones [29,30]. Fuzzy technology has limited effects on the subjectivity of expert valuation when the valued object is a construction engineering risk system [31]. Other methods that can directly increase the credibility of survey data are needed to improve the accuracy of MCDM methods.




2.3. Methods to Improve the Accuracy of MCDM Methods


Knowledge of the sources of subjectivity is necessary to improve the credibility of expert survey data. Wang argued that risks are objective and cannot be eliminated, so managers in a construction engineering project need to anticipate risks and prepare a suitable risk prevention plan. A more appropriate prevention plan can better minimize risk loss [32]. The essence of the construction engineering project risk is the difference between the manager’s prediction of the future situation and the actual future situation. This difference can lead to the risk prevention plan not working as expected, resulting in the project failure [33]. There are two parts that comprise the human understanding of the object: the understanding of the object itself and the understanding of mental associations generated by the object [34]. To achieve a high-quality expert survey, the experts’ understanding of the research object should be consistent and their mental associations generated by the research object should be diverse [35]. These two different modes of understanding are mixed in the survey data and have different values in different studies. For cognitive studies and evaluation studies, the experts’ understanding of the evaluation object is necessary information, while the subjectivity generated by the experts’ mental associations is the noise; hence, many methods are used to reduce subjectivity [36]. However, for exploratory studies and optimization studies, innovation is hidden within the mental associations, but relatively less value is placed on the understanding of the object itself [37]. The risk assessment method should be curated to capture the essence of the risk, and lower subjectivity in the risk assessment indicates better evaluation results that accurately reflect the evaluated objects.



Most traditional MCDM methods, such as ANP, DEMATEL, and TOPSIS, require experts to directly evaluate relationships among risks [38]. The expert survey data collected by such methods always combine many experts’ understanding of mental associations with their understanding of the essence of risks, producing data that is volatile and subjective. As construction engineering project risk management emphasizes risk cognition, the experts’ understanding of construction engineering risks is more important than their mental associations [39]. To further reduce the experts’ mental associations during the valuation of construction engineering project risks, a novel method for extracting experts’ knowledge of the essence of risk is valuable for this study.





3. Research Method


The innovative MCDM methods proposed in this work and the research framework are presented in Figure 1. First, experts who meet the requirements are invited to participate in the study. Experts then help delineate the scope of risks. A literature review is conducted to cull prevention plans for the risks in the scope. Second, expert interviews and questionnaires are conducted to collect data. Based on the data collected, the interrelationships among risks are assessed using IF-ANP. Third, in association with the interrelationship values calculated by IF-ANP, the DEMATEL method is used to rank risks.



3.1. Building the Expert Evaluation System


Expert-guided risk evaluation for construction projects is suitable for advising risk management tasks in the early stage of the project when there is very little information and data on project risks. Therefore, successful risk management in a construction engineering project requires the wisdom of experts. To better utilize expert advice, this study constructs an expert evaluation system based on interviews and questionnaires.



3.1.1. Step 1: Select the Team of Experts and Organize Questionnaires


Several experts in the field of construction engineering project risk management should be invited to participate in the research. The invited experts should work in government departments, construction companies, insurance companies, financial companies, and other related industries, and possess sufficient experience in their area.



This study ranks risks based on interrelationships among them and used the IF-ANP method for calculation. To determine the number of questionnaires, consider the following example. Two different questionnaires are required to calculate the influence of α risk on β risk to evaluate the change in the β risk prevention plan when α risk occurs. One questionnaire is used to establish a β risk prevention plan under a normal scenario while the other is used to prepare a β risk prevention plan under α risk occurrence. If  n  is the number of risks that must be ranked, then the number of questionnaires that each expert is required to fill out is   2  C n 2  + n  . To ensure that expert assessments of risk are not affected by previous investigations, questionnaires in  n  groups should be sent to each expert over  n  weeks, one group at a time. Since experts will need to spend considerable time and effort engaged in this process, they should be appropriately paid.




3.1.2. Step 2: Delineate the Risk Ranking Scope


Gray rhino risks are abundant in a construction engineering project. The meticulous ranking of all gray rhino risks in a construction engineering project would waste a lot of human and material resources. Fortunately, construction project engineering risks have relatively strict eliciting relationships with each other, the number of source risks is small, and most of the risks are secondary risks arising from the occurrence of the source risks [40]. This allows experts to easily weed out unimportant risks, which can reduce the number of risks that need to be meticulously ranked and greatly reduce the difficulty of gray risk management. The scope of the gray rhino risks that are needed to be meticulously ranked will be delineated through the Delphi method in this study.




3.1.3. Step 3: Risk Response Methods Options


The interference fuzzy-analytic network process (IF-ANP) is an innovative MCDM method that is proposed in this work. The IF-ANP method requires experts to evaluate the importance of the risk response methods in the general decision scenarios and in specific risk scenarios. A risk response plan consists of several risk response methods ranging from conservative to aggressive. In different risk response plans, risk response methods are given different priorities. With the IF-ANP method, two different risk response plans for the general decision scenarios and under certain risk scenarios can be obtained. By comparing the differences between these two risk response plans, the interrelationship between the risks can be found. The greater the difference, the less adequate the response plan, and the greater the effect of the risk on other risks.



The IF-ANP changes the conventional practice where experts provide evaluation values directly. It can reduce the effect of subjectivity and improve the reliability and validity of the assessments. The IF-ANP requires researchers to assign groups of risk response methods as expert evaluation objects, thus the literature review may be used to identify risk response methods for the risks in the ranking scope.




3.1.4. Step 4: Develop Fuzzy Linguistic Scales


Because of the subjective nature of human thinking in the decision-making process, the evaluating criteria and alternatives are often challenged by uncertain and fuzzy circumstances. In practice, construction engineering risk evaluation is affected by uncertainty as well as other decision-making problems. In these cases, the theory of fuzzy sets is the most commonly used for dealing with uncertainty. Although this study incorporates the idea of interference, the theory of fuzzy sets is also inherited in this work.



A major contribution of fuzzy set theory is its ability to represent vague data. The theory also allows the application of mathematical operators and programming to the fuzzy domain. In the process of fuzzy operation, if a symbol represents a fuzzy set, a tilde “~” is placed above it. A triangular fuzzy number (TFN) is denoted simply as (l,m,u). The parameters l, m, and u denote the smallest possible value, the most promising value, and the largest possible value, respectively, that describe a fuzzy event. Z = (l,m,u) on X is a TFN if its membership function    μ  A ˜    ( x )    follows


   μ  A ˜    ( x )  =  {       (  x − l  )  /  (  m − l  )    ,   l ≤ x ≤ m          (  u − x  )  /  (  u − m  )  , m ≤ x ≤ u         0                                                           ,   o t h e r w i s e        



(1)







Here, we use five basic linguistic scale terms: “Equal”, “Weakly important”, “More important”, “Strongly more important”, and “Absolutely more important”. Table 1 shows the relative importance of factors that were evaluated with this fuzzy-level scale.





3.2. Interference Fuzzy Analytical Network Process


The ANP enables complicated interdependencies among the decision levels and evaluation factors (attributes) [41]. This research incorporated the idea of interference into the fuzzy-analytic network process (F-ANP) method and created IF-ANP. This work determined the extent to which one risk influences another using a traditional F-ANP method [42]. This approach is commonly used for deriving weights under uncertain environments because its mathematical foundation is straightforward and fuzzy. While the traditional IF-ANP method involves only one direct evaluation, IF-ANP involves two indirect evaluations, making the MCDM method more suitable for construction engineering project risk management. The direct judgments and proofs given by experts were calculated using the following steps:



3.2.1. Step 1: Build General Decision Scenarios and Decision Scenarios under Certain Risk


Consider the example of the effect of the α risk on the β risk calculation. To cope with the β risk that may occur during a construction engineering project, a risk response plan must be formulated in the early stages of the project. However, if the α risk occurs during the construction stage, the response plan to deal with the β risk may not adapt to this new situation. To quantify this influence, this study calculates the differences between two risk response plans designed to deal with the β risk under both general scenarios and the α risk occurrence scenarios. The larger this difference was, the more likely the α risk leads to the β risk. The calculation process includes these steps:



First, a questionnaire was sent to the kth expert among the experts that we invited. The questionnaire contained three parts: (1) A detailed description of the construction engineering project that was taken as the research object; (2) n risks response methods to deal with the β risk; and (3) a direct comparison matrix that the expert was required to fill out. The expert did pairwise comparisons using the TFN linguistic scale. Thus, the relative importance of an element alternative measures the ith risk response method over jth risk response method by the expert and is represented as     c ˜   i j    ( k )      in Equation (2).


    C ˜    ( k )    =  [        c ˜   11    ( k )          c ˜   12    ( k )       …      c ˜   1 n    ( k )            c ˜   21    ( k )          c ˜   22    ( k )       …      c ˜   2 n    ( k )            c ˜   31    ( k )          c ˜   32    ( k )       …      c ˜   3 n    ( k )         ⋮   ⋮   ⋱   ⋮        c ˜   n 1    ( k )          c ˜   n 2    ( k )       …      c ˜   n n    ( k )         ]   



(2)




where     c ˜   i j    ( k )    =  (   l  i j    ( k )    ,  m  i j    ( k )    ,  u  i j    ( k )     )   .



Second, another questionnaire was sent to the expert after one week or longer. This questionnaire added a detailed description of the α risk in the project. The expert again performed pairwise comparisons using the TFN linguistic scale. Thus, the relative importance of the element alternative measures the ith risk response method over the jth risk response method by the expert under the conditions of α risk occurrence, which is represented as       d c  ˜    i j    ( k )      in Equation (3).


      D C  ˜     ( k )    =  [          d c  ˜    11    ( k )            d c  ˜    12    ( k )       …        d c  ˜    1 n    ( k )              d c  ˜    21    ( k )            d c  ˜    22    ( k )       …        d c  ˜    2 n    ( k )              d c  ˜    31    ( k )            d c  ˜    32    ( k )       …        d c  ˜    3 n    ( k )         ⋮   ⋮   ⋱   ⋮          d c  ˜    n 1    ( k )            d c  ˜    n 2    ( k )       …        d c  ˜    n n    ( k )         ]   



(3)




where       d c  ˜    i j    ( k )    =  (   l  i j    ( k )    ,  m  i j    ( k )    ,  u  i j    ( k )     )   .



Two matrices were tested for consistency using the equation CR = CI/RI, where CI is the consistency index and RI is the random consensus index. The CI can be calculated using Equation (4), and RI = 0.89, 1.12, 1.26… when the matrix is of an order of 5, 6, 7… [43]. This manuscript set the standard CR value to 0.2. If the conditions were such that CR exceeded 0.2, experts were asked about the cause of the inconsistency.


  C I =    λ  m a x   − n   n − 1    



(4)








3.2.2. Step 2: Calculate the Value of the Fuzzy Synthetic Extent


The value of        S ˜   i    ( k )    , the fuzzy synthetic extent (fuzzy weights), with respect to the fuzzy extent values of dimensions for each element i (i = 1, 2, …, n) in     C ˜    ( k )      is defined by Equation (5).


        S ˜   i    ( k )    =  (   l i  ,  m i  ,  u i   )  =  (      ∑   j = 1  n     l  i j     ( k )       ∑   i = 1  n    ∑   j = 1  n     u  i j     ( k )     ,     ∑   j = 1  n     m  i j     ( k )       ∑   i = 1  n    ∑   j = 1  n     m  i j     ( k )     ,     ∑   j = 1  n     u  i j     ( k )       ∑   i = 1  n    ∑   j = 1  n     l  i j     ( k )      )   



(5)




where      l  i j     ( k )   ,    m  i j     ( k )   ,    m  i j     ( k )     came from     c ˜   i j    ( k )    =  (   l  i j    ( k )    ,  m  i j    ( k )    ,  u  i j    ( k )     )    in Equation (2).




3.2.3. Step 3: Calculate the Degree of Probability


The   V  (      S ˜  i    ( k )   ≥     S ˜  j    ( k )    )    is the degree of probability of       S ˜  i    ( k )   =  (   l i  ,  m i  ,  u i   )  ≥     S ˜  j    ( k )   =  (   l j  ,  m j  ,  u j   )   , defined in Equation (6).


  V  (      S ˜  i    ( k )   ≥     S ˜  j    ( k )    )  = Max [ M i n  (   μ      S ˜  i    ( k )      ( x )  , M i n  (   μ      S ˜  j    ( k )      ( x )   )   ]   



(6)




which can be expressed equivalently as Equation (7).


  V  (      S ˜  i    ( k )   ≥     S ˜  j    ( k )    )  =  {      1                                                       i f    m i  ≥  m j        0                                                       i f    l j  ≥  u i           u i  −  l j     (   m j  −  l j   )  +  (   u i  −  m i   )      o t h e r w i s e        



(7)







A reason for using sup instead of Max in Equation (6) is that in the case of (   m i  ≥  m j   ), the value of   V  (    c ˜  i  ≥   c ˜  j   )    is 1, which is greater than   Max  [  M i n  (   μ      S ˜  i    ( k )      ( x )   )  , M i n  (   μ      S ˜  j    ( k )      ( x )   )   ]   . The value of the latter is between 0 and 1, but the value of   sup  [  M i n  (   μ      S ˜  i    ( k )      ( x )   )  , M i n  (   μ      S ˜  j    ( k )      ( x )   )   ]    is 1 for this special case. From Figure 2, the value of   V  (      S ˜  i    ( k )   ≥     S ˜  j    ( k )    )    is the ordinate of the highest intersection of    μ      S ˜  i    ( k )       and    μ      S ˜  j    ( k )      .




3.2.4. Step 4 Calculate the Priority Vector


The value of    w i    is the degree of probability that a convex fuzzy number is greater than all the other n − 1 convex fuzzy numbers       S ˜  j    ( k )    (  j = 1 ,   2 ,   … ,   n , j ≠ i  )   .    w i    can be defined by Equation (8).


   w i  =   ∑   j = 1  n   (  V  (      S ˜  i    ( k )   ≥      S ˜   j    ( k )    )   )  , f o r   i = 1 , 2 , … , n  



(8)







   w i    represents the contrast importance of the ith risk response method for the construction engineering project evaluated by the kth expert using fuzzy-ANP.




3.2.5. Step 5: Calculate the Influence between Two Risks


As an example, this work determined the preferences for a β risk response plan of the kth expert in the general scenarios. The weight vector was    W C  =  (   w 1 c  ,  w 2 c  , … ,  w n c   )   . Then, the preferences for the β risk response plan of this expert were determined under conditions of α risk occurrence; the vector was    W  D C   =  (   w 1  d c   ,  w 2  d c   ,   … ,    w n  d c    )   . Generally, the kth expert would invest more money and attention in a risk response method in a risk research plan with a higher w value. The difference between WC and WDC represents the reliability of the β risk response plan when the α risk occurs. A small difference between WC and WDC indicates that the original plan for dealing with the β risk is valid when α risk occurs and that the α risk has little influence on the β risk. The quantified value of this relationship is    I   ( k )     (  α → β  )    and can be calculated by Equation (9).


   I   ( k )     (  α → β  )  =     ∑   i = 1  n       (   w i c  −  w i  c d    )   2     n   



(9)








3.2.6. Step 6: Calculate the Mean Value of All Experts


This manuscript also calculates the evaluations of other experts in the same way. All expert evaluation results were divided into two groups. By the F test method, the p value for the difference between these two groups was calculated. If the p value was greater than 0.05, these two groups of data had no significant difference and the expert evaluation results had acceptable consistency.



The geometric mean is used to aggregate the conclusions of the team members, following


  I  (  α → β  )  =    (    ∏   k = 1  k   I   ( k )     (  α → β  )   )     1 k     



(10)







Effects among other risks would be determined in the same way.





3.3. Decision-Making Trial and Evaluation Laboratory Model


This work determined the priority weights of alternative measures using the DEMATEL method [44]. This method is often used to calculate the weight of each factor in a network structure because its mathematical foundation is structured and explicable. The main advantage of this approach is that it can transform the interrelationships among factors in the network structure into the factors’ weights. The steps of this method are as follows:



3.3.1. Step 1: Form a Direct-Relation Matrix


Eliciting relationships among other risks are also calculated by IF-ANP. Following Equation (11) the corresponding positions of the direct-relation matrix M are filled with all the quantitative affecting values that are calculated by IF-ANP:


   M =   [   m  i j    ]   n × n   =  [      I  (  α → α  )      I  (  α → β  )      I  (  α → γ  )      I  (  α → δ  )      I  (  α → ε  )     ⋯      I  (  β → α  )      I  (  β → β  )      I  (  β → γ  )      I  (  β → δ  )      I  (  β → ε  )     ⋯      I  (  γ → α  )      I  (  γ → β  )      I  (  γ → γ  )      I  (  γ → δ  )      I  (  γ → ε  )     ⋯      I  (  δ → α  )      I  (  δ → β  )      I  (  δ → γ  )      I  (  δ → δ  )      I  (  δ → ε  )     ⋯      I  (  ε → α  )      I  (  ε → β  )      I  (  ε → γ  )      I  (  ε → δ  )      I  (  ε → ε  )     ⋯     ⋮   ⋮   ⋮   ⋮   ⋮   ⋱     ]  



(11)








3.3.2. Step 2: Form a Normalized Direct-Relation Matrix


To unify the range of variables, the matrix M is normalized using Equation (12). The normalized matrix M′ is thus obtained.


   M ′  =    [     m ′    i j    ]    n × n   =    [     m  i j    ∝   ]    n × n   ; ∝ =   max   i = 1 ~ n      [    ∑   j = 1  n   m  i j    ]    n ∗ n    



(12)








3.3.3. Step 3: Form a Direct and Indirect Relative-Severity Matrix


Using Equation (13), the elements of the direct and indirect relative-severity matrix (M″) are obtained:


   M ″  =   lim   n → ∞     ∑   i = 1  n     M ′   i  =  M ′     (  I −  M ′   )    − 1    



(13)








3.3.4. Step 4: Rank the Risks


Using Equation (14), the value of R + C and the value of R − C are calculated. R is the number of rows and C is the number of columns in M″. R + C indicates the extent of the relationship for each alternative. Alternatives with high values of R + C have more relations with others, while those with low R + C values have few relations with others. R − C indicates the extent of influence for each alternative. Large values of R − C indicate a greater influence on another risk; these risks are assumed to have higher priority as have a higher probability of triggering other risks. Such risks should be given greater attention in risk management.


   R i  =   ∑   j = 1  n     [     M ″    i j    ]    n ∗ n   ;  C j  =   ∑   i = 1  n     [     M ″    i j    ]    n ∗ n    



(14)










4. Empirical Research


4.1. Background and Introduction


The Chengdu–Chongqing Middle Line High-speed Railway is the second high-speed railroad linking Chengdu City and Chongqing Municipality. At present, the main channel between Chengdu and Chongqing is the Chengdu-Chongqing high-speed railway, which is designed for 100 return pair/day and has been operating nearly return trips pairs. Therefore, space for further operation has been very limited. The Chengdu-Chongqing high-speed railway line will be saturated in the next three to five years, which will limit the travel of the citizens and the economic development of the cities along the line.



The total length of the Chengdu–Chongqing Middle Line High-speed Railway is about 292 km, with 100.749 km in Chongqing Municipality and 191.283 km in Sichuan Province and a speed target value of 350 km/h. After the high-speed railway is completed, the travel time between Chongqing and Chengdu will be shortened to only 55 min. The total investment in the high-speed railway is expected to be about 69.273 billion yuan, of which 40.896 billion yuan is construction investment. The bridge-tunnel ratio will be similar to the Chengdu-Chongqing high-speed railway, with the bridge length accounting for 50% of the main line length and the tunnel length accounting for 16%. It is expected that the annual passenger volume will reach 32 million after completion.



The Chengdu–Chongqing Middle Line High-speed Railway is scheduled to start construction in 2022 with completion of construction in 2027. This construction engineering project has huge investments and long construction cycles, and managers face large numbers of risks during the project. However, the resources that can be devoted to risk prevention are limited, and hence a key issue in this project is the preparation of a strategy to make the best use of these resources. Therefore, the Chengdu-Chongqing Central Line high-speed railroad construction project was selected as the case study for empirical study in this paper.




4.2. Expert Evaluation System


Thirty experts were invited to participate in our study. All were civil engineers and project managers in building and construction companies and had over 10 years of experience in this field. This work used the Delphi method research paradigm proposed by Skulmoski [45]. A questionnaire containing information about the Chengdu–Chongqing Central Railway was sent to each expert via email. The experts were asked to suggest 20 risks that the project may face during construction, based on their experience. After questionnaire collection was completed, the 15 most frequently mentioned risks were sent to the experts as a new questionnaire. The experts were asked to select the 10 risks that were most likely to lead to project failure out of the 15. After all the questionnaires were collected again, the five most frequently mentioned risks were selected as the scope. Finally, five risks were selected for meticulous ranking: capital chain rupture, decision failure, economic downturn, policy and legal risks, and stakeholder conflict.



These five gray rhino risks in the Chengdu–Chongqing Middle Line High-speed Railway construction project have captured the greatest attention of the experts. In this study, the common project risk response methods proposed in the existing studies will be calculated and divided into the five dimensions. Based on these risk response methods, IF-ANP can calculate the quantitative value of relationships among these risks. The risk prevention methods for these five risks are shown in Table 2.




4.3. IF-ANP


This study then applied the IF-ANP to determine the interrelationships between the gray rhino risks and their effect on the Chengyu Middle Line High-speed Railway construction project.



Taking the fifth expert’s evaluation of the effect of decision failure risk on the capital chain rupture calculation as an example, data calculated from the fifth expert was used to obtain the aggregated direct-relation fuzzy matrix     C ˜    ( k )      and the interference relation fuzzy matrix       D C  ˜     ( k )    ,   as shown in Table 3 and Table 4, respectively.



Next, the priority of various plans to deal with capital chain rupture risks were obtained. The fuzzy synthetic extent values were first calculated from Equation (5):



	
     S ˜  1  =  (  11.000 , 15.000 , 19.000  )  ⨂  (    51.417   − 1   ,   38.700   − 1   ,   27.650   − 1    )  =  (  0.214 , 0.388 , 0.687  )    



	
     S ˜  2  =  (  4.583 , 6.833 , 9.500  )  ⨂  (    51.417   − 1   ,   38.700   − 1   ,   27.650   − 1    )  =  (  0.089 , 0.177 , 0.344  )    



	
     S ˜  3  =  (  7.333 , 10.500 , 14.000  )  ⨂  (    51.417   − 1   ,   38.700   − 1   ,   27.650   − 1    )  =  (  0.143 , 0.271 , 0.506  )    



	
     S ˜  4  =  (  2.783 , 4.083 , 5.833  )  ⨂  (    51.417   − 1   ,   38.700   − 1   ,   27.650   − 1    )  =  (  0.054 , 0.106 , 0.211  )    



	
     S ˜  5  =  (  1.950 , 2.283 , 3.083  )  ⨂  (    51.417   − 1   ,   38.700   − 1   ,   27.650   − 1    )  =  (  0.038 , 0.059 , 0.112  )    






The values of   V (   S ˜  i  ≥   S ˜  j  )   were calculated from Equation (7). The results are shown in Table 5.



Therefore, the fifth expert’s priorities for planning to deal with the capital chain rupture risk under a general scenario were calculated using Equation (8). Through the same calculation process, the planning priorities for a decision failure risk scenario were also calculated. The results are shown in Table 6.



The difference between the two sets of data was calculated using Equation (9). In the end, this study obtained I(5)(D→C) = 0.668, the quantitative value of the fifth expert’s evaluation of the influence of the risk of decision failure on the risk of a capital chain rupture.



Using the same steps, evaluation results of the other 29 experts were acquired. The expert evaluation results were randomly divided into two groups and the F test was used to verify the validity of the data. F value was 0.62 and the p value was 0.44. Since the p value was greater than 0.05, there was no significant difference between the two groups of data. This indicates high consistency among the expert evaluation results for the effect of decision failure risk on the risk of capital chain rupture.



Based on Equation (10), the value of   I  (  D → C  )  = 0.733   was calculated. Through the same calculation steps, quantitative values for the interactions between other risks were also calculated. Combining the results of the quantitative calculation of the interrelationships among all risks, a risk interference relation map was drawn, as shown in Figure 3.




4.4. DEMATEL


DEMATEL was applied to transform the interrelationship among the risks into the risk weights in the Chengdu–Chongqing Middle Line High-speed Railway construction project. By applying Equation (11), the values in the risk interference relation map can be filled in by the direct-relation matrix M; the results are shown in Table 7.



Next, following Equation (12), normalization of M was performed to attain M′; the results are shown in Table 8.



Following Equation (13), the elements of the direct and indirect relative-severity matrix M″ were obtained; the results are shown in Table 9.



Based on Equation (14), the values of R + C and R − C were obtained; the results are shown in Table 10.





5. Results


5.1. Result of Gray Rhino Risk Ranking in Empirical Research


The relation between R + C and R − C is shown in Figure 4, wherein the values of R − C are ranked as capital chain rupture > decision failures > economic downturn > stakeholder conflict > policy and legal risks. This result shows that the capital chain rupture risk is the most easily triggered and has the highest probability of occurrence in the Chengdu–Chongqing Middle Line High-speed Railway project. By combining this with the result of the risks influence ranking (policy and legal risks > economic downturn > stakeholder conflict > decision failures > capital chain rupture), it becomes evident that the occurrence of policy and legal risks is most likely to be the cause of other risks. Decision-making errors and breaks in the capital chain, which may occur several times during the Chengdu–Chongqing Middle Line High-speed Railway construction project, are merely consequences of the risks of policy and legal problems, stakeholder conflict, and economic downturn.




5.2. Calculation of the Difference between IF-ANP and F-ANP


To compare the difference between the IF-ANP and the F-ANP, this study also invited experts to make a direct judgment on the extent to which a decision-making error could lead to a break in the capital chain using scales ranging from 1 (no influence) to 5 (strong influence). Table 11 shows the standardized results of the evaluation values given by the 30 experts through the IF-ANP and direct evaluation methods. The standard deviation of the evaluation value calculated by the IF-ANP was 0.074 and by direct evaluation was 0.308. Therefore, the IF-ANP method effectively solves the influence of subjectivity in experts’ judgment for construction engineering projects.





6. Discussion


6.1. Discussion for the Risk Ranking in Empirical Research


In the Chengdu–Chongqing Middle Line High-speed Railway construction project, economic downturn, stakeholder conflict, and policy and legal risks are external risks, while project and decision failures and capital chain rupture are internal risks of the project. External risks are related to the national macroeconomic environment and regional cultural environment. As it is difficult for the external risks to be affected by the project itself, economic downturn, stakeholder conflicts, and policy and legal risks have lower values of R + C. In contrast, decision failures and capital chain rupture have lower values of R − C. Compared with external risks, internal risks are more easily affected by the external environment. When the external environment in which the project is located is full of uncertainties, the probability of internal risks occurring will increase. Since the occurrence of economic downturn, stakeholder conflict, and policy and legal risks can elicit decision failures and capital chain rupture, the occurrence of economic downturn, stakeholder conflict, and policy and legal risks have higher values of R − C, while decision failure and capital chain rupture have higher values of R + C.



This result explains why gray rhino risks in construction engineering projects recur and eventually lead to project failure. Faced with many common risks, managers tend to invest more resources in preventing more frequent risks that have historically directly led to more project failures. However, those risks are often only a manifestation of deeper risks. Similarly, almost all construction engineering projects face the risk of insufficient funds, but the causes of these shortfalls are various. If managers invest resources to cope with only the risk of insufficient funds and disregard deeper reasons such as policy changes, economic downturns, adverse public opinion, and other issues, the lack of funds will become more and more serious, and eventually cause the project to fail.




6.2. Discussion for the Difference between IF-ANP and F-ANP


As shown in Figure 5, if the experts were directly asked about the quantitative value of interrelations among risks, the survey data calculated from the experts contained much subjectivity. Since the F-ANP method cannot directly reduce the subjectivity of the survey data itself, the credibility of its conclusion has much room for improvement. With the IF-ANP method, by comparing two sets of indirect survey data, subjectivity in the expert survey data cancel each other out, thus improving the consistency of the risk evaluation values given by the experts. Therefore, expert survey data calculated by the IF-ANP has higher credibility.



Even though IF-ANP has the advantage of higher accuracy, IF-ANP has disadvantages compared to F-ANP. The most important limitation of the IF-ANP method is that the research process is complex. When IF-ANP and DEMATEL methods are combined, each expert has to fill in large numbers of comparison matrixes. This requires researchers to invest much time and money in the process of collecting and calculating data.





7. Conclusions


The overall resilience of construction projects can be enhanced by the suitable allocation of risk prevention resources such that sufficient resources are allocated to each risk. This is key to achieving the goal of the construction engineering project. This paper presents an empirical study of the Chengdu–Chongqing Middle Line High-speed Railway project that corroborated the following conclusions.



First, gray rhino risks are present in large numbers in construction engineering projects. Therefore, it is very difficult to identify key risks. In conducting the empirical study, 30 experts were invited to participate. The experts were asked to propose risks that would adversely affect the Chengdu–Chongqing Middle Line High-speed Railway. The 30 experts proposed 74 risks. If risk prevention funds were evenly allocated to these risks, it would create a problem of inadequate investment in each risk, resulting in frequent project risk occurrence.



Second, the results of IF-ANP and DEMATEL calculations demonstrate complex relationships of mutualistic influence between the gray rhino risks of construction projects. Although gray rhino risks are present in large numbers in construction engineering projects, the number of source risks is manageable. For the Chengdu–Chongqing Middle Line High-speed Railway construction project, policy and legal risk, economic downturn, and stakeholder conflict are sources of other risks. Optimizing these source risks can achieve better results when risk prevention resources are limited.



Third, the experts’ evaluation of construction project risks will be influenced by subjectivity, and reducing this influence through effective means will improve the accuracy of the research results. This study compared the data collected by the F-ANP method with the data collected by the IF-ANP method. The results showed that reducing the effect of subjectivity at the data collection stage is superior to reducing it at the calculation stage. When the evaluation object is complex, appropriate means should be used to improve the quality of the collected data.



Based on those conclusions, this study makes the following main contributions to construction engineering risk management.



First, this study proposed the innovative MCDM method. MCDM and fuzzy theory have been widely used in the field of construction engineering risk management. However, complexity is an important feature of construction engineering projects, where risks and the relations between them constitute a complex system. Because complex systems have serious nonlinear characteristics, solely using the fuzzy-MCDM to study the risks in construction engineering projects results in considerable subjectivity, which compromises the credibility of the results. In contrast, the current study presents a method that effectively eliminates the interference of subjectivity on the accuracy of risk assessment, and that expert evaluation values collected through the IF-ANP are more consistent. This new method is valuable for future engineering construction project risk management research because it can overcome the problem of subjectivity, which could not be solved by the previous fuzzy-MCDM methods.



Second, this study innovatively combines the IF-ANP research method with the DEMATEL research method. The IF-ANP allows project managers to process expert opinions more accurately, so they can derive conclusions that were difficult to obtain in previous studies. Existing research generally ranks risks by two factors: their probability of occurrence and the severity of the resultant loss. However, this incorrectly assumes that the probability of risk occurrence is fixed. By combining the IF-ANP and DEMATEL, the mutual influences of the risks are considered, resulting in more credible conclusions. Future risk management research can also apply this method to improve research effectiveness.



Third, this study also suggests a possible reason for the occurrence of gray rhino risks in construction engineering projects. Project managers are more inclined to invest resources in the prevention of direct risks because statistical data show that these risks have led to more project failures. However, this study shows that direct risks are only a manifestation of some deeper risks. Because these deeper risks have not received enough attention, they are constantly manifested in the form of direct risks. This explains why gray rhino risks keep emerging—when a gray rhino risk occurs, simply dealing with the risk itself cannot prevent the risk from happening again. Underlying reasons must be found, and effective actions should be taken.



Last, an empirical study was performed on the Chengdu–Chongqing Middle Line High-speed Railway project. Results show that the risk of breaks in the capital chain and decision-making errors have the highest probability of occurrence. However, the policy and legal risk is the deeper reason for the other risks. This means that managers in that railway project should pay more attention to the policy and legal risk and maintain regular communications with the government. Effective management of policy and legal risks can reduce the probability of other risks.
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Figure 1. The framework of this study. 
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Figure 2. Degree of probability of     S ˜  i  ≥   S ˜  j   . 
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Figure 3. Risk interference relation map. 
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Figure 4. R − C influences for various R + C relations. Where P is policy and legal risks; E is economic downturn; S is stakeholder conflict; D is decision failures; C is capital chain rupture. 
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Figure 5. Difference between the IF-ANP and direct evaluations. 
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Table 1. Basic linguistics and TFN.






Table 1. Basic linguistics and TFN.





	Linguistic Scale for Importance
	Triangular Fuzzy Scale
	Triangular Fuzzy Reciprocal Scale





	Equal
	(1,1,1)
	(1,1,1)



	Weakly important
	(1,2,3)
	(1/3,1/2,1)



	More important
	(2,3,4)
	(1/4,1/3,1/2)



	Strongly more important
	(3,4,5)
	(1/5,1/4,1/3)



	Absolutely more important
	(4,5,6)
	(1/6,1/5,1/4)
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Table 2. The risks prevention methods for gray rhino risks for the Chengdu–Chongqing Middle Line High-speed Railway construction project.
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Risk

	
Prevention Method

	
Code

	
Source






	
Capital chain rupture

	
Set a higher reserve at the design stage

	
C1

	
[46]




	
Change engineering design and cancel unnecessary projects

	
C2

	
[47]




	
Add investments in the construction process

	
C3

	
[48]




	
Slow down the construction progress and avoid centralized payment

	
C4

	
[49]




	
Abandon the project to avoid further investment losses

	
C5

	
[50]




	
Decision failure

	
Increase investment and improve construction technology to meet project requirements

	
D1

	
[51]




	
Continue to use existing construction technology and accept possible construction delays and capital loss

	
D2

	
[52]




	
Modify design and technical standards to meet enterprise capability requirements

	
D3

	
[53]




	
Outsource parts of the work that have high technical difficulty but increase costs and duration

	
D4

	
[53]




	
Abandon the project to avoid further loss

	
D5

	
[53]




	
Economic downturn

	
Increase investment, upgrade engineering projects, and expand project service scope

	
E1

	
[53]




	
Reduce the operation cost and make products more competitive in price

	
E2

	
[54]




	
Keep the original design and continue construction

	
E3

	
[55]




	
Stop project construction immediately to prevent further loss

	
E4

	
[53]




	
Reduce losses by seeking companies with a purchase intention and selling them the completed parts

	
E5

	
[54]




	
Policy and legal risk

	
Invest more money in project publicity to reduce the possibility of policy change

	
P1

	
[55]




	
Stop the project promptly to avoid greater loss

	
P2

	
[53]




	
Invest funds to try to lobby the government to retain policies

	
P3

	
[56]




	
Reduce the investment caused by policies and legal risk

	
P4

	
[57]




	
Change the method statement to make the project meet the legal requirements and accept the cost increases and project delays

	
P5

	
[58]




	
Stakeholder conflict

	
Invest more money to compensate stakeholders

	
I1

	
[57]




	
Change the construction scheme to reach a compromise according to stakeholder requirements

	
I2

	
[59]




	
Continue construction and adopt legal measures to overcome conflicts with stakeholders

	
I3

	
[60]




	
Stop the project promptly to avoid greater loss

	
I4

	
[53]




	
Subcontract part of the work, transferring risks but accepting loss of profits

	
I5

	
[55]
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Table 3. Direct comparison matrix in a normal situation     C ˜    ( k )     .
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	C1
	C2
	C3
	C4
	C5





	C1
	(1.000,1.000,1.000)
	(2.000,3.000,4.000)
	(1.000,2.000,3.000)
	(3.000,4.000,5.000)
	(4.000,5.000,6.000)



	C2
	(0.250,0.333,0.500)
	(1.000,1.000,1.000)
	(0.333,0.500,1.000)
	(1.000,2.000,3.000)
	(2.000,3.000,4.000)



	C3
	(0.333,0.500,1.000)
	(1.000,2.000,3.000)
	(1.000,1.000,1.000)
	(2.000,3.000,4.000)
	(3.000,4.000,5.000)



	C4
	(0.200,0.250,0.333)
	(0.333,0.500,1.000)
	(0.250,0.333,0.500)
	(1.000,1.000,1.000)
	(1.000,2.000,3.000)



	C5
	(0.167,0.200,0.250)
	(0.250,0.333,0.500)
	(0.200,0.250,0.333)
	(0.333,0.500,1.000)
	(1.000,1.000,1.000)
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Table 4. Direct comparison matrix under conditions of decision failure occurrence       D C  ˜     ( k )     .
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	C1
	C2
	C3
	C4
	C5





	C1
	(1.000,1.000,1.000)
	(0.333,0.500,1.000)
	(2.000,3.000,4.000)
	(3.000,4.000,5.000)
	(1.000,2.000,3.000)



	C2
	(1.000,2.000,3.000)
	(1.000,1.000,1.000)
	(3.000,4.000,5.000)
	(4.000,5.000,6.000)
	(2.000,3.000,4.000)



	C3
	(0.250,0.333,0.500)
	(0.200,0.250,0.333)
	(1.000,1.000,1.000)
	(1.000,2.000,3.000)
	(0.333,0.500,1.000)



	C4
	(0.200,0.250,0.333)
	(0.167,0.200,0.250)
	(0.333,0.500,1.000)
	(1.000,1.000,1.000)
	(0.250,0.333,0.500)



	C5
	(0.333,0.500,1.000)
	(0.250,0.333,0.500)
	(1.000,2.000,3.000)
	(2.000,3.000,4.000)
	(1.000,1.000,1.000)
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Table 5. Values of   V (   S ˜  i  ≥   S ˜  j  )  .
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	      S ˜  1       
	      S ˜  2       
	      S ˜  3       
	      S ˜  4       
	      S ˜  5       





	     S ˜  1    
	  V (   S ˜  1  ≥   S ˜  1  )   = 1.000
	  V (   S ˜  2  ≥   S ˜  1  )   = 0.381
	  V (   S ˜  3  ≥   S ˜  1  )   = 0.715
	  V (   S ˜  4  ≥   S ˜  1  )   = 0.000
	  V (   S ˜  5  ≥   S ˜  1  )   = 0.000



	     S ˜  2    
	  V (   S ˜  1  ≥   S ˜  2  )   = 1.000
	  V (   S ˜  2  ≥   S ˜  2  )   = 1.000
	  V (   S ˜  3  ≥   S ˜  2  )   = 1.000
	  V (   S ˜  4  ≥   S ˜  2  )   = 0.632
	  V (   S ˜  5  ≥   S ˜  2  )   = 0.160



	     S ˜  3    
	  V (   S ˜  1  ≥   S ˜  3  )   = 1.000
	  V (   S ˜  2  ≥   S ˜  3  )   = 0.680
	  V (   S ˜  3  ≥   S ˜  3  )   = 1.000
	  V (   S ˜  4  ≥   S ˜  3  )   = 0.292
	  V (   S ˜  5  ≥   S ˜  3  )   = 0.000



	     S ˜  4    
	  V (   S ˜  1  ≥   S ˜  4  )   = 1.000
	  V (   S ˜  2  ≥   S ˜  4  )   = 1.000
	  V (   S ˜  3  ≥   S ˜  4  )   = 1.000
	  V (   S ˜  4  ≥   S ˜  4  )   = 1.000
	  V (   S ˜  5  ≥   S ˜  4  )   = 0.552



	     S ˜  5    
	  V (   S ˜  1  ≥   S ˜  5  )   = 1.000
	  V (   S ˜  2  ≥   S ˜  5  )   = 1.000
	  V (   S ˜  3  ≥   S ˜  5  )   = 1.000
	  V (   S ˜  4  ≥   S ˜  5  )   = 1.000
	  V (   S ˜  5  ≥   S ˜  5  )   = 1.000
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Table 6. Priorities of plans in two situations.
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	    w 1 c  = 5.000   
	    w 2 c  = 4.060   
	    w 3 c  = 4.715   
	    w 4 c  = 2.923   
	    w 5 c  = 1.712   



	    w 1  d c   = 4.715   
	   w 2  d c   = 5  .000
	    w 3  d c   = 2.923   
	    w 4  d c   = 1.712   
	    w 5  d c   = 4.060   
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Table 7. Direct-relation matrix M.
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	Capital Chain Rupture
	Decision Failures
	Economic Downturn
	Policy and Legal Risks
	Stakeholder Conflict





	Capital chain rupture
	–
	0.764
	0.563
	0.641
	0.312



	Decision failures
	0.733
	–
	0.468
	0.236
	0.539



	Economic downturn
	0.495
	0.321
	–
	0.444
	0.122



	Policy and legal risks
	0.132
	0.124
	0.231
	–
	0.185



	Stakeholder conflict
	0.231
	0.336
	0.413
	0.185
	–
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Table 8. Normalized direct-relation matrix M′.
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	Capital Chain Rupture
	Decision Failures
	Economic Downturn
	Policy and Legal Risks
	Stakeholder Conflict





	Capital chain rupture
	–
	0.335
	0.247
	0.281
	0.137



	Decision failures
	0.321
	–
	0.205
	0.104
	0.236



	Economic downturn
	0.217
	0.141
	–
	0.195
	0.054



	Policy and legal risks
	0.058
	0.054
	0.101
	–
	0.081



	Stakeholder conflict
	0.101
	0.147
	0.181
	0.081
	–
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Table 9. Elements of direct and indirect relative-severity matrix M′′.
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	Capital Chain Rupture
	Decision Failures
	Economic Downturn
	Policy and Legal Risks
	Stakeholder Conflict





	Capital chain rupture
	0.434
	0.669
	0.635
	0.632
	0.440



	Decision failures
	0.656
	0.401
	0.588
	0.484
	0.492



	Economic downturn
	0.460
	0.398
	0.287
	0.442
	0.262



	Policy and legal risks
	0.193
	0.185
	0.232
	0.133
	0.174



	Stakeholder conflict
	0.341
	0.361
	0.403
	0.307
	0.179
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Table 10. Prioritization of alternatives in DEMATEL method.
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	Order
	R
	Order
	C
	Order
	R + C
	Order
	R − C





	Economic downturn
	2.145
	Capital chain rupture
	2.810
	Capital chain rupture
	4.893
	Policy and legal risks
	1.082



	Capital chain rupture
	2.084
	Decision failures
	2.620
	Decision failures
	4.635
	Economic downturn
	0.296



	Decision failures
	2.014
	Economic downturn
	1.849
	Economic downturn
	3.994
	Stakeholder conflict
	–0.045



	Policy and legal risks
	1.998
	Stakeholder conflict
	1.591
	Stakeholder conflict
	3.137
	Decision failures
	–0.606



	Stakeholder conflict
	1.591
	Policy and legal risks
	0.916
	Policy and legal risks
	2.914
	Capital chain rupture
	–0.727
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Table 11. Normalized I(k) (D→C) values given by the IF-ANP and by direct evaluation.
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IF-ANP

	

	
Direct Evaluation




	
k

	
1–6

	
7–12

	
13–18

	
19–24

	
25–30

	
k

	
1–6

	
7–12

	
13–18

	
19–24

	
25–30






	

	
0.703

	
0.806

	
0.806

	
0.674

	
0.682

	

	
0.600

	
1.000

	
1.000

	
1.000

	
0.400




	

	
0.641

	
0.664

	
0.632

	
0.723

	
0.751

	

	
0.200

	
0.800

	
0.200

	
0.600

	
0.200




	

	
0.723

	
0.658

	
0.712

	
0.812

	
0.764

	

	
0.200

	
0.400

	
0.200

	
0.600

	
0.400




	

	
0.812

	
0.765

	
0.756

	
0.807

	
0.999

	

	
0.600

	
0.600

	
0.800

	
0.800

	
1.000




	

	
0.802

	
0.698

	
0.704

	
0.663

	
0.773

	

	
0.200

	
0.200

	
1.000

	
1.000

	
0.200




	

	
0.812

	
0.715

	
0.714

	
0.655

	
0.694

	

	
0.600

	
1.000

	
0.400

	
0.600

	
0.200
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