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Abstract

:

Grouting-efficiency evaluation is a key element in grouting-construction control. However, most existing grouting-efficiency evaluation models do not consider the hesitation and bounded rationality of experts and have difficulty in handling the problem of incomplete decision-making information generated by experts. Furthermore, the diversity of the evaluation indicators used can be further improved. This study conducts a comprehensive evaluation model to address these problems. An objective and reasonable fuzzy evaluation method is demonstrated through the integration of interval-valued intuitionistic fuzzy sets, prospect theory, and improved D numbers. The secondary permeability index is introduced to establish a more scientific evaluation indicator system. The proposed model is implemented in evaluating the curtain-grouting efficiency of a hydropower station, and its consistency, representativeness, and superiority are validated and analyzed.
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1. Introduction


The construction efficiency of curtain grouting is a key point of construction quality control in hydraulic engineering [1]. The efficiency of the grouting depends on whether the voids and fractures in the dam foundation are completely filled by the cement [2]. However, it is impossible to observe the success of permeability reduction and seepage prevention because the grouting construction is an underground concealed project, and thus, grouting construction is often considered to be an art, rather than a technique [3]. Therefore, it is of great theoretical and practical significance to effectively evaluate the efficiency of grouting construction.



Conventional methods for grouting-efficiency evaluation include theoretical analysis [4], numerical simulation [5], laboratory tests [6], and field tests [7]. Kvartsberg et al. [4] established the concept of flow properties of a hydraulically conductive fracture system and used it to evaluate the suitability of grouting designs. Lisa et al. [8] suggested that grouting design should be adapted to the distribution of the fracture system in the rock. Alberti et al. [5] studied the influences of grouting material on borehole heat-exchanger performance by numerical simulation. Kim et al. [9] investigated the interaction of pressure grouting and rocks by laboratory tests. Le et al. [10] concluded that the type of grouting material plays an important role in improving the uniaxial compressive strength through a series of laboratory tests. All the above studies can be used to achieve the evaluation of grouting efficiency, which provides a useful reference for this research. However, as these theoretical analyses, numerical simulations, and laboratory tests are based on certain assumptions, which are different from the construction site, they are difficult to apply to real grouting construction sites.



In recent years, the permeability (Lugeon, LU) obtained by a water-pressure test (WPT) has been widely used to evaluate grouting efficiency [11,12]. Saeidi et al. [13] evaluated the permeability and hydraulic conductivity conditions of a dam site based on WPT. Lisa et al. [14] presented a method to decide whether to grout at the tunnel grouting construction stage based on water-pressure tests of front boreholes. Sadeghiyeh et al. [15] used the hydromechanical behavior of the rock to determine both the water flow and grout pressurized flow. Based on the results of water-pressure tests, Butrón et al. [16] provided reasonable parameters for grouting design. However, the water-pressure test can only reflect the permeability of the rock mass and cannot reflect the filling condition of the rock fracture and potential seepage channel. Therefore, geophysical methods such as core drilling [17], borehole television imaging [18], and acoustic-wave tests [9] have been applied to detect grouting efficiency. Core drilling can intuitively reflect the filling of fractures, whereas borehole television imaging can reflect the rock mass state of the hole wall in an all-round manner and truly reproduce the construction efficiency. Funehag et al. [19] described how the design of grouting was coupled with the actual grouting procedure and evaluated the fracture aperture distribution by evaluation of the rock core. Hernqvist et al. [20] evaluated the efficiency of tunnel curtain grouting using the borehole core. Chen et al. [21] examined the correlation between acoustic velocity (V) and deformation modulus and established the relationship between the V of rock masses before and after consolidation grouting. Wang et al. [22] studied the long-term deformation tendency and damage zone using the acoustic-wave test technique. Zolfaghari et al. [23] calculated the rock mass deformation modulus by using a Q-system. Lynch et al. applied 3-D seismic tomography to estimate the grouting quality. Bryson et al. [24] developed a lab-scale model to assess seepage behavior by using electrical conductivity measurements. These studies on the curtain-grouting efficiency evaluation mostly evaluated the grouting efficiency through a separate analysis of the results obtained by different detection methods. There are also multi-indicator evaluation studies: Wang et al. [25] employed physical exploration, hole verification, the permeability coefficient, and P-Q-t to evaluate the grouting effects on floor undulation while water inflows were monitored. From the perspective of permeability and tightness, Fan et al. [26] comprehensively considered the indicators of permeability (Lugeon, LU), fracture-filled rate (FFR), and rock-quality designation (RQD). Then, based on the analytic hierarchy process (AHP) extended by D numbers (D-AHP) to determine the weights of the indicators, they proposed a hybrid fuzzy evaluation method for grouting efficiency. Zhu et al. [27] considered the randomness in problems caused by subjective consciousness and the fuzziness in problems caused by complex relationships among indicators and proposed the curtain-grouting efficiency evaluation method based on a cloud model.



The development of grouting-construction efficiency evaluation can be divided into three stages: (1) evaluation of the grouting-construction efficiency based on the Lugeon value of the rock mass by water-pressure tests [12,13,14,15,16]; (2) evaluation of the grouting efficiency through a separate analysis of the results obtained by different detection methods, such as core drilling, borehole television, and acoustic velocity tests [17,18,19,20,21,22,23,24]; and (3) evaluation of the grouting efficiency by expert decision-making methods, based on comprehensive consideration of multiple indicators [25,26,27]. Although scientists have conducted extensive research in the field of grouting-efficiency evaluation, the existing research still has the following shortcomings:




	
The existing evaluation methods for grouting efficiency do not consider the hesitation and bounded rationality of experts, and it is difficult to handle the problem of incomplete decision-making information when using them. Due to the redundancy of information, incompleteness of expert knowledge, and effect of the decision-making environment, the experts will hesitate [28], have bounded rationality [29] in the decision-making process, and may even forfeit the evaluation. Existing grouting-efficiency evaluation methods have difficulty in considering such hesitation and bounded rationality and have difficulty in handling the incomplete information generated by the experts after they have forfeited the evaluation, which causes a lack of rationality and objectivity in the evaluation results. Therefore, it is very important to use scientific methods to evaluate the grouting efficiency and to obtain reasonable and objective evaluation results.



	
The diversity of the evaluation indicators can be further improved. The main aim of curtain grouting is to prevent leakage and to improve the strength of the ground under the dam foundation [30]. The construction efficiency of curtain grouting is closely related to the groutability (whether the grouting material can continue to be injected) [27]. The existing research mostly describes the groutability of a rock mass using permeability. However, they cannot be completely equivalent. The main reason for this is that there are usually many microfractures in the rock of the dam foundation, so there will be a situation where “the water permeability is very large and the cement intake is very small”. In addition, although a few studies have considered indicators such as the FFR and RQD, the diversity of the evaluation indicators can be further improved. Therefore, it is necessary to establish an evaluation indicator system that can comprehensively reflect the groutability of the rock considered.








To overcome the shortcomings of the existing evaluation methods, this paper proposes a comprehensive evaluation model for curtain-grouting efficiency assessment under an intuitionistic fuzzy environment; the complete research framework is shown in Figure 1.



Firstly, we develop a comprehensive evaluation method using prospect theory, interval-valued intuitionistic fuzzy sets, and improved D numbers for curtain-grouting efficiency assessment. The method combines the strength of interval-valued intuitionistic fuzzy sets defining membership, nonmembership, and hesitancy [31]; the superiority of D numbers in dealing with the incomplete information generated by experts during decision-making [32], and the advantages of prospect theory in considering the bounded rationality of experts [33]. Interval-valued intuitionistic fuzzy sets can express the hesitation of experts; therefore, it is practical to regard grouting-efficiency assessment as an evaluation problem under an intuitionistic fuzzy environment. However, the method must provide a certain membership and nonmembership degree, which makes it difficult to solve the problem of incomplete decision-making information. Fortunately, D numbers can be used to solve the problem of incomplete decision-making information, but there are certain drawbacks when integrating information [34]. Therefore, this study improves the D numbers (ID) and proposes the method of interval-valued intuitionistic fuzzy sets extended by the improved D numbers (ID-IVIFS). Prospect theory (PT) is used to solve the problem of the bounded rationality of experts, where the weight of each indicator is calculated based on the principle of the maximum prospect value. The fuzzy evaluation method is used to comprehensively evaluate the efficiency of the verification hole. The proposed method can consider the hesitation and bounded rationality of the experts and can handle the problem of incomplete decision-making information. Therefore, the evaluation results are more objective and reasonable.



Secondly, to improve the diversity of the evaluation indicators, based on the real-time monitoring system of grouting engineering [35] and the existing conventional evaluation indicator system of the research group, the secondary permeability index (SPI) is introduced as an evaluation indicator and a five-indicator evaluation system is established: LU, SPI, V, RQD, and FFR. Foyo et al. [36] believed that conventional experimental methods such as core drilling do not reflect the connectivity of the fractures and introduced the concept of SPI. The SPI can reflect the strength and groutability of rock and has been widely used in the field of grouting analysis and quality evaluation of rock [15]. Studies have shown that there is a strong correlation between grouting efficiency and rock quality and that the SPI has a strong correlation with the quality of the rock mass [37]. Therefore, the SPI can be used to characterize grouting efficiency. The five-indicator evaluation system further improves the diversity of the evaluation indicators.



Finally, based on ordinary Kriging [38], the evaluation results of a limited number of verification holes are mapped to the entire grouting construction area and the construction quality of the entire construction area is obtained to comprehensively evaluate the grouting efficiency. The model is applied to the curtain-grouting efficiency evaluation of a hydropower station, and the consistency, effectiveness, and superiority of the model are verified.




2. Related Work


2.1. Comprehensive Evaluation Methods under Interval-Valued Intuitionistic Fuzzy Environment


Interval-valued intuitionistic fuzzy sets (IVIFS), which are characterized by an interval-valued membership function and an interval-valued nonmembership function, are one of the important tools for handling uncertainty and hesitancy [39,40]. Zhao [41] established an optimization model based on the basic ideal of the traditional technique for order preference by similarity to an ideal solution (TOPSIS) and evaluated the teaching quality of a college class. Gu et al. [42] used interval-valued intuitionistic fuzzy numbers to evaluate the customer satisfaction of a “Door-to-Door” whole-process logistic service. Fuzzy sets may lead to the loss and distortion of assessment information; Liu [43] combined uncertain linguistic variables with IVIFS and proposed interval-valued intuitionistic uncertain linguistic sets (IVIULSs) that can simultaneously express the vagueness and uncertainty of subjective expressions. Wang et al. [44] used the ordered pairwise comparison method to determine the weight of the criteria, applied the entropy measure method of the IVIFS to determine the weights of the experts, and selected a suitable supplier for business intelligence systems. Oztaysi et al. [45] contributed to research proposal evaluation using a multicriteria approach based on IVIFS. Liu et al. [46] reconstructed a new version of the TOPSIS method to handle the problem of multicriteria decision-making. Liu et al. [47] proposed an innovative multicriteria decision-making method for sustainable supplier selection by integrating the alternative queuing method and the best–worst method within the interval-valued intuitionistic uncertain linguistic setting.




2.2. Comprehensive Evaluation Methods under D Numbers


The D number concept was developed by Deng [48] as an effective representation of missing data and incomplete decision-making information. It has been shown that D numbers can overcome the existing deficiencies in traditional Dempster–Shafer theories [49,50]. D numbers have been widely applied in the comprehensive evaluation field. For example, Ye [51] introduced a popular multiple attribute decision-making method to solve the assessment problem. Lin et al. [52] identified the risk elements of a new energy power system in China and analyzed the internal influence relations based on D numbers, a decision-making trial, and a laboratory evaluation. Deng et al. [53] proposed a D-number-based multi-sensor information fusion method to establish a new model for the fuzzy risk evaluation. Fan et al. [26] proposed a hybrid fuzzy evaluation method for grouting efficiency based on the AHP method extended by D numbers.




2.3. Comprehensive Evaluation Methods under Prospect Theory


Kahneman et al. [54] proposed prospect theory in 1979 based on the assumption of bounded rationality. Prospect theory explains the major violations of utility theory, which assumed that all reasonable people would obey the axioms of the theory [55,56]. Luca et al. [57] applied the cumulative prospect theory to model the behavior of travelers in a risky route choice context. Wu et al. [58] evaluated renewable power sources based on prospect theory and the fuzzy multicriteria decision-making technique. Wang et al. [59] simultaneously considered the psychological behavior of a decision maker and the interaction relationships among the risk factors and developed the risk evaluation method. Król et al. [60] evaluated the sustainability of maize cultivation based on prospect theory. Liu et al. [61] investigated the cross-efficiency evaluation in data envelopment analysis based on prospect theory.




2.4. Prospect Theory and Interval-Valued Intuitionistic Fuzzy Sets Extended by Improved D-Number Methods for Comprehensive Evaluation


Some researchers have recently developed and adopted prospect theory [62,63], interval-valued intuitionistic fuzzy sets [64,65], and D numbers [52,53] to solve the comprehensive evaluation problem. In summary, the existing research has made important contributions to solving the comprehensive evaluation problem. However, the existing evaluation methods have difficulty in considering hesitation and bounded rationality in the expert’s decision at the same time and have difficulty in simultaneously dealing with the problem of incomplete decision information generated by an expert giving up the evaluation.



Fortunately, interval intuitionistic fuzzy sets, prospect theory, and D numbers can solve the above problems well. For example, interval-valued intuitionistic fuzzy sets can describe the membership, nonmembership, and hesitancy of the experts [31]; prospect theory can consider the problem of the bounded rationality of the experts [33]; and D numbers can deal with the problem of incomplete information generated by experts during decision-making [32]. Considering that all the grouting-efficiency evaluation indicators are quantitative attributes, this paper proposes a comprehensive evaluation method based on prospect theory and interval-valued intuitionistic fuzzy sets extended by the improved D numbers to make the evaluation results more objective and reasonable.





3. Grouting-Efficiency Evaluation Indicators System


3.1. Indicator System for Curtain-Grouting Evaluation


In a curtain-grouting engineering project, grout material is injected into the fractures of a rock mass. The engineering properties are improved by the decreased permeability, enhanced strength, and reduced deformation of the rock. Therefore, in order to comprehensively reflect the efficiency of grouting construction, an indicator system for curtain-grouting evaluation that can comprehensively reflect the permeability, groutability, and tightness of a rock mass is established, as shown in Figure 2. The evaluation indicators consist of permeability (LU), secondary permeability index (SPI), fracture-filled rate (FFR), rock-quality designation (RQD), and acoustic velocity (V).




3.2. Calculation of the Evaluation Indicators


3.2.1. Secondary Permeability Index (SPI)


Foyo et al. [36] believed that the Lugeon (LU) could only reflect the permeability of a rock mass and could not reflect the strength and groutability of the rock mass. Therefore, the SPI was proposed, which can comprehensively reflect permeability and groutability. It has been widely used in the field of grouting analysis and in the quality evaluation of rocks [15]. Its definition is shown in Equation (1):


  SPI = C   ln  (     2 L   r   + 1   )     2 π L    ⋅  V  H t    



(1)




where SPI is the secondary permeability index in L/m2·s; C is a constant which depends on the viscosity at 10 °C; L is the length of the tested borehole interval in m; r is the borehole radius in m;   V     is the water flow absorbed by a fracture rock mass; t is the duration of the pressure applied in each step in s; and H is the total pressure expressed as a water column in m.




3.2.2. Permeability (LU)


The water-pressure test (WPT), which is usually conducted after the completion of the drilling and rinsing process, is a popular method for observing the permeability of a rock mass. The method was first proposed by Lugeon in 1933, and thus, it is also called the Lugeon test method [11]. The result of a WPT is generally expressed by the Lugeon value (LU), which can be calculated according to Equation (2):


  LU =  Q  P ⋅ L    



(2)




where LU is the Lugeon value in Lu; Q is the water flow rate in L/min; and P is the pressure in the WPT in MPa.




3.2.3. Fracture-Filled Rate (FFR)


The Fracture-Filled Rate (FFR) is defined as the ratio of the fractures filled by grout to the total number of fractures, which is derived from core drilling and borehole television imaging of the verification holes [26]. FFR is a key parameter in the assessment of rock quality and can be derived from Equation (3), as shown in Figure 3.


  FFR =    N f   N  * 100 %  



(3)




where Nf and N are the number of fractures filled by grout and the total number of fractures in the test interval, respectively.




3.2.4. Rock-Quality Designation (RQD)


The rock-quality index (RQD) was first proposed by Deere as an index for quantitatively evaluating rock quality [66]. RQD can be obtained by the drilling core method and is widely used in rock engineering. RQD is defined as the percentage of the length of the complete core interval with a length greater than 10 cm (   ∑   L i     ) as a percentage of the total core length (L), as shown in Equation (4):


  RQD =    ∑   L i     L  * 100 %  



(4)








3.2.5. Acoustic Velocity (V)


The acoustic-wave velocity test is a frequently used technique for acquiring the acoustic-wave velocity value (V) of an object, such as rock or metal. This technology has been widely used in geotechnical engineering as it has the advantages of fast detection and of being a nondestructive test. There is a strong correlation between V and the elastic modulus. For intact rocks, their acoustic-wave propagation paths are often short and the acoustic-wave velocity V is relatively high and vice versa. By using the acoustic-wave test to quickly detect rock quality, grouting efficiency can be objectively evaluated.






4. Methodology


4.1. Mathematical Model of the Evaluation Method


In this study, the aim of the grouting comprehensive evaluation model is to obtain the comprehensive index E, which represents the grouting efficiency. Equation (5) shows the objective function of the efficiency evaluation, where f is the complex relationship between evaluation results E and the evaluation indicators LU, SPI, V, RQD, and FFR. Equation (6) defines the comprehensive evaluation indicators system of the grouting efficiency C, where c is the classification criteria. Equation (7) illustrates the method set of calculating the weight of each indicator (M), including the improved D numbers (Md), interval-valued intuitionistic fuzzy sets (Mi), interval-valued intuitionistic fuzzy sets extended by improved D numbers (Mdi), prospect theory (Mp), and weight-solving method (Mw), where b and v are the parameters of the improved D numbers.    (   [   μ A L   ( x )  ,  μ A R   ( x )   ]  ,  [   ν A L   ( x )  ,  ν A R   ( x )   ]   )    denotes the membership matrix, and    (   [   μ A L   ( x )  ,  μ A R   ( x )   ]  ,  [   ν A L   ( x )  ,  ν A R   ( x )   ]  , υ  )    is the membership matrix of D-integral forms. ωi is the weight of the indicator i, and γi is the value function in the prospect theory. Equation (8) defines the evaluation method set, including the fuzzy evaluation method (Me) and the ordinary Kriging method (Mo), where ω defines the solution method of the weights of the evaluation indicators, ci is the score of the indicator i, g represents the fuzzy operation of the evaluation matrix, and λi and Zi are the parameters of the ordinary Kriging method.


  Model  ( E )  = f  (   LU ,   SPI ,   FFR ,   RQD ,   V   )   



(5)






  C = c  (   LU ,   SPI ,   FFR ,   RQD ,   V   )   



(6)






   {    M =  M d  ∪  M i  ∪  M  d i   ∪  M p  ∪  M ω       M d  =  (  b , υ  )       M i  =  (   [   μ A L   ( x )  ,  μ A R   ( x )   ]  ,  [   ν A L   ( x )  ,  ν A R   ( x )   ]   )       M  d i   =  (   [   μ A L   ( x )  ,  μ A R   ( x )   ]  ,  [   ν A L   ( x )  ,  ν A R   ( x )   ]  , υ  )       M p  =  ω i  ⋅  γ i       M ω  = ω  (   LU ,   SPI ,   FFR ,   RQD ,   V   )       



(7)






   {     M e  = g  (   ω i  ⋅  c i   )       M o  =  λ i  ⋅  Z i       



(8)








4.2. Preliminaries


4.2.1. D Numbers


Definition 1.

Let Ω be a finite nonempty set. The D numbers are defined as a mapping formulated by Equation (9), satisfying Equation (10) [48]:


  D : Ω →  [  0 , 1  ]   



(9)






   {     ∑     B ∈ Ω   D  ( B )  ≤ 1       D  ( ∅ )  = 0      



(10)




where ∅ is the empty set and B is a subset of Ω. From Definition 1, if   ∑     B ∈ Ω   D  ( B )  < 1    , the information is incomplete and, if   ∑     B ∈ Ω   D  ( B )  = 1    , the information is complete.



For a discrete set   Ω =  {   b 1    ,  b 2  , … ,  b i  , … ,    b n   }    , where    b i  ∈ R   , if   i ≠ j   and    b i  ≠  b j    , the D numbers can be expressed by Equation (11):


   D  (   b i   )  =  υ i     (  i = 1 , 2 , … , n  )    



(11)




simply noted by   D =  {   (   b 1  ,  v 1   )  ,  (   b 2  ,  v 2   )  , … ,  (   b n  ,  v n   )   }    , where    v i  ≥ 0   and     ∑  i = 1  n    v i  ≤ 1    .





Definition 2.

Suppose that the D numbers are   D =  {   (   b 1  ,  v 1   )  ,  (   b 2  ,  v 2   )  , … ,  (   b n  ,  v n   )   }    . Then, the integration representation of D is defined as Equation (12) [48]:


   I  ( D )  =   ∑  i = 1  n    b i  ⋅  υ i      



(12)




where    b i  ∈ R  ,    v i  ≥ 0   and     ∑  i = 1  n    v i  ≤ 1    .






4.2.2. Interval-Valued Intuitionistic Fuzzy Sets (IVIFS)


Definition 3.

Suppose that X is a universe of discourse. An interval-valued intuitionistic fuzzy set A in X is an object with the form of Equation (13) [39]:


   A =  {  x ,  〈   [   μ A L   ( x )  ,  μ A R   ( x )   ]  ,  [   ν A L   ( x )  ,  ν A R   ( x )   ]   〉   |  x ∈ X    }    



(13)




where    [   μ A L   ( x )  ,  μ A R   ( x )   ]    and    [   ν A L   ( x )  ,  ν A R   ( x )   ]    denote the interval values of membership and nonmembership of evaluation, satisfying the conditions   0 ≤  μ A L   ( x )  ≤  μ A R   ( x )  ≤ 1   ,   0 ≤  ν A L   ( x )  ≤  ν A R   ( x )  ≤ 1   , and   0 ≤ sup  (   μ A   ( x )   )  + sup  (   ν A   ( x )   )  ≤ 1   , with   0 ≤  μ A R   ( x )  +  ν A R   ( x )  ≤ 1   , for all   x ∈ X   . The interval values of hesitancy can be expressed by Equation (14):


    π A   ( x )  =  [   π A L   ( x )  ,  π A R   ( x )   ]  =  [  1 −  μ A R   ( x )  −  ν A R   ( x )  , 1 −  μ A L   ( x )  −  ν A L   ( x )   ]    



(14)







Let   S =  {   s 1    ,  s 2  , … ,    s t   }    be a finite ordered discrete term set, where t is an odd value. The discrete linguistic term set S can be extended to a continuous linguistic term set    S ¯  =  {   s α     |   s 1    ≤  s α  ≤    s t   }    to preserve all the given information. Suppose that      s x   ˜  =  [   s  θ  ( x )    ,  s  τ  ( x )     ]     (   s  θ  ( x )    ,  s  τ  ( x )    ∈  S ¯   )    is an uncertain linguistic variable      s x   ˜  ∈  S ¯    . Then, the interval-valued intuitionistic uncertain linguistic set can be expressed by Equation (15) [43]:


   A =  {  x ,  〈   [   s  θ  ( x )    ,  s  τ  ( x )     ]  ,  [   μ A L   ( x )  ,  μ A R   ( x )   ]  ,  [   ν A L   ( x )  ,  ν A R   ( x )   ]   〉   |  x ∈ X    }    



(15)









Definition 4.

Suppose that   A =  {  x ,  〈   [   μ A L   ( x )  ,  μ A R   ( x )   ]  ,  [   ν A L   ( x )  ,  ν A R   ( x )   ]   〉   |  x ∈ X    }    and   B =  {  x ,  〈   [   μ B L   ( x )  ,  μ B R   ( x )   ]  ,  [   ν B L   ( x )  ,  ν B R   ( x )   ]   〉   |  x ∈ X    }    are two interval-valued intuitionistic fuzzy sets. Then, the distance d between the two sets is defined by Equation (16) [67,68]:


   d =      1 4    (   μ A L   ( x )  −  μ B L   ( x )   )  2  +   (   μ A R   ( x )  −  μ B R   ( x )   )  2  +   (   ν A L   ( x )  −  ν B L   ( x )   )  2  +   (   ν A R   ( x )  −  ν B R   ( x )   )  2      +   (   π A L   ( x )  −  π B L   ( x )   )  2  +   (   π A R   ( x )  −  π B R   ( x )   )  2        



(16)









Definition 5.

Suppose that   A =  {  x ,  〈   [   μ A L   ( x )  ,  μ A R   ( x )   ]  ,  [   ν A L   ( x )  ,  ν A R   ( x )   ]   〉   |  x ∈ X    }    . Then, a score function S(A) and an accuracy function H(A) can be defined by Equations (17) and (18), respectively [69]:


   S  ( A )  =    μ A L   ( x )  +  μ A R   ( x )  −  ν A L   ( x )  −  ν A R   ( x )   2    



(17)






   H  ( A )  =    μ A L   ( x )  +  μ A R   ( x )  +  ν A L   ( x )  +  ν A R   ( x )   2    



(18)




For two interval-valued intuitionistic fuzzy sets   A =  {  x ,  〈   [   μ A L   ( x )  ,  μ A R   ( x )   ]  ,  [   ν A L   ( x )  ,  ν A R   ( x )   ]   〉   |  x ∈ X    }    and   B =  {  x ,  〈   [   μ B L   ( x )  ,  μ B R   ( x )   ]  ,  [   ν B L   ( x )  ,  ν B R   ( x )   ]   〉   |  x ∈ X    }    , we have the following:




	1 

	
If S(A) > S(B), then A > B;




	2 

	
If S(A) = S(B) and H(A) > H(B), then A > B; and




	3 

	
If S(A) = S(B) and H(A) = H(B), then A = B.












4.2.3. Prospect Theory (PT)


Curtain-grouting engineering evaluation is usually based on verification holes to predict leakage of the dam foundation after dam storage operation. Due to environmental differences, experts have different levels of subjective bias in decision-making, which causes inconsistencies with reality. Prospect theory fully considers the impact of the environment in which the decision is made and the impact of expert cognition on the outcome of the decision. The model is more universal and more realistic. The prospect value P of the prospect theory is shown in Equation (19) [54]:


  P =   ∑  i = 1  5    ω i  ⋅ γ  (  Δ  x i   )     



(19)




where    ω i    is the weight of the grouting-evaluation indicator i and   γ  (  Δ  x i   )    is the value function described by Equation (20):


  γ  (  Δ  x i   )  =  {      (  Δ  x i   )  α    where   Δ  x i  ≥ 0     − θ   (  − Δ  x i   )  β    where   Δ  x i  < 0      



(20)




where   Δ  x i    is the distance between the decision-making of the expert and the reference point,  α  and  β  are the coefficients of risk attitude, and  θ  is the loss-aversion coefficient.





4.3. ID-IVIFS Method


4.3.1. Improved D Numbers


In this section, two examples are used to illustrate the shortcomings of the D numbers theory.



Example 1.

Suppose that (8, 0.8) is a D number, and integrate the representation according to Equation (12). The integration result is identical to {(0, 0.2), (8,0.8)}. However, the meanings of the two D numbers expressed by (8, 0.8) and {(0, 0.2), (8,0.8)} are completely different. The former indicates that 80% of the experts believe that the efficiency of grouting is 8 and that 20% of the experts do not provide the evaluation due to lack of experience. The latter indicates that 80% of the experts believe that the grouting efficiency is 8 and that 20% of the experts believe that the grouting efficiency is zero. Therefore, traditional D numbers have drawbacks when integrating incomplete decision-making information.





To further illustrate the shortcomings of D numbers in integrating incomplete decision-making information, an example in the literature [34] is described.



Example 2.

There are 10 experts who evaluate the quality of two cars A and B, where 1–10 correspond to the quality being very poor to very good, respectively. The evaluation result of car A is that 6 experts scored 7, 2 experts scored 8, and 2 experts did not provide an evaluation due to lack of experience. The evaluation result of car B is that 10 experts scored 6. The evaluation results can be expressed by the following D numbers: DA = {(7, 0.6), (8,0.2)}, DB = {(6, 1)}.





The overall evaluation value is calculated based on Equation (12): I(DA) is 5.8, and I(DB) is 6.0. According to the overall score, car B has better quality than car A. In fact, the experts who are familiar with car A have given a better evaluation than car B (7 > 6 and 8 > 6), and so, the evaluation results are inconsistent with the actual situation, as the D numbers have ignored the effect of incomplete decision-making information on the results when incomplete decision-making information is integrated.



As the D numbers directly ignore incomplete decision-making information, which causes inconsistency with the actual situation, this paper proposes a method to fabricate the unknown information based on the known information. The overall integration representation is shown in Equation (21):


  I  ( D )  =     ∑  i = 1  n    b i  ⋅  υ i        ∑  i = 1  n    υ i       



(21)







Using Equation (21), I(DA) is 7.25. According to the overall evaluation score, car A has better quality than car B, which is consistent with the literature [34], and so, the improved method is effective.




4.3.2. ID-IVIFS Method


The IVIFS requires each expert to provide a certain interval of (non-) membership and, so, cannot handle problems with incomplete decision-making information. However, in the actual decision-making process, due to a lack of experience, the situation of forfeiting the evaluation is extended. Therefore, combining interval-valued intuitionistic fuzzy sets (with the superiority of expressing the hesitancy of expert hesitation) and the D numbers (with the advantage of dealing with incomplete decision information), this paper proposes that the interval-valued intuitionistic fuzzy sets are extended based on the improved D numbers.



Let A be a set of grouting units,   A =  {   A 1    ,  A 2  , … ,    A m   }   , and let a be a set of evaluation indicators,   a =  {   a 1    ,  a 2  , … ,    a n   }   . Experts   E =  {   E 1    ,  E 2  , … ,    E l   }    in the industry are invited to evaluate the efficiency of these grouting units based on the indicators a. Each expert provides evaluation information of interval (non-) membership for each grouting unit on each indicator, with individual decisions as listed in Equation (22):


  I V =  [       a 1     a 2    …    a n        A 1     I  11  1     I  12  1    …    I  1 n  1       E 1    ⋮   ⋮   ⋮   ⋱   ⋮       A m     I  m 1  1     I  m 1  1    …    I  m 1  1        A 1     I  11  2     I  12  2    …    I  1 n  2       E 2    ⋮   ⋮   ⋮   ⋱   ⋮       A m     I  m 1  2     I  m 1  2    …    I  m 1  2      ⋮   ⋮   ⋮   ⋮   ⋱   ⋮       A 1     I  11  l     I  12  l    …    I  1 n  l       E l    ⋮   ⋮   ⋮   ⋱   ⋮       A m     I  m 1  l     I  m 1  l    …    I  m 1  l     ]   



(22)




where    I  m 1  l  =  {   a n  ,  〈   [   μ   I  m 1  l   L   (   a n   )  ,  μ   I  m 1  l   R   (   a n   )   ]  ,  [   ν   I  m 1  l   L   (   a n   )  ,  ν   I  m 1  l   R   (   a n   )   ]   〉   |   a n  ∈  A m     }    is the interval-valued intuitionistic fuzzy value of the indicator ai relative to the grouting unit Am given by the expert El.



When all experts have given complete evaluation information, methods such as the arithmetic and geometric interval-valued intuitionistic fuzzy generalized λ-Shapley Choquet operator [70], the interval-valued intuitionistic fuzzy weighted geometric averaging operator [71], or the Atanassov’s interval-valued intuitionistic fuzzy weighted mean operator [68], can be used to integrate all individual decisions into a collective interval-valued intuitionistic fuzzy matrix. Then, the decision-making method is used to evaluate and analyze the grouting efficiency. However, during the decision-making process, experts may forfeit the evaluation because of the redundancy of information or incompleteness of expert knowledge. Due to the incomplete decision information, none of the above methods can effectively handle the problem. Therefore, this paper proposes the method of interval-valued intuitionistic fuzzy sets extended by improved D numbers.



Definition 6.

Suppose that the individual decisions of the grouting-efficiency evaluation are IV. Then, the D number integral form membership matrix based on the interval-valued intuitionistic fuzzy sets extended by improved D numbers is shown in Equation (23):


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



(23)




where    D  m n   =  {   (   [   μ  D 1  L  ,  μ  D 1  R   ]  ,  [   ν  D 1  L  ,  ν  D 1  R   ]  ,  υ  D 1    )  ,  (   [   μ  D 2  L  ,  μ  D 2  R   ]  ,  [   ν  D 2  L  ,  ν  D 2  R   ]  ,  υ  D 2    )  , … ,  (   [   μ  D t  L  ,  μ  D t  R   ]  ,  [   ν  D t  L  ,  ν  D t  R   ]  ,  υ  D t    )   }    represents the D number integral form membership value of the indicator ai relative to the grouting unit Am and where     ∑  i = 1  n    v  D i   ≤ 1    .





Definition 7.

Suppose that a membership matrix of the D number integral form is D, which can be transformed into the collective interval-valued intuitionistic fuzzy matrix, as described in Equation (24):


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



(24)




where Imn is a collective interval-valued intuitionistic fuzzy value, which can be solved by Equation (25):


    I  m n   =  {   a n  ,  〈   [   μ  I m n  L  ,  μ  I m n  R   ]  ,  [   ν  I m n  L  ,  ν  I m n  R   ]   〉   |   a n  ∈  A m     }    



(25)




where    μ  I m n  L  =     ∑  k = 1  t    μ  D k  L   υ  D k         ∑  k = 1  t    υ  D k        ,    μ  I m n  R  =     ∑  k = 1  t    μ  D k  R   υ  D k         ∑  k = 1  t    υ  D k        ,    ν  I m n  L  =     ∑  k = 1  t    ν  D k  L   υ  D k         ∑  k = 1  t    ν  D k        , and    ν  I m n  R  =     ∑  k = 1  t    ν  D k  R   υ  D k         ∑  k = 1  t    ν  D k        .







4.4. Procedures for Comprehensive Evaluation


The solution process of the grouting-efficiency comprehensive evaluation model mainly includes three parts; the solution flow is shown in Figure 4. First, the evaluation indicators and classification criteria are determined. Second, the methods of prospect theory and interval-valued intuitionistic fuzzy sets extended by improved D numbers are used to solve the weight of each evaluation indicator. Finally, the fuzzy comprehensive evaluation method and ordinary Kriging method are used to obtain grouting-efficiency evaluation results. The solution steps for the model are as follows:



Step 1: Determine the evaluation indicators and classification criteria, and construct the comprehensive evaluation indicator system for the curtain-grouting efficiency. According to the numerical value of each indicator, the grouting efficiency is divided into five levels: excellent, good, ordinary, poor, and bad, and the score Si of each indicator is obtained.



Step 2: Establish the individual-decisions matrix. According to the evaluation results of the experts, the evaluation membership matrix is established using Equation (22).



Step 3: Establish the D number integral form membership matrix. Based on the improved D numbers, the D number integral form membership matrix is provided by Equation (23).



Step 4: Establish the collective interval-valued intuitionistic fuzzy matrix. The D number integral form membership matrix is transformed into the collective interval-valued intuitionistic fuzzy matrix using Equations (24), according to the overall integration representation solving method using Equation (25).



Step 5: Establish the distance and scoring function matrices. Firstly, the distance between the decision-making of the expert and the reference point is solved by Equation (16) and the distance matrix is formed. Secondly, the score and accuracy values of the collective interval-valued intuitionistic fuzzy sets are obtained by Equations (17) and (18), respectively, and the scoring function matrix is established.



Step 6: Calculate the weight of each indicator. First, based on the value function Equation (19), the prospect decision matrix is established. Then, the comprehensive prospect value P is maximized as the objective function and the weights of each indicator are solved, as shown in Equation (26) [72]:


   ω i  =     ∑  j = 1  4    γ  i j         ∑  i = 1  5     ∑  j = 1  4    γ  i j          



(26)




where    ω i    is the weight of indicator i and    γ  ij     is the value function of the indicator i of the unit j.



Step 7: Obtain the comprehensive efficiency evaluation index E of the verification hole based on the fuzzy evaluation method, as shown in Equation (27):


  E =   ∑  i = 1  5    ω i  ⋅  C i     



(27)




where Ci is the score of the indicator i.



Step 8: Obtain the efficiency-evaluation results of the entire grouting area. Based on the ordinary Kriging method, the comprehensive evaluation index E of the verification hole is interpolated to the entire grouting construction area.





5. Case Study


5.1. Project Overview


The curtain grouting of a hydropower station in Southwest China was taken as the research object, and its efficiency was evaluated. The hydropower station includes a dam, a powerhouse, and a spillway, as shown in Figure 5. The curtain grouting of the project is provided, with two curtain-grouting lines of the upstream and downstream lines, and the curtain lines are divided into three sections and 90 grouting units, as shown in Figure 6.




5.2. Determining Evaluation Indicators and Criteria


The curtain-grouting efficiency was divided into five levels, which were excellent, good, ordinary, poor, and bad. The classification criteria of the grouting-efficiency evaluation indicators are shown in Table 1.




5.3. Data Collection


Techniques such as core drilling, borehole television imaging, water-pressure tests, and acoustic-wave velocity tests were carried out from top to bottom 14 days after finishing curtain grouting. The development and application of a real-time monitoring system for grouting engineering can effectively collect information related to geophysical verification [35]. The comprehensive evaluation model was applied to four of the units (units 32–35) to determine the curtain-grouting efficiency, as shown in Figure 6. The total number of verification boreholes in the four grouting units was 8, which included 175 grouting intervals, and all the verification holes were arranged on the curtain center line. A longitudinal section of the study area inspection hole is shown in Figure 7.



Based on the flow sensor, the pressure sensor, and the grouting real-time monitoring system, parameters such as the water flow (V), pressure (H), length of the tested borehole interval (L), borehole radius (r), and duration of water-pressure test (t) could be obtained in real time. The secondary permeation index value was calculated by Equation (1). Table 2 gives a sample of the data set of the secondary permeability index.



The permeability (LU) value was obtained by Equation (2) based on the grouting real-time monitoring system. Table 3 gives the permeability value of verification hole DJ1-1.



The results of the acoustic velocity, core drilling, and borehole television imaging could be collected and stored in the real-time monitoring system. Figure 8 and Figure 9 show the results of the core drilling and the borehole television imaging, respectively, of verification hole DJ1-1. Among these, the acoustic-velocity value could be directly read by the system and the FFR and RQD values could be calculated based on the results of core drilling and the borehole television imaging by using Equations (3) and (4), respectively. Summary statistics of each indicator variable for evaluation of grouting efficiency are shown in Table 4. Additionally, the data of each indicator of DJ1-1 and DJ3-1 are given in Figure 10.




5.4. Calculating the Weights of the Indicators


	1

	
Firstly, considering that all the grouting-efficiency evaluation indicators are quantitative attributes, 10 experts from the industry were invited to consult and provide interval-valued (non-) membership of each evaluation indicator relative to each unit and an individual evaluation decision matrix is established. During the consultation process, the experts agreed that the average result of the evaluations of 10 experts was to be used as a reference point. The evaluation membership matrix was converted into a D number integral form evaluation matrix based on the improved D numbers, as shown in Table 5, where    {   (   [   0.35 ,   0.85   ]  ,  [   0.03 ,   0.05   ]   , 1   )   }    indicates that all experts agreed that the FFR relative to the unit 2 evaluation interval-valued (non-) membership was    (   [   0.35 ,   0.85   ]  ,  [   0.03 ,   0.05   ]   )   .




	2

	
Secondly, the collective interval-valued intuitionistic fuzzy evaluation membership matrix was established. Using the overall integration representation solution method (Equation (25)) proposed in this study, the D number integral form evaluation matrix in step (1) was transformed into the collective interval-valued intuitionistic fuzzy evaluation membership matrix, as tabulated in Table 6. The reference points O of LU, SPI, FFR, RQD, and V were ([0.817, 0.903], [0.036, 0.075]), ([0.764, 0.841], [0.092, 0.145]), ([0.514, 0.778], [0.054, 0.167]), ([0.446, 0.776], [0.097, 0.167]), and ([0.663, 0.767], [0.071, 0.141]).




	3

	
Thirdly, based on the score and accuracy of the interval-valued intuitionistic fuzzy sets (Equations (17) and (18)), the scoring function matrix was established. The results are shown in Table 7.




	4

	
Finally, the weights of each indicator were solved based on the principle of prospect value maximization. Primarily, based on the interval-valued intuitionistic fuzzy sets judgment criterion, the size of the interval-valued intuitionistic fuzzy sets, reference point O of each evaluation indicator, and the solution method of the value function   γ  (  Δ  x i   )    were determined. Then, the distance between each indicator and reference point O was found using Equation (16) in order to establish the distance matrix. Finally, the value function   γ  (  Δ  x i   )    was solved, the prospect decision matrix was established, and the weights of each indicator were solved. The prospect decision matrix is shown in Table 8. The weights of LU, SPI, FFR, RQD, and V based on Equation (26) were    ω =       (   0.27 ,     0.26 ,     0.12 ,     0.17 ,     0.18   )   T   .








5.5. Evaluation Results


Based on the established comprehensive evaluation model of the curtain-grouting efficiency, the fuzzy evaluation matrix giving the comprehensive evaluation index E of each verification hole could be obtained by Equation (27). Equation (28) represents the fuzzy evaluation matrix of the verification hole DJ1-1:


    E =  ω i  ×  S i  =   [     0.27     0.26     0.12     0.17     0.18     ]  T  ×  [        3     4        1        4     5               4     5        5        2     5               2     3        1        4     4               3     4        4        4     5               4     4        1        2     4               3     3        3        3     3               3     4        1        3     4               3     3        2        2     4               3     4        2        3     4               4     4        2        2     4               4     4        2        3     3               4     4        1        4     3               4     4        2        2     4               4     4        1        2     5               2     3        2        1     4               3     3        1        2     4               2     3        2        4     3               3     3        4        2     4               4     4        1        3     3               4     4        5        2     3        ]      =  [  3.55   4.22   2.84   3.91   3.3   3.00   3.20   2.89   3.06   3.42   3.41   3.46   3.42   3.48   2.45   2.77   2.78   3.13   3.29   3.6  ]     



(28)







Thus, classification of the grouting-efficiency level of the verification hole was realized. The result is shown in Figure 11. From the evaluation results of the verification hole, the average value of E of the 175-interval verification hole was 3.64 and the overall value was at a good level; the maximum value of index E was 5, which is an excellent level, and the minimum value is 2.45, which is an ordinary level. There were 166 intervals with index E greater than or equal to 3, which accounted for 94.86% of the total, and 26 intervals in the excellent level (4 < E ≤ 5), which accounted for 14.86% of the total. From the evaluation results of each verification hole, the average value of the DJ1-2 verification hole was 3.84, which was the highest score, followed by the DJ3-1 average score of 3.75. The lowest was DJ1-1, with a score of 3.26. In summary, the efficiency of each verification hole was generally good.



The ordinary Kriging model was used to obtain the grouting efficiency of the study area. The results are shown in Figure 12. The comprehensive evaluation index E of grouting in the study area was greater than 2.5 according to the classification criteria, and the overall level was ordinary. The light blue dotted areas (1) and (2) had the lowest comprehensive evaluation indices, which were the weak grouting-efficiency regions of the study area. Hence, it is necessary to pay attention to these regions in the later stages of the construction process. Figure 12 indicates the grouting comprehensive evaluation index E of any point in the grouting construction area, which reflects the defect parts of grouting construction and provides references for the construction site decision-making process, therefore providing results of theoretical and practical significance.





6. Discussion


6.1. Rationality of Evaluation Method


At present, the evaluation of grouting efficiency often adopts a single-indicator (LU) evaluation or D-AHP, as proposed in the literature [26]. To further illustrate the advantages of the proposed method, the grouting efficiency was evaluated based on the above three methods and the rationality of the model was explained in terms of the consistency, representativeness, and superiority. The results are shown in Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15. The comparative analysis results are as follows:




	1

	
Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15 show that the three methods had consistent evaluation results. First, the mean values of the evaluation results were almost identical: The average value of the proposed method was 3.64, the average value based on the single-indicator evaluation was 3.87, and the average value based on the method of Reference [26] was 3.20. According to the evaluation-level classification criteria, the evaluation results of the three methods show that the grouting efficiency of the study area was generally good. Second, from the details, the results of all three methods at A were 5, which consistently indicated that the grouting efficiency was excellent, and all evaluation results at B were 2–3, which consistently showed that the grouting efficiency was ordinary. Finally, the average relative error between the evaluation results of the proposed method and that of the single-indicator evaluation was only 5% and the average relative error between the evaluation results of the proposed method and that of the evaluation results of the method in Reference [26] was -16%; therefore, the results of the three methods tended to be consistent. Therefore, the proposed method has consistent evaluation results with the original method.




	2

	
The evaluation results of the proposed method were representative. From the results of the consistency analysis, the results of the proposed method were between the results of the single-indicator evaluation and the method in Reference [26]. In other words, the proposed method led to a lower evaluation level than the single-indicator evaluation. This conclusion can be verified in some areas, but the opposite was shown at C and D. At C and D, the results of the single-indicator evaluation were less than 4, which were at the good level, and the results of the proposed method were greater than 4.4, which were at the excellent level; so, the evaluation levels increased. Based on the evaluation results of the method of Reference [26], the rationality of the evaluation results of the proposed method at C and D can be verified. Second, Figure 14 shows that the proposed method had better results than the single-indicator evaluation results in the green areas (1)–(3). Finally, the proposed method had larger evaluation results than the single-indicator evaluation, which accounted for 21.14% of the total 175 intervals. The results of the two methods tended to be identical (the relative errors differing by ±10%) for 108 intervals, which accounted for 61.71% of the total. From the consistency analysis results, compared with the mean value of the method of Reference [26], the evaluation results of the proposed method increased the evaluation level; however, this conclusion could only be verified in some areas. In Figure 15, the evaluation result of the proposed method was less than that of the method of Reference [26] for 35 intervals, which accounted for 20% of the total. The results of the two methods tended to be consistent for 38 intervals, which accounted for 33.14% of the total. Therefore, the proposed method in this paper neither reduces nor improves the evaluation level. It considers the effects of multiple factors on the grouting efficiency; enriches the information in the evaluation result E; enhances the refinement evaluation ability of the grouting efficiency; and makes the grouting-efficiency evaluation results more scientific, reasonable, and representative.




	3

	
The evaluation results based on the proposed method were superior. First, the original single-indicator evaluation method only relies on the permeability (Lugeon, LU) to evaluate grouting efficiency. There is only one indicator, and it is difficult to achieve a refined evaluation of the grouting efficiency. As the LU of each interval of DJ2-1, DJ3-1, and DJ3-2 was between 0.1–1, as shown in Figure 14, the single-indicator evaluation method considered that each interval E was 4. However, the grouting efficiency is related to LU along with other indicators, such as SPI, V, RQD, and FFR. Therefore, it is difficult to achieve a refined evaluation of grouting using only single-indicator evaluation. Second, compared with the evaluation method proposed in Reference [26], the proposed method can consider the hesitation and bounded rationality of the experts and conforms to the actual decision-making process of the experts, such that the evaluation results are more reasonable.









In summary, compared with the single-indicator evaluation and the evaluation method proposed in Reference [26], the proposed method features good consistency, representativeness, and superiority.




6.2. Rationality of Interval-Valued Intuitionistic Fuzzy Sets


In order to illustrate the rationality of introducing interval-valued intuitionistic fuzzy sets in the field of grouting-efficiency evaluation, the grouting efficiency was obtained based on the intuitionistic fuzzy sets, as shown in Figure 16. Firstly, the mean value of the evaluation results of the proposed method was between the mean values of the other three methods, the correlation between the other three methods was the highest, and the error was minimal; thus, the evaluation results were more scientific and reasonable. Secondly, compared with intuitionistic fuzzy sets, interval-valued intuitionistic fuzzy sets are more reasonable in expressing hesitation using interval numbers. Intuitionistic fuzzy sets require membership, nonmembership, and hesitation to be a concrete real number. In the actual decision-making process, due to the ambiguity of the decision-making environment or the limitations of experts on the understanding of objective things, it is difficult for experts to give a specific real number and it is easier to give an interval number, such that the evaluation results based on interval-valued intuitionistic fuzzy sets are more reasonable. Therefore, it is reasonable to evaluate the grouting efficiency based on interval-valued intuitionistic fuzzy sets.




6.3. Necessity of the Secondary Permeability Index


Many studies have evaluated the grouting efficiency based on indicators such as LU, V, RQD, and FFR. This section will compare and analyze the results of the grouting-efficiency evaluation with and without considering the effects of SPI. The results are shown in Figure 17, and the necessity of the new indicator is verified.



First, Figure 17 shows that the evaluation result obtained without considering SPI was less than that of the proposed method for 149 intervals, which accounted for 85.14% of the total. Meanwhile, the average value obtained without considering SPI was less than that of the proposed method for all verification holes. Therefore, not considering SPI reduced the evaluation results.



Second, grouting efficiency is closely related to groutability. Researchers have often used LU to characterize the groutability of the rock mass. In fact, LU is mainly used to evaluate the permeability of the rock mass, which is not equivalent to the groutability of the rock mass. The main reasons are as follows: (1) There are many microfractures in the rock, which lead to high permeability and poor groutability, and (2) LU is only related to the geometric characteristics of the fracture and the degree of weathering. However, the groutability is related to the fracture opening and quality of the rock. Studies have shown that SPI can be used to describe permeability and to characterize rock quality. Therefore, it is necessary to evaluate grouting efficiency by considering the effect of SPI.



In summary, it is reasonable and necessary to establish a comprehensive evaluation indicator system for SPI.





7. Conclusions


The construction efficiency of curtain grouting is a key point of quality control in dam construction. The traditional grouting-efficiency evaluation model cannot consider the hesitation and bounded rationality of experts and has difficulty in handling the problem of incomplete decision-making information, which makes the evaluation results unreasonable and nonobjective. This research proposed a comprehensive evaluation model for curtain-grouting efficiency assessment based on prospect theory and interval-valued intuitionistic fuzzy sets extended by improved D numbers. Firstly, a comprehensive evaluation method coupled with improved D numbers, interval-valued intuitionistic fuzzy sets, prospect theory, and fuzzy evaluation was proposed. Secondly, an evaluation indicator system including LU, SPI, V, FFR, and RQD was established. Finally, the method was applied to evaluate the curtain-grouting efficiency in a hydropower station in southwest China. The results of this study can be summarized as follows:




	1

	
The comprehensive evaluation model proposed in this paper, which combines the strength of interval-valued intuitionistic fuzzy sets in defining the expert’s hesitation, the advantage of prospect theory in considering the bounded rationality of experts, and the superiority of improved D numbers in effectively handling incomplete decision-making information in the evaluation process, makes the evaluation results more objective and reasonable.




	2

	
Considering the effect of the secondary permeability index, the proposed evaluation indicators system consists of LU, SPI, FFR, RQD, and V; integrates several types of grouting-efficiency evaluation technologies, and ensures a more comprehensive evaluation result. In addition, based on the ordinary Kriging method, the evaluation results of the verification holes are mapped to the grouting construction area, which realizes the comprehensive evaluation of grouting efficiency.




	3

	
Compared with the original evaluation methods, the proposed method has the advantages of consistency, representativeness, and superiority, which can increase the reliability of the grouting-efficiency evaluation.









The proposed method can consider the expert’s hesitation and bounded rationality as well as can handle incomplete decision-making information in the evaluation process; it can be applied to decision-making, evaluation, method optimization, and other fields. In the future, it is necessary to combine this method with machine-learning technology to achieve the dynamic evaluation of the efficiency of grouting construction. In addition, this paper focused on the problem of construction-efficiency assessment of curtain-grouting engineering. However, due to the complexity of real-life environments, quantitative attributes and qualitative attributes often exist in most decision problems at the same time. Therefore, the use of multiple types of data, such as interval numbers and interval linguistic variables, as evaluation is the next research direction.
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Appendix A


(1) The calculation equation of the standard deviation can be described as Equation (A1):


  S t d =       ∑  i = 1  N      (   X i  −  X ¯   )   2      N − 1      



(A1)




where Xi is the value of sample i;    X ¯    is the mean of the sample; and N is the number of samples.



(2) The calculation equation of relative error can be described as Equation (A2):


  ζ =   a − b  a  × 100 %  



(A2)
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Figure 1. Research framework. 
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Figure 2. Indicator system for curtain-grouting evaluation. 
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Figure 3. Schematic diagram for the calculation of Fraction-Filled Rate (FFR). 
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Figure 4. Solution process of the grouting-efficiency comprehensive evaluation model. 
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Figure 5. Details of a hydropower station in southwest China. 
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Figure 6. Curtain-grouting construction area and unit. 
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Figure 7. Longitudinal section of the grouting verification hole in the study area. 
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Figure 8. The results of core drilling of the verification hole DJ1-1: (a) The core specimen image of DJ1-1 from depths of 2.3–3.9 m; (b) the core specimen image of DJ1-1 from depths of 10.4–11.7 m; (c) the core specimen image of DJ1-1 from depths of 13.6–15.5 m; and (d) the core specimen image of DJ1-1 from depths of 21.9–23.9 m. 
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Figure 9. The results of borehole television imaging of the verification hole DJ1-1: (a) The image from depths of 4.0–6.0 m; (b) the image from depths of 15.0–18.0 m; (c) the image from depths of 42.0–44.0 m; and (d) the image from depths of 55.0–58.0 m. 
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Figure 10. Data of each indicator of a typical borehole: (a) Data of each indicator of DJ1-1 and (b) data of each indicator of DJ3-1. 
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Figure 11. Comprehensive evaluation index E of each verification hole. 
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Figure 12. Grouting-efficiency assessment result based on the comprehensive evaluation model: (a) Contour map of grouting efficiency and (b) 3-D cloud map of grouting efficiency. 
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Figure 13. Grouting-efficiency assessment results based on the original evaluation methods: (a) Contour map of grouting efficiency based on single-indicator evaluation; (b) 3-D cloud map of grouting efficiency based on single-indicator evaluation; (c) contour map of grouting efficiency based on the method of Reference [26]; and (d) 3-D cloud map of grouting efficiency based on the method in Reference [26]. 
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Figure 14. Comparison of the evaluation results by the single-indicator method and the proposed method. Note: The calculation equation of relative error is shown in the Appendix A. 






Figure 14. Comparison of the evaluation results by the single-indicator method and the proposed method. Note: The calculation equation of relative error is shown in the Appendix A.



[image: Energies 12 03674 g014]







[image: Energies 12 03674 g015 550] 





Figure 15. Comparison of the evaluation results in the literature [26] and the proposed method. Note: The calculation equation of relative error is shown in the Appendix A. 
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Figure 16. Comparison of the evaluation results by the proposed method, original evaluation methods, and the intuitionistic fuzzy sets. 
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Figure 17. Comparison of the evaluation results by the proposed method and without secondary permeability index (SPI). 
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Table 1. The classification criteria of grouting efficiency evaluation indicators.
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	Level
	LU (Lu)
	SPI

(×10−15 L/m2·s)
	RQD

(%)
	FFR

(%)
	V

(km/s)
	Score





	excellent
	<0.1
	<2.16
	90–100
	90–100
	>5.90
	5



	good
	0.1–1.0
	2.16–21.60
	75–90
	75–90
	5.58–5.90
	4



	ordinary
	1.0–1.5
	21.60–172
	50–75
	50–75
	4.93–5.58
	3



	poor
	1.5–2.0
	172–1720
	25–50
	25–50
	4.60–4.93
	2



	bad
	>2.0
	>1720
	<25
	<25
	<4.60
	1
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Table 2. Sample of the data set of the secondary permeability index.
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	Verification Hole
	Interval
	C
	L

(m)
	r

(m)
	V

(L)
	t

(s)
	H

(m)
	SPI

(L/m2·s)





	DJ1-1
	1
	1.49 × 10−10
	2
	0.04
	9.02
	471
	58
	1.80582 × 10−14



	DJ1-1
	2
	1.49 × 10−10
	2
	0.04
	1.26
	425
	99
	1.64165 × 10−15



	DJ1-1
	3
	1.49 × 10−10
	2
	0.04
	37.35
	535
	137
	2.79081 × 10−14



	DJ1-1
	4
	1.49 × 10−10
	3
	0.04
	27.18
	458
	120
	1.96317 × 10−14



	DJ1-1
	5
	1.49 × 10−10
	3
	0.04
	4.98
	231
	100
	8.56658 × 10−15



	DJ1-1
	6
	1.49 × 10−10
	3
	0.04
	35.99
	555
	103
	2.49858 × 10−14



	DJ1-1
	7
	1.49 × 10−10
	3
	0.04
	8.49
	154
	102
	2.14164 × 10−14



	DJ1-1
	8
	1.49 × 10−10
	3
	0.04
	24.11
	379
	101
	2.49858 × 10−14



	DJ1-1
	9
	1.49 × 10−10
	3
	0.04
	38.02
	577
	99
	2.64136 × 10−14



	DJ1-1
	10
	1.49 × 10−10
	3
	0.04
	8.66
	471
	100
	1.10668 × 10−14
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Table 3. Permeability value of verification hole DJ1-1.
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	Interval
	Q

(L/min)
	L

(m)
	P

(MPa)
	LU

(Lu)
	Interval
	Q

(L/min)
	L

(m)
	P

(MPa)
	LU

(Lu)





	1
	1.28
	2
	0.58
	1.10
	11
	2.42
	3
	1.20
	0.67



	2
	0.20
	2
	0.99
	0.10
	12
	1.34
	3
	0.90
	0.49



	3
	4.66
	2
	1.37
	1.70
	13
	2.17
	3
	1.05
	0.69



	4
	3.96
	3
	1.20
	1.10
	14
	1.93
	3
	1.21
	0.53



	5
	1.44
	3
	1.00
	0.48
	15
	5.51
	3
	1.02
	1.80



	6
	4.33
	3
	1.03
	1.40
	16
	6.00
	4
	1.00
	1.50



	7
	3.67
	3
	1.02
	1.20
	17
	7.52
	4
	0.99
	1.90



	8
	4.24
	3
	1.01
	1.40
	18
	6.06
	4
	1.01
	1.50



	9
	4.40
	3
	0.99
	1.48
	19
	3.36
	4
	1.00
	0.84



	10
	1.86
	3
	1.00
	0.62
	20
	4.08
	4
	1.02
	1.00
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Table 4. Summary statistics of each indicator variable.
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Level

	
Indicator

	
Unit

	
Number

	
Ratio (%)

	
Min

	
Max

	
Mean

	
Std






	
bad

	
LU

	
Lu

	
0

	
0.00

	
-

	
-

	
-

	
-




	
SPI

	
L/m2·s

	
0

	
0.00

	
-

	
-

	
-

	
-




	
FFR

	
%

	
67

	
38.29

	
0

	
20

	
2

	
5.49




	
RQD

	
%

	
12

	
6.86

	
0

	
24

	
17

	
7.85




	
V

	
km/s

	
0

	
0.00

	
-

	
-

	
-

	
-




	
poor

	
LU

	
Lu

	
6

	
3.43

	
1.52

	
1.9

	
1.69

	
0.14




	
SPI

	
L/m2·s

	
0

	
0.00

	
-

	
-

	
-

	
-




	
FFR

	
%

	
52

	
29.71

	
25

	
50

	
39

	
10.25




	
RQD

	
%

	
52

	
29.71

	
25

	
50

	
38

	
7.88




	
V

	
km/s

	
0

	
0.00

	
-

	
-

	
-

	
-




	
ordinary

	
LU

	
Lu

	
11

	
6.29

	
1.1

	
1.5

	
1.34

	
0.16




	
SPI

	
L/m2·s

	
13

	
7.43

	
2.33 × 10−14

	
3.58 × 10−14

	
2.77 × 10−14

	
3.33 × 10−15




	
FFR

	
%

	
8

	
4.57

	
60

	
75

	
67

	
4.92




	
RQD

	
%

	
70

	
40.00

	
51

	
75

	
63

	
6.98




	
V

	
km/s

	
19

	
10.86

	
5.08

	
5.58

	
5.36

	
0.17




	
good

	
LU

	
Lu

	
154

	
88.00

	
0.1

	
1

	
0.54
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Note: Mean represents the average; Std stands for standard deviation, and the calculation equation is shown in the Appendix A.
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