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Abstract

:

As an important component of water conservancy infrastructure, canals help improve the uneven distribution of regional water resources. However, in their construction and operation processes, which are affected by a variety of complex factors, canal linings often produce various problems that greatly reduce their overall quality and lead to water resources being wasted. To evaluate and determine the factors and key procedures affecting the construction of concrete canal linings so as to improve their quality, an evaluation mechanism based on statistical analysis, the fuzzy attribute hierarchical model (FAHM), and the cloud model is proposed in this paper. Using this method, we first determine the problems affecting the construction quality of canal linings through statistical analysis, through establishing a questionnaire based on these factors; then, we use FAHM to identify the main quality problem factors; finally, we use the cloud model to analyze the overall construction quality of concrete canal linings. The quality evaluation and key construction procedures are determined, and a case study is conducted taking a canal lining project in China as an example, for which the final evaluation result is grade II. At the same time, a comparative study is carried out using the AHP and cloud models. The results indicate that the proposed method is more reasonable and feasible than existing methods, thus laying a foundation for the follow-up quality control of canals.
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1. Introduction


China’s 14th Five-Year Plan and the outline of the long-term goals for 2035 have highlighted the necessity of strengthening the water conservancy infrastructure, promoting the construction of high-quality water-saving irrigation projects, and comprehensively improving the optimization of water resource allocation. Canals, as important components of water conservancy infrastructure, help to improve the uneven distribution of regional water resources, increase the efficiency of water resource utilization, and address the problem of irrigation water for farmland. The canal lining is an important part of a canal, which usually comprises a permanent support structure made of stone, brick, cement slabs, and/or other materials. Its function is to prevent water seepage and collapse [1,2]. Canal linings are mainly divided into concrete linings and masonry linings, of which the most widely used are concrete linings. Concrete linings are an important part of canal engineering, which can effectively reduce leakage in the process of water transportation, improve the canal water utilization coefficient, maintain bank slope stability, and prevent scouring [3]. The construction of a canal project is often faced with problems such as large water crossing sections, tight construction periods, large construction scales, and great impacts on topography and geomorphology. It is difficult to achieve standardized and procedural operations in the construction process, which involves high technical requirements and construction difficulties, as well as high construction quality demands.



The formation cycle of a canal lining can be mainly divided into the design period, the construction period, and the maintenance period. The construction period is the key stage, affecting the quality of the whole canal [4]. Wang et al. [5] studied the construction scheme and quality control of bagged concrete in the canal lining of a single irrigation area, providing specific measures in three aspects: quality control of the bagged concrete raw materials, production and construction inspection, and quality control of the bagged concrete production process. Wang et al. [6] pointed out that the quality control of canal linings during winter construction processes is focused on the control of compaction, geomembrane control is focused on adjusting the welding temperature through testing to ensure the quality of the welds, and the quality control of concrete construction is focused on temperature control during the pouring and maintenance period. Commonly used comprehensive construction quality evaluation methods include the gray relational analysis method [7,8], the technique for order preference by similarity to an ideal solution (TOPSIS) [9,10], and the undetermined measure theory [11]. Mo et al. [12] used the COMSOL software to evaluate the effect of laying composite geomembranes at the bottom of the entire canal lining in terms of improving the frost swelling of the canal lining. The results showed that laying composite geomembranes at the bottom of the canal lining reduced the frost swelling of the foundation soil, to a certain extent, resulting in 14.3% and 15.5% reductions in the maximum normal displacement of the canal lining slope and the top of the canal, respectively. Kahlown et al. [13] constructed conventional and low-cost test sections to evaluate the effectiveness of different lining types in reducing canal leakage losses, and the results showed that the low-cost lining had better economic benefits than the conventional lining. Cui et al. [14] conducted a sensitivity evaluation analysis of the factors causing cracks in canal linings using the 3D contact nonlinear finite element method for concrete cracks in canal linings during the construction and operation periods. They suggested that canal linings should be cut as soon as possible, and the swelling of the foundation soil and the construction quality of the canal lining should be strictly controlled. Lund et al. [15] evaluated the effectiveness of a polymer sealant, LAPAM (linear anionic polyacrylamide), in reducing earthen canal leakage. Thirty-seven flowing-water balance tests were conducted in the field, considering three different medium-sized canals. The evaluation results showed that LAPAM significantly reduced the seepage loss of the canal. Eltarabily et al. [16] evaluated the impact of geotextile linings on slope instability at four different lining locations in the Ismailia Canal. The evaluation results showed that the canal slopes were still safe during and after construction. El-Molla et al. [17] evaluated the effect of using compacted earth linings with different hydraulic conductivity, thickness, and orientation. Their results showed that the use of a compacted earth lining can provide an efficient method for reducing conveyance losses.



Through the literature review, we found that many achievements have been made in the research on concrete canal lining construction quality assessment. However, there are many uncertain factors affecting the construction quality of canal linings during the construction process; for example: Is the canal excavation appropriate? Are the canal axis placement, elevation control points, and canal center control lines correct? Do the laying and lap joint of the composite geomembrane meet the requirements? Is the canal earthwork compacted? Are the slope and canal bottom leveled? Is the geomembrane connection intact? What is the quality of concrete pouring? Does the thickness of the lining board plastering surface meet the requirements? Is the concrete vibration sufficiently dense? Are the cutting time and depth appropriate? Some factors will have an important impact on the overall quality of the canal lining; however, some factors are only generated as construction progresses, and will not have a negative impact on the overall construction quality of the canal lining. In the subsequent quality control, it is necessary to focus on identifying and determining the main factors and key construction links affecting the construction quality of the canal lining. At the same time, in order to improve the overall construction quality of the canal lining, it is necessary to conduct a systematic evaluation of the construction quality. By determining the overall construction quality of the canal lining, it is convenient to take a series of measures to control the construction quality in the later stages, consequently increasing the durability and service life of the project.




2. Methods


In this paper, we propose a method for evaluating the construction quality of canal concrete linings based on a statistical analysis method, the fuzzy attribute hierarchical model (FAHM), and the cloud model. The specific evaluation process of the method proposed in this paper is shown in Figure 1.



2.1. Statistical Analysis Method


Statistical analysis methods [18] are research methods that attempt to explore the internal links and potential development trends between things by carefully analyzing the quantitative relationships that exist and the characteristics of the research object itself, in order to obtain a reasonable explanation of it. For specific practical applications, the index scoring method and the chart evaluation method are commonly used to carry out statistical analyses. As far as canal lining quality is concerned, numerous diseases are the fundamental reasons for the qualitative change in its use function. Some of these diseases have obvious regularities in quantity and scope, and collecting a wide range of information and data can allow for the quantification of quality problems significantly affecting the quality of the canal.




2.2. Cloud Model


The cloud model is a mathematical model that converts uncertainty into certainty, can convert qualitative theoretical concepts into quantitative numerical analysis, and can reveal the intrinsic relevance of the randomness and ambiguity of the research object [19,20]. It was first proposed in 1995 by Li Deyi, an academic at the Chinese Academy of Engineering, and has been since used in the fields of water quality evaluation [21] and risk assessment [22]. The shapes used in the cloud model include rectangular clouds, trapezoidal clouds, and normal clouds. Among them, the normal cloud model has been widely used, due to its unique mathematical characteristics and applicability [23].



The cloud model includes three digital features: expected value (Ex), entropy (En), and super-entropy (He). Ex represents the expected value of the cloud model, which is the most typical numerical feature of the concept for quantification. En, as a metric, is used to comprehensively measure the ambiguity and probability of qualitative concepts, revealing the correlation between ambiguity and randomness which, on the one hand, directly reflects the range of elements in the number field space that can be accepted by the concept (i.e., the ambiguity) while, on the other hand, it also reflects the probability that the points in the number field can represent the concept (i.e., randomness). He, the entropy of entropy, is related to the dispersion of the cloud droplets and indirectly reflects the thickness of the clouds. As He increases, the more discrete the cloud droplets tend to be and, thus, thicker. There are three types of cloud generators: (i) forward cloud generators, which convert from qualitative to quantitative; (ii) backward cloud generators, which convert from quantitative to qualitative; and (iii) conditional cloud generators, which consist of separate conditional cloud generators X and Y. With C (Ex, En, He) and the specific conditions of X and Y, the degree of membership can be calculated. The evaluation process based on the cloud model is shown in Figure 2.



2.2.1. Evaluated Indicators


Combined with the construction characteristics of the object to be evaluated and the actual construction situation, the indicators to be evaluated were determined through on-site investigation and a literature review.




2.2.2. Expert Evaluation


Experts were invited to evaluate each index, where the evaluation value ranged between [0, 1]: 0 indicates that the project is the least safe or has the worst quality, while 1 indicates that the project is the safest or has the best quality. Due to the different professional and technical levels of different experts, their professional titles and educational experiences also differed. The invited experts are detailed in Table 1 below.




2.2.3. Quality Evaluation Grade


Through on-site research, literature review, expert consultation, and so on, the quality evaluation level was determined. We mainly consider the provisions of “Technical Specifications for Irrigation Canal Lining Engineering” (DB 64/T 811-2012) [24], which divides the canal lining technical status into five grades, namely, good, basically good, minor damage, major damage, and severely damaged. In this paper, with reference to the specification, the canal lining construction quality evaluation grade was divided into five grades, as described in Table 2.




2.2.4. Construction Quality Evaluation Standard Cloud


Assuming that the value range of the quality evaluation index is [0, 1], the interval is divided into n sub-intervals, where the ith interval is denoted by   [  x i  m i n   ,  x i  m a x   ]  . The corresponding standard cloud is    C i  (  E  x i   ,  E  n i   ,  H  e i   ) ,   i = 1 , 2 , ⋯ , n  , where    E  x i     is the expectation of    C i   ,    E  n i     is the entropy of    C i   , and    H  e i     is the super-entropy of    C i   . The calculation steps are as follows.



(i) According to the upper and lower limits of the interval, calculate the expectation,    E  x i    , as [25]:


   E  x i   =  {       x i  m i n       i = 1          x i  m i n   +  x i  m a x    2      1 < i < n        x i  m a x       i = n       ,  



(1)




where    x i  m a x     and    x i  m i n     represent the maximum and minimum values of the quality evaluation index in the ith interval, respectively.



(ii) As the evaluation boundary value of each level in the quality assessment is the critical value of the transition between the two levels, the boundary value of the evaluation domain should belong to the two adjacent levels, namely,


   E  n i   =    x i  m a x   −  x i  m i n     2.355   .  



(2)







(iii) Calculate    H  e i   = k  , where  k  is a constant value with value reflecting the randomness of the security evaluation target cloud evaluation standard. The larger the value of  k , the greater the randomness of the evaluation standard and the more difficult it is to determine the evaluation standard. Therefore, its value should not be too large; here, it is taken as 0.005 [26]. According to the five evaluation grades of construction quality, the quality grade interval [0, 1] was divided into five sub-intervals according to the principle of equal division, as follows: [0, 0.2] (grade V), [0.2, 0.4] (grade IV), [0.4, 0.6] (grade III), [0.6, 0.8] (grade II), and [0.8, 1] (grade I). From Equations (1) and (2), the evaluation standard clouds were calculated as follows: the grade V standard cloud, CV, is (0,0.085,0.005); the grade IV standard cloud, CIV, is (0.3,0.085,0.005); the grade III standard cloud, CIII, is (0.5,0.085,0.005); the grade II standard cloud, CII, is (0.7,0.085,0.005); and the grade I standard cloud, CI, is (1,0.085,0.005). The evaluation standard cloud was generated using a forward cloud generator, and the result is shown in Figure 3.




2.2.5. Computing the Evaluation Index Cloud Model


We first process the expert evaluation results    X   i ′    (  x   i ′  1   ,  x   i ′  2   , ⋯ ,  x   i ′  M   ) ,    i ′  = 1 , 2 , ⋯ , M  , where    i ′    is the serial number of the index factor    U   i ′      and  M  is the number corresponding to the index    U   i ′      to be evaluated. Then, we calculate the    i ′   th evaluation cloud model   (  E  x  i ′    ,  E  n  i ′    ,  H  e  i ′    )  , where    E  x  i ′      is the expectation of    C   i ′     ,    E  n  i ′      is the entropy of    C   i ′     , and    H  e  i ′      is the super-entropy of    C   i ′     . The calculation steps [27] are as follows.



(i) The expected value of    C   i ′      is calculated as:


   {       E  x 1   =    X ¯   1       ⋮       E  x M   =    X ¯   M        ,  



(3)




where      X ¯   1    is the average value of the expert scores for the first evaluation indicator,      X ¯   M    is the average value of the expert scores for the Mth evaluation indicator,    E  x 1     is the expected value of the first evaluation indicator, and    E  x M     is the expected value of the Mth evaluation indicator.



(ii) The entropy of    C   i ′      is calculated as:


   {       E  n 1   =    π 2     1 J    ∑  j = 1  J    |   X  1 j   −    X ¯   1   |         ⋮       E  n M   =    π 2     1 J    ∑  j = 1  J    |   X  M j   −    X ¯   M   |          ,  



(4)




where    X  1 j     is the score value of expert   j ( j = 1 , 2 , ⋯ , J )   for the first evaluation index,    X  M j     is the score value of the jth expert for the Mth evaluation index,    E  n 1     is the entropy value of the first evaluation index, and    E  n M     is the entropy value of the Mth evaluation index.



(iii) The super-entropy of    C   i ′      is calculated as:


   {       H  e 1   =    |   S 1 2  −  E  n 1  2   |         ⋮       H  e M   =    |   S M 2  −  E  n M  2   |          ,  



(5)




where    S 1 2    is the sample variance of the first evaluation index,    S   i ′   2  =  1   i ′  − 1     ∑   i ′  = 1  M   (  X   i ′    −  E  x  i ′    )    ;    S M 2    is the sample variance of the Mth evaluation index;    H  e 1     is the super-entropy value of the first evaluation index; and    H  e M     is the super-entropy value of the Mth evaluation index.




2.2.6. Calculation of Criterion Layer and Target Layer Cloud Models


After calculating the indicator layer cloud model, the corresponding criterion layer cloud model and target layer cloud model are calculated, according to the numerical characteristics of the cloud model and the corresponding weights. The calculation process is as follows [28]:


   {       E x  =    E  x 1    w 1  +  E  x 2    w 2  + ⋯ +  E  x n    w n     w 1  +  w 2  + ⋯ +  w n           E n  =    w 1 2     w 1 2  +  w 2 2  + …  w n 2     E  n 1   +    w 2 2     w 1 2  +  w 2 2  + …  w n 2     E  n 2   + … +    w n 2     w 1 2  +  w 2 2  + …  w n 2     E  n n          H e  =    w 1 2     w 1 2  +  w 2 2  + …  w n 2     H  e 1   +    w 2 2     w 1 2  +  w 2 2  + …  w n 2     H  e 2   + … +    w n 2     w 1 2  +  w 2 2  + …  w n 2     H  e n         .  



(6)









2.3. Fuzzy Attribute Hierarchical Model (FAHM)


The fuzzy attribute hierarchical model (FAHM) is a novel decision-making method that combines a fuzzy comprehensive evaluation method with an attribute hierarchical model. Among them, the fuzzy comprehensive evaluation method is based on fuzzy mathematics, taking into account the fuzziness and randomness of factors, while the attribute hierarchy model is a subjective assignment method based on the hierarchical analysis method by solving for relative attributes and, thus, improving it. Compared with the AHP, AHM does not require a consistency check or eigenvector calculation, and is a relatively simple and fast multi-attribute decision analysis method [29,30]. The calculation steps of FAHM are as follows:



(i) Determine the relevant factor indicators and establish a priority relationship judgment matrix.



If there are  n  related factors, determined through a questionnaire survey method or expert scoring method, the established factor set is   (  u 1  ,  u 2  , … ,  u n  )   and the priority relationship judgment matrix is established as in Formula (7) [31]:


  r =  [       r  11        r  12       …      r  1 n          r  21        r  21       …      r  2 n        ⋮   ⋮   ⋮   ⋮       r  n 1        r  n 2       …      r  n n        ]  ,  



(7)




where the value of    r  i j     is based on the relative importance of the ith factor    u i    to the jth factor    u j   , with specific value as shown in Formula (8):


   r  i j   =  {      0.5      u i  =  u j          1     u i  >  u j          0     u i  <  u j           i , j = 1 , 2 , … , n .  



(8)







(ii) Build a fuzzy consistency matrix.



The fuzzy consistent judgment matrix, R, is established based on the priority relationship judgment matrix, expressed as shown in Equation (9):


   R  i j   =  [       R  11        R  12       …      R  1 n          R  21        R  22       …      R  2 n        ⋮   ⋮   ⋮   ⋮       R  n 1        R  n 2       …      R  n n        ]  ,  



(9)




where    R  i j     denotes the relative importance between elements i and j. When   0 ≤  R  i j   < 0.5  , the smaller the value of    R  i j    , the more important    u j    is, compared to    u i   ; when    R  i j   = 0.5  ,    u j    and    u i    are equally important; finally, when   0.5 <  R  i j   ≤ 1  , the larger the value of    R  i j    , the more important    u i    is, compared to    u j   . The specific value is quantified as     R  i j    =    k i  −  k j    2 n   + 0.5  , where,    k  i   =   ∑  j = 1  n     r  i j    ,   i = 1 , 2 , ⋯ , n  .



(iii) Determining the weights of the evaluation indicators.



For this, the AHM assignment is used. The calculation steps are as follows.



(1) Build a Hierarchical Hierarchy



When AHM is used for analysis, a multi-layered progressive hierarchy is first constructed, which is mainly divided into the target layer, criterion layer, and indicator layer. Then, the 1–9 scale method, proposed by the American operations researcher Professor T. L. Saaty, is used to determine the relative importance level between the factors (see Table 3).



By comprehensively using the expert scoring method, the factors were compared in pairs to obtain the n-order judgment matrix   K =   (  k  i j   )   n × n    , where    k  i j     represents the relative importance between the ith and jth factors. The judgment matrix   K =   (  k  i j   )   n × n     possesses the following properties:


   {       k  i j   > 0        k  i i   = 0        k  j i   = 1 /  k  i j         i ≠ j , 1 ≤ i ≤ n , i ≤ j ≤ n .  



(10)







(2) Construct the attribute judgment matrix.



The n-order matrix    l  i j     consisting of the relative attributes   L =   (  l  i j   )   n × n     is called the attribute judgment matrix, where the relative attributes    l  i j     and    k  i j     have the transformation relationship in Equation (11):


   l  i j   =  {        α m   α m + 1   ,  k  i j   = m   ( i ≠ j )        1  α m + 1   ,  k  i j   =  1 m    ( i ≠ j )       0.5 ,    k  i j   = 1   ( i ≠ j )         0 ,  k  i j   = 1   ( i = j )       ,  



(11)




where  α  is the attribute measure conversion parameter, which usually takes a value of 1 or 2; in this paper, we set  α  = 1.



(3) Calculate the relative attribute weight of the element index.



The calculation formula for the relative attribute weight of the element index is:


   w =  2  n ( n − 1 )     ∑  j = 1  n    l  i j       



(12)




where   i = 1 , 2 , ⋯ n  , with n denoting the number of factor indicators.



(iv) Integrate the evaluation matrix with the weights.



The final result is given by   β = w ⋅  R  i j    .





3. Evaluation Process


The proposed evaluation process is carried out as follows:



(1) According to the construction characteristics and actual construction conditions, the canal concrete lining construction procedure is determined.



(2) Considering the construction procedure, based on the statistical analysis method, we determine the problems affecting the quality of canal lining construction; furthermore, based on the questionnaire survey, the factors affecting the construction quality of the canal lining are investigated in a cyclical manner, where the survey includes recording the actual situation on-site by the supervisor, the builder, or experts who have engaged in the construction of the canal, in order to establish a survey form of factors affecting the canal concrete lining construction quality.



(3) FAHM is used to identify the main factors affecting the construction quality of the canal; the evaluation indices were selected from the main factors affecting the construction quality of the canal lining, and the construction quality evaluation index system for the concrete lining structure of the canal is constructed. The construction quality evaluation level of the canal lining is determined. Based on cloud model theory, the forward cloud generator is used to generate the construction quality evaluation grade cloud model, while the evaluation index cloud model is determined based on the expert scoring method and the calculation of the digital characteristics of the cloud model, and the index cloud model and the index weight are calculated. The comprehensive evaluation cloud model is obtained by comprehensive calculation, which is then compared with the evaluation grade cloud model. The final evaluation grade is determined according to the maximum membership degree principle.



(4) According to the comprehensive evaluation of the canal lining construction quality, the problems and the main factors affecting the construction quality of the canal lining are determined. Based on the evaluation results, the canal lining construction quality level can be understood and the main construction procedures are identified, laying the foundation for further quality control.




4. Case Application


The second phase of the Zhao Kou Diversion Irrigation District in Henan Province, which started construction in December 2019, is a major water conservation and water supply project in China. The area of the Diversion Irrigation District is expected to reach 3913 square kilometers after the completion of the project, following which it will become the first irrigation district in Henan Province and the fourth largest in the country. The project includes 31 new canals with a total length of 373.98 km through Zhengzhou, Kaifeng, Zhoukou, Shangqiu, and other cities in Henan Province, which may alleviate the irrigation water shortages in local farmland. In this paper, we take the new canal lining in the section from pile number 29 + 73.1 to 32 + 254.6 as an example for analysis. The canal in this section is a trapezoidal section, with a width of 10.5 m at the bottom of the canal and 5 m at the top of the embankment on the right bank of the canal. The design water depth of the canal lining section is 2.2 m with a side slope of 1:2.5, and a horizontal expansion joint is set every 4 m along the water flow direction, with the width of the joint being 2 cm. The canal lining above the top of the design embankment is protected by C15 concrete framing and grassing, and the following is lined with C25 concrete in a full section. The frost resistance grade of the canal lining is set to F150, the seepage resistance grade is set to W6, the thickness of the concrete lining is 10 cm, and the depth of groundwater burial is about 1.77–5.3 m.



4.1. Determine the Canal Lining Construction Procedure


After field research on similar large diversion irrigation canal lining projects, a review of the existing literature on the construction procedure of canal lining projects, and consultation with water industry experts, it was determined that the main construction procedures for canal lining in large diversion irrigation areas mainly include measuring and laying out lines, canal soil engineering, canal renovation, geomembrane laying and welding, concrete pouring and curing, and canal concrete lining slab cutting and jointing.




4.2. Determining the Quality Problems Existing in Canal Lining Construction


As far as the quality of the canal lining is concerned, numerous diseases are the fundamental cause of qualitative changes in its use function. Some of these diseases have obvious regularities in quantity and scope, presenting clear patterns in the quantity and extent of the disease; thus, by using statistical analysis to collect a wide range of information and data, it is possible to quantify quality issues significantly affecting the quality of the canal. Through on-site research of a large irrigation district canal project in Shaanxi Province, China, the canal lining quality problems in the construction procedure were determined, specifically involving the following construction procedures: canal construction surveying and laying out, canal foundation soil excavation, canal foundation soil back-filling, slope and canal bottom renovation, composite geomembrane laying and welding, concrete lining pouring and curing, and canal concrete lining slab cutting and jointing. These construction procedures are highly representative and significantly reflect the distribution of canal lining quality problems throughout the construction period. The quality problems existing within Sections 1–7 of this irrigation district were counted, and the results are given in Table 4.



The fish-bone diagram method was used to summarize the specific causes affecting the construction quality problem of the canal lining. The results are shown in Figure 4.



After statistical analysis, the quality problems in each procedure were found to be due to inaccurate sampling of the control points, the height of the canal soil not meeting the design requirements, the bottom of the canal and the slope surface not being tidy, inadequate soil compaction, the slope surface not being flat, the composite geomembrane material not being qualified, the composite geomembrane laying not meeting the design requirements, the surface of the concrete slab being desiccated or pockmarked, the concrete slab skin bulging and peeling, the surface of the concrete slab being rough and sandy, cracks appearing in the concrete slab, and so on. Determination of the above quality issues was based on on-site research, combined with the quality issues raised by construction units, supervision units, quality inspection units, engineering consultancy units, and management units. The number of quality issues raised by each unit is shown in Figure 5.



It can be seen from Figure 5 that the supervision unit raised the most problems. As an important unit of quality supervision of the project, the supervision unit found the most problems in the actual construction supervision and management, accounting for 33% of the total number of problems, and played an important role in ensuring that the quality of the whole canal construction reached an excellent level. The construction unit and quality inspection units reported the most problems after the supervision unit, accounting for 26.1% and 20.6%, respectively. It is also easier to find problems in the actual construction and inspection procedure, making these important units for ensuring the quality of the canal lining. Engineering consulting units raised some quality issues in the project design and construction evaluation procedure, accounting for 13.9% of the total number of issues. Canal lining projects are important livelihood projects, being directly related to crop harvests and the income of farmers. The irrigation district construction authority, or the management department, plays the role of overall control and quality assurance in the whole canal construction process, although they found less problems, accounting for only 6.4% of the total. Each of these problems is straight to the point, and still plays an important role in improving the canal lining quality.



Based on modern management theory, after statistical analysis of the factors causing the canal lining quality problems, the respective weights of the five factors (i.e., human, mechanical, material, method, and environment) were determined, and the results are shown in Figure 6.



As can be seen from Figure 6, among the causes of the problems arising from the quality of canal lining, the quality problems caused by human factors were the most prominent, accounting for 40.56%; followed by materials, mechanical equipment, and methods, accounting for 24.61%, 19.47%, and 9.79%, respectively; finally, the quality problems caused by environmental factors were the least, accounting for only 5.57%.




4.3. Establishment of a Survey Table of Factors Affecting the Quality of Canal Lining Construction


Based on the quality problems in the construction of similar large diversion irrigation canal lining projects, in order to improve the construction quality of this project, the relevant factors causing these construction quality problems were analyzed, in order to prevent subsequent canal lining construction quality degradation. Many factors affect the quality of the canal lining in different construction procedure stages. Some quality factors are dynamically generated during the construction procedure. For example, concrete cracking can be caused by thermal strain due to the reaction associated with the heat of hydration during the concrete pouring procedure, there may also be cutting and inlay joints caused by inappropriate cutting time and depth in the stage of cracking, and so on.



In order to scientifically and reasonably identify the factors that may affect the construction quality of the canal lining in different construction stages, the factors affecting the construction quality of the canal lining in the building section were investigated in a cyclical manner. The investigation included recording the actual situation on-site and issuing questionnaires on factors affecting the canal lining construction quality to supervisors, constructors, or experts engaged in canal construction. The established quality factor questionnaire is provided in Table 5.



As shown in Table 5, the “construction procedure” in the questionnaire mainly includes canal construction surveying and laying out, canal soil engineering, canal renovation, geomembrane laying and welding, concrete pouring and curing, and canal concrete lining slab cutting and jointing. “Quality problem” counts the problems that may exist in each process during the construction process, such as those caused by inaccurate construction line placement, aging of lifting equipment, weather factors, and so on. In terms of these quality problems, it can be seen from the above that they are mainly caused by human, mechanical, material, method, and environmental factors. Classification can better indicate the factors that lead to canal lining quality problems. For example, the quality problem of inaccurate construction line placement may be due to manual staking errors (human factor), inaccuracy due to aging equipment (mechanical factor), or strong wind or rainfall affecting the position of staking points (weather factor). The quality control measures are aimed at diseases or influencing factors, and provide relevant solutions or measures, according to the respective fields of the respondents.



According to the canal lining construction process, the respondents gave the factors affecting the canal lining construction quality in each process. For example, in geomembrane laying and welding, problems may arise due to damage to the geomembrane, the unqualified material of the geomembrane, geomembrane laying not meeting the requirements, and defective geomembrane connection. Damage to the geomembrane may be due to unskilled operators, problems with the material itself, or damage caused by sudden rainfall. Statistics were calculated according to the quality factors in each process, determined according to the answers provided by the respondents, and summarized according to the type of factor (i.e., human, mechanical, material, method, and environmental). The factors affecting the canal lining construction quality were obtained by sorting the survey contents, as shown in Table 6.




4.4. Using FAHM to Identify Main Factors Affecting Construction Quality of Canal


(i) Determine relevant factor indicators and establish a priority relationship judgment matrix.



As can be seen from Table 6, we determined 27 factors affecting the quality of canal lining construction. The set of established factors is denoted by   (  K 1  ,  K 2  , … ,  K  27   )  . Through the expert scoring method, the relative importance between each procedure and influencing factor was scored. The composition of the expert group was five people from the construction supervision side, four people from the construction unit side, two people from the design unit side, two people from the material inspection side, and two industry experts and scholars.



Considering the construction procedure, a priority relationship matrix and fuzzy consensus matrix were established, according to the scoring results. The results are shown in Appendix A. For the quality factors Kij (j = 1, 2, …, n) corresponding to the ith construction procedure, Ki, the priority relationship judgment matrix, and the fuzzy consistency matrix are shown in Appendix B.



(ii) Determine the weights of evaluation indicators.



Based on the 1–9 scale, the relative importance degree between each factor indicator was determined by comprehensive use of the expert scoring method. The procedures or factors were compared, and then the judgment matrix and attribute judgment matrix of the criterion layer to the target layer and the indicator layer to the criterion layer were obtained using Equations (10) and (11), respectively; the results are shown in Appendix C. Similarly, by analogy with the methods in Appendix C, the judgment matrix and attribute judgment matrix of other indicators were obtained, which are not listed here. According to Equation (12), the relative attribute weights of the criterion layer to the target layer and the index layer to each factor index of the criterion layer were obtained, respectively, and the results are shown in Appendix D.



The fuzzy consensus matrix, R, was integrated with the weights, and the final results are shown in Appendix E. As can be seen from Appendix E, the main factors affecting the construction quality of the canal lining were the depth of the cutting the concrete lining slab, the time of cutting the concrete lining slab, the loss of soil from the slope and the bottom of the canal, and the poor filling of the joints. This is mainly because the canal concrete lining slab is a thin plate structure, and cutting joints too deep will damage the bottom geomembrane. Then, a large water distribution in the bottom of the lining slab will not only cause seepage damage but, in winter, will also cause frost damage, leading to a variety of lining slab diseases. A large number of engineering cases have shown that the timing of concrete lining slab cutting is crucial for the prevention of lining slab cracks [32] and, if the cutting time is not appropriate, the whole slab is not released at a specific period, making it prone to cracks. The importance of the soil serving as the foundation of the canal cannot be overstated, as excessive soil loss can lead to collapse of the canal liner slab. When the caulking is not sufficiently dense, more aggressive media can enter the liner slab, causing issues such as common concrete sulphate damage.




4.5. Evaluation of Construction Quality of a Canal Lining


The quality of the canal lining can be affected by complex environments, construction conditions, human factors, and other influences, and evaluation of the canal lining construction quality can help to ensure actual sustainable use of the canal lining. In addition, the main factors affecting the canal lining construction quality are various. Due to the technical difficulties, cost, and other objective factors, there may not be a variety of resources to control at each link; therefore, the reasonable allocation of resources should be based on the relative importance of different parts of the canal lining construction process, and the impact of key procedures in the canal lining construction should be determined accordingly. On the basis of Appendix E, the overall construction procedures of the canal lining were sorted and the evaluation index system was constructed, as depicted in Figure 7.



The meanings represented by the letter numbers of the factors in Figure 7 are given below.



u1—canal construction surveying and laying out; u2—canal soil engineering; u3—canal renovation; u4—geomembrane laying and welding; u5—concrete pouring and curing; u6—canal concrete lining slab cutting and jointing; u11—canal axis measurement and layout; u12—canal elevation control point layout; u13—canal center control line measurement and layout; u21—canal foundation soil excavation; u22—canal soil compaction; u23—canal foundation soil backfill; u31—repair canal lining slope; u32—leveling the bottom of the canal lining; u41—composite geomembrane laying; u42—composite geomembrane connections; u51—concrete mixing and transport; u52—concrete pouring; u53—setting up templates and reinforcement; u54—curing of concrete lining slabs for canal; u55—concrete paving and compaction and pounding; u61—concrete slab cutting; u62—concrete slab joint filling.



Using AHM weighting based on the 1–9 scale, the relative importance degree between the indicators or procedures was determined through the expert scoring method, following which the judgment matrix and attribute judgment matrix of the criterion layer to the target layer and the indicator layer to the criterion layer were obtained using Equations (10) and (11), respectively; the results are shown in Appendix F. Similarly, by analogy with the methods in Appendix F, the judgment matrix and attribute judgment matrix of other indicators were obtained, which are not listed here. According to Formula (12), the relative attribute weights of the criterion layer to the target layer and the index layer to each factor index of the criterion layer were obtained, and the results are shown in Appendix G.



We take the index layer factor canal axis measurement and layout (u11) as an example to illustrate the calculation process of the indicator layer cloud model. Ten experts were invited to score the relative importance of each process and influencing factor (the scoring range was 0 to 1; the higher the score, the better the construction quality level of a certain index). The composition of the expert group was three people from the construction supervision side, two people from the construction unit side, one person from the design unit side, two people from the material inspection side, and two industry experts and scholars. The evaluation result of the 10 experts with respect to the construction quality effect of canal axis measurement and layout (u11) was    X   u  11     = ( 0.62 , 0.76 , 0.66 , 0.60 , 0.62 , 0.70 , 0.65 , 0.61 , 0.62 , 0.63 )  . Substituting    X   u  11       into Equations (3)–(5), it was calculated that    E  x  u  11     = 0.647  ,    E  n  u  11     = 0.046  , and    H  e  u  11     = 0.018  , such that the cloud model    C  11     of the index layer factor    u  11     was   ( 0.647 , 0.046 , 0.018 )  . In the same way, the cloud models of other factors in the index layer were calculated, the results of which are shown in Table 7. The cloud model was drawn using MATLAB software, and the results are shown in Figure 8.



Through cloud model theory, the cloud model of each evaluation index was compared with the standard cloud model, and the grade of the index to be evaluated was determined according to the principle of maximum subordination. As can be seen from Figure 8, by evaluating the on-site construction quality corresponding to each evaluation index, we found that the construction quality of each construction process of the canal lining is basically at grade II (i.e., the overall construction quality level of the canal lining is good and the problem areas can be controlled). At the same time, we found that the indicators u11 (canal axis measurement and layout), u13 (canal center control line measurement and layout), u31 (repair canal lining slope), u32 (leveling the bottom of the canal lining), u61 (concrete slab cutting), and u62 (concrete slab joint filling), which are key construction processes, tended to change towards evaluation grade III. In order to prevent these processes from affecting the construction quality of the canal lining, attention should be paid to prevention and control of these aspects during later construction.



According to the cloud model numerical characteristics and the corresponding weights, we calculated the corresponding criterion layer cloud model and target layer cloud model, using Equation (6); the results are shown in Table 8. We used MATLAB software to plot the criterion layer model and target layer model cloud maps; the results are shown in Figure 9 and Figure 10.



As can be seen from Figure 9, the evaluation results for the construction quality of each of the main processes (i.e., u1, u2, u3, u4, u5, and u6) were all at grade II. This indicates that the quality of the main construction processes of the canal lining was overall good. As can be seen from Figure 10, the evaluation results indicated that the overall construction quality of the canal lining was at grade II. The considered irrigation area improvement project, one of the 172 major water conservancy projects of the State Council of China, will be the first irrigation areas in Henan Province and the fourth largest in the country after completion; as such, it cannot be expected that the construction quality of the canal lining will be exactly at grade I, due to the influence of the environment, human factors, construction materials, machinery, and so on, which is in line with the derived results.





5. Comparative Study


In order to verify the feasibility of the evaluation method proposed in this paper, the calculation results were compared with those of the AHP–simple correlation function–cloud model method [33], where AHP was the subjective weighting method, the simple correlation function was used for objective weighting, and the cloud model was the evaluation method. The core idea is to comprehensively use the subjective and objective weight values, combining the weight values with the numerical characteristics of the cloud model to complete the evaluation. As the simple correlation function method is an objective weighting method, in the weighting process, it is necessary to obtain the actual detection data of each evaluation index of the object to be evaluated to achieve weighting, which is unrealistic for determining canal lining construction quality evaluation indices, as most of the data are undetectable; for example, the degree of aging of equipment (e.g., total stations, theodolites) and the impact of severe weather are difficult to quantify, and most factors must be qualitatively described. This is the primary limitation of the method.



In this paper, AHP is used to determine the subjective weights in the calculation process, and the cloud model is still used to complete the evaluation. The cloud model has been introduced in the previous section, so it is not detailed here. We mainly introduce the AHP in the following.



The main steps of the AHP include constructing a hierarchical structure model, building a judgment matrix and weight distribution, consistency checking, and determining a total hierarchical ranking. Similar to the AHM method used in this paper, AHP can be used to determine the weights of evaluation indices through the expert scoring method—that is, comparing factors pairwise and quantifying them according to the 1–9 scale method, in order to determine the relative importance between the two. The difference is that the AHP needs to be checked for consistency. The consistency test usually uses the consistency ratio CR as the test standard, which is defined as CR = CI/RI, where CI is the consistency index, calculated as   C I =    λ  m a x   − n   n − 1    . Furthermore, RI is the average random consistency index, which is related to the order n of the judgment matrix, which can be determined using Table 9.



Generally, when CR < 0.1, the consistency of the calculation results is considered acceptable; when CR ≥ 0.1, the consistency test fails, and the judgment matrix should be reconstructed for calculation, and the calculation results cannot be accepted until CR < 0.1.



5.1. Determining the Weight of Each Evaluation Index


As far as this case is concerned, the hierarchical structure model constructed by AHP also includes the target layer, the criterion layer, and the indicator layer, which is the same as in Figure 7. In the process of constructing the judgment matrix, the 15 experts mentioned above were invited to score the evaluation indicators, and subjective weights were assigned according to the scoring results of the experts. After calculating the statistics of the expert scoring results, the square root method [33] was used to obtain the weight of each factor. Finally, the judgment matrix of the index layer, relative to the criterion layer, was obtained, as shown in Appendix H. Each judgment matrix was tested for consistency. The evaluation indicators were then sorted, according to their weight values.




5.2. Determining the Canal Lining Construction Quality Grade


In the comparative study, the evaluation grade was again divided into five levels. When using the cloud model evaluation, 10 experts were invited to score the relative importance of each process and influencing factor. We substituted the evaluation value of each index into Equations (3)–(5) for calculation, and then calculated the evaluation value and weight value of each index according to Equation (6). The results are shown in Table 10 (the selected evaluation indicators were the same as those described in Section 4.5), and the final target layer evaluation index cloud diagram is shown in Figure 11.



It can be seen from Figure 10 and Figure 11 that the evaluation results of the two were consistent; that is, they both indicated that the construction quality of the canal lining in the irrigation area as being grade II. The overall quality of canal lining construction was determined to be in good condition. Comparing the two methods, the second limitation of the method used in the comparative study was that it needs to carry out a consistency test, and the associated weight calculation is complicated. The third limitation is that it is not considered to be comprehensive enough, and the evaluation process is not sufficiently systematic. We collected a wide range of information and data through statistical analysis, which allowed us to quantitatively analyze which quality problems may significantly affect the quality of the canal. The FAHM was adopted to identify the main factors affecting the quality of canal lining construction, and laid a foundation for canal lining construction quality control. In general, the method proposed in this paper considers construction quality assessment and canal lining quality assurance more comprehensively and reasonably.





6. Discussion


As far as the evaluation method proposed in this paper is concerned, it also presents certain limitations.



(i) As the weighting method used in this paper is the AHM, which is a subjective weighting method, it is necessary to rely on experts to judge the relative importance of different indicators. Therefore, the industry background and professional level should be taken into consideration when selecting experts, and the scores should be calculated more objectively. For example, when calculating the scores, the maximum and minimum values should be removed and the weighted average of all the scores should be taken, in order to make the assignment more reasonable.



(ii) This paper only systematically summarizes the quality problems that commonly occur in the canal lining construction process and the factors that affect the construction quality, and we only evaluate the overall construction quality of the canal lining. Thus, how to improve the construction quality of the canal lining and the quality control measures that can be taken were not discussed in detail. Further research should more comprehensively consider those factors affecting the quality of canal lining construction, the associated problems, and the key procedures required for the development of quality control methods or technical solutions.




7. Conclusions


(1) A statistical analysis method was used to quantify the problems affecting the canal lining construction quality, including the inaccurate sample placement of each control point, the insufficient compaction of soil, and de-sizing on the surface of concrete slab, among other factors. A questionnaire survey was used to determine the factors affecting the canal lining construction quality. After analysis and summarization, we found that the causes of these factors were human, mechanical, material, method, and environmental. At the same time, a statistical analysis was carried out on the units that raised quality problems, and we found that the supervision unit reported the most problems in the actual construction supervision, followed by the construction unit and the quality inspection unit. The function of these methods is to assist engineers in summarizing and sorting the problems affecting the canal lining construction quality, which can then be targeted and prevented during the specific construction period, thus reducing the occurrence of diseases, to a certain extent. It can also help researchers study the apparent regularities in the number or range of various other objects.



(2) Based on the FAHM method, we determined that the main factors affecting the construction quality of the canal concrete lining are the depth of the cutting slab, the timing of the slab cut joints, the loss of soil from the side slopes and the bottom of the canal, and the poor filling of the joint, among other factors. These factors should be focused on in the subsequent construction and management process, and corresponding technical measures can be taken to improve them, if necessary. The function of the above method is to assist engineers in determining the main factors affecting the canal lining construction quality, and to better concentrate capital, labor, and material resources to prevent and control these main factors. As the FAHM is a new decision-making method, it can fully take into account the rich experience of experts, and does not require a consistency check or eigenvector calculation; furthermore, the calculation amount is relatively small, making it easier to use.



(3) Based on cloud model theory, the construction quality evaluation grade of a specific canal lining was obtained as grade II (quantitative), which was consistent with the evaluation results of the AHP–cloud model, and was in line with the actual construction quality status (qualitative). The feasibility of the proposed method in this paper is demonstrated from both qualitative and quantitative perspectives, as it can effectively take into account the fuzziness and randomness of evaluation indices. At the same time, the canal axis measurement and layout, as well as the canal center control line measurement and layout, were identified as key construction procedures that should be paid attention to in the later stage. The function of this model is to assist engineers in determining the key links affecting the canal lining construction process. As the cloud model can reveal the randomness and ambiguity of different factors, the overall evaluation process is more systematic, and it can be used by other scholars to carry out related evaluation research.
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Table A1. Canal lining construction—construction procedure relationship matrix.






Table A1. Canal lining construction—construction procedure relationship matrix.





	K
	K1
	K2
	K3
	K4
	K5
	K6





	K1
	0.5
	0
	1
	0
	0
	0



	K2
	1
	0.5
	1
	0
	0
	1



	K3
	0
	0
	0.5
	0
	0
	1



	K4
	1
	1
	1
	0.5
	0
	1



	K5
	1
	1
	1
	1
	0.5
	1



	K6
	1
	0
	0
	0
	0
	0.5
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Table A2. Establishment of canal lining construction—construction procedure fuzzy consistent matrix R.






Table A2. Establishment of canal lining construction—construction procedure fuzzy consistent matrix R.





	K
	K1
	K2
	K3
	K4
	K5
	K6





	K1
	0.500
	0.333
	0.5
	0.25
	0.167
	0.5



	K2
	0.667
	0.500
	0.667
	0.417
	0.333
	0.667



	K3
	0.5
	0.333
	0.500
	0.25
	0.167
	0.5



	K4
	0.75
	0.583
	0.750
	0.500
	0.417
	0.75



	K5
	0.833
	0.667
	0.833
	0.583
	0.500
	0.833



	K6
	0.5
	0.333
	0.5
	0.25
	0.167
	0.500
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Table A3. Relationship matrix for K1j relative to K1.






Table A3. Relationship matrix for K1j relative to K1.





	K1
	K11
	K12
	K13
	K14
	K15





	K11
	0.5
	1
	0
	1
	1



	K12
	0
	0.5
	0
	1
	1



	K13
	1
	1
	0.5
	1
	1



	K14
	0
	0
	0
	0.5
	1



	K15
	0
	0
	0
	0
	0.5
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Table A4. Fuzzy consistency matrix R for K1j relative to K1.






Table A4. Fuzzy consistency matrix R for K1j relative to K1.





	K1
	K11
	K12
	K13
	K14
	K15





	K11
	0.5
	0.583
	0.417
	0.667
	0.75



	K12
	0.417
	0.5
	0.333
	0.583
	0.75



	K13
	0.583
	0.667
	0.5
	0.75
	0.833



	K14
	0.333
	0.417
	0.25
	0.5
	0.583



	K15
	0.25
	0.25
	0.167
	0.417
	0.5
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Table A5. Relationship matrix for K2j relative to K2.
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	K2
	K21
	K22
	K23
	K24
	K25





	K21
	0.5
	1
	0
	0
	1



	K22
	0
	0.5
	0
	0
	1



	K23
	1
	1
	0.5
	1
	1



	K24
	1
	1
	0
	0.5
	1



	K25
	0
	0
	0
	0
	0.5
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Table A6. Fuzzy consistency matrix R for K2j relative to K2.






Table A6. Fuzzy consistency matrix R for K2j relative to K2.





	K2
	K21
	K22
	K23
	K24
	K25





	K21
	0.5
	0.583
	0.333
	0.417
	0.667



	K22
	0.417
	0.5
	0.25
	0.333
	0.583



	K23
	0.667
	0.75
	0.5
	0.583
	0.833



	K24
	0.583
	0.667
	0.417
	0.5
	0.75



	K25
	0.333
	0.417
	0.167
	0.25
	0.5
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Table A7. Relationship matrix for K3j relative to K3.






Table A7. Relationship matrix for K3j relative to K3.





	K3
	K31
	K32
	K33
	K34





	K31
	0.5
	0
	0
	1



	K32
	1
	0.5
	1
	1



	K33
	1
	0
	0.5
	1



	K34
	0
	0
	0
	0.5
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Table A8. Fuzzy consistency matrix R for K3j relative to K3.
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	K3
	K31
	K32
	K33
	K34





	K31
	0.5
	0.333
	0.417
	0.583



	K32
	0.667
	0.5
	0.583
	0.75



	K33
	0.583
	0.417
	0.5
	0.667



	K34
	0.417
	0.25
	0.333
	0.5
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Table A9. Relationship matrix for K4j relative to K4.
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	K4
	K41
	K42
	K43
	K44





	K41
	0.5
	0
	1
	1



	K42
	1
	0.5
	1
	1



	K43
	0
	0
	0.5
	1



	K44
	0
	0
	0
	0.5
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Table A10. Fuzzy consistency matrix R for K4j relative to K4.
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	K4
	K41
	K42
	K43
	K44





	K41
	0.5
	0.417
	0.583
	0.667



	K42
	0.583
	0.5
	0.667
	0.75



	K43
	0.417
	0.333
	0.5
	0.583



	K44
	0.333
	0.25
	0.417
	0.5
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Table A11. Relationship matrix for K5j relative to K5.
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	K5
	K51
	K52
	K53
	K54
	K55
	K56





	K51
	0.5
	1
	1
	1
	1
	1



	K52
	0
	0.5
	0
	0
	0
	1



	K53
	0
	1
	0.5
	0
	1
	1



	K54
	0
	1
	1
	0.5
	1
	1



	K55
	0
	1
	0
	0
	0.5
	1



	K56
	0
	0
	0
	0
	0
	0.5
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Table A12. Fuzzy consistency matrix R for U5j relative to U5.






Table A12. Fuzzy consistency matrix R for U5j relative to U5.





	K5
	K51
	K52
	K53
	K54
	K55
	K56





	K51
	0.5
	0.833
	0.667
	0.583
	0.75
	0.917



	K52
	0.167
	0.5
	0.333
	0.25
	0.417
	0.583



	K53
	0.333
	0.667
	0.5
	0.417
	0.583
	0.75



	K54
	0.417
	0.75
	0.75
	0.5
	0.667
	0.833



	K55
	0.25
	0.583
	0.583
	0.333
	0.5
	0.667



	K56
	0.083
	0.417
	0.417
	0.167
	0.333
	0.5
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Table A13. Relationship matrix for K6j relative to K6.
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	K6
	K61
	K62
	K63





	K61
	0.5
	0
	0



	K62
	1
	0.5
	0



	K63
	1
	1
	0.5
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Table A14. Fuzzy consistency matrix R for K6j relative to K6.






Table A14. Fuzzy consistency matrix R for K6j relative to K6.





	K6
	K61
	K62
	K63





	K61
	0.5
	0.417
	0.333



	K62
	0.583
	0.5
	0.417



	K63
	0.667
	0.583
	0.5
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Table A15. Judgment matrix of the ith construction procedure Ki relative to K.
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	K
	K1
	K2
	K3
	K4
	K5
	K6





	K1
	1
	3
	3
	1/5
	1/5
	3



	K2
	1/3
	1
	1/3
	1/5
	1/7
	1/3



	K3
	1/3
	3
	1
	1/3
	1/5
	3



	K4
	5
	5
	3
	1
	1/3
	3



	K5
	5
	7
	5
	3
	1
	7



	K6
	1/3
	3
	1/3
	1/3
	1/7
	1
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Table A16. The attribute judgment matrix of the ith construction procedure Ki relative to K.






Table A16. The attribute judgment matrix of the ith construction procedure Ki relative to K.





	K
	K1
	K2
	K3
	K4
	K5
	K6





	K1
	0
	3/4
	3/4
	1/6
	1/6
	3/4



	K2
	1/4
	0
	1/4
	1/6
	1/8
	1/4



	K3
	1/4
	3/4
	0
	1/4
	1/6
	3/4



	K4
	5/6
	5/6
	3/4
	0
	1/4
	3/4



	K5
	5/6
	7/8
	5/6
	3/4
	0
	7/8



	K6
	1/4
	3/4
	1/4
	1/4
	1/8
	0
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Table A17. Judgment matrix of K1j relative to K1.
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	K1
	K11
	K12
	K13
	K14
	K15





	K11
	1
	3
	1/3
	5
	3



	K12
	1/3
	1
	1/5
	3
	5



	K13
	3
	5
	1
	3
	3



	K14
	1/5
	1/3
	1/3
	1
	7



	K15
	1/3
	1/5
	1/3
	1/7
	1










[image: Table] 





Table A18. The attribute judgment matrix of U1j relative to U1.






Table A18. The attribute judgment matrix of U1j relative to U1.





	K1
	K11
	K12
	K13
	K14
	K15





	K11
	0
	3/4
	1/4
	5/6
	3/4



	K12
	1/4
	0
	1/6
	3/4
	5/6



	K13
	3/4
	5/6
	0
	3/4
	3/4



	K14
	1/6
	1/4
	1/4
	0
	7/8



	K15
	1/4
	1/6
	1/4
	1/8
	0
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Table A19. AHM relative attribute weights.






Table A19. AHM relative attribute weights.





	
Target Layer

	
Criterion Layer

	
Indicator Layer

	
Criterion Layer Factor Weights

	
Indicator Layer Indicator Weights






	
K

	
K1

	
K11

	
0.172

	
0.259




	
K12

	
0.2




	
K13

	
0.308




	
K14

	
0.154




	
K15

	
0.079




	
K2

	
K21

	
0.07

	
0.192




	
K22

	
0.15




	
K23

	
0.308




	
K24

	
0.258




	
K25

	
0.092




	
K3

	
K31

	
0.144

	
0.201




	
K32

	
0.421




	
K33

	
0.317




	
K34

	
0.061




	
K4

	
K41

	
0.228

	
0.278




	
K42

	
0.424




	
K43

	
0.194




	
K44

	
0.104




	
K5

	
K51

	
0.278

	
0.269




	
K52

	
0.094




	
K53

	
0.189




	
K54

	
0.239




	
K55

	
0.142




	
K56

	
0.067




	
K6

	
K61

	
0.108

	
0.139




	
K62

	
0.333




	
K63

	
0.528
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Table A20. Total ranking results.






Table A20. Total ranking results.





	
Factor Kij

	
    Final   Weight   Value  W   K i     K  i j        

	
    Weights  W K   K i       

	
Ranking Order




	
K1

	
K2

	
K3

	
K4

	
K5

	
K6




	
0.206

	
0.154

	
0.206

	
0.128

	
0.102

	
0.206






	
K11

	
0.169

	

	

	

	

	

	
0.035

	
9




	
K12

	
0.197

	

	

	

	

	

	
0.040

	
7




	
K13

	
0.139

	

	

	

	

	

	
0.028

	
13




	
K14

	
0.230

	

	

	

	

	

	
0.047

	
6




	
K15

	
0.266

	

	

	

	

	

	
0.055

	
5




	
K21

	

	
0.200

	

	

	

	

	
0.031

	
11




	
K22

	

	
0.231

	

	

	

	

	
0.035

	
9




	
K23

	

	
0.139

	

	

	

	

	
0.021

	
17




	
K24

	

	
0.169

	

	

	

	

	
0.026

	
14




	
K25

	

	
0.261

	

	

	

	

	
0.040

	
7




	
K31

	

	

	
0.269

	

	

	

	
0.055

	
5




	
K32

	

	

	
0.193

	

	

	

	
0.040

	
7




	
K33

	

	

	
0.231

	

	

	

	
0.047

	
6




	
K34

	

	

	
0.307

	

	

	

	
0.063

	
3




	
K41

	

	

	

	
0.231

	

	

	
0.029

	
12




	
K42

	

	

	

	
0.193

	

	

	
0.025

	
15




	
K43

	

	

	

	
0.269

	

	

	
0.034

	
10




	
K44

	

	

	

	
0.307

	

	

	
0.039

	
8




	
K51

	

	

	

	

	
0.103

	

	
0.010

	
22




	
K52

	

	

	

	

	
0.199

	

	
0.020

	
18




	
K53

	

	

	

	

	
0.173

	

	
0.018

	
20




	
K54

	

	

	

	

	
0.127

	

	
0.013

	
21




	
K55

	

	

	

	

	
0.175

	

	
0.018

	
19




	
K56

	

	

	

	

	
0.223

	

	
0.023

	
16




	
K61

	

	

	

	

	

	
0.386

	
0.079

	
1




	
K62

	

	

	

	

	

	
0.333

	
0.068

	
2




	
K63

	

	

	

	

	

	
0.281

	
0.058

	
4
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Table A21. Judgment matrix of the ith construction procedure ui relative to u.
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	u
	u1
	u2
	u3
	u4
	u5
	u6





	u1
	1
	3
	3
	1/5
	1/5
	3



	u2
	1/3
	1
	1/3
	1/5
	1/7
	1/3



	u3
	1/3
	3
	1
	1/3
	1/5
	3



	u4
	5
	5
	3
	1
	1/3
	3



	u5
	5
	7
	5
	3
	1
	7



	u6
	1/3
	3
	1/3
	1/3
	1/7
	1
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Table A22. The attribute judgment matrix of the ith construction procedure ui relative to u.






Table A22. The attribute judgment matrix of the ith construction procedure ui relative to u.





	u
	u1
	u2
	u3
	u4
	u5
	u6





	u1
	0
	3/4
	3/4
	1/6
	1/6
	3/4



	u2
	1/4
	0
	1/4
	1/6
	1/8
	1/4



	u3
	1/4
	3/4
	0
	1/4
	1/6
	3/4



	u4
	5/6
	5/6
	3/4
	0
	1/4
	3/4



	u5
	5/6
	7/8
	5/6
	3/4
	0
	7/8



	u6
	1/4
	3/4
	1/4
	1/4
	1/8
	0
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Table A23. Judgment matrix of u1j relative to u1.






Table A23. Judgment matrix of u1j relative to u1.





	u1
	u11
	u12
	u13





	u11
	1
	3
	1/3



	u12
	1/3
	1
	1/5



	u13
	3
	5
	1
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Table A24. The attribute judgment matrix of u1j relative to u1.
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	u1
	u11
	u12
	u13





	u11
	0
	3/4
	1/4



	u12
	1/4
	0
	1/6



	u13
	3/4
	5/6
	0
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Table A25. Total sort results.






Table A25. Total sort results.





	
Target Layer

	
Criterion Layer

	
Indicator Layer

	
Criterion Layer Factor Weights

	
Indicator Layer Indicator Weights






	
u

	
u1

	
u11

	
0.172

	
0.500




	
u12

	
0.170




	
u13

	
0.330




	
u2

	
u21

	
0.07

	
0.139




	
u22

	
0.333




	
u23

	
0.528




	
u3

	
u31

	
0.144

	
0.25




	
u32

	
0.75




	
u4

	
u41

	
0.228

	
0.333




	
u42

	
0.667




	
u5

	
u51

	
0.278

	
0.321




	
u52

	
0.067




	
u53

	
0.200




	
u54

	
0.275




	
u55

	
0.137




	
u6

	
u61

	
0.108

	
0.75




	
u62

	
0.25
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Table A26. Judgment matrix of criterion layer relative to target layer.






Table A26. Judgment matrix of criterion layer relative to target layer.





	
u

	
u1

	
u2

	
u3

	
u4

	
u5

	
u6

	
Weight






	
u1

	
1

	
9

	
3

	
1/3

	
3

	
3

	
0.261




	
u2

	
1/9

	
1

	
1/9

	
1/9

	
1/5

	
1/5

	
0.024




	
u3

	
1/3

	
9

	
1

	
2

	
3

	
3

	
0.244




	
u4

	
3

	
9

	
1/2

	
1

	
3

	
3

	
0.279




	
u5

	
1/3

	
5

	
1/3

	
1/3

	
1

	
2

	
0.106




	
u6

	
1/3

	
5

	
1/3

	
1/3

	
1/2

	
1

	
0.084




	
   λ  m a x     = 6.61, CI = 0.122, RI = 1.24, CR = 0.098 < 0.10, consistency check passed
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Table A27. Judgment matrix of index layer relative to target layer (u1–u1-3).
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u1

	
u11

	
u12

	
u13

	
Weight






	
u11

	
1

	
3

	
1/3

	
0.322




	
u12

	
1/3

	
1

	
1/5

	
0.351




	
u13

	
3

	
5

	
1

	
0.327




	
   λ  m a x     = 3.039, CI = 0.019, RI = 0.58, CR = 0.033 < 0.10, consistency check passed
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Table A28. Judgment matrix of index layer relative to target layer (u2–u2-3).






Table A28. Judgment matrix of index layer relative to target layer (u2–u2-3).





	
u2

	
u21

	
u22

	
u23

	
Weight






	
u21

	
1

	
5

	
1/3

	
0.255




	
u22

	
1/5

	
1

	
1/7

	
0.336




	
u23

	
3

	
7

	
1

	
0.409




	
   λ  m a x     = 3.065, CI = 0, RI = 0, CR = 0.056 < 0.10, consistency check passed
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Table A29. Judgment matrix of index layer relative to target layer (u3–u3-2).






Table A29. Judgment matrix of index layer relative to target layer (u3–u3-2).





	
u3

	
u31

	
u32

	
Weight






	
u31

	
1

	
3

	
0.486




	
u32

	
1/3

	
1

	
0.514




	
   λ  m a x     = 2, CI = 0, RI = 0, CR = 0 < 0.10, consistency check passed
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Table A30. Judgment matrix of index layer relative to target layer (u4–u4-2).






Table A30. Judgment matrix of index layer relative to target layer (u4–u4-2).





	
u4

	
u41

	
u42

	
Weight






	
u41

	
1

	
2

	
0.511




	
u42

	
1/2

	
1

	
0.459




	
   λ  m a x     = 2.041, CI = 0.041, RI = 0, CR = 0 < 0.10, consistency check passed
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Table A31. Judgment matrix of index layer relative to target layer (u5–u5-5).






Table A31. Judgment matrix of index layer relative to target layer (u5–u5-5).





	
u

	
u51

	
u52

	
u53

	
u54

	
u55

	
Weight






	
u51

	
1

	
3

	
1/3

	
3

	
7

	
0.261




	
u52

	
1/3

	
1

	
1/3

	
3

	
5

	
0.024




	
u53

	
3

	
3

	
1

	
5

	
7

	
0.244




	
u54

	
1/3

	
1/3

	
1/5

	
1

	
5

	
0.279




	
u55

	
1/7

	
1/5

	
1/7

	
1/5

	
1

	
0.106




	
   λ  m a x     = 2.041, CI = 0.041, RI = 0, CR = 0 < 0.10, consistency check passed
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Table A32. Judgment matrix of index layer relative to target layer (u6–u6-2).






Table A32. Judgment matrix of index layer relative to target layer (u6–u6-2).





	
u6

	
u61

	
u62

	
Weight






	
u61

	
1

	
7

	
0.699




	
u62

	
1/7

	
1

	
0.301




	
   λ  m a x     = 2, CI = 0, RI = 0, CR = 0 < 0.10, consistency check passed
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Figure 1. Flowchart of the evaluation method. 
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Figure 2. Flow chart of canal lining construction quality evaluation based on the cloud model. 
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Figure 3. Normal cloud map of quality evaluation level. 
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Figure 4. Fish-bone diagram of canal lining quality problems. 
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Figure 5. Statistical distribution of sources of canal lining quality problems. 
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Figure 6. Statistical distribution of causes of canal lining quality problems. 
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Figure 7. Index system for canal lining construction quality evaluation. 
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Figure 8. Indicator layer model cloud diagrams. (a) Cloud model of index u11 (the evaluation result is grade II); (b) Cloud model of index u12 (the evaluation result is grade II); (c) Cloud model of index u13 (the evaluation result is grade II); (d) Cloud model of index u21 (the evaluation result is grade II); (e) Cloud model of index u22 (the evaluation result is grade II); (f) Cloud model of index u23 (the evaluation result is grade II); (g) Cloud model of index u31 (the evaluation result is grade II); (h) Cloud model of index u32 (the evaluation result is grade II); (i) Cloud model of index u41 (the evaluation result is grade II); (j) Cloud model of index u42 (the evaluation result is grade II); (k) Cloud model of index u51 (the evaluation result is grade II); (l) Cloud model of index u52 (the evaluation result is grade II); (m) Cloud model of index u53 (the evaluation result is grade II); (n) Cloud model of index u54 (the evaluation result is grade I); (o) Cloud model of index u55 (the evaluation result is grade II); (p) Cloud model of index u61 (the evaluation result is grade II); (q) Cloud model of index u62 (the evaluation result is grade II). 






Figure 8. Indicator layer model cloud diagrams. (a) Cloud model of index u11 (the evaluation result is grade II); (b) Cloud model of index u12 (the evaluation result is grade II); (c) Cloud model of index u13 (the evaluation result is grade II); (d) Cloud model of index u21 (the evaluation result is grade II); (e) Cloud model of index u22 (the evaluation result is grade II); (f) Cloud model of index u23 (the evaluation result is grade II); (g) Cloud model of index u31 (the evaluation result is grade II); (h) Cloud model of index u32 (the evaluation result is grade II); (i) Cloud model of index u41 (the evaluation result is grade II); (j) Cloud model of index u42 (the evaluation result is grade II); (k) Cloud model of index u51 (the evaluation result is grade II); (l) Cloud model of index u52 (the evaluation result is grade II); (m) Cloud model of index u53 (the evaluation result is grade II); (n) Cloud model of index u54 (the evaluation result is grade I); (o) Cloud model of index u55 (the evaluation result is grade II); (p) Cloud model of index u61 (the evaluation result is grade II); (q) Cloud model of index u62 (the evaluation result is grade II).
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Figure 9. Cloud diagram of the criterion layer cloud model. (a) Cloud model of index u1 (the evaluation result is grade II); (b) Cloud model of index u2 (the evaluation result is grade II); (c) Cloud model of index u3 (the evaluation result is grade II); (d) Cloud model of index u4 (the evaluation result is grade II); (e) Cloud model of index u5 (the evaluation result is grade II); (f) Cloud model of index u6 (the evaluation result is grade II). 
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Figure 10. Cloud model diagram of final evaluation results. 
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Figure 11. Canal lining construction quality evaluation diagram based on AHP–simple correlation function method–cloud model. 
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Table 1. Invited experts and related information.
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Expert Source

	
Expert Title

	
Time Engaged in Canal Construction,

Management and

Research (Unit: Year)

	
Familiar with Canal Engineering Construction and Quality Control

	
Know this Canal Lining Construction Project






	
Construction party, supervisory party, evaluation agency, etc.

	
Positive senior

	
>25

	
Know very well

	
Know very well




	
Associate senior

	
15–25

	
More understanding

	
More understanding




	
Intermediate

	
5–15

	
General understanding

	
General understanding




	
Primary

	
3–5

	
Understanding

	
Understanding




	
Other

	
<3

	
Basic understanding

	
Basic understanding




	
Scientific research institutes, higher education institutions.

	
Professor

	
15–25

	
More understanding

	
More understanding




	
Associate Professor

	
5–15

	
General understanding

	
General understanding




	
Lecturer

	
0–5

	
Basic understanding

	
Basic understanding
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Table 2. Canal lining construction quality evaluation grades.






Table 2. Canal lining construction quality evaluation grades.





	Construction Quality Evaluation Grade
	Construction Quality of Canal Lining





	Grade I
	The overall construction quality of the canal lining is good, and can be maintained in its current state.



	Grade II
	The overall construction quality of the canal lining is basically good, and the problem areas can be controlled.



	Grade III
	The overall construction quality of the canal lining is average, and appropriate measures should be taken to improve it.



	Grade IV
	The overall construction quality of the canal lining is poor, and continuous measures should be taken to improve it.



	Grade V
	The overall construction quality of the canal lining is very poor, and immediate measures are needed to improve it.
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Table 3. Ratio scale table.
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	Quantized Value
	Level of Importance





	1
	Equivalent



	3
	Slightly important



	5
	More important



	7
	Very important



	9
	Extremely important



	2, 4, 6, 8
	Halfway between the two adjacent importance levels
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Table 4. Summary of quality problems observed in the canal lining construction phase.
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Canal lining Construction Procedure

	
Construction Section




	
Section 1

	
Section 2

	
Section 3

	
Section 4

	
Section 5

	
Section 6

	
Section 7

	
Total






	
Canal construction surveying and laying out

	
56

	
47

	
52

	
45

	
52

	
51

	
58

	
361




	
Canal foundation soil excavation

	
82

	
78

	
89

	
83

	
75

	
80

	
79

	
566




	
Canal foundation soil back-filling

	
80

	
72

	
77

	
73

	
78

	
67

	
63

	
510




	
Slope and canal bottom renovation

	
97

	
100

	
92

	
89

	
99

	
93

	
95

	
665




	
Composite geomembrane laying and welding

	
118

	
115

	
128

	
124

	
132

	
127

	
120

	
864




	
Concrete lining pouring and curing

	
134

	
128

	
138

	
137

	
131

	
129

	
130

	
927




	
Canal concrete lining slab cutting and jointing

	
35

	
28

	
37

	
29

	
31

	
34

	
27

	
221




	
Total

	
602

	
568

	
613

	
580

	
598

	
581

	
572

	
4114
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Table 5. Survey of factors affecting the quality of canal lining construction.






Table 5. Survey of factors affecting the quality of canal lining construction.





	
Construction Procedure

	
Quality Problems

	
Classification of Causative Factors Affecting the Quality of Canal Lining Construction

	
Quality Control Measures

	
Remark




	
Human Factors

	
Machine Factors

	
Material Factors

	
Method Factors

	
Environmental Factors






	
canal construction surveying and laying out

	
inaccurate construction line placement

	
☑ manual set-off error

	
☐ machine factor 1

	
☐ material factor 1

	
☐ method factor 1

	
☐ method factor 1

	
Improve the technical level of construction workers

	




	
…

	
…

	
…

	
…

	
…

	
…

	
…

	
…




	
Explanation: Thank you very much for taking your precious time to complete this questionnaire. Please fill in the quality problems that may exist in the construction of the canal lining after each construction procedure. Please also give us a list of the possible causes of each quality problem. And pointed out, thank you very much for your cooperation!




	

	

	
Filler:

	

	

	
Form filling date:
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Table 6. Summary of construction quality factors for Section 2 of the canal lining project.






Table 6. Summary of construction quality factors for Section 2 of the canal lining project.





	
Construction Subject

	
Construction Procedure

	
Influencing Factors

	
Type of Causative Factor






	
Canal concrete lining construction (K)

	
Canal construction surveying and laying out (K1)

	
Canal axis stakeout error (K11)

	
Human and method factors




	
Canal elevation control point stakeout error (K12)

	
Human and method factors




	
Canal center control line stakeout error

(K13)

	
Human and method factors




	
aging of theodolite and total station (K14)

	
Mechanical factor




	
Bad weather

(K15)

	
Environmental factor




	
Canal soil engineering (K2)

	
Canal earthwork over-excavation (K21)

	
Human and method factors




	
Under-excavation of the canal

(K22)

	
Human and method factors




	
Insufficient soil compaction

(K23)

	
Human and mechanical factors




	
Excavation leads to groundwater seepage

(K24)

	
Machine and method factors




	
Freeze–thaw or freeze–heave

(K25)

	
Environmental factor




	
Canal renovation (K3)

	
Incomplete leveling of slope and canal bottom

(K31)

	
Human, mechanical, and method factors




	
Slope damaged (K32)

	
Human, mechanical, and environmental factors




	
Excessive deviation in the finishing of the Canal bottom and canal slope (K33)

	
Human and method factors




	
Slope and canal bottom soil loss (K34)

	
Environmental factor




	
Geomembrane laying and welding (K4)

	
Geomembrane damage (K41)

	
Human, material, and environmental factors




	
Unqualified geomembrane material (K42)

	
Material factor




	
Geomembrane laying does not meet the requirements (K43)

	
Human and material factors




	
Defective geomembrane connection (K44)

	
Human, method, and material factors




	
Concrete pouring and curing (K5)

	
Poor flow properties of concrete (K51)

	
Material, environmental, and mechanical factors




	
Concrete form inclined (K52)

	
Human, method, and material factors




	
Insufficient reinforcement of concrete pouring formwork and unclean surface (K53)

	
Material, human, and method factors




	
Concrete vibrating is not timely or in place (K54)

	
Human, method, and environmental factors




	
The thickness of the lining board plastering surface is not up to the requirements (K55)

	
Human and method factors




	
Wetting and drying cycle (K56)

	
Environmental factor




	
Canal concrete lining slab cutting and jointing (K6)

	
Inappropriate cutting depth (K61)

	
Human and method factors




	
Cutting time is not timely (K62)

	
Human and method factors




	
Jointing is not dense (K63)

	
Material, human, and method factors
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Table 7. Numerical characteristics of the indicator layer cloud model.






Table 7. Numerical characteristics of the indicator layer cloud model.





	Evaluation Indicators
	Cloud Model

   (  E x  ,  E n  ,  H e  )   





	u11
	(0.647,0.046,0.011)



	u12
	(0.666,0.024,0.007)



	u13
	(0.692,0.029,0.009)



	u21
	(0.763,0.024,0.003)



	u22
	(0.812,0.028,0.009)



	u23
	(0.764,0.033,0.008)



	u31
	(0.678,0.030,0.002)



	u32
	(0.657,0.036,0.010)



	u41
	(0.825,0.048,0.004)



	u42
	(0.812,0.023,0.007)



	u51
	(0.824,0.024,0.005)



	u52
	(0.831,0.022,0.009)



	u53
	(0.798,0.015,0.003)



	u54
	(0.857,0.012,0.003)



	u55
	(0.822,0.028,0.007)



	u61
	(0.676,0.034,0.010)



	u62
	(0.651,0.024,0.006)
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Table 8. Cloud model evaluation results for indicators at various layers.
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Target Layer Evaluation Results

	
Cloud Model

   (  E x  ,  E n  ,  H e  )   

	
Criteria Layer Evaluation Indicators

	
Cloud Model

   (  E x  ,  E n  ,  H e  )   






	
u

	
(0.753,0.029,0.007)

	
u1

	
(0.665,0.039,0.015)




	
u2

	
(0.780,0.031,0.008)




	
u3

	
(0.662,0.035,0.009)




	
u4

	
(0.816,0.028,0.006)




	
u5

	
(0.828,0.019,0.004)




	
u6

	
(0.670,0.033,0.010)
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Table 9. Average random consistency index   R I  .






Table 9. Average random consistency index   R I  .





	   n   
	1
	2
	3
	4
	5
	6
	7
	8
	9





	   R I   
	0.00
	0.00
	0.58
	0.9
	1.12
	1.24
	1.32
	1.41
	1.45
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Table 10. Cloud model evaluation results for indicators at various layers.
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Object to be Evaluated

	
Target Layer Cloud Model

   (  E x  ,  E n  ,  H e  )   

	
Influencing Factors

	
Criteria Layer Cloud Model

   (  E x  ,  E n  ,  H e  )   

	
Evaluation Indicators

	
Indicator Layer Cloud Model

   (  E x  ,  E n  ,  H e  )   

	
Weighting Values






	
u

	
(0.799,0.041,0.006)

	
u1

	
(0.766,0.036,0.007)

	
u11

	
(0.751,0.036,0.009)

	
0.322




	
u12

	
(0.763,0.034,0.007)

	
0.351




	
u13

	
(0.785,0.039,0.006)

	
0.327




	
u2

	
(0.780,0.036,0.007)

	
u21

	
(0.763,0.044,0.003)

	
0.255




	
u22

	
(0.812,0.038,0.009)

	
0.336




	
u23

	
(0.764,0.033,0.008)

	
0.409




	
u3

	
(0.775,0.033,0.005)

	
u31

	
(0.781,0.031,0.002)

	
0.486




	
u32

	
(0.769,0.036,0.008)

	
0.514




	
u4

	
(0.819,0.040,0.004)

	
u41

	
(0.825,0.038,0.004)

	
0.511




	
u42

	
(0.812,0.043,0.005)

	
0.459




	
u5

	
(0.833,0.045,0.006)

	
u51

	
(0.824,0.044,0.005)

	
0.112




	
u52

	
(0.831,0.042,0.009)

	
0.328




	
u53

	
(0.798,0.035,0.003)

	
0.136




	
u54

	
(0.857,0.052,0.003)

	
0.311




	
u55

	
(0.822,0.038,0.007)

	
0.113




	
u6

	
(0.767,0.044,0.008)

	
u61

	
(0.769,0.044,0.009)

	
0.699




	
u62

	
(0.762,0.024,0.006)

	
0.301
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