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Abstract

:

As a solid waste produced by coal combustion, fly ash will cause serious environmental pollution. However, it can be considered as a sustainable and renewable resource to replace partial cement in grouting materials. Fly ash grouting materials re-cement the broken rock mass and improve the mechanical properties of the original structure. It can reinforce the broken surrounding rock of mine roadway. The utilization of fly ash also reduces environmental pollution. Therefore, this paper establishes a new material mixture ratio optimization model to meet the requirement of material property through combining the methods of experimental design and numerical analysis. Based on the Box–Behnken design with 3 factors and 3 levels, a mathematical model is constructed to fit the nonlinear multiple regression functions between material properties and raw materials ratios. The influence of raw materials is analyzed on material properties (the material’s 7-day uniaxial compressive strength, initial setting time, and slurry viscosity). Then, 80 Pareto solutions are obtained through NASG-II algorithm which takes the regression functions as the objective functions for multi-objective optimization of the grouting material ratio. Finally, the best ratio solution of water-cement ratio—0.71, silica fume content—1.73%, and sodium silicate content—2.61% is obtained through the NNRP-TOPSIS method.






Keywords:


grouting materials; ratio design; multi-objective optimization; multi-objective decision-making












1. Introduction


Coal is the major fossil fuel in the planet Earth. It plays a significant role in the energy structure of the world. However, the massive exploitation and utilization of coal has caused severe environmental pollution. Coal combustion generates several harmful byproducts and has become a global issue. As a solid waste produced by coal combustion, the accumulation of fly ash not only occupies land, but also causes serious pollution to the surrounding environment such as water sources, the atmosphere, and soil [1]. This problem has attracted many scholars to study the sustainable management and efficient use of fly ash. It is helpful to achieve the twelfth target of Sustainable Development Goals proposed by United Nations, which is to “ensure sustainable consumption and production patterns” committed to reducing substantially waste generation through prevention, reduction, and recycling by 2030 [2]. At present, fly ash has been widely studied and applied in road construction [3], engineering backfilling [4], fly ash concrete [5], and fly ash cement [6].



With the depletion of shallow coal resources, deep coal mining in China is becoming more and more prevalent [7,8]. However, the deep mining of coal resources usually comes with more mine pressure, more complex surrounding rock stress state, greater deformation, and more roof and rib falling risks, which threatens coal mine workers’ lives and safety and affects mine production [9,10,11,12,13]. The stability of the roadway surrounding rock is of great significance to the safe production of coal mines. Lagging grouting is an effective method to improve its stability, which improves its strength and limits its deformation [14,15,16]. At present, grouting technology has become a common reinforcement method in various geotechnical engineering applications [17,18,19,20,21]. Grouting material that matches working condition is very important in grouting engineering. Its properties significantly affect the final grouting effect. To better maintain the stability of the surrounding rock, the raw materials mix ratio should be determined by the required properties of the surrounding rock.



Reasonable experimental design is helpful to analyze the relationship between material properties and mix ratios. Using Portland cement, emery, and fly ash as main raw materials, Chenliang Hao et al. [22] and Cong Zhang et al. [23] carried out a grouting material ratio test though uniform design. The relationship was obtained between different material properties and material ratios through the regression model. Then, the optimal ratio was determined, satisfying the geological conditions of the coal mine through qualitative analysis and the establishment of a new objective programming model. Jiahua Mao et al. [24] and Shuai Zhang et al. [25] studied the effects on its physical properties through an orthogonal test. The former [24] optimized the formulation of each material through linear regression analysis, and concluded that setting time was mainly affected by the cement–fly ash ratio; the latter [25] optimized the micro-fracture grouting material containing microfine fly ash through analyzing the experimental data with gray correlation. Related optimization experimental methods have also been widely developed in other fields [26,27,28,29]. In recent years, the response surface methodology (RSM) has been gradually used in the optimization of grouting materials [30,31,32,33]. Iman and Aires [30] studied the influence of silica fume, ultra-fine fly ash, and sand as the three main variables of ultra-high property concrete on flow diameter and compressive strength through RSM. The model gave us a good description of the relationship between multiple variables and response parameters through multiple linear regression. Generally speaking, the solution of multi-objective optimization problem is transforming it into a single-objective optimization problem through weighting. This transformation comes with the problem of the weight-setting of each objective. Only a unique solution can be obtained after transformation. It is in contrast to the result of a multi-objective optimization problem which is a group of non-dominated solution set. Therefore, it is necessary to develop a new mix ratios optimization method that can meet the needs of surrounding rock for mining roadway maintenance.



Therefore, this paper studies the influence of different material mix ratios on grouting material properties under the fixed content of 20% fly ash. It is helpful to reduce the environment pollution by increasing the utilization of fly ash. The mix ratio optimization method is provided based on the requirement of material property, which combines the methods of experimental design and numerical analysis. Firstly, the polynomial approximate implicit limit state equation is fitted using the Box–Behnken design (BBD) method. It takes the parameters affecting the property of the grouting material such as water-cement ratio (w/c), silica fume content, and sodium silicate content as independent variables. The response surface regression model is established between the 7-day uniaxial compressive strength (7dUCS), viscosity, initial setting time, and the ratio of raw materials. The influence of raw materials is analyzed on the properties of fly ash grouting materials. Then, multi-objective optimization algorithm is used to find a group of non-dominated solution set of the grouting material mix ratios. The meta-heuristic algorithm takes the regression functions of properties as the optimization objective functions. Finally, the optimal ratio of grouting materials is obtained through multi-attribute decisions method NNRP-TOPSIS which ranked the three attributes of grouting materials non-numerically.




2. Materials and Methods


2.1. Raw Materials


In this work, the cement used was OPC 42.5 composite Portland cement produced by Xuzhou Zhonglian Co., Ltd. (Xuzhou, China). The fly ash was Class F fly ash produced by Shenhua Dananhu Thermal Power Plant of Hami (Hami, China) and its content was analyzed through XRF. Sodium silicate, serving as the alkaline activator, came from Shandong Yousuo Chemical Technology Co., Ltd. of Linyi (Linyi, China). All the main performance indexes of these three raw materials are shown in Table 1. As for the reinforcing agent, the silica fume was purchased from Chengdu Jinhe Technology Co., Ltd. (Chengdu, China). and its main component is silica.




2.2. Testing Methods


2.2.1. Uniaxial Compressive Strength


The uniaxial compressive strength of fly ash grouting material was measured through a testing machine. The specimens were demolded as 70 mm cubes after being cured at room temperature for 24 h, and then they were cured in the standard curing box for 7 days. In order to reduce experimental error, 3 samples with different mixture ratios were made. The final 7dUCS was determined by 1.3 times the arithmetic mean value of the three specimens.




2.2.2. Initial Setting Time


The initial setting time of the slurry was measured through the standard Vicat meter according to Chinese Code GB/T1346 2011. The cement–fly ash paste was prepared with water of the standard consistency. The paste was poured into the mold to vibrate and scrape and then it was left. This moment was marked as the starting time when all the raw materials were added into water. The testing needle was lowered until resting on the surface of the cement–fly ash paste. Then, the screw was suddenly loosened to allow the testing needle to sink vertically and freely into the paste. When the testing needle was 3–5 mm away from the bottom plate, the time was recorded again. The span between this time and the starting time was considered as the initial setting time.




2.2.3. Viscosity


The viscosity of the grouting materials was measured through a rotary viscometer. The measuring means was as follows. The rotation of the rotor generated a viscosity torque acting on the rotor by the liquid, and then the viscosity torque was detected by the sensor.





2.3. Research Framework


To realize the optimization research on the proportion of fly ash grouting materials, a regression model was established between multiple material properties and raw materials based on the experimental design. Then, the metaheuristic algorithm was used for multi-objective optimization. Finally, the optimal solution was selected through the improved multi-attribute decision-making method. As shown in Figure 1, the study is divided into three parts. In the first part, the multi-factor and multi-level experimental design of grouting materials was carried out using the RSM-BBD method. The multiple nonlinear regression model was constructed between response values and influencing factors. In the second part, multiple optimization objective functions were established based on the regression equations. The non-dominated solutions of multi-objective optimization were obtained for grouting materials through the metaheuristic algorithm NSGA-II. In the third part, multi-attribute decision-making through the combination of non-numerical ranking preferences method (NNRP) and technique for order preference by similarity to ideal solution (TOPSIS) was carried out. The NNRP generated random weights to construct a weighting matrix and determine the ideal solution. Then, the relative approximate degree was calculated between each solution and the ideal solution, and the solutions in the non-dominated solutions were sorted according to the relative approximate degree to obtain the optimal solution.



2.3.1. Response Surface Methodology


Response surface methodology (RSM) is a methodology that combines the advantages of specific mathematical and statistical methods. Compared with orthogonal design, which cannot guarantee the accuracy and predictability of the mathematical model, RSM has higher reliability. It ensures the reasonable distribution of data points in the studied area. The unknown relationship can be fitted with polynomial function between the response value and the multi-variable within the internal error of the experiment [34]. RSM can realize multivariable nonlinear regression to fit the relationship between variable values and response values with limited experiments. Box–Behnken design might be better for geopolymer materials with various ingredients and several performance requirements [28].



In the experiment, the experimental design software Design-Export10 was used to carry out the RSM-BBD method. Considering the effects of w/c, silica fume content, and sodium silicate content on the three properties of grouting material, the response surface experimental design was the following. The fixed content of fly ash was 20% and the content of calcium chloride was 3%. w/c (X1), silica fume content (X2), and sodium silicate content (X3) were chosen as three influencing factors, while 7dUCS, initial setting time, and viscosity were chosen as the influencing factors, coded with −1, 0, and 1, respectively. According to previous experience, the w/c should not be less than 0.6, so the designed w/c ranged from 0.6 to 1. According to previous test results, the content of silica fume ranged from 1% to 3%, and the content of sodium silicate ranged from 1% to 5%. The input values are shown in Table 2.




2.3.2. Non-Dominated Sorting Genetic Algorithm-II


Non-dominated Sorting Genetic Algorithm-II (NSGA-II) was improved by Deb et al. [35] based on the non-dominated sorting genetic algorithm (NSGA). (1) A fast non-dominated sorting algorithm was proposed. (2) Elite strategy was introduced. (3) Crowding-distance and crowded-comparison operator were used. It reduced the complexity of NSGA with the advantages of fast running speed and good convergence of solution set. Thus, it has become a commonly used method to solve multi-objective optimization problems [36,37,38].




2.3.3. TOPSIS Based on Non-Numerical Ranking Preferences Method


The result of the multi-objective optimization problem is usually a large number of Pareto solutions. The decision-maker should make further decisions to determine the final solution by tailoring the Pareto solution set. Technique for order preference by similarity to ideal solution [39] (TOPSIS) is a commonly used comprehensive evaluation method for multi-attribute decision-making methods. Positive ideal solution and negative ideal solution are selected as the decision-making standard after the data matrix is normalized that eliminates the dimensional influence. The solutions are sorted and selected through comparing the distance between the solution to be evaluated and the positive and negative ideal solution.



The calculation of attribute weight is a significant problem in multi-attribute decision-making. At present, many studies have been carried out on how to determine the attribute weight of TOPSIS. However, not all weights must be assured in decision-making problems. The advantage of the NNRP proposed by Taboada et al. [40] is that the decision-maker only needs to sort the objective functions according to the relative importance without selecting the specific weight values. Therefore, this paper improved TOPSIS based on the NNRP method. Firstly, multiple attributes were sorted non-numerically, and their weights corresponded to w1, w2, w3 (w1 > w2 > w3). Then, the weights of the three attributes were calculated according to the following formulas derived by Carrillo [41] and substituted into TOPSIS to calculate the comprehensive evaluation value of each solution. Finally, the highest comprehensive evaluation value of each solution was recorded in the process of multiple iterations. All solutions were sorted and tailored after the iteration was completed.


   {     1         {        w  1  = 1 −     1 − r  3            w  2  =    (  1 −   w  1   )   (  r + 1  )   2          w  3  = 1 −   w  1  −   w  2            ,  1 4  ≤ r ≤ 1      2     {        w  1  =    r  + 1  3          w  2  =    (  3   w  1  − 1  )  r + 1 −   w  1   2          w  3  = 1 −   w  1  −   w  2            , 0 ≤ r ≤  1 4         



(1)




where r is a random number ranging from 0 to 1.






3. Results and Discussion


3.1. Response Surface Model Fitting and Its Validation


According to the experimental results and the software Design-Export10, the response surface functions of 7dUCS, initial setting time, and viscosity of the grouting material could be obtained through multiple linear regression fitting of the data as follows:



7dUCS (correlation coefficient R2 was 0.9688):


      Y  1  = 10.82 − 5.54   X  1  + 0.81   X  2  + 0.48   X  3  − 0.49   X  1    X  2  − 0.47   X  1    X  3  − 0.052   X  2    X  3      + 1.6   X  1 2  + 0.43   X  2 2  + 0.23   X  3 2     



(2)







Initial setting time (correlation coefficient R2 was 0.9907):


      Y  2  = 326.2 + 71.25   X  1  + 2.0   X  2  − 21.25   X  3  + 0.25   X  1    X  2  − 0.25   X  1    X  3  − 0.25   X  2    X  3      + 22.27   X  1 2  + 4.77   X  2 2  + 4.28   X  3 2     



(3)







Viscosity (correlation coefficient R2 was 0.9996):


      Y  3  = 694.36 − 116.44   X  1  + 1.08   X  2  + 30.11   X  3  − 0.12   X  1    X  2  + 0.9   X  1    X  3  − 0.12   X  2    X  3      + 2.32   X  1 2  − 1.05   X  2 2  + 1.82   X  3 2     



(4)







The reliability of the RSM function model can be verified according to the significance F-value test and analysis of variance of the regression model. Table 3 lists the results of this model. The p-value is used to verify the significance of the regression coefficients. When p < 0.05, it indicates that the influencing factor is significant. As shown in the data of analyzing variance (ANOVA) in Table 3, the p-values of “model” were less than 0.0001, indicating that the regression effects were very significant. This model can be used to predict the property of grouting materials. The scatter plots of measured and predicted values of grouting material properties (Figure 2) show that the scattered points are distributed near the straight line, indicating that the data fit well. From the above analysis, it can be concluded that the predicted value of the model was very consistent with the actual value, and that the model has high reliability and a good fitting effect.




3.2. Effect of Response Surface Variables on the Properties of Grouting Material


3.2.1. Water–Cement Ratio


The effect of response surface parameters on the properties of grouting material is shown in Figure 3. The 7dUCS and viscosity decreased with the increase of w/c, while the initial setting time increased with the increase of w/c. Cement-based materials can have great strength because the hydration reaction of cement produces a large number of ettringite crystals. Those are filled among the aggregates to increase the strength. However, with the increase of water, free water content increases in the slurry. It reduces the generation of cement hydration products, resulting in the decrease of the strength. At the same time, the increase of free water reduces the viscosity and prolongs the initial setting time.




3.2.2. Silica Fume


Figure 3a depicts that the 7dUCS increased with the increase of silica fume content, but the degree of increase is less than that with the change of w/c. Where w/c was 0.8 and the sodium silicate content was 3%, 7dUCS increased by 15.5% as the silica content increased from 1% to 3%. This indicates that the improvement of strength resulted from calcium silicate hydrated gel (C-S-H) which is produced by silica fume, water, and cement hydration products Ca(OH)2. The initial setting time and viscosity changed slightly with the increase of silica fume content. In Figure 3b, the corresponding curve rises slowly and is close to the horizontal line. The initial setting time–silica fume content curve decreased slightly at first and then rose slowly.




3.2.3. Sodium Silicate


The sodium silicate showed a slight effect on the 7dUCS, which was weaker than that of silica fume. As seen in Figure 3a, its growth rate was 9.18%. The initial setting time decreased with the increase of sodium silicate, and the decrease rate was 14.81%. The viscosity increased with the rise of sodium silicate content. It probably resulted from reaction products C-S-H of sodium silicate and Ca(OH)2. The initial setting time is shortened because the fast reaction decreased the time of gelation. Therefore, the curve of initial setting time–sodium silicate content shows a negative correlation in Figure 3b. Additionally, hydrolysis reaction of sodium silicate consumes a certain amount of water, which also increases the slurry viscosity. Correspondingly, the viscosity curve shows a rising trend in Figure 3c.




3.2.4. Interaction of Variables


The p-value of both X1 X2 and X1 X2 were smaller than 0.05 for 7dUCS in ANOVA results (Table 3), indicating that 7dUCS was significantly influenced by the reaction between w/c (X1) and silica fume content (X2), as well as the interaction between w/c (X1) and sodium silicate content (X3). Figure 4 shows the 3D response surface plots of X1 X2 and X1 X3, where the red indicates that the 7dUCS is high and the blue indicates low 7dUCS. The reduction rate of 7dUCS slowed down after the actual value of w/c exceeded 0.8. The response surface gradually flattened with the increase of w/c, which is consistent with that in Figure 3a. As mentioned above, both silica fume and sodium silicate could increase the 7dUCS. However, with the increase of w/c, the decrease of slurry concentration leads to the decrease in the amount of C-S-H, which results in the weakening of their reinforcement effect on 7dUCS.



To illustrate the rationality of using the RSM-BBD method, the conclusions drawn in this paper are compared with similar research results of others is the following. The orthogonal test research of Jiupeng Zhang [42] on cement-based materials showed that increasing w/c significantly reduced the compressive strength and viscosity of cement slurry. In contrast, it increased the fluidity. Similarly, the conclusion drawn by X.Q. Wang [43] was consistent with the above, that high w/c weakened the strength of geopolymer grouting materials but improved the fluidity of materials. Huifeng Su [44] conducted an improvement test on the grouting material. It was found that the slurry viscosity and initial setting time would be increased as silica fume was added to the grouting material. This was consistent with the conclusion in this paper that the viscosity and initial setting time of fly ash grouting materials increases with the rise of silica fume content. Yijie Zhang [45] also concluded that sodium silicate reduced the setting time and rheological properties of grouting materials, while it improved the strength of materials. In conclusion, the RSM is an excellent method to study the change law between material properties and their raw materials with fewer experiments.






4. Multi-Objective Optimization and Decision-Making of Grouting Material


4.1. Objective Functions of Optimization


The target of this paper is to figure out the relationship between the mixture ratio and properties of fly ash grouting materials and predict the raw materials mixture ratio of required grouting properties. As mentioned above, RSM fits well the relationship between the mixture ratio and the response values through polynomial functions. To achieve the expected grouting effect, the response values must achieve the corresponding objectives. In this study, 13.13 MPa of the 7dUCS, 271.76 min of the initial setting time, and 725.85 mPa·s of the slurry viscosity were recommended based on the evaluations from consulting, design, and construction units. With the increase of w/c, though the slurry viscosity decreased as expected, 7dUCS decreased and initial setting time increased, which contradicts the expectation. Therefore, multi-objective optimization of the raw materials mixture ratio needs to be carried out based on the polynomial function fitted above.



According to the target of each grouting material property, the optimization objective function of each material property can be expressed as:



Minimize:   f =  {    f  1  ,   f  2  ,   f  3   }   


   {        f  1  =  |    10.82 − 5.54   X  1  + 0.81   X  2  + 0.48   X  3  − 0.49   X  1    X  2  − 0.47   X  1    X  3      − 0.052   X  2    X  3  + 1.6   X  1 2  + 0.43   X  2 2  + 0.23   X  3 2  − 13.13    |          f  2  =  |    326.2 + 71.25   X  1  + 2.0   X  2  − 21.25   X  3  + 0.25   X  1    X  2  − 0.25   X  1    X  3      − 0.25   X  2    X  3  + 22.27   X  1 2  + 4.77   X  2 2  + 4.28   X  3 2  − 271.76    |          f  3  =  |    694.36 − 116.44   X  1  + 1.08   X  2  + 30.11   X  3  − 0.12   X  1    X  2  + 0.9   X  1    X  3      − 0.12   X  2    X  3  + 2.32   X  1 2  − 1.05   X  2 2  + 1.82   X  3 2  − 725.85    |         



(5)




where X1, X2, and X3 are coded values of w/c, silica fume content, and sodium silicate content respectively, which are subject to   − 1 ≤  (    X  1  ,   X  2  ,   X  3   )  ≤ 1  .




4.2. Pareto Solution Set


The model was calculated by MATLAB 2021a to realize the optimization of grouting materials. NASG-II model parameters were set as: paretoFraction = 0.4, populationsize = 200, generations = 3000, stallGenlimit = 3000, Tolfun = 1 × 10−10. Variables A, B, and C were coded values with upper bound = 1 and lower bound = −1.



The Pareto optimal solutions consist of 80 non-controlled solutions for the three properties of grouting material. In the three-dimensional coordinate system with coordinate axes of 7dUCS, initial setting time, and viscosity, as shown in Figure 5, all points were relatively evenly distributed on a slender surface.



The Pareto front projections of Figure 5b–d show the distribution of non-controlled solutions on each of the two material properties. The Pareto front display diagram of slurry–7dUCS viscosity shows that 7dUCS and slurry viscosity of grouting material will increase or decrease at the same time with the change of materials mixture ratio, which corresponds to Figure 3a,c. This is different from the Pareto front trend of slurry viscosity–initial setting time and initial setting time–7dUCS. While one material property increases, the other material property decreases.




4.3. Decision Results


As multi-attribute decision-making is executed with TOPSIS, the original data matrix was combined with the index type (general forward processing) to obtain the forward initial decision matrix. The target properties of grouting material in this study were 13.13 MPa for the 7dUCS, 271.76 min for the initial setting time, and 725.85 mPa·s for the slurry viscosity which belongs to the intermediate index. The intermediate index needs to be changed into maximum index through the conversion formula:


    a   i j   = 1 −   abs  (    x   i j   −   x   b e s t    )    max  {  abs  (    x   i j   −   x   b e s t    )   }    ,  (  i = 1 , 2 , ⋯ , n ; j = 1 , 2 , ⋯ , m  )   



(6)




where     x   i j     is the index value of the i-th alternative under the evaluation index j;     a   i j     is the index value of the i-th alternative under the evaluation index j after forwarding processing.



Since the main purpose is to improve the strength of the working body in grouting engineering, and the slurry viscosity is not as important as the initial setting time, the non-numerical order of the three properties of the grouting material is 7dUCS > initial setting time > slurry viscosity.



According to the research of Taboada [40], 5000 iterations are enough to realize the determination of the solutions as the NNRP method is used to determine the optimal solutions for three or four attributes. In this paper, the maximum iteration number was set to 5000 when preparing the optimal solutions for fly ash grouting material. The determination results are shown in Figure 6. The horizontal axis is the serial number of the solutions and the vertical axis is the highest comprehensive evaluation value of the solutions. The blue line shows the variation of the highest comprehensive evaluation value of different solutions, while the red line is plotted to highlight the optimal solutions. Two solutions are above 0.93. They are No. 21 with the highest comprehensive evaluation value of 0.942, followed by No. 27, with the highest comprehensive evaluation value of 0.936. The two solutions were selected as the optimal solutions and their relevant parameters are shown in Table 4. The 7dUCS of the two solutions are almost equal, the initial setting times are about 305 min, and the viscosities are less than 740 mPa·s.





5. Conclusions


In this paper, the Box–Behnken design method was used to conduct the experiment, and the response surface regression model was established based on the 7dUCS, viscosity, initial setting time, and the raw materials ratio. Then, the genetic algorithm NSGA-II was used to optimize the fly ash grouting material mixture ratio with multiple objectives. Finally, the optimal solution was selected through NNRP-TOPSIS. This method increases the recovery and utilization of solid waste, and it is beneficial to reduce environmental pollution caused by fly ash. The main conclusions of this paper are as follows:




	(1)

	
Based on RSM-BBD, the response surface regression model was established based on 7dUCS, viscosity, initial setting time, and the raw materials ratio. Their correlation coefficients were 0.9688, 0.9907, and 0.9996, respectively, indicating that the fitting effect is good. The effects of w/c, silica fume content, and sodium silicate content were consistent with the previous research results on the properties of solid waste fly ash grouting materials.




	(2)

	
The 7dUCS and viscosity of fly ash grouting material decrease, while the initial setting time increases with the increase of w/c. 7dUCS increases with the increase of silica fume and sodium silicate content, while the initial setting time and viscosity change slightly with the increase of silica fume content. The initial setting time decreases, while slurry viscosity increases with the increase of sodium silicate content.




	(3)

	
NSGA-II can realize the multi-objective optimization and obtain the Pareto solution set of fly ash grouting materials. Based on the required grouting material property, NNRP-TOPSIS can sort the Pareto solution set with the non-numerical order of 7dUCS > initial setting time > slurry viscosity. The optimal ratio of materials was selected, which is w/c of 0.71, silica fume of 1.73%, sodium silicate of 2.61%.
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Figure 1. The grouting material mixture ratio optimization process framework consists of Box–Behnken design of response surface methodology (RSM-BBD), non-dominated sorting genetic algorithm-II (NSGA-II), and technique for order preference by similarity to ideal solution based on non-numerical ranking preferences method (NNRP + TOPSIS). 
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Figure 2. Scatter plot of actual and predicted grouting material properties: (a) 7dUCS; (b) initial setting time; (c) viscosity. 
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Figure 3. Effect of response surface parameters on (a) 7dUCS, (b) initial setting time, and (c) viscosity of materials. (Controlling other variables, coded values of w/c (X1), silica fume content (X2), and sodium silicate content(X3) are all 0). 
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Figure 4. Effect of response surface interaction parameters on properties of grouting materials. (a) 3-D Surface plot for 7dUCS with the interaction of w/c and silica fume content; (b) 3-D Surface plot for 7dUCS with the interaction of w/c and silica silicate content. 
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Figure 5. Pareto solutions with NSGA-II on (a) 7dUCS, initial setting time, and viscosity; (b) 7dUCS and viscosity; (c) initial setting time and viscosity; (d) 7dUCS and initial setting time. 
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Figure 6. The highest comprehensive evaluation index of each solution. 
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Table 1. The main performance indexes of raw materials.
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Raw Materials

	
Main Performance Indexes






	
Cement

	
Setting time/min

	
Compressive strength/MPa

	
Flexural strength/MPa




	
Initial setting

	
Final setting

	
3 d

	
28 d

	
3 d

	
28 d




	
≥45

	
≤300

	
≥22

	
≥46

	
≥3.5

	
≥6.5




	
Fly ash

	
component

	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
K2O

	
Na2O

	
Others




	
content

	
58.3%

	
24.6%

	
5.4%

	
4.6%

	
2.0%

	
2.0%

	
3.1%




	
Sodium silicate

	
Density

(g/cm3)

	
Water insoluble content/%

	
Sodium oxide content/%

	
Modulus/M

	
Silica content/%

	
Baume degrees




	
1.387

	
0.46

	
8.3

	
3.3

	
26.5

	
40
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Table 2. Input values of RSM-BBD variables.
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	Code Value
	w/c
	Silica Fume Content/%
	Sodium Silicate Content/%





	−1
	0.6
	1
	1



	0
	0.8
	2
	3



	1
	1
	3
	5
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Table 3. Analysis of variance with the regression model of the properties of grouting material.
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Source of Variation

	
7dUCS

	
Initial Setting Time

	
Viscosity




	
F-Value

	
p-Value

	
F-Value

	
p-Value

	
F-Value

	
p-Value






	
Model

	
334.94

	
<0.0001

	
1089.30

	
<0.0001

	
19,640.77

	
<0.0001




	
X1

	
2773.55

	
<0.0001

	
8537.16

	
<0.0001

	
1.656 × 105

	
<0.0001




	
X2

	
59.37

	
0.001

	
6.73

	
0.0358

	
14.12

	
0.0071




	
X3

	
20.89

	
0.0026

	
759.38

	
<0.0001

	
11,076.17

	
<0.0001




	
X1X2

	
10.83

	
0.0133

	
0.053

	
0.8252

	
0.095

	
0.7664




	
X1X3

	
9.96

	
0.0160

	
0.053

	
0.8252

	
4.95

	
0.0615




	
X2X3

	
0.12

	
0.7348

	
0.053

	
0.8252

	
0.095

	
0.7664




	
Lack of Fit

	
6.26

	
0.0544

	
5.20

	
0.0726

	
1.59

	
0.3247
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Table 4. Values table of the optimal solution of the model.






Table 4. Values table of the optimal solution of the model.





	
No.

	
Real Values of Inputs

	
Values of Outputs




	
w/c

	
Silica Fume/%

	
Sodium Silicate/%

	
7dUCS/MPa

	
Initial Setting Time/min

	
Viscosity/mPa·s






	
1

	
0.71

	
1.73

	
2.61

	
13.106

	
304.013

	
738.284




	
2

	
0.71

	
1.81

	
2.27

	
13.103

	
307.790

	
733.982
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