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Abstract: The filling mining method is important in realizing the green mining of mineral resources. Aiming at the problems of land resource occupation, environmental pollution, and rational utilization of coal-based solid wastes such as coal gangue, fly ash, and desulfurization gypsum, a new paste filling material was developed with coal gangue, fly ash, and desulfurization gypsum as raw materials. The microstructure of the raw materials was analyzed by XRD and SEM. Combined with the Box-Behnken experimental design, the effect of each component on the fluidity of the filling slurry was analyzed through the response surface analysis. The significance of each component on its bleeding and fluidity was determined, and the optimal ratio of the filling slurry was obtained. Experimental results show that the microcosmic morphology of coal gangue, desulfurization gypsum, and gasification slag presents an irregular block and rough particle surface; the microcosmic morphology of fly ash and bottom slag presents first out spherical or quasi spherical particles. Moreover, obvious sintering traces exist on the surface of the bottom slag. The main crystal mineral of coal gangue and fly ash is SiO2, the desulfurization gypsum is composed of Ca(SO4) (H2O) and Ca(CO3) crystal minerals, the gasification slag is composed of carbon and nitrogen compounds, and the main crystal mineral components in the bottom slag sample are SiO2 and AlxSiyOz compounds. The order of significance of each key factor on slurry fluidity is as follows: C (desulfurization gypsum) > D (gasification slag and bottom slag 1:1) > A (coal gangue) > B (fly ash). The order of the significance of each key factor on slurry bleeding is as follows: B (fly ash) > C (desulfurization gypsum) > D (gasification slag and bottom slag 1:1) > A (coal gangue). Considering the material preparation, field application, and other conditions, the mass percentage of each factor content of the new paste filling material is as follows: 49.5% coal gangue, 8.3% fly ash, 4.1% desulfurization gypsum, 6.2% gasification slag, and 6.2% bottom slag.
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1  Introduction

Coal resources, as one of the main energy sources in China, play an irreplaceable role in China’s energy consumption structure. With the rapid development of the national economy, the demand for coal resources remains high. The process of coal resource mining and processing anticipates the production of a large number of solid wastes such as coal gangue, fly ash, desulfurization gypsum, gasification slag, and bottom slag. With the continuous improvement of national requirements for environmental protection and green mining, the problem of rational utilization of coal-based solid wastes requires urgent solutions [1−3]. Among the several mining methods, the filling mining method not only can consume a lot of solid wastes and reduce land occupation and pollution but also support the overlying roof of goaf and prevent surface subsidence to protect the ecological environment and make reasonable use of solid wastes [4–6]. Different filling materials and material ratios have a strong influence on the filling effect and filling cost [7–9].

Accordingly, experts and scholars have conducted substantial research on filling mining materials. In terms of utilization of solid waste: Zhang et al. [10,11] used the uniform test method to carry out the proportioning test of coal gangue, fly ash, and other mine solid wastes and examined the optimal proportioning and hydration reaction mechanism of paste filling materials. Yang et al. [12] studied the influence of slurry concentration and suspending agent on the performance of coal gangue-fly ash cemented filling material through the response surface method and established the prediction model of slump, segregation rate, and bleeding rate of coal gangue-fly ash slurry. Dai et al. [13] tested the optimum mix ratio of unclassified tailings on the basis of Box-Behnken, and the best mix ratio of cement slurry filling was obtained. Ren et al. [14] studied the mechanical activation law of steel slag sludge by XRD and FT-IR and developed a new solid waste filling material. Shi et al. [15] studied the influence of different mixing ratios of fly ash and carbide slag on the physical and mechanical properties of high water filling materials. Feng et al. [16] studied the influence of waste concrete fine and coarse aggregates on the flow performance and mechanical properties of filling materials and obtained the optimal proportion of gangue-waste concrete cemented filling materials through the response surface analysis.

In terms of filling material properties: Chen et al. [17] selected different activators and activation methods to investigate the properties of paste and high water filling materials. Guo et al. [18] obtained the bacillus pasteurii with special resistance by strain domestication and proposed a CG-based bio-mineralized underground backfilling material without using cement. Wang et al. [19] studied the hydration mechanism of the new paste filling materials by XRD and SEM and revealed the types of hydration products and microstructure of the filling materials with different ages. In the work of Qin Yaguang et al. [20], the effects of air entraining agent and curing time on the physical properties, pore structure, and AC impedance properties of filling materials were studied on the bases of high-density filling materials. Rong et al. [21] examined the properties of hemihydrate phosphogypsum-based filling materials and considered the feasibility of replacing cement with hemihydrate phosphogypsum as cementing material. Lan et al. [22,23] studied the influence of admixture dosage on the filling performance of the compound condensed water expansion filling material and proposed a new controllable low strength filling material. Xiao et al. [24] used the particle flow numerical simulation software to study the influence of particle size distribution and loading rate on the compaction characteristics and lateral pressure coefficient of broken gangue during the filling process. Yin et al. [25] studied the hydration heat release rate and heat release of filling materials and analyzed the variation characteristics of each stage of the hydration dynamic process.

Previous scholars have conducted substantial research on the development and application of filling materials and achieved fruitful results. The fluidity of filling slurry determines its difficulty in pipeline transportation and filling effect. In the above research results, the composition of filling materials is relatively single, and few reports are available on the research of coal gangue, fly ash, desulfurization gypsum, gasification slag, and furnace bottom slag. Therefore, on the basis of the analysis of the material composition and microstructure on the fluidity of filling slurry of filling materials by XRD and SEM, through the Box-Behnken experimental design, the response surface analysis method was used to analyze the significance of each component of multi-source coal-based solid waste filling slurry on its bleeding and fluidity, and the optimal ratio of filling slurry was obtained.

2  Experimental Scheme

2.1 Experimental Materials

The raw materials used in the experiment include coal gangue, fly ash, desulfurization gypsum, gasification slag, and bottom slag. As shown in Fig. 1, ordinary portland cement (32.5) with 5% of the total dry material is added to each group of materials as cementitious material. After mixing with the raw materials according to the proportion scheme, the appropriate amount of tap water is added to prepare the filling slurry with a mass concentration of 78%.
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Figure 1: Experimental materials: (a) coal gangue (b) fly ash (c) desulfurization gypsum (d) gasification slag (e) bottom slag

2.2 Multi-Factor Experiment Scheme

Five experimental materials were coal gangue, fly ash, desulfurization gypsum, gasification slag, and bottom slag. In the experiment, the trigeminy die (70.07 × 70.07 × 70.07) is used to make the test block. The bulk density of the mixed raw material is 1.6 t/m3. Thus, the total mass of slurry is 2,195 g, the ratios of 5 raw materials to total mass in the experiment are 20%, 40% and 60%, respectively. According to the bleeding characteristics of gasification slag and bottom slag, the mixture of gasification slag and bottom slag in the ratio of 1:1 is used as a factor in the experiment to obtain the experimental raw materials. Table 1 shows the experimental factors and levels. The Box-Behnken of Design Expert experiment design is applied to design 29 groups of experimental schemes with four factors and three levels. Table 2 shows the experimental results.
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2.3 Test Method

(1) Fluidity test

The mixed slurry is put into the pure slurry fluidity test mold, the upper surface of the test mold is scraped with a spade, the fluidity test mold is vertically lifted, and it is allowed to stand for 5 min. When the slurry does not diffuse, the expanded diameter of the slurry is measured with a steel ruler. During the measurement, the slurry diffusion diameter is measured in different directions, and their average value is taken as the measured value. The three experimental results of 29 groups of experiments are taken as representatives to show the experimental process (see Fig. 2).
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Figure 2: Fluidity test of filling slurry

(2) Bleeding rate test

The stirred filling slurry is poured into the measuring cylinder, and the inlet of the measuring cylinder is wrapped with a preservative film to prevent water evaporation. The five experimental results in the experiment are taken as the display as shown in Fig. 3 and horizontally left standing for 24 h. The total volume of slurry Vt and the volume of material Vm are read in the measuring cylinder for several times, their average value is taken as the measured value, and the bleeding rate B is calculated according to formula (1):


B=Vt−VmVt%
(1)
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Figure 3: Test of the bleeding rate of filling slurry

3  Analysis of Microstructure and Composition of Filling Raw Materials

3.1 Microstructure of Raw Materials

The plastic viscosity of cement paste is related to the shape, size, and size distribution of particles in the paste system [26]. In view of the influence of raw material particle morphology on the bleeding and fluidity of filling slurry, the micro morphology of the experimental raw material was analyzed by SEM. Fig. 4 shows the test results. From Fig. 4, the micro morphology of coal gangue is observed to present an irregular morphology such as block and flake, which is relatively stable under static condition and is not conducive to flow. The micro morphology of gasification slag is regular, and the stable spherical particles are beneficial to its own flow. The micro morphology of desulfurization gypsum is irregular in size. The micro morphology of gasification slag is not uniform, and the surface is rough and irregular. The micro morphology of the bottom slag is irregular and massive. The trace of the surface after sintering is obvious, and the surface is smooth with small holes. This quality is not conducive to its own flow and has poor water absorption. The micro morphology of cement is an irregular block with rough surface.
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Figure 4: Micro particle state of experimental materials: (a) coal gangue (b) fly ash (c) desulfurization gypsum (d) gasification slag (e) bottom slag (f) cement

According to the SEM micro morphology of each component, the micro particle size of coal gangue and bottom slag is large, the micro particle size of desulfurization gypsum is moderate, and the particle size distribution is relatively uniform; the micro particle size of fly ash and cement is small, and the distribution is relatively uniform; and the particle size distribution of gasification slag is uneven; The interaction between different micro particles will form additional pores, and the pore characteristics of the microstructure will affect the fluidity of filling slurry [27]. After sufficient mixing of the filling material, interaction is expected between particles, which will promote the smaller particles to enter the larger pores and increase the bulk density of the mixture. Specifically, spherical particles are also limited by larger particles and cannot diffuse outward, which reduces the fluidity of filling slurry.

3.2 Composition of Raw Material

XRD was used to analyze the composition of the experimental materials. Fig. 5 shows the test results. From Fig. 5, the diffraction peaks at different angles are observed to be clear and not disordered, indicating less content of amorphous substances in raw material samples.

Apparently, the maximum diffraction peak appears between 20°–30° in the diffraction pattern of coal gangue sample. It shows that the main crystal mineral composition of coal gangue is SiO2. It contains a small amount of crystal minerals, namely, Al2Si2O5(OH)4.
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Figure 5: Composition of experimental materials: (a) coal gangue (b) fly ash (c) desulfurization gypsum (d) gasification slag (e) bottom slag (f) cement

Apparently, the maximum diffraction peak appears between 20°–30° in the diffraction pattern of coal gangue sample. It shows that the main crystal mineral composition of coal gangue is SiO2. It contains a small amount of crystal minerals, namely, Al2Si2O5(OH)4. The maximum diffraction peak appears between 20°–30° in the diffraction pattern of fly ash sample. Thus, the main crystal mineral composition of coal gangue is SiO2. It contains a small amount of compounds, namely, AlxSiyOz. Many diffraction peaks appear between 15°–50° in the diffraction pattern of the desulfurization gypsum sample. It shows that the main crystal mineral compositions of the desulfurization gypsum are Ca(SO4)(H2O) and Ca(CO3). Other components have less content. The maximum diffraction peak appears between 25°–30° in the diffraction pattern of the gasification slag sample. It shows that the crystal mineral composition in the sample of gasification slag is single, and the main crystal mineral composition of gasification slag is C30H14N4O4Zn·2H2O. From the diffraction patterns of the bottom slag sample, the main crystal minerals are SiO2 and AlxSiyOz. It contains a small amount of crystal minerals, namely, SiS2. The main crystal mineral compositions of cement are Ca3SO5 and Al3(SiO4)O. It contains a small amount of crystal minerals, namely, SiO2.

4  Results and Analysis of the Orthogonal Experiment

4.1 Experimental Results

According to the experimental scheme of the four factors and three levels designed by Box-Behnken, the fluidity and bleeding of the filling slurry were obtained. Table 2 shows the experimental results.

4.2 Analysis of Bleeding Rate

According to the experimental results of multiple factors, the Design-Expert software is used for the comprehensive analysis of multiple models. Table 3 shows the results, and Table 4 shows the R2 analysis. According to the analysis in Tables 3 and 4, the linear model recommended by the Design-Expert software has the smallest deviation and is significantly higher than the other models. Therefore, the linear model is used to analyze the bleeding of filling slurry under the influence of multiple factors.
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Fig. 6 shows the normal probability plot of residual, which is used to judge whether the observed values of the bleeding rate obtained from the experiment are reliable with the fitting degree of the model. From Fig. 6, the residual values are seen to be basically distributed on the same line, which shows that the fitting effect of the model is more accurate and reliable.
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Figure 6: Normal probability plot of residual

According to the results of multi-factor experiment, Table 5 shows the results of the response surface linear model and analysis of variance of the bleeding rate. From Table 5, the F value of the model is 4.85, and the value of prob > F is less than 0.05. This finding indicates that the model has a good fit with the experimental data with a small experimental error.
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From the significance test, the order of significance of each factor is B (fly ash) > C (desulfurization gypsum) > D (reinforcement lag and bottom lag 1:1) > A (coal group). Among them, the P value of B (fly ash) factor is the smallest, which indicates that this index is the most significant, and the other three indexes are less significant.

4.3 Liquidity Analysis

Before analyzing the liquidity, a suitable model must be selected to fit the experimental results. First, the experimental results are input into the design software for model fitting analysis. Tables 6 and 7 present the statistical results of the multi-model comprehensive analysis. Apparently, adjR20.4377 of the linear model is less than 0.9433 of the cubic model, which indicates that the latter has a higher fitting degree and smaller deviation value. According to the analysis of the rack of fit in Table 7, the P value of the linear model is 0.0159, which is less than 0.5071 of the cubic model. This finding indicates a small proportion of abnormal error between the cubic model and the actual value, and it has a significant relationship with the regression equation.
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Fig. 7 shows the distribution of the residual and predicted values. The distribution of the numerical points in Fig. 7 is scattered and irregular, indicating that the model selected is more significant.
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Figure 7: Distribution of residual values and predicted values
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Figure 8: Predicted and actual values of internally studentized residuals

Fig. 8 shows the comparison between the residual predicted and actual values. From Fig. 8, the predicted values are basically distributed on the same straight line with good regularity, indicating and accurate and reliable fitting effect of the model. Moreover, the latter can be used to accurately analyze the fluidity of the filling slurry.

Table 8 presents the results of the response surface cubic model and variance analysis. From Table 8, the F value of the model is 22.19, and the value of Prob > F is less than 0.01, which indicates that the model has a good fit with the experimental data and a small experimental error. From the significance test, we can see that the order of significance of each factor is as follows: C (desulfurization gypsum) > D (gasification slag and bottom slag 1:1) > A (coal gangue) > B (fly ash). The order of significance of interaction among the different factors is as follows: AB (coal gangue, fly ash) > AC (coal gangue, desulfurization gypsum) > BD (fly ash, gasification slag, and bottom slag 1:1) > BC (fly ash, desulfurization gypsum) > CD (desulfurization gypsum, gasification slag, and bottom slag 1:1) > AD (coal gangue, gasification slag, and bottom slag 1:1). Among them, the P value of factor C is the smallest, which indicates that this index is the most significant, the interaction of AB is strong, and the significance is the best; the interaction of AD is the weakest, and the significance is the worst.

Through the analysis of regression fitting, response surface map, and isoline map, the corresponding response values of each factor level can be easily obtained. Based on the analysis of the response value, the optimal value of the predicted response and the corresponding experimental conditions can be found. The isoline map examines the influence of two variables on the dependent variable. The response surface map can directly see the influence of two variables on the dependent variable. Generally, the isoline map at the lower end is the projection of the corresponding response surface map, and the distortion degree of the response surface can reflect the significance and size of the interaction [28].

Fig. 9 shows the influence of the interaction between coal gangue and fly ash on the fluidity of filling slurry. As seen from Fig. 9, when one factor is a fixed value, the single step range of fluidity changing with the change in another factor is larger, which shows that the isolines are denser, and the change in response surface is steeper. This finding indicates that the interaction between coal gangue and fly ash has a strong influence on the response value. According to the macro and micro morphology of gangue and fly ash, that of gangue is similar and thus shows an irregular block. This finding is not conducive to the flow of filling slurry. Additionally, a huge void exists between particles. However, the macro morphology of fly ash is powder, and its micro morphology is spherical particles. Given that the spherical object itself has good rolling characteristics, diffusing the fly ash particles through the gap between the gangue particles is extremely easy, which verifies the significant interaction between gangue and fly ash.
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Figure 9: Effect of coal gangue and fly ash on fluidity (a) Optimized contours (b) Response surface
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Fig. 10 shows the influence of the interaction between the coal gangue and desulfurization gypsum on the fluidity of filling slurry. From Fig. 10, the color of the optimized isoline map is seen to change rapidly, the fluidity remarkably changes, the isoline lines are dense, and the response surface map exhibits a steep change. Therefore, the interaction between the coal gangue and desulfurization gypsum has a remarkable influence on the response value. When the gangue is 400 g, the response surface map changes steeply. The content of the desulfurized gypsum has a remarkable influence on fluidity.
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Figure 10: Effect of coal gangue and desulfurization gypsum on fluidity (a) Optimized contours (b) Response surface

According to the micro morphology of coal gangue and desulfurization gypsum, the particle size distribution of coal gangue is irregular, whereas the particle size distribution of desulfurization gypsum is relatively uniform. When the macro pores are filled with fine cement and fly ash particles, the larger desulfurization gypsum particles cannot enter the pores between coal gangue particles, and these particles can only be distributed outside the large particles. Thus, it is conducive to its own outward diffusion. The Ca(OH)2 [29] and AFT cement [30] generated by the action of cement and water are attached to the surface of particles, which merely increases the action relationship between particles and does not play a role in the bulk density of aggregates. Thus, it has little effect on the fluidity of filling slurry.

Fig. 11 shows the influence of the interaction of coal gangue, gasification slag, and bottom slag (1:1) on the fluidity of the filling slurry. From Fig. 11, the response surface map is seen to have a certain distortion, indicating that a certain interaction occurs among coal gangue, gasification slag, and bottom slag (1:1). However, this interaction has little influence on the fluidity. When the gangue content is less than 600 g or more than 1,000 g, the results show that the content of gasification slag and bottom slag (1:1) has a remarkable influence on the fluidity of slurry, the isoline is dense, and the color changes quickly in the isoline map.
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Figure 11: Effect of coal gangue and gasification slag and bottom slag (1:1) on fluidity (a) Optimized contours (b) Response surface

Fig. 12 shows the influence of the interaction between fly ash and desulfurized gypsum on the fluidity of filling slurry. From Fig. 12, the color change in the isoline map is not centralized, the isoline distribution is wide, and the response surface has some distortion and deformation. Thus, the interaction between fly ash and desulfurized gypsum has little influence on the response value. As seen from the micro morphology analysis of desulfurization gypsum, the micro particle state of the desulfurization gypsum is a polygon block, the distribution of micro particle size is more uniform, the accumulation is denser under natural conditions, and the gap between particles is smaller. Compared with gangue particles, it is more able to block the flow of fly ash particles, which may explain why the interaction between the fly ash and desulfurized gypsum is weaker.
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Figure 12: Effect of fly ash and desulfurization gypsum on fluidity (a) Optimized contours (b) Response surface

Fig. 13 shows the influence of the interaction of fly ash, gasification slag, and bottom slag (1:1) on the fluidity of filling slurry. From Fig. 13, the color is seen to change gently, and the isoline distribution is sparse in the optimized isoline map. This finding indicates that the interaction of fly ash, gasification slag, and bottom slag (1:1) has little influence on the response value, and the response surface map exhibits a gentle change. As seen from the isoline when the fluidity is 90 mm, the influence of the content of gasification slag and bottom slag (1:1) on fluidity is basically the same as that of fly ash on fluidity of filling slurry. The results of SEM and XRD show that the particles of gasification slag and bottom slag are large, and many pores appear on the surfaces of gasification slag and bottom slag. After full mixing, a large number of fly ashes with smaller particle size enter the pores formed by the accumulation of larger particles, which increases the bulk density of aggregate and limits the outward diffusion of smaller fly ash particles; conversely, Ca(OH)2 and AFT cements generated by the interaction between cement and water are attached to the surface of particles, resulting in bonding between particles, which increases the consistency of slurry and reduces the fluidity of filling slurry [31].
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Figure 13: Effect of fly ash and gasification slag and bottom slag (1:1) on fluidity (a) Optimized contours (b) Response surface

Fig. 14 shows the influence of the interaction among desulfurization gypsum, gasification slag, and bottom slag (1:1) on the fluidity of filling slurry. From Fig. 14, the response surface is seen to have a certain distortion, indicating that a certain interaction occurs among desulfurization gypsum, gasification slag, and bottom slag (1:1), but the interaction is weak. The number of contour lines on abscissa and ordinate axis is less, which also shows that the two factors have the same influence on slurry fluidity.
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Figure 14: Effect of desulfurization gypsum and gasification slag and bottom slag (1:1) on fluidity (a) Optimized contours (b) Response surface

The experimental results undergo further analysis. Considering the transportation and performance of the filling slurry, the fluidity ranges from 90–100 mm. The optimized experimental scheme is obtained by using the design expert software. Five recommended experimental schemes are selected as shown in Table 9. From Table 9, considering the operability and simplicity of field filling, the proportion of the factors in the filling slurry is shown as follows: 49.5% coal gangue, 8.3% fly ash, 4.1% desulfurization gypsum, 6.2% gasification slag, and 6.2% bottom slag.
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5  Discussion and Analysis

Response surface methodology is a method to determine the optimal solution according to the experimental conditions, which can solve the nonlinear data analysis problems. Through the regression fitting of the process and the drawing of response surface and contour lines, the response values of each factor level can be quickly obtained to identify the predicted optimal response value and the corresponding experimental scheme. In this paper, the bleeding and fluidity of the new filling slurry are analyzed by using the response surface method, and the significance of various factors on the two properties is obtained, respectively. Combined with the analysis results of fluidity method, the optimal experimental scheme is obtained.

In terms of bleeding, the significance test of fly ash shows that it has the most significant bleeding to the filling slurry, which may be due to the fact that the micro morphology of fly ash presents spherical particles and the surface is relatively smooth. By contrast, the activity of SiO2, which is the main crystal component of fly ash, is not strong and has poor interaction with water, resulting in the most significant bleeding to the filling slurry. Given that the particle surface of gangue is rough, a large amount of free water in the filling slurry enters the pores inside the gangue, which may explain its low bleeding to the filling slurry. The experiment has many influencing factors. For the response surface analysis results, conducting further experiments from the micro perspective is needed to reveal the bleeding mechanism of filling slurry.

In terms of fluidity, desulfurization gypsum has the most significant fluidity to the filling slurry, which may be due to the relatively uniform particle size distribution of desulfurization gypsum. Neither large and additional pores can be formed between particles nor can it effectively enter the pores between large particles, which is easier to diffuse around in the process of aggregate accumulation. The interaction between coal gangue and fly ash has the largest response value to the filling slurry, which may be due to the particle size of fly ash which is smaller than that of coal gangue. The latter is easier to diffuse outward from the pores between the particles stacked by coal gangue. Conversely, the main crystal mineral SiO2 of coal gangue and fly ash have poor interaction with water, and the particles are relatively dispersed. The latter increases the fluidity of filling slurry. The response surface method is used to explain the relative fluidity of the filling slurry. However, the filling slurry contains other components. The influence of new substances generated in the filling slurry on fluidity needs further exploration.

6  Conclusion

Using XRD and SEM micro observation techniques, the micro morphology of coal gangue, desulfurization gypsum, and gasification slag is obtained to present an irregular block with rough particle surface. The micro morphology of fly ash and bottom slag presents first out spherical or quasi spherical particles, and obvious sintering traces appear on the surface of bottom slag. The main crystal mineral of coal gangue and fly ash is SiO2, the desulfurization gypsum is composed of Ca(SO4) (H2O) and Ca(CO3) crystal minerals, the gasification slag is composed of carbon and nitrogen compounds, and the main crystal mineral components in the bottom slag sample are SiO2 and AlxSiyOz compounds. After the filling materials are fully mixed, a large number of particles with small particle size will enter the pores formed by the accumulation of larger particles, increasing the bulk density of the aggregate. The Ca(OH)2 and AFT cements generated by the interaction of cement and water adhere to the surface of the particles, increasing the consistency of the slurry and somewhat limiting the fluidity of the filling slurry.

Through the analysis of variance and significance, the experimental results show that the order of significance of each factor on the fluidity of filling slurry is as follows: C (desulfurization gypsum) > D (gasification slag and bottom slag 1:1) > A (coal gangue) > B (fly ash). The order of the significant factors for the bleeding of the filling pulp was as follows: B (fly ash) > C (desulfurization gypsum) > D (gasification slag and bottom slag 1:1) > A (coal gangue).

According to the response surface analysis, the order of the interaction between the experimental factors was obtained: AB (coal gangue, fly ash) > AC (coal gangue, desulfurization gypsum) > BD (fly ash, gasification slag and bottom slag 1:1) > BC (fly ash, desulfurization gypsum) > CD (desulfurization gypsum, gasification slag and bottom slag 1:1) > AD (coal gangue, gasification slag and bottom slag 1:1). Among them, the interaction between coal gangue and fly ash is the most significant, considering the bleeding and fluidity of filling slurry, the mass percentage of each factor in the filling slurry is obtained as follows: 49.5% coal gangue, 8.3% fly ash, 4.1% desulfurizatin gypsum, 6.2% gasification slag, and 6.2% bottom slag.

In this paper, the influence of each component on the fluidity of filling slurry is analyzed by using SEM and XRD micro test technology and response surface method. Given that the particle grading composition of raw materials is closely related to the fluidity of filling slurry and the performance of filling body, subsequent work needs to carry out a rigorous analysis on the fluidity of filling slurry in combination with the particle grading of raw materials.
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Table 3: Sequential model sum of squares for the Box-Behnken design

Source Sum of squares df Mean square F value Prob > F Evaluate
Mean 436.34 1 436.34

Linear 12.12 4 3.03 4.85 0.0052 Suggested
2F1 6.04 6 1.01 2.03 0.1148

Quadratic 0.95 4 0.24 0.42 0.7948

Cubic 7.55 8 0.94 12.67 0.0031

Residual 0.45 6 0.074

Total 463.44 29 15.98
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Table 8: Response surface cubic model and analysis of variance results

Source Sum of squares df Mean square F value Prob > F
Model 4911.87 22 223.27 22.19 0.0005
A 471 1 471 0.47 0.5194
B 0.99 1 0.99 0.098 0.7644
C 783.72 1 783.72 77.9 0.0001
D 186.73 1 186.73 18.56 0.0050
AB 215.06 1 215.06 21.38 0.0036
AC 58.75 1 58.75 5.84 0.0521
AD 0.029 1 0.029 0.0029 0.9590
BC 5.45 1 5.45 0.54 0.4894
BD 21.76 1 21.76 2.16 0.1918
CDh 1.78 1 1.78 0.18 0.6885
A2 24.84 1 24.84 247 0.1672
B2 126.69 1 126.69 12.59 0.0121
C2 406.57 1 406.57 40.41 0.0007
D2 154.2 1 154.2 15.33 0.0078
A2B 0.88 1 0.88 0.088 0.7768
A2C 40.41 1 40.41 4.02 0.0919
A2D 276.24 1 276.24 27.46 0.0019
AB2 86.66 1 86.66 8.61 0.0261
AC2 86.66 1 86.66 8.61 0.0261
B2C 786.46 1 786.46 78.18 0.0001
B2D 32 1 32 3.18 0.1248
BC2 933 1 933 9.27 0.0226
Residual 60.3 6 10.06

Lack of Fit 17.38 2 8.69 0.81 0.5071
Pure Error 42.98 4 10.75

Cor Total 4972.23
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Table 4: Model summary statistics for the Box-Behnken design

Source Std. Dev. R-Squared Adjusted Predicted Press Evaluate
R-Squared R-Squared

Linear 0.79 0.4471 0.3550 0.1369 23.39 Suggested

2F1 0.7 0.6700 0.4867 —0.0806 29.28

Quadratic 0.76 0.7050 0.4101 —0.6990 46.04

Cubic 0.27 0.9835 0.9230 —1.3746 64.35
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Table 9: Optimization scheme and results

No. Experimental optimization ratio Forecast Desirability
o n liquidity/
Coal gangue Fly ash  Desulfurizatin ~ Gasification slag mm
gypsum and bottom slag (1:1)

1 1199.47 200 100 299.99 94.316 1

2 1199.94 203.7 100.8 299.87 94.066 0.999

3 1199.99 200 100.2 300 93.88 0.999

4 1200 200 101.3 298.65 94.108 0.997

5 1199.99 2213.9 100 299.99 93.009 0.996
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Table 7: Summary of multiple models

Source Sequential Lack of Fit Adjusted Predicted Evaluate
p-value p-value R-Squared R-Squared

Linear 0.0011 0.0159 0.4377 0.2688 Suggested

2F1 0.8466 0.0109 0.3450 —0.2883

Quadratic 0.2318 0.0123 0.4209 -0.6316

Cubic 0.0013 0.5071 0.9433 0.4832
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Table 1: Factors and their levels used in the Box-Behnken design

Factors Levels

A(Coal gangue)/g 400 800 1200
B(Fly ash)/g 200 600 1000
C(Desulfurization gypsum)/g 100 200 300

D(Gasification slag and Bottom slag 1:1)/g 100 200 300
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Table 6:

Comprehensive statistical analysis of multiple models

Source Std. Dev. R-Squared Adjusted Predicted PRESS Evaluate
R-Squared R-Squared

Linear 9.99 0.5180 0.4377 0.2688 3635.47 Suggested

2F1 10.78 0.5789 0.3450 —0.2883 6405.71

Quadratic 10.14 0.7104 0.4209 -0.6316 8112.8

Cubic 3.17 0.9879 0.9433 0.4832 2569.51
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Table 2: Experimental program and results

No. A B C D Bleeding rate/% Fluidity/mm
1 1200 600 200 300 2.822 72.33
2 800 600 200 200 3.689 86.67
3 400 600 100 200 4.010 73.33
4 400 1000 200 200 5.278 76.67
5 800 200 300 200 2.210 86.00
6 800 600 100 300 3.377 81.67
7 800 1000 200 100 4.589 105.67
8 800 600 300 100 6.002 123.33
9 800 600 200 200 3.689 86.67
10 400 600 200 100 6.961 107.33
11 800 200 200 300 3.412 85.00
12 800 1000 200 300 4.481 88.67
13 1200 1000 200 200 4.327 106.67
14 400 600 300 200 2.457 100

15 800 600 200 200 3.689 94

16 800 200 200 100 2.188 111.33
17 800 600 100 100 3.542 94.00
18 1200 600 100 200 3.566 96.33
19 800 600 200 200 3.689 86.67
20 800 1000 300 200 5.095 101.00
21 800 1000 100 200 6.447 110.33
22 1200 600 300 200 5.257 107.67
23 400 200 200 200 3.988 91.00
24 1200 200 200 200 1.782 91.67
25 1200 600 200 100 4.841 109.67
26 400 600 200 300 4.408 70.33
27 800 600 200 200 3.689 86.67
28 800 200 100 200 3.371 100

29 800 600 300 300 4.342 108.33
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Table 5: Response surface linear model and analysis of variance results

Source Sum of squares df Mean square F value Prob > F
Model 12.12 4 3.03 4.85 0.0052
A 0.3 1 0.30 0.48 0.4965
B 10.4 1 10.4 16.66 0.0004
C 0.83 1 0.83 1.33 0.2596
D 0.59 1 0.59 0.94 0.3408
Residual 14.98 24 0.62

Lack of Fit 14.98 20 0.75

Pure Error 0.00 4 0.00

Cor Total 27.1 28
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