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Abstract: Tailings known as solid waste are generated by the mining industry. The development of tailings as wet shotcrete aggregates has significant economic and environmental benefits. The fine particle size of the tailings results in a large consumption of traditional cement as a cementitious material and insignificant improvement in strength. Therefore, a composite cementitious system of cement and solid waste resources (fly ash and slag powder) is explored for this study. In this paper, the response surface methodology (RSM) is used to optimize the experimental design and a multivariate nonlinear response model with cement, fly ash and slag powder contents as variables are constructed, which can investigate the effect of the composite cementitious system on the strength of tailing wet shotcrete (TWSC). In addition, the information entropy (IE) is introduced and combined with the RSM to evaluate the composite cementitious system. Finally, the desirability function (DF) combined with RSM is used to optimize the composite cementitious system. The results show that the response model constructed in this paper has R2 = 0.96 and P-value < 0.01 (the test result of the model is P-value < 0.01), which indicates that the model has high reliability. The higher the content of slag powder and cement in the composite cementitious system, the higher the strength and comprehensive score of the TWSC. There is a critical value of fly ash content, which makes the maximum cementation of the composite cementing system. The optimal mix proportion of the composite cementitious system is obtained based on RSM-DF, which leads to the strength of TWSC at different curing time to achieve the expected index.
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1  Introduction

Tailing is a solid mineral waste formed after the dewatering of tailings slurry discharged from mineral processing plants, which is one of the bulk solid wastes with the largest output and the lowest comprehensive utilization rate in China at present [1–3]. To improve the utilization rate of tailings, this paper proposes the concept of using tailings as aggregate instead of sand and gravel in wet shotcrete. Due to the extremely fine particles of tailings, it is difficult to achieve the strength requirements when using traditional cement as the cementitious material, and if the cement dosage is increased, it must lead to high material cost [4,5]. In addition, the traditional cement production process consumes much energy and releases a lot of carbon dioxide, which is inconsistent with the current theme of green, low-carbon and environmental protection [6–8].

Supplementary cementitious materials (SCM), also known as volcanic ash, are typically derived from large, sustainable industrial and agricultural wastes and have potentially activatable hydraulic reactivity, which is used in the development of green cementitious materials at present [9–11]. Fly ash and slag are excellent SCMs. Fly ash is an industrial waste residue discharged from the pulverizing boilers of thermal power plants, which is an artificial volcanic ash material [12–14]. In the past, fly ash was commonly released into the atmosphere, but standards for air pollution control now require that it be captured by installing pollution control equipment prior to release [15–17]. Fly ash is commonly used as volcanic ash to produce hydraulic cement or hydraulic mortar, which can partially replace cement in concrete [18,19]. Granulated blast furnace slag is an industrial solid slag obtained by water quenching and granulation of molten material with calcium silicate as the main component when smelting pig iron in the blast furnace, which is mostly glassy and potentially water-hard cementitious activity [20,21]. Slag powder is a kind of high-quality admixture used to prepare concrete, which is a powder that conforms to the standard granulated blast furnace slag after being dried and ground to a considerable fineness and meeting the activity index [22,23]. Considering the excellent hydration and environmental characteristics of fly ash and slag powder, they are considered to replace part of cement to synthesize low-carbon cementitious materials.

Currently, relevant scholars have carried out research on the application of solid waste admixtures in concrete. Wen et al. developed a cementitious material using solid waste resources such as slag and fly ash, which enabled the cement paste backfill of coarse aggregate and fine tailings to achieve the strength requirements of mines while reducing the cost of filling [24,25]. Some scholars carried out a study on the effect of fly ash on the strength of concrete, which found that fly ash has the greatest effect on the compressive strength of concrete when the replacement rate of cement is within 30%, and the high dosage of fly ash leads to a reduction in strength [26,27]. Some other researchers studied the effect of slag powder on the strength and microstructure of silicate cement, which found that the incorporation of slag powder generated a large number of C-S-H gels and made the cement structure more compact and significantly increased the cement strength [28,29]. In addition, it was found that the right dosage of silica ash can shorten the setting time of cement and increase the compressive strength of shotcrete, which can promote the cement hydration reaction [30,31]. The above studies have shown that the incorporation of solid wastes such as slag powder into the cementitious material can significantly improve the mechanical properties of concrete and the doping material has the ability to partially replace cement. Therefore, solid wastes can be introduced into tailings wet shotcrete to improve its strength properties.

This paper optimizes the experimental design based on the response surface method to construct the strength response model of tailings wet shotcrete (TWSC) at different curing time, which can study the effects of cement, fly ash and slag powder dosage and their coupling effects on the strength of TWSC in the composite cementitious system. At the same time, the microstructure analysis of the TWSC is carried out with the aid of a scanning electron microscope to understand its microscopic morphology.

2  Materials and Methods

2.1 Materials

2.1.1 Tailings

The tailings from a gold mine in Guizhou Province, China, are used as the aggregate for the experiments. Its main chemical composition obtained by using X-ray fluorescence spectrometry (XRF) is shown in Table 1. Its activity index Ma = 0.037, which is basically inactive. This indicates that the tailing is suitable for use as aggregates. The tailing with median particle size D50 = 25 μm and particle size less than 75 μm account for about 90%. This indicates that the tailing is ultra-fine tailing. The particle size distribution of the tailing and X-ray diffraction (XRD) analysis are shown in Fig. 1.
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Figure 1: Particle size distribution and XRD analysis of tailings. (a) particle size distribution; (b) XRD analysis

2.1.2 Cementitious Materials

This paper uses cement, fly ash and slag powder to make a composite cementitious material. Cement is the activator, and fly ash and slag powder are the active materials. The physical and chemical characteristics of each material are as follows.

1.    Cement type is PO42.5 silicate cement. Its density is 3.03 g/cm3, and the specific surface area is 380 m2/kg. The initial setting time and final setting time are 150 min and 220 min, respectively. The 28 d compressive strength and flexural strengths are 54.3 and 8.7 MPa, respectively.

2.    Fly ash is the main solid particulate waste emitted from coal-fired power plants. Its density is 2.55 g/cm3, and the specific surface area is 0.35 m2/kg. From XRD analysis, it is clear that fly ash mainly contains mineral phases such as mullite, quartz and alumina. In addition, there are widening humps in the diffraction angle in the range of 10°–30°. This indicates the presence of an amorphous phase and that the amorphous phase is a silica-alumina oxide vitreous.

3.    Slag powder is granulated blast furnace slag. Its density is 2.9 g/cm3, and the specific surface area is 440 m2/kg. The alkalinity, quality and activity coefficients are M0 = 1.17 (> 1), K = 2.27 (> 1.8) and Ma = 1.57, respectively. This indicates that it is a highly reactive alkaline slag. From the XRD pattern, it can be seen that the slag powder contains a lot of active materials in glass phase crystals. This indicates that under normal conditions, the hydration reaction of slag powder is difficult and needs to be activated in order to have some hydration activity.

The chemical composition of the above materials obtained by using XRF is shown in Table 2, and the particle size distribution and X-ray diffraction (XRD) analysis are shown in Fig. 2.
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Figure 2: The particle size distribution and XRD analysis of cementitious materials. (a) particle size distribution; (b) XRD

2.2 Preparation of Cementitious Materials

Uniaxial compressive strength (UCS) is the important mechanical parameter of TWSC. For comparison, the three important variables in the 17 groups of experiments in this research, i.e., cement content, fly ash content, and slag powder content, are listed in Table 4. The materials were weighed according to the proportion of each group of experiments, then the materials were poured into a bucket and mixed for five minutes using a hand-held electric mixer. The mixed slurry was poured into a triplex test mold of size 15 cm × 15 cm × 15 cm and then vibrated for 2 min on a vibrating table of model ZS-15 to improve the compactness of the materials. The prepared specimens were put into the standard curing box for curing. The curing temperature is set to 20°C, and the curing humidity is set to 95%. After waiting for the specimens to be cured for 7, 14, and 28 days, the automatic pressure testing machine was used for UCS tests.

2.3 Experiment Design

In order to obtain the law and degree of effect of the composite cementitious system on the UCS of TWSC and to improve the experimental efficiency, RSM is used to optimize the experiment design. This is also used to analyze the effect of each variable on the UCS of TWSC and the comprehensive score of composite cementitious systems at different curing time. According to a large number of exploratory experiments, it is known that UCS and the flowability of concrete slurry can meet the construction requirements when the cement dosing, fly ash dosing and slag powder dosing are 440–520 kg/m3, 50–150 kg/m3 and 40–120 kg/m3, respectively.

The experiment is conducted with the content of cement, fly ash and slag powder as independent variables, denoted by X1, X2 and X3, respectively. The 7, 14, and 28 d UCS of the tailing-based TWSC are the response quantity, denoted by Y1, Y2 and Y3, respectively. The values of the variables taken in the experiment are: cement content of 440, 480 and 520 kg/m3, fly ash content of 50, 100 and 150 kg/m3, and slag powder content of 40, 80 and 120 kg/m3. The factors and levels of the RSM experiment design are shown in Table 3.
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2.4 UCS Test

UCS is a key factor in evaluating the mechanical properties of TWSC and is the main indicator examined by mines to develop standards for TWSC [32,33]. When the TWSC specimens reach the corresponding curing time, the automatic press is used to perform UCS testing on the specimens. Three TWSC specimens are made for each curing time, and the final UCS is taken as the average of the three specimens.

2.5 SEM Analysis

The scanning electron microscopy (SEM) method has been widely used to analyze the microstructural of concrete and its components since the 1960s, and it is recommended as a standard by ASTM to study concrete and who are familiar [34,35]. The TWSC is a cement-based material used in mines, and its micro-properties are often tested by SEM. As shown in Fig. 3, a Quanta FEG 250 field-emission electron microscopy system with an accelerating voltage of 10 kV is used to test the specimens of TWSC without the UCS test, and the influence of the coupling factors on the microstructural properties of the TWSC is studied.
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Figure 3: The results of SEM analysis for representative groups. (a) Results of group 13; (b) Results of group 16

2.6 Response Surface Methodology

Response Surface Methodology (RSM) is an experimental analysis method that combines a rational experimental design with a multiple regression equation [36–38]. This paper uses a multiple quadratic regression equation to fit the functional relationship between each effect factor and the response value. The principle is to search experimentally for the response surface function y = f (x1, x2,…, xm) between the effect factor xi (1 < i < m) and the measured value y and make y*→y. Commonly used quadratic response surface function equations are as follows:


y∗=b0+∑j=1mbjxj+∑k<j<mbkjxkxj+∑j=1mbjjxj2
(1)

In Eq. (1), y* is the response value of the measured value; b0 is a constant term; bj, bkj and bjj are the regression coefficients of the primary, secondary and cross terms, respectively; m is the number of factors.

The experimental data are substituted into Eq. (1), and the least squares method is used to find the minimum value of the sum of squared errors. Finally, the response surface function corresponding to the independent variable can be found.

2.7 Information Entropy

Information Entropy (IE) is a mathematical abstraction that can be understood as the probability of occurrence of a certain kind of information [39]. When a message is more frequently appearing, it is more widely disseminated. In addition, IE can indicate the value of information from the perspective of information dissemination [40,41]. Therefore, IE value can be used as a measure of high or low information value. In this paper, IE is introduced to study the degree of influence of all effect factors on different response quantities and to score them together. This method is used to determine the level of effect of each factor on the responsiveness to avoid subjective elements and the one-sidedness of a single factor in the calculation.

Different factors X are used as indicators, and IE is used to calculate the weight coefficients and comprehensive scores M for each response quantity Y. This is used to determine the effect of each factor on different response quantities. The calculation steps are as follows:

1.    Constructing the original index evaluation matrix 
(Yij)mn
.

2.    Constructing a probability matrix based on the original index evaluation matrix 
(Pij)mn
.


Pij=Xij/(∑j=1nXij)
(2)

3.    Calculating the IE of each evaluation index 
Hij
.


Hij=−∑j=1n(Pij×ln⁡Pij)/ln⁡n
(3)

4.    Calculating the weight coefficient of each index according to the IE of each index 
Wi
.


Wi=(1−Hi)/∑i=1n(1−Hi)
(4)

5.    The equation for the comprehensive scoring index M is as follows:


M=(Y1Y1max)×W1+(Y2Y2max)×W2+…+(YiYimax)×Wi
(5)

6.    Constructing response surface functions for X and M using RSM.


M=d0+∑j=1mdjxj+∑k<j<mdkjxkxj+∑j=1mdjjxj2
(6)

2.8 Desirability Function

The traditional RSM can only solve for single response quantities separately based on constraints, which is a major limitation. RSM cannot optimize multiple response values at the same time and thus cannot obtain the optimal solution that includes multiple factors to satisfy all response values. Therefore, Multi-objective Optimization based on Desirability Function (DF) combined with RSM is considered for multi-objective solving [42–45]. The following single DF is constructed according to different response models:


di(Yi)={0(Yi<Ti)Yi−TiZi−Ti(Ti≤Yi≤Zi)1(Yi>Zi)
(7)


di(Yi)={0(Yi>Zi)Yi−ZiTi−Zi(Ti≤Yi≤Zi)1(Yi<Ti)
(8)


di(Yi)={0(Yi≤Ti)Yi−TiNi−Ti(Ti≤Yi<Ni)1(Yi=Ni)Zi−YiZi−Ni(Ni≤Yi<Zi)0(Yi>Zi)
(9)

In Eqs. (7)–(9), di is the DF of the ith response surface; Yi is the ith response value; Ti, Zi and Ni are the lower limits, upper limit and optimal target value of the ith response value, respectively. Eq. (7) is used to calculate the condition that the larger the response value and the higher the desirability; Eq. (8) is used to calculate the condition that the smaller the response value and the higher the desirability; Eq. (9) is used to calculate the condition that the larger the target value and the higher the desirability when it has the response target value. The weighted geometric mean multi-objective optimization function of each DF is constructed based on the calculation results. This is the comprehensive DF as follows:


D=(∏i=1tdiei)1∑ei
(10)

In Eq. (10), t is the number of response values; ei is the weight which depends on the importance of the different response values.

3  Discussion and Results

3.1 The Results of Compressive Strength

The experimental results of RSM are shown in Table 4.
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3.2 Surface Morphology

The representative group 13 (M = 100) and group 16 (M = 83.5) of the RSM experimental results are selected for SEM analysis. The results are shown in Fig. 3. From Fig. 3a, it can be seen that the structure of specimens at different curing time is complete, and the hydration products are filled between the solid particles, thus forming a dense cementation structure, which is the main reason for the higher comprehensive score of this experimental group. This group has a relatively reasonable composite cementitious system with high cement and slag powder content and the addition of an appropriate amount of fly ash, which makes the strength structure of TWSC more complete. From Fig. 3b, it can be seen that there are a large number of pores and relatively few hydration products in the internal structure of this group of specimens at a curing time of 7 d. With the increase in the curing time, the internal structure of this group of specimens gradually tightened, but some porosity still existed. The internal structure still has defects leading to poor UCS performance. The above study shows that the composite cementitious system of this group has an unreasonable proportion (low cement and slag powder content and high fly ash content).

3.3 Modeling for UCS and Compressive Score

The regression model of UCS with the content of cement, fly ash, and slag powder can be constructed by substituting the experimental results of RSM into Eq. (1).


Y1=19.24+1.21X1+0.64X2+1.49X3−0.9X1X2+0.26X1X3+0.065X2X3+0.79X12+0.63X22+0.44X32, R2=0.964
(11)


Y2=22.05+0.97X1+0.7X2+1.43X3−0.86X1X2+0.47X1X3+0.015X2X3+0.22X12−0.075X22−0.36X32, R2=0.952
(12)


Y3=23.48+1.19X1+0.44X2+1.54X3−0.59X1X2+0.68X1X3+0.1X2X3+0.52X12−0.16X22−0.63X32, R2=0.949
(13)

The experimental results of RSM are substituted into Eqs. (2)–(5), and the comprehensive scores of composite cementitious systems under each group of experimental conditions are calculated. The above results are shown in Table 3. Each comprehensive score is substituted into Eq. (6), and a regression model of the comprehensive score with the content of cement, fly ash and slag powder is constructed as follows:


M=0.87+0.046X1+0.025X2+0.061X3−0.033X1X2+0.018X1X3+0.002X2X3+0.023X12+0.009X22−0.003X32, R2=0.960
(14)

The predictions of UCS and comprehensive scores are made based on the above model. The predicted values and predicted effect are shown in Table 4 and Fig. 4. From Fig. 4, the maximum error of the regression model is 3.1%, which indicates the high prediction accuracy of the model.
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Figure 4: Effect of interaction between fly ash and slag powder on strength. (a) 7 d; (b) 14 d; (c) 28 d; (d) comprehensive score

3.4 Testing of the Model

In order to analyze the validity of the regression model, the variance analysis of the above regression equation is shown in Table 5. From Table 5, it can be seen that the model constructed in this paper has a P-value < 0.01 (highly significant), which indicates that the model has high reliability [46–48]. The correlation coefficient (R2) tends to be close to 1, which indicates a well-fitting model. The F-value > F0.95(3, 17) = 3.2, which indicates that the model is significant and statistically significant to reflect well the relationship between the variables of interest. Therefore, the regression model can be used to carry out the correlation analysis between the composite cementitious system and the UCS of the TWSC.
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3.5 UCS Effect of TWSC

3.5.1 Single Factor Effect Analysis

The relationship between the single factor and UCS is shown in Fig. 5. From Fig. 5a, it can be seen that the UCS is gradually enhanced with the increase of cement content. The UCS is enhanced by 1.0%, 2.7% and 2.0% at 7 d, 14 d and 28 d, respectively, when the cement content is increased from 440 to 472 kg/m3. When the cement content is increased from 472 to 520 kg/m3, the 7 d, 14 d and 28 d UCS are enhanced by 11.6%, 6.3% and 8.3%, respectively. This indicates that the effect of cement on UCS enhancement is more significant when the cement content is more than 472 kg/m3. From Fig. 5b, it can be seen that with the increase of fly ash content, UCS first enhances and then weakens. This means that there is critical content to maximize the UCS and the critical content in this paper is 95 kg/m3. Overall, the effect of fly ash content on UCS is low. From Fig. 5c, it can be seen that UCS enhances with the increase of slag powder content. In addition, the magnitude of UCS enhancement gradually slows down when the slag powder content is more than 88 kg/m3. This indicates that there is a critical content that makes the UCS no longer enhance when the slag powder content continues to increase. From XRD analysis, it is clear that the slag powder contains a large number of active substances of glass phase crystals that need to be excited to have certain hydration activity. Therefore, when the activator is lacking, increasing the slag powder content cannot make the UCS continue to be enhanced.
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Figure 5: Effect of single factor on UCS. (a) cement content; (b) fly ash content; (c) slag powder content

3.5.2 Multi-Factor Coupling Effect on UCS

The effect of multi-factor coupling on the UCS of TWSC is shown in Figs. 6–8. From Fig. 6, under the coupling effect of cement and fly ash, TWSC has the highest strength under the condition of low fly ash content and high cement content. In addition, there is a critical value of cement content that shifts the effect of fly ash on the UCS of TWSC from enhancement to weakening at 7 d, 14 d and 28 d. Taking the 7 d UCS as an example, the UCS of TWSC enhances with the increase of fly ash content when the cement content is lower than 480 kg/m3. The UCS of TWSC weakens with the increase of fly ash content when the cement content is higher than 480 kg/m3. Moreover, the 7 d UCS of TWSC increases by 17.7% when the cement content is 440 kg/m3 and the fly ash content is increased from 50 to 150 kg/m3. However, when the cement content is 470 kg/m3, and the fly ash content is increased from 50 to 150 kg/m3, the 7 d UCS of TWSC is increased by only 5.6%. This indicates that the enhancement of UCS of TWSC by fly ash is more significant under the condition of low cement content. Overall, the UCS of TWSC is significantly enhanced with the increase of cement content when the fly ash content is low. This indicates that the addition of appropriate amount of fly ash to the composite cementitious system can enhance the activity of cement and improve the UCS of TWSC.
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Figure 6: Results of UCS development for coupling effect of cement and fly ash. (a) 7 d; (b) 14 d; (c) 28 d
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Figure 7: Results of UCS development for coupling effect of cement and slag powder. (a) 7 d; (b) 14 d; (c) 28 d
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Figure 8: Results of UCS development for coupling effect of slag powder and fly ash. (a) 7 d; (b) 14 d; (c) 28 d

As can be seen in Fig. 7, the 7 d, 14 d, and 28 d UCS exhibit the same characteristics under the coupling of cement and slag powder. The higher the content of cement and slag powder, the higher UCS. The 7 d, 14 d and 28 d UCS of TWSC increase by 30.8%, 21.5% and 26.5%, respectively, when the cement content is increased from 440 to 520 kg/m3 and the slag powder content is increased from 40 to 120 kg/m3. From XRD analysis, it is clear that slag powder has high potential activity. The Ca(OH)2 generated by the hydration reaction activates the potential activity of the slag powder and generates more gel, which can enhance the UCS.

From Fig. 8, it can be seen that UCS is enhanced with the increase of fly ash and slag powder content. This indicates that the coupling of fly ash and slag powder has a positive effect on UCS. In addition, fly ash and slag powder have a mutual promotion effect. With the increase in the curing time, this promotion effect is more significant. In addition, there is a critical value of fly ash content that reduces the enhancement of TWSC by slag powder at 7 d, 14 d and 28 d UCS. When the fly ash content is lower than 90 kg/m3, the increase of slag powder content enhances the UCS of TWSC by 15.5%, 12.3% and 14.3% at 7 d, 14 d and 28 d, respectively. When the fly ash content is higher than 90 kg/m3, the increase of slag powder content only enhances the 7 d, 14 d UCS and 28 d UCS of TWSC by 11.6%, 6.6% and 11.1%, respectively.

3.6 Effect of Composite Cementitious System on the Comprehensive Score

The comprehensive score reflects the influence of the composite cementitious system on the comprehensive UCS (containing 7 d, 14 d and 28 d UCS) of the TWSC, which is an evaluation of the reasonableness of the composite cementitious system.

3.6.1 Single Factor Effect Analysis on the Comprehensive Score

The effect of a single factor on the comprehensive score is shown in Fig. 9. As can be seen from Fig. 9, the comprehensive score increased as the level code (content) of each factor level increased. When the level code is less than 0, fly ash content has the greatest effect on the comprehensive score, followed by cement content, and slag powder content has the least. When the level code is greater than 0, the effect of fly ash content on the comprehensive score decreases and the effect of cement content and slag powder content on the comprehensive score becomes larger. This indicates that fly ash content should be controlled and increase cement and slag power content in the composite cementitious system.
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Figure 9: Effect of single factor on comprehensive score

3.6.2 Multi-Factor Coupling Effect on the Comprehensive Score

The response surface of the comprehensive score under the coupling effect of multiple factors is shown in Fig. 10. From Fig. 10a, it can be seen that the comprehensive scores under the coupling effect of cement and fly ash all increase with the increase of cement content. This indicates that the cement positively affects the comprehensive score regardless of the change in fly ash content. However, at low cement content (<495 kg/m3), the comprehensive score increases with increasing fly ash content, and at high cement content (>495 kg/m3), the effect of fly ash content on the comprehensive score is not significant. From Fig. 10b, it can be seen that the comprehensive score under the coupling effect of cement and slag powder increases with the increase of both contents. The effect of slag powder on the comprehensive score at low cement content is not significant, and the comprehensive score at high cement content increases significantly with the increase of slag powder content. This indicates that cement and slag powder has the property of mutual activation, and this is consistent with the results of the above study. From Fig. 10c, it can be seen that the response surface under the coupling effect of slag powder and fly ash shows an increasing trend. This indicates that the coupling effect of the two factors has a positive effect on the comprehensive score. In addition, slag powder has a more significant improvement on the comprehensive score at low fly ash content than at high fly ash content.
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Figure 10: Effect of coupling factors on comprehensive score. (a) Cement and fly ash; (b) Cement and slag powder; (c) Fly ash and slag powder

3.7 Model Optimization

3.7.1 The Mix Proportion Optimization of TWSC

The rock mass of the mine studied in this paper is in a fractured state, and all the underground tunnels are supported by wet shotcrete (strength grade C20). In the population distribution of the ultimate compressive strength of cubes, the UCS with 95% guarantee measured by the standard experimental method is used as the concrete strength grade [49–51]. The above parameters are based on the concrete structure design code (GB50010-2010). To ensure that the UCS meets the standard, the strength guarantee rate is set to 85% in this paper. This means that 28 d UCS should be 23.5 MPa; 14 d UCS is 90% of 28 d (21.2 MPa); and 7 d UCS is 80% of 28 d (18.8 MPa). The experimental results based on RSM are used for multi-objective optimization using DF. The flow of RSM-DF multi-objective optimization is shown in Fig. 11.
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Figure 11: The flow of RSM-DF multi-objective optimization

The optimization range of 7 d UCS, 14 d UCS and 28 d UCS is set to 16.5–23.5 Mpa, 19–25 Mpa and 20.5–27 Mpa, respectively. The target values of optimization are set to 18.8, 21.2 and 23.5 Mpa. According to the support technique of this mine, it is known that the importance of UCS with different curing time is ranked as 28 d > 7 d > 14 d. Therefore, the weights of optimization targets are set as 0.5, 0.3 and 0.2 respectively. According to Eqs. (9) and (10), the single desirability and comprehensive desirability of UCS are calculated, and the influence law of different factors on the desirability is shown in Fig. 12. From Fig. 12a, it can be seen that the effect of slag powder content on single desirability is highly significant and the value of single desirability increases and then decreases with the increase of slag powder content. The single desirability is maximum when the slag powder content is in the range of 85–95 kg/m3. The effect of fly ash content on the single desirability is inferior, and the fluctuation of the single desirability within the experimental range is only 0.16. The cement content has a significant effect on the single desirability. When the cement content is around 480 kg/m3, the single desirability is maximum. Based on the above analysis, the comprehensive desirability under multiple factors is calculated by setting the cement content to 470–490 kg/m3 and the slag powder content to 85–95 kg/m3 and using fly ash content as the independent variable. The results are shown in Fig. 12b. From Fig. 12b, it can be seen that the comprehensive desirability of the composite cementitious system has a maximum value of 0.96 when the cement, fly ash, and slag powder content are 470, 80 and 90 kg/m3, respectively.
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Figure 12: The influence law of different factors on desirability. (a) The influence law of different factors on the desirability; (b) The comprehensive desirability of UCS

3.7.2 The Comparison of Optimization Results

In order to compare with the multi-objective optimization results obtained using RSM-DF, the optimal proportion of the composite cementitious system is found based on RSM, as is shown in Table 6. From Table 6, the optimized mix proportions based on RSM-DF meet the UCS requirements of 7 d, 14 d and 28 d and the UCS at different curing time is not higher than 3% of the UCS index. This indicates that the method adopted in this paper is reliable and can be used for the design and optimize the mix proportion for TWSC. In addition, the UCS of mix proportions obtained by RSM at 7 d and 28 d are lower than the UCS index, which indicates that the method has some disadvantages in terms of multi-objective optimization. The reason for these disadvantages is that TWSC is a complex multiphase composite material with high nonlinearity and uncertainty between factors affecting its strength, so it is difficult to use some specific and reasonable multivariate nonlinear function to predict its mix proportion precisely.

[image: images]

4  Conclusions

In this paper, the effect of the composite cementitious system on the strength of TWSC is studied by RSM and IE is introduced to evaluate the composite cementitious system. In addition, the mix proportion of the composite cementitious system is optimized by RSM-DF.

1.    A nonlinear regression model with the content of cement, fly ash and slag powder as variables and the strength of TWSC as the response value is constructed by RSM. The maximum error of the model is only 3.1%, which indicates that the model has a high prediction accuracy. The model can be used to rapidly obtain the strength of the TWSC according to different proportions, which makes the composite cementitious material investigated in this paper have a better practical application value.

2.    The strength of TWSC is gradually enhanced with the increase of cement and slag powder content and is first enhanced and then weakened with the increase of fly ash content. When the amount of fly ash content is more than 95 kg/m3, the strength of TWSC is no longer enhanced. Therefore, the dosage of fly ash should be kept below 95 kg/m3 in the investigation of the optimal proportion. In addition, further experiments should be conducted to analyze the role played by fly ash in the composite cementitious material and the reasons for the existence of a critical dosage.

3.    The higher the comprehensive score of the composite cementitious system, the better the internal structure of the TWSC. A high comprehensive score means the composite cementitious system is better. The hydration products from the hydration reaction form a dense cement structure, which improves the strength of the TWSC.

4.    The optimum mix proportion of the composite cementitious system is obtained based on RSM-DF. The composite cementitious system has a maximum satisfaction of 0.96 when cement, fly ash, and slag powder are mixed at 470, 80 and 90 kg/m3, respectively. It should be noted that this proportion corresponds to TWSC of C20 strength grade, and for underground mines, the deeper mining depth further increases the strength requirement of TWSC, so further experiments should be conducted to investigate the mechanism of the composite cementitious system and the optimal proportion under the requirement of high strength grade.
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Table 3: RSM-BBD experimental factors and levels

Factors Level code

-1 0 1
Cement content (X;) 440 480 520
Fly ash content (X5) 50 100 150

Slag powder content (X5) 40 80 120
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Table 4: Experimental results of RSM

Group Factor Measured values/MPa Predicted values’/MPa  Comprehensive score
X X X3 Y, Y, Y5 Y*, Y*, Y *5 M M*

1 480 150 120 22.61 2389 2492 2249 2377 24776 96.6 96.1
2 440 150 80  21.17 23.10 24.12 2099 2279 23.67 92.2 91.0
3 480 100 80 19.03 2233 2394 1924 2205 2347 §7.1 86.7
4 440 100 40 18.44 2026 21.41 18.03 1998 2132 809 79.7
5 480 50 120 21.67 2293 2422 21.08 2234 23.68 93.0 90.6
6 440 50 80 17.63 1950 21.67 1791 19.66 21.61 78.8 79.4
7 480 100 80 1930 2203 2346 1924 2205 2347 86.8 86.7
8 520 100 40 2023 2141 2294 1993 2098 2234 87.2 85.5
9 440 100 120 20.19 2147 2243 2049 2190 23.03 86.6 88.3
10 520 50 80 2194 23.01 2473 2212 2332 2517 94.1 95.3
11 480 100 80 1945 2208 2337 1924 2205 2347 87.0 86.7
12 480 50 40 18.12 1938 20.65 1824 1950 2080 784 78.9
13 520 100 120 23.01 2451 26.69 2341 2479 26.78 100.0 100.0
14 520 150 80 21.89 23.18 2481 21.60 23.02 2487 943 93.7
15 480 100 80 1932 2191 2328 1924 2205 2347 86.5 86.7
16 480 150 40 18.80 20.28 2095 19.39 2088 2149 &l.1 83.5
17 480 100 80 19.09 2192 2333 1924 2205 2347 86.1 86.7
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Table 1: Chemical compositions of tailings (mass fraction) (%)

Materials Si10, CaO MgO Fe, O3 ALO; MnO SO; TiO,

Content 67.1 251 0.65 2.17 16.73 0.15 09 0.25
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Table 6: Comparison of mix proportions of the composite cementitious system

Methodology Mix proportion (kg/m’) UCS (MPa)

Cement Fly ash Slag powder 7d Index 14d Index 28 d Index

RSM 460 70 90 18.69 18.80 21.37 21.20 22.84 23.50
RSM-DF 470 80 90 19.12 21.75 23.54
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Table 2: Chemical compositions of cementitious materials (mass fraction) (%)

Materials S10, CaO MgO Fe,O5 Al,O4 SO;
Cement 20.35 62.20 4.22 3.17 4.34 2.54
Fly ash 45.1 5.6 1.13 0.85 24.2 2.1

Slag powder 27.51 43.24 8.09 0.38 16.25 1.51
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Table 5: Variance analysis of response surface experiment results

Source F-value P-value

Y, Y. Yy M Y, Y, Y, M

Model 20.5 155 143 18.8 0.0003 0.0008 0.0010 0.0004
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