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Abstract

:

Nowadays, the cemented paste backfill mining method is widely used in mines. Since the temperature of the mine increases with increasing mining depth, the influence of temperature on the mechanical properties of cemented paste backfill (CPB) require attention. To address the problem of less research on paste performance in high temperature environments, uniaxial compressive strength tests of CPB at different temperatures were performed, and it was observed that temperature had a significant effect on the CPB strength. The CPB strength at a curing temperature above 40 °C deteriorated in the later curing time period, CPB at 65 °C was “crisp”, and the strength was lower than 40 °C in 3~28 days. Microscopic tests, such as thermogravimetric analysis (TGA/DTG), X-ray diffraction (XRD) and scanning electronic microscopy (SEM) analysis, of the samples found that the coarsening of the pore structure of CPB was the main reason for the decrease in the strength caused by the increase in temperature. The effect of curing temperature on the deformation characteristics of CPB was studied. Different curing temperatures had a greater impact on the stress-strain curve and elastic modulus, and there was a linear relationship between the elastic modulus and strength. Finally, based on MATLAB, a back propagation (BP) neural network model of strength under different curing temperature conditions was established. Compared with the actual value and the predicted value, the average absolute error was less than 0.2 MPa, and the average relative error was less than 6%. This prediction model had a high accuracy. The research results provide a good reference significance for the strength design of CPB.
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1. Introduction


After decades of continuous large-scale mining, China’s shallow resources have become exhausted [1]. The only way to develop metal mines in the future is to reach the deeper parts of the earth [2]. However, by increasing the mining depth, geological conditions gradually deteriorate. According to geothermal gradient research, the temperature increases by approximately 3 °C for every 100 m. At present, the average ground temperature of global mines more than one kilometer deep is 30~40 °C. When exploring the influence of mining depth on temperature in a gold mine in South Africa, it was found that the average temperature was 35 °C when the depth was 3000 m, 50 °C when the mining depth was 4000 m, and 70 °C when the mining depth was 5000 m [3]. In the Fengyu lead-zinc mine in Japan, although the mining depth is only 500 m, the temperature is as high as 80 °C, due to fissure hot water [4].



The cemented paste backfill (CPB) mining method is widely used to fill the goaf in mines around the world. It can maximize the use of tailings, and has the characteristics of non-stratification, non-separation and non-dehydration [4,5,6,7,8], which can effectively solve safety and environmental problems. Under deep mining condition, the temperature effect is an important factor in the evolution of paste mechanical properties [9,10]. In underground mines using this method, there are many factors that lead to temperature change, such as different depth and geological conditions of the mine, the hydration reaction in the process of paste hardening, heat generated by friction with the pipe wall in the process of slurry transportation, and various human factors.



Research on the influence of temperature on the mechanical properties of cementitious materials was first carried out in the field of concrete, such as the influence of initial temperature on the mechanical properties of concrete [11,12,13]. However, paste material is different from concrete, and the conclusions drawn in the concrete field cannot be fully applied to CPB. Therefore, there are also some studies on the effects of initial temperature and curing temperature on the mechanical properties of paste materials. For example, E.G. Thomas [14] studied the relationship between temperature and the strength of CPB. When the temperature is lower than 10 °C, the curing temperature has a great impact on CPB strength, and the low temperature will inhibit the hydration reaction of cement in the filling slurry. Li Xingshang [15] found that CPB strength is greatly affected by the temperature when the cement content is low. The development speed of strength is significantly increased when the curing temperature exceeds 40 °C. Jiang [16] studied the strength rule of CPB with different concentrations of sodium chloride at low temperatures. It was found that CPB strength decreased with increased sodium chloride concentration at low temperatures. Celestin [17] studied the effect of curing temperature on the performance of CPB. It was found that the curing temperature had great impact on the durability, mechanical properties and microstructure of CPB. Pokharel [18] studied the influence of temperature and sulfate on the permeability of CPB, and found that the main factors affecting the permeability of CPB depend on the curing temperature and initial sulfate content. Aldhafeeri [19] studied samples with different curing time and temperature, and found that the strength of CPB was affected by the coupling of curing time and temperature. Wang Yong [20] studied the effect of initial temperature on the mechanical properties of CPB, and found that the law of “strength inverse increase” applied when the initial temperature was 50 °C. Fall [21] studied the effect of curing temperature and different component ratios on the mechanical properties of CPB and found that the strength of CPB will increase with the increase of curing temperature. Wu [22] explored the coupling effect of temperature and the hydration reaction process on the rheological properties of CPB through a mathematical model.



Most of the above studies focus on the effect of initial temperature or medium and low curing temperature on the mechanical properties of CPB. Few studies have been carried out on the mechanical properties of CPB in high-temperature environments. Furthermore, there are few studies on the influence of hydration reaction, microstructure and the strength formation mechanism. Therefore, this paper explores the influence of different curing temperatures on CPB strength, and reveals the influence mechanism of curing temperature on CPB mechanical properties by setting the same temperature as the mine at different depths.




2. Materials and Methods


2.1. Experimental Materials


The materials include tailings, 32.5 Portland cement and water. The tailings came from a lead-zinc ore dressing site in Zhangjiakou, and its particle size distribution is shown in Figure 1. The particle size of tailings less than 20 μm account for 28.09%.



The physical properties and chemical composition of tailings are shown in Table 1 and Table 2. It can be seen from Table 2 that the tailings mainly include SiO2, Fe2O3, Al2O3, CaO and other components.




2.2. Experimental Method


2.2.1. Physical Property and Compressive Strength Test


After the tailings were dried, the slurry was made according to a 1:8 ratio of cement to sand and a mass concentration of 72%. The slurry was then injected into molds sized 7.07 cm × 7.07 cm × 7.07 cm. Next, the samples were removed from the molds and moved into a test box with different temperatures. The samples were cured for 3 d, 7 d, 14 d and 28 d under an environment of 95% humidity. The temperature parameters were set at 20 °C, 35 °C, 40 °C, 50 °C and 65 °C. In order to ensure the reliability of the experimental results, three samples were prepared for each group of experiments. The uniaxial compressive strength test was conducted according to GB/T 17671-1999. A sample with a mass of m1 was dried in an oven at 90 °C for 36 h, and then its mass was weighed again as md. The water content w was calculated according to Equation (1).


  ω =    m 1  −  m d     m d     



(1)







After obtaining the water content of the samples, the dry density ρd was calculated according to Equation (2).


   ρ d  =   100 ρ   100 + ω    



(2)




where ρ is the volume weight of CPB.




2.2.2. Micro-Performance Test Method


Anhydrous ethanol was used to stop the hydration of the samples. The dried samples were cut into small pieces and prepared for scanning electronic microscopy (SEM). Then the samples were ground fine enough to pass through an 80-μm-hole sieve for X-ray diffraction (XRD) analysis and thermogravimetric analysis (TGA/DTG). An SU8200 cold field emission scanning electron microscope was used for the SEM test, an Ultima-IV X-ray diffractometer for the XRD test, and a DTG-60A thermogravimetric analyzer for TGA/DTG.






3. Results and Discussion


3.1. Evolution Law of Physical Properties at Different Curing Temperatures


The water content and dry density of CPB can reflect the mechanical properties of CPB. The change in water content with curing time at different curing temperatures is shown in Figure 2. It can be seen from Figure 2 that the water content of CPB decreased with increased curing time under different curing temperatures and dropped the fastest in the first seven days. When the temperature was 20 °C, 35 °C, 50 °C and 65 °C, the water content decreased by 3.3%, 3.4%, 4.2% and 4.4%, respectively, after seven days, compared with the water content after three days (calculated by (w3d-w7d)/w3d). It can be seen that the higher the curing temperature rose, the faster the water content decreased. The reason for this is that the hydration rate is faster earlier on. With the hydration reaction, more and more free water becomes bound water, and thus, the water content gradually decreases. The higher the curing temperature rose, the faster was the speed of hydration reaction, and at the same time, the lower the water content.



The change rule of dry density of CPB is shown in Figure 3. Under different curing temperatures, the dry density of CPB increased with the increased curing time, and the growth rate was the fastest in the first 14 d. After 14 d, with the hydration reaction completed, the change in dry density tended to be flat. However, it can be observed that at 28 d, the dry density of CPB at a higher curing temperature was relatively lower, and the dry density at 65 °C was 1.86% lower than that at 20 °C. This indicates that the high temperature will cause the structure of CPB to loosen at 28 d.




3.2. Change Law of Uniaxial Compressive Strength under Different Curing Temperatures


3.2.1. Effect of Curing Temperature on the Evolution Trend of Uniaxial Compressive Strength with Curing Time


Figure 4 shows the change of strength with curing time under different curing temperatures. It can be seen that the CPB strength at 20 °C and 35 °C increased with increasing curing time, and the strength at 35 °C was significantly higher than that at 20 °C. After curing for 3 d, 7 d, 14 d and 28 d, the samples’ strength at 30 °C was 106%, 55%, 10.7% and 8.5% higher than that at 20 °C, respectively. This is mainly because with the increase in curing time, the hydration process of CPB under different curing temperatures is getting closer. At 40 °C and 50 °C, the CPB strength gradually increased in 14 d, and they reached 2.68 MPa and 3.31 MPa, respectively, at 14d. However, after 14 d, the strength began to decline to 2.41 MPa and 1.933 MPa, which decreased by 10.2% and 41.6%, respectively. The decline rate at 50 °C was significantly higher than that at 40 °C. For this reason, the higher temperature causes the samples’ structure to produce pores, resulting in a decrease in strength. The higher the temperature, the greater the decrease in strength [19]. Razak [23] also believes that there is a threshold value for the effect of temperature on cement solidification. Once the threshold value is exceeded, it is detrimental to the formation of cement hydration. It can also be seen from Figure 4 that at 65 °C, after a certain strength (1.95 MPa) was produced in the first three days, the strength began to decline rapidly. After 14 d, the strength became stable. The strength at 28 d decreased by 52% compared with that at 3 d. This is because the high temperature environment causes the rapid gasification of water in the paste at the early stages of hydration, resulting in a series of pores. This phenomenon is later verified. At 28 d, the sample showed an obvious “crisp” phenomenon, as shown in Figure 5.




3.2.2. Effect of Curing Temperature on the Strength at the Same Curing Time


The curing temperature had a significant impact on the development of CPB strength. Figure 6 shows the change in CPB strength with temperature under different curing times. It can be seen that the strength increased with increases curing temperature (≤50 °C) at 3 d, 7 d and 14 d. Compared with 20 °C, the strength at 50 °C increased by 145.3%, 81.3% and 39.35%, respectively. It can be considered that within a certain range (≤50 °C), temperature has a greater impact on the increase of early strength.



At 28 d, with the curing temperature increase, the CPB strength reached the maximum (3.03 MPa) at 35 °C, and then began to decline. The fastest decline occurred at 50–65 °C. This shows that the curing temperature had an obvious effect on the 28 d’s strength. When the curing temperature is higher than 40 °C, CPB strength begins to deteriorate.





3.3. Microstructure Analysis of CPB under Different Curing Temperatures


3.3.1. Results of TGA/DTG and XRD


Analysis of Results at 20 °C and 50 °C for 3 d


In order to reveal the influence of different curing temperatures on the strength, TGA/DTG and XRD were carried out on the samples at 20 °C and 50 °C for 3 d, as shown in Figure 7. At the temperature ranges of 100–200 °C, 400–550 °C and 650–750 °C, the weight loss and endothermic peak of the samples at 50 °C and 3 d were higher than that at 20 °C and 3 , respectively, indicating that more C-H-S, ettringite, CH and CaCO3 can be formed at relatively high temperatures.



The XRD for samples was further analyzed, as shown in Figure 8. A large amount of C-H-S, ettringite, CH, CaSO4 and CaCO3 were generated from CPB at different curing temperatures. It can be seen from Figure 8 that at the diffraction angle of 18°2-theta, the strength of CH was 1451 CPS at 20 °C and 3 d, and 1510 CPS at 50 °C and 3d. Similarly, the CH intensity at the diffraction angle of 47 and 51°2-theta at 50 °C were higher than that at 20 °C. However, the strength of C2S was decreasing. This shows that the amount of hydration products (CH) increases with the increase of temperature at 3d.




Analysis at 40 °C and 65 °C for 28 d


Compared with 40 °C, the strength of CPB decreased at 65 °C at different curing times, and the curing temperature had a significant impact on the strength at 28 d. When the curing temperature is higher than 40 °C, the CPB strength will deteriorate. In order to explain the cause of deterioration, thermal analysis and XRD analysis were performed on the samples at 40 °C and 65 °C for 28 d, as shown in Figure 9. When the curing temperature was 65 °C and the time 28 d, the weight loss and endothermic peak of samples in the temperature ranges of 100–200 °C and 550–700 °C were higher than that at 40 °C, which indicates that more hydrates can be produced at 65 °C and 28 days.



It can be seen from Figure 10 that at 28 d, the strength of CH at 65 °C was 18 (1494CPS), 47 (1508CPS) and 51°2-theta (2236CPS), which was higher than 18 (1470CPS), 47 (1401CPS) and 51°2-theta (2193CPS) at 40 °C. This means that at 28 d, the higher the temperature, the more hydration products will be produced, and the higher the strength should be, which is consistent with the thermal analysis results, but contrary to the change law of strength. Therefore, the main factor affecting the strength is not the amount of hydration products.




The Consistency of the Results of the Two Analytical Methods


Thermal analysis and XRD analysis explain the main reason why the strength of CPB increased with the increase of temperature at 3 d, 7 d and 14 d: the high temperature accelerates the hydration reaction, and the amount of hydration products (C-S-H, C-H, ettringite and other ingredients) increases with the temperature increase, and these hydration products are beneficial to the CPB strength. This suggests that at 28 d, the amount of hydration products was not the main factor affecting strength change.





3.3.2. Electron Microscope Scanning and Pore Analysis


The ZEISS Gemini 500 electron microscope equipment (Figure 11) was used to observe samples at 20 °C for 3 d and 28 d.



Figure 12 shows the SEM image of the samples at 20 °C and 3 d. It can be seen from Figure 12 that many needle-like ettringite and crystalline CH precipitates were formed inside the samples at 20 °C for 3 d. The interlaced link of acicular ettringite forms a network structure, which is an important reason for the formation of early CPB strength. However, there were still a large number of pores between the CPB particles at this time. This was because the hydration reaction causes water in the pores to be quickly sucked out, and the speed of the pore-water being sucked out is faster than the precipitation speed of the hydration products, leading to the formation of pores [20]. These pores are gradually filled by hydration products with the increase in curing time.



Figure 13 shows the SEM images of the samples after curing for 28 d at 20 °C and 50 °C. Comparing the electron microscope images at 20 °C for 3 d and 28 d (Figure 12a and Figure 13a), it can be observed that the pores between tailings particles are filled by hydration products at 28 d, and the structure is more compact, which leads to greater strength.



Compared with the SEM images (28 d) at 20 °C and 50 °C, it can be seen that there are many coarse pores in the sample at 50 °C, and the structure is less dense than that at 20 °C. This may be the reason why the strength (28d) at 50 °C is lower than that at 20 °C.



In order to verify the conjecture on the cause of the strength change, pore analysis was carried out for the above phenomenon. In this paper, the samples’ cross-sections were scanned by electron microscope, and the SEM images were processed with Photoshop and Image Pro Plus software to obtain the microstructure information and the change rule of pore.



It can be seen from Figure 14 and Figure 15 that the curing temperature increase to a certain extent (up to 50 °C) leads to the reduction of porosity and the refinement of pore structure at 3 d and 7 d. For the samples with a curing time of 3 d, the porosity at 50 °C was 14.77% lower than that at 20 °C, and the average pore diameter was 7.8% lower than that at 20 °C. The porosity at 50 °C for 7 d was 14.29% lower than that at 20 °C, and the average pore diameter was 13.4% lower. This is because within a range (≤50 °C), high curing temperature promotes the hydration of cement which leads to more cement hydration products and a finer cement matrix porosity. This was also confirmed by previous thermal analysis and XRD analysis. However, when the temperature reached 65 °C, the porosity and average pore diameter in 3 d and 7 d were higher than those at curing temperatures less than 65 °C, the porosity was 8.3% and 26.67% higher than that at 50 °C, and the average diameter of pores was 10.6% and 15.3% higher, respectively. In addition, it is particularly noted that the average pore diameter increased with increased temperature on 28 d. This phenomenon was also confirmed by SEM images.



The pore structure of porous media has been considered as an important factor affecting the strength and other properties of cementitious materials [24]. When the temperature is higher than a threshold, the temperature increase will lead to decreased CPB strength. The reason for this is that under the influence of high temperature, the water in CPB at the initial hydration reaction stage is rapidly vaporized, resulting in a series of coarse pores rather than incomplete hydration reaction.






4. Effect of Different Curing Temperatures on Deformation Characteristics of CPB


4.1. Effect of Curing Temperature on the Stress-Strain Curve


The stress-strain curves of CPB under different curing temperatures and curing time are shown in Figure 16. It can be seen that the curing temperature had a great influence on the stress-strain curve. Figure 16 shows the influence of different curing temperatures and time on the deformation behavior of CPB. It can be seen from Figure 16a–d, except for the 28 d’s stress-strain curve at 40 °C and 50 °C, that the elastic phase slope of the stress-strain curve gradually increased with increased curing time at each curing temperature. This phenomenon can be attributed to the following: with the increased curing time, the sample produces more hydration products, making it denser, and the same strain requires more pressure. The abnormal behavior of the 28 d’s stress-strain curve at 40 °C and 50 °C is consistent with the change of the corresponding uniaxial compressive strength. Figure 16e shows that at 65 °C, the slope of the elastic stage decreased with the increased curing time. Moreover, the effect on the stress-strain curve was completely opposite compared with the lower temperature. This is because under high temperature conditions, with increased curing time, the vaporization of free water leads to the increase of pore structure, and the peak stress and corresponding strain values decrease simultaneously [25]. At the same time, it can be seen that the strain value corresponding to the peak stress at 35 °C, 40 °C and 50 °C decreased with the temperature increase. At 28 days, the strain value corresponding to the peak stress increased with the temperature increase, indicating that the curing temperature had a great impact on the strain value corresponding to the peak stress. The above results reflect the deformation characteristics of CPB under different curing temperatures.




4.2. Effect of Curing Temperature on Elastic Modulus


The effect of different curing temperatures and curing times on the elastic modulus is shown in Figure 17. It can be seen from Figure 17a that curing time had a great impact on the elastic modulus under different curing temperatures. At 20 °C and 35 °C, the elastic modulus value gradually increased with increased curing time, and the increase at 20 °C was significantly higher than that at 35 °C. This is mainly because with the increased curing time, the hydration reaction of cement was gradually completed, and the increase of hydration products led to the increase of hardness. At 40 °C and 50 °C, the elastic modulus gradually increased in 14d. However, after 14d, the elastic modulus began to decline, and the decline rate at 50 °C was significantly higher than that at 40 °C. The reason is that the higher temperature causes CPB to produce more pores, and leads to the decline of mechanical properties. At 65 °C, the elastic modulus continued to decline with increasing curing time. The high temperature caused the rapid hydration reaction of CPB at the initial curing stage, which led to the incomplete hydration of the cement. At the same time, the high temperature will lead to the rapid gasification of moisture in the sample and result in a series of pores, which will affect the mechanical properties of CPB.



It can be seen from Figure 17b that curing temperature had a great impact on the elastic modulus of CPB. At 3 d, 7 d and 14 d, the elastic modulus increased with increasing curing temperature when the curing temperature was not more than 50 °C. At 65 °C, the elastic modulus of CPB decreased at different curing times. At 28 d, the elastic modulus continued to decline with the increasing curing temperature. This is because the increase of temperature leads to greater and coarser pore sample structure. The interface between aggregate–cement slurry becomes more porous, and microcracks in the interface area are more likely to occur when pressed. Therefore, the elastic modulus is lower [26].




4.3. Effect of Curing Temperature on the Relationship between Uniaxial Compressive Strength and Elastic Modulus


Figure 18 shows the relationship between elastic modulus and uniaxial compressive strength under different curing temperatures and curing times. It can be seen from Figure 18 that the elastic modulus increases with the increase of uniaxial compressive strength under different curing temperatures, indicating that the effect of curing temperature on the relationship between elastic modulus and uniaxial compressive strength is not obvious.



The linear regression analysis of the relationship between elastic modulus and uniaxial compressive strength and the square root of uniaxial compressive strength was carried out. The fitting results are shown in Figure 19 and Figure 20, and Equations (3) and (4).


  E = 18.2559518 f + 10.54101  



(3)






  E = 48.2156  f  − 22.645  



(4)




where E is the elastic modulus, MPa; f is the uniaxial compressive strength, MPa.



The results show that there was a significant linear relationship between elastic modulus and uniaxial compressive strength, and the correlation coefficient was 0.986. The elastic modulus also had a good correlation with the square root of uniaxial compressive strength, with a correlation coefficient of 0.914.




4.4. Strength Prediction Model of CPB under Different Curing Temperatures


In order to predict the CPB strength under different curing temperatures, the nonlinear relationship between temperature and time and uniaxial compressive strength was established based on MATLAB and a BP neural network. The structure of the BP neural network is mainly composed of input layer, hidden layer and output layer [27]. The BP neural network design mainly includes the determination of neural network topology, network parameters and sample data processing [28]. Table 3 shows the samples selected in the process of model establishment. There were 20 groups of experimental data. Fifteen samples were randomly selected as training samples and five samples were validation samples. The structure of the CPB strength prediction model under the influence of different temperatures is shown in Figure 21.



Figure 22 and Table 4 show the comparison between the measured and predicted values of strength. It can be seen from Table 4 that the maximum absolute error between the measured value and the predicted value was 0.592 MPa, the average absolute error was 0.084 MPa, the maximum relative error was 24.5%, and the average relative error was 3.7%. It can be seen from Figure 22 that the measured values were close to the predicted values. This shows that the prediction model is highly accurate.





5. Conclusions


In the process of deep mining, CPB mostly exists under the condition of high temperature. In this paper, the change law of the strength of CPB under different curing temperatures was explored, and its influence mechanism was further analyzed (especially the influence of high temperature). This paper is helpful for the CPB strength design and goaf stability in deep mining.



	(1)

	
The uniaxial compressive strength of CPB at different temperatures was tested. Microscopic tests, such as TGA/DTG, XRD and SEM analysis, were carried out. It was observed that different curing temperatures had a significant impact on the development of strength. When the temperature was less than 35 °C, the temperature increased promoted strength development. When the temperature was 40 °C, the CPB strength deteriorated at 28 d, and the higher the curing temperature, the more serious the deterioration of strength. When the curing temperature was 65 °C, the samples became seriously crisp. The temperature increase was the main reason for the coarsening of the CPB pore structure and strength reduction.




	(2)

	
In addition to the 28 d’s stress-strain curve at 40 °C and 50 °C, the law that the slope of the stress-strain curve in the elastic phase gradually increases with increasing curing time was met at each curing temperature. In addition, the curing temperature had great impact on the strain value corresponding to the peak stress. At 3 d, 7 d and 14 d, the elastic modulus first increased and then decreased with increasing curing temperature. At 28 d, the elastic modulus continued to decrease with the increased curing temperature. This was because the temperature increase led to greater and coarser pore structure in samples, and the interface between aggregate and cement slurry also became more porous. The microcracks in the interface area were more likely to occur under pressure. Linear fitting of curing temperature on the relationship between uniaxial compressive strength and elastic modulus showed that curing temperature had no obvious effect on the relationship between elastic modulus and uniaxial compressive strength, but there was a significant linear relationship between elastic modulus and uniaxial compressive strength.




	(3)

	
Based on the MATLAB analysis, 20 groups of experimental data were selected. Fifteen groups were randomly selected as training samples and five groups were validation samples. The BP neural network model of strength under different curing temperatures was established. By comparing the measured value with the predicted value, the average absolute error was less than 0.2 MPa, and the average relative error was less than 6%, indicating that the prediction model had high accuracy.
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Figure 1. Particle size distribution of tailings. 
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Figure 2. Variation of water content with time at different temperatures. 
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Figure 3. The change in dry density with time at different temperatures. 
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Figure 4. Variation of strength with curing time under different curing temperatures. 
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Figure 5. Surface morphology of samples at 65 °C for 28 d. 
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Figure 6. Change in strength with curing temperature at 3 d, 7 d and 14 d. 
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Figure 7. The effect of curing temperature at 20 °C and 50 °C on TGA/DTG for 3 d. 
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Figure 8. The effect of different curing temperatures on the XRD at 3 d. 
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Figure 9. The effect of curing temperature (40 °C and 65 °C) on the TGA/DTA at 28 d. 
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Figure 10. The effect of different curing temperatures on the XRD at 28 d. 
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Figure 11. ZEISS Gemini 500 electron microscope equipment. 
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Figure 12. SEM images of CPB at different magnifications (20 °C and 3 d). 






Figure 12. SEM images of CPB at different magnifications (20 °C and 3 d).



[image: Minerals 13 00383 g012]







[image: Minerals 13 00383 g013 550] 





Figure 13. SEM images of samples at 28d under different temperature conditions. 






Figure 13. SEM images of samples at 28d under different temperature conditions.



[image: Minerals 13 00383 g013]







[image: Minerals 13 00383 g014 550] 





Figure 14. Variation law of porosity of CPB under different curing temperatures. 
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Figure 15. Variation law of average pore diameter of CPB at different curing temperatures. 
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Figure 16. Stress-strain curves of CPB at different times. 
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Figure 17. Variation law of elastic modulus with different factors. 
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Figure 18. The relationship between elastic modulus and uniaxial compressive strength at different curing temperatures. 
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Figure 19. Regression analysis between elastic modulus and uniaxial compressive strength. 
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Figure 20. Regression analysis between elastic modulus and square root of uniaxial compressive strength. 
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Figure 21. The structure of the CPB strength prediction model under the influence of different temperatures. 
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Figure 22. Comparison of measured values and predicted values. 
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Table 1. Physical properties of tailings.
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Proportion

	
Average Loose Density/t·m−3

	
Average Density/t·m−3

	
Loose Porosity/%

	
Dense Porosity/%






	
3.09

	
1.407

	
1.653

	
54.45

	
46.5




	
Particle size composition

	
D10/μm

	
D25/μm

	
D50/μm

	
D75/μm




	
7.382

	
17.478

	
45.949

	
122.475
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Table 2. Mass fraction of main chemical components of tailings (%).
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	SiO2
	Fe2O3
	Al2O3
	CaO
	SO3
	MgO





	40.8383
	21.1618
	14.0069
	8.1996
	5.2409
	3.6918
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Table 3. CPB strength data under different curing temperatures (MPa).
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Temperature



	
20 °C

	
35 °C

	
40 °C

	
50 °C

	
65 °C




	
Time



	






	
3d

	
0.956

	
1.972

	
2.016

	
2.346

	
1.953




	
7d

	
1.458

	
2.260

	
2.506

	
2.644

	
1.813




	
14d

	
2.376

	
2.630

	
2.684

	
3.310

	
1.113




	
28d

	
2.792

	
3.030

	
2.410

	
1.933

	
0.937
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Table 4. Prediction results of strength at different temperatures.
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	Number
	Measured Values/MPa
	Predicted Values/MPa
	Absolute Error/MPa
	Relative Error/%





	1
	1.458
	1.498
	−0.040
	−2.709



	2
	2.016
	2.058
	−0.042
	−2.063



	3
	2.792
	2.793
	−0.001
	−0.039



	4
	2.376
	2.341
	0.035
	1.465



	5
	2.26
	2.381
	−0.121
	−5.332



	6
	3.03
	3.034
	−0.004
	−0.122



	7
	3.31
	3.280
	0.030
	0.900



	8
	2.506
	2.599
	−0.093
	−3.703



	9
	1.953
	1.952
	0.001
	0.046



	10
	1.933
	1.934
	0.000
	−0.026



	11
	1.1129
	1.114
	−0.001
	−0.072



	12
	0.956
	0.973
	−0.017
	−1.778



	13
	1.972
	1.851
	0.122
	6.161



	14
	2.346
	2.176
	0.171
	7.268



	15
	2.41
	3.002
	−0.592
	−24.544



	Average value
	
	
	0.084
	3.749







Note: absolute error = measured value–predicted value; relative error = (predicted value–measured value)/measured value.
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