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Abstract

:

As lots of underground mines have been exploited in the past decades, many stope instability and surface subsidence problems are appeared in the underground mines, while the cemented paste backfill (CPB) technology has been applied for more than 40 years, and it can solve these problems. As it is shown that the effect of backfilling is mainly affected by the mechanical properties of the CPB, and there are lots of factors which can influence the strength of the CPB, but the coupled effects of curing conditions has not been reported. In this research, the coupled effects of curing conditions are importantly considered, and the uniaxial compressive strength (UCS) is adopted as the important evaluation index of CPB, then the evolution law of the UCS for CPB are analyzed, also the mathematical strength model of CPB is established. The findings suggest that the relationship between the UCS of CPB and curing stress develops the function of quadratic polynomial with one variable, while the UCS of the CPB shows the power function as the curing temperature increases. Moreover, the established mathematical strength model is verified on the basis of laboratory experiments, the error between the measured UCS and the prediction UCS is less than 15%. It shows that the established strength model of the CPB by considering the curing conditions can predict the UCS very well, it has great significance for the safety design of CPB.
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1. Introduction


As more and more mines have been excavated, many voids are produced in the underground mines, also a lot of tailings are disposed in the tailing dam, therefore, there are huge challenges we are facing, such as the surface subsidence, stope instability and safety of the tailing dams [1,2]. For the voids, they may cause the surface subsidence, stope collapse and other geological risks [3]. According to the statistics by the researchers, there are about 14.6 billion tons of tailings in China, most of them are disposed in the tailings or on the surface, it may cause the environment pollution or dam-failure accidents [4,5]. As the society has been rapidly developed, the environment protection is getting more and more attention, while the filling mining methods can dispose the surface tailings, which has been widely applied in many mines at home and abroad [6]. On the one hand, the CPB technology has the advantages of safety, economy and high efficiency; on the other hand, it also has the advantages of environmental protection [7]. Moreover, the total tailings are used in the CPB technology, so it can reduce the surface tailings deposit for 50~60% [8].



For the CPB technology, the safety of the backfilling stope is the main areas of concern, while the mechanical property is one of the main indexes to reflect the backfilling effect, also the study shows that the UCS is the main index to show the mechanical properties of CPB [9,10]. In terms of the UCS for CPB, many studies had been done by the scholars, Andrew and Fall’s [11,12] study indicated that the UCS was significantly influenced by the curing temperature, because the hydration reaction rate of the cement was firstly affected. The correlation of the electrical properties, microstructure properties and mechanical properties of the CPB was investigated. Secondly, the laboratory tests aere done considering the curing time, sulphur contents and mineral admixtures by Jiang and Liu [13,14,15]. Some studies had revealed that the UCS was significantly influenced by the water type, water content and mixing time, also the microstructure of the CPB was affected by the mixing time [16,17]. Libos, Wang and Yilmaz [18,19,20] had studied the relationship between the cement types, cement content and mechanical properties of CPB, indicating that the hydration reaction rate and UCS of the CPB were mostly affect by them. Moreover, it was found that the specimen size, curing stress and tailings fineness can also influence the mechanical properties of the CPB [21,22,23,24]. In a short word, the majority of the above studies are concentrated on one influencing factor, while there are few studies about the coupled effects of curing conditions on the mechanical properties of CPB.



However, most of the studies were based on the laboratory tests, the costs of the laboratory experiments are high, many researchers had established the UCS prediction model to forecast the UCS of CPB when designing the mix proportion of CPB [25,26]. Ehsan et al. used the particle swarm optimization algorithm to optimize the multi-objective mixture design of CPB. Li and Zhao et al. [27,28,29]. optimized the admixture of CPB on the basis of the response -surface method, and it can provide technical references for the engineering design in the mines, while the fitting formula was complex and the cross term had no specific physical meaning. Moreover. the BP neural network and intelligent modelling framework were adopted to show the UCS with different conditions, but the model was based on the laboratory experiment, and the data should be large, it was difficult to applied in the engineering design [30,31,32]. Based on the laboratory experiments, Mitchell and Fu et al. [33,34,35] established the mathematical model to forecast the UCS, also the model was applied to the engineering design. According to the above studies, there were many prediction models which can predict the strength of CPB, but the prediction model can be established better [36,37,38], the influencing factors were incomplete, the studies showed that the UCS is affected by curing conditions, therefore, it is needed to establish the prediction model considering the curing conditions.



In this paper, the strength characteristics of CPB considering curing conditions is studied, and the UCS of the CPB is tested in the laboratory, then evolution role of the UCS for CPB considering curing conditions is analyzed, based on the results, the mathematical strength model of CPB considering different curing conditions is established, also the established mathematical strength model is verified based on the experiment results.




2. Experimental Materials and Methods


2.1. Materials


2.1.1. Tailings


As the tailings is one of the main components of CPB, therefore, the total tailings can be disposed, and it is selected from one copper mine. Firstly, the laser particle scanning analyzeris used to analyze the particle size distribution (PSD) of the total tailings, then the X-ray diffractometry (XRD)is adopted to obtain the chemical component of the tailings [39,40], therefore, the physical and chemical properties of the tailings are obtained, and the chemical characteristics of the tailings is shown in Table 1, it indicates that the chemical components of the total tailings mainly include MgO, Al2O3, SiO2 and CaO.



As it is known that the compactness of the CPB is affected by the gradation of the total tailings [41]. Based on the experimental results, the PSD of the CPB is shown in Figure 1. The statistics shows that the diameter of cumulative volume with 20 μm, 37 μm and 74 μm are 29.60%, 47.33% and 77.52%, respectively. Based on the theoretical calculation formula, then the non-uniformity coefficient and curvature coefficient can be obtained, which are 8.05 and 1.31, respectively. In contrast to the standard values, the distribution of the total tailing is good. According to the tailings which have been studied before, the tailings studied in the copper mine have similar properties to the tailings which have been reported in the literature by other scholars.




2.1.2. Binders


As the binder is also one of the important components of CPB, the Portland cement, fly ash, fiber and waste glass are included [42,43]. The type of Ordinary Portland cement (OPC) is adopted in this study, based on the tests by the laser particle scanning analyzer, the PSD of the cement is also obtained, which is shown in Figure 1, in contrast to the PSD of the tailings, the cement is finer. Moreover, the chemical properties of the cement is obtained based on the X-ray diffraction (XRD) tests, which is shown in Table 1, it also indicates that the SiO2, CaO and other elements are included.




2.1.3. Water


As the CPB consists of cement, tailing and water, therefore, the water is the essential part of the CPB, for it can provide the hydration reaction medium for the CPB. The water is selected from the laboratory tap water, because it can reduce the experimental error. The acid and alkali stability experiment results show that the tap water in the laboratory is weakly alkaline, and the PH value of it is 7.5. Moreover, the Fe, Na, Ca, Si and SO42− are included for the chemical properties of the water.





2.2. Preparation and Mix Proportion of CPB


In this study, the mixer is adopted to make the cement, tailing and water at the same time, and the curing conditions is mainly considered, therefore, the cement-tailing ratio is controlled to be 1:6, also the mass concentration of it is controlled to be 76%. As for the curing conditions, all of the specimens are controlled to be 20 °C for the initial temperature, and the relative humidity is 90 ± 2% RH, therefore, the curing temperature and curing stress are mainly considered for the curing conditions.



According to the studies before, the temperature of 20 °C, 35 °C and 50 °C are selected as the curing temperature schemes. The stress condition of the CPB under different stope heights is shown in Figure 2, as there are seven points ranging from the top to the bottom, the height of them is 0 m, 5 m, 10 m, 15 m, 20 m, 25 m and 30 m between each point to the bottom of the stope for point A, B, C, D, E, F and G. Moreover, the density of the CPB is selected as 2700 kg/m3. Based on the CPB density and backfilling technology, the curing stress of 0 kPa, 90 kPa, 180 kPa, 270 kPa, 360 kPa, 450 kPa and 540 kPa are selected as the curing stress conditions. Firstly, the curing stress is applied to be a quarter of the total required curing stress as the curing time is 12 h; Secondly, the curing stress is applied to be a half of the total required curing stress as the curing time is 1 day; Finally, the curing stress is applied to be the total required curing stress as the curing time is 2 days. Previous studies showed that the curing stress had the appreciable impact on the consolidation of CPB in the first 48 h [44,45], therefore, the stress is applied within 2 days for each schemes. Moreover, as the specimens have been cured for 3 days, the demoulding is required for all the specimens, then all the specimens are in the standard curing conditions, the schemes of the curing stress application is shown in Figure 2.




2.3. UCS Tests


As it is known that the UCS is one of the main influencing indexes to reflect the mechanical properties of CPB, therefore, after all the specimens are cured for the required curing times, then all the specimens are tested to obtain the UCS of the CPB. Before the tests, it is needed to dispose all the specimens. the top and bottom of the specimen should be the plain surface to be parallel, also the standard size of the specimen is 50 mm and 100 mm for its diameter and height. In this study, the WDW-50 servo control uniaxial pressure testing machine is adopted to obtain the UCS of CPB, the control accuracy of it is ±0.2%.





3. Results and Discussion


3.1. Influence of Curing Stress on UCS


The experiment results are shown in the Figure 3, it can reflect the correlation between the curing stress and UCS of CPB, it has made clear that the UCS is significantly increased with the increase of the curing stress while other curing conditions are unchanged. The reason for the above phenomenon can be explained as follow: as the curing stress increases, resulting the faster hydration reaction rate, then more hydration products are produced, also pores between the tailing and cement are compressed by the CPB particles, then the space between the particles are decreased, and the pores are filling into the hydration products, therefore, the UCS of CPB is improved.



In another aspect, the Table 2 shows the correlation between the curing stress and growth rate of UCS, it can reflect the evolution of the UCS growth rate under different curing conditions, the UCS growth rate is significantly decreased when the curing stress is increased. From Figure 3 and Table 2, it also shows that the UCS is increased when the curing time is increased regardless of other curing conditions, but the growth rate of UCS is trending downward. The reason for the above phenomenon is that the cementitious behavior of CPB is improved as the curing time is longer. In a word, the curing time can improve the UCS of CPB, but the growth property of it is certain.



By studying the correlation between the curing stress and UCS quantitatively, the linear, power, exponential, logarithm, and quadratic function of one variable are selected to fit them, the most appropriate function and its correlation coefficient (R2) are shown in Figure 3, the p value of all the fitting equations is less than 0.05 [46], therefore, the function of quadratic polynomial with one variable can reflect the correlation between UCS and curing stress, which can be expressed by the Formula (1):


   σ c  = a + b p + c  p 2   



(1)




where    σ c    is the UCS, p is the curing stress, a, b, and c are the fitting of constant.



For the Formula (1), as the correlation coefficient, all of the correlation coefficient are more than 0.95, which shows that the correlationship among the curing stress and UCS are high. Therefore, the function of quadratic polynomial with one variable is suitable to express the relationship between them.




3.2. Influence of Curing Temperature on UCS


The correlation between the curing temperature and UCS is clearly shown in Figure 4, the UCS of CPB is increased with the increase of curing temperature regardless of other curing conditions. Moreover, it indicates that curing temperature has greater effect on the UCS for the smaller curing stress than the larger curing stress. This phenomenon is caused by the following reasons: when the curing temperature becomes higher, more hydration products are produced, then most of them are filled into the pores between the tailing particles. Therefore, the pore spacing is decreased, and the compactness of the CPB is more dense, which resulting in the increase of UCS.



The Table 3 shows the evolution rule of the UCS growth rate for the CPB, as the curing stress is 0 kPa, the growth rate of UCS are 66.36% and 82.58% for the curing temperature of 35 °C and 50 °C under the curing time of 7 days; while the growth rate of UCS are 46.15% and 36.84% for the same curing temperature under the curing time of 28 days. Therefore, it shows the decline trend for the growth rate of UCS as the curing temperature is increased, and it also shows similar rule for other conditions. Moreover, the results indicate that the growth rate of UCS decreases with the longer curing time regardless of other curing conditions, and the curing temperature shows greater influence on the early UCS than the later UCS.



By studying the evolution law of the correlation between the UCS and curing temperature quantitatively, the linear, power, exponential, logarithm, and quadratic function are adopted to fitting the relation between them. It can be seen that the power function showed the highest accuracy, that is to say the power function is fitted to show the correlation between the UCS and curing temperature, all of the correlation coefficient (R2) are larger than 0.95, the p value of all the fitting equations is less than 0.05, therefore, the formula for the relationship between them can be shown bellow:


   σ c  = d  T e   



(2)




where    σ c    is the UCS, T is the curing temperature, d and e are the fitting coefficient.




3.3. Coupled Effects of Curing Conditions on UCS


In order to find out the correlation between the coupled effects of curing conditions and UCS of CPB, based on the laboratory results, the correlation between them is given in Figure 5, it indicates that the UCS is significantly influenced by the coupled effects of curing conditions. As the curing stress decreases from 540 kPa to 360 kPa, also the curing temperature is increased from 20 °C to 50 °C, the UCS is increased sharply. While the curing temperature decreases from 50 °C to 20 °C, and the curing stress decreases from 360 kPa to 180 kPa, the UCS is decreased sharply. Therefore, it indicates that there may exist a complicated relation between them. Not only that, the trend of the three curves under different curing ages for the UCS are similar, indicating that there should be a regular rule for the UCS. According to the results, the formula considering the curing condition can be obtained.





4. Mathematical Strength Model


4.1. Establish of the Mathematical Strength Model


According to the results of the previous analysis, the curves for the coupled effects of curing conditions on the UCS develops a similar trend. Based on the above results, the mathematical strength model of CPB is established when considering different curing conditions, therefore the formula of it is as follows:


   σ c  =  f c   f 1  ( p )  f 2  ( T )  



(3)






   σ c  =  f c  ( a + b p + c  p 2  )   d  T e   



(4)




where    σ c    is the UCS,    f c    represents the UCS of CPB relation to the cement,    f 1   ( p )    and    f 2   ( T )    represent the UCS relation to the curing stress and curing temperature.



Assume that   η = a d  f c   ,   ξ = b d  f c   ,   λ = c d  f c   , then the Formula (4) can be transformed to the Formula (5):


   σ c  = ( η + ξ p + λ  p 2  )  T e   



(5)




where the  η ,  ξ  and  λ  are the fitting coefficients for the strength model.



Assume that the curing temperature of T is constant, and    a ′  = η  T e   ,    b ′  = ξ  T e   ,    c ′  = λ  T e   , then the Formula (5) can be simplified as the Formula (6):


   σ c  =  a ′  +  b ′  p +  c ′   p 2   



(6)







According to the relationship between the curing stress and UCS, the Formula (6) is exactly the same to the Formula (1).



Assume that the curing stress of p is constant, and the    d ′  = η + ξ p + λ  p 2   , then the correlation between the UCS and curing temperature is shown below:


   σ c  =  d ′   T e   



(7)







According to the Formula (2), it indicates that the Formula (7) is exactly the same to it.



Based on the above analysis, it is evident that the mathematical strength model of CPB can be obtained by the Formula (5), and it contains the influencing factors of curing conditions, the parameters relation to the formula are clear. In the fact, in order to apply the established mathematical strength model, the parameters of  η ,  ξ  and  λ  can be determined by the laboratory results.



In order to verify the mathematical strength model considering the curing conditions, the experimental results of Figure 3 are adopted to analyze it. The parameters of the strength model relation to the UCS are obtained by the R programming language [47], also the fitting coefficients are obtained as shown in Table 4. It is evident that all of the fitting coefficient R2 of the mathematical strength model under different curing ages are more than 0.95, also the p value of all the fitting equations is less than 0.05, indicating that the significance of the established mathematical strength model is good, it can verify the mathematical strength model.



Based on the established mathematical strength model for CPB, the contours of CPB under different curing ages are shown in Figure 6, and they can reflect the correlation between the influencing factors and UCS. In the engineering design, if the curing conditions are given, then the UCS of CPB can be predicted based on the data in Figure 6. Moreover, if the design requirement is certain, in the actual engineering design, when the UCS is at a certain range with the curing time of 28 days, the contour plots of UCS considering the curing conditions can be applied to optimize the mix proportion.




4.2. Comparison of Experimental Results and Theoretical Model for UCS


As the mathematical strength model of CPB has been established above, the relationship between the model theoretical UCS and the measured UCS in the laboratory is shown in Figure 7, also the ideal fitting line and the prediction error within the 15% are listed in the Figure 7, and it indicates that the established mathematical strength model can predict the UCS of CPB very well. As shown in Figure 7a, most of the prediction error are less than 15%, only two specimen points are beyond the prediction error of 15%, moreover, all specimen points are in the range of prediction bands for 95%, indicating that the established mathematical strength model shows an important impact for predicting the UCS at early ages. The correlation between the model theoretical UCS and measured UCS under the curing time of 14 and 28 days are shown in Figure 7b,c, there are two specimen points which beyond the prediction error of 15% under the curing time of 14 and 28 days, but these two specimen points are near the ±15% prediction error line, respectively. Moreover, all of the specimen points are in the range of prediction bands for 95% under the curing time of 14 and 28 days, indicating that the prediction results are in consistent with the experiment results, and the established mathematical strength model is rational.



According to the above analysis, also the histogram of UCSmeasured/UCSpredicted based on the mathematical strength model are shown in Figure 8, it shows that the means and the median are all close to 1, which indicates that the predicted UCS of CPB is consistent with the experiment UCS. On the other hand, the skewness of the dataset under different curing ages are 0.0545, 0.0513 and 0.0958, respectively, it means that the frequency distribution of the UCSmeasured/UCSpredicted is positive partial, so the established mathematical strength model shows a slightly lower UCS than the experimental UCS under different curing ages, but this is good for the safety of the CPB when designing the mixture ratio of CPB.




4.3. Verification of the Mathematical Strength Model


The predicted UCS and experimental UCS have been analyzed above, in order to verify the rationality of the established mathematical strength model, the curing temperature is 35 °C, the curing temperature is 0 kPa, 90 kPa, 180 kPa, 270 kPa, 360 kPa, 450 kPa and 540 kPa, respectively, while other conditions and parameters are the same as the schemes before. Based on the studies above, the predicted UCS of CPB is computed by the established mathematical strength model which is shown in the Formula (5), then the relationship between the predicted UCS and the measured UCS is obtained, and it is shown in Figure 9. It can be observed that all the specimen points are in the range of the 15% prediction error, also all of the prediction UCS is slightly smaller than the measured UCS, indicating that the application of the established mathematical strength model to predict the UCS of CPB is good.





5. Conclusions


As the mechanical properties of the CPB considering curing conditions has been discussed, the strength testes are done in the laboratory, also the mathematical strength model is also established, and then the model is verified by the engineering example. According to the studies, some opinions can be concluded as follow:




	(1)

	
The results show that the function of quadratic polynomial with one variable can represent the correlation between the UCS and the curing stress well. Moreover, the correlation between the UCS and curing temperature shows the power function.




	(2)

	
It is found that the trend of the three curves under different curing ages for the UCS are extremely similar, indicating that there exists a regular rule for the UCS with different curing conditions. The established mathematical strength model for CPB considering the curing conditions is developed.




	(3)

	
The established mathematical strength model is verified by the engineering data, the prediction error between the measured UCS and the prediction UCS is less than 15%, all of the specimen points are in the range of prediction bands for 95%, indicating that the prediction results are in agreement with the experiment results under different curing ages, therefore, the established mathematical strength model is rational, which can provide some technical support for the mix proportion design of CPB.
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Figure 1. The curves of the cement and tailings between cumulative volume and particle size. 
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Figure 2. Schemes of the curing stress application. 
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Figure 3. Relationship between the UCS and curing stress with different curing temperatures: (a) 20 °C; (b) 35 °C; (c) 50 °C. 
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Figure 4. Relationship between UCS and curing temperature with different curing stress: (a) 7 d; (b) 14 d; (c) 28 d. 
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Figure 5. Correlation between the UCS and coupled effects of curing conditions. 
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Figure 6. The theoretical model of the UCS contours for CPB: (a) 7 d; (b) 14 d; (c) 28 d. 
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Figure 7. Relationship between the model theoretical UCS and measured UCS: (a) 7 d; (b) 14 d; (c) 28 d. 
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Figure 8. Histogram of UCSmeasured/UCSpredicted based on the mathematical strength model at: (a) 7 d; (b) 14 d; (c) 28 d. 
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Figure 9. Correlation between the predicted UCS and measured UCS. 
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Table 1. Chemical characteristics of the tailings.
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	Parameter
	Al2O3

(%)
	CaO

(%)
	FeO3

(%)
	MgO

(%)
	P2O5

(%)
	SiO2

(%)
	TiO2

(%)
	Na2O

(%)
	K2O

(%)





	Tailings
	1.04
	44.05
	2.89
	5.02
	0.18
	43.55
	0.35
	0.10
	2.82



	OPC
	5.37
	66.18
	3.36
	3.01
	0.11
	21.12
	0.20
	0.2
	0.45
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Table 2. The distribution of the UCS growth rate for CPB.
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Curing Time

(d)

	
Curing Temperature

(°C)

	
UCS Growth Rate (%)




	
0 kPa

	
90 kPa

	
180 kPa

	
270 kPa

	
360 kPa

	
450 kPa

	
540 kPa






	
7

	
20

	
0

	
49.53

	
25.63

	
18.91

	
10.88

	
5.66

	
6.79




	
35

	
0

	
53.37

	
19.78

	
11.01

	
7.44

	
5.90

	
5.81




	
50

	
0

	
25.85

	
11.74

	
7.88

	
8.72

	
5.60

	
5.65




	
14

	
20

	
0

	
45.27

	
22.33

	
11.41

	
9.90

	
5.59

	
4.41




	
35

	
0

	
44.64

	
16.91

	
8.88

	
7.69

	
3.68

	
5.43




	
50

	
0

	
24.13

	
9.42

	
6.23

	
6.21

	
5.36

	
2.93




	
28

	
20

	
0

	
38.58

	
16.48

	
7.55

	
7.60

	
4.35

	
4.17




	
35

	
0

	
35.96

	
10.08

	
7.09

	
5.56

	
3.24

	
3.14




	
50

	
0

	
19.91

	
8.11

	
4.54

	
4.51

	
3.99

	
3.38
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Table 3. The evolution rule of the UCS growth rate for the CPB.
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Curing Time

(d)

	
Curing Temperature

(°C)

	
UCS Growth Rate (%)




	
0 kPa

	
90 kPa

	
180 kPa

	
270 kPa

	
360 kPa

	
450 kPa

	
540 kPa






	
7

	
20

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
35

	
66.36

	
70.63

	
62.69

	
51.88

	
47.17

	
47.50

	
46.15




	
50

	
82.58

	
49.82

	
39.76

	
35.81

	
37.44

	
37.05

	
36.84




	
14

	
20

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
35

	
57.43

	
56.74

	
49.81

	
46.42

	
43.48

	
40.88

	
42.25




	
50

	
72.53

	
48.07

	
38.58

	
35.20

	
33.33

	
35.49

	
32.28




	
28

	
20

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
35

	
48.22

	
45.42

	
37.42

	
36.84

	
34.24

	
32.81

	
31.50




	
50

	
51.37

	
33.50

	
31.12

	
27.99

	
26.72

	
27.65

	
27.95











[image: Table] 





Table 4. Parameters of the mathematical strength model.
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Curing Time (d)

	
Parameters

	
R2




	
   η   

	
   ξ   

	
   λ   

	
e






	
7

	
0.108

	
3.446 × 10−4

	
−2.663 × 10−7

	
0.847

	
0.977




	
14

	
0.175

	
4.854 × 10−4

	
−7.603 × 10−7

	
0.782

	
0.972




	
28

	
0.345

	
7.009 × 10−4

	
−7.009 × 10−7

	
0.637

	
0.970








Notice: The best fit parameters above can only be applied in the conditions of this experiment: (1) Curing stress of 0~540 kPa, (2) Curing temperature of 20~50 °C.
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