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Abstract

:

Clogging pipelines is one of the most common and urgent problems in paste backfill mining. The aim of the present study was to solve the problem of pipe blockage in paste backfill mining. In this paper, paste mixed with coal gangue, fly ash, cement, and additives is used to investigate the influence of three air-entraining agents (AEAs) (including sodium dodecyl sulfate (SDS), triterpene saponin (SJ), and sodium abietate (SA)) on the flow characteristics and strength characteristics of the paste. A series of relevant tests was conducted on the paste, such as air content experiments, slump and expansion experiments, viscosity and yield stress tests, and the uniaxial compressive strength (UCS) test. The results show that the air content of the paste increases with increasing AEA content, but the increase is limited and reaches a maximum at 0.9 AEA. The slump of the paste increased by up to 10–13 mm, and expansion increased by up to 66–130 mm compared to the paste without AEA. The viscosity of the paste decreased by up to 0.13–0.20 Pa·s, and the yield stress decreased by 81.47%–93.7% of the original. The strength of the paste was also reduced, and after 28 days of curing, the strength was reduced by up to 1–1.2 MPa. Taking into account the strength requirement of 3 MPa for the paste from the Linxi mine, it was considered that the dosage of 0.9 B was a good choice, as it could better change the flowability of the paste and reduce the pipeline transportation resistance and transportation energy consumption. At the same time, the strength was also acceptable. The study in this paper can provide a reference for performance studies of pastes mixed with coal gangue, fly ash, cement, and additives as materials.
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1. Introduction


Coal is one of the main energy sources around the world, especially in China. It can be seen from Figure 1 that coal provided more than 60% of China’s primary energy from 2012 to 2021. It is an important energy source in China [1]. That is why coal mining activities have been so frequent in China.



As one of the most important sources of power in industry, coal plays an important role in the social and economic development of human beings in most countries around the world [2]. With the progress of human civilization, there have been worldwide demands on coal to improve living standards; therefore, more and more coal is being mined [3]. When mining activities are frequent, the environmental pollution and casualties caused by mining activities become more and more serious [4,5]. Coal gangue occupies 15%–20% of the mined minerals from coal mines [6]. If left untreated and left to pile up on the surface, it will occupy a large amount of land. Coal gangue storage represents about 6 billion tons, and the land occupied by gangue is about 133 sq. km. This amount increases at the rate of 500 million to 800 million t/a [7,8,9]. At the same time, the resulting dust will pollute the air, and the leached harmful substances will pollute the surface water [10,11]. Paste backfill is recognized as a method to solve this problem [12,13].



Paste backfill mining was first used in metal mining. Due to its superiority in handling the solid waste from mines, it has gradually been introduced into coal mines in recent years [14,15,16,17,18,19,20,21]. Coal mine paste backfilling uses coal gangue, a solid waste from coal mines, and fly ash, a waste from thermal power plants, as the main materials and cement as the binder. These materials are mixed with water to form a paste [22,23]. Some high-quality coal is stored under towns and cities, such as the Linxi mine in China. Using paste backfill can not only reduce the damage incurred by coal gangue to the environment, but can also fill the space in which coal has been mined, so that the ground surface does not cave in and to ensure that the ground buildings are not destroyed [3,24]. Therefore, more and more coal mines are trying to use paste backfilling. One of the most common and urgent problems faced when implementing paste backfill mining is clogging in the pipelines [25,26].



Due to the larger area of coal deposits, paste needs to be transported over long distances (2500 to 3000 m) during backfilling. Long-distance transportation puts higher demands on the pumpability of the paste [27,28]. At the same time, the particle size of gangue is larger (max 10 mm after crushing) and much larger than the particle size of the tailings (max 1 mm) [3]. Thus, the liquidity performance of mixed paste in the process of transporting it is poor, making it easy to block pipes. Such blockages will cause the project progress to stop, and it also takes time and money to clean the pipes [29]. The problem of pipe plugging has plagued coal miners for a long time. Improving the fluidity of the paste can effectively solve the problem [30].



To solve the problem of pipe blockage caused by the settling of paste, researchers have added suspension agents to paste [31]. A suspension agent can make the gangue in the paste be suspended in the process of transportation and reduce its friction with the pipe. This guarantees the homogeneity and suspension of the paste [32]. However, the addition of a suspension agent will increase the viscosity of the paste, worsening the fluidity of the paste [33,34]. This paper selects a suitable AEA to improve the fluidity of the filling paste.



Current research on AEAs has focused on enhancing the flow properties of concrete [35,36]. Puthipad, N. et al., investigated the role of AEAs in self-compacting concrete containing water-reducing agents and found that the addition of AEA to the mixture after a highly efficient water-reducing agent (SP) inhibited the agglomeration of air bubbles [37]. Guoju Ke et al., compared the effects of six concrete AEAs in different media. The results showed that AEAs with better air-entraining properties resulted in higher initial cement paste foam heights and lower mortar densities [38]. Cao, Liang et al., determined the rheological properties and consistency of cement mortar (CM) containing AEAs at different curing times. The AEAs were found to improve the rheological properties of the paste [39].



Several people have studied the mechanism of the effect of AEAs on the strength of paste. Youzhi Zhang et al., investigated the effect of sodium dodecyl sulfate (SDS), an AEA, on the uniaxial compressive strength (UCS) of cemented paste backfill (CPB). The results showed that the UCS of CPB increased and then decreased as the initial air content in the fresh slurry increased. The addition of AEA has a certain delay-hindering effect on the cement hydration reaction. It was also demonstrated that it decreases the UCS of CPB [40]. The effect of air entrainment on the UCS of foam mine fill (FMF) was investigated by Hefni, M et al., The UCS of FMF samples was 20%–50% lower relative to the reference sample without entrained air [36,41,42].



It is worth mentioning that these studies used tailings rather than gangue. Additionally, there are no studies on the effects of AEA on paste made from coal gangue. Therefore, in this paper, the effect of AEAs on the flow characteristics and strength characteristics of the paste was investigated when mixed with gangue.




2. Experiment


2.1. Materials


2.1.1. Gangue


Coal gangue is the most important solid waste produced in the process of coal mining and washing. Since gangue is symbiotic with coal, gangue also contains carbon and mainly contains two elements: silicon and aluminum. It is generally the product of oxidation and some trace elements such as sulfur, iron, calcium, etc. [24]. The gangue from the Linxi mine was analyzed with an energy spectrum semi-quantitative analyzer. The results are shown in Table 1. The SiO2 content in the gangue is 41.86%, and the contents of CaO and Al2O3 were about 23%. The gangue also contained a small amount of Fe2O3. The gangue of the Linxi mine is similar to clay rock.




2.1.2. Cement


Cement acts as a binder in the slurry. In this study, 425# ordinary silicate cement was used in the paste, and the chemical composition is listed in Table 2.




2.1.3. Fly Ash


The particle size, chemical composition, and mineralogical composition of fly ash were measured to understand the nature of the fly ash from the Linxi power plant. The density of the compacted fly ash from the Linxi power plant was 1450 kg/m3. An OMIK LS-C (IIA) laser particle size analyzer was used to measure the particle size distribution, as shown in Figure 2. A scanning electron microscope using HITACHIS-3500N was used to perform an energy spectrum analysis of the fly ash. As shown in Table 3, two components, SiO2 and Al2O3, accounted for more than 80% of the fly ash, and small amounts of K2O, CaO, TiO2, and Fe2O3 coexisted in the fly ash.




2.1.4. Air-Entraining Agents


Referring to the AEAs used in the concrete industry, three types of AEA were selected for study: A—sodium dodecyl sulfate (SDS), B—triterpene saponin (SJ), and C—sodium abietate (SA). Pictures of the AEAs are shown in Figure 3.



A has good foaming ability. It can foam quickly and richly, but it degrades quickly over time. It is a white powder that is soluble in water and alcohol [43].



B belongs to the family of saponin organic compounds, which can reduce the surface tension of liquids. It is stable and easily soluble in water. When mixed with liquid, a large number of bubbles are produced in the slurry. The bubbles are small, stable, and independent [44].



C has a benzene ring structure and amphiphilic structure (hydrophilic group and oleophilic group), which can form a large number of bubbles. Generally, it is a white powder [45].To allow the admixtures to be better mixed in the slurry, the admixtures were configured as a solution with a mass concentration of 1% [46]. Equation (1) was used to calculate the concentrations of the AEAs.


  AEA   concentration    %  =    M A     M A  +  M W     



(1)




where    M A    is the mass of the AEAs, and    M W    is the mass of water.





2.2. Experimental Methods


2.2.1. Experimental Design


The aim of the present experiments was to study the effects of AEAs on the flow properties and strength characteristics of paste with coal gangue as the aggregate. Additionally, we selected the most effective air-entraining agent. Referring to the contents of the materials in paper [23], the paste concentration was kept at 75.2%, the cement concentration was kept at 12%, the fly ash content was kept at 20.5%, the amount of suspension H was kept at 0.3‰, and the ratio of various materials was kept unchanged. The contents of the AEAs were 0.0‰, 0.3‰, 0.6‰, 0.9‰, and 1.2‰. The contents of the materials were calculated as in Equations (2)–(8).


  Cement   dosage    %  =    M  cement   /  M  solids     × 100  



(2)






  Fly   ash   dosage    %  =    M   fly   ash    /  M  solids     × 100  



(3)






  Gangue   dosage    %  =    M  gangue   /  M  solids     × 100  



(4)






  Pulp   density    %  =    M  solids   /    M  solids   +  M  water       × 100  



(5)






  H   dosage    %  =    M H  /    M  solids   +  M  water       × 100  



(6)






  AEA   dosage    %  =    M  AEA   /    M  solids   +  M  water       × 100  



(7)






   M  solids   =  M  cement   +  M   fly   ash    +  M  gangue   +  M H  +  M  AEA    



(8)




where    M  cement    ,    M   fly   ash     ,    M  gangue    ,    M  water    ,    M H   ,    M  AEA    , and    M  solids     are the mass of cement, fly ash, gangue, water, suspending agent H, AEAs, and solids, respectively (kg).




2.2.2. Slurry Mixing


The maximum particle size of coal gangue used for coal mine paste filling is generally 10–15 mm [24]. To make the particle size meet this requirement, a hammer crusher (CP-200) was utilized for crushing. Considering the chemical nature of the gangue from the Linxi mine, the maximum particle size of the gangue was set to 10 mm. The slurry was mixed with a mortar mixer (NJ-160). The mixing of the paste was divided into the following steps:




	(a)

	
Weighing of the raw materials according to the design table,




	(b)

	
Pouring the solid material into the mixing vessel and mixing it at 75 r/min for 2 min,




	(c)

	
Pouring water into the mixing vessel and mixing it at 75 r/min for 5 min,




	(d)

	
Pouring the AEA solution into the slurry and mixing it at 58 r/min for 2 min. The lower speed is to make the bubbles in the paste more stable.









A triple compression test mold (70.7 mm × 70.7 mm × 70.7 mm) was used to make the samples. To simulate the environment of the paste underground, the samples were cured by a curing box (YH-40B). The open-top samples were placed in a humidity chamber set at (25 ± 2) °C and 85% RH for curing. Figure 4 shows the experimental equipment.




2.2.3. Air Content Test


The slurry was prepared according to the ratios in Table 4, and the air content was measured in the experiments according to Chinese standard JGJ/T 70-2009 [47]. The air content of the slurry was measured using a digital display air content tester (CA-3). The change in air content within 0–120 min was measured (once measured at intervals of 30 min) [48]. The specific steps of the slurry air content test are:




	(a)

	
After the calibration of the air content tester, fill the container with the slurry and vibrate it for 15–30 s until there are no bubbles.




	(b)

	
Cover the lid, tighten the clamp, and open the exhaust valve. Fill the container with water until the air outlet flows.




	(c)

	
Close the water injection valve and exhaust valve, open the air inlet valve, and pressurize the container to 0.1 MPa.




	(d)

	
Press the valve lever 1–2 times and read out the pressure value and the air content value.










2.2.4. Slump and Expansion Test


The slump and expansion of the samples were tested according to the Chinese standard GB/T50080-2002 “Standard for Test Methods for the Performance of Ordinary Concrete Mixes”. The tests were conducted at 25 °C. Expansion measures the flow range of concrete (i.e., the diameter of the concrete flow area) [49]. The slump and expansion of the fresh slurry were measured with a slump cylinder (100 mm × 200 mm × 300 mm) [50].




2.2.5. Viscosity and Yield Stress Test


The viscosity and yield stress of the fresh slurry were measured using an Anton Paar rheometer (Rheolab QC). After putting the slurry into the test vessel, the computer program was started to control the rotor rotation. The program is mainly divided into two stages. The command stage in stage I, which lasts for 10 s, sets the shear rate of the rheometer rotor to 100 r s−1. After completing the mixing for stage I, the rheometer continues to run according to the program set in stage II, and the rheometer rotor agitates the slurry from 0 to 300 r s−1 with a one-way linear increase. The data from phase II were collated, and the relationship between the paste’s shear rate and shear stress was fitted into a curve to obtain the viscosity and yield stress of the slurry.




2.2.6. UCS Test


UCS tests were conducted with a UCS testing machine (TYE-50). The samples were tested for UCS according to the Chinese standard JGJ/T 70-2009. Prior to a UCS test, the sizes of a sample are rectified to obtain valid press surfaces. UCS tests were performed using a computer-controlled mechanical press with a load capacity of 50 KN.






3. Results and Analysis


3.1. Air Content


The results of the air content tests are presented in Table 5. Figure 5d–f shows that, for the fresh slurry, the air content in the slurry gradually increased with an increase in AEA. Taking (G-1), an AEA content of 0, as the control group, the highest air content of A is 190%, 319% for B, and 144% for C. This may be because the AEA increases the number of tiny air bubbles in the slurry, affecting the performance of the AEA by introducing tiny air bubbles. However, the increase in air content has a limit. Compared to the air content at an AEA content of 0.9‰, when the AEA content is 1.2‰, the air content of A is 85% of the highest value; that of B is 94%, and that of C is 96%. This may be because the number of air bubbles that can be accommodated reaches the upper limit. Too many tiny air bubbles combine to form large air bubbles, and the atmospheric package is more unstable, making it harder to break [51].



The results for the same group of slurries are as shown in Figure 5a–c: the air content in the slurry gradually decreases with time. When the amount of AEA is 0.9‰, comparing the air content of the slurry at 0 min, the air content of A is 73.3%, 74% for B, and 88.8% for C at 120 min. The reason for this could be that some of the tiny air bubbles mixed in the slurry floated to the top and burst [52,53]. Other small bubbles merge into large bubbles. When the bubble wall is very thin, it will burst directly into the slurry. Thus, the air content will decrease with time [37].




3.2. Slump and Expansion


The slump and expansion are measured as shown in Figure 6. The results of the slump and expansion of the slurry are presented in Table 6. According to Figure 7a, it can be seen that the slump value of the slurry increases with an increase in AEA content. The slump of A increased by 12 mm, B increased by 14 mm, and C increased by 10 mm when the AEA content was 1.2‰ compared to 0. This shows that the slump of the slurry was improved with the addition of AEA [39,54]. This may be caused by the fact that AEA increased the number of tiny bubbles in the slurry [16,35], which resulted in the improved flowability of the slurry. With a non-changing content AEA (all at 1.2‰), the slump was 269 mm for B, 267 mm for A, and 265 mm for C. This means that B improved the slump of the slurry the most.



According to Figure 7b, it can be seen that the expansion value of the slurry increases as the AEA content increases. Compared to the AEA content of 0, the expansion of A increased by 123 mm, B increased by 130 mm, and C increased by 66 mm when the AEA content was 1.2. This represents how the expansion of the slurry was improved with the addition of AEA. With the same amount of AEA (all at 1.2‰), the expansion of B was 581 mm, that of A was 574 mm, and that of C was 517 mm. This means that B improved the expansion of the slurry the most. In characterizing the flowability of the slurry, the results of the extension coincide with the slump results. The larger the test value, the better the slurry flowability.



Additionally, we can see in Figure 7a,b that, after the AEA content reached 1.2‰, the growth rate of slump and expansion became slower. This may be because too many tiny bubbles in the slurry combined into large bubbles, leading to the detachment of bubbles from the slurry. Therefore, the best value for the AEA content is 0.9‰.




3.3. Yield Stress and Viscosity


Tests were conducted to explore the effects of AEA on the yield stress and viscosity of the coal mine paste. The slurry was scanned for a one-way rate. Each set of tests was performed three times. The experimental results were averaged [55]. The linear regression analysis of the rheological characteristics for the paste was carried out by Excel. The functional relationship between the shear rate and the shear stress was established, as shown in the example in Figure 8. The linear regression results of the functional relationship are shown in Table 7.



It can be seen from Figure 9a that the viscosity of the slurry shows a decrease with the addition of AEA. When the amount of A was increased from 0 to 1.2‰, the viscosity of the slurry decreased at 0.16 Pa·s. When the amount of B was increased from 0 to 1.2‰, the viscosity of the slurry decreased at 0.2 Pa·s, and when the amount of C was increased from 0 to 1.2‰, the viscosity of the slurry decreased at 0.13 Pa·s, which means that AEA reduced the viscosity of the slurry [56]. This may be due to the large number of tiny air bubbles distributed over the whole slurry [57]. The tiny bubbles create a rolling ball effect and reduce the frictional resistance between cement, fly ash, and other substances [58]. Thus, the viscosity of the slurry is reduced.



From Figure 9b, it can be seen that the yield stress of the slurry shows a decrease with the increase in AEA. When the amount of AEA was increased to 1.2‰, the yield stress of A was 93.70% of that of the AEA content of 0, 81.47% that of B, and 87.49% that of C. The decrease in yield stress in A and C was less than that in B. This shows that B has more influence on the yield stress of the slurry.




3.4. Strength


The paste is transported to the target space during coal mine paste backfill [14]. The paste solidifies and hardens with the strength to achieve and support mining goals. Therefore, it is also necessary to ensure the strength of the paste [59,60]. The change in the strength of the filling body with the AEA was studied. The UCS is tested as shown in Figure 10. The results are shown in Table 8.



As shown in Figure 11a–c, in the absence of AEA, the sample strength was 1.9 MPa after 3 days of curing, 2.9 MPa after 7 days of curing, and 3.9 MPa after 28 days of curing. When the AEA content was increased from 0 to 1.2‰, the effect of AEA on strength was similar after 3 days of curing, with an approximate reduction of 0.2–0.3 MPa. After 7 days of curing, the effect of B on strength was mild, with a small reduction in strength of 0.4 MPa. C showed the second largest effect, with a reduction of 0.6 MPa. A showed the largest effect, with a reduction of 0.8 MPa. After 28 days of curing, the strength of A decreased by 0.5 MPa. After 28 days, the strength of A decreased by 1.2 MPa, the strength of B decreased by 1.0 MPa, and the strength of C decreased by 1.15 MPa. A large number of tiny air bubbles were formed in the paste via the air-entraining effect of AEA. These bubbles were distributed in the paste [61,62]. The tiny bubbles in the paste leave voids [63,64] and, therefore, the strength decreases with the addition of AEA. The larger the number of air bubbles, the larger the gaps that are formed inside [65,66].



The variation in the uniaxial compressive strength of the paste with the curing time is shown in Figure 11d–f. It can be seen that the strength of the paste increases with the curing time. For the three AEAs, the effect of B on the strength is minimal, and the samples using B show a strength higher than 3 MPa after 28 days of curing, which meets the requirements for coal mine paste backfilling [67,68]. In conclusion, to achieve the strength requirements in the samples, using B at a dosage of 0.9‰ is the most appropriate course of action.





4. Conclusions


The flow capacity of backfilling paste is crucial for filling. This paper shows the influence of AEA on slurry flow characteristics. The experiments were carried out based on the action mechanism of AEA. The following conclusions can be drawn by analyzing the test results:




	(1)

	
AEA can form a large number of small-volume air bubbles in fresh slurry. The air content in the slurry decreases with time. With AEA content was 0 in the control group, and the highest air content of A was 109% of it, 319% for B, and 144% for C. However, the increase in air content has a limited effect. Compared to an AEA air content of 0.9‰, when the AEA content is 1.2‰, the air content of A is 85% of its highest value, 94% of that of B, and 96% of that of C. This may be because the number of air bubbles that can be accommodated reaches the upper limit, with too many tiny air bubbles combining to form large air bubbles that break easily.




	(2)

	
AEA increases the slump and expansion of the fresh slurry. As the AEA content increases, the slump of the slurry also increased. Compared with an AEA content of 0, the slump of A increased by 12mm when the AEA content was 1.2, that of B increased by 14mm, and that of C increased by 10mm, which indicated that the slump of the slurry was improved by adding AEA. With the increase in the AEA content, the expansion of the slurry also increased. With the same AEA content (all 1.2), the expansion of B was 581 mm, that of A was 574 mm, and that of C was 517 mm. This indicates that B improved the expansion of the slurry the most. In characterizing the flowability of the slurry, the results of the expansiveness coincide with the slump results. The larger the value tested, the better the material will flow. This is probably because AEA increases the number of tiny bubbles in the slurry, resulting in the improved flowability of the slurry.




	(3)

	
AEA can reduce the viscosity and yield stress of the slurry. With the addition of AEA, both the viscosity and yield stress of the slurry decreased. In other words, AEA can improve the flow characteristics of fresh slurry. These results also prove the results of the slump and expansion tests.




	(4)

	
AEA reduces the strength of the paste backfill sample, but it does not reduce it much. When the B content was 1.2‰, the strength of the samples after 28 days of maintenance was reduced by 25.6%. According to the analysis of the strength test results, the number and volume of bubbles increase as the AEA content increases, which means that the voids inside the samples increase and cause the strength of the samples to decrease.




	(5)

	
Considering the above experimental results and analysis, the strength requirement of the paste for the Linxi mine is 3 MPa. The final dosage of 0.9‰ B is the best choice, as it can change the flowability of the paste better and reduce the pipeline transportation resistance and transportation energy consumption. At the same time, the reduction in strength is also acceptable.




	(6)

	
Further research is encouraged in the following areas:



	(a)

	
The mechanism of AEA affecting the flow properties and strength characteristics of paste made with gangue, fly ash, and cement should be studied using micro-experimental techniques.




	(b)

	
The effects of physical and chemical properties of gangue on the bubble shape and size distribution should be determined.




	(c)

	
Applicability of laboratory-scale results to field conditions should be considered.
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Figure 1. The proportion of raw coal in total primary energy from 2012 to 2021 in China (data from the National Bureau of Statistics China). 
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Figure 2. Particle size distribution of fly ash. 
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Figure 3. Pictures of AEA. (a): sodium dodecyl sulfate; (b): triterpene saponins; (c): sodium abietate. 
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Figure 4. Pictures of experimental instruments and equipment (a): hammer crusher, (b): uniaxial compressive testing machine, (c): Anton Paar rheometer, (d): slump cylinder, (e): curing box, (f): digital display air content tester. 
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Figure 5. Air content of AEA (a): air content of A for 0–120 min, (b): air content of B for 0–120 min, (c): air content of C for 0–120 min (d): air content of A for 0–1.2‰ dosage, (e): air content of B for 0–1.2‰ dosage, (f): air content of C for 0–1.2‰ dosage. 
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Figure 6. Slump and expansion tests: (a) slump, (b) expansion. 
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Figure 7. Slump and expansion of slurry with AEA. (a): Trend diagram of the slump, (b): trend diagram of the expansion. 
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Figure 8. Relationship between shear stress and the shear rate of slurry B with the content of 0.9‰. 
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Figure 9. Viscosity and yield stress of slurry with AEA: (a) viscosity of slurry with AEA; (b) yield stress of slurry with AEA. 
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Figure 10. UCS tests: (a) sample preparation; (b) UCS test. 
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Figure 11. Strength of filler with AEA: (a) strength of A dosage, (b) strength of B dosage, (c) strength of C dosage, (d) strength of the paste containing A with curing time, (e) strength of the paste containing B with curing time, and (f) strength of the paste containing C with curing time. 
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Table 1. Chemical composition of coal gangue.
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	Chemical Composition
	Al2O3
	SiO2
	K2O
	CaO
	TiO2
	Fe2O3
	Total





	Content (%)
	23.43
	41.86
	0.82
	23.74
	1.36
	5.09
	100
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Table 2. Chemical composition of cement.
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Density (kgžm−3)

	
Chemical Composition (%)




	
CaO

	
SiO2

	
Al2O3

	
Fe2O3

	
MgO

	
Others






	
3120

	
65.08

	
22.36

	
5.53

	
3.46

	
1.27

	
2.30
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Table 3. Chemical composition of fly ash.
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	Chemical Composition
	Al2O3
	SiO2
	K2O
	CaO
	TiO2
	Fe2O3
	Total





	Content (%)
	31.89
	56.89
	1.39
	1.84
	1.95
	5.38
	100
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Table 4. The proportion of experimental materials.
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Groups

	
Cement (%)

	
Fly Ash (%)

	
Gangue (%)

	
Density (%)

	
H (‰)

	
AEA (‰)




	
A

	
B

	
C






	
G-1

	
12

	
20.5

	
42.7

	
75.2

	
0.3

	
0.0

	
0.0

	
0.0




	
G-2

	
12

	
20.5

	
42.7

	
75.2

	
0.3

	
0.3

	
0.3

	
0.3




	
G-3

	
12

	
20.5

	
42.7

	
75.2

	
0.3

	
0.6

	
0.6

	
0.6




	
G-4

	
12

	
20.5

	
42.7

	
75.2

	
0.3

	
0.9

	
0.9

	
0.9




	
G-5

	
12

	
20.5

	
42.7

	
75.2

	
0.3

	
1.2

	
1.2

	
1.2
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Table 5. Air content of the slurry for 0–120 min.
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Groups

	
AEA

	
Dosage (‰)

	
Air Content (%)




	
0 min

	
30 min

	
60 min

	
90 min

	
120 min






	
G-1

	
A

	
0.0

	
1.220

	
1.215

	
1.223

	
1.220

	
1.224




	
G-2

	
0.3

	
1.680

	
1.455

	
1.363

	
1.378

	
1.326




	
G-3

	
0.6

	
1.946

	
1.771

	
1.611

	
1.565

	
1.505




	
G-4

	
0.9

	
2.326

	
2.185

	
1.785

	
1.845

	
1.707




	
G-5

	
1.2

	
1.977

	
1.968

	
1.864

	
1.737

	
1.689




	
G-6

	
B

	
0.0

	
1.220

	
1.215

	
1.223

	
1.220

	
1.224




	
G-7

	
0.3

	
1.877

	
1.512

	
1.561

	
1.434

	
1.22




	
G-8

	
0.6

	
2.282

	
2.181

	
2.189

	
1.969

	
1.876




	
G-9

	
0.9

	
3.87

	
3.497

	
3.296

	
3.125

	
2.865




	
G-10

	
1.2

	
3.664

	
3.206

	
2.987

	
2.983

	
2.975




	
G-11

	
C

	
0.0

	
1.220

	
1.215

	
1.223

	
1.220

	
1.224




	
G-12

	
0.3

	
1.404

	
1.275

	
1.236

	
1.210

	
1.230




	
G-13

	
0.6

	
1.514

	
1.426

	
1.443

	
1.419

	
1.385




	
G-14

	
0.9

	
1.768

	
1.650

	
1.581

	
1.572

	
1.570




	
G-15

	
1.2

	
1.696

	
1.621

	
1.591

	
1.578

	
1.571
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Table 6. Slump and Expansion.
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Groups

	
Dosage (‰)

	
Slump (mm)




	
A

	
B

	
C




	
G-1

	
0.0

	
255

	
255

	
255




	
G-2

	
0.3

	
260

	
259

	
259




	
G-3

	
0.6

	
262

	
262

	
259




	
G-4

	
0.9

	
265

	
267

	
263




	
G-5

	
1.2

	
267

	
269

	
265




	
Groups

	
Dosage (‰)

	
Expansion (mm)




	
A

	
B

	
C




	
G-1

	
0.0

	
451

	
451

	
451




	
G-2

	
0.3

	
486

	
456

	
462




	
G-3

	
0.6

	
519.5

	
498

	
487




	
G-4

	
0.9

	
568

	
573.5

	
512




	
G-5

	
1.2

	
574

	
581

	
517
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Table 7. Linear regression between shear rate and shear stress.
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Groups

	
AEA

	
Dosage (‰)

	
Regression Equation

	
R2

	
Yield Stress (Pa)

	
Viscosity (Pa·s)






	
G-1

	
A

	
0.0

	
y = 1.81x + 147.23

	
0.9327

	
147.23

	
1.81




	
G-2

	
0.3

	
y = 1.79x + 140.38

	
0.9486

	
140.38

	
1.79




	
G-3

	
0.6

	
y = 1.67x + 130.57

	
0.9883

	
130.57

	
1.67




	
G-4

	
0.9

	
y = 1.59x + 131.46

	
0.9782

	
131.46

	
1.59




	
G-5

	
1.2

	
y = 1.65x + 137.95

	
0.9892

	
137.95

	
1.65




	
G-6

	
B

	
0.0

	
y = 1.81x + 147.23

	
0.9327

	
147.23

	
1.81




	
G-7

	
0.3

	
y = 1.71x + 138.37

	
0.9785

	
138.37

	
1.71




	
G-8

	
0.6

	
y = 1.76x + 131.52

	
0.9823

	
131.52

	
1.76




	
G-9

	
0.9

	
y = 1.68x + 124.58

	
0.9864

	
124.58

	
1.68




	
G-10

	
1.2

	
y = 1.61x + 119.95

	
0.9654

	
119.95

	
1.61




	
G-11

	
C

	
0.0

	
y = 1.81x + 147.23

	
0.9327

	
147.23

	
1.81




	
G-12

	
0.3

	
y = 1.76x + 141.88

	
0.9625

	
141.88

	
1.76




	
G-13

	
0.6

	
y = 1.71x + 136.29

	
0.9731

	
136.29

	
1.71




	
G-14

	
0.9

	
y = 1.70x + 137.63

	
0.9283

	
137.63

	
1.70




	
G-15

	
1.2

	
y = 1.68x + 128.81

	
0.9582

	
128.81

	
1.68
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Table 8. Strength of paste backfilling samples.






Table 8. Strength of paste backfilling samples.





	
Groups

	
AEA

	
Dosage (‰)

	
Strength (MPa)




	
3d

	
7d

	
28d






	
G-1

	
A

	
0.0

	
1.9

	
2.9

	
3.9




	
G-2

	
0.3

	
1.8

	
2.7

	
3.7




	
G-3

	
0.6

	
1.85

	
2.6

	
3.45




	
G-4

	
0.9

	
1.8

	
2.3

	
2.9




	
G-5

	
1.2

	
1.75

	
2.1

	
2.7




	
G-6

	
B

	
0.0

	
1.9

	
2.9

	
3.9




	
G-7

	
0.3

	
1.9

	
2.8

	
3.6




	
G-8

	
0.6

	
1.8

	
2.8

	
3.3




	
G-9

	
0.9

	
1.8

	
2.6

	
3.2




	
G-10

	
1.2

	
1.7

	
2.5

	
2.9




	
G-11

	
C

	
0.0

	
1.9

	
2.9

	
3.9




	
G-12

	
0.3

	
1.75

	
2.9

	
3.7




	
G-13

	
0.6

	
1.7

	
2.6

	
3.3




	
G-14

	
0.9

	
1.6

	
2.5

	
2.9




	
G-15

	
1.2

	
1.6

	
2.3

	
2.75
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