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Abstract:



The strength and consistency of cemented paste backfill (CPB) are of key concerns in the stope stability and cost control for underground mines. It is common practice to use additives, such as superplasticizer, to improve the performance of CPB. This study mainly focuses on the effects of superplasticizer on the hydration, consistency, and strength of CPB. In this study, a polynaphtalene sulfonate was used as the superplasticizer. The binder is a mix of 33.3% ordinary Portland cement and 66.7% fly ash. The CPB specimens with a tailings-binder ratio of 3:1 and a solid concentration of 70% were then tested by a low field nuclear magnetic resonance system after different hydration times. Effects of polynaphtalene sulfonate on the hydration, fluidity, and strength were investigated. Results showed that the polynaphtalene sulfonate has a strong influence on short-duration hydration, which may contribute to the strength increase of CPB. It has been demonstrated that the polynaphtalene sulfonate improved the fluidity of the CPB mixture. With the increased dosage of polynaphtalene sulfonate, the slump increased. It was also found that the polynaphtalene sulfonate dosage has a negligible effect on the 1 day (d) strength while it has a strengthening effect on the 7 d, 14 d, and 28 d strength of CPB specimens.
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1. Introduction


Large amounts of mining tailings are deposited after useful minerals have been extracted by the ore processing plant. In China, 1.2 billion tons of mining tailings are deposited every year. These solid wastes do great harm to the environment, therefore, the mining tailings should be managed properly to protect the environment [1]. Some scholars suggested that one of the most valuable ways to re-use tailings is to generate cemented paste backfill (CPB) materials in underground mines [2]. In practical engineering, CPB is the main method to fill the underground void spaces and support the open stopes. CPB has been widely employed in many mines around the world [3,4].



CPB material is often made by an engineered mixture of binder, tailings, and water. Ordinary Portland Cement (OPC) is often used as the main binder. However, in some cases, fly ash or blast furnace slag substitute part of the OPC to reduce the costs and improve the performance [5,6,7]. It has been demonstrated that the addition of fly ash increases the amount of calcium silica hydrates (C–H–S), which may contribute to the strength development of the CPB mixture [8].



Cement-mixed materials are subjected to loading conditions [9,10]. The two most important properties of CPB are its strength and consistency. With high strength, the CPB can support the open stopes more effectively and, with good fluidity, the transportation of the CPB mixture will be more cost-effective. Factors that affect the properties of CPB, such as chemical composition and particle size distribution of the tailings, types of binder, water to cement ratio, and temperature, have been presented in many studies [11,12,13,14,15,16,17]. The strength and fluidity of CPB materials are also investigated by several scholars [18,19,20,21,22,23]. In some cases, superplasticizer is added to the CPB mixture to improve its mechanical properties and consistency [24,25,26,27,28,29,30,31,32,33]. It was found that the addition of superplasticizers increases the early compressive strength of CPB [34]. In addition, the strength of CPB varies depending on the type and dosage of the superplasticizer [35]. However, few studies focus on the microscopic mechanism of fluidity and strength evolution under the effect of superplasticizers.



On the other hand, the strength and consistency of CPB are strongly affected by the hydration of the binder [36]. The hydration process of cement-water pastes can be divided into four stages, i.e., early reactions (0–30 min), induction or dormant period (1–3 h), acceleration period (3–17 h), and slow reaction period [37]. The hydration of cement in the concrete/mortar mixtures has also been presented in other studies. However, few studies focus on the hydration in CPB mixtures.



This paper presents the effects of superplasticizer on the hydration, consistency, and strength of CPB. To do so, a mix of OPC and fly ash was used as the binder. Polynaphtalene sulfonate was used as the superplasticizer. Other materials include mine tailings and water that is discharged from the ore concentrator. The CPB mixture with a tailings-binder ratio of 3:1, a solid concentration of 70%, and different dosages of polynaphtalene sulfonate was placed into the low field nuclear magnetic resonance (NMR) system to measure the water content evolution and analyse the hydration of CPB. The fluidity and strength evolution of CPB containing the different dosages of polynaphtalene sulfonate was also presented. Finally, the physicochemical mechanism of the polynaphtalene sulfonate on the fluidity and strength evolution of CPB was investigated.




2. Materials and Methods


In this study, full mining tailings from the Shuiyindong gold mine located in the southeast of Guizhou Province of China were selected as the tailings material. OPC is used as the main binder. The average price of OPC is CNY350/t. Fly ash, which was generated by the power plant of the mine, is also selected to substitute part of the cement to decrease the backfilling costs. Mine water and polynaphtalene sulfonate were also added to the tailings material.



2.1. Tailings


Many researchers observed the important effects of physical and chemical properties of tailings on the strength and fluidity. Particle size and chemical composition were the most influential parameters affecting the properties of CPB. In this study, the particle size is measured by the sieve analysis method (SAM). The results of the particle size distribution are shown in Table 1 and Figure 1. It may be seen that particles with a size less than 0.002 mm comprise 21.4% and particles with a size less than 0.05 mm comprise 84.0%. The parameter d50, which means the median particle size, defined by the particle size when the accumulative percentage reaches 50%, can be calculated from Figure 1. By Figure 1, d50 is 0.012.


Figure 1. Particle size distribution obtained by the sieve analysis method.
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Table 1. Particle size distribution of selected tailings.





	Method
	Particle Size (mm)
	2–0.5
	0.5–0.25
	0.25–0.075
	0.075–0.05
	0.05–0.005
	0.005–0.002
	<0.002





	SAM
	Mass Fraction (%)
	0.4
	0.1
	5.5
	9.0
	50.9
	12.7
	21.4









Chemical Composition Analysis Centre at Central South University also tested the chemical composition, and the results are shown in Table 2. Table 2 demonstrates that the content of SiO2 and Al2O3 is 35.42% and 14.65%, respectively. The low content of cementitious oxides is not favourable for CPB strength gain. Therefore, in this study, fly ash with a high content of SiO2 and Al2O3 is added to the CPB mixture.


Table 2. The chemical composition of full tailings.





	Chemical Composition
	SiO2
	CaO
	Fe2O3
	Al2O3
	MgO
	Others





	Mass percentage (%)
	35.42
	18.53
	6.27
	14.65
	6.61
	18.52










2.2. Binders


The most commonly used binder in CPB is OPC. The cost of the binder is nearly 50–75% of the total costs of a typical CPB plant [37,38]. A substitution binder can reduce the cost of backfilling significantly. As the main solid waste of power plants, fly ash has potential cementitious properties due to the high content of SiO2, Al2O3, and other kinds of oxides. On the other hand, the replacement of part of the cement by fly ash in the CPB mixtures is often seen as an environmental value-added benefit. Moreover, the use of fly ash in CPB can significantly reduce the total costs of a paste backfill plant due to its lower cost [13]. As shown in Table 1, the fine tailings (<20 μm) comprise 21.4%. Fall and Benzaazoua [11] suggested that a high content of fine tailings (<20 μm) is not favourable for CPB strength gain. Therefore, in this paper, a relatively high binder content is adopted. In order to improve the particle size distribution of CPB mixture, as well as to reduce the backfill costs, a mix of 66.7% of fly ash and 33.3% OPC is used as the binder. The chemical compositions of OPC and fly ash are given in Table 3.


Table 3. Chemical compositions of OPC and fly ash.















	
	Chemical Composition
	SiO2
	CaO
	Fe2O3
	Al2O3
	K2O
	Others





	OPC
	Mass percentage (%)
	50.61
	5.35
	7.22
	31.33
	0.34
	5.15



	Fly ash
	Mass percentage (%)
	23.20
	57.59
	3.87
	7.25
	0.68
	7.41










2.3. Superplasticizer and Water


In the cement and concrete industry, the mechanical strength of cemented pastes can be improved by reducing the moisture content of the paste, while maintaining the fluidity of the paste by adding a superplasticizer [39]. In this study, a polynaphtalene sulfonate is used as a superplasticizer. The dosages of additive superplasticizer are 0.2%, 0.4%, and 0.8% of the binder by weight based on the backfill practice of this mine. The water discharged from the ore concentrator is used to make the CPB mixtures.




2.4. Specimen Preparation


In this study, the tailing-binder ratio is 3:1, and the solid concentration of CPB is 70%. All the specimens were prepared by a standard cubical mould (i.e., 7.07 × 7.07 × 7.07 cm3) suggested by the Ministry of Construction of the PRC [40]. The specimens were then cured in the curing box, being wrapped after a 6 h knockout time. The curing temperature was kept at 20 °C, and the humidity at 95%. Curing times for strength test specimens were 1 day (d), 7 d, 14 d, and 28 d, respectively. For each curing time, three specimens were prepared.




2.5. Nuclear Magnetic Resonance Tests


Previous studies demonstrated that NMR technology is suitable for evaluating the hydration of cement [41,42,43]. In this study, a low-field NMR system (see Figure 2a) was used to evaluate the hydration process of the CPB specimens.


Figure 2. Test apparatus (a) low-field NMR system and (b) a uniaxial compressive strength testing machine.
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For the short-duration tests, the CPB mixture was placed into a plastic cylinder tube and put into the NMR system to measure the T2 relaxation time at 10 min, 1 h, 2 h, and 8 h after mixing. For the long-duration tests, after 1 d, 7 d, 14 d, and 28 d of curing the CPB specimens were tested by the NMR system.



Before the test, the T2 relaxation time of pure water was measured and presented in Figure 3. The figure shows that the T2 relaxation time of pure water is about 800–1600 ms.


Figure 3. T2 relaxation time of pure water.
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2.6. Unconfined Compressive Tests


After the NMR tests, all the specimens cured for the strength test were placed in a servohydraulic material test system (see Figure 2b) after 1 d, 7 d, 14 d, and 28 d. The force-displacement curve during loading was recorded automatically by the computer. The specimens were loaded by the displacement control method with a loading rate of 0.01 mm/s. Then the uniaxial compressive strength can be calculated. The capacity of the testing machine is 200 KN and the accuracy is 0.5%.





3. Results and Discussion


3.1. Effects of Polynaphtalene Sulfonate on the Fluidity


Slump tests were undertaken on CPB mixtures to investigate the effects of polynaphtalene sulfonate on the consistency. Figure 4 shows the sample with different dosage of polynaphtalene sulfonate in a slump test. The average slump of CPB mixtures with different polynaphtalene sulfonate dosages is given in Table 4. As shown in Figure 4 and Table 4, the addition of polynaphtalene sulfonate improves the fluidity of CPB significantly. Similar to previous studies, it can be concluded that the superplasticizer has a positive effect on the fluidity of CPB [27,29]. The fluidity increased with an increase in the polynaphtalene sulfonate dosage.


Figure 4. Slump tests of CPB mixture with different polynaphtalene sulfonate dosage: (a) 0, (b) 0.2%, (c) 0.4%, and (d) 0.8%.
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Table 4. The average slump of CPB with different dosages of polynaphtalene sulfonate.





	Polynaphtalene Sulfonate (%)
	0
	0.2
	0.4
	0.8





	Slump (cm)
	16.5
	20.5
	22
	24.5










3.2. Effects of Polynaphtalene Sulfonate on the Strength


The correlation between the strength of CPB and dosage of polynaphtalene sulfonate is shown in Figure 5. It shows that the strength of CPB increases with the increase of curing time. Additionally, with the increased dosage of polynaphtalene sulfonate, the 1 d strength remained nearly constant. However, the 7 d, 14 d, and 28 d strengths increase rapidly with an increase in polynaphtalene sulfonate dosage. This means that the polynaphtalene sulfonate has a negligible effect on the 1 d strength of CPB, while it has a positive effect on the 7 d, 14 d, and 28 d strength gain.


Figure 5. Strength evolution of CPB specimens with different polynaphtalene sulfonate dosages.
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3.3. Effects of Polynaphtalene Sulfonate on the Hydration


In CPB mixtures there are four different water phase states, i.e., chemically-bound water, which corresponds to the water that is combined with chemical compounds with hydrogen bonds, bonded water in the gel phase, which corresponds to the water that is enveloped by the C–H–S structure, pore water, which corresponds to the water physically bound between particles, and free water. According to the theory of NMR, different water phase states have different T2 relaxation times. For example, the T2 relaxation time of chemically-bound water in the cement mixture is about 12 μs [43] which is difficult to obtain by NMR [44,45]. Therefore, in this study, only three water phase states (i.e., bonded water in the gel phase, pore water, and free water) were detected by the NMR system.



The T2 relaxation time of short-duration (10 min–8 h) hydration of CPB mixture is shown in Figure 6 and Figure 7. It can be seen that the T2 relaxation time curve has three peaks, indicating three main water phase states. The three peaks, which are shown in Figure 6a, are named here from left to right as the 1st peak, the 2nd peak, and the 3rd peak. It demonstrated that the centre of the 1st peak is 1 ms–10 ms, while the centre of the 2nd and the 3rd peaks are about 100 ms and 1000 ms, respectively. Thus, it can be judged that the 1st peak is the signal of bonded water in the gel phase, while the 2nd and the 3rd peaks are the signals of pore water and free water, respectively. Figure 6 demonstrated that the peak value of the 1st peak decreased with an increase in hydration time, which means that the amount of the bonded water in the gel phase decreased. The decrease in bonded water in the gel phase is mainly due to the reaction with the binder, leading to the decreasing of a detectable water molecule. Additionally, it can be seen that the 2nd and the 3rd peaks do not change much, identifying that the amount of pore water and free water changes little during the short-duration hydration. In addition, it is implied that during the hydration time of 10 min to 1 h, the peak value of the 1st peak decreases more than during 1 h–8 h. This is mainly because during the hydration process of CPB mixture the reaction between water and binder is stronger in the first 30 min [22].


Figure 6. The short-duration T2 relaxation time of the CPB mixture with different hydration times when polynaphtalene sulfonate dosage is: (a) 0%, (b) 0.2%, (c) 0.4%, and (d) 0.8%.
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Figure 7. The short-duration T2 relaxation time of CPB mixture with different polynaphtalene sulfonate dosages when the hydration time is: (a) 10 min, (b) 1 h, (c) 2 h, and (d) 8 h.
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As shown in Figure 7, an increase in the dosage of polynaphtalene sulfonate leads to the decrease in the peak value of the 1st peak, indicating that the bonded water in the gel phase decreased. However, the 2nd and the 3rd peaks showed almost no changes, which means that the amount of pore water and free water has little change with an increased dosage of polynaphtalene sulfonate. It was also observed that, during hydration times of 10 min to 1 h, when the dosage of polynaphtalene sulfonate increased from 0% to 0.2%, the peak value of the 1st peak slightly decreased. However, when the dosage of polynaphtalene sulfonate increased from 0.2% to 0.4%, the peak value of the 1st peak decreased significantly. On the other hand, during the hydration time of 2 h to 8 h, the peak value of the 1st peak decreased in a nearly uniform manner. This result demonstrated that the addition of 0.4% polynaphtalene sulfonate promoted the hydration of this CPB material during the 10 min to 1 h hydration time, which may contribute to the strength increase. Furthermore, the addition of polynaphtalene sulfonate has a stronger influence on the hydration of this CPB material during the hydration time of 10 min to 1 h than from 2 h to 8 h.



The T2 relaxation time of long-duration (1 d–28 d) hydration is shown in Figure 8 and Figure 9. Figure 8 presents that, similar to Figure 6, the peak value of the 1st peak decreased with an increase in curing time, which demonstrated that the amount of bonded water in the gel phase decreased. In addition, there is only one peak of the long-duration T2 relaxation time curve, identifying that during the hydration time 1 d–28 d, there is almost no pore water and free water in the CPB specimens. On the other hand, as presented in Figure 9, during long-duration hydration, the peak values of the 1st peak showed no conclusive trend with the increased dosage of polynaphtalene sulfonate. This result further demonstrated that the polynaphtalene sulfonate has a stronger influence on the short-duration hydration than the long-duration hydration. This has been explained in the next part.


Figure 8. The long-duration T2 relaxation time of CPB mixture with different hydration time when the polynaphtalene sulfonate dosage is: (a) 0, (b) 0.2%, (c) 0.4%, and (d) 0.8%.
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Figure 9. The long-duration T2 relaxation time of CPB mixture with different polynaphtalene sulfonate dosages when the hydration time is: (a) 1 d, (b) 7 d, (c) 14 d, and (d) 28 d.
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4. Physico-Chemical Mechanism of Superplasticizer in the Mixture


When the CPB materials were mixed with water, the cement particles envelop the water molecules to form a flocculent structure, leading to the free water content decreasing. Thus, the fluidity of the CPB mixture decreased. However, when polynaphtalene sulfonate was added to the mixture, the fluidity increased. The chemical mechanism is demonstrated in Figure 10. As shown in Figure 10a, without using any additive, free water is surrounded by cement particles. By adding polynaphtalene sulfonate to the mixture, the radical group [image: ] (see Figure 10b) in polynaphtalene sulfonate hydrolysed into [image: ], which is an ion with a negative charge. [image: ] ions then were attracted by the cement particles due to the attractive force between negative and positive charges. Thus, the cement particles were surrounded with [image: ], leading to the separation of cement particles due to the electrostatic repulsion (see Figure 10c). In this regard, the flocculent structure will be destroyed, resulting in the increase of fluidity. On the other hand, the free water enveloped by the flocculent structure will be released as a result of the destruction of the flocculent structure (see Figure 10d). The amount of water that contributes to the mixture fluidity increased. Therefore, with the increase of dosage of polynaphtalene sulfonate the fluidity of CPB increases. In addition, the water molecules attached by the cement particles formed hydrated films (see Figure 11a), which increased the lubrication between cement particles. This is another reason for the fluidity increase when polynaphtalene sulfonate was added to the mixture.


Figure 10. Physico-chemical mechanism of the effect of polynaphtalene sulfonate on the consistency of CPB: (a) flocculent structure, (b) chemical structure of polynaphtalene sulfonate, (c) electrostatic repulsion effect and (d) destruction of the flocculent structure.
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Figure 11. Physico-chemical mechanism of the effect of polynaphtalene sulfonate on the strength of CPB: (a) adsorption effect and (b) filling effect.
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Figure 11 demonstrates the strength gain under the effect of polynaphtalene sulfonate. It can be seen that, when polynaphtalene sulfonate was added to the mixture, more water molecules were attracted by the hydrophilic radical [image: ] attached on the surface of cement particles (see Figure 11a), leading to the increase of the hydration extent of CPB. In this regard, the strength of CPB increased. On the other hand, as presented in Figure 11b, the addition of polynaphtalene sulfonate destroyed the flocculent structure, making the cement particles more dispersed. Thus, the cement particles can enter the void spaces between tailing particles more easily. Therefore, the polynaphtalene sulfonate reduces the pore diameter of the backfill [46] and increases the long-term strength.




5. Conclusions


In order to investigate effects of superplasticizer on the hydration, consistency, and strength of cement paste backfill, a polynaphtalene sulfonate is used as a superplasticizer and mixed with ordinary Portland cement, fly ash, full tailings, and discharged water from the ore concentrator to generate CPB materials. An NMR system is adopted to investigate the hydration of CPB. The fluidity and strength evolution, as well as the physico-chemical mechanism of the effect of polynaphtalene sulfonate on the fluidity and strength, are also presented. The following conclusions can be drawn:



(a) The polynaphtalene sulfonate has a positive effect on the fluidity of CPB mixture. With an increase in the dosage of polynaphtalene sulfonate, the slump of CPB mixture increased.



(b) The superplasticizer has a negligible effect on the 1 d strength of CPB, while it increases the 7 d, 14 d, and 28 d strength of CPB significantly. With the increased dosage of superplasticizer, the strength also increased.



(c) During the short-duration hydration of CPB, the amount of bonded water in the gel phase decreases with the increase of the hydration time, while the amount of pore water and free water do not change significantly. However, during long-duration hydration, no pore water and free water were detected via the NMR test. It was also found that polynaphtalene sulfonate has a stronger effect on the short-duration hydration than the long-duration hydration. Due to the fact that the CPB properties are strongly affected by the hydration of the CPB mixture, more attention should be paid to the hydration of the CPB mixture with different admixtures. In addition, new methods should be developed to investigate the microscopic mechanism of CPB hydration.







Author Contributions


Methodology: J.Z.; formal analysis: J.Z. and A.T.; resources: H.D.; data curation: J.D. and B.K.; writing—original draft preparation: J.Z.; writing—review and editing: J.Z. and A.T.; supervision: H.D.




Funding


Research Funds for the Central Universities of Central South University (No.2015zzts082) funded this research.




Acknowledgments


The first author would like to thank the Chinese Scholarship Council for financial support to the joint Ph. D at the University of Adelaide.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Yilmaz, E.; Benzaazoua, M.; Bussière, B.; Pouliot, S. Influence of disposal configurations on hydrogeological behaviour of sulphidic paste tailings: A field experimental study. Int. J. Miner. Process. 2014, 131, 12–25. [Google Scholar] [CrossRef]

	2. 
Yilmaz, E.; Fall, M. Paste Tailings Management, 1st ed.; Springer International Publishing: Cham, Switzerland, 2017; 303p, ISBN 978-3-319-39682-8. [Google Scholar]

	3. 
De Souza, E.; Degagne, D.; Archibald, J.F. Minefill applications, practices and trends in Canadian mines. In Minefill 2001: 7th International Symposium on Mining with Backfill; Society for Mining Metallurgy: Colorado, CO, USA, 2001; pp. 311–319. [Google Scholar]

	4. 
Belem, T.; Benzaazoua, M. Design and application of underground mine paste backfill technology. Geotech. Geol. Eng. 2008, 26, 147–174. [Google Scholar] [CrossRef]

	5. 
Feldman, R.F.; Carette, G.G.; Malhotra, V.M. Studies on mechanics of development of physical and mechanical properties of high-volume fly ash-cement pastes. Cem. Concr. Compos. 1990, 12, 245–251. [Google Scholar] [CrossRef]

	6. 
Zhou, Y.; Deng, H.; Liu, J. Rational Utilization of Fine Unclassified Tailings and Activated Blast Furnace Slag with High Calcium. Minerals. 2017, 7, 48. [Google Scholar] [CrossRef]

	7. 
Cihangir, F.; Akyol, Y. Mechanical, hydrological and microstructural assessment of the durability of cemented paste backfill containing alkali-activated slag. Int. J. Min. Reclam. Environ. 2018, 32, 123–143. [Google Scholar] [CrossRef]

	8. 
Monteiro, P.; Wang, K.; Sposito, G.; Santos, M.C.; Andrade, W.P. Influence of mineral admixtures on the alkali-aggregate reaction. Cem. Concr. Res. 1997, 27, 1899–1909. [Google Scholar] [CrossRef]

	9. 
Taheri, A.; Tatsuoka, F. Small-and large-strain behaviour of a cement-treated soil during various loading histories and testing conditions. Acta Geotech. 2015, 10, 131–155. [Google Scholar] [CrossRef]

	10. 
Taheri, A.; Tatsuoka, F. Stress-strain relations of cement-mixed gravelly soil from multiple-step triaxial compression test results. Soils Found. 2012, 52, 748–766. [Google Scholar] [CrossRef]

	11. 
Fall, M.; Benzaazoua, M.; Ouellet, S. Experimental characterization of the influence of tailings fineness and density on the quality of cemented paste backfill. Miner. Eng. 2005, 18, 41–44. [Google Scholar] [CrossRef]

	12. 
Kesimal, A.; Yilmaz, E.; Ercikdi, B.; Alp, I.; Devevi, H. Effect of properties of tailings and binder on the short- and long-term strength and stability of cemented paste backfill. Mater. Lett. 2005, 59, 3703–3709. [Google Scholar] [CrossRef]

	13. 
Klein, K.; Simon, D. Effect of specimen composition on the strength development in cemented paste backfill. Can. Geotech. J. 2006, 43, 310–324. [Google Scholar] [CrossRef]

	14. 
Bernier, R.; Li, M.G.; Moerman, A. Effects of tailings and binder geochemistry on the physical strength of paste backfill. Proc. Sudburry 1999, 99, 1113–1122. [Google Scholar]

	15. 
Ouellet, S.; Bussière, B.; Benzaazoua, M.; Aubertin, M.; Belem, T. Effect of binder type and mixing water chemistry on microstructural evolution of cemented paste backfill. In Proceedings of the 57th annual Canadian geotechnical conference and 5th joint IAH-CNC/CGS conference, Quebec City, QC, Canada, 25–27 October 2004. [Google Scholar]

	16. 
Yilmaz, E.; Belem, T.; Benzaazoua, M.; Kesimal, A.; Ercikdi, B. Evaluation of the strength properties of deslimed tailings paste backfill. Miner. Resour. Eng. 2007, 12, 129–144. [Google Scholar]

	17. 
Deng, X.J.; Klein, B.; Hallbom, D.J.; de Wit, B.; Zhang, J. Influence of Particle Size on the Basic and Time-Dependent Rheological Behaviors of Cemented Paste Backfill. J. Mater. Eng. Perform. 2018, 27, 3478–3487. [Google Scholar]

	18. 
Fall, M.; Samb, S. Effect of high temperature on strength and microstructural properties of cemented paste backfill. Fire Saf. J. 2009, 44, 642–651. [Google Scholar] [CrossRef]

	19. 
Nasir, O.; Fall, M. Coupling binder hydration, temperature and compressive strength development of underground cemented paste backfill at early ages. Tunn. Undergr. Space Technol. 2010, 25, 9–20. [Google Scholar] [CrossRef]

	20. 
Fall, M.; Pokharel, M. Coupled effects of sulphate and temperature on the strength development of cemented tailings backfills: Portland cement-paste backfill. Cem. Concr. Compos. 2010, 32, 819–828. [Google Scholar] [CrossRef]

	21. 
Deng, X.; Klein, B.; Tong, L.; de Wit, B. Experimental study on the rheological behavior of ultra-fine cemented backfill. Constr. Build. Mater. 2018, 158, 985–994. [Google Scholar] [CrossRef]

	22. 
Deng, X.; Klein, B.; Zhang, J.; Hallbom, D.; de Wit, B. Time-dependent rheological behaviour of cemented backfill mixture. Int. J. Min. Reclam. Environ. 2018, 32, 145–162. [Google Scholar] [CrossRef]

	23. 
Fall, M.; Belem, T.; Samb, S.; Benzaazoua, M. Experimental characterization of the stress–strain behaviour of cemented paste backfill in compression. J. Mater. Sci. 2007, 42, 3914–3922. [Google Scholar] [CrossRef]

	24. 
Simon, D.; Grabinsky, M.W.; Bawden, W. Effect of polycarboxylated acrylic acid polymer-based superplasticizer on cemented paste backfill. In Proceedings of the Canadian Geotechnical Conference, Toronto, ON, Canada, 2–6 October 2011. [Google Scholar]

	25. 
Ouattara, D.; Belem, T.; Mbonimpa, M.; Yahia, A. Effect of superplasticizer on the consistency and unconfined comoressive strength of cemented paste backfill. Constr. Bulid. Mater. 2018, 181, 59–72. [Google Scholar] [CrossRef]

	26. 
Ouattara, D.; Mbonimpa, M.; Yahia, A.; Belem, T. Investigations of the Performance of Superplasticizers on the Rheological Properties of Highly Viscous Cemented Paste Backfill Mixtures. Ph.D. Thesis, Université du Québec en Abitibi Témiscamingue, Rouyn-Noranda, QC, Canada, May 2017. [Google Scholar]

	27. 
Ouattara, D.; Yahia, A.; Mbonimpa, M.; Belem, T. Effects of superplasticizer on rheological properties of cemented paste backfills. Int. J. Miner. Process. 2017, 161, 28–40. [Google Scholar] [CrossRef]

	28. 
Ercikdi, B.; Cihangir, F.; Kesimal, A.; Deveci, H.; Alp, İ. Utilization of water-reducing admixtures in cemented paste backfill of sulphide-rich mill tailings. J. Hazard. Mater. 2010, 179, 940–946. [Google Scholar] [CrossRef] [PubMed]

	29. 
Mangane, M.B.C.; Argane, R.; Trauchessec, R.; Lecomte, A.; Benzaazoua, M. Influence of superplasticizers on mechanical properties and workability of cemented paste backfill. Miner. Eng. 2018, 116, 3–14. [Google Scholar] [CrossRef]

	30. 
Zheng, J.; Zhu, Y.; Zhao, Z. Utilization of limestone powder and water-reducing admixture in cemented paste backfill of coarse copper mine tailings. Constr. Build. Mater. 2016, 124, 31–36. [Google Scholar] [CrossRef]

	31. 
Kesimal, A.; Yilmaz, E.; Ercikdi, B.; Alp, I.; Yumlu, M.; Ozdemir, B. Paste backfill technology in underground mining—A case study. Earth Sci. J. Istanbul Univ. Eng. Fac. 2003, 6, 45–53. [Google Scholar]

	32. 
Yang, L.; Yilmaz, E.; Li, J.; Liu, H.; Jiang, H. Effect of superplasticizer type and dosage on fluidity and strength behavior of cemented tailings backfill with different solid contents. Constr. Build. Mater. 2018, 187, 290–298. [Google Scholar] [CrossRef]

	33. 
Koohestani, B.; Darban, A.K.; Mokhtari, P. A comparison between the influence of superplasticizer and organosilanes on different properties of cemented paste backfill. Constr. Build. Mater. 2018, 173, 180–188. [Google Scholar] [CrossRef]

	34. 
Monteiro, P.; Mehta, P. Concrete: Structure, Properties, and Materials; Prentice Hall: Michigan, MI, USA, 1993. [Google Scholar]

	35. 
Gay, F.; Constantiner, D. Admixtures for improving paste backfill mixes. Tailings Mine Waste 1998, 98, 26–28. [Google Scholar]

	36. 
Wu, D.; Fall, M.; Cai, S. Coupling temperature, cement hydration and rheological behaviour of fresh cemented paste backfill. Miner. Eng. 2013, 42, 76–87. [Google Scholar] [CrossRef]

	37. 
Grice, T. Underground mining with backfill. In Proceedings of the 2nd Annual Summit-Mine Tailings Disposal Systems, Brisbane, Australia, 24–25 November 1998; pp. 234–239. [Google Scholar]

	38. 
Li, T.; Singh, U.; Coxon, J.; Grice, T.; Sainsbury, D. Development and application of paste fill using dry tailings. In Proceedings of the International Seminar on Paste and Thickened Tailings, Melbourne, Australia, 14–16 May 2003. [Google Scholar]

	39. 
Agarwal, S.; Masood, I.; Malhotra, S. Compatibility of superplasticizers with different cements. Constr. Build. Mater. 2000, 14, 253–259. [Google Scholar] [CrossRef]

	40. 
Standard for Test Method of Performance on Building Mortar; Chinses National Standard: JGJ/T70-2009; Ministry of Construction of PRC: Beijing, China, 2009.

	41. 
Schreiner, L.; Mactavish, J.; Miljković, L.; Pintar, M.; Blinc, R.; Lahajnar, G.; Lasic, D.; Reeves, L. NMR Line Shape-Spin-Lattice Relaxation Correlation Study of Portland Cement Hydration. J. Am. Ceram. Soc. 1985, 68, 10–16. [Google Scholar] [CrossRef]

	42. 
Miljkovic, L.; Lasic, D.; MacTavish, J.; Pintar, M.; Blinc, R.; Lahajnar, G. NMR studies of hydrating cement: A spin-spin relaxation study of the early hydration stage. Cem. Concr. Res. 1988, 18, 951–956. [Google Scholar] [CrossRef]

	43. 
Jehng, J.Y. Microstructure of Wet Cement Pastes: A Nuclear Magnetic Resonance Study. Ph.D. Thesis, Northwestern University, Evanston, IL, USA, 1995. [Google Scholar]

	44. 
Bouton, J.; Drack, E.D.; Gardner, J.S.; Prammer, M.G. Measurements of clay-bound water and total porosity by magnetic resonance logging. Log Anal. 1996, 37, 61–80. [Google Scholar]

	45. 
Bortolotti, V.; Fantazzini, P.; Mongiorgi, R.; Sauro, S.; Zanna, S. Hydration kinetics of cements by Time-Domain Nuclear Magnetic Resonance: Application to Portland-cement-derived endodontic pastes. Cem. Concr. Res. 2012, 42, 577–582. [Google Scholar] [CrossRef]

	46. 
Lv, S.S. The Influence of Water-reducing Agent on the Properties of Total Tailings Cemented Paste Backfill. Master’s Thesis, Zhengzhou University, Zhengzhou, China, April 2014. [Google Scholar]







































© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png





media/file18.png
0.020

0.020
—a— 1d
—o—7d
—4A— 14d
0.015 0.015 - —v 28d
El 5
S S
T 0.010 T 0.010 -
D D
[72] [72]
nd ned il
= =
pd pd
0.005 0.005
0.000 L] L] lllllll T L] lllllll L] T L 0.000 T T Illllll L] L] llIlIII T T IIlIlll T T llIlIII T T lIlIllI T T T T THIT
0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000
T2 relaxation time / ms T2 relaxation time / ms
(a) (b)
0.020 0.020
—a—1d —a— 1d
—e—7d —e—7d
—4A—14d —4A— 14d
0.015 4 —v— 28d 0.015 4 —wv  28d
5 5
8 8
T 0.010 - T 0.010 -
D D
[72] [72]
ned 1 ned ]
= =
pd pd
0.005 - 0.005
0000 LR | L LI | LR | L LI | L L | o rTrE 0000 LI | L L | LA | L | L LA LL | L
0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000

T2 relaxation time / ms T2 relaxation time / ms

(c) (d)





media/file21.jpg
Hydrated cement
particle

Free water

@

Hydrated cesent Polyuaphtalene sulfomae

particle






media/file13.png
0.030 s 0.025 553
—a—10min —a— 10min
—e—1h —<—1h
0.025 4 A 2h 0.0001 0.020 4 A— 2h 0.0001
~v 8h / ~ v _8h
. 0.0204 0.0000' 1/50 TR R —_ 1 0.0000
5 1t 5 80 100 120 140 160
A eak 0002 . 0.015 4
S P o S 2" peak
T 0.015 i 0.0002
o 0.0001 o
é é 0.010 4
< 0.010 / S 0.0001
< 0-0000 50" 1600 1200 1400 1600 <z
0.005 2" peak 3" peak 0.005 oo
: / 777800 1000 1200 1400 1600
0.000 F—r—rrrrr—r—r A e 0.000 4——rrrrm Al i A
0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000

T2 relaxation time / ms T2 relaxation time / ms

(a) (b)





media/file12.jpg
o o
o = am

I AL\ wsf o
3 - e g
R
2 o 4 ; F 2 oo

2T e "
R I B e M T R T R M
T owinimerns T atini s

() (d)






media/file3.jpg





media/file22.png
Hydrated cement

particle

..I..H*

L B L
I I
C o L
R *#ﬁﬂﬁﬁf

ot W

ree water

[

SO;ﬁ.\'a

Hydrated cement Polynaphtalene sulfonate

particle

o =
T Q@
()]
P
N8
=

(d)

(c)





media/file19.jpg
@
o
o
Tos
. 3
H AT H
H 4 H
g e § o
i
i %
n Fid

[r———— T, st b s

© «@





media/file7.jpg





media/file10.png
N N NN N NN N NN NN NN N NN NSNS NCNCN NN NN N
R R
KRLRELKELELRRRHRRRRRRRELLLLLZRRRHRRRLRLKLRRLLLKKKR)

R R R A A IR AR
KRERREELAHAAXKKRLELIEELLLRAKRKRKKL] <F
—

NN NN NN NN SNINONI NN N
KRRRRERRRREREELRKR R

v

NN 0.2%

1 0%

NN N =
o
e%e%e%%%

i T
A\\\g

S 0.4%
555 0.8%

1.4
1.2

._._._.
@ © X
o o o

1.0 -
0.2 1
0.0

edIN / Wbuans

Curing time (d)





media/file14.png
0020 0.0003
—a— 10min
{| —*—1h 0.0002
—a— 2h
0.0154 v 8h 00001
/:-j\ 0.0000, 100 120 140 160 180
8 2" peak
— 0_nnn')
8 0.010 H
D
(7))
D: 0.00014
=
=
0.005 H
0.0000 800 1000 1200 1400 1600
3" peak
0.000 +——r—rrrery s
0.01 0.1 10 100 1000 10000

T2 relaxation time / ms

(c)

NMR signal (a.u.)

T2 relaxation time / ms

(d)

0.020 .
10m|n 0.0002
—e—1h
2h 0.0001
00154 | v 8h
0.0000
80 100 120 140 160 180
2" peak
0.010 4 0.0002
0.0001
0.005
0.0000%, ! . , .
800 1000 1200 1400 1600
I
0.000 T L] lllllll llll L] L] lIIlIII I*I T lllIlll‘l T T T THIT
0.01 0.1 1 10 100 1000 10000





media/file11.jpg





media/file6.png
0.006

(‘'n'e) jeubis Y

0.004
0.002 -+

=

N

0.000

10000

1000

100

10

0.1

T2 relaxation time /ms





media/file15.jpg
oo, :g;“ s,
o g 14 v 000s-
R
T e T
ooz, L] oo, ©
T ”jz:i =
wb \ A el e
b W ra
b o o00. A e
I e e e e e

(c) (d)





nav.xhtml


  minerals-08-00381


  
    		
      minerals-08-00381
    


  




  





media/file16.png
NMR signal (a.u.)

—_~

NMR signal (a.u.

0.030

m O% 0.0002 ~ a
e 0.2% /Lfr\\
4 PN
002519 | Ao 0.4% ] 0.0001/ 4 \!\:
v 0.8% n® / \
rg
0.020 + ] % 0.0000 ‘ : =
.) - 80 1020n 120 k140 160
] pea
0.015 4 ; 0.0002
A )4
N
_A
0.010 - va 0.0001 ﬁ/‘ \Nv
A7a vt
Y / \
0.005 - v & T ooo00l 4 -
v k 800 1000 1200 1400 1600
v A 3" peak
0.000 +———rrrre——rrrrr
0.01 0.1 1 10 100 1000 10000
T, relaxation time / ms
(a)
0.025
0.0003
—ua— (0%
—0—0.2% 0.0002 /A} o
00204 | 4 0.4% G NN
v 08% 0.0001 v\.
0.0000—*— - .
0015 4 80 100d 120 140 160
' 2" peak
0.0002
0.010 4 f'; .
0.0001/ A/V \’§§\
v
800 1000 1200 140 1604
- ; 3 peak

0.01 0.1 1 10 100 1000

T2 relaxation time / ms

(c)

10000

NMR signal (a.u.)

u.)

NMR signal (a

0.030
m O% 0.0003
—o 0.2%
00254 o 0.40/2 0.0002: A;\A\
1 v 08% 0.0001] : §l\‘
0.020 H K

0.0000+—=—— . a
80 100 120 140
h 2" peak
0.015 - 9: W 00002

n, =% _,
' e e N

Jm Ve §

0.010 4 c \ [ 0.0001 / A

0.005 + 0-0000 551000 1200 1400 1600
3" peak
0.000 4
0.01 01 1 10 100 1000 10000
T2 relaxation time / ms
0.025
a 0% 0.0003
—o— 0.2%
0.0002] vV
0020 |4 —04% QA?.SA
—v—0.8% 0.0001 | %f'\’\ﬁl
v
0.0000 —
0.015 - 80 100d 120 140 160
2" peak
0.0002
0.010 - A4
0.0001/ /Aﬂ
i
0.005 0.0000. -/ ; it
800 1000 1200 1400 160
3" peak
0.000 ~———rrrrr P N —
0.01 0.1 100 1000 10000

T2 relaxation time / ms

(d)





media/file2.png
Accumulative mass fraction (%)

110

100

\ —ua— Testing data\

90

80

70

60

50

40

sieve analysis method \

30

20

10

100

10 1 0.1 0.01 1E-3

Particle size (mm)

1E-4





media/file20.png
NMR signal (a.u.)

NMR signal (a.u.)

0.020

—u— 0%

1|——0.2%

—A—0.4%
0.0154 | —v—0.8%
0.010 4
0.005
0.000 ——rrrr— PP ———rrrr

0.01 0.1 100 1000 10000
T2 relaxation time / ms
(a)

0.015

—u— 0%

—0—0.2%

1|—a—0.4%

—v—0.8%
0.010 4
0.005
0.000 T T Illllll L] T rrrrm Illlll T T Illllll T T rrrrm

0.01 0.1 100 1000 10000

T2 relaxation time / ms

(c)

NMR signal (a.u.)

NMR signal (a.u.)

0.020

10000

—u— 0%
1 ——-02%
—A—0.4%
00154 | v 0.8%
0.010 4
0.005 -
0.000 -
0.01 0.1 1 10 100 1000
T2 relaxation time / ms
(b)
0.015
—u— 0%
—0—0.2%
11—4—0.4%
—v—0.8%
0.010 4
ik
a
0.005 h
ik
Ly
2w
2w
0000 T LR | T LI | T .a—r—r—r—v—rwq—r—r—r—v—rwq—r—r—r—wwv
0.01 0.1 1 10 100 1000

T2 relaxation time / ms

(d)

10000





media/file23.jpg





media/file5.jpg
NMR signal (a.u.)

0.006

0.004 4

0.0024

0,000 ~frmmpemperrr gt ———freree|
10 100 1000 10000

01

T, relaxation time /ms





media/file24.png
~~
qa
~

=
B
Q
=
o
g
=
2
=

Hydrated cement

particle

Hydrated cement particle

<

particles

=Y
K-
‘=
s

Free water

“ SRHE 0
0 SRRHRK 0
50585 000
AR IERINT
00000000000 0000
A333%3333&3¢ 0 esse

2 tetet e e e et e e te e s %% %%
3%%%&&%@&33&33&3‘0"
SR HHHHISEHRHRIIRIRRRS
abbbb%@%%vAoaﬁﬁﬁﬁﬁﬁ
BIOTOTOLOLOLOTNTOT SIS
D LRRRRL 00 000’
PR RIRIRIRRRAN
o 0
00 000000000000 v
1000RRRIRIRIRIRIRRRRRRS
RRRERHELHRLRLHKS
m&dttetttxkpka .'

QR R KKK
Satotatetetetotetetotetote .

""&l&%&%&% .'

0






media/file1.jpg
Accumulative mass fraction (%)

110

100
%

Testing data

80

70

60

50

40

sieve analysis method

30

20

10

100

10 1 01
Particle size (mm)

1E-4





media/file9.jpg
©
3
SN
|4
7 Is
R =
E
| 2
=
e
K
B
&
® © < « o
g 8§ 3 8 8

BdiN / ywbuans





media/file0.png





media/file8.png





media/file25.png





media/file17.jpg
) e
1 i faH
£

© (d)





