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In order to study the strength characteristics and hydration mechanism of the cemented ultra-fine tailings backfill (CUTB), the uniaxial compressive strength (UCS) tests of CUTB and cemented classified tailings backfill (CCTB) with cement-tailing ratio (C/T ratio) of 1:4 and 1:6 and curing ages of 3, 7, 14 and 28 days were carried out. The hydration products and morphology of the cemented paste backfill (CPB) were analyzed by X-ray diffraction (XRD) and scanning electron microscope (SEM). The results show that the UCS of the CUTB is significant compared to the CCTB under the same conditions; the greater the C/T ratio and curing age, the greater the UCS difference value. The UCS growth curve of the CUTB is approximately S-shaped, and there is a relationship between the UCS and curing age. The ultra-fine tailings particles in the CUTB have potential activity; in the alkaline environment–generated cement hydration, active SiO2 and Al2O3 particles undergo secondary hydration reaction, resulting in no or very little Ca (OH)2 crystals generated in the CUTB, and the hydration products and morphology are also different.
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INTRODUCTION
The ultra-fine particles of mineral monomer exist in iron ore; therefore, iron ore must be ground to ultra-fine size to separate minerals and gangue (Deng et al., 2017a). The tailings particles discharged after mineral processing of the concentration plant are extremely fine, classified as ultra-fine tailings (UT). The tailings are usually discharged into the tailing pond or transported to the backfill plant to be used as cemented aggregates (Wang et al., 2014).
Generally speaking, the uniaxial compressive strength (UCS) of cemented paste backfill (CPB) is mainly determined by the cement-tailing ratio (C/T ratio), mass concentration, and curing age. Taking the underground mining environment into consideration, the UCS is affected by many factors such as temperature and mixing water (Benzaazoua et al., 2004; Fall et al., 2010; Yilmaz et al., 2012; Ercikdi et al., 2013; Jiang et al., 2019). The classified tailings have gotten promising results in CPB for several years, making the technological process more perfect. In recent years, the study is aimed at studying specific mines, focusing on the proportioning scheme optimization under the premise of satisfying UCS, ore recovery rate and settlement, and the rheological characteristics and transport characteristics of the filling slurry (Wang et al., 2009; Liu et al., 2019). The design optimization of mine filling process parameters and reasonable adjustment of the proportioning scheme in CPB can reduce the amount of cementing materials and improve the utilization of tailing (Lu et al., 2018). In addition, some experts measured and analyzed the stress state and pore water pressure of underground CPB, indicating that filling and settlement time schedules have a significant impact on the pore water pressure of the cemented backfill, which in turn affects the quality of CPB (Doherty et al., 2015). The constitutive model and percolation model of CPB contributing to the efficient use of tailings are also studied (Helinski et al., 2007). Some of the industrial waste byproducts, including fly ash, slag, water granulated slag, and limestone powder, have been applied as potential active materials to CPB to reduce cement consumption and reduce filling costs (Ouellet et al., 2007; Wang et al., 2009; Cihangir et al., 2012; Yin et al., 2012; Zheng et al., 2016; Deng et al., 2017b). Many studies have shown that the choice of cement type also affects the UCS of CPB (Ercikdi et al., 2009; Xue et al., 2018).
The traditional research of CPB is based on the theory of building materials; the aggregates are not allowed to contain a large amount of ultra-fine particles. With the extensive application of classified tailings, a series of problems have arisen: low utilization of tailing, polluted underground environment, long cycle of filling mining, and high filling costs. Therefore, many studies have been carried out to analyze the fineness of tailings on the quality of CPB (Kesimal et al., 2003; Fall et al., 2005; Fall et al., 2008; Yilmaz et al., 2014; Ke et al., 2015; Ke et al., 2016). In recent years, with the increase of UT output, there are some signs of progress in relevant research. Kawatra has analyzed the mineral composition and particles morphology of UT in several regions (Kawatra, 2017). Wang et al. have investigated and analyzed the current status of UT, also discussed the key technical problems of slow settlement rate and the low water recovery rate in the recycling of UT, and proposed a solution (Wang et al., 2014). The theoretical and applied research on UT is currently concentrated on the rheological characteristics and conveying characteristics of slurry. Many experimental studies have been carried out on the influencing factors, parameter optimization, and transportation performance optimization (Yang et al., 2017; Zhou et al., 2017a; Zhou et al., 2017b; Deng et al., 2018a; Deng et al., 2018b). There is less literature on the UCS of cement ultra-fine tailings backfill (CUTB). Qiu et al. have researched the effect of C/T ratio, mass concentration, and curing age on the UCS of CUTB. The results show that UT has certain activity and the curing age is the most important factor affecting UCS, followed by the C/T ratio and mass concentration (Qiu et al., 2017). Niroshan et al. have designed a uniaxial compressive strength test with different cementitious materials and contents and found that CUTB of slag + cement had a higher early strength. Compared with CPB, CUTB of slag and cement had a higher stiffness, summing up the prediction model of UCS (Nircoshan et al., 2017). Based on the UCS test and the physicochemical properties of UT, Xu et al. have discussed the diagenesis mechanism of CUTB (Xu et al., 2013).
Most of the current research involved the application and optimization material of UT and the cemented backfill to UT; however, few studies discussed the strength characteristics and the hydration reaction mechanism of CUTB. Because the particles sizes of most UT are smaller than those of cement particles, the strength formation mechanism and hydration reaction of CUTB are different from CCTB, which is essentially different. Therefore, it is very important to research the strength characteristics and hydration reaction mechanism of CUTB. In this article, the ultra-fine tailings and classified tailings of iron were used as experimented materials. Based on the analysis of the basic physical and chemical properties, the strength experiment of different schemes of CPB was designed, the strength variation law of CUTB analyzed, and a prediction model based on the strength value of tailings gradation characteristics and curing age constructed. X-ray diffraction (XRD) and scanning electron microscope (SEM) were used to compare and analyze the hydration products of different CPB, research the hydration reaction mechanism of CUTB, and discuss the strength formation mechanism of CUTB.
MATERIALS AND METHODS
Test Material
Tailings
The test materials are the ultra-fine tailings and the classified tailings in an iron ore mine in northern North China. The composition of the tailings is shown in Figure 1 and Table 1. The size of the median grain of the ultra-fine tailings is 14.97 μm, and the restricted rain size is 20.7 μm, and it is classified into UT according to the Design Reference Materials for Tailing Facilities. The median grain size of the classified tailings is 190.78 μm, and the restricted grain size is 269.5 μm. The coefficients of uniformity for the two types of tailings are 5.88 and 5.12, respectively. The coefficients of curvature for the two types of tailings are 1.1 and 0.86, respectively (Xu et al., 2013). The two types of tailings belong to the better gradation tailings.
[image: Figure 1]FIGURE 1 | Grain size distribution curve of tailing: (A) the ultra-fine tailings; (B) the classified tailings.
TABLE 1 | Physical and chemical characterization of the tailings and binder.
[image: Table 1]Figure 2 shows that the ultra-fine tailings are mainly composed of cohesive particles and powder particles, containing a small number of sand particles, and the shape of the particles is mostly irregular (Wolff et al., 2011). The surface of the particles is smooth with large surface energy. There is an agglomeration phenomenon found in the ultra-fine tailings (Wolff et al., 2011). The classified tailings are composed of sand particles. The surface of the particles is relatively rough, mostly the crystal grain boundary surface and a small amount of staggered fracture surface. A small number of cohesive particles and powder particles attach to the surface of sand particles.
[image: Figure 2]FIGURE 2 | SEM images of the tailings: (A) the ultra-fine tailings; (B) the classified tailings.
Figure 3 shows the XRD spectrum results. The tailings contain a large amount of SiO2 (Wolff et al., 2011), which belongs to high silicon tailings, and contain MgO, CaO, Al2O3, and total Fe. Figure 3 also shows that the intensity of the diffraction peak of the classified tailings is greater than that of the ultra-fine tailings; especially, the main diffraction peak of SiO2 is significant. The intensity of the main diffraction of SiO2 in the classified tailings is about 15,000, while the main diffraction peak intensity of SiO2 in the ultra-fine tailings is less than 9,000. It can be seen that the ultra-fine tailings particles have a low degree of crystallization, and the amorphous particles have high surface energy, high content, and large specific surface area, so the activity of the ultra-fine is relatively higher than that of the classified tailings.
[image: Figure 3]FIGURE 3 | XRD spectrum results of tailings: (A) the ultra-fine tailings; (B) the classified tailings.
Table 1 also shows the main chemical components of tailings, the mass ratios of 90.52% (the ultra-fine tailings) and 92.48% (the classified tailings). The ultra-fine tailings have an alkalinity coefficient of 0.13, which belongs to the acidic tailings. The quality coefficient of the ultra-fine tailings is 0.25; the quality is a little poor. The activity coefficient of the ultra-fine tailings is 0.06; the ultra-fine tailings have a lower activity (Xu et al., 2013).
Binder
The cement used in the tests is the production batch of Jidong brand ordinary Portland cement (325#), which was produced in Tangshan city, Hebei Province, China.
Mixing Water
The tailings discharged from the plant contain water. In the test preparation stage, the tailings were placed into a drying box to be dried; then, they will be naturally cooled at room temperature to avoid the influence of moisture in the tailings on the test (Benzaazoua et al., 2004). Tap water from Lunan District of Tangshan City was used as mixing water to mix binder and tailings and prepare ultra-fine tailings backfill slurry.
Uniaxial Compressive Strength Tests
Experiment Mixing Ratio
According to the research experience and application (Qiu et al., 2017), the C/T ratios were 1:4 and 1:6, and the curing age was 3, 7, 14, and 28 days. Because of the obvious difference at the same mass concentration of the ultra-fine tailings and the classified tailings, the mass concentration was determined to be 70%.
Experiment Method
According to the experiment scheme, calculate and weigh the quality of cement and tailings. Then, they will be mixed evenly and poured into the mixing vessel. After that, add water and mix for 2 min to complete the backfill slurry. The backfill slurry is injected into the standard triple test strip of 7.07 cm × 7.07 cm × 7.07 cm (Xue et al., 2018). After being tamped and smoothed, it will be placed in the curing box for 24 h and then demolded. The CPB was numbered and labeled and then placed in the curing box for maintenance. The curing environment temperature is 20 ± 1°C, the relative humidity is 90%, and the curing time is controlled according to the experimental scheme. The cured CPB was placed on the test platform of the uniaxial press, aligned with the axis. To determine the UCS of the backfill, each group of CPB is measured 3 times and averaged (Fall et al., 2005).
XRD and SEM
After the uniaxial compressive strength test, the internal samples of CPB were stored in a sealed bottle containing anhydrous ethanol. The purpose is to replace the moisture in the CPB sample and terminate the hydration reaction. A small amount of CPB in the sealed bottle was taken out and naturally air-dried, than ground to about 200 mesh. The scanning angle was 5°–7° and the scanning speed was 0.02°/min by X-ray diffractometer (Bruker D8 ADVANCE) (Fall et al., 2005). Another complete sample of CPB in the sealed bottle was taken and naturally air-dried. The microscopic morphology of the original fracture surface of CPB was taken by the scanning electron microscope (JSM-6390A), and the acceleration voltage was 15 kV (Fall et al., 2005).
RESULTS AND DISCUSSION
UCS Variation Law of CUTB
At present, domestic and foreign researchers generally believe that the higher the proportion of cement and the longer the curing age, the greater the UCS of the CPB (Kesimal et al., 2003). Figure 4 and Table 2 show that the CUTB also follows the rule in terms of C/T ratio and curing age.
[image: Figure 4]FIGURE 4 | UCS and difference value (DV) of CPB with different mixing ratios: (A) C/T ratio 1:6; (B) C/T ratio 1:4.
TABLE 2 | UCS of CPB with different mixing ratio.
[image: Table 2]Figure 4 also shows that the UCS of the CUTB is significantly higher than the CCTB at the same conditions and the greater the C/T ratio, the greater the UCS difference value. When the C/T ratio is 1:6, the UCS differences value of CPB are 0.81 MPa (3 days), 0.82 MPa (7 days), 1.24 MPa (14 days), and 1.42 MPa (28 days), and the average value is 1.07 MPa. Moreover, when the C/T ratio is 1:4, the UCS differences value of CPB are 1.04 MPa (3 days), 1.13 MPa (7 days), 1.68 MPa (14 days), and 1.66 MPa (28 days), and the average value is 1.38 MPa. With the increase of the curing age, when the UCS difference value increases, the ultra-fine tailings are more conducive to the increase of UCS in the CUTB and increase faster than those of the CCTB. Especially during the curing age of 7–14 days, the UCS differences value increases by 0.42 MPa (C/T ratio 1:6) and 0.55 MPa (C/T ratio 1:4), respectively, and the UCS difference value of the CUTB increases sharply, which is approximately an S-shaped curve. With the increase of the C/T ratio (cement content), the UCS difference value of the CUTB increases. When the C/T ratio is 1:6, the UCS difference value of CUTB is 1.07 MPa, and when the C/T ratio is 1:4, the UCS difference value is 1.38 MPa. It shows that the CUTB is more sensitive to the change of cement content, increasing the same quality of cement; the UCS of CUTB increases more.
Figure 5 shows that the UCS variation laws of the CUTB and the CCTB are different under the same mixing ratio. The CUTB has a relatively large early strength, which reaches 1.67 MPa at a C/T ratio of 1:6 and a curing age of 3 days. Under the same mixing ratio, the UCS of the CCTB is only 0.86 MPa. The UCS growth curve of the CUTB is approximately S-shaped, and during the curing age of 3∼7 days, the UCS growth rate of the CUTB is slow, with an increase of 0.5 MPa (29.94%). The UCS growth rate of the CUTB is accelerated during the curing age of 7–14 days, with an increase of 0.76 MPa (35.02%). In the later period of curing age (14–28 days), the UCS growth rate of the CUTB decreases, with an increase of 0.51 MPa (17.41%). In contrast, the UCS growth curve of the CCTB is of an approximately convex shape, and the UCS growth rate decreases with curing age. When the C/T ratio is 1:6, the UCS growth rate of CCTB is 0.49 MPa (56.98%), 0.34 MPa (25.19%), and 0.33 MPa (19.53%), respectively.
[image: Figure 5]FIGURE 5 | UCS variation law of CPB with different mixing ratios: (A) C/T ratio 1:6; (B) C/T ratio 1:4.
UCS Regression Fitting of CUTB
Figure 6 shows that there is a nonlinear relationship between the UCS and curing age of CUTB. According to the variation law of UCS and curing age of CUTB, the least-square method is used for curve regression analysis and to obtain a significant regression equation. The function expression of regression equation is as follows:
[image: image]
where [image: image] is regression value of UCS, [image: image] is curing age, and [image: image] are regression parameters.
[image: Figure 6]FIGURE 6 | Fitting curve and regression equation of UCS with curing age: (A) C/T ratio 1:6; (B) C/T ratio 1:4.
The principle of the least-square method is to minimize the sum of squares deviations between all observed values and regression values:
[image: image]
where [image: image] is the sum of squares deviations and [image: image] is the observation value.
The parameters of different curve regression equations are calculated, and the method of variance analysis is selected for statistical analysis. Then, the correlation coefficients (R), coefficient of determinations (R2), and adjusted coefficient of determinations (ADJ R2) of different regression equations are obtained, as well as the F values and p values of the significance test. The specific calculation results are shown in Table 3.
TABLE 3 | Regression equation and test results.
[image: Table 3]Table 3 shows that the linear regression equation between UCS and curing age of the CUTB at the C/T ratio of 1:4 and 1:6 is relatively low, and the adjusted coefficients of determinations are only 0.739 and 0.874, indicating that the UCS of CUTB is nonlinear with the curing age. According to the scatter plot, select the regression equations as follows: logarithmic equation, S-shaped equation, inverse equation, and power equation. The C/T ratio is 1:4, the logarithmic equation and the S-shaped equation have a high degree of regression, and the adjusted coefficients of determinations are 0.971 and 0.960. The F value of the logarithmic regression is 100.8506; the p values are 0.0098 < 0.01, showing that the significance of the logarithmic is extremely great. The C/T ratio is 1:6, the logarithmic regression equation and the power equation have a high degree of regression, and the adjusted coefficients of determinations are 0.980 and 0.984. The F values are 147.1173 and 187.3661, and the p values are 0.0067 and 0.0053. In summary, the UCS of CUTB has a logarithmic relationship with curing age, and the regression equation is as follows:
[image: image]
According to the regression equation, the regression values corresponding to different observation values are calculated, and residual error analysis is performed. The specific calculation results are shown in Figure 7 and Table 4:
[image: Figure 7]FIGURE 7 | Standardized residual error of regression equation: (A) C/T ratio 1:6; (B) C/T ratio 1:4.
TABLE 4 | Regression value and residual error analysis.
[image: Table 4]Analyzing the residual error of the regression equation, it can be seen that the observation value and the regression value are very small, but the residual value has a unit and cannot be directly used for comparative analysis. Generally, the residual values are standardized, and it follows the standard normal distribution N (0,1). The standardized residuals of the regression equations of UCS and curing age are all within the interval of −2∼+2 and contain randomness, indicating the equation is normal.
XRD Analysis of CPB
Figure 8 shows the XRD spectrum of the ultra-fine tailings and the classified tailings under the same conditions (C/T ratio 1:4, mass concentration 70%, and curing age of 3 days). The SiO2 diffraction peak can be clearly seen from the figures because the main component of CPB is SiO2, which accounts for about 40% of the total mass. On the other hand, most SiO2 particles are inert materials, which act as aggregate and do not participate in the hydration reaction. The main hydration products in CUTB are C-S-H and AFt. Among them, AFt belongs to the crystals and has obvious diffraction peaks and C-S-H is a mostly amorphous hydrate with poor crystallinity. Moreover, there is a broad, convex hull background under the diffraction peaks of 2θ between 20° and 45°. In contrast, the XRD spectrum of CCTB can observe not only AFt crystals and C-S-H but also obvious diffraction peaks of Ca (OH)2 crystals.
[image: Figure 8]FIGURE 8 | XRD spectrum of CPB with S/W ratio 1:4 and curing age of 3 days: (A) CUTB; (B) CCTB.
The analysis shows that the content of Ca (OH)2 crystals in the CUTB is very little or non-existent, and the area of the convex hull background of the spectrum is significantly larger than that of the CCTB. It shows that the hydration products and content of CUTB and CCTB are different, and the hydration reaction in the two kinds of CPB is different.
SEM Analysis of CPB
The CPB is mainly composed of three major types of materials, including unhydrated cement clinker, inert including in tailings and hydration product (Xu et al., 2013), and hydration products of Portland cement such as calcium silicate hydrate (C-S-H), ettringite (AFt), calcium aluminate sulfate hydrate (AFm), portlandite (Ca (OH)2) and hydrogarnet (C3AH6). The composition of C-S-H gel is complex, and it is usually assumed that the molecular formula is C3S2H3. C-S-H gel has extremely poor crystallinity and its morphology is not fixed; most of them are fibrous, granular, and networked. The structural formula of AFt is [image: image], with a high degree of crystallinity. The crystal is generally hexagonal prismatic, which grows into needle-like or columnar shape according to the growth space. The Ca (OH)2 has a good crystallinity with a hexagonal plate shape. It is unevenly distributed and the crystal size is 10–100 μm (Fall et al., 2005).
Figures 9A,B are SEM images of CUTB and CCTB under the same conditions (C/T ratio 1:4, mass concentration 70%, and curing age of 3 days). It can be seen from the figure that there are obvious hydration products in the CPB in the early curing age, but the morphology of the hydration products is different between the CUTB and the CCTB. In the CUTB, the C-S-H gel mostly wraps fine particles and ultra-fine particles in a network shape or attaches to the surface of coarse particles in a fibrous; the AFt crystals are randomly distributed on the surface of the particles and in tiny pores, and length is about 1∼3 μm. In the CCTB, the C-S-H gel basically exists on the surface of fine particles and ultra-fine particles, the AFt crystals are mostly perpendicular to the surface of fine particles and ultra-fine particles, and the length is about 1∼3 μm. The Ca (OH)2 crystals are randomly filled in the fine pores and micro-pores, with a size of about 5–10 μm. No obvious Ca (OH)2 crystals are observed in the CUTB, it can be seen that the hydration products in the CUTB and CCTB are different, and the hydration reactions that occur are also different. It shows that the particle size of tailings affects the hydration process of the CPB, and the distribution and morphology of the hydration products change due to the difference in particle size.
[image: Figure 9]FIGURE 9 | SEM images of CPB with different C/T ratio and curing age: (A) CUTB, C/T ratio 1:4, curing age of 3 days; (B) CCTB, C/T ratio 1:4, curing age of 3 days; (C) CUTB, C/T ratio 1:4, curing age of 7 days; (D) CUTB, C/T ratio 1:4, curing age of 28 days; (E) CCTB, C/T ratio 1:4, curing age of 28 days.
Figures 9C,D are SEM images of CUTB and CCTB under the same conditions (C/T ratio 1:4, mass concentration 70%, and curing age of 28 days). According to the hydration mechanism of the cement paste, the hydration reaction continues at 28 days of curing age, the hydration rate decreases, the hydration product grows slowly, and the internal structure of CPB is basically formed. However, the morphology of the hydration products and internal structure of CUTB and CCTB are still different. In the CUTB, the C-S-H gel forms a coating layer around fine particles and ultra-fine particles, and grows outwards. At the same time, it grows in a network on the surface of the coarse particles and connects the fine particles and ultra-fine particles with the coarse particles to form a dense three-dimensional whole. The AFt crystals are distributed on the surface of coarse particles and tiny pores, and the length is about 1∼3 μm. In the CCTB, the C-S-H gel forms a coating layer around fine particles and ultra-fine particles, grows outward with particles as the center, and connects the particles into a whole. The AFt crystals mostly exist perpendicular to the surface of fine particles and ultra-fine particles, and the length is about 1∼3 μm. The Ca (OH)2 crystals are distributed disorderly in the CCTB: some are wrapped by C-S-H gel and some are filled into pores.
There are no obvious Ca (OH)2 crystals in the CUTB at the curing age of 28 days. It can be seen that the difference of hydration reaction between the two CPB always exists, indicating that the particle size of tailings has always affected the hydration process in the curing process, and there is the difference in the structure of the CPB and the morphology of the hydration products. Although the C-S-H gel forms a coating layer after curing 28 days, the C-S-H gel grows with independent particles as the center in the CCTB, with the increasing thickness of the coating layer. Particles contact with each other and continue to grow at the contact point and finally form a three-dimensional whole, and obvious particle profile can be observed in the figure. In the CUTB, fine particles and ultra-fine particles are wrapped in C-S-H gel to form aggregates, and independent fine particles and ultra-fine particles are not observed. The aggregates connect with adjacent coarse particles to form a dense whole.
Figures 9A,D,E are SEM images of CUTB at different curing ages under the same proportion (C/T ratio 1:4, mass concentration 70%, and curing age of 28 days). It can be seen from the figures that the morphology of C-S-H gel changes with the curing age and has regularity. At the curing age of 3 days, the C-S-H gel is centered on the fine particles and ultra-fine particles and grows on the surface of the surface in a network shape, and the surface of the coarse particles is exposed and no obvious C-S-H gel is observed. At the curing age of 7 days, with the continuous growth of the C-S-H gel outside the coating layer, the particles and the C-S-H gel form agglomerates where the fine particles and ultra-fine particles are dense, and there are obvious network-shaped C-S-H gel on the surface of local coarse particles. The morphology of AFt crystals changed with the growth of the curing age, AFt crystals are mainly distributed on the particle surface and tiny pores, and the size does not change significantly, about 1∼3 μm.
Hydration Reaction Mechanism of CUTB
After the cement, ultra-fine tailings, and water were mixed, the chemical reaction will be produced immediately. The first is the rapid dissolution of cement clinker minerals:
[image: image]
At this moment, the liquid phase of cement ultra-fine tailings backfill slurry contains various ions: Ca2+, OH−, Al (OH)4−, SO42−, etc. The slurry is alkaline, and the hydration reaction of CUTB is carried out under an alkaline environment. C3A is one of the main components of cement, and immediate hydration reaction when it is mixed with water rapidly produces C4AH13, immediately reacting with gypsum to form AFt (Myers et al., 2017):
[image: image]
The hydration reaction rate of C3S is slightly slower than that of C3A because the pore solution of C3S particles quickly reaches saturation, inhibiting the dissolution of C3S particles. However, the formation and growth of hydration such as C-S-H take a certain time, thus hindering the hydration of C3S particles, but this duration of this stage is very short (Scrivener et al., 2019). With the increase of curing age, the hydration reaction rate of C3S gradually increases and reaches the maximum. The hydration product of C3S is mainly C-S-H gel, and the concentration of Ca (OH)2 solution is increased continuously by the generated large amount of Ca2+ iron and OH− iron:
[image: image]
Figures 8, 9A,B show that the hydration products of the CUTB and CCTB are different, indicating that not only does the cement itself undergoe a hydration reaction, but also other components of CPB participate in the hydration reaction. According to the results of XRD energy spectrum analysis of tailings, the ultra-fine particles in the ultra-fine tailings are amorphous, with high surface energy and certain potential activity, which can react with Ca (OH)2 in ultra-fine tailings filling slurry solution (Geng et al., 2017; Li et al., 2019):
[image: image]
Therefore, some of the mineral particles in the UT, such as SiO2 and Al2O3, do not act as a backfill aggregate but participate as active materials in the hydration reaction. It increased the amount of C-S-H and C-A-H and consumed Ca (OH)2.
Due to the existence of secondary hydration reaction in the CUTB, this consumes Ca2+ ions, OH− ions, and gypsum in the solution and increases the production of C-S-H gel and AFt crystals. Because of the decrease in the concentration of Ca2+ ions and OH− ions, the concentration of Ca (OH)2 can not be supersaturated, resulting in very little or not Ca (OH)2 crystals formation in the CUTB.
With the curing age increasing, gypsum is gradually consumed, making the C3A in the CUTB not completely hydrated, and is exhausted. The reaction of AFt generated in the early curing age of CUTB with C4AH13 formed by hydration of C3A produces AFm:
[image: image]
The AFm generated by hydration reaction and the C-S-H gel coating layer on the surface of particles are mixed, where no AFm crystals could be observed on the SEM image. This reaction also consumes AFt, causing the AFt crystals to be converted into AFm without further growth, so the size of AFt crystals observed in the SEM image does not change significantly.
In summary, the hydration of CUTB is based on cement hydration, which is affected by ultra-fine tailings particles with potential activity, and can result in secondary hydration reaction, affect the hydration process, and change the hydration products and morphology.
CONCLUSION
In this study, UCS test of the CPB with different curing ages and different C/T ratios was designed, and XRD energy spectrum and SEM image were carried out. The following conclusions were drawn in this study:
1) The UCS of the CUTB is significantly higher than the CCTB under the same conditions, and the greater the C/T ratio and curing age, the greater the UCS difference value between the CUTB and CCTB. The variation laws of the CUTB and CCTB are different under the same mixing ratio; the UCS growth curve of the CUTB is approximately S-shaped and the UCS growth curve of the CCTB has an approximately convex shape.
2) There is a logarithmic relationship between the UCS of the CUTB and the curing age; the regression equation is as follows:
[image: image]
The adjusted coefficient of determinations (ADJ R2) is 0.971 (C/T ratio 1:4) and 0.980 (C/T ratio 1:4), respectively, and passed the significance test and residual test equations.
3) The XRD energy spectrum shows that the hydration products and content of CUTB and CCTB are different. In the CUTB, the content of Ca (OH)2 crystals is very little or non-existent, but the content of the C-S-H gel is higher than the CCTB.
4) The particle size of tailings affects the hydration process of the CPB and the distribution and morphology of the hydration products. In the CUTB, no obvious Ca (OH)2 crystals are observed during the curing. The C-S-H gel forms a coating layer around fine particles and ultra-fine particles and grows to form aggregates. In the CCTB, the C-S-H gel grows with independent particles as the center, and particles contact each other by C-S-H gel.
5) The ultra-fine tailings particles in the CUTB have potential activity; in the alkaline environment-generated cement hydration, the active SiO2 and Al2O3 particles undergo secondary hydration reaction, C-S-H and C-A-H are generated while consuming Ca (OH)2, resulting in different hydration reactions of CUTB and CCTB, and the hydration products and morphology are also different.
6) It is well-known that the groundwater protection challenges related to cemented paste backfill have become a worldwide issue in mining areas (Chen et al., 2021). Thus, the leaching risk of CUTB to groundwater will be further studied in our future studies.
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